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Abstract

We investigated the latitudinal changes in atmospheric transport of organic matter to the western Pacific and Southern
Ocean (27.58�N–64.70�S). Molecular distributions of lipid compound classes (homologous series of C15 to C35 n-alkanes,
C8 to C34 n-alkanoic acids, C12 to C30 n-alkanols) and compound-specific stable isotopes (d13C of C29 and C31 n-alkanes) were
measured in marine aerosol filter samples collected during a cruise by the R/V Hakuho Maru. The geographical source areas
for each sample were estimated from air-mass back-trajectory computations. Concentrations of TC and lipid compound clas-
ses were several orders of magnitude lower than observations from urban sites in Asia. A stronger signature of terrestrial high-
er plant inputs was apparent in three samples collected under conditions of strong terrestrial winds. Unresolved complex
mixtures (UCM) showed increasing values in the North Pacific, highlighting the influence of the plume of polluted air
exported from East Asia. n-Alkane average chain length (ACL) distribution had two clusters, with samples showing a relation
to latitude between 28�N and 47�S (highest ACL values in the tropics), whilst a subset of southern samples had anomalously
high ACL values. Compound-specific carbon isotopic analysis of the C29 (�25.6‰ to �34.5‰) and C31 n-alkanes (�28.3‰ to
�37‰) revealed heavier d13C values in the northern latitudes with a transition to lighter values in the Southern Ocean. By
comparing the isotopic measurements with back-trajectory analysis it was generally possible to discriminate between different
source areas. The terrestrial vegetation source for a subset of the southernmost Southern Ocean is enigmatic; the back-tra-
jectories indicate eastern Antarctica as the only intercepted terrestrial source area. These samples may represent a southern
hemisphere background of well mixed and very long range transported higher plant organic material.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Aeolian dust fallout to the open ocean was first de-
scribed in the Atlantic by Darwin (1846) and the impor-
tance of atmospheric transport of terrestrial materials to
deep-sea sediments has long been a major issue in oceanog-
raphy (e.g. Rex and Goldberg, 1958; Blank et al., 1985; Sch-
ramm and Leinen, 1987). The study of the transport of
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terrestrial plant wax compounds and organic matter to
the remote ocean atmosphere is important for a number
of reasons. Firstly, the interface of the atmosphere and
ocean is a significant pathway in the global carbon cycle.
The atmosphere delivers terrestrial carbon to the oceans
on the same order of magnitude as fluvial inputs at an esti-
mated rate of �2.6 to �10.06 · 1014 gy�1 (Chester, 2001). It
has also become apparent that organic aerosols play an
important role in climate forcing; through direct radiative
forcing effects (e.g. Jayaraman, 1999; Conant, 2000) and
indirectly, by altering the microphysical properties of
clouds (e.g. Novakov and Penner, 1993; Yu, 2000). Re-
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cently, attention has been drawn to the contribution of or-
ganic aerosols to a coalescent cloud of anthropogenic pol-
lutants and natural wind-bourn dust (the Atmospheric
Brown Cloud) that is having a large, measurable impact
on regional climate in Asia (UNEP and C4, 2002). In fact
it has been argued that, in today’s atmosphere, even the
remotest regions on earth have higher loads of atmospheric
aerosols due to anthropogenic activities (Andreae, 2007).

It is only the analytical advances of the last few decades
that have made possible studies describing in detail the
molecular and isotopic composition of the organic compo-
nent of aeolian transported materials. The study of terrestrial
plant wax lipids (especially n-alkanes, n-alkanoic acids and n-
alkanols) to elucidate terrestrial higher plant sources, in mar-
ine dust samples from the eastern Atlantic, was pioneered by
Simoneit et al. (1977) and Simoneit and Eglinton (1977).
These lipids are synthesized by terrestrial higher plants as
constituents of the epicuticular waxes (Eglinton et al., 1962;
Eglinton and Hamilton, 1967). Particulate matter containing
such compounds may be deflated to the troposphere either di-
rectly, by being sloughed off plant surfaces or they may be
eroded from the soil reservoir during dust storms (Simoneit
et al., 1977; Simoneit and Eglinton, 1977).

A number of subsequent investigations of the atmo-
spheric transport of terrestrial plant lipids were conducted
within the Sea/Air Exchange Program (SEAREX); on aero-
sol samples from the Northern, Central and Southern Pacific
(Gagosian et al., 1981, 1982a, 1987; Zafiriou et al., 1985;
Gagosian and Peltzer, 1986a; Sicre and Peltzer, 2004) and
off the coast of Peru (Schneider et al., 1983; Schneider and
Gagosian, 1985). Further investigations of terrestrial plant li-
pid distributions in the remote marine atmosphere have been
made in the Pacific (e.g. Sicre and Peltzer, 2004; Kawamura,
1995; Ohkouchi et al., 1997a; Fang et al., 2002; Bendle et al.,
2006) and Atlantic (e.g. Marty and Saliot, 1982; Simoneit
et al., 1991a; Conte and Weber, 2002a; Schefuss et al.,
2003a). Such work has demonstrated that high molecular
weight terrestrial plant waxes are readily transported long
distances by aeolian processes from adjacent continents to re-
mote ocean settings; however such transport processes exhi-
bit great temporal and spatial variability (e.g. Peltzer and
Gagosian, 1989). Following deposition to the sea surface, a
significant fraction of the higher plant waxes pass through
the water column and become sequestered into marine sedi-
ments without undergoing major degradation (Gagosian
et al., 1983b; Kawamura, 1995). Therefore the surface sedi-
ments of the remote global oceans contain the imprint of aeo-
lian inputs of terrestrial plant lipids (Simoneit and Eglinton,
1977; Gagosian and Peltzer, 1986b; Westerhausen et al.,
1993; Kawamura, 1995; Ohkouchi et al., 1997a, 2000; Huang
et al., 2000; Naraoka and Ishiwatari, 2000; Schefuss et al.,
2004). Moreover, molecular and isotopic studies may be con-
ducted on terrestrial plant lipids extracted from marine sedi-
ment cores as part of palaeoclimatological reconstructions
(Poynter et al., 1989; Prahl and Muehlhausen, 1989; Collister
et al., 1993; Westerhausen et al., 1993; Bird et al., 1995;
Madureira et al., 1997; Ohkouchi et al., 1997b; Huang
et al., 2000; Zhao et al., 2003; Schefuss et al., 2003b; Calvo
et al., 2004; Hughen et al., 2004; Pancost and Boot, 2004;
Dahl et al., 2005).
Due to their refractory nature, the isotopic composition
of terrestrial plant wax compounds are preserved in atmo-
spheric and geological samples without suffering major
modification. Different photosynthetic plant types (C3, C4,
and CAM) show different levels of 13C depletion (Smith
and Epstein, 1971). This carbon isotopic heterogeneity be-
tween plant types is also observed within specific compound
classes, including n-alkanes (Rieley et al., 1993; Collister
et al., 1994; Chikaraishi and Naraoka, 2003). Therefore,
compound-specific carbon isotope (CSIA) analyses of
leaf-wax lipids can determine the plant types from which
the lipids were derived. There are around 250,000 species
of C3 plant which includes most trees, shrubs and cool/tem-
perate grasses and sedges (Sage, 2001). C4 plant species con-
sist mostly of warm temperate to tropical grasses and
sedges and are less abundant (around 7500 species), but
nevertheless dominate primary productivity in many tropi-
cal and sub-tropical regions (Sage, 2001). CAM plants—
which include succulents such as cacti—have intermediate
isotopic values, but constitute a much smaller proportion
of the global biomass (Spicer, 1989; Cerling and Quade,
1993). Therefore, compound-specific carbon isotopic analy-
sis (CSIA) of lipid biomarkers allows an estimation of the
relative contributions from C3 and C4 plant sources to
atmospheric aerosol samples (Chesselet et al., 1981; Fang
et al., 2002; Conte and Weber, 2002b; Schefuss et al.,
2003a; Bendle et al., 2006).

This paper reports variations in molecular lipid distribu-
tions of three terrestrial plant wax compound classes (n-al-
kanes, n-alkanoic acids and n-alkanols) and the carbon
isotope compositions of the C29 and C31 n-alkane homologs
in the marine aerosols over the western Pacific Ocean and
Southern Ocean; collected onboard the R/V Hokuho Maru

during the cruise KH94-4. Data on the distributions of low
molecular weight dicarboxylic acids collected during the
same cruise have been reported by Wang and Kawamura
(2006) and data on the polycyclic aromatic hydrocarbons
(PAHs) and other components will be reported elsewhere.
The R/V Hokuko Maru cruise provided an excellent oppor-
tunity to improve our understanding of the atmospheric
transport of organic compounds on a global scale. The data
reported here provides an insight into the sources and
transport pathways of terrigenous lipid materials in tropo-
spheric dust and the terrestrial vegetation signal carried out
to the marine atmosphere; even to the remote, supposedly
pristine, eastern Southern Ocean. Previously, no molecular
or isotopic analysis of terrestrial plant waxes from eastern
Southern Ocean aerosols, have been reported.

