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ABSTRACT: Nineteen pairs of gaseous and surface seawater samples were
collected along the cruise from Malaysia to the south of Bay of Bengal
passing by Sri Lanka between April 12 and May 4, 2011 on the Chinese
research vessel Shiyan I to investigate the latest OCP pollution status over
the equatorial Indian Ocean. Significant decrease of α-HCH and γ-HCH was
found in the air and dissolved water phase owing to global restriction for
decades. Substantially high levels of p,p′-DDT, o,p′-DDT, trans-chlordane
(TC), and cis-chlordane (CC) were observed in the water samples collected
near Sri Lanka, indicating fresh continental riverine input of these com-
pounds. Fugacity fractions suggest equilibrium of α-HCH at most sampling
sites, while net volatilization for DDT isomers, TC and CC in most cases.
Enantiomer fractions (EFs) of α-HCH and o,p′-DDT in the air and water
samples were determined to trace the source of these compounds in the air.
Racemic or close to racemic composition was found for atmospheric α-HCH
and o,p′-DDT, while significant depletion of (+) enantiomer was found in the water phase, especially for o,p′-DDT (EFs = 0.310
± 0.178). 24% of α-HCH in the lower air over the open sea of the equatorial Indian Ocean is estimated to be volatilized from
local seawater, indicating that long-range transport is the main source.

■ INTRODUCTION

Organochlorine pesticides (OCPs) are a group of semivolatile
persistent organic pollutants (POPs), which are of worldwide
concern because of their persistence, bioaccumulation, and
negative effects on human, animals, and plant lives.1 Due to their
volatility and persistence, OCPs are subject to global distribution
throughout the environment.2 The monitoring of marine POPs
is of great importance. Oceans are believed to be the largest sink
of POPs,3,4 which may be converted into a secondary source
of particular POPs, such as dichlorodiphenyltrichloroethane
(DDT)5 and alpha-hexachlorocyclohexane (α-HCH),6 long after
those compounds were banned.
Processes such as air−water exchange, atmospheric dispersion,

and biogeochemical processes in seawater, play important roles
in controlling the environmental fate of POPs.4 To date, many
studies have been carried out on the air−water exchange and
biogeochemical processes of OCPs in oceans and seas. Those

studies focused on the Arctic region and subarctic area, such as
the eastern Arctic Ocean,7,8 the North American Arctic
Ocean,9,10 and the North Atlantic Ocean.8,11 Studies on the
Chinese marginal seas have also been conducted.12,13 Although
atmospheric OCPs in the equatorial Indian Ocean have also
been investigated recently,14,15 study on the air−water
exchange of OCPs in this area could date back to two decades
ago in the Bay of Bengal and Arabian Sea conducted by Iwata
et al.4 The equatorial Indian Ocean is surrounded by tropical
developing countries, such as India, Sri Lanka, Malaysia,
Indonesia, etc. Because a large quantity of OCPs, such as
technical DDT and HCH, was used for agricultural and
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public health purpose in those countries, this area has been
considered as important sources of OCPs. What is more, DDT
is still allowed to be used for malaria control in India under the
Stockholm Convention.16

The application of the enantiomeric compositions of some
chiral pesticides has made significant progress in this field
recently, in particular for α-HCH.17 Enantiomers have identical
vapor pressures, water solubility, and partition coefficients in the
air, water and soil. Transport (advection, deposition, and
volatilization) and abiotic reactions (photolysis, hydrolysis, OH
radical attack) will not change enantiomer proportions, while
microbial activities in the seawater would result in enantiose-
lective degradation of chiral compounds.17,18 Therefore, chiral
compounds offer special advantage for following transport and
fate pathways, i.e., long-range transport vs volatilization.18

In this study, we analyzed 19 pairs of lower air and surface
seawater samples collected from Malaysia to the south of Bay of
Bengal passing by Sri Lanka in the equatorial Indian Ocean in
2011 on the Chinese research vessel Shiyan I to (1) obtain data of
the levels of selected OCPs (HCHs, DDTs, and chlordanes) in
the target area, (2) estimate the air−water exchange direction,
(3) investigate the microbial degradation and hydrolysis of
selected OCPs in the water phase, and (4) trace the sources of
chiral HCH and DDT in the lower air.

