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During the 2003 Chinese Arctic Research Expedition
(CHINARE2003) from the Bohai Sea to the high Arctic (37°
N to 80° N) aboard the icebreaker Xuelong (Snow
Dragon), air samples were collected for the analysis of
hexachlorocyclohexanes (HCHs) in the North Pacific Ocean
and adjacent Arctic region. The ZHCHs (a-HCH +

y-HCH) ranged from 2.3 to 95.1 pg/m3 with the highest
levels observed in Far East Asia (32.5 pg/m?), followed by
the North Pacific Ocean (17.0 pg/m?) and the Arctic (7.3 pg/
m?). Compared to previous studies in the same areas in
1990s, our measurements were approximately 1 order

of magnitude lower. Because of disproportionate chemical
reduction and physical fractioning during long-range
transport, the ratios of o-HCH to y-HCH (a/y-HCH) showed
a significant increasing trend from low to high latitudes,
suggesting that the a/y-HCH range of 4—7 could not be used
to identify sources of technical HCHs especially in

remote areas. The ratios of (+)-o-HCH to the sum of (+)-
o-HCH and (—)-a-HCH were on average much more
biased from 0.5 compared to previous observations in mid-
1990s, indicating the exchange of atmospheric o-HCH
with those in the oceans, where (+)-o-HCH was selectively
depleted in biological degradation processes. Estimated
fugacity ratios based on available data for both a-HCH and
y-HCH further implied their net volatilization from seawater
to air in the Arctic Ocean.

Introduction

Hexachlorocyclohexanes (HCHs) have been used as insec-
ticides since 1943. Technical HCHs containing 60—70%
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o-HCH, 5—12% -HCH, 10—15% y-HCH, 6—10% 6-HCH, and
3—4% e-HCH (1) have been used in large quantities in early
years. Only y-HCH known as lindane is insecticidally active.
At present, technical HCHs have been banned for a long
time, but lindane is still used in some areas of the world (2).
As persistent organic pollutants (POPs), HCHs are subject to
long range atmospheric transport (LRAT); they can be
redistributed on a global scale after being emitted from source
areas (3) and tend to move from warmer to colder areas,
such as Arcticand Antarctica (4). Therefore long-range spatial
surveys are necessary and effective to understand the global
sources, distribution, and LRAT of HCHs. In the land, several
studies have been done describing the atmospheric fate of
POPs over a continental scale including Arctic (5), North
America (6, 7), Asia (8), and Europe (9). In the open oceans,
there are a few cruises for HCHs in the open oceans during
the past two decades, focusing on spatial distribution (10,
11), air—sea gas exchange (12, 13), long-range transport (1),
and temporal trend (I4). Although LRAT of HCHs from
Eurasia have been found to have profound influence on the
Arctic atmosphere (15), only one cruise in 1989—1990 (1) is
available regarding the LRAT of HCHs in the North Pacific
Ocean and adjacent Arctic Ocean.

Although HCHs have been extensively studied for several
decades, there are still issues incompletely understood even
for HCHs in the atmosphere. Technical HCHs have been
banned worldwide for a long time and have not been used
since 2000 (2, 16). However, field studies still identified
technical HCH sources in the environment, even in Arctic
region in 2001—2003 (5) based on o/y-HCH ratios of 4—7,
which represents a typical proportion of technical HCHs.
This raises the question whether this ratio range is fit to
identify technical HCH source in environment, especially in
remote areas. On the other hand, as atmospheric levels of
HCHs continue to decrease, air—water exchange direction
of these pollutants in oceans may be changing from deposi-
tion to volatilization. This changing trend for a-HCH was
first observed in the Bering and Chukchi Seas (17) and in the
Arctic Ocean (18) in 1993. Net deposition and near equi-
librium of y-HCH were also reported in the Arctic Ocean in
1990s (19, 20). The enantiomeric ratios of a-HCH can be
interpreted as a bioindicator showing whether the o-HCH
residues have encountered biota. In the Arctic Ocean, the
similar chiral signatures were observed in surface water and
in the atmosphere providing a direct evidence for ocean
evaporation (20). About 10 years later, are there any changes
in their atmospheric levels and sea—air exchange direction
in case lindane is still used worldwide? How does the chiral
signature evolve in the ocean atmosphere on a global scale?
These questions need further examination for a better
understanding of the sources and environmental fate of
HCHs.