2. EXPERIMENTAL

2.1. Aerosol sampling

Marine aerosol samples were collected on pre-com-
busted (450 �C, 3 h) quartz fiber filters (20 · 25 cm) using
a high volume air sampler (Shibata HVC 1000) on the
upper deck of the R/V Hokuho Maru during the cruise
KH94-4 (November 22, 1994 to February 11, 1995). The
sampler was operated under the control of the wind sector
(±45� and wind speed >5 m s�1) system to avoid any
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potential contamination from ship exhausts. Typically the
sampling finished within two days (Table 1). The cruise
track and surface wind conditions (at the time of sampling)
are shown in Fig. 1.

After the sample collection, the quartz filter was placed
in a pre-cleaned glass jar with a Teflon-lined screw cap and
stored in a freezer at �20 �C until analysis. Field blanks
were obtained by the method used for real sampling, but
only exposed to the air for a few seconds. Total aerosol
mass collected on a filter was measured gravimetrically by
the mass difference before and after sampling (without con-
trolling relative humidity, but in an air-conditioned room).

2.2. C and N analysis

An aliquot of the filter sample (�4 cm2) was analysed
for total aerosol carbon and nitrogen contents by using a
Fisons NA-1500 elemental analyser. Carbon and nitrogen
were converted to CO2 and NO2, respectively, in the com-
bustion furnace (1000 �C). NO2 was reduced to N2 on the
reduction column. CO2 and N2 were separated on a GC col-
umn and then quantified using a thermal conductivity
detector. The accuracy of the method was checked using
an external standard, the analytical error was 5% for C
and 10% for N.

2.3. Extraction, derivatization and analysis of n-alkanes,

n-alkanoic acids and n-alkanols

Lipids were extracted using methods described previ-
ously (Kawamura et al., 2003). Briefly an aliquot of
the filter (10–20%) was extracted under reflux for 2 h
with 100 mL of 0.1 M KOH in methanol, containing
ca. 5% distilled water. Extracts were isolated by filtra-
tion with a pre-cleaned Whatmann GF/A filter. The res-
idue was further extracted with methanol and then
methylene chloride under ultrasonication for 3 min. The
extracts were combined and concentrated, using a rotary
evaporator, under vacuum and then separated into neu-
tral and acidic fractions using the methods of Kawam-
ura (1995). The neutral fraction was further separated
into four sub-fractions using a silica gel column chroma-
tography: aliphatic hydrocarbons/n-alkanes (N1), aro-
matic hydrocarbons (N2), aldehydes and ketones (N3)
and alcohols (N4) by elution with n-hexane, n-hexane/
methylene chloride (2:1) mixture, methylene chloride
and methylene chloride/methanol (95:5) mixture, respec-
tively. Alcohols were derivatized to trimethylsilyl ethers
using BSTFA reagent.

Acidic components were extracted with methylene chlo-
ride from the remaining solution after acidifying it (pH 1)
with 6 M HCl. The acidic fraction was concentrated and
the carboxylic acids were derivatized to methyl esters with
14% BF3/methanol at 100 �C for 30 min. The methyl esters
were divided into three sub-fractions on the silica gel col-
umn by eluting with n-hexane/methylene chloride (1:2) mix-
ture (A-1: monocarboxylic acid methyl esters), methylene
chloride/ethyl acetate (98:2) mixture (A-2: dicarboxylic acid
dimethyl esters) and methylene chloride/methanol (95:5)
mixture (A-3: hydroxyacid methyl esters).
2.4. GC–FID, GC–MS and GC–IR–MS analyses

The n-alkanes and n-alkanoic acid and n-alkanol deriv-
atives were analyzed on a Carlo Erba Mega 5160 gas chro-
matograph (GC) equipped with a cool on-column injector,
fused silica capillary column (Chrompack, CP-Sil 5CB
60 m · 0.32 mm i.d. · 0.25 lm) and an FID detector. The
GC oven temperature program was from 70 to 120 �C at
30 �C/min and to 300 �C (22 min) at 5 �C/min. Structural
identification was confirmed using a GC/MS (Thermo-
quest, Voyager) with similar GC column conditions.

Isotopic ratios of analytes were determined by a HP6890
GC (oven program given above) coupled with a Finnigan
MAT Delta Plus isotope ratio MS via a Finnigan MAT
combustion furnace maintained at a temperature of
850 �C. The GC was equipped with a J&W HP-5MS fused
silica capillary column (30 m · 0.32 mm i.d., 0.25 lm film
thickness). Two microliters of sample solution spiked with
an internal standard of known isotopic composition were
injected through an on-column injector.

Due to the low concentrations of the analytes isotope
values were determined from a single measurement for 18
of the 25 samples, for the remainder of the samples concen-
trations were sufficient to take an average of duplicate anal-
yses. The only terrestrial higher plant compounds for which
a significant number of isotopic measurements were possi-
ble were the C29 and C31 n-alkane. For the duration of
the analysis the condition of the machine was checked by
injection of an external standard of n-alkanes (mixture of
various carbon numbers from C18 to C34) of known isotopic
composition. This gave an average reproducibility of
0.58‰, which we use for the error. The average bias was
just �0.06‰. Also, the repeatability of the duplicated C31

d13C measurements (which incorporates the effects of the
relatively low analyte concentrations) was 0.51‰.
2.5. Back-trajectory analysis

Trajectories are calculated in order to determine how
and from where tropospheric air arrived to the ship during
sampling periods. Back-trajectory analyses were conducted
using 6-hourly 40-year reanalysis data of the European
Centre of Medium-range Weather Forecasts (ERA40)
(Simmons and Gibson, 2000) and a trajectory model devel-
oped by Hatsushika and Yamazaki (2003). Initial positions
of air parcels are allocated within a 1-degree by 1-degree
square area centered at the ship location. The parcels are
transported by the three-dimensional wind field of the 6-
hourly ERA40 reanalysis data. The same trajectory model
was used in Kawamura et al. (2003) and Bendle et al.
(2006). The results of 10 day back-trajectory analyses for
each sample are illustrated in Fig. 2a and 2b.

The available back-trajectories for each sample were
sorted into geographical sectors. A FORTRAN pro-
gramme was created which superimposed the back-trajec-
tory data for each sample onto an ETOPO5 (Earth
Topography—5 min) topographic map (0.5 · 0.5 degree
resolution) consisting of the source area sectors. The
percentage of total trajectories allocated to a particular
source area for each sample is a function of the time the



Table 1
Sampling and back-trajectory analysis data for aerosol samples collected during cruise KH94-4

Sample Sampling Latitude mid point Geographical source sectors for air-mass trajectories (% of total trajectories)a Primary source