■ EXPERIMENTAL SECTION
Sample Collection. Onboard the Chinese research vessel

Shiyan I of South China Sea Institute of Oceanology, from April
12th to May 4th, 2011, 19 pairs of air and seawater samples were
taken from equatorial Indian Ocean (0−6°E, 80−98.5°N,
Figure 1, Table S2). Air samples were taken via a high-volume
air sampler placed in the windward on the foredeck of the ship.
About 200−500 m3 of air was drawn through a quartz fiber filter
and subsequently through a polyurethane foam (PUF) plug

(i.d.: 6.5 cm, length: 7.5 cm, density: 0.03 g m−3). At each station,
70−120 L of surface seawater was collected in the seawater-cleaned
metal bucket and filtered through a precombusted (4 h at 450 °C)
150 mm diameter glass fiber filter (Gelman Type A/E, nominal
pore size: 1 μm). Then the water sample was passed through a
Teflon column (i.d.: 25 mm, length: 20 mm, pore size: 0.5 mm)
packed with about 28 g of pretreated resin (XAD-2 and XAD-4,
1:1 v/v) at the flow rate of approximate 100 mLmin−1. The filters,
PUFs, and XAD columns were stored at −20 °C until analysis.

Sample Preparation and Instrumental Analysis. The
PUF samples spiked with TCmX, PCB209, and 13C-PCB141 as
recovery surrogates were Soxhlet extracted with dichloromethane
(DCM) and further purified on a multilayer silica gel-alumina
column. Thirty mL of DCM/hexane (1:1) was eluted to collected
OCP fraction. The XAD resin spiked with the above surrogates
was ultrasonically extracted with methanol and subsequently
with DCM. The extract was then further extracted using DCM,
concentrated and purified as the PUF samples. Concentrated
OCP fraction was solvent exchanged to hexane, and 13C-PCB138
was added as an internal standard for instrumental analysis.
Achiral OCPs were measured on an Agilent 7890/7000

GC-MS/MS with a HP-5MS capillary column (30 m × 0.25 cm ×
0.25 mm, Agilent, CA, USA). After achiral OCPs determination,
the same extracts were analyzed for enantiomers of α-HCH and
o,p′-DDT on the Agilent GC-MS/MS with a BGB-172 column
(15 m × 0.25 cm × 0.25 mm, BGB Analytik AG, Switzerland).
More information on the procedures is given in the Supporting
Information (SI).

QA/QC. Three laboratory blanks, four PUF field blanks, and
two XAD field blanks were analyzed. OCPs were undetectable in
the laboratory blanks, and minor amounts of heptachlor, trans-
chlordane (TC), and cis-chlordane (CC) were detected in the
field blanks. For air samples, the recoveries were 97± 7.2%, 63±
13%, and 110 ± 11% for 13C-PCB141, TCmX, and PCB 209,

Figure 1. Sampling locations and backward trajectories (BTs) of the air masses. Three BTs were continental from Malaysia and Indonesia (red lines),
and the remaining BTs were oceanic from the Indian Ocean (blue lines).
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respectively. For water samples, the equivalent values were 97 ±
10%, 71± 9.5%, and 100± 18%, respectively. The reportedOCP
concentrations in air and seawater in this study were corrected by
deducting the average values in PUF and XAD field blanks, res-
pectively, and not recovery corrected. Instrumental and method
detection limits are discussed in the Supporting Information.
For chiral analysis, racemic standards were injected repeatedly

to determine the reproducibility of EF (enantiomer fraction,
EF = peak areas of the (+)/((+) + (−)) enantiomers) measure-
ments. Average EF values of the standards were 0.507 ± 0.014
(n = 6) for α-HCH and 0.502 ± 0.004 (n = 6) for o,p′-DDT,
respectively. An EF of 0.5 indicates racemic composition. If the
EF for a particular sample fell outside the 95% confidence interval
of the EF values for the standards (the range was 0.492−0.521 for
α-HCH and 0.498−0.505 for o,p′-DDT), they were interpreted
as not significantly different from racemic.19,20 Breakthrough of
analytes from sorbent traps during air and water sampling was
checked and found negligible (Supporting Information).
Air Mass Back Trajectories. NOAA’s HYSPLIT model was

used to assess the air mass origins along the cruise segments of
the samples.21,22 120 h back trajectories were calculated at the
beginning and end of each air sample collection in coordinated
universal time (UTC) at 10 m above sea level (Figure 1).

