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Seventeen classic organochlorine pesticides in surface seawater were studied in terms of their composition pattern as well as
their distribution pattern in the areas covering the Japan Sea, Okhotsk Sea, Bering Sea, Chukchi Sea and Arctic Ocean. Their
concentrations varied, but roughly two levels were seen with one ranging between 0.1 and 1 ng L™! for most HCH isomers and
the other lower than 0.1 ng ™" for other chemicals. Of the 17 target compounds, HCHs were dominant with a total concentra-
tion percentage generally more than 50%, and a relatively high concentration percentage of heptachlor and aldrine was also
observed at scattered stations. The historical long-term trend of several target chemicals in the five sea zones considered was
discussed in comparison with previous reports. Inter-sea zone comparison was carried out for individual chemicals by com-
paring the concentration variation in all five sea zones. A higher variation in concentration was generally found in the northern
sea zones, namely the Bering Sea, Chukchi Sea and Arctic Ocean, for most target compounds. The sum concentration of the 17
target chemicals displayed a general trend of increasing northward from the Japan Sea to the Okhotsk Sea to the Bering Sea to
the Arctic Ocean. Different latitudinal trends were found for o-HCH and y-HCH, and the reason of this difference was dis-
cussed by considering their divergence of thermodynamic properties, which could contribute to a slightly different fractiona-
tion effect during their northward transport driven by atmospheric long range transport. The source of the HCHs was identified
by analyzing the a-HCH/y-HCH ratio, which was less than 4 without exception, indicating a component characteristic featur-
ing a mixture of technical HCHs and lindane. In addition, the vertical distribution of a-HCH, y-HCH and their ratio at station
B80 was discussed. Different patterns were found in the upper 300 m while in layers from 300 m downward to 3500 m the
patterns were fairly comparable. The vertical profiles were used to correlate the water mass distribution, based on which four
layers were tentatively classified at station B8O.
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1 Introduction

As typical persistent organic pollutants (POPs), most or-
ganochlorine pesticides (OCPs) are wide-spread environ-
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mental contaminants, which can occur in the atmosphere,
water, soil, sediment and organisms. Due to their toxicity,
persistence, bioaccumulation, being prone to long-range
transport, and potential negative impacts on organisms,
OCPs are of continuing public and scientific concern
worldwide in recent decades [1]. OCPs have been listed as
priority control pollutants by the USA EPA and among the
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so-called “dirty dozen” in the UNEP Stockholm Convention
(UNEP, 2001). Some OCPs, such as dieldrin, DDT, a-HCH
and B-HCH, are shown to disrupt endocrine processes even
in very low concentration [2—4].

OCPs originate mainly in temperate and warmer areas of
the northern hemisphere. China and nine other countries
consumed the highest amount of technical HCH, accounting
for almost 85% of the total global usage of 10 Mt from 1948
to 1997 [5]. The total global DDT production from the
1940s to the present is estimated at around 4.5 Mt [6], with
the USA consuming the most DDT (645 kt) followed by the
former Soviet Union (320 kt) [7]. Although the production
and usage of most technical OCPs have been banned, their
persistent properties enable them to exist in different envi-
ronmental media for a relatively long time [6]. Via atmos-
pheric long-range transport (LRT), ocean currents and run-
off passing through the Arctic’s large drainage basin, such
semi-volatile OCPs as HCHs, DDT, toxaphene and endo-
sulfan are transported to the Arctic region [6, 8], which is
particularly vulnerable to the above pollutants and has been
indicated as their ultimate repository since before the early
1990s [9-13]. However, recent declining usage and a cor-
responding decrease in the input of the atmospheric a-HCH
isomer have caused the net exchange to reverse, and made
the western Arctic Ocean a source of a-HCH to the atmos-
phere rather than a sink for it [14—18]. Due to global climate
change in recent years, ice melting is speeding up and the
ice-covered area is decreasing accordingly, which may not
only press more atmospheric pollutants into the seawater by
direct dry or wet deposition, but also result in more ice-born
pollutants being released into the seawater.

The surface seawater is an almost unique passage where
pollutants transfer from the atmosphere [6, 19, 20] or rivers
[21, 22] to the lower water, and it is also a significant way
to expose OCPs to the zooplankton and therefore impact on
the transmission of pollutants along marine and terrestrial
food webs in the Arctic region [23, 24]. However, compared
to the relatively abundant data concerning OCPs in the at-
mosphere [1, 20, 25-27]and biota [6, 8, 24, 28-31], there is
a large gap in our knowledge in terms of the characteristics
of dissolved OCPs in the Arctic Ocean and this hampers a
full understanding of the geochemical properties of OCPs in
the Arctic zone. There are, however, a few limited reports
available concerning the characteristics of OCPs in seawater
from the Arctic regions, especially the Bering and Chukchi
Seas [14, 18, 32-34].

In the summer of 2008, seawater samples were collected
during the cruise of the 3rd Chinese Arctic Expedition. The
objectives of this study were to investigate the concentration
characteristics and spatial distribution of 17 trace OCPs in
seawater from the Japan Sea, to the Okhotsk Sea, Bering
Sea, Chukchi Sea, and the adjacent western Arctic Ocean,
and further discuss the long-term historic trend of OCPs in
all five sea zones by comparing the published reports. Ver-
tical patterns (up to 3500 m) of HCH isomers at station B8O
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were discussed.

2 Materials and methods

2.1 Chemicals and materials

Pesticide grade organic solvents (TEDIA, USA) were used
in this study. An OCP mixture standard, containing o-HCH,
B-HCH, y-HCH, 8-HCH, heptachlor, aldrin, heptachlor ep-
oxide, a-endosulfan, dieldrin, endrin, B-endosulfan, p,p’-
DDD, p,p’-DDE, endrin aldehyde, p,p’-DDT, methoxychlor
and endosulfan sulfate, was purchased from the Doctor
Ehrensdosfer Laboratory (Augsburg, Germany). Deionized
water was produced using a Milli-Q water production ma-
chine from Millipore (Bedford, MA, USA). The original
mixture standard with a concentration of 100 ngmL™" was
diluted using n-Hexane to make standard solutions. All the
standard solutions were preserved at 4 °C. Fresh standard
was used every other day to minimize any possible system-
atic error originating from the standard solution.

Glass filters were wrapped in aluminum foil and baked at
450 °C for 5 h and then stored in an airtight and moisture
proof container. All glassware and sample containers were
washed with detergent solution, and then rinsed several
times with deionized water before baking at 450 °C for 5 h.
Acetone was used to rinse all glassware prior to use.

2.2 Sampling and pretreatment

The water samples were collected during the 3rd Chinese
Arctic Expedition cruise from 11 July to 24 September 2008
on board the R/V “Xuelong”. The cruise track covered the
Japan Sea, Okhotsk Sea, Bering Sea and the zone to the
north of the Bering Strait including the Chukchi Sea, Cana-
dian Basin and Arctic Ocean. Hydrographic information
(temperature and salinity) at each station in this cruise track
is summarized in Table 1. Along the cruise track shown in
Figure 1, 4 L surface water samples were collected at 31
stations covering areas of the Japan Sea (Z1, Z2, 73, 7Z4),
Okhotsk Sea (25, Z6, Z7), Bering Sea (BR01, BR03, BR07,
BR09, NB15, NB19, NB24, NB26), Chukchi Sea (C17, C19,
C10A, S13, S15) and Arctic Ocean (B79-B85, D81, DS§3).
Vertical samples were also collected at station B80, where
the sampling depth reached 3500 m, something seldom
done in previous reports.