Ocean Terrestrial Oc Terr

SO IO SP NP SA NA AO AA NZ AU SAm NAm AF A

QFF-655 11/22–25/94 27.58 0 1 0 45 0 8 0 0 0 0 0 3 3 39 NP A
QFF-657 11/25–27/94 15.35 0 0 0 87 0 1 1 0 0 0 0 1 0 10 NP A
QFF-658 11/27–29/94 5.30 0 2 43 49 0 0 0 0 0 1 0 0 0 5 NP A
QFF-659 11/29–12/1/94 �6.77 4 17 70 0 2 0 0 1 0 2 0 0 0 5 SP A
QFF-660 12/1–3/94 �17.59 5 20 69 0 3 0 0 1 0 0 0 0 0 1 SP A
QFF-661 12/3–5/94 �27.30 6 32 56 0 2 0 0 2 1 1 0 0 0 0 SP AA
QFF-662 12/5–7/94 �36.32 8 49 32 0 4 0 0 1 2 5 0 0 0 0 IO AU
QFF-663 12/7–9/94 �41.72 6 41 30 0 3 0 0 1 12 6 0 0 0 0 IO NZ
QFF-668 12/19–23/94 �63.85 50 26 2 0 7 0 0 15 0 0 0 0 0 0 SO AA
QFF-669 12/23–27/94 �64.20 40 40 1 0 10 0 0 9 0 0 0 0 0 0 IO AA
QFF-670 12/27–29/94 �62.10 48 23 2 0 4 0 0 23 0 0 0 0 0 0 SO AA
QFF-671 12/29–1/1/95 �53.89 32 49 4 0 12 0 0 3 0 0 0 0 0 0 IO AA
QFF-672 1/1–4/95 �45.42 21 41 20 0 11 0 0 4 0 4 0 0 0 0 IO AU
QFF-674 1/9–11/95 �47.06 25 43 10 0 9 0 0 9 0 4 0 0 0 0 IO AA
QFF-675 1/11–13/95 �55.57 21 56 2 0 13 0 0 8 0 0 0 0 0 0 IO AA
QFF-676 1/13–16/95 �62.07 42 38 1 0 9 0 0 10 0 0 0 0 0 0 SO AA
QFF-677 1/16–18/95 �64.70 36 20 1 0 5 0 0 38 0 0 0 0 0 0 SO AA
QFF-680 1/20–22/95 �64.26 29 11 1 0 3 0 0 56 0 0 0 0 0 0 SO AA
QFF-681 1/22–24/95 �57.65 34 47 2 0 11 0 0 5 0 0 0 0 0 0 SO AA
QFF-682 1/24–26/95 �47.36 21 61 3 0 9 0 0 5 0 0 1 0 0 0 IO AA
QFF-683 1/26–28/95 �38.31 19 43 25 0 7 0 0 3 0 2 0 0 0 0 IO AA
QFF-685 2/1–3/95 �28.76 16 42 27 0 9 0 0 3 0 3 0 0 0 0 IO AU
QFF-686 2/3–5/95 �17.71 4 13 71 0 2 0 0 1 0 9 0 0 0 1 SP AU
QFF-687 2/5–7/95 �5.28 0 0 51 30 0 0 1 0 0 0 0 0 0 16 SP A

a Southern Ocean (SO), Indian Ocean (IO), South Pacific (SP), North Pacific (NP), South Atlantic (SA), North Atlantic (NA), Antarctica (AA), New Zealand (NZ), Australia (AU), South
America (SAm), North America (NAm), Africa (AF), Asia (A).
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Fig. 1. Cruise track for KH94-4. Illustrated are the quartz fiber filter identification numbers used in the corresponding cruise periods. Arrows
indicate surface wind directions with bold and regular arrows corresponding to the wind speeds above and below 7 m s�1, respectively. Also
represented are the relevant geographical regions and the C4 fraction of terrestrial biomass. The C4 fraction is adapted from Still et al. (2003).
The C4 biomass fraction was modelled by combining remote sensing products, physiological modelling, a spatial distribution of global crop
fractions, and national harvest area data for major crop types (Still et al., 2003).
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back-trajectory paths intersected the source area. An expo-
nential decay function was used to weight average percent-
age allocations for source areas in favor of the more
recently sampled portions of the back-trajectory (to
approximately account for dry and wet deposition over
time). If the life time of the back-trajectory is 10 days
(=T) (e-folding time is T), then average percentage [P] is
calculated by [P] = average of [Pj * exp(�tj/T)], where Pj

is the percentage at time tj.
The source area sectors were: Southern Ocean (SO), In-

dian Ocean (IO), South Pacific (SP), North Pacific (NP),
South Atlantic (SA), North Atlantic (NA), Antarctica
(AA), New Zealand (NZ), Australia (AU), South America
(SAm), North America (NAm), Africa (AF), Asia (A). A
detailed breakdown of the percentage source area alloca-
tions is given in Table 1. A figure showing the geographical
sectors and the global distribution of C4 biomass is included
in the Appendix.

3. RESULTS AND DISCUSSION

In the marine aerosols collected during cruise KH94-4,
we detected homologous series of n-alkanes, n-alkanoic
acids and n-alcohols, among other components (Wang
and Kawamura, 2006). Table 2 presents individual sample
and summary data for bulk parameters and the three lipid
compound classes of interest.

3.1. Bulk and higher plant wax concentrations

A consideration of the bulk properties of the marine
aerosols is important for placing our molecular and isotopic
analysis into the proper perspective. Fig. 3a and b illustrate
the variations of aerosol mass, total carbon (TC) and terres-
trial plant wax mass during the cruise. Concentrations of
aerosol mass varied from 17 to 192 lg m�3 (Table 2 and
Fig. 3a). Carbon (including organic carbon) made up only
a small fraction (0.03–7%) of the total aerosol matter col-
lected on the filters. Thus the aerosol mass was dominated
by mineral sea salts; which is consistent with previous mar-
ine aerosol studies (Duce et al., 1980; Uematsu et al., 1983;
Kawamura et al., 2003). As illustrated in Fig. 3 higher aer-
osol mass concentrations were frequently recorded in the
Southern Ocean (>50�S) compared to the western Pacific
Ocean (35�N–50�S). This pattern was independent of the
variations in the organic matter, therefore the source was
probably an enhanced sea-to-air input of sea salts.

Total carbon contents ranged from 0.05 to 5.49 lg m�3

(Table 2 and Fig. 3b) with an average of 0.48 lg m�3 (s.d.
1.16). These values are similar to those previously reported
from remote ocean regions, such as from the western North
Pacific from September to October 1990 (0.069–
5.57 lg m�3, average 0.39 lg m�3) (Kawamura, 2000) and
from Chichi-Jima in the western North Pacific (0.11–
1.91 lg m�3, average 0.63 lg m�3) (Kawamura et al.,
2003) but are several orders of magnitude lower than those
found in urban aerosols (Kawamura et al., 1995; Fu et al.,
1997; Simoneit and Mazurek, 1981; Simoneit et al., 1991b).
TC values recorded in the Southern Ocean were usually
very low (0.05–0.23 lg m�3). These values are even lower
than those recorded in 1991 at the Syowa station on the
adjacent Antarctic continent (0.57–1.02 lg m�3) (Kawam-
ura et al., 1996). In fact most of the samples from the wes-
tern Pacific also had low values of TC (<0.38 lg m�3),



Fig. 2a. Ten day air-mass back-trajectories observed during KH94-4 and n-alkane, n-alkanoic acid and n-alkanol homolog distributions for
samples QFF-655 to QFF-670. For the homolog plots the y-axis is concentration in pg m�3, the x-axis is carbon number. The high molecular
weight homologs, associated with terrestrial plant waxes, are shaded in grey.
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suggesting the majority of the samples represented long
range transported, well mixed, regional background
sources. Three samples had anomalously high TC concen-
trations (QFF-655, -663, -672) and were all collected during
periods of relatively strong terrestrial winds when the R/V

Hokuho Maru arrived in or left ports (sampling stopped/
started ca. 10 min before/after docking/sailing) in Tokyo,
Japan (QFF-655), Lyttelton, NZ (QFF-663) and Hobart,
Australia (QFF-672) (Fig. 1). Therefore an elevated local
input of natural continental and/or anthropogenic TC
should have occurred in those samples. There was no corre-
lation of TC values versus latitude or versus the total aero-
sol concentration (R2 = <.01) even if the three anomalous
samples are excluded.

Total nitrogen contents ranged from 0.03 to 0.57 lg m�3

with an average of 0.08 lg m�3 (s.d. 0.11). These values are
consistent with previous measurements from the remote Pa-
cific (e.g. Kawamura et al., 2003) but are two orders of
magnitude lower than some urban samples (e.g. Tokyo,
Sempéré and Kawamura, 1994). C/N ratios ranged from



Fig. 2b. Ten day air-mass back-trajectories observed during KH94-4 and n-alkane, n-alkanoic acid and n-alkanol homolog distributions for
samples QFF-671 to QFF-687. For the homolog plots the y-axis is concentration in pg m�3, the x-axis is carbon number. The high molecular
weight homologs, associated with terrestrial plant waxes, are shaded in grey.
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Table 2
Bulk and molecular data for aerosol samples collected during cruise KH94-4

Sample Primary source Aerosol
(lg m�3)

TC (%) TC (lg m�3) C/N n-Alkanes n-Alkanoic acids n-Alkanols

Oc Terr LMW
(C15–24)
pg m�3

HMW
(C25–35)
pg m�3

CPIa

(C25–33)
ACLb

(C25–35)
LMW
(C8–23)
ng m�3

HMW
(C24–34)
ng m�3

C18:n/C18 ACL
(C24–34)

LMW
(C8–23)
ng m�3

HMW
(C24–34)
ng m�3

ACL
(C24–30)