■ RESULTS AND DISCUSSION
Air Concentration and Spatial Distribution. The

concentrations of selected OCPs in the air are summarized in
Table 1. As shown in Figure 2, spatial distribution of HCH and
DDT isomers was relatively uniform, with H/L (highest/lowest)
values lower than 14.5. Although continental air masses passing
over Malaysia and Indonesia were observed for air samples 1 and 2,
these two samples did not exhibit significantly high concen-
trations compared with those with open oceanic air masses
(Figures 1 and 2), which may relate to the fact that technical
DDT has been banned in Malaysia and Indonesia since 1990s,
and HCH was also banned in Indonesia.23 It implies that the
gaseous concentrations of HCHs and DDTs should be measured
at background levels in the equatorial Indian Ocean. The
observed α-HCH and γ-HCH values in this study were lower
than those reported over the equatorial Indian Ocean in 2005,14

the Andaman Sea and Bay of Bengal in 2008,15 the Northwest

Indian Ocean in 2008,15 and the East and South China Seas in
2008,15 and significantly lower than those measured two decades
ago over the Bay of Bengal and Arabian Sea4 (Table S3) due to
phase out of technical HCH.16 Compared with the reports mon-
itored over the open seas recently, α-HCH (0.77 ± 0.47 pg m−3)
in this study was lower than those observed over the North
Atlantic and the Arctic Ocean in 2004 (2.7 ± 1.4 pg m−3),8 the
North Atlantic in 2007 (3.4 ± 2 pg m−3)15 and in 2008 (4.9 ±
1.2 pg m−3),11 the South Atlantic in 2007 (2.3 ± 2.4 pg m−3),15

the North Pacific Ocean in 2008 (26−56 pg m−3),24 and the
Canadian Arctic Ocean during 2007 to 2008 (7.5−48 pg m−3).18

Like α-HCH, the concentration of γ-HCH was also lower than
those observed in the open seas of the high latitude (Table S3).
The concentration of p,p′-DDT in this study (1.1−8.8 pg m−3)
was higher than the value reported for the Northwest Indian
Ocean (0.1−0.85 pg m−3),15 similar to those for the equatorial
Indian Ocean in 2005 (4.2−12.5 pg m−3)14 and the Andaman
Sea and Bay of Bengal in 2008 (0.27−6.7 pg m−3),15 and was lower
than that in the East and South China Seas (0.64−80 pg m−3).15

Significantly higher p,p′-DDT concentration of 19−590 pg m−3

was reported over the Bay of Bengal and Arabian Sea in 1989.4

Compared to the values of the other open seas, the p,p′-DDT
concentration in the equatorial Indian Ocean was higher
than those over the North Atlantic and Arctic Ocean in 2004
(n.d.−0.22 pg m−3),8 North Atlantic in 2007 (0.8 ± 0.6 pg m−3),15

and South Atlantic Ocean (0.4 ± 0.4 pg m−3),15 which may be
relative to the proximity to the surrounding area with large
amounts of historical DDT application. What is more, India still
holds exemptions for DDT usage in malaria control recently,
indicating possible fresh sources.16 With respect to chlordane
isomers, significant variation was observed (p = 0.003) (Figure 2),
with H/L values up to 129, 81, and 250, respectively, for TC, CC,
and trans-nonachlor (TN), indicating continuing regional
emissions of technical chlordane. Heptachlor ranged from n.d.
to 120 pg m−3 and dominated (38−50%) in the samples with
high concentrations (Figure 2), suggesting that use of technical
heptachlor was another source, and besides being a component
of technical chlordane,25 heptachlor was also used alone as
termiticide.26 TC (8−15%) and CC (8−13%) were the most
abundant components of technical chlordane.25 The TC/CC
ratio in the air over the equatorial Indian Ocean was 1.39 ± 0.29,