Pretreatment and analysis of the 17 OCPs in the seawater
samples were based on the combination of the small-volume
solid-phase extraction and the solid-phase microextraction
(SPE-SPME) technique described by Qiu and Cai [35]. 4 L
water samples were filtered on board over a GF/F filter
(0.45 pum pore size, 142 mm diameter) using a filtering sys-
tem (Pore, German) assisted by a peristaltic pump. The fil-
tered sample was first drawn through a C18 SPE cartridge
(ENVI 18, SUPELCO, USA), which was previously condi-
tioned by washing successively with 5 mL methanol and
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Table 1 Hydrographic information at each station from the different sea zones sampled

Station Latitude (N) Longitude Depth (m) Temperature (°C) Salinity (%o)
Z1 35.001 129.62 (E) - - -
72 39.841 134.76 (E) - - -
Japan Sea
73 43.254 138.19 (E) - - -
74 45.006 140.02 (E) - - -
z5 46.383 144.82 (E) - - -
Z6 47.435 147.5 (E) - - -
Okhotsk Sea
z71 49.771 155.11 (E) - - -
78 51.182 161.34 (E) - - -
BRO1 55.945 173.13 (E) 3800 10.88 32.89
BRO3 57.985 176.21 (E) 3778 9.20 32.88
BRO7 60.081 180 (W) 2571 7.95 32.39
BRO09 60.462 179 (W) 420 7.11 31.75
Bering Sea
NB19 61.496 168.01 (W) 23 5.40 30.39
NBI15 62.202 171.99 (W) 41 7.35 31.21
NB26 62.427 170.1 (W) 34 7.11 31.31
NB24 62.751 171.63 (W) 44 6.92 31.34
ROO 66.5 169 (W) 43 3.38 32.42
CI10A 71.408 157.85 (W) 107 -1.31 29.99
. C19 71.447 159.98 (W) 42 -1.01 29.98
Chukchi Sea
Cl17 71.486 161.98 (W) 41 —-0.86 30.65
S13 72.938 158.32 (W) 1430 0.41 27.95
S15 73.377 157.54 (W) 3043 3.83 25.83
B79 78.983 147.62 (W) 3863 -1.40 28.84
B80 80.008 147.49 (W) 3854 1.29 21.59
B81 81.009 146.25 (W) 3843 -1.40 28.01
D81 81.034 155.29 (W) 3847 - -
Arctic Ocean B82 81.979 147.27 (W) 3387 -141 28.15
B83 82.997 147.31 (W) 2679 -1.41 26.86
D83 83.011 150.96 (W) 3157 - -
B84 83.999 144.28 (W) 2296 -1.22 28.68
B85 85.13 147.06 (W) 2079 -1.52 28.44

—, Data not available.
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Figure 1 Schematic diagram of the sampling regions.
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5 mL deionized water. The SPE samples were then stored in
aluminum foil in desiccators at —20 °C before further proc-
essing. The following procedures were followed in the
laboratory after the cruise. Each cartridge was first eluted
with 10 mL n-haxane, and then the eluent was solvent con-
verted to an aquatic matrix, which was further enriched
through SPME using PDMS fiber. After that, the target
compounds enriched in PDMS fiber were thermally de-
sorbed in the GC injection pot.

2.3 Instruments and settings

A gas chromatograph (Agilent 6890, USA), coupled with an
electron capture detector (ECD, **Ni) was employed for the
instrumental analysis. An HP-5 capillary column (30 m x
0.25 mm i.d., 0.25 pm film thickness; J&W, Agilent, USA)
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was selected to separate the target compounds. The oven
temperature was programmed as follows. The initial tem-
perature 150 °C was increased to 200 °C at a rate of 2 °C /min,
and then increased to 260 °C at a rate of 3 °C /min. The
temperature of the injector was set to 250 °C, and the
split/splitless switch was set open at 3 min with a split ratio
of 50. High purity nitrogen (99.999% purity) served as the
carrier gas and the makeup gas, with constant flow speeds
of 2 and 60 mL/min.

2.4 Quality assurance and quality control

External calibration scheme with 5 concentrations (2, 10, 50,
100 and 150 ng/L) was employed for the quantification
analysis. Method repeatability was evaluated by analyzing
in situ parallel samples as well as laboratory made parallel
samples. Recoveries were obtained by spiking experiments.
Blank samples, made using pure deionized water, were
analyzed both on deck and in the laboratory to test for any
disturbance possibly introduced during sample processing.
No background signals were found to be strong enough to
interrupt the integration of the target chromatographic peaks,
indicating a sample processing procedure free of severe
systematic disturbance. The method detection limit was
consistent with a concentration which would give a signal/
noise ratio of 3. The QA/QC results are summarized in Ta-
ble 2, which shows that the external calibration scheme
gave a good linearity with a R* more than 0.99, that method
performance is good in terms of parallelism (less than 20%)
and MDL (from 0.003 ng/L to 0.034 ng/L), and that the

Table 2 Results of QA/QC experiment

recovery rate was acceptable for most target compounds,
with a recovery rate exceeding 60%.

3 Results and discussion

3.1 Compositional characteristic of the target com-
pounds in the research region

The research region was divided into five sea zones on a
geographic basis for further discussion, namely the Japan
Sea, Okhotsk Sea, Bering Sea, Chukchi Sea and Arctic
Ocean. The concentration of each individual target com-
pound at each station is summarized in Table 3. The basic
compositional pattern at each station was fairly comparable,
featuring higher concentration percentage of HCH isomers,
generally more than 50% with other individual targets having
a percentage seldom exceeding 5%. The HCH-dominated
compositional characteristic is a general compositional pat-
tern of OCPs in seawater [14, 18, 32, 34, 36-40]. This is
probably attributable to the considerably higher historic
usage of HCHs compared to other target compounds [6]. It
is noteworthy that a relatively higher percentage was also
seen in heptachlor and aldrine in some sea zones during this
study.

Concentration variation for individual compounds within
sea zones can be illustrated by the RSD of the surface water
concentrations at all stations within the same sea zone. Re-
gional results of OCPs in this study are summarized in Ta-
ble 4. It was found that higher RSD generally occurred in
the northern sea zones (Bering Sea, Chukchi Sea, Arctic

OCPs Linear range (ng mL™) R? Recovery rate RSD (n=4) MDL (ng L™
o-HCH 0.0040-60 0.9999 102.81% 3.24% 0.004
B-HCH 0.0040-60 0.9998 128.14% 17.85% 0.027
y-HCH 0.0040-60 0.9999 99.17% 7.58% 0.002
8-HCH 0.0040-60 0.9999 110.71% 11.38% 0.008
Heptachlor 0.0040-60 0.9999 90.38% 5.19% 0.003
Aldrine 0.0040-60 0.9999 65.24% 10.17% 0.005
Heptachlor-epoxide 0.0040-60 0.9994 76.10% 4.92% 0.003
a-Endosulfan 0.0040-60 0.9993 65.80% 4.69% 0.004
Dieldrin 0.0040-60 0.9993 64.30% 5.53% 0.003
Endrin 0.0040-60 0.9997 44.67% 13.30% 0.008
B-Endosulfan 0.0040-60 0.9995 65.71% 3.92% 0.005
p.p-DDD 0.0040-60 0.9997 37.38% 14.86% 0.005
p.p’-DDE 0.0040-60 0.9996 41.72% 13.67% 0.008
Endrin aldehyde 0.0040-60 0.9994 78.64% 16.33% 0.034
p,p’-DDT 0.0040-60 0.9999 38.20% 20.43% 0.015
Methoxychlor 0.0040-60 0.9988 44.39% 15.23% 0.018
Endosulfan sulfate 0.0040-60 0.9999 31.34% 19.35% 0.015




(23nd 1x2u 2y UO panuUd 2G OF)