In July to September 2003, ship-board air samples were
collected along a cruise from Bohai Sea to the North Pole
Area (37° N to 80° N). Detailed information about this
expedition has been described elsewhere (21). The purposes
of the current study are (1) to update the data for atmospheric
levels and compositional patterns of HCHs over the North
Pacific Ocean and the adjacent Arctic Ocean, (2) to identify
HCHs source areas and factors influencing the fate of HCHs
during LRAT, and (3) to detect the chiral signature of o-HCH
in oceanic atmosphere, and along with fugacity calculation,
provide information about their ocean evaporation.
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Experimental Section

Field Sampling. During the cruise, a total of 49 particle
samples were taken from July 11 to September 21, 2003,
between Bohai Sea (37.78° N, 123.12° E) and the Arctic (80.22°
N, 146.75°W) (Figure S1, Supporting Information (SI)), among
which 30 vapor samples were collected simultaneously. A
high volume air sampler was placed windward on the upper-
most deck of the ship. The air volumes were ranged from
1215 to 3030 m? (at 0 °C and 1 atm). At a flow rate of
~1.0 m®/min, air was aspirated through a quartz fiber filter
(QFF) (Whatman QM-A, 20.3 x 25.4 cm) to remove particles
from the air stream, and the gas-phase compounds were
trapped on a polyurethane foam plug (PUF, 6.5 cm diameter
x 8 cm height) contained in an aluminum cylinder. To remove
possible organic impurities, before field use, the QFFs were
heated at 450 °C for 4 h, and the PUFs were Soxhlet extracted
for 24 h with methanol and dichloromethane (DCM)
subsequently. Exposed QFFs and PUFs were wrapped in
aluminum foil, zipped in Teflon bags, and stored in freezers
at —20 °C until analysis. Besides, three clean QFFs and PUFs
were exposed to the atmosphere during the sampling period
and processed as field blanks. The detailed information about
sampling was described elsewhere (22).

Sample Extraction. Sample extraction was conducted
based on an analytical procedure published elsewhere (23).
Briefly, prior to 72 h Soxhlet extraction with DCM, PCB15
was added to all samples as a surrogate. The extracts were
concentrated and solvent-exchanged to hexane and then
purified using a 1:2 alumina/silica gel column. The first
fraction, containing aliphatic hydrocarbons, was eluted with
30 mL of hexane. The second fraction, containing HCHs,
was collected by eluting 70 mL of DCM/hexane (3:7 v/v).
Then the latter was concentrated to a final volume of 50 uL
under a gentle stream of nitrogen. 2,4,5,6-Tetrachloro-m-
xylene (TCmX) was added to the samples as internal standard
before instrumental analysis.

Instrumental Analysis and Parameters. All samples were
analyzed by an Agilent 6890 series gas chromatograph (GC)
/5973 mass spectrometric detector (MSD) in electron im-
pacting (EI) mode and selective ion monitoring (SIM) mode
with a 30 m HP-5 MS capillary column (i.d.0.25 mm, 0.17 um
film thickness). HCHs were quantified using an internal
calibration method with m/e =217 and 219. Splitless injection
of 1 uL sample was performed with a 5-min solvent delay.
The oven temperature was initiated at 80 °C (held for 2 min)
and increased to 290 °C at 4 °C/min (held for 10 min). The
method detection limits (MDLs) were 0.20, 0.15 pg/m? for
o-HCH, y-HCH, respectively, when calculated with an
average sampling volume of 2051 m?3.

Chiral Analysis for a-HCH. Determination of the enan-
tiomeric composition of a-HCH was performed with an
Agilent 6890 series GC coupled with 5973 MSD in EI mode.
Separation was carried out using a CP-Chirasil-Dex-CB
column (25 m, 0.25 mm i.d., 0.25 ym film thickness; Varian,
Inc.). Selected ions 217 and 219 were monitored with a 2 uL
sample injection. As described by Zhao et al. (24), the (+)-
o-HCH elutes first on this column. The elution order was
also confirmed by injecting standard solutions of (+)-o-HCH
and (—)-o-HCH (Ehrenstorfer Laboratories, Germany), re-
spectively. The GC temperature program was: 80 °C held for
2 min, 4 °C/min to 190 °C, and held for 30 min. Chiral
signatures are expressed using enantiomer fractions (EFs),
calculated as the ratios of the peak areas of (+)-a-HCH to
the sum of (+)- and (—)-o-HCH. The EFs of seven successive
injection of racemic standard were 0.497 £ 0.001.

