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Abstract

Molecular compositions of n-alkanes and their stable hydrogen isotope ratios (6D) were studied in atmospheric

aerosols collected from Cape Hedo, Okinawa, Japan, to better understand the long-range atmospheric transport of

organic aerosols from the Asian continent. The JD values of the C»—Cs; n-alkanes range from —201 to —115%.,

being similar to those of typical fossil fuels and contemporary higher plant leaf waxes in Far East Asia. A correlation

between the 0D values and the carbon preference index (CPI) suggests that these n-alkanes originated from fossil

fuel combustion residues and/or terrestrial higher plant waxes. The concentrations of fossil fuel-derived n-alkanes

increased from mid-November 2009 to February 2010, which is consistent with the enhanced emission of coal-

burning aerosols during the winter in China. /D values of the fossil fuel-derived n-alkanes (—174 £ 7%o,) in the

atmospheric aerosols from Okinawa are much lower (by up to 95%.) than those from Tokyo and Sapporo, Japan,

suggesting that they are derived from multiple sources in East Asia and are delivered by complex transport processes.

1. Introduction

Atmospheric aerosols contain more than several
thousand organic compounds, including n-alkanes,
polycyclic aromatic hydrocarbons (PAHs), fatty acids,
alkanols and water soluble sugars, mono- and dicarbox-
ylic acids (Graedel et al., 1986). One fourth of global
primary carbonaceous aerosols are generated in China
(Streets et al., 2004), of which approximately 70% are
from coal burning (Cooke et al., 1999). Previous stud-
ies have reported large amounts of combustion-derived
organic compounds in aerosols from both urban and
remote ocean sites in the East Asia-Pacific region, sug-
gesting long-range atmospheric transport of pollutants
from East Asian cities to the Pacific (Simoneit et al.,
2004; Sato et al., 2007; 2008; Wang et al., 2009a, b).

However, our knowledge of their sources and transport

is still limited compared to integrated information of
inorganic pollutants (e.g., Murano et al., 2000; Takami
et al., 2007).

Homologous series of n-alkanes are one of ubiquitous
components found in atmospheric aerosols (Simoneit et
al., 1977). These compounds are directly emitted from
biological and anthropogenic sources and can be long-
range transported by winds because of their chemical
stability and low vapor pressure. In general, n-alkanes
ranging from Cio to Css with no carbon number prefer-
ence are emitted from various anthropogenic activities
including fossil fuel combustion (mainly petroleum and
coal) and biomass burning (Simoneit, 1984; Standley
and Simoneit, 1987; Wang and Kawamura, 2005;
Simoneit 2006; Schimidl et al., 2008a, b). In contrast,
Cas to Css n-alkanes with a strong odd carbon number

predominance are primarily derived from terrestrial
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higher plant waxes (Eglington and Hamilton, 1967).

The carbon preference index (CPI) of n-alkanes
has been often used to evaluate the anthropogenic
contribution to atmospheric aerosols (e.g., Schefuf}
et al., 2003) because the CPI values of n-alkanes in
higher plant waxes are generally larger than 5 (Eglinton
and Hamilton, 1963; Mazurek and Simoneit, 1984),
whereas those of fossil fuel-derived n-alkanes are close
to unity (Simoneit and Mazurek, 1982; Kawamura and
Kaplan, 1991). However, this interpretation contains
much uncertainty because the CPI values of n-alkanes
vary significantly in natural higher plants (1.4-40.3;
Collister et al., 1994; Chikaraishi and Naraoka, 2003).

Recently, Yamamoto and Kawamura (2010) reported
a strong negative correlation (12 = ~0.76) between the
hydrogen isotopic compositions (6D) of Ca and Cs
n-alkanes and the CPI values in urban aerosols from
Tokyo. The relation is stronger than those observed be-
tween the 6"°C and the CPI of the n-alkanes, suggesting
that the D values of n-alkanes are potentially useful in
estimating the relative contribution of terrestrial higher
plants to fossil fuel sources. Further, the 0D values of
n-alkanes in fossil fuels exhibit much larger variations
than their stable carbon isotope (6"°C) do following
their hydrogen sources and post depositional processes
(Li et al., 2001; Schimmelmann et al., 2004; Xiong et
al., 2005; Tuo et al., 2006; Kikuchi et al., 2010). Thus,
the oD ratios of n-alkanes in atmospheric aerosols are
expected to provide additional information about their
sources and source regions.