NON  8LPO0  L8VOO  NON  LEOO  PLTO0 €00 €LT00  SI00  LEZOO  SIEO0  9LEOO  €Z0T0 €SO0 €69€0  TLLLO  TITYO 0z €1s
NON  90P0'0 8LV 89SLT  LYEO  ITO0  LSTO0  €0S00  LPIOO 16600  S8ZO0  SOEE0  €ZPO0 NN €6800  8TETE  SSELD 01 €1S
NN N®N NN b06K0 D100 PITO0 L6100 9STO0  €910°0  LPEOO  6EZO0  8LLI'O  NEN  SOSO0  I¥OI'0  I¥TET  9Z6E0 1 €1s
SL800  €PE00  O6PO0  PEGZO  99E00 YISO  60T00 98200  ISIO0  89TO0  LYIOO  STEDD  SLYOO  SISOO  THOEO  898T0  £8S0°0 I L1D
SL80'0  S8E00  10S00  NEN  I0KO0 P00 L6100  LZOO  8ITO0  SOTO0  ELIOO  HTEOD  YTIIO  €£960°0 NN L9610 60YTO 6¢ 610
NEN  66€00  N®N  NEN  8YE00  €VPO0 P8I0  TSTOO  t8IO0 96200  LPIOO  8TIOO  6LO10  THII'O  9LELOD  €0810  TLTTO 0z 610
19800  N®N  LLPO0 NN 10vOO  1T20°0 L6100 9200  6S100  T00  SI00  8TEOO  6LOIO  G9LO0  NEN  6SSE0  96ZTO 01 610
9800 €€€00  00SO0  NON  09€00  ¥TTO0 Y6100 29200  $6000  SOEO0  SSIO0  €€T00  SLOI'O  6LZIO  STOFO  SLITO  TH6I0 I 610
NON  €S€00  €6V00  €S6S0  TSEO0 9100 $9TO0  L9TOO  PIOO  H6ZOO  S8ZOO 09650 PIPOD 80900  LOIED  9TEYO 8600 1 Vo1
L600  THOO  NPN NN 78600 TTEO0  N®N  8LTO0  TLIOO  PLTOO  8IE00  ¥TZOO  90ZI0 10 66S€0 NN 86070 of 00Y
NON  T8€00  6ISO0  bT8FO YO0 L¥TO0  8STO0  T8TOO  8SI00  TIZOO  ¥SI00  PEOSO  THSO'0  6TSO0  L8EI'D  88LSO  SIEID L€ 00Y
8€80'0  PIVO0  N®N  NEN  PPEOD  SSTO0  P6I00  SHTOO  €610°0 88100 9100  HTOO  I¥600  SOII0  SE6TO  BOEI0 €SO0 o€ 00Y
NEN  [8€00 €SO0 99690 9LEOO  9LTO0 16700 9IS00  6SI00  TECOO  99T00  PIELO  NEN NN 89800  €EETO  L8SO'0 st 00Y
17600 STSO'0  SES00  OPERO  TIVO'0  S9TO0 T8I0 TOKO'D 6100  TOO  €SI00  N®N  NEN  N®N  SP8O0  TSIE0D  L9LOO o1 00
19800 SPEOO  P8YO'0  LLIED  8PE00D  8LZOO  THZOO  6YTO0  8YIOD  6810°0  LITO0  6v6Z0  NPN  NEN  ZISOO  L6SI'0 19800 1 00Y
L1800  NPN  N®N  N®N SE00  SIT00 62200  LTOO  SSIO0  €6100  €6100  6IT0°0  T98I0  SLEI'O  SEITO  NEN 18I0 0€ pZEN
NEN 96600 Iv00  NEN 8900 IZ0°0 61000  €6TO0  LSIOO 10200  LPIOO  TOEO0  LPI'O  86E1'0  L9ETO  NEN  IZPI0 01 pZEN
66600  98L00  ¥SSO0  NEN  0€S00  ¥9TO0 6600  EPE00D 9100  TOZOO  9SPO'0  €8T0°0  L9ETO  ST800 NN NON  1L9T0 1 pTAN
SL8O'0  0SE00  STSOO €S0 0000 SIZO0  SLTO0  SLTOO €00 0TTO0  €S100  SLGY0  SL8EO  STSOO  STSIO  SLLOO  SLELO 1 9zaN
NON €600 LISOO  NON 8000 OVEO'0  9ZT00  69T00 L9100  8IHO0 68100  SITO0 TT6EO  TO  TEBTO  TIGI0  HTITO o€ 18N
NON  €0S00 8IS0 NON 6900 PSEO0  €0TO0  6OVO0  LTOO  TEOO  6S100  LEZOO  LISIO  SII0 8910 NON  SIEI0 0z S1EN
NON  $0SO0  ¥PSOO  NON  LEOO  LOPOO  LITO0  6STO0 99100  9THOO  ¥LIOO  SITO0  TT6EO 10 I9TE0  €0TI0  1LOZTO 01 s18N
P060°0  8ILOD 9900 NN 68€0°0  6TZO0  P6TO0  S9TO0  €8100  8HTOO  9LTO0  TTSEOD  9TII0  NEN  96EE0  LSSI'O  9LSIO I s18N
SL800 0SSO0 00SO0  NEN  SLED'D OSSO0  SLZOO  00vO0  S6I00  €IT00  SETO0  006S0  SLLOO  STSOO  001TO  NEN  STLOO I 618N
SL800  00VO0  00SO0  NEN  SLED'D  €6T0O0  8ETO0  OSECO  NEN  0IZ00  SSIO0  0SPO0 NN STSO0  SLILO 00010 SLTI'O 1 6038
0SZI'0 0SE00 00900  NEN  00vO0  00PO'0  OIZO0  SLZO0  NEN  00£00  €SI0°0 0SSO0 00900  STII'0  STOPO  SLOSO  0SSI'0 1 Lo¥d
SL8O'0  00PO'0  00SO0  SLYO  SLEOO  SLEOO  80TO0  SLZOO  8PI00 0000 OLIO0  SLEOD  SLSOO 0SSO0  STLOO  SL8LO  0S90°0 1 €0dd
12600 TPEOO €SSO0 NEN  S6E00  89€00  9TZO0  S6E00  €9100 89800 9910°0  THRO'D  IT6I'0  €9TI'0  89EI0  9IEED  TIZED I 1044
SL80'0  SLEOO  STSOO  NON  SLEDD  OSYO0  €0Z00  SLKO0  NON  00SO'0  8YI0°0  80T00  STL6O  SLZI'O  STOEO  NEN  00STO 1 74
SL80'0  STEOO  STSOO  NEN  SLED'D  00€00  8TZOO  00E00  SHO'0  SLZOO  8PIO0  STTO0 00800  0S60°0  0SSTO  SL6LT  STTTO 1 Lz
SL80'0 0SSO0 00SO°0  SPO'0  SLEDD  0STOO  SLZOO  00KO'0  TBIO0  SLZOO 89100  0ZTO0  ST8O0D 00900  OSZI'0  NEN 00900 1 9z
SL800 0SSO0 STSOO  NEN  OSE00  0STO0  8IZ00  SLZOO  SYIO0  SLEOO  0910°0  8€TO0  STOOT 0SSO0 OSSE0  00P6'T  OSTED I sz
SL800  SLEOO  STSOO  NEN  OSE00  00S00 06100 00E00  SIO0  SLZO0  OLIOO 00800  STTED  STIIO  OSETO  SLO9T  SLYOO I vz
SL8O0  STSOO  STSOO  NEN  OSE00  00vO0  S8I00  00E00  8PI00 0000 89100 86100  000FO  0SOI'0  0S61'0  ST99T  SLOTO 1 €z
SL800  ST900  STSOO  NEN  SLEDD  8TTO0  S6100  0SZO0  SSIO0  STEOO  €810°0  SLPOD  00THO  OSTIO  SLSTO  NEN  SLYOO 1 z
PLOI'O  NEN  #P900 NN 09¥0°0 09500  SSTO0  09P0'0  TSSOO  LOSOO  ¥8I00 66500 6690  €0SI'0  980T0  L8Y9T  IL8I0 1 1Z
wﬂﬁw PN mmm- HMW__M mm%m- w%m- pug-d  upug @ pug-o MMMM 9y 9doH  HOHQ  HOH-+  HOH-  HOH-™® Mmﬁmﬁ uoneg
IoTem OTOIY UI SO LT JO SUONENUADUOD) € J[qe],



‘9Jej[ns uejnsopuy “JIng ‘opug IOJYIAXOYIRIA “YIRIN ‘OpAyapre
upuyg “oply ‘Ipug ‘uejnsopug-g “pug-¢ ‘uupug “Iipug ‘uupeig “[QI ‘uejnsopug-o ‘“pug-0 oprxods lopyoeidoy ‘xodg doy fouupry “Ippy ‘Iopyoeidoy “1doH 9mwI] uondlep poylow Iopun ‘NeN