QC/QA. Three field blanks and six laboratory blanks were
processed. These samples were extracted and analyzed in
the same way as field samples. There were no target
compounds detected in the laboratory and field blanks.
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FIGURE 1. Spatial distribution of HCHs in the North Pacific Ocean
and the Arctic Ocean (n = 30). Concentrations are displayed at the
average sampling locations (bars).

Surrogate recovery (n = 97, including field and laboratory
control samples) was 90.2 &+ 10.5% for PCB15. Recoveries for
HCH isomers in six spiked blank samples (HCH congeners
spiked into solvent with clean QFFs and PUFs) were 87 & 8%
for a-HCH and 91 + 11% for y-HCH. Recoveries for HCH
isomers in six matrix spiked samples (HCH congeners spiked
into pre-extracted QFFs and PUFs) were 85 + 12% and
81 + 9% for o-HCH and y-HCH, respectively. The reported
results in the present study were not recovery adjusted. Before
the field campaign, breakthrough was tested by sampling
ambient air for 48 h in Guangzhou with 1.5 PUFs instead of
one PUF installed in the high-volume sampler. HCHs were
below the detection limits in the backup half PUF, so for the
relatively lower HCHs over the oceans, breakthrough was
not a problem in this study.

Back Trajectories. Air mass origins were determined for
the cruise samples using HYSPLIT transport and dispersion
model from the NOAA Air Resources Laboratory (25). Two
back trajectories (BTs) were performed, for the start and end
of each sampling episode. BTs were traced for 5 days with
6 h steps at 100, 500, and 1000 m above sea level. Air mass
origins were also generally indicated in Figure 1S in SI.

Results and Discussion

In the present study, the concentrations of HCHs in the
particulate phase were less than MDLs. Predictions based
on the Junge—Pankow adsorption model indicate that HCHs
are predominantly gaseous at moderate temperatures (26).
Ambient measurement also confirmed that over 95% of
o-HCH and y-HCH in air is in the gas phase (27). Therefore,
only gaseous data are used in this study (Table 1S in SI).

Concentrations and Spatial Patterns. Figure 1 shows the
spatial distribution of Y HCHs (a.-HCH + y-HCH) during the
expedition. Y HCHs ranged from 2.3 to 95.1 pg/m?, with an
average of 13.4 & 17.1pg/m?. Our results were comparable
to those of global oceans (I, 10, 13, 14, 28). Highest levels
occurred near the Liaodong peninsula (95.1 pg/m?, both
o-HCH and y-HCH > 40 pg/m?, site 1), and the lowest
concentration was observed in the Arctic (2.3 pg/m?, site
31). A decreasing spatial distribution was observed where
mean concentrations of Yy HCHs in Far East Asia (34—48 °N),
North Pacific Ocean (48—66 °N), and the Arctic (>66.7 °N)
were 32.5, 17.0, and 7.3 pg/m?3, respectively.

o-HCH. As shown in Figure 2, a-HCH varied between 2.1
and 45.6 pg/m® with an average of 9.9 + 8.3 pg/m®. The
highest concentration observed near the Liaodong peninsula,
45.6 pg/m?, was 1 order of magnitude lower than that of East
China Sea in 1989—1990 (520 pg/m?) (I). After a wane in the
Bohai Sea, the air concentrations rose in the North Pacific
Ocean and peaked near the east coastal areas of Russia.
Several factors may explain high levels of a-HCH observed
in this region, including LRAT from Russia source areas, re-
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FIGURE 2. Spatial distribution of o-HCH, -HCH, and o/y-HCH.

emission from seawater and transformation from other
isomers to o-HCH during LRAT. BTs clearly showed that
oceanic atmosphere in this region were influenced deeply
by eastern Russia (sites 12—17). But considering the fact that
technical HCHs had been banned by many countries for a
long time, such as China in the early 1980s and the former
Soviet Union in the beginning of 1990s (2), input from fresh
technical HCHs should be impossible. The global distribution
model displayed that both in the atmosphere and seawater
o-HCH had peak concentrations in the area about 60 °N
(29). The model also indicated that sea—air exchange
direction in this area changed from deposition in 1980s to
volatilization in 1990s (29). The photoisomerization of y-HCH
to o-HCH has been reported both under high-energy UV
light (30) and direct sunlight (31). However, it is still a
hypothesis due to the lack of evidence both in laboratory
chamber study and in ambient atmosphere. If the pho-
totransformation does exist in the ambient atmosphere, the
process may contribute a great amount of o-HCH in
atmosphere as lindane is still used worldwide (2). In the Arctic,
o-HCH showed a slight variation, 6.5 & 2.7 pg/m3. Unstable
air circulation and sufficient atmospheric mixing in the Arctic
region might effectively compromise spatial differences in
the concentration of air pollutants (21). In other studies,
o-HCH in the high Arctic was 23 + 10 pg/m? during 2000—
2003 (5) and 17 + 4 pg/m? in July 2000 in the Arctic Ocean
between 75 and 80 °N (13). Since technical HCHs were phased
out worldwide, the lower air concentrations determined in
the current study is consistent with the reducing temporal
trend of a-HCH on a global scale (32, 33).