QFF-655 NP A 52 1.6 0.84 5 453 3268 1.6 29.1 9608 1969 0.9 25.8 990 91 25.8
QFF-657 NP A 23 0.7 0.15 5 55 557 1.4 30.2 1359 124 0.0 25.3 358 32 26.7
QFF-658 NP A 19 0.6 0.12 3 62 498 1.4 30.2 1129 112 1.5 24.8 278 20 25.7
QFF-659 SP A 27 0.6 0.16 2 80 510 1.8 30.6 6395 611 2.3 24.6 305 95 26.1
QFF-660 SP A 43 0.3 0.11 4 45 379 2.1 30.4 573 135 — 25.2 180 25 26.6
QFF-661 SP AA 192 0.1 0.18 4 74 479 2.3 30.1 976 186 1.5 24.9 92 6 25.8
QFF-662 IO AU 32 0.8 0.25 4 127 666 6.1 29.4 1715 453 3.8 25.1 163 513 26.4
QFF-663 IO NZ 78 7.0 5.49 10 8352 29,659 17.0 28.2 232,856 21,980 21.4 23.9 6173 18,690 26.2
QFF-668 SO AA 79 0.3 0.22 7 190 759 2.4 29.7 1995 130 0.0 23.9 429 23 27.2
QFF-669 IO AA 34 0.3 0.11 2 107 342 2.8 29.5 1066 70 0.1 24.0 148 6 24.5
QFF-670 SO AA 69 0.2 0.12 4 269 209 2.3 29.2 180 20 0.3 23.8 174 5 24.7
QFF-671 IO AA 99 0.2 0.23 6 436 606 1.6 28.1 445 36 0.0 23.8 153 5 24.8
QFF-672 IO AU 41 5.5 2.26 17 1831 7311 7.0 28.7 30,575 23,000 2.5 24.3 4416 7003 25.7
QFF-674 IO AA 65 0.6 0.38 4 329 893 2.2 28.3 2860 553 4.9 24.7 236 208 26.3
QFF-675 IO AA 110 0.1 0.07 2 38 142 3.4 30.0 1890 130 2.8 24.1 90 12 25.9
QFF-676 SO AA 22 0.4 0.09 2 120 171 2.6 29.5 544 51 0.3 24.1 98 7 25.6
QFF-677 SO AA 79 0.1 0.09 2 63 179 3.0 29.8 924 61 0.0 24.4 123 14 24.6
QFF-680 SO AA 130 0.1 0.09 2 121 137 2.8 29.7 1017 82 1.9 23.9 197 11 24.6
QFF-681 SO AA 167 0.03 0.05 2 22 76 3.0 29.8 676 52 1.1 24.1 58 8 25.2
QFF-682 IO AA 67 0.1 0.08 1 39 127 3.1 29.7 275 45 — 23.6 308 13 25.7
QFF-683 IO AA 22 0.4 0.10 1 118 211 3.0 29.1 496 27 3.1 24.8 233 49 26.2
QFF-685 IO AU 28 0.7 0.19 2 101 575 5.1 29.7 2396 712 1.6 26.1 273 191 26.7
QFF-686 SP AU 23 0.3 0.08 1 36 188 4.8 30.1 713 236 1.0 26.1 128 97 27.2
QFF-687 SP A 17 1.0 0.16 3 63 300 4.3 30.5 8077 645 1.1 24.3 143 69 27.8

Summary

Min 17 0.03 0.05 1 22 76 1.4 28.1 180 20 0 24.8 58 5 24.5
Max 192 7.0 5.49 17 8352 29,659 17.0 30.6 232,856 23,000 21.4 27.6 6173 18,690 27.8
Average 63 0.9 0.48 4 547 2010 3.6 29.6 12,864 2142 2.4 26.2 656 1133 25.9
SD 48 1.7 1.16 3 1702 6083 3.2 0.7 47,281 6283 4.5 0.7 1464 4000 0.9
Median 48 48 0.4 3 104 429 2.8 29.7 1097 130 1.3 26.1 189 24 25.8

a CPIn-alkanes = 0.5 · [
P

(C25 � C35)odd/
P

(C24 � C34)even +
P

(C25 � C35)odd/
P

(C26 � C36)even].
b Average chain length = the concentrated � weighted mean carbon chain length.

L
ip

id
b

io
m

ark
ers

an
d

n-alk
an

e
d

1
3C

in
P

acifi
c

an
d

S
o

u
th

ern
O

cean
m

arin
e

aero
so

ls
5941



m
as

s 
(µ

gm
-3

)

100

150

200

250

Ae
ro

so
l 

0

50

100

N
 a

nd
 li

pi
d 

3 ) 100
1000

10000
TC, ngm-3
Terrestrial plant waxes, ngm-3

M
as

s 
of

 T
C

 a
nd

 N
bi

om
ar

ke
rs

 (n
gm

-3

0.01
0.1

1
10

100

18

2
4
6
8

10
12
14
16

n-
al

ka
ne

 C
PI

 (C
25

-C
33

)

40
60
80
100
120

Total PAHS (ngm-3)

0
2

n

6
8

10
12
14
16
18

U
C

M
 (n

gm
-3

)

To
ta

l P
AH

S 
(

UCM (ngm-3)

0
20
40

65
5

65
7

65
8

65
9

66
0

66
1

66
2

66
3

66
8

66
9

67
0

67
1

67
2

67
4

67
5

67
6

67
7

68
0

68
1

68
2

68
3

68
5

68
6

68
7

n

Sample #

or
) t y or
)

Oceanic Source
Terrestrial Source A A A A A AA AU NZ AA AA AA AA AU AA AA AA AA AA AA AA AA AU AU A

NP NP NP SP SP SP IO IO SO IO SO IO IO IO IO SO SO SO SO IO IO IO SP SP

0
2
4
6

U

ng
m

-3
)

To
ky

o

Ly
tte

lto

(E
qu

at
o

H
ob

ar
t

Sy
dn

ey

(E
qu

at
o

Southern OceanWestern Pacific Western Pacific

a

d

c

b

Fig. 3. Variations of several parameters measured in marine aerosol samples collected between 11/22–25/94 and 2/5–7/95 during cruise
KH94-4. (a) Aerosol mass, (b) total carbon (TC) and the combined terrestrial leaf-wax mass, (c) n-alkane carbon preference index (CPI) C25–
C33, and (d) unresolved carbon mixture (UCM) in the n-alkane fraction and total polycyclic aromatic hydrocarbons.
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1.3 to 17.4 (Table 2) with an average of 4 (s.d. 3) and
showed no correlation versus latitude (R2 < 0.01). Three
prominent increases in the C/N ratio were observed (Table
2), centred on the three samples (QFF-655, 663, 672) which
also displayed elevated TC measurements. Nonvascular
aquatic plants have low C/N ratios, typically between 4
and 10, whereas vascular land plants have C/N ratios of
20 or more (Meyers and Ishiwatari, 1993; Muller and
Mathesius, 1999). So changes in C/N ratio could be related
to relative inputs of terrestrial plant matter, however, recent
results from the ACE-Asia campaign (Asian Pacific Regio-
nal Aerosol Characterization Experiment) demonstrated
that the major portion of aerosol nitrogen collected at Go-
san, Jeju Island (South Korea) is contributed by nitrate and
ammonium ions and that organic nitrogen is a minor com-
ponent (Kawamura et al., 2004). Thus it is not straightfor-
ward to link C/N ratios with sources of organic matter (at
least without nitrogen isotopic analysis).