6S80°0  1PE00  IPSO0  NEN  6VEQO  €9T00 P800  +8TO0  LPIOD  9T00 €100  €8T0°0 9ELTO  NEN  £0I€0  6T9TO  ¥90L0 09 LL8
8ITI'0  8€E00  NEN  N®N  LPEOO  +TC00  91T0°0  1STO0  THTO'0  LTIOO  €0T00 6200  HLIEOD  S6LI0  SPEFO NN NEN 0z L8
86110 TPEOO  NEN  NEN  9SE00 11200 10200  1SZ00 200 6810°0  I8I00  €CE00  $S9I'0 #6900 1S90 NEN  8ELO o1 L
STTI'0 ISE00 10500 NEN 1600 9IZ00 €500 L6200 9100 8IS0 LS00 PIOTO  €ETHO  TSEIO0  OY9TO  P88ST  889I0 I s8€
6600  NEN 100 NEN  OPE00  11Z00 08100 9¥Z00  €910°0 10200  ISI00 66100 TEEI'0 6010  88ETO  9PLOOD  +9190 1 v8el
NEN  LLEOO €900  NEN  €6£00 OLSO0  ¥610°0 OIS00  S9I00  8THOO 6000  88Y00 0TSO0 NEN ~ 600C0  NEN  LLIT'O 1 £8a
NEN  €2S00  9LP0'0  NEN ~ OPEO0  TTTO0  86£00  8YEQD  TSIOO  SSTOO  90KO0  LESLO  OITFO  NEN  POETO  O€8S0  OS6ED I €88
SH60'0  EYEO0  €8V0'0  SLIOD  9SE00  bEHOO  NEN  TOPO'0 86100  8TE00  I8€00  NEN  II9€0  6L60°0  €68TO  PSOYO  TL8SO I 8d
9880°0  LEEOO  S8SO0  NEN  I9€00  TIVO0  OFTO0  L9TOO  Y6TO0  P6HOO 08I0  9TEOO  9EHO0  6SI80  OPETO  PRLEE  ESTI0 I 180
P980'0  €EE00 0SSO0 NEN  L9S00  08€00  TOZO0  OLTO0 68100  £6Z00  66€0°0 09SO0  8IF00  NEN  IS9€0 OI8O 0SSL'O I 184
P6800 69500 €00 NEN  CIVO0  LECO0  TO0 19200 99100 1200 SI00  €€200  IS6S0  69L00  9PSOO  FLOO  10SO0 00s€ 088
NN t2v00  NEN  N®N ITHO0  €1€00  NEN 86200 S8I00  S6S00  I0€0°0 16200  IYED  ¥I600 68500 LTSI €290°0 000€ 08¢
8¥80°0 €400  NEN  NEN  p0O0  8IT00  S61000  LZOO  T8I00  SIZO0  LPIO0  STTO0  SEPEO  PSO0  NEN  NEN  80S0'0 005t 08¢
NEN  $Y00  NEN  N®N  8PE0O €200 NEN  9ST00  8I00  SESTO  S6T0°0  €8Y00  €STTO  TGLO0  £890°0  TISOO  SOEI0 00ST 088
SL8O0  S6PO'0  TLYO0 NN 6VEQD  6£20°0 16100  9STO0  SITO0  9THO0  PYIOO €200 ¥8ITO  S8800  €880°0  POOI'O  SLTIO 008 08d
81600 €€500 N®N  NEN  O€00 29200 T8I00  6STO0 99200  LSTOO  SSIO0  PYTOO  8E0SO  T98D0  IHOT'0  9S600  ESTIO 009 088
L9800  TPEOO  NEN  N®N  [THOO  8ITO0 L8100 TSTOO  ILTO0  FITOO  SSIO0  8LZOO  S9SE0D  8STID 66600  STEI'O  HOIIO 00t 088
SL80'0  8SEO0  LTSOO  NEN  6TFO0  €8Z0°0 68100 SSTO0  +8ZO0  N®N  8ITO0  ILTO0  LYPI'O 60600 88110 8800  SLZIO 00€ 088
81810 N®N  NEN  N®N  NEN  90S00 ITHhO'0  6ISO0  SPSO'0  TSSOO 8000 8800 NN  66LI0  TECTO  1SOTO  YE6ED 002 088
NEN 80100  NEN  N®N  SLEOO 89700  S810°0  LPTOO  LbTO0  8IZOO  8YI00  PTOO  TSSTO  T8TI'0  TLOTO 90610 K890 0s1 08¢
NEN  $890°0  10S0'0  NEN ~ €9€00  NEN  LLZOO  PPZO0  $6200 16100  SPIO0  9STO0  T6TO  STOI'0  88SI0  TTII0  §99°0 sz1 08d
€580°0 10900  NEN  NEN  9€00 99200 68100 €ST00  LSTOO  LVTOO  LPIOD 62000  SLSTO  TSEIO  PO6I'0  TTITO  9£T90 SL 088
86800 TSPOO  NEN  NEN  8SE00  8TTO0 L6100  LPZOO  €6100  €9E00 19100 9ICO0  LLTEO  TE9T0  PIEEO  8ILOOD 9160 o€ 08d
NEN  6£/00  NEN  NEN  ISE00  8ITO0 88100 8bZ00  SLIOO €00  €p100  $9Z00  TSSTO  86ET0  9S6TO  TOLOO 6690 o1 088
NEN  ZSE00  ¥LSO0  NEN  SLEOO  ¥TTO0  0610°0  08T00  T9I00  FIEOO  POPOO  NEN  066C0  NEN  9S6T0  098V°0  IEY9'0 I 088
9880°0  LEEOO €500 NEN  LSE00  99T00  POTOO  99E00  E€KI00  TOEOO  TBIOO  8LZOO  8PEFO  TTPI'0 T8I0 NEN  9S9K'0 09 6L8
TSTI0  1PHO0 TG00 NEN 8PEQO  €2T00  TOZO0  8KTO0  SPIO0 14200 61000 PEOOD LSOO  €5900  SEEE0  NEN  S886°0 or 6L8
17800  NEN NN NN 8LE00  $T00  9TTO0  G9E00 98200 L6100  TTOO  89TO0  IE610  6S90°0  €68T0  6TE0 19680 0z 6L8
NN L8E00  98P0°0  NEN  6PEO0  OTEO0  €LZ00  OLZOO  LSIOO  T6I00  OTEO0  HOOSO TTHOO  NEN  SEITO  O€8S0  I€SS0 1 6L
NEN  8Z00  96P0'0  NEN 18600  ©STO0  T8I00  LZOO  SSIOO  €IT00  LTEO0D  60KO0  L68TO LS00 STOEIO  TSTSO  661T0 09 SIS
NEN 68500 PLPO'O  9FPSO  T9E00  €8T00  T9E00  LTEOD  9SIOO 98100  6EE00  NEN - §990°0  TESO0  ¥TTO  TTOE0  S8K0 or STS
NEN  €€€00  SLPO'O  99VTO  L9S00  TTTO0  8TTOO  8STOO  9YIOO 96100  STO0  LSS8EO  8EITO  TTLOO  86LT0  88YKO  8SSHO 0z S1s
NEN  LESO0  9LVO'0  €60TO  TSEO0  €9T00  HTZOO  9TO0 €100 SIE00  9¥TO0  LOFO NN LS900  TOI'0 P19  €89E0 o1 SIS
NEN NN Y0SO0 16610 O06£00  €6T00  €£Z0°0 8T S9IO0 08600  I¥TO0  OYELO NN 0SSO0 06800  NEN  ¥8II'0 I SIS
NEN  86£00  YLVO'0  NEN  8PEQ0  SETO0  PECOO  99T00  ¥TTO0  $9TO0  80TO0  ILTO  LITIO  TII00  TLOTO  8TIFE  HO6T0 o€ €1S
w%mm WeN ﬁm_.m. wwﬁ__w mm_.m. AMM_- pugd  apug Pl pug-o Mmm aply  deH  HOH-¢  HOH-+  HOHY  HOH-® WHVLHM uoners

(panunuo))



*9)eJ[NS uBFNSOPUY “J[NS ‘OPUF IO[YIAXOYISA :"YISIA ‘OpAyap[e ULIpuy “Ip[y "Ipuy ‘uejnsopug-¢g
“pug-¢g ‘uupuyg “Ipug ‘uLp[aIq ‘oI ‘uej[nsopug-0 “pug-o ‘oprxods toryoerdoy “xodq 1doy ‘ounply “Iply ‘I1o[yoeldoH 1doH OuOZ ©aS Yord Ul [BOIWAYD [ENPIAIPUI YOBD JO 95ejuaorad uonenuasuod ‘. aey