y-HCH. y-HCH ranged from 0.2 to 49.4 pg/m?, with the
highest level near Liaodong peninsula and the lowest level
in the Arctic (Figure 2). Unlike o-HCH, lindane is still in use
as aninsecticide in many countries (2). Therefore the highest
level observed in the Bohai Sea (site land 2) suggested
continuing usage of lindane in the adjacent continents. In
Far East Asia, mean y-HCH concentration (14.9 + 20.7 pg/
m?) was about 1 order of magnitude lower compared to an
early measurement (120 pg/m?) in East China Sea in 1989—
1990 (1). Relatively higher concentrations were also observed
near the east coastal areas of Russia. The average y-HCH
level 0f 2.8 + 1.4 pg/m? in the North Pacific Ocean was much
lower than those in the same area in 1990 (76 pg/m?) (I) or
Bering and Chukchi Seas in 1990 (35 pg/m?®) (1) and in 1993
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(23 pg/m?®) (17). The air concentrations in the Arctic were
low but relatively constant, 0.8 + 0.4 pg/m?, also about 1
order of magnitude lower than that in the Arctic atmosphere
in 2000—2003 (5.1 pg/m?) (5). Until 2003 lindane was still
widely used as a treatment on crop seed in Canada (34),
which could be regarded as a possible source area for the
Arctic (35).

o/y-HCH. The ratio of o/y-HCH is around 4—7 in technical
HCHs (1, 36) and near or less than unity in lindane. Thus it
used to be an indicator of sources of HCHs. In the Bohai Sea
(site 1—3), ratios were close to 1.0 (1.2 £ 0.4). A study in
Qingdao, China, and over the Yellow Sea during June 2003
also reported ratios of o./y-HCH from 0.6 to 2.0 with a mean
of 1.5 (37). All these indicated fresh emission of lindane in
the adjacent continents. As shown in Figure 2, o/y-HCH
exhibited a significant increasing trend along the cruise with
the increasing of latitudes (R? = 0.461, p < 0.001, n = 30).
The reason is that during long-range transport, different
physical and chemical properties between o-HCH and y-HCH
may contribute to the disproportionate reduction and
fractioning of the isomers. In the troposphere the hydroxyl
radical (OH) is the major oxidizing chemical responsible for
the destruction of almost all hydrogen-containing gases (38),
including HCHs. Estimated OH reaction rate constants and
atmospheric lifetimes (39) using the average global OH
concentration of 9.7 x 10° cm™ (40), and Henry's Law
constants (41) of HCHs in the different regions, were
presented in Table S2 in SI. Compared to a-HCH, y-HCH
has higher reaction rate with hydroxyl radical and lower
Henry’s Law constant, indicating that y-HCH has a shorter
lifetime in the atmosphere and is more susceptible to be
removed either through direct partitioning into seawater or
through washout by precipitation during LRAT (42). Thus
o/y-HCH would increase while photochemically aging during
LRAT to the remote areas. Moreover, photochemical trans-
formation of y-HCH to o-HCH is also another possible
explanation (43). If the photoisomerization of y-HCH to
o-HCH (30, 31) exists in the atmosphere, this increase of
o/y-HCH would be further enhanced. As discussed below,
if sea to air evaporation contributes to the atmospheric HCHs,
since o-HCH has a much higher Henry’s Law constant than
y-HCH (Table S2 in SI), evaporated HCHs would have a higher
o/y-HCH in comparison with HCHs in ocean surface waters.
All these can explain the elevated ratios of a/y-HCH in the