Table 1. Summary of Selected OCP Concentrations in the Air and Watera

gas phase (pg m‑3) water phase (pg L‑1)

compound av SD range av SD range

α-HCH 0.77 0.47 0.21−1.7 3.2 0.80 2.0−4.7
β-HCH 0.40 0.20 0.15−0.95 5.4 2.2 1.6−8.9
γ-HCH 0.61 0.28 0.24−1.2 2.2 1.3 0.71−6.3
∑HCHs 1.78 0.83 0.76−3.4 11 3.3 4.8−17
heptachlor 27 36 n.d.−120 2.8 7.2 n.d.−32
TC 20 24 0.70−90 9.4 26 n.d.−120
CC 15 18 0.88−71 6.6 17 n.d.−76
TN 3.1 3.8 0.06−15 2.0 4.6 n.d.−21
CN 0.48 0.66 n.d.−2.8 0.32 0.48 n.d.−2.1
o,p′-DDD 0.35 0.19 0.05−0.78 4.1 10 n.d.−44
o,p′-DDE 0.43 0.22 0.11−0.99 48 120 n.d.−510
o,p′-DDT 1.4 0.66 0.43−2.9 330 840 n.d.−3600
p,p′-DDD 0.72 0.46 0.15−2.2 19 40 1.8−170
p,p′-DDE 0.94 0.47 0.23−2.0 37 85 0.30−360
p,p′-DDT 4.3 1.8 1.1−8.8 1600 4000 2.4−17000
∑DDTs 8.1 3.6 2.2−17 2000 5100 9.0−22000

aNote: n.d.: not detected. TC: trans-chlordane. CC: cis-chlordane. TN: trans-nonachlor. CN: cis-nonachlor.
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higher than the reported values of technical chlordane made in
the United States (1.16−1.18)26 and in China (0.76−0.87).27
TC and CC are the mostly measured chlordane isomers in

surface ocean and lower air studies. As demonstrated in Table S3,
the concentrations of TC (20 ± 24 pg m−3) and CC (15 ±
18 pg m−3) in this study were comparable to those over the
Northwest Indian Ocean and the East and South China Seas in
200815 but higher than the values reported over the Bay of Bengal
and Arabian Sea in 1989,4 the Andaman Sea and Bay of Bengal
in 2008,15 the North Atlantic and Arctic Ocean after 2004,8,11,15

and the South Atlantic in 2007.15 Like DDT compounds, the
higher values of TC and CC in the study area than those reported
in the Arctic and subarctic regions may be relative to the
extensive usage of technical chlordane in the surrounding
countries.28 In addition, the long-range atmospheric transport
potential may be another influencing factor. Gioia et al.15

predicted shorter atmospheric residence times of p,p′-DDT, TC,
andCC than α-HCH and γ-HCH in the Andaman Sea and Bay of
Bengal.
Water Concentration and Temporal Trends.As shown in

Table 1, the dissolved water phase concentrations of α-HCH,
β-HCH, and γ-HCH were 3.2± 0.8 pg L−1, 5.4± 2.2 pg L−1, and
2.2 ± 1.3 pg L−1, respectively. Spatially, uniform distribution was
found for HCH isomers in the water phase. The concentrations
of α-HCH and γ-HCH in the water samples were lower than

those reported in theNorth Atlantic and Arctic Ocean (13± 16.3
pg L−1 for α-HCH and 4.7 ± 5.6 pg L−1 for γ-HCH),8 the North
Atlantic (57.6± 28.9 pg L−1 for α-HCH and 20.4± 9.6 pg L−1 for
γ-HCH) 11 and the Canadian Arctic Ocean (456−1013 pg L−1

for α-HCH and 150 ± 254 pg L−1 for γ-HCH).18 The Arctic
Ocean was suggested to be the last refuge for α-HCH.29