In this study, we present 0D values of n-alkanes in
marine aerosols from Okinawa, Japan, where polluted
air masses are transported from China by the Asian
monsoon during winter (Sato et al., 2008). The ultimate
objective of the study is to better understand the sources
and transport pathways of anthropogenic n-alkanes in

atmospheric aerosols from Okinawa.

2. Materials and methods

2.1. Aerosol sampling
Aerosol sampling was performed at Cape Hedo

Atmosphere and Aerosol Measurement Station

(CHAAMS, 26.9°N, 128.2°E) located at the north-
western edge of Okinawa Island, Japan (Fig. 1). Air
pollution from local anthropogenic activities are
likely to be negligible because the northern part of the
Okinawa Island is mostly covered with subtropical
rain forests, and there is no major industry. Aerosol
sampling was conducted on a weekly basis from 27
October 2009 to 13 April 2010. Total suspended partic-
ulate samples (n =25) were collected on pre-combusted
quartz filters (Pallflex 2500QAT, 20 cm x 25 cm) using
a high-volume air sampler (Kimoto AS-810B) for 7
days at a flow rate of 60 m*h. After the sampling, the
filter was placed in a clean glass jar with a Teflon-lined
screw cap, transported to the laboratory and stored in a
freezer (—20C) until analysis. Total aerosol mass was
measured by weighing the filter before and after the
aerosol sampling. Although the aerosol mass was not
corrected for the contribution of sea salt, moisture was
removed by placing the filter samples in a desiccator
before weighing.

2.2. Extraction and separation of n-alkanes
n-Alkanes were extracted by using the method de-
scribed in Yamamoto and Kawamura (2010). Briefly,
a portion of the sample filter was extracted using
DIONEX ASE-200 three times at 100C and 1000 psi
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Fig. 1. Map showing the location of Cape Hedo, Okinawa,
Japan.
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for Smin with 0.1 M KOH-methanol solution (10 ml)
and by subsequent ultrasonication with dichlorometh-
ane (10min x 3). The extracts were combined and
concentrated under vacuum and then divided into
neutral and acidic fractions. The aliphatic hydrocarbons
(including n-alkanes) were separated from the neutral
fraction using a silica gel column chromatography (1%
H20 deactivated) by elution with 1.5 ml of n-hexane.
Concentrations of n-alkanes were quantified by
using a gas chromatograph/flame ionization detector
(GC/FID, Hewlett-Packard 6890 GC) equipped with
an on-column injector and a CP-Sil 5 CB fused silica
capillary column (60 m x 0.32mm i.d., 0.25 um film
thickness). Helium was used as a carrier gas. The GC
oven temperature was programmed from 50 to 120C at
30C /min, then to 310C at 5C/min and held isother-
mally for 25 min. Authentic Cy and Cs, n-alkanes were
used as external standards for this quantification. The
carbon preference index (CPI) is calculated as follows:

CPI=0.5x[Z(Cas—Css5) odd/Z (Coa—Cis) even+ 2 (Cos
—Css5) 0dd/Z(Cas—Cse) even),

where C is the abundance of each n-alkane (Bray and
Evans, 1961).

Structural identification of n-alkanes was performed
with a GC/mass spectrometer (GC/MSD, Hewlett-
Packard 6890 GC/5973 Mass Selective Detector)
equipped with a HP-5MS fused silica column (30 m x
0.25 mm i.d., 0.25 um film thickness). The temperature
program for GC oven was the same as for GC analysis.
The components were identified by the comparison of
their GC retention times and mass spectra with those of

references (authentic n-alkanes).