HMW n-alkanes (C25–C35), n-alkanoic acids (C24–C34)
and n-alkanols (C24–C30) are the major components of
higher plant leaf waxes (Eglinton et al., 1962; Eglinton
and Hamilton, 1967; Kolattukudy, 1979). We summed the
concentrations of the HMW lipids which constitute the ma-
jor components of higher plant leaf waxes of (C25–C35 odd
n-alkanes + C24–C34 even n-alkanoic acids + C24–C30 even
n-alkanols) (Eglinton et al., 1962; Eglinton and Hamilton,
1967; Kolattukudy, 1979). The terrestrial plant wax concen-
trations closely parallel the concentrations of TC and the li-
pid class concentrations (Fig. 3b), confirming an elevated
local input of natural higher plant material in samples
QFF-665, -663 and -672. Concentrations of the separate
classes of the terrestrial n-alkanes (ALK), n-alkanols
(FAL) and n-alkanoic acids (FA) were strongly correlated
(FAL vs ALK R2 = 0.98; FA vs ALK R2 = 0.67; FA vs
FAL R2 = 0.78). The strong covariance suggests that the
different compound classes were transported to the research
vessel from similar sources and are representative of the
same organic source material. Additionally the range of to-

tal concentrations of the n-alkanes (0.09–31.09 ng m�3,
average 2.2 ng m�3), n-alkanoic acids (0.2–245 ng m�3,
average 15.1 ng m�3) and n-alkanols (0.07–24.86 ng m�3,
average 1.79) were similar to the values measured over four



Lipid biomarkers and n-alkane d13C in Pacific and Southern Ocean marine aerosols 5943
years at Chichi-Jima in the N. Pacific (Kawamura et al.,
2003). If the three anomalous ‘‘terrestrial’’ samples are ex-
cluded the range of concentrations (n-alkanes: 0.09–
1.08 ng m�3; n-alkanoic acids 0.2–10.6 ng m�3; n-alkanols
0.07–0.68 ng m�3) from cruise KH94-4 become remarkably
similar to the values measured in marine aerosols under the
SEAREX program at various locations (and under varying
conditions) in the Pacific and Southern Atlantic: n-alkanes
(0.006–0.73 ng m�3); n-alkanoic acids (0.12–6.24 ng m�3);
and n-alkanols (0.0065–0.86 ng m�3) (see Peltzer and Gago-
sian, 1989, and refs. therein). It should be noted that the
low end of SEAREX n-alkane and n-alkanol values are de-
fined by the dry season measurements at American Samoa;
which are an order of magnitude lower than any other re-
ported measurements (including on cruise KH94-4).

The relative concentrations of the three main terrestrial
(Terr) plant waxes were plotted in triangular diagrams; to
explore whether the source areas were distinctive (Fig. 4).
Each sample was allocated a terrestrial and oceanic primary
source area; calculated from the back-trajectory analyses
(Table 1 and Fig. 2). There is a considerable degree of scat-
ter in the data; which is to be expected given the variable
nature of atmospheric transport processes, when sampling
on a relatively short temporal scale. However, when catego-
rized by primary terrestrial source area (Fig. 4a) the sam-
ples form some distinctive clusters. The n-alkanes are
Fig. 4. Triangular plots of the relative concentrations of the three
main terrestrial plant waxes. Each sample was allocated a
terrestrial (a) and oceanic (b) primary source area; calculated from
the back-trajectory analyses (Table 1 and Fig. 2).
most frequently the dominant component (average 60%);
but the Australian and New Zealand source samples had
relatively higher abundances of n-alkanoic acids (26–63%)
and n-alkanols (19–34%). The Antarctic source samples
had high concentrations of n-alkanes (>48%), low concen-
trations of n-alkanols (<20%) and n-alkanoic acids
(<37%). Asian source samples had very low concentrations
of n-alkanols (<9%) and overlapped with the Antarctic
source samples; but had a higher distribution of n-alkanoic
acids (21–65%). If the samples were categorized by oceanic
primary source area there was less separation into distinc-
tive clusters and a greater degree of overlap (Fig. 4b). These
results suggest that, at least, the Australian and New Zea-
land source areas can be distinguished from the Asian or
Antarctic source areas in terms of the relative abundances
of higher plant wax compound classes. The Antarctic seems
an unlikely source of plant material. The potential origin of
the organic matter in such aerosol samples will be consid-
ered later.
3.2. Lipid biomarker compound classes: molecular

distributions and long range transport

The analyses for the individual homolog distributions of
the three major lipid classes (n-alkanes, n-alkanoic acids, n-
alkanols) for each sample are plotted in Fig. 2a and 2b. The
back-trajectory analysis maps for the samples are included
to illustrate the most likely pathways and sources of long
range atmospheric transport.

3.2.1. Anthropogenic and marine hydrocarbons

Terrestrially derived n-alkanes have a characteristic odd
to even carbon number predominance (as expressed in the
carbon preference index, CPI = 0.5 · [

P
odd (C25 � C35)/P

even (C24� C34) +
P

odd (C25� C35)/
P

even (C26� C36)]
(Bray and Evans, 1961)) with C27, C29, C31 as the dominant
species (e.g. Eglinton et al., 1962; Eglinton and Hamilton,
1963; Caldicott and Eglinton, 1973). Marine or anthropo-
genic (i.e. crude oil/petroleum and products) n-alkanes have
a regular distribution with no predominance (CPI = 1)
(Connan, 1981; Tissot and Welte, 1984; Moldowan et al.,
1985). The n-alkanes collected on KH94-4 were detected
in the range of C15–C35, with molecular distributions char-
acterised by an odd-carbon numbered predominance with a
maximum at C29 or C31. The CPI for the HMW (C25–C33)
n-alkanes ranged from 1.4 to 17 (average 3.6, s.d. 3.2) (Ta-
ble 2, Fig. 3c). This distribution is similar to the measure-
ments made at Chichi-Jima (1.8–14.6, average 4.5), but
higher than the values reported in urban aerosols from cit-
ies in China (0.91–1.8, average 1.3) (Fu et al., 1997) and To-
kyo (1.1–2.8, average 1.5) (Kawamura, 1995). The CPI
results suggest that the HMW n-alkanes were mostly de-
rived from higher plant waxes with a lesser contribution
from petroleum products in most samples. There are two
clear major diversions in CPI measurements with high val-
ues recorded in samples QFF-663 (CPI = 17) and QFF-672
(CPI = 7). As discussed above these samples are also char-
acterised by high values of TC, lipids and C/N ratios. The
high CPI values confirm that these samples were subjected
to increased inputs of terrestrial higher plant organic
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material under conditions of continental winds when the
cruise track was proximal to the land at Lyttelton, NZ
(QFF-663) and Hobart, Australia (QFF-672). High values
of TC, lipids and C/N ratios were also detected in sample
QFF-655, however CPI values were relatively low in
QFF-655 (CPI = 1.6); suggesting that in contrast to sam-
ples QFF-663 and -672 the higher inputs of TC, C/N and
lipids in QFF-655 included a major anthropogenic source
and were derived in part from the locally polluted atmo-
sphere of Tokyo (CPI average = 1.5, Kawamura et al.,
1995) and/or the general regional westerly plume of pol-
luted air from Asia (e.g. 14 Chinese cities. CPIs of
1.17 ± 0.14 in winter and 1.16 ± 0.12 in summer, Wang
et al., 2006). There was no latitudinal trend in CPI values
with or without the QFF-663, -672 samples (R2 < 0.01).

The hydrocarbon fraction also included an unresolved
complex mixture (UCM) of hydrocarbons detected as a
hump. UCM hydrocarbons are emitted to the atmosphere
by the incomplete combustion of fossil fuels (e.g. Boyer
and Laitinen, 1975; Simoneit and Mazurek, 1981) and are
typically abundant in aerosol and rainwater samples from
the urban atmosphere (e.g. Simoneit, 1984; Simoneit,
1985; Simoneit et al., 1988; Kawamura and Kaplan, 1991;
Kawamura et al., 1995). The presence of a UCM usually
indicates the influence of polluted air in aerosol samples,
although a marine origin source for such hydrocarbons
can not be excluded (e.g. Saliot, 1981). UCM values in
the samples from KH94-4 ranged from 0.09 to
16.25 ng m�3 with a median of 0.86 ng m�3 (s.d.
3.3 ng m�3) (Table 2, Fig. 3d). This distribution indicates
a generally low level of impact by anthropogenic pollution.
The KH94-4 UCM concentrations were around half of
those measured over 4 years in the remote western North
Pacific (0.22–59.1, average 5.4 ng m�3) (Kawamura et al.,
2003) and were 2 or 3 orders of magnitude lower than ur-
ban Tokyo air (e.g. 270–3000 ng m�3, average 880 ng m�3).
The UCM concentrations show a latitudinal trend of
increasing values towards the north (R2 = 0.41) with a max-
imal value in QFF-655 (16.25 ng m�3). This trend clearly
suggests an increasing influence of polluted air in the wes-
tern North Pacific compared to the South Pacific. This
should be expected given the observed export, from conti-
nental east Asia to the North Pacific, of high levels of aer-
osol particulate matter consisting of desert and soil dust,
smoke from biomass burning and emissions from fossil fuel
use (Martin et al., 2002; Woo et al., 2003; Huebert et al.,
2004; Simoneit et al., 2004). In fact fossil fuel combustion
was recognized as the most significant source of TC in the
lower tropospheric aerosols of the East Asian/Pacific mar-
gin in April 2001 (33–80%, average 50%) (Simoneit et al.,
2004). In the southern hemisphere UCM measurements
are low but increase slightly in filters QFF-663 and -672.
As described above these samples also show greatly in-
creased TC, C/N and CPI values (Fig. 4) due to increased
inputs of terrestrial higher plant organic material from con-
tinental winds. The slightly higher UCM values show that
these samples were also subject to increased inputs of
anthropogenic carbon whilst proximal to the land at Lyttel-
ton, NZ (QFF-663) and Hobart, Australia (QFF-672),
however this was a minor increase compared to the elevated
inputs of natural terrestrial carbon. Polycyclic aromatic
hydrocarbons (PAHs) are biomarker compounds produced
by the incomplete combustion of various carbon containing
fuels such as wood, coal, diesel and fat as such are indica-
tors of anthropogenic activity. The concentrations of total
PAHs are illustrated in Fig. 3d and closely agree with the
UCM distributions; confirming the anthropogenic influence
on samples QFF-655, -663 and -672. Detailed analysis of
the 23 PAH species and their implications for combustion
sources will be reported elsewhere.