Substantial variations were found for DDT and chlordane
compounds (Figure 3). For example, p,p′-DDT concentrations
ranged from 2.4 to 17000 pg L−1, and o,p′-DDT concentrations
ranged from n.d. to 3600 pg L−1. p,p′-DDT dominated in most
samples, except for the four samples collected from Stations 4, 9,
10 and 11, where its metabolite p,p′-DDD was the most
abundant, followed by p,p′-DDT. In those four samples,∑DDT
concentrations fell in the low end, ranging from 9.0 pg L−1 to
12 pg L−1. Significantly high concentrations were observed near
Sri Lanka (Stations 15 and 16) (Figure 3). Riverine input from
India under the role of coastal currents may be a potential source
for them, because DDT has been completely banned in Sri Lanka
since 1986, while India is still allowed to use DDT in public
health sectors for malaria control with a maximum of 10 000 t per
year under the Stockholm Convention until an economically
viable alternative is available.16 For example, the national malaria
program (NAMP) used 3750 t of DDT in 2001, in rural and
periurban areas for residual spraying.30 Unlike HCH isomers, the
concentrations of p,p′-DDE, TC, and CC in the North Atlantic

Figure 2. Spatial distribution of OCPs in low layer air samples (pg m−3).
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and Arctic Ocean were much lower than the values in the present
study (Table S3).
There were fewer measurements of OCPs in the equatorial

Indian Ocean seawater than in the air. Considering the samples
with exceptional high concentrations (Stations 15 and 16 for
DDTs and Station 14 for chlordanes) as outliers in this study, the
average concentrations of α-HCH and γ-HCH at other sites were
substantially lower than the data reported in the Bay of Bengal
and Arabian Sea in 1989,4 TC and CC showed similar con-
centration levels, while p,p′-DDT was 77 times higher (Table S3),
indicating there were still fresh input of DDTs and chlordanes to
the water phase as discussed above. The significant decrease of
α-HCH concentration in the equatorial Indian Ocean seawater
from 100−1200 pg L−1 in19894 to 0.21−1.7 pg L−1 in 2011
should be related to the diffusion by the North Equatorial
Current and volatilization into the atmosphere and consequent
transport to the higher latitude. What is more, in situ hydrolysis
and biological degradation processes also play important
roles.7,31 According to the calculation method reported by
Ngabe et al.,32 the rate constant of hydrolysis in the equatorial
Indian Ocean seawater at pH 8 and 30 °C would be 3.32 y−1,
substantially higher than that in the eastern Arctic Ocean
(0.011 y−1)7 and the arctic Amituk Lake (0.022 y−1)33 due to
much higher water temperature in the target area. The higher
hydrolysis rate constant would result in faster elimination of

α-HCH from the equatorial Indian Ocean than from the Arctic
region.

Air−Water Exchange. Previous studies identified air−water
gas exchange as a very important process affecting POPs’
distribution in the atmosphere.34

Fugacities in air ( fa) and water ( f w) and the fugacity fraction
( f f) were calculated according to the following equations12

=f C RTa a (1)

=f C Hw w (2)

= +ff f f f/( )w w a (3)

where Ca and Cw are concentrations of chemical in air and water
(mol m−3), R is the gas constant (8.314 Pa m3 mol−1 K−1), T is
the absolute temperature (K) in the air, andH is the Henry’s law
constant (Pa m3 mol−1). For these calculations an average
temperature of 303 K based on the average seawater temperature
(29.5 ± 0.3 °C, n = 19) was used, along with temperature-
corrected H values of selected OCPs (SI). f f = 0.5 indicates air−
water equilibrium, f f < 0.5 indicates net deposition from air to the
water, and f f > 0.5 indicates volatilization from the water.12

Uncertainty of f f calculation is based on the error from the
measurement ofCa,Cw, andH values. In this study, uncertainty of
45% was used according to Zhang et al.,12 which means that f f