BITE  BITT  BLLT  B6SO  BETT  BT'T  BSGO  BOOT  BIGO  BELT  BSOT  %ITL  BLY %696 BOLY  BSEE  BYLYI MY

BO6YT  %9IIL  BLYOL  —  BET  BSOBE  BYTTE  BIEI  BLYVT  BLOGE  BETEE  BYLYEL  BIGH  BTOTII %YYL %TEIL  %THS  ASU

TL600  SLEOO  8TSOO  SLIOO  S9E00  TEEO0  PSTOO  66T0°0  TRIOO  LEEOO €100 I9ITO  610TO  S88TO  16STO 00911  I6EY0  UROW

STTI0 €250 €290°0  SLIOO  €6€0°0  OLSO0  86E00  TOVO'0  Y6TO0  8TSO0  90VO'0  LESL'O  TETKO 65180 IS9E0  ¥8LE'E  OSSLO  XEW

9800 €EE00  ILPO0  SLIOO  9YEO0  11Z0°0 08100  9vT00  TSIONO  TEIO0  ISIO0 66100 8100 6L60°0  600C0  9vLO0 €110 UIN ”mwwm
BEYE  BTST  BYIT  BELIL  BILT  BE'T %660 BT BYOO  BSLT  BY6O  BLYEL  B68T  BSOE  BILG  BLOTE  BSEY MY

BEYO  BOET  BIYT  BSTTH  BTOIL  BOO'LL  BLSTI  %OYS %00  %EOEL  %SOST — %09'S6  %OSSS  BLYLY  BLOVL %SLTET  %0LSL ASU

L9800 PYEO'0  P6PO'0  TELED  88E00  LSTO0  €2TO0  L9TOO  YRIO0  L6SO0  ¥ITO0  860E0  SS900 16900  €1TTO  IPOL0  9LSI'0  URO

SLBO'O €SO0 POSO0  €S6S°0 1100 PIE00  S9TO0  98TO0  S9IOD 08600  S8TO0  OELO  SLOI'O  6LTI0  STIKO  IPTET  9T6E0D  XEW

19800 €EE00  ¥8YO0 16610  8PEO0D  IZO0  P6I00  6YZ00  $6000 68100  LYIOO  €€20°0  PIPOO  SOSOO  TISOO  SLITO €800 W Ewﬁu
BS6'S  BITE  BIVE  BISET  BO9T  BIET  BEYT BT BLUT  BIGT  BIST  BIYEL  BSTOL  %O8F  BESI  %STOT ~ BILOI Y

BOLEL  BPYIE  %OTOL  BYLL  BOLTL  %OSHT  BSOVL  BIOLL  BLY'6T BSYYL  BISLY  %TIINL  BITIL  %8Y1H  BYIOL  %SL'68  %ILYS ASU

LY60'0  L8VO'0  8YSO'0  STOSO  SOPO'0  SOE00  €ST00  TZEO0 16100 80SO0  0TTO0  T9ETO  LLOT'O  €9L00  886T0  99LED  6TII'0  URO

0STI'0 98L0°0  9S90°0  00ESO OSSO0 0000 66Z0°0 0000 0000 89800  9SPO'0  SL6OO  SL8EO  €9TI'0  SLILO  SLOSO  11T€0 Yo

SL8O'0  THEO'D  00SO'0  OSLY'O  SLED0  SITO0  80TO0  S9TO0  8IOD  00TO0 €100 €8TO0  SLSO0  STSO0  STLOO  SLLOD  0S900  UIN  gog Sumog
BYTS  BIIT  BIVE  BTE'S  BETT BT BT BIET  BYFT  BET  %IGO  BIET  BYIIT  B6YF  BLITI  BEOSS  BEGY MY

%000  BESS  BIFT  —  BEEE  BOTOE  BYSEL  BOSST  BITH)  BYE6T  BYEY  BSSS  BTIG  BLOOF  BIGLE  BEES  %60OTS ASU

SLBO'O  0SE00 6100 OSPO'0  69€00 €100 IETO0  €9E00  6STO0  9SE00  9SIO0  €2TO0  Y6YSO  ¥BROD  Y6STO 88981 ¥BITO  URO

SL8O'O  SLEOO  STSO0  OSPO'0  SLED0  OSPO'0  SLTO0  SLYO'0  OSKO'0  00SO'0 89100  8ETO0  STOOT  SLTIO  OSSED  00F6T  OSTED  XEW

SL8O'O  STEO0  00SO'0  OSPO'0  OSE00  0STO'0  €0TO0  SLTO0  SPIO0  SLTO0 8100 80TO0 00800 OSSO0 OSTI'0  SL6LT 00900 U ﬁw%%xo
BYSE  BLYT  BOET  —  BOOT  BIET  BSGO  BLTT  BLEO  BIET  BILO  BSOT  BOSSI  BEIS  BEG  BYYLS  BIYF Y

BYLOL  %SLYT  %PLOL  —  BIOEL  %IS6T  BOLST  BEGLT BIS6L %989 BIY  BYSES  BEYTH  BTIOL BTV %YI0E  %YT6L ASU

ST60'0  80SO0  SSSO0  —  Y8E00  LPEO'0  90TO0  8TED0  ISTO0  TOSO0  9LIO0  89YO'0  I8LK'O  TETI'0  ObTTO  96L6T  YLEI'D  URO

PLOIO  STOOO PP — 09500 0900  SSTO'0  09FO'0  TSSO'0  STEO0  PIOD 00800  669L0  €OSI0  SLSTO  L899°T  SLOTO YO

SL8O  SLEOO  STSO0  —  OSE00  8TTO0  S8IO0  0STO0  8KIO0  SLTO0 89100 86100  STTED  0SOI'0  0S61'0  SLO9T  SLHO0  UIN  pog ueder
w%w LIS wmm- ww,ww mm%w- QMM- pugd  upug @ pugo ..Mmm Jply  deH  HOH®  HOH-+  HOHY  HOH™ ?M%Msm

(77/3u 1) seuoz Surjdures 9ATy Ay UT SO [ENPIAIPUT /] JO SUOTIEIIUAIUOD UBAN  § J[qR],



1040 CAI MingGang, et al.

Ocean) for all the target compounds, except dieldrin and
endrin which had a higher concentration variation in the
Japan Sea. A higher RSD may be due to a sampling area
covering more diversified marine terrains where OCPs can
exist and circulate in totally different ways. The biological
pump has been highlighted for its influence on the removal
of particle-bound POPs from the mixed layer to the deep
water [26]. The coastal sea usually has a high primary pro-
ductivity, which could facilitate the operation of the bio-
logical pump, while the biological pump is generally weak
offshore due to the oligotrophic properties prevailing there.
As shown in Figure 1, terrains within the Bering Sea con-
sisted of coastal shallow water (NB15, NB19, NB24, and
NB26), classic continental shelf water (BRO7, BR09) as
well as a deep water zone (BR0O1, BR03), while stations in
the Japan Sea and Okhotsk Sea featured mainly coastal wa-
ter characteristics. As for stations within the Chukchi Sea
and Arctic Ocean, although no apparent variation of marine
terrain was seen there, complex hydrodynamic conditions
featuring water mass with divergent sources could probable
spread the concentration range of OCPs there. Fairly uni-
form concentration distribution within all the five sea zones
were observed for endrin, -endosulfan, p,p’-DDE, p,p’-DDT,
methoxychlor and endosulfan sulfate with concentration
RSD less than 30%.

3.2 Temporal trend of OCPs in the oceans studied

Historic data for OCPs in Arctic water were fairly limited,
associated mainly with HCHs and DDTs, and with only a
few focusing on endosulfan and heptachlor. The results re-
ported previously as well as our current results are compiled
in Table 5 for temporal trend analysis.

As shown in Table 5, a typical decreasing trend was ob-
served for a-HCH and y-HCH in all the oceans studied,
corresponding to the global ban on HCHs. However, the
temporal trend of B-HCH was different in that it showed
two patterns, one featuring concentrations which continu-
ally increased with time in the Japan Sea and Okhotsk Sea,
and the other featuring concentrations increasing at first and
decreasing later in both the Bering Sea and Chukchi Sea.
Endosulfan and heptachlor exhibited a similar temporal
trend as B-HCH. As for the DDT products (DDT and its
metabolites), the first-increasing-then-decreasing trend was
also found in the Chukchi Sea alongside the typical de-
creasing trend in the Okhotsk Sea, but no apparent variation
was observed in the Bering Sea. The reason for this tempo-
ral trend can be geographical differences, so the locality of
the temporal trends will be further discussed in the follow-
ing sections.