As well as demonstrating the influence of anthropogenic
material the main lipid class homologs also trace the rela-
tive inputs of marine organic matter. The n-alkanes do
not show a characteristic input from phytoplankton
sources. Phytoplankton cultures generally indicate a pre-
dominance of C15 or C17 with low relative abundances of
other n-alkanes ranging between C14 and C32–C40 (Gelpi
et al., 1970; Han and Calvin, 1970; Blumer et al., 1971; Sali-
ot, 1981). The C15 and C17 n-alkane homologs were not sig-
nificant in the KH94-4 samples; this may be an artefact due
in part to ‘‘blow-off’’, i.e. lower molecular weight n-alkanes
(with higher vapour pressures) may have been retained less
effectively by the filter during sampling, or lost at the nitro-
gen blow down step during sample work-up. Some of the
southernmost samples (e.g. QFF-670, -676, -680, -683) were
characterised by a bimodal distribution of n-alkanes
(Fig. 2). In addition to the usually dominant HMW higher
plant compounds there was a second maximum at C22 or
C23 over a ‘‘normal distribution’’ or ‘‘hump’’ of n-alkanes
from C21 and C26 with no odd–even preference. This distri-
bution appears distinct from the higher molecular anthro-
pogenic UCM alkane ‘‘hump’’ which is superimposed on
the higher plant n-alkanes in some samples closer to anthro-
pogenic sources of pollution (e.g. QFF-655, -657, -658). It is
difficult to determine the potential biological or anthropo-
genic origin of these lower molecular weight n-alkane
humps, especially without the presence of a major C15 or
C17 peak. However, similar patterns of n-alkanes have been
reported for some nonphotosynthetic bacteria (Han and
Calvin, 1969).

The lower molecular weight fractions of the n-alkanoic
acids (C8–C23) and the n-alkanols (C12–C22) are indicative
of marine phytoplankton and zooplankton sources; espe-
cially the n-C14, n-C16 and n-C18 homologs (Gagosian
et al., 1983a). Such compounds are abundant in the marine
surface microlayer (Garrett, 1967). The majority of the
samples collected during KH94-4 are clearly dominated
by this marine component (Fig. 2 and Table 2); demonstrat-
ing the rapid dilution of wind-bourn terrestrial organic
material offshore with the simultaneous introduction of
the marine lipids (probably from sea-spray aerosols) (Gar-
rett, 1967; Simoneit et al., 1991a). A major fraction of the n-
alkanoic acids in aerosols of the Pacific are present as salts
(Peltzer and Gagosian, 1987). It is important to note that
the n-alkanoic acids were saponified and acidified and thus
our n-alkanoic acid class represents a combination of ester-
ified and free n-alkanoic acids. The free n-alkanoic acids
may have been captured as salts on the QF/F filters. Gago-
sian et al. (1982b) showed that the free n-alkanoic acid con-
centrations are up to an order of magnitude higher in
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remote marine aerosols than the n-alkanoic acids released
from esters. It has been suggested that these compounds
may be subjected to intense cyclic scavenging and re-injec-
tion into the marine atmosphere from the sea surface (Pelt-
zer and Gagosian, 1989). Ratios of the characteristic
terrestrial HMW to the marine LMW n-alkanols and n-
alkanoic acids, indicating relative inputs of terrestrial/mar-
ine lipids, are plotted in Fig. 5a and b. The plots indicate
higher terrestrial inputs in the mid latitudes (especially for
samples QFF-663, -673). The marine inputs are high for
the remote southern samples with Southern Ocean sources;
as might be expected given the prevailing storms, high wind
speeds and associated enhanced emissions of sea spray in
the Southern Ocean. Ratios are also low in the northern-
most samples with an Asian source. This may be a function
of anthropogenic rather than marine inputs, because low
molecular weight even-numbered n-alkanols are also pro-
duced, to some extent, industrially (Peltzer and Gagosian,
1989).

Unsaturated fatty acids were detected in most samples
(mainly C18:1 and C16:1 with some polyunsaturated C18

and C16). Such fatty acids are major constituents of cell
membranes in marine and terrestrial plants. They are unsta-
ble and undergo photochemical transformation reactions in
the marine atmosphere (Kawamura and Gagosian, 1987)
and thus have not frequently been detected in remote mar-
ine aerosols (Simoneit, 1977; Schneider and Gagosian,
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Fig. 5. Variations of several parameters measured in marine aerosol sa
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1985; Kawamura and Gagosian, 1987). As such the ratio
of the unsaturated/saturated C18 fatty acids could be a
qualitative guide to the relative freshness of the organic
material in the KH94-4 aerosol samples. A plot of the dis-
tributions of C18:n/C18 (Fig. 5c and Table 2) shows high ra-
tios in samples which were associated with proximal
terrestrial inputs (especially QFF-663). Lower ratios were
recorded in samples with Southern Ocean and Antarctic
sources, suggesting the lipids in these remote locations
had, on average, longer atmospheric residence times. Lower
ratios were also observed in the northern samples with
Asian sources, this may be due to the atmospheric residence
times of the organic material as well as inputs of older or-
ganic carbon by anthropogenic pollution.

3.2.2. Terrestrial higher plant waxes

It has been observed that within the HMW n-alkanes
(C27–C35) longer chain homologues (e.g. C31 max) are often
more abundant in samples of dust (Gagosian and Peltzer,
1986b; Simoneit et al., 1991b; Sicre and Peltzer, 2004), mar-
ine sediments (Poynter, 1989; Hinrichs and Rullkötter,
1997; Rinna et al., 1999) and vegetation (Kawamura
et al., 2003) from warmer, tropical regions; whereas shorter
chain n-alkanes (e.g. C29 max) are relatively more abundant
in samples from cooler, temperate regions. It has been pro-
posed that average chain lengths (ACLs) could therefore be
correlated to temperature (Hinrichs and Rullkötter, 1997;
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Rinna et al., 1999). However, the controlling environmental
factor is not certain, higher n-alkane ACLs in dust samples
collected off the African coast (Schefuss et al., 2003a) were
not found in the warmer regions, this was attributed to ef-
fect of the monsoon system and suggests that, in some re-
gions at least, n-alkane ACL may reflect a precipitation
signal rather than a growing season temperature signal
(Schefuss et al., 2003a). Furthermore n-alkane ACLs from
a sediment core south east of Tasmania showed consistent
higher ACL values during cold, arid glacial times and lower
values during interglacial periods (Calvo et al., 2004). In
fact studies suggest that there is a relationship between al-
kane chain length and plant permeability, with ACL mod-
ified as a response to environmental changes, such as
drought stress (Dodd et al., 1998; Dodd and Afzal-Rafii,
2000). Therefore it may be that the synthesis of longer chain
aliphatic compounds in higher plants leads to an increase of
the diffusion resistance of the wax to water vapour; provid-
ing plants growing in tropical regions a way to restrict
water loss (Sicre and Peltzer, 2004). On the other hand, al-
kane distribution in lake sediments have also shown to be
indicative of the type of vegetation in the drainage basin,
with higher abundances of n-C31 associated with the devel-
opment of grasses compared to trees (Cranwell, 1973; Cran-
well et al., 1987).