Figure 3. Spatial distribution of OCPs in surface water samples (pg L−1).
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between 0.275 and 0.725 is considered as not significantly
different from air−water equilibrium (Figure S1).
Figure S1 demonstrates that α-HCH was found to be at

equilibrium in almost all the stations, with an exception of Station
10 where volatilization was observed. For γ-HCH, air−water
equilibrium was found at ten stations, with volatilization at
Station 14, and net deposition at the remaining eight stations.
Status of equilibrium or near equilibrium of α-HCH was also
observed for most sampling at the North Atlantic Ocean in
2008,11 the Hudson Bay and Labrador Sea during 2007 to
2008,18 while Lohmann et al. reported deposition for α-HCH in
the North Atlantic and Arctic Ocean in 2004.8 γ-HCH was
reported to be undergoing deposition in the North Atlantic and
Arctic Ocean in many recent studies.8,10,18

The air−water exchange direction of p,p′-DDT, o,p′-DDT,
p,p′-DDD, and p,p′-DDE was predominantly from water to the
air. Equilibrium or deposition was also found in a few stations due
to the quite low concentrations in the water phase, especially in
Stations 4, 9, 10, and 11. This is different from those observed in
the North Atlantic and Arctic Ocean area, where net deposition
was found for p,p′-DDE in 2004,8 although net evaporation for
p,p′-DDE was also found after the bloom in 2008.11 Similar to
DDT compounds, volatilization from the water was observed at
most stations for TC, CC, and heptachlor, and status of near to
equilibriumor net deposition was found at some stations (Figure S1).
Zhang et al.11 reported air−water exchange of TC and CC was
mostly from water to the air in the North Atlantic in 2008.
Enantiomer Signatures of Chiral OCPs. α-HCH. By far,

α-HCH is the most extensively investigated chiral compound in
the environment. Preferential degradation of (+) α-HCH was
observed in most cases, by virtue of enantiomeric signatures,
especially in the Arctic region. For example, EFs suggested
depletion of (+) α-HCH in the air over the North Pacific Ocean
and the adjacent Arctic region (EF = 0.414± 0.052) in 2003,9 the
North Atlantic and the Arctic Ocean (EF = 0.46± 0.02)8 in 2004,
and the North Atlantic (EF = 0.463 ± 0.023) in 2008.11 Wong
et al.18 reported EFs of 0.456± 0.008 and 0.476± 0.010 in the air
over the Labrador Sea and Beaufort Sea, respectively. However,
in this study, racemic or near racemic composition was observed
in most air samples with average EF of 0.505 ± 0.042, although
selective depletion of (+) or (−) α-HCH has also been found in a
few samples (Figure 4). This is similar to the results reported for

the Atlantic cruise in 2001 (EF = 0.493 ± 0.018),35 with
depletion of (−) α-HCH in a couple of air samples.
In the water phase, degradation of (+) α-HCH was found in

most samples with an average EF of 0.430 ± 0.025, but
degradation of (−) α-HCH was found in four samples (Figure 4).
Depletion of (+) α-HCH was also observed in water samples from
theNorth Atlantic and Arctic Ocean (EF: 0.430−0.508 and 0.442−
0.45411), theCanadian Arctic seas (EFs: 0.425−0.457),18 the Arctic
lakes (EFs: 0.359−0.432, converted from enantiomer ratio),36 and
the Yukon lakes (EFs: 0.237−0.468, converted from enantiomer
ratio).36 Law et al.36 surmised that enantioselective degradation
would be enhanced under low nutrient conditions as oligotrophic
bacteria have the ability to use xenobiotics carbon source such as
α-HCH. However, although abundant carbon sources are provided
in the equatorial IndianOcean, comparable or even greater depletion
of (+) α-HCH than that in the Arctic region was found in half of
the water samples (EFs: 0.393−0.438) in this study. It implies that
eutrophic microbes can also metabolize or cometabolize α-HCH
in seawater. What is more, the diversity of microbes in this area
may allow degradation of both (+) α-HCH and (−) α-HCH.

o,p′-DDT. Enantiomeric signatures of o,p′-DDT in oceans
have been rarely reported. In this study, o,p′-DDT in the air was

Figure 4. EFs of α-HCH and o,p′-DDT in gas and water phase along the sampling cruise. (The dot lines indicate the racemic window at 95% confidence.)