2.3. Compound-specific stable hydrogen isotope
analysis

Hydrogen isotopic compositions of individual r-al-
kanes were determined by using GC/isotope ratio mass
spectrometer (GC/IRMS, Hewlett-Packard 6890 GC/
Finnigan MAT Delta Plus XL IRMS). Conversion of
n-alkanes to H, was performed at 1450C (Yamamoto
and Kawamura, 2010). The GC was equipped with an

on-column injector and DB-5MS fused silica capillary

column (30m x 0.32 mm i.d., 0.25 um film thickness).
The GC oven temperature was programmed from 50
to 120C at 10C/min, and to 310C at 4C/min, and
then held isothermally for 25 min. Helium was used as
a carrier gas at a flow rate of 1.5 ml/min. One to two
ul of samples were injected with an internal standard
(Cao n-alkanoic acid methyl ester; 0D =—166.7 £ 0.3%o,
Indiana University, USA). An example of a typical GC/
IRMS trace for the n-alkanes in the aerosol samples
from Okinawa is shown in Fig. 2. The D/H ratios of
n-alkanes are reported in the delta notation with respect
to the Vienna Standard Mean Ocean Water (VSMOW)

as follows:
oD (%O) = [(D/H)samplc/(D/H)VSMOW - 1] x 1000

Prior to the sample measurement, a standard mixture
containing Cis to Cso n-alkanes was injected into the
GC/IRMS to assess the condition of the machine.
Analytical accuracy and precision of the standards was
generally within £5%o and 4%, respectively, when a
minimum sample of 35ng H was used. Most samples
were analyzed in duplicate, and the mean values are

reported.

3. Results and discussion

3.1. Origin of n-alkanes in the atmospheric aerosols
from Okinawa, Japan

A series of Ca1 to Css n-alkanes are detected as major

hydrocarbons in the aerosols collected from Okinawa,

Japan, with a predominance of Cz7, Cz9 and C3; homo-

logues (Fig. 3a). Short chain (Czi and C») n-alkanes
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Fig. 2. A GC/IRMS trace of m/z 2 for n-alkanes from a
marine aerosol sample (OKI102) collected at Cape
Hedo, Okinawa, Japan. IS, internal standard (Czo n-
alkanoic acid methyl ester).
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show no odd/even carbon number predominance
(Fig. 3a), indicating a large contribution from vehicular
exhausts and fossil fuel (petroleum and coal) combustion
residues. In contrast, long chain (Cx;—Css) n-alkanes
exhibit an odd/even carbon number predominance
(CPlLas.as = 3.8 + 1.1; Fig. 3a), suggesting contributions
from both fossil fuel components and terrestrial higher
plant waxes. Total concentrations of n-alkanes range
from 1.7 to 9.0ngm> (average 4.7ngm=>; Table 1),
being similar to those reported for 2008 spring samples
from the same site (Wang et al., 2009b).

Stable hydrogen isotopic compositions (6D) of
the n-alkanes range from —201 to —115%o (Fig. 3b;
Table 1). The 0D values of Cz to Cas n-alkanes show
gradual decreases with an increase in the number of
carbon atoms. The 0D values of Czs to Cs2 even-carbon
numbered n-alkanes (—178 to —115%o) are slightly

enriched in deuterium compared with their odd-carbon
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Fig. 3. Chain-length distributions of n-alkanes in aerosol
samples from Okinawa, Japan, (a) and box plots of
their 6D values (b). Each box shows the median (black
line), the interquartile range (box), and the min and
max values that are not outliers (whiskers), and outli-
ers (open circles). The 0D ranges of n-alkanes (Czi-36)
in terrestrial higher plant and typical fossil fuel sourc-
es are also shown in the right hand side of the lower
column ['Chikaraishi and Naraoka (2007); Xiong et
al., (2005); *Tuo et al., (2006); “Li et al. (2001)].

numbered homologues (Fig. 3b). A similar sawtooth
pattern was previously reported in urban aerosols from
Tokyo where the n-alkanes could also be derived from
both terrestrial higher plants and fossil fuel combustion
residues (Yamamoto and Kawamura, 2010). However,
we cannot distinguish more detailed origins in the
Okinawa aerosols from only the JD values because
they are similar to both those of typical fossil fuel
sources (mainly coal and petroleum; —234 to —61%o; Li
et al., 2001; Xiong et al., 2005; Tuo et al., 2006) and to
those of contemporary higher plant leaf waxes in Far
East Asia (—185 to —145%o; Chikaraishi and Naraoka,
2007) (Fig. 3b).