3.2.1 Japan Sea and Okhotsk Sea

In this work, it was found that stations within the Japan Sea
had concentrations of 0.0475-0.2675 ng/L for o-HCH,
1.6075-2.6687 ng/L for B-HCH, 0.1950-0.2575 ng/L for

Sci China Chem  May (2010) Vol.53 No.5

v-HCH, and 0.1050-0.1503 ng/L for 6-HCH. When these
were compared to the reported values of 1988 and 1992 [36],
an apparent declining trend was seen for a-HCH (0.81-1.01
ng/L in 1988 and 0.84-1.64 ng/L in 1992) and y-HCH
(0.8-0.99 ng/L in 1988 and 0.34-0.83 ng/L in 1992), corre-
sponding to the global ban on HCH usage. However, a con-
tinually increasing trend was observed for B-HCH, from
0.08-0.14 ng/L in 1988 to 0.18-0.43 ng/L in 1992 and to
1.6075-2.6687 ng/L in 2008 in this work. The temporal
trend of B-HCH could probably be explained by its lower
Henry's Law constant, which makes it partition in water to a
greater extent than o-HCH or y-HCH during the process of
atmosphere long range transport, and hence the B-HCH car-
ried by ocean currents showed a time lag in making up the
decreasing amount of B-HCH, originating from air-water
exchange at higher latitudinal sea zones, such as in the Sea
of Japan. A similar temporal trend was seen in p,p-DDE
and p,p’-DDT, but this could not be explained by their
thermodynamic parameters, as they do not have a Henry's
Law Constant as low as a-HCH and y-HCH. For this reason
a fresh input pulse adjacent to the Japan Sea was tentatively
regarded as the reason for the temporal trend of p,p’-DDE
and p,p’-DDT.

In the Okhotsk Sea, a-HCH showed a concentration
range of 0.0600-0.3250 ng/L, B-HCH 1.7975-1.9400 ng/L,
v-HCH 0.1250-0.3550 ng/L, p,p’-DDT 0.0500-0.0525 ng/L
and p,p’-DDE 0.0350-0.0375 ng/L. Compared to values
reported in 1988 [36], a similar trend to that in the Japan
Sea was found, namely a decreasing trend for a-HCH and
v-HCH, with others displaying an increasing temporal trend.

3.2.2 Bering Sea and Chukchi Sea

Within the Bering Sea, eight stations were considered, con-
sisting of BRO1 and BRO3 (featuring high depth of water)
and other stations located on the continental shelf, as shown
in Figure 1. In the Bering Sea, the surface water concentra-
tions were found to be 0.065-0.2671 ng/L for a-HCH,
0.0775-0.8075 ng/L for B-HCH, and 0.0725-0.7175 ng/L
for y-HCH. Based on the associated concentration values
reported earlier [14, 18, 32, 34, 37-40], the concentration
levels in 1988 and in 1990 were fairly comparable for
o-HCH (as shown in Table 5), while an apparent decreasing
trend was seen in y-HCH concentration from 1988 to 1990.
In 1999, the concentrations for both target chemicals
dropped by about an order of magnitude from the concen-
tration levels in 1990. Our results for y-HCH showed a level
comparable to the reported values in 1999, but a slightly
decreasing trend was seen for a-HCH. As for B-HCH, al-
though no historic data were available in 1990, an abrupt
concentration drop from 1988 to 1999 was seen. Compared
to the results reported in 1999, B-HCH showed a slightly
higher concentration in this work. The similar temporal
trend of these three HCH isomers indicated a general trend
in the decreasing usage of them globally, as they were
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Table 5 Historic data for OCPs in five sea zones (unit: ng/L for HCH isomers, and pg/L for others)
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Japan Sea o-HCH B-HCH v-HCH p.p"-DDE p.p-DDT Ref.
1988 0.81-1.01 0.08-0.14 0.8-0.99 4 3 [36]
1992 0.84-1.64 0.18-0.43 0.34-0.83 2-14 2-21 [36]
2008 0.0475-0.2675 1.6075-2.6687 0.1950-0.2575 35-46 53-64 this work
Okhotsk Sea a-HCH B-HCH y-HCH p.p-DDE p.p-DDT Ref.
1988 1.08-1.22 0.19-0.28 1.03-1.07 4-5 2 [36]
2008 0.0600-0.3250 1.7975-1.9400 0.1250-0.3550 35-37.5 50-52.5 this work
Bering Sea a-HCH B-HCH v-HCH YHCH p.p’-DDD p.p"-DDE p,p"-DDT *DDT Ref.
1979 - - - 3244 - - - 100400 [37]
1988 1.764-2.44 0.39 0.57-0.937 3.091 - 5 3 8 [34, 38, 39]
1990 1.5 - 0.19 - - - - - [32]
1993 - - 0.371 - - - - - [14, 40]
1999 0.165-0.683 0.028-0.058 0.063-0.196 0.256-0.937 - 1342 40-91 - [18]
2008 0.065-0.2671  0.0775-0.8075 0.0725-0.7175 0.215-1.7921 21.5-40 37.5-53 50-65.6 109-158.6 this work
Chukchi Sea a-HCH B-HCH y-HCH heptachlor  o-endosulfan B-endosulfan p,p'-DDE p.,p’-DDT Ref.
1988 2.152-2.46 0.55 0.62-0.931 - - - 7 5 [39]
1990 14 - 0.18 - - - - - [32]
1993 2.06-2.16 - 0.43-0.45 6.3 7.2 53 - - [14, 40]
1999 0.157-0.662 0.044-0.089 0.03-0.239 25-146 38-87 57 99 48-123 [18]
2008 0.0583-0.3926  0.1175-2.3241  0.089-0.4625 41.4-107.5 26.8-98 19.4-26.5  35.2-51.1 49-50.4 this work
Arctic Ocean a-HCH y-HCH heptachlor a-endosulfan B-endosulfan Ref.
1994 2.07-2.63 0.33-0.70 9.6-19.6 0.4-3.6 0.6-4.1 [40]
2008 0.1153-0.7550 0.2009-0.3651 42.2-423.3 19.2-52.8 18-39.8 this work

—, Data not available.

banned by most countries in the world. The concentrations
of DDT products display an apparent decline from 1979
when they had sum concentrations of 0.1-0.4 ng/L to 1999
with sum concentrations of 0.053-0.133 ng/L, very close to
our results (0.109-0.1586 ng/L). The temporal trend of
DDT products implied that they had more or less reached
equilibrium in the Bering Sea.

In this work, five stations were located on the west side
of the Chukchi Sea, namely C17, C19, C10A, S13, and S15.
Compared with the reported data [14, 18, 32, 39, 40], the
surface concentration of o-HCH in the Chukchi Sea had
dropped slightly from a value of 2.152-2.4 ng/L in 1988 to
1.4 ng/L in 1990, and then the concentration returned to the
level of 1988 in 1993 (2.06-2.16 ng/L), before it dropped
sharply to a level of 0.157-0.662 ng/L in 1999. Our results
for a-HCH (0.0583-0.3926 ng/L) were slightly lower than
the most current reports in 1999. The y-HCH almost mim-
icked the o-HCH in the long-term trend from 1988 to 1990
to 1993 to 1999, suggesting a very similar source of HCH
isomers in the Chukchi Sea. The y-HCH concentration level
in 2008, based on our results, was fairly comparable to that
in 1999, indicating that a seemingly equilibrium state of

v-HCH was achieved recently. Historic data of f-HCH were
not available in 1990 and 1993, but compared to the con-
centration level in 1988 (0.55 ng/L), it declined by about an
order of magnitude in 1999 (0.044-0.089 ng/L). Our results
for B-HCH (0.1175-2.3241ng/L) were much higher than
that in 1999, and even higher than that in 1988. This ab-
normal case may be attributed to the extremely low sensi-
tivity of detection, which could lead to a high error in the
integration of the peak area. Apart from the HCH isomers,
other OCPs in the Chukchi Sea were also reported previ-
ously (as shown in Table 5), including heptachlor, a-endo-
sulfan, B-endosulfan, and DDT products, although the data
were very sparse. An apparent increasing trend before 1999
followed by a slight decrease in 2008 was seen for each
chemical. This could be explained either by the current ap-
plication of some chemicals, such as endosulfan [41], or the
time lag of their arrival from their emission region to the
Arctic zone due to the divergence of thermodynamic pa-
rameters.