Figure 5. Enantiomer fraction values and concentrations of o,p′-DDT in
water samples.
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found to be racemic and nearly racemic, with average EF of
0.497 ± 0.01.
Significant depletion of (+) o,p′-DDTwas found inmost of the

water samples (EFs: 0.034−0.491, 0.299 ± 0.176) and slight
depletion of (−) o,p′-DDT in one sample (EF = 0.517) as
demonstrated in Figure 4. We found that o,p′-DDT concen-
trations in the water phase were strongly related to EFs (Figure 5),
i.e., in the stations with high concentrations of o,p′-DDT
(220−3600 pg L−1), near racemic compositions were found
(EFs: 0.438−0.517), while significant nonracemic o,p′-DDT
(EFs: 0.034−0.171) coincided with the low concentrations of
o,p′-DDT (<12 pg L−1). This is consistent with the DDT/(DDE
+DDD) distribution in the water phase (Figure 6), where high
DDT/(DDE+DDD) ratios (22−35 for p,p′-DDT and 5.2−7.0
for o,p′-DDT) were observed in the water samples with high
DDT concentrations and vice versa. This may be because that the
water samples with high concentrations of DDTwere mixed with
fresh and less microbially degraded input, which would cause the
increase of EFs and DDT/(DDE+DDD) ratios in those samples.
For example, the DDT/(DDD+DDE) ratios in Stations 15
and 16 were 33 and 28 for p,p′-isomers and 6.6 and 5.2 for
o,p′-isomers, with EFs of 0.472 and 0.467, respectively. At the
stations with low DDT concentrations, EFs and DDT/(DDD
+DDE) ratios, microbially degraded “old” DDT might be the
main source.
Long-Range Transport vs Volatilization. EFs could be

used to trace the sources of chiral compounds in the air over large
lakes and oceans. Studies suggested that EFs in the air over those
systems varied from nearly racemic when long-range transport
dominated to nonracemic upon volatilization fromwater.9,10,17,18

For example, a decrease in EFs in the air over the Resolute Bay
(EF = 0.483 ± 0.009)10 and the Beaufort Sea (EF = 0.476 ±
0.010)18 of the Canadian Arctic Ocean was found after ice
breakup which allowed nonracemic α-HCH to volatilize from the
seawater and mix in the air boundary layer with the nearly
racemic α-HCH advected by long-range transport.
The fraction ( fc) of chiral compound in the air from local

seawater was estimated using the following formula10,11

= − −f (EF EF )/(EF EF )c a b w b (4)

where EFa and EFw refer to EF values in the boundary air
and surface seawater, respectively, EFb is the average EF in

background air. EFb was assumed to be the average EFs of the
chiral compound standards, i.e., 0.507 for α-HCH and 0.502 for
o,p′-DDT. Because an individual air sample represented the
levels of a large scale from the start location to the end location,
while a water sample was collected at one certain station along
the present air sampling event, using EFs of one-to-one air and
water samples would cause large deviations and even result in
negative contribution values. Therefore, average EFs in the air
and water samples along the sampling cruise were used to
evaluate the fc according to previous studies.

10,11 Since Stations 1, 2,
3, 15, and 16 were located near the continent, and the air−water
gas exchange processes there would be influenced by the
continental riverine input and atmospheric deposition, they were
excluded from the calculation.
The result showed that 24% of α-HCH in the lower air over

the open sea of the equatorial Indian Ocean was from local
seawater volatilization, lower than the fractions in the Resolute
Bay after ice breakup (32%),10 North Atlantic (52%),11 and
Kattegat Sea during the summer months (20−50%).37 This
implies that α-HCH in the air over the equatorial Indian Ocean
during the sampling cruise mainly came from long-range trans-
port, which is consistent with the oceanic air masses observed.
For o,p′-DDT, the fc was 3.0%, although f fs predicted net vola-
tilization for o,p′-DDT in most cases, indicating that removing
o,p′-DDT from water via volatilization was a long-term process,
even in the ocean with high sea surface temperature.
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