In Fig. 4, we plot the JD values of the n-alkanes
against CPI values to estimate relative contribution
from fossil fuels and terrestrial higher plant waxes. The
oD values of the Czs and Cas n-alkanes show a positive
correlation with the CPI values (1* = 0.44 to 0.66), sug-
gesting a combined contribution from terrestrial higher
plant waxes and fossil fuel hydrocarbons. In contrast,
the 0D of the Ca2 and Cas n-alkanes show no relation
with CPI values (1> = ~0.04; Fig. 4). These n-alkanes
are found most abundantly in fossil fuels (Rogge et al.,
1993) but are generally absent in terrestrial higher plant
waxes (Eglinton and Hamilton, 1967). Thus, the lack
of relation suggests that the even-chain components are
mainly derived from fossil fuel combustion residues.

On the other hand, the 6D values of the Cx to Cs3
n-alkanes show a weak negative correlation with the
CPI values (2 = 0.09 to 0.32) except for the Cs; and
Cs; n-alkanes (Fig. 4). Although the relation is not
statistically significant for the Cas, C27, Ca9, C30 and Cs:
n-alkanes, such a trend suggests that these hydrocar-
bons have a mixed origin from terrestrial higher plants
and fossil fuel combustion residues. In contrast, the 6D
values of the Cs1 and Cs; n-alkanes show no relation
with the CPI values (1= ~0.04; Fig. 4). Because
these n-alkanes are major constituents of plant waxes
(Eglinton and Hamilton, 1967), this lack of relation
should be interpreted to mean that they are unlikely to

be contributed from fossil fuel combustion residues.
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Table 1. Concentrations and stable hyrogen (dD) isotope
aerosols from Okinawa, Japan

compositions of individual n-alkanes, CPI

in the atmospheric

Sample OKIO81 OKI083 OKI084 OKIO85 OKI086 OKI087 OKIO88 OKI089 OKI090 OKIO91 OKI092 OKI093 OKI094 OKI095 OKI096 OKI097 OKI098 OKI099 OKII00 OKII01 OKI102 OKII03 OKIl04 OKI105
Start Oct27, Nov3, Nov10, Nov17, Nov24, Decl, Dec8, Decl5, Dec22, Dec29, Jan5, Janl2, Janl19, Jan26, Feb2, Feb9, Febl6, Feb23, Mar2, Mar9, Mar 16, Mar.23, Mar.30, Apr.6,
date 2009 2009 2009 2009 2009 2009 2009 2009 2009 2009 2010 2010 2010 2010 2010 2010 2010 2010 1010 2010 2010 2010 2010 2010
;TSHP) 573 86.6 133.0 1655 523 151.0 375 623 53.0 794 850 592 669 529 520 1230 486 1235 81.5 1704 286.1 951 89.7 101.0
Concentration (ng m-air)