remote atmosphere (44, 45). In the Arctic region the highest
ratios during the cruise, 9.6 + 4.1, were observed. They were
similar to results observed in Alert (15). The North Pacific
Ocean had a medium ratio of 5.9 + 2.2. It seemed that the
technical HCHs were still being used in Russia, since the
ratio fell between the typical range of technical HCHs and
the air masses did originate from eastern Russia. However,
as mentioned above, the fact is that there has been no usage
of technical HCHs worldwide since 2000 (16). As discussed
above, the a/y-HCH ratios, though lower in areas where
lindane is still used after the long-time ban of technical HCHs
worldwide, may elevate during the migration of HCHs to the
background regions, and possibly fall between 4 and 7, the
typical range of technical HCHs. Therefore it is worthy noting
that the a/y-HCH ratio range of 4—7 should be carefully
used as a diagnostic tool to identify the source of technical
HCHs in the environment, especially in the atmosphere of
remote areas, such as ocean, polar regions and background
lands.

Enantiomers of a-HCH. Technical HCHs contain the (+)-
and (—)-a-HCH enantiomers in a racemic proportion. Abiotic
processes such as hydrolysis and photolysis do not favor
either enantiomer. Only biological processes such as mi-
crobial degradation, a key elimination pathway of HCHs in
oceans, show enantioselectivity and alter EFs (46). Extreme
low EFs had been reported in deep seawater, like a minimum
0f0.074 in Bering and Chukchi Seas (20) and 0.099 in eastern
Arctic Ocean (47). The appearance of nonracemic a-HCH in
oceanic air can be explained by evaporation of partially
biodegraded o.-HCH from seawater. Jantunen and Bidleman
observed that (+)-o-HCH was depleted in the Canada Basin
and Greenland Sea in the summer of 1994 (20). Harner et al.
reported that (+)-o-HCH was preferentially lost in the eastern
Arctic Ocean with mean EFs 0f 0.462 + 0.057 in seawater and
0.487 £ 0.009 in air during July—September 1996 (47).

During our cruise in July—September 2003, the EFs of
o-HCH ranged 0.312—0.488 with a mean of 0.414 + 0.052.
The disproportionate degradation of the two enantiomers in
seawater should bring about lower EFs in the Arctic Ocean
as compared to those in mid 1990s, and thus lower EFs in
the atmosphere due to the sea—air exchange. A recent study
found that EFs of o-HCH were a little biased from 0.5 (0.471—
0.519) in North America continental atmosphere even though
technical HCHs had been banned for several decades (6).
During our cruise, sites 1 and 16 had EFs close to 0.5,
indicating a-HCH had less biodegradation than other sites
and was much more impacted by the adjacent continents.
For other sites, all the EFs were lower than 0.47, implying
more impact from the sea—air exchange. EF > 0.5 was
reported in Bering and Chukchi Seas in 1994 (20), while our
measurement (EF < 0.5) showed areversal of the enantiomer
depletion in the same areas (Figure 3A). Microbial activity
in seawater might be the main factor impacting the EF values.
The half-lives for (+)-o-HCH and (—)-a-HCH in the Arctic
Ocean were estimated as 5.4 and 16.9 years, respectively,
considering both hydrolysis and microbial degradation (46,
47). The different EFs observed between 1994 and 2003 might
also reflect further depletion of (+)-o-HCH in seawaters due
to its faster degradation rate. The EFs in the North Pacific
Ocean ranged from 0.396 to 0.488 with an average of
0.439 + 0.035. This selectively enriched (—)-a-HCH also
confirmed our above conclusion that there was no fresh
o-HCH emission, although o/y-HCH ratios in this region
were typical of technical HCHs, which, however, have racemic
enantiomers.

As done for global background soil (48), correlation is
also tested between AEF (defined as the absolute value of EF
subtracted from 0.5) and the concentration of o-HCH. A
significant negative correlation is observed in the oceanic
atmosphere (R> = 0.201, p = 0.015, n = 29, Figure 3B)
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suggesting that sea—air exchange might play an important
role when the air concentration is extreme low. It should be
stressed that a nonracemic EF value does not indicate that
sea—air exchange direction is net volatilization. Because of
higher burdens of a-HCH in seawater than in air, the EF of
o-HCH in air will change toward the seawater value regardless
of whether sea—air exchange is approached from the
deposition or volatilization side. To predict the direction of
sea—air exchange, the fugacity ratio of a chemical between
water and gas phase should be calculated, as discussed below.