3.2.3 Western Arctic Ocean
The northern-most sea zone in this work is the western Arc-
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tic Ocean, including a transect from station B79 to B85 and

another two stations (D81 and D83) adjacent to this transect.

The historic data of OCPs in this area are only available for
1994 [40]. The cruise track of AOS-94 covered areas from
the Chukchi Sea to the western Arctic Ocean and through
the North Pole to the eastern Arctic Ocean. Referring to the
data associated with that cruise, we found that the section of
the western Arctic Ocean had surface water concentrations
of 2.07-2.63 ng/L for a-HCH, 0.33-0.70 ng/L for y-HCH,
9.6-19.6 pg/L for heptachlor, 0.4-3.6 pg/L for a-endosul-
fan and 0.6—4.1 pg/L for B-endosulfan. As shown in Table 5,
our results showed a much lower level for a-HCH, while a
very comparable level was seen in y-HCH. The trend in
o-HCH corresponded to the application history of technical
HCH, and the trend of y-HCH was probably attributed to the
usage of lindane (containing more than 90% y-HCH) as
another source of y-HCH to the Arctic Ocean, which could
impose on the background signal of y-HCH originating
from technical HCH, and hence magnify the total concen-
tration level. Generally much higher concentration levels
were seen for heptachlor, a-endosulfan and B-endosulfan in
our study. The reasons for this could be diverse, such as a
fresh input through either long range atmospheric transport
or ocean current with a time lag. However, it is noteworthy
that the re-volatilization from seawater to the air above was
recently highlighted to explain the atmospheric pulse of
some OCPs in the Arctic Ocean [14, 42, 43], so it could be
expected that a pulse of those OCPs in the seawater would
follow due to a local low temperature freezing effect, possi-
bly caused by seasonal variation or climate change. There-
fore, the trend in OCPs in the Arctic Ocean could be even
more perplexing in the future.

3.3 Comparison of surface water concentration for
individual compounds in different sea zones

The mean concentration of each individual target compound
in each sea zone was calculated to represent the concentra-
tion level of the target compounds for each sea zone. As
seen from Table 4, two general cases were observed with
one featuring a concentration magnitude higher than 0.1 ng/L
and the other featuring a concentration level higher than
0.01 ng/L but less than 0.1 ng/L. The target compounds
belonging to the first case consisted of a-HCH, B-HCH,
v-HCH, 6-HCH, aldrin, heptachlor and endrin aldehyde,
with the others belonging to the second case.

Three patterns of trend among different sea zones were
roughly seen: the first pattern showed a trend of general
increasing surface concentration northward, the second one
exhibited a trend in the opposite direction, namely surface
concentration generally decreasing northward, and the third
one had no apparent variation among different sea zones.
The northward increasing pattern was seen in o-HCH,
v-HCH, aldrin, heptachlor epoxide, and B-endosulfan, and
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the northward decreasing pattern was seen in 3-HCH, hep-
tachlor, dieldrin and p,p’-DDD, while the rest of the target
compounds have surface concentrations featuring no ap-
parent variation. The target compounds with no apparent
geographic divergence in concentration level had probably
achieved more or less equilibrium globally. These com-
pounds generally have very low concentrations, so an even
more sensitive enrichment technique is needed before tack-
ling their distribution patterns with more certainty. The
northward increasing distribution mode is explainable based
on the concept of global distillation, which drives semi
volatile organic compounds to enrich gradually northward.
Falling into this pattern, o-HCH and y-HCH, however, have
some subtle divergence, which will be further discussed in
the next section. As for the abnormal pattern, namely con-
centration decreasing northward, the reasons could be mul-
tiple. B-HCH, which has a very much lower sensitivity to
ECD, could be disrupted to a great extent by disturbance
with similar chromatographic properties but much higher
sensitivity. Therefore, the distorted B-HCH data could pos-
sibly be attributed to that abnormal distribution pattern.
p,p’-DDD, one product of DDT degradation, could possibly
be degraded from DDT at a rate determined by temperature
conditions. Considering the almost uniform distribution of
DDT, the temperature gradient within the oceans studied
could in some way have caused DDD to become distributed
in this way. With respect to heptachlor and dieldrin, a local
source adjacent to the low latitude oceans is most likely to
be a factor controlling their unique distribution patterns.

3.4 Latitudinal trend of a-HCH and y-HCH

Global distillation has been applied to explain the existence
of POPs in pristine environments, even far away from their
source region. Global distillation as well as the process of
cold condensation driven by thermodynamic effects can
lead to a unique profile in the latitudinal trend of POPs. As
for a-HCH and y-HCH in the current study, two different
profiles of latitudinal trend can be seen. The surface water
concentration of a-HCH showed a general increasing trend
with latitude (as shown in Figure 2), and such an increasing
trend was exclusively apparent in the Arctic Ocean, with the
other sea zones exhibiting a more or less uniform distribu-
tion pattern. As for the y-HCH (as shown in Figure 3), the
general trend is totally different in that the increasing trend
was exclusively apparent in sea zones to the south of 60°N
and, in the area from 60°N northward, the general trend
reversed from an increasing pattern to a decreasing pattern.
A similar latitudinal trend was reported for a-HCH and
B-HCH [17], and the general latitudinal trend between
B-HCH and y-HCH is almost the same except that the divi-
sion in the case of B-HCH is at about 66°N rather than 60°N.
In that paper, it was highlighted that a comprehensive con-
sideration of all possible factors affecting the long range
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Figure 2 Latitudinal trend of a-HCH (Miller Projection).
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Figure 3 Latitudinal trend of y-HCH (Miller Projection).

transportation of POPs was necessary for fully understand-
ing the geochemical property of POPs, and the interpolation
of the distribution pattern of one chemical to another seem-
ingly similar could be problematical. o-HCH is more vola-
tile and less water soluble than 3-HCH and y-HCH, and
hence less likely to deposit or be scavenged along its trans-
port route from the emission region to the Arctic zone, so
the relatively high concentration level in the Arctic Ocean is
understandably attributed to the air-water exchange of
o-HCH through the cold condensation effect. Different
from this, the less volatile and more soluble properties of
both B-HCH and y-HCH would make them more suscepti-
ble to deposition or being scavenged during long range
transport. The northward transportation is more or less a
fractionation effect resulting in the target compounds being
gradually partitioned in the water phase with latitude. LRT
worked throughout the transport route from the emission
region to the Arctic for a-HCH, while the special thermo-
dynamic properties of y-HCH, as mentioned above, probably
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disabled the LRT before entering the Arctic Ocean once the
atmospheric y-HCH was depleted through dry and/or wet
deposition. Then the ocean current would take the place of
the atmosphere in transporting the chemicals northward to
the Arctic Ocean, and the dilution effect thereafter would
result in a declining distribution pattern.

To sum up, the global distillation theory could explain to
some extent the latitudinal trends of o-HCH and y-HCH
from a macro perspective, and the reason given, based on
the difference of physiochemical parameters, was also
strong enough to resolve the subtle differences seen in their
latitudinal trends. However, when our perspective is on an
intra-station scale, no uniform profile could be seen, and a
low concentration value could even be found at a station
which is adjacent to a high value station. This seemed to
depart from the pattern discussed above, but there is no
great surprise, if we bear in mind that there are different
factors in the environment, such as the chemical factors
addressed here, and hydrological factors acting together to
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control the environmental behavior of chemicals existing in
the environment.

3.5 Source analysis of a-HCH and y-HCH

Generally, technical HCH contains approximately 60%—70%
o-HCH, 5%-12% B-HCH, 10%-15% y-HCH and 3%-4%
6-HCH, while lindane contains more than 90% y-HCH. The
o-HCH/y-HCH ratio of 4-7 is generally used to identify the
source of technical HCH application. The a-HCH/y-HCH
ratio profile in our current study had values less than 4
without exception, and a slightly decreasing trend with lati-
tude within sea zones to the north of 60°N, and an apparent
increasing trend from 60°N northward to the Arctic was
observed, as shown in Figure 4. The a-HCH/y-HCH ratio
pattern was consistent with the latitudinal trend of a-HCH
and y-HCH, discussed above. According to the ratio of 4-7,
there must be a lindane source, and the signal imposed on
that of the technical HCHs could have resulted in an
o-HCH/y-HCH ratio less than 4.