The HMW n-alkane ACLs in the samples from KH94-4
ranged from 28.1 to 30.6 (Table 2) and the latitudinal dis-
tributions are illustrated in Fig. 6. The HMW n-alkane
ACL distribution had two clusters. The samples from the
western Pacific from around 28�N to 47�S had a clear rela-
tion to latitude—forming a polynomial distribution
(R2 = 0.93)—with lower ACL values in the mid northern
and southern latitudes and the highest values (�30.5) at
the Inter Tropical Convergence Zone (ITCZ) south of the
equator. The position of the ITCZ was confirmed by refer-
ence to observed precipitation data for the period (Willmott
and Matsuura, 2001). These results support the idea that
ACL values are higher when n-alkanes are biosynthesized
in tropical regions. However, most of the southern samples
(>47�S) do not fit this trend and instead form a cluster of
relatively high ACL values (�29.5–30). The back-trajectory
analysis indicated that all of the samples from the southern
cluster had back-trajectories dominated by Antarctic,
Southern Ocean and southern Indian Ocean sectors. There-
fore in these samples there was no direct, obvious source of
terrestrial higher plant material. The source of the HMW
higher plant n-alkanes in these samples is enigmatic and
may represent very long range transported material.

Empirical evidence of a relationship between n-alkanol
and/or n-alkanoic ACL and growing season temperature
has not been reported, unlike for n-alkanes (e.g. Hinrichs
and Rullkötter, 1997; Rinna et al., 1999; Kawamura
et al., 2003). The measurements from KH94-4 do not show
such a clear latitudinal trend of the ACL index for the n-
alkanoic acids and n-alcohols (Fig. 6). In general for n-alk-
anols the ACL was lower in northern and southern lati-
tudes (�25–26) with the highest values recorded in the
tropics (�27.8). The n-alkanoic acids had somewhat inverse
trend with higher values in the mid-southern and northern
latitudes (�26) and lower values near the equator (�25).
This is consistent with observations at Chichi-Jima by
Kawamura et al. (2003), who reported that the seasonal
trend of n-alkanoic acid ACL values varied inversely to
n-alkanes and n-alkanols.

When the individual homolog distributions of the higher
plant lipids were compared with the air-mass back-trajecto-
ries it was possible to explore the regional terrestrial sources
in more detail, for some of the individual samples (Fig. 2).
For example, samples QFF-662 and -663 were collected
near New Zealand and were characterised by high terres-
trial lipid abundances and a distinct homolog distribution.
The HMW n-alkanols showed a strong even–odd predom-
inance and were dominated by the C26 homolog. This clo-
sely resembles the n-alkanol distributions (C26 homolog
>50% of total n-alkanols) reported by Peltzer and Gagosian
(1989) for aerosol samples with a source in New Zealand
and confirms New Zealand as a significant source. The n-al-
kanes showed a strong odd–even predominance from C25 to
C33 with a Cmax of C31 in QFF-662 and C29 in QFF-663.
Moreover, the n-alkane pattern in QFF-663 was unique;
there was almost equal amounts of C25, C27, C29 and C31,
suggestive of a more temperate vegetation source. In com-
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parison the QFF-662 lipids suggested a more tropical influ-
ence, with a greater relative abundance of higher molecular
weight n-alkanes and n-alkanols. At first sight the back-tra-
jectories for both samples are very similar; passing over
New Zealand, the Tasman Sea, Tasmania and the southern
coast of Australia (Fig. 2). However, the results of our
quantitative analysis allocated the back-trajectories as fol-
lows, for QFF-662: New Zealand = 2%, Australia = 5%;
for QFF-663: New Zealand = 12%, Australia = 6% (Table
1). This confirms the inference made from the homolog dis-
tributions; that the air masses sampled by QFF-662 had en-
trained relatively more material derived from tropical
Australian vegetation sources than from more temperate
New Zealand sources (and vice versa for QFF-663).

3.2.3. n-Alkane compound-specific carbon isotopes

Tissues and specific compound classes from different
plant species and plants using the different pathways of
photosynthetic carbon fixation (C3 and C4), show different
levels of 13C depletion (Smith and Epstein, 1971; Rieley
et al., 1991; Rieley et al., 1993; Collister et al., 1994; Chika-
raishi et al., 2004). Thus compound-specific carbon isotope
(CSIA) analyses of leaf-wax lipids can determine the plant
types from which the lipids were derived because the isoto-
Table 3
Isotopic data for aerosol samples collected during cruise KH94-4

Sample Primary sourceb n-Alkane concentratio

Oc Terr C29 n-alkane

pg m�3 d13C

QFF-655 NP A 717.5 �27.
QFF-657 NP A 100.4 �25.
QFF-658 NP A 80.1 �28.
QFF-659 SP A 84.6 �27.
QFF-660 SP A 64 �28.
QFF-661 SP AA 95.4 �30.
QFF-662 IO AU 164.6 �31.
QFF-663 IO NZ 7538 �34.
QFF-668 SO AA 106.4 �30.
QFF-669 IO AA 43.8 l.c.a

QFF-670 SO AA 24.7 l.c.
QFF-671 IO AA 50.7 l.c.
QFF-672 IO AU 2100.6 �33.
QFF-674 IO AA 154.7 �32.
QFF-675 IO AA 18.4 l.c.
QFF-676 SO AA 20.1 l.c.
QFF-677 SO AA 23.3 �34.
QFF-680 SO AA 16.9 l.c.
QFF-681 SO AA 10.1 l.c.
QFF-682 IO AA 17.3 l.c.
QFF-683 IO AA 36.7 �32
QFF-685 IO AU 152.6 �31.
QFF-686 SP AU 34.7 �29.
QFF-687 SP A 45.9 �34.

Min 10.1 �34.
Max 7538 �25.
Median 57.4 �31.
SD 1562.8 2.69

a l.c. = concentrations are too low for d13C measurements.
b Southern Ocean (SO), Indian Ocean (IO), South Pacific (SP), North P

(AA), New Zealand (NZ), Australia (AU), South America (SAm), Nort
pic signature of C3 plant n-alkanes (ca. �30‰ to �40‰ vs
Vienna Pee Dee Belemnite), is distinctly different from C4

plant n-alkanes (ca. �17‰ to �24‰) (O’Leary, 1981; Rie-
ley et al., 1993; Collister et al., 1994; Chikaraishi and Nar-
aoka, 2003). There are around 250,000 species of C3 plant
which includes most trees, shrubs and cool/temperate
grasses and sedges (Sage, 2001). C4 plant species consist
mostly of warm temperate to tropical grasses and sedges
and are less abundant (around 7500 species), but neverthe-
less dominate primary productivity in many arid tropical
and sub-tropical regions (Sage, 2001). A modelled distribu-
tion map of the global fraction of C4 biomass is illustrated
in the Appendix. The stable carbon isotope compositions of
n-alkanes have been used to determine relative contribu-
tions from C3/C4 plant material in marine sediments (Bird
et al., 1995; Kuypers et al., 1999; Huang et al., 2000; Sche-
fuss et al., 2003b) and aerosol dust in the eastern Atlantic
(Schefuss et al., 2003a) and North Pacific (Bendle et al.,
2006).

Results of the stable isotopic measurements for the ma-
jor n-alkanes (C29 and C31) are given in Table 3. The stable
isotopic compositions of the dominant HMW n-alkanes
(C29, C31) fell in the range �25.57‰ to �37.03‰, indicating
that all the samples consisted primarily of varying relative
ns d13C ratios and % C4 estimation

C31 n-alkane

29 % C4 pg m�3 C31 % C4

8 48 501.3 �32.3 29
6 63 115.8 �32.0 30
4 44 110.1 �30.4 40
8 48 133.4 �32.3 28
4 44 113.6 �33.2 23
9 28 134.7 �34.0 18
8 22 205.2 �34.1 18
2 6 6404 �34.5 15
8 28 207.7 �36.2 5

l.c. 98.6 �35.8 7
l.c. 57.4 l.c. l.c.
l.c. 104.2 l.c. l.c.

6 10 1678.1 �34.3 16
6 17 123.6 �34.9 13

l.c. 48.5 �37.0 0
l.c. 51.9 �36.2 5

2 6 58.5 �37.0 0
l.c. 43.6 �35.1 12
l.c. 25.6 l.c. l.c.
l.c. 43.6 l.c. l.c.
21 54.6 �34.6 15

9 21 162.4 �33.7 20
9 35 58.1 �29.8 43
5 4 113.2 �32.8 26

5 4 25.6 �37.0 0
6 64 6404 �28.3 43
3 28 111.6 �34.2 18

18 1312.3 2.01 12

acific (NP), South Atlantic (SA), North Atlantic (NA), Antarctica
h America (NAm), Africa (AF), Asia (A).
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amounts of C3 and C4 plant-derived leaf-wax lipids. There
was no correlation between the concentrations of the indi-
vidual C29 and C31 compounds and their d13C ratios (C29:
R2 = 0.14; C31: R2

6 <0.01). Moreover the stable isotopic
composition of the n-alkanes was independent of the n-al-
kane molecular distributions. There was no significant cor-
relation between d13C ratios of the C29 or C31 n-alkanes
against UCM (R2 < 0.18), ACL (R2 < 0.15) or CPI
(R2 < 0.31) with or without the three samples with anoma-
lous TC values.