Sea—Air Exchange in the Arctic. Because of the extensive
use of HCH products (technical mixture in past and lindane
at present), oceans, lakes, soil, and vegetation can all serve
as sinks for HCHs. Oceans may play an important role
influencing the fates of HCHs (1, 36), because oceans occupy
about 71% of the earth surface. Since the phase-out of
technical HCHs in the 1970s, atmospheric concentrations of
HCHs have declined gradually, especially for a-HCH (18,
49). Because of longer lifetimes of HCHs in oceans than in
atmosphere, it is possible that HCHs accumulated in the
oceans can be re-released into the atmosphere by the sea—
air exchange. In 1990s a few studies showed the evidence of
sea-to-air movement of HCHs in the Arctic region by
comparing the fugacity of HCHs both in seawater and air
(17,18, 20). The sea—air exchange direction can be predicted
by calculating the fugacity ratio of a chemical in both phases,
which is defined as:

fulfu=Cy x HI(Cy x R x T}) )

where fiy and fi are fugacity in water and air, respectively,
Cw and C, are concentrations in water and air, respectively,
H is Henry’s Law constant, R is the gas constant, and T, is
the air temperature. Values of fiv/fa > 1, =1 and < 1 indicate
net volatilization, equilibrium, and net deposition, respec-
tively. Since surface seawater temperature was unavailable
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in the current study, average air temperature in the Arctic
was used instead to adjust the Henry’s Law constant using
the experimental temperature-dependent equations of Sah-
suvar et al. (50) (Table S2 in SI).

The concentrations of HCHs in seawater in 2000s are not
available, so estimated values are used in this study. From
a historical perspective and modeling, the degradation in
the seawater was the most important factor determining the
net burden of a-HCH in the Arctic (51). Removal of HCHs
from seawater is supposed to be governed by

C=C,x e )

where C is the concentration at time of ¢, G is the original
concentration, and kq is the degradation rate. For a-HCH,
the concentration is the sum of two enantiomers as shown
below,

C=EF x Cyx e "'+ (1 —EF) x G, x e "' (3)

Since little is known about degradation rates of HCHs in
the North Pacific Ocean, here we only focus on the discussion
in the Arctic Ocean. Two sets of data were used to estimate
the Arctic seawater concentrations in 2003. One is the mean
concentrations (2900 and 470 pg/L for o-HCH and y-HCH,
respectively) in the Arctic Ocean in 1990s (52) with 1990 as
the start year (¢ = 13 year). Another is from 1999 Chinese
Arctic Research Expedition (CHINARE1999, 389 and 123 pg/L
for a-HCH and y-HCH, respectively; t = 4 year) with the
similar route as our cruise (53). It is worthy noting that the
levels in CHINARE1999 were much lower than those in the
Cadadian Archipelago (3.5 and 0.31 ng/L for a-HCH and
y-HCH, respectively) during the same period (54). Using the
EF value (0.462) and the degradation rate constants of (+)-
o-HCH (kq+ = 0.127 year!) and (—)-a-HCH (kq- = 0.041
year™!) in the Arctic Ocean (46, 47), the concentrations of
o-HCH in the Arctic Ocean were estimated to be 1179 (starting
from 1990) and 286 (starting from 1999) pg/L in 2003. Using
these values with the average C, of 6.5 pg/m? in the Arctic
and H of 0.056 Pa m® mol !, the ratios fiv/fx for a-HCH would
be 4.49 and 1.09, respectively. The ratios could be enhanced
at most 21% if the salinity effect on H of a-HCH was
considered (50). These fw/fa values of more than 1.0 for
o-HCH suggested that net re-evaporation from sea to air
was prevailing in the Arctic. This implication is consistent
with previous studies (17, 18, 20) in the same region.

Considering both hydrolysis and microbial degradation,
the half-life of y-HCH in the Arctic Ocean is 16.1 years with
a degradation rate constant of 0.043 y! (46, 47). Using this
rate constant, the concentrations of y-HCH in the Arctic
Ocean were estimated to be 270 (starting from 1990) and 104
(starting from 1999) pg/L in 2003, and the fugacity ratios of
y-HCH in the Arctic were 3.43 and 1.32, correspondingly.
This was different from studies in the Arctic Ocean in 1990s
(19, 20) indicating net deposition and near equilibrium of
y-HCH. Our findings implied that the sea—air exchange
direction was recently changed and net volatilization of
y-HCH was becoming an important secondary source in the
Arctic.
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