Ca 0.02 0.00 0.00 0.00 0.03 0.06 000 008 001 009 002 020 0.14 005 0.01 000 003 0.01 000 001 0.04 004 001 0.01
Ca 0.02 0.00 0.01 0.01 007 0.14 002 018 0.02 017 005 032 025 009 0.03 00l 005 0.01 000 003 0.04 006 001 0.01
Can 0.05 0.02 0.01 001 012 025 004 030 0.06 031 0.10 045 040 0.8 0.07 002 0.10 0.04 001 007 011 012 0.03 0.02
Co 0.05 0.02 0.01 001 015 028 004 036 0.07 038 0.12 045 046 020 0.09 003 0.10 0.05 001 0.09 0.07 0.13 003 0.02
Cos 021 036 0.07 006 027 045 012 054 018 062 025 066 074 036 026 008 021 018 006 028 026 027 0.13 0.12
Cas 0.15 0.14 0.04 005 023 037 013 043 0.4 052 021 052 062 032 027 007 0.17 018 005 020 0.16 0.19 0.07 0.09
Cor 0.89 209 032 030 054 083 033 073 040 095 051 097 097 080 0.61 020 037 054 025 079 080 077 043 035
Cas 024 0.8 0.08 0.10 024 040 0.19 038 0.17 044 023 045 048 035 028 0.10 0.17 026 012 033 025 025 0.13 0.17
Ca 152 079 042 048 106 162 065 131 081 1.61 099 183 147 125 110 040 064 095 046 1.17 143 142 083 0.72
Cio 026 0.17 0.09 010 0.19 032 0.16 025 013 034 0.16 041 033 032 023 009 012 020 0.09 020 0.19 028 0.12 0.16
Cy 1.61 147 054 052 091 142 060 121 106 128 09 161 130 1.10 106 039 056 082 039 110 157 135 088 0.73
Csn 020 0.14 0.06 008 0.13 023 010 0.8 0.07 0.16 009 021 018 022 0.15 006 007 0.13 006 0.14 0.10 0.16 0.09 0.13
Cs 0.62 045 023 024 033 053 022 046 028 039 028 057 044 056 038 014 020 030 0.14 044 044 047 033 033
Cu 0.1 0.10 0.03 0.04 007 0.12 0.05 008 004 0.09 004 0.11 0.09 012 0.08 0.03 004 005 0.03 006 004 0.08 004 0.08
Css 023 0.16 0.08 0.10 0.12 020 008 0.17 0.06 0.12 008 020 0.15 025 0.13 004 006 0.09 005 0.14 0.09 0.16 0.09 0.12
Cis 0.04 0.04 0.01 002 004 0.07 003 004 002 005 002 0.06 006 006 005 002 002 003 002 003 002 004 002 0.05
Pl 49 70 50 43 32 29 29 26 44 26 35 27 24 28 31 33 31 32 37 38 57 40 55 35

0D (%o vs. VSMOW)

C» nd nd nd nd nd -169 nd -143 nd -158 nd nd -165 nd nd nd nd nd nd nd nd nd nd nd

Cos nd nd nd nd nd -171 nd -176 nd -179 -165 -168 -177 nd nd nd nd nd nd nd nd nd nd nd

Co nd nd nd nd 183 -174 nd -178 nd 182 -178 -179 -178 nd nd nd nd nd nd nd nd nd nd nd

Cs  —-168 nd nd nd -178 -170 -176 -184 185 -185 -181 -173 -186 -187 nd nd nd -177 nd -171 -160 -172 nd nd

Cyx 170 nd nd nd -166 -169 -149 -169 -178 -173 -177 -158 -170 -173 nd nd nd -154 nd -160 -173 -175 nd nd

C»y 180 nd nd nd 177 -163 -174 -171 -182 -174 -174 -167 -170 -178 nd nd nd -162 nd -163 -182 -171 nd -I157
Cx  —161 nd nd nd -170 -156 -160 -156 -169 -164 -172 -152 -152 -162 nd nd nd -155 nd -161 -173 -165 =nd -148
C» 170 nd nd nd -174 -176 -179 -172 -183 -170 -169 -168 -166 -175 -165 nd nd -169 nd -159 -184 -175 nd -160
Cy —161 nd nd nd -159 151 -147 -156 -154 -157 -160 -161 -153 —160 nd nd nd -156 nd -156 -171 -159 nd -134
Cy -167 nd nd nd -183 184 -185 -180 -201 -182 -182 -176 -177 -183 -168 nd nd -169 nd -167 -194 -176 nd -157
Cxn 146 nd nd nd -138 -139 nd 115 -148 -133 -158 nd nd nd nd nd nd -143 nd -144 nd nd nd 124
Cyu 165 nd nd nd -172 -170 -168 -170 184 -174 -173 -172 -167 -175 nd nd nd -169 nd 165 -179 -170 nd -141

Notes: nd, not determined; “a total suspended particles; "CPI =0.5 x [ (C23~Css) odd / Z (C22~Cs4) even) + X (C23—Css) odd)
/ 2 (C24—Cs36) even], where C is abundance of each n-alkane.