However, Ding et al. [44] questioned the rationality of
regarding the a-HCH/y-HCH ratio of 47 as a diagnostic
tool to identify the source of technical HCHs, considering
the different lifetime of these two chemicals in the air as
well as their different properties, which could preferentially
remove the atmospheric y-HCH into the seawater below.
Hence, mixture chemicals of technical HCHs and lindane in
the emission region would exhibit an o.-HCH/y-HCH ratio
less than 4, and then the ratio could have increased to a
value possibly within the range of 4-7 as the mixture of
chemicals were transported to the Arctic Ocean. In this hy-
pothesis, the ratio of 4-7 would be misleading. As the ratio
in our current study was less than 4, evidence of a lindane
source deduced by comparing the o-HCH/y-HCH ratio
value to a range of 4-7 was most probably present.
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Figure 4 o-HCH/y-HCH ratios in the surface water of each station in this
study.
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3.6 Vertical profile of HCH isomers in the seawater
column of the Canadian Basin (station B80)

In the case of ZHCHs (the sum of four isomers of HCH
determined in this study), the characteristics of its depth
profile in the upper layer of the Canadian Basin agree with
some early reports from the Arctic Ocean, which show that
YHCHs in the upper 30 m are higher, but drop rapidly to <
1 ng/L at 200 m [45]. Thus, XHCHs in the Canadian Basin
are different from those in the Bering and Chukchi Seas,
where ZHCHs are distributed fairly uniformly to at least
350 m [14]. From 300 m to 3500 m, XHCHs changed little
and remained at a very low value (averaged in 0.38 ng/L).

For individual isomers of HCH, the vertical distributions
of a-HCH and y-HCH at station B80 displayed different
patterns in the upper 300 m, but were similar from 300 m to
3500 m (Figure 5). Fischer et al. [46] successfully used the
ratio of a-/y-HCH to identify water masses with a small
data set. Here, we also attempted to correlate the water mass
distribution with the characteristics of vertical distribution
of individual isomers (o- and y-HCH) and their ratio, and
found that the whole water column in B80 might be classi-
fied into four layers, with details as follows:

(1) 0-30 m layer. Concentrations of o-HCH increased
slowly from 0.64 ng/L at the surface to 0.92 ng/L at 30 m,
whereas y-HCH changed little over this depth range (0.30-
0.33 ng/L). The ratio of a-/y-HCH ranged from 2.2 to 2.8
with an average of 2.4. The observed low ratio in the sur-
face water might imply the presence of a possible main
emission source of lindane near this region. The main
pathways of HCH transportation in this layer are local
river-runoff and sea ice melt, but not oceanic currents,
which could be supported by the much lower salinity in this
layer (seen in Figure 5) and also by the results from stable
isotope tracing [47].

(2) 30-150 m layer. The average concentrations for both
isomers in this layer were lower than that of the surface
layer, but both changed little from 30 m to 150 m (0.62—
0.68 ng/L for a-HCH and 0.17-0.19 ng/L for y-HCH). The
o-/y-HCH ratio ranged from 3.3-4.1 ng/L (averaging 3.8
ng/L), which might imply that the isomers of HCH come
from a mixture of lindane and technical HCHs, but that the
former’s proportion decreased. The average value of the
ratio was about 60% higher than that of the 0-30 m layer.
Considering that the residence time of HCHs in the upper
layer is short and the hydrolytic half-life of y-HCH (42 yr at
pH 8 and 5 °C) is longer than that of a-HCH (26 yr at the
same condition) [48], the ratio may not increase from the
surface to the lower layer assuming that there are no other
sources of HCHs in this layer, except for atmospheric pre-
cipitation.

Chen et al. [47] noted that the depth of the upper halo-
cline water (UHW) in the Canada Basin is at about 150 m
using the stable isotopes (**O and *H) tracing method, and
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Figure 5 The vertical profile of HCHs at station B8O0.

suggested that the water above UHW has three freshwater
sources which maintain the halocline in the Arctic Ocean,
namely river water, sea ice-melting water, and low salinity
Pacific waters entering the Arctic Ocean through the Bering
Strait. Our study showed that the temperature and the salin-
ity at 150 m were —1.49 °C (close to ice point) and 33.01,
respectively, which agreed well with the results of Chen et
al. [47]. As a result, we deduced that the water in this layer
was mainly affected by the inflow of low salinity Pacific
water and was altered in the Chukchi shelf/the east Siberian
shelf, which always maintained a relatively high o-/y-HCH
ratio.

(3) 150-300 m layer. Below the 150 m layer, the concen-
trations of a-HCH dropped sharply to 0.13 ng/L at 300 m,
which was in agreement with several earlier reports on the
Arctic Ocean [15, 45, 49, 50], while concentration of
y-HCH in the 200 m layer was found to be higher than those
in both the connected upper (125 m) and lower water layer
(300 m), and the ratio of a-/y-HCH (1.76 at 200 m) differed
very much from that of both layers (4.09 at 150 m and 1.07
at 300 m). The higher y-HCH and different a-/y-HCH ratios
in the 150-300 m layer might indicate the inflow of another
kind of water mass containing high y-HCH. Schlosser et al.
[51] suggested that the salinity and temperature of the Bar-
ents branch of Atlantic water gradually decrease by mixing
with river water and sea ice-melting water as it travels to the
Canada Basin. Chen et al. [47], using stable isotopes tracing
methods, found that the 300 m layer is the lower halocline
water (LHW) in the Canada Basin, and the water above this
is affected by the inflow of Atlantic water, which enters the
Arctic Ocean mainly through the Barents Sea and the Fram

Strait. Our results provided further evidence that the forma-
tion of the LHW was due to the inflow of Atlantic water and
then modification in the Barents shelf. In addition, relatively
higher data in the 200 m layer were found for the other two
isomers of HCHs, B-HCH and 6-HCH (shown in Figure 5).

(4) 300-3500 layer. The speed of decline of both isomers
slowed down from 300 m (0.13 ng/L for o-HCH and 0.12
ng/L for y-HCH) to 3500 m (0.05 ng/L for both isomers).
The average concentrations below 1500 m were 0.08 ng/L
and 0.06 ng/L, respectively, which were comparable with
those in the Bering Sea (0.07 ng/L and 0.02, respectively),
but were much lower than those in the Alaskan Chukchi
(0.66 and 0.17 ng/L in 1590 m, one sample) [14, 52].
Harner et al. [52] showed that the percentages at depths of
250-1000 m in the Nansen Basin were approximately 40%
of the surface values for a-HCH and approximately 60% for
v-HCH. However, our results showed that in the same layer
at station B8O they were about 20% and 30%, respectively.
Considering the water masses at 250-1000 m have ages in
the order of 12-20 years [16] and our cruise was 12 years
later than that of the Oden cruise in 1996, our results agreed
with their research results and coincided with the time of the
heaviest usage of HCHs. As for the o-/y-HCH ratio, it
changed little from 300 m to 3500 m (see Figure 5), which
was somewhat similar to the a- or y-HCHs.

4 Conclusions

Compositional pattern and spatial distribution of 17 OCPs
were studied along the cruise track of the 3rd Chinese Arc-
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tic Expedition. A general characteristic featuring increasing
concentrations northward with concentration levels of parts
per trillion for HCHs, and sub parts per trillion for other
target compounds, was found in the current study. A source
pattern for a mixture of technical HCHs and lindane was
deduced by analyzing the a/y-HCH ratio.

The vertical distributions of a.-HCH, y-HCH and their ra-
tio at station B8O displayed different patterns in the upper
300 m, but were similar from 300 m to 3500 m, which were
used to correlate the water mass distribution and we found
that the whole water column in B8O might be classified into
four layers: 0-30 m layer, 30150 m layer, 150-300 m layer
and 300-3500 m layer.

Atmospheric OCPs, especially HCHs, were reported to
have declined since they were gradually phased out for ag-
ricultural use. Under these circumstances, the atmospheric
long range transportation would be weakened, and ocean
currents would play a relatively more significant role in
transporting OCPs northward to the Arctic Ocean. The gen-
eral spatial distribution determined by LRT is probably
subject to change, which would be enhanced by global
warming, resulting in the re-volatilization of chemicals in
the Arctic water to the air above. Therefore, even more
comprehensive studies are necessary in the future for fully
understanding the geochemical properties of OCPs globally.
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