3.2. Transport of anthropogenic n-alkanes from the
Asian continent

In Fig. 5, we present temporal variations of the
concentrations of fossil fuel (anthropogenic; Cz and
Ca4) and terrestrial higher plant-derived (biogenic; Cs
and Cs3) n-alkanes, together with the abundance of an-
thropogenic n-alkanes relative to total (anthropogenic +
biogenic) n-alkanes. The Czy n-alkane was not included
in Fig. 5 because this source is influenced slightly by
anthropogenic sources (see section 3.1). The concentra-
tions of anthropogenic n-alkanes (0.01 to 0.8 ngm™)
are generally lower than those of biogenic n-alkanes
(0.5 to 2.2ngm>); however, we found sharp increases
in the relative abundance of anthropogenic n-alkanes
in the OKI 086, 087, 089, 091, 093, 094, 095 and 098

samples (Solid arrows in Fig. 5).

In urban areas of inland China, the concentrations
of fossil fuel-derived hydrocarbons are generally 3-30
times higher in winter than the rest of the year due
to a large usage of coal for heating and an enhanced
development of atmospheric inversion layers (Wang
and Kawamura, 2005; Wang et al., 2006; Wang
et al., 2009b). In contrast, the emission source
strengths of pollutants in Japanese cities show a
weak dependence on the season (Sato et al., 2008),
and also the concentrations of fossil fuel-derived
n-alkanes (14-36 ngm=>; Tang et al., 2005) are much
lower than those in Chinese cities (14-701 ngm;
Wang et al., 2006). The concentration of fossil fuel-

derived n-alkanes in the aerosols from the remote site
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Fig. 5. Temporal variations in the concentrations of fossil fuel (C22 and Cz4) and terrestrial higher plant-de-
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n-alkanes.

in Okinawa gradually increased from mid-November
2009 to February 2010 (Fig. 5), which can be consis-
tently explained by enhanced emission and long-range
transport of fossil fuel (coal) combustion residues from

China during winter.

3.3. Stable hydrogen isotopic compositions of fossil
fuel-derived n-alkanes in aerosols from Okinawa

The 0D values of combustion-derived organic com-

pounds generally depend on the type of fossil fuels and

their combustion processes. For example, polycyclic
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aromatic hydrocarbons (PAHs) derived from combus-
tion of jet fuel are depleted in deuterium (by up to
~25%o) relative to those derived from combustion of
gasoline, whereas PAHs derived from high-temperature
combustion are depleted in deuterium (ca. 40%o) as
compared to those derived from low temperature
combustion (Sun et al., 2003). The fossil fuel-derived
(C22 and Cz4) n-alkanes in the aerosols from Okinawa
(183 to —161%0) exhibit significantly lower oJD
values (by ~95%o) than those from Tokyo (-78 +
5%o; Yamamoto and Kawamura, 2010) and Sapporo
(—=122%o; Yamamoto and Kawamura, 2011), suggesting
that they are likely produced from different fossil fuel
sources and/or combustion processes.

As we discussed above, the atmospheric aerosols
from Okinawa are probably affected by long-range
transport of coal combustion residues from China (see
section 3.2; Sato et al., 2008) in which the 6D values
of n-alkanes are clearly lower (by up to 140%o) than
marine crude oil (Li et al., 2001; Xiong et al., 2005).
Although we need to confirm that the n-alkanes in
vehicle exhaust and coal combustion residues are
isotopically stable in combustion processes, large
variability (by up to 95%o) in the n-alkane oD values
in the atmospheric aerosols within Japan suggests that
the 0D analysis of fossil fuel-derived n-alkanes in the
atmospheric aerosols may provide detailed information

on their sources and source regions in East Asia.

4. Summary and conclusions

Molecular compositions of n-alkanes and their stable
hydrogen isotope ratios (dD) were investigated in at-
mospheric aerosols from Cape Hedo, Okinawa, Japan,
to better understand the long-range transport of organic
pollutants from the Asian continent. Considering the
correlation between 6D and CPI values, we suggest
that at least C» and Ca m-alkanes originate mainly
from fossil fuel combustion residues. The concentra-
tions of these n-alkanes significantly increased during
mid-November 2009 to February 2010, which is
consistent with the enhanced emission of coal burning

aerosols in this season in China and which suggests

their long-range atmospheric transport to Okinawa.
Moreover, the 0D ratios of fossil fuel-derived n-alkanes
from the Okinawa samples exhibit significantly lower
values (by ~95%o) than those from Tokyo and Sapporo,
suggesting that they originate from multiple sources
in East Asia and are delivered by complex transport

processes to Okinawa.
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