The latitudinal distributions of the n-alkane isotopic
measurements are illustrated in Fig. 7. There was a general
latitudinal trend in d13C ratios, with heavier ratios in the
North Pacific (C29 = �25.6 to �28.4; C31 = �30.4 to
�32.2) trending to lighter ratios in the Southern Ocean
(C29 = �30.8 to �34.2; C31 = �35.0 to �37.0). Although
both compounds showed similar latitudinal trends the C31

n-alkane was generally more depleted in 13C than the C29

n-alkane. Greater scatter was also apparent in the isotopic
ratios of the C29 n-alkane. Linear regressions of com-
pound-specific d13C ratios against latitude were significant
(C29: R2 = 0.51; C31: R2 = 0.71), with or without samples
with anomalous TC and lipid concentrations (QFF-655, -
663, -672).

3.2.4. Estimation of C4 plant fraction and relation to

back-trajectories and source areas

Assuming that there is no significant isotopic fraction-
ation during aerosol transport over the ocean the relative
contributions to the n-alkanes from terrestrial C3 and C4

plants can be estimated by using a two-component mixing
equation (Chesselet et al., 1981):

Calk ¼ C3 þ C4

Calkd
13Calk ¼ d13C3 � C3 þ d13C4 � C4

where Calk is the total concentration of an n-alkane, C3 and
C4 are n-alkane concentrations from C3 and C4 plants, and
d13C3 and d13C4 are the isotopic composition of the n-al-
kanes from C3 and C4 plant sources, respectively. The
end-member values for the mixing equation were averages
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Fig. 7. Latitudinal variations of compound-specific d13C values (and der
n-alkane measured in marine aerosols collected between 11/22–25/94 and
taken from the literature and from measurements made at
the Institute of Low Temperature Science (ILTS) (Bendle
et al., 2006): for the C29 end-members, C4 plant n-al-
kanes = �20.0‰ and C3 plant n-alkanes = �35.1‰; for
the C31 end-members, C4 plant n-alkanes = �20.4‰ (Coll-
ister et al., 1994; Lichtfouse et al., 1994; Huang et al., 1997;
Lockheart et al., 1997; Chikaraishi and Naraoka, 2003).
For the C31 n-alkane the lightest ratio measured in the data-
set was �37‰ which is lighter than the average C3 ratio
from the literature (�35.4‰), therefore the lighter ratio
(�37‰) was used as a C3 end-member to avoid negative
estimations of the C4 fraction.

Use of the mixing equation results in estimates of C4

plant contribution varying from 4% to 63% for the C29 n-al-
kane and 0% to 43% for the C31 n-alkane (Table 1 and Figs.
7 and 8, right axis). It should be held in mind that there is a
significant degree of natural variability in the d13C of C3

and C4 plant samples; this means that the standard devia-
tions for our mixing model end-members are about 2.4‰
which is equivalent to a variability of �15% in the estima-
tion of the C4 plant fraction.

The isotopic composition of the samples collected dur-
ing KH94-4 are a function of the relative contributions
from the C3/C4 plant sources (plus potential anthropogenic
contributions, especially in the North Pacific) which are
determined by the regional meteorological conditions and
n-alkane production and deflation to the atmosphere in
the source areas. In order to understand the source area
influence on the variation in isotopic composition of the
C29 and C31 n-alkanes we sorted the back-trajectories for
each sample into their geographical source sectors (Section
2.5).

Table 1 highlights the expected influence of the North
Pacific, South Pacific and Southern Ocean during the stages
when the ship was in those sectors. However, the back-tra-
jectory analysis results also identify the Indian Ocean as a
dominant ‘‘upstream’’ source area sector for many samples.
This is due to the near constant and strong westerlies that
dominate the Southern Hemisphere between 30� and 70�
south (with greatest power at �50�) (Barry and Chorley,
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1992). The influence of the westerlies can also be seen in the
fact that the South Atlantic was also a significant source
area for many samples. Terrestrial source areas usually
formed a smaller percentage of the back-trajectories than
the oceanic sources (Table 1). However, Antarctica was a
major source area for some Southern samples (e.g. up to
56% for QFF-680). Asia was a significant source area for
a few samples (e.g. QFF-655, -687). While Australia and
New Zealand were minor source areas for a few samples.

Fig. 8 shows box plots of the d13C data (and %C4 frac-
tion estimates) for the C29 and C31 n-alkanes sorted into
categories of primary oceanic (Fig. 8a and b) and primary
terrestrial (Fig. 8c and d) source area sectors (the primary
source area sector is the sector which has the highest per-
centage of the total trajectories for a sample). The inter-
quartile ranges (25–75% of the data) demonstrate that—
on the basis of CSIA measurements of the n-alkanes—it
is often possible to discriminate between different primary
source area sectors.

If categorized by primary oceanic source area sector the
C29 and C31 n-alkane d13C measurements show a similar
trend, but with generally lighter ratios for the C31 n-alkane
C29 n-alkane
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Fig. 8. Box plots of the carbon isotopic composition (d13C ‰ left y-axis) a
in aerosol samples collected between 11/22–25/94 and 2/5–7/95 during cru
area sectors (a and b) and by the primary terrestrial back-trajectory sour
IO = Indian Ocean; NP = North Pacific; SO = Southern Ocean; SP = So
Zealand. Each box shows the median (black line), the interquartile range
outliers (circles) and extreme outliers (stars).
(Fig. 8a and b). Samples dominated by the North Pacific
(NP) source area sector are the isotopically heaviest
(d13C29: �28.4 to �25.6; d13C31: �32.3 to �30.4), with esti-
mated C4 plant fractions of 44–63% (C29) and 30–40%
(C31). This could be due to contributions of C4 plant mate-
rial transported from South East Asia, where C4 plants can
form a significant proportion of the annual mean biomass
(for example: up to 50% in eastern Chinese provinces such
as Hebei and Shanxi, up to 70% in parts of Thailand and
Cambodia) (Still et al., 2003). However, the evidence from
the UCM data also suggest a significant impact of anthro-
pogenic material in samples from the atmosphere of the
western North Pacific (especially evident in sample
QFF-655), which may have contributed isotopically heavier
n-alkanes.

Samples dominated by the South Pacific (SP) primary
ocean source area sector had intermediate ratios with most
samples being isotopically lighter than the NP and heavier
than the IO or SO (d13C29: �34.5 to �27.8; d13C31: �34.0 to
�29.8). The range of estimated C4 plant contribution in
these samples is 4–48% (C29) and 18–43% (C31). UCM val-
ues for SP samples are minimal (<2.26 ng m�3), suggesting
C31 n-alkane
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that the isotopic compositions of the n-alkanes are deter-
mined by relative contributions from natural C3 and C4

plant sources. The proximal vegetation sources to the re-
gion of the SP sampled during the cruise (the Tasman
and Coral Seas) include predominantly C3 regions such as
New Zealand, the Indonesian Archipelago and South East-
ern Australia and the predominantly C4 region of central to
northern Australia (Fig. 1). Comparison of the back-trajec-
tory analysis for individual samples with modelled C4 veg-
etation map can give insights into the controls on higher
plant n-alkane d13C. For example, sample QFF-686 had a
heavy d13C31 ratio of �29.8‰ (C4 estimate of 43%)
(Fig. 8b). The back-trajectory map for QFF-686 (Fig. 2b)
suggests that some material may have been transported di-
rectly from central Australia, a region with up to 100% C4

plant biomass.
Samples which were dominated by the Southern Ocean

(SO) and Indian Ocean (IO) sectors have the isotopically
lightest ranges (d13C29: �34.2 to �30.8; d13C31: �37.0 to
�33.7) with a major degree of overlap, especially for the
C29 n-alkane (Fig. 8a and b). The range of estimated C4

plant contribution for such samples is 6–28% (C29) and 0–
20% (C31). The source of the higher plant material is not
apparent for many of the samples dominated by the IO
(n = 10) and SO (n = 6) source area sectors, as no terrestrial
sectors (apart from AA) were intersected by the back-tra-
jectory analysis. Anthropogenic sources are unlikely given
the minimal UCM values (<1.83 ng m�3).

Fig. 8c and d illustrates the C29 and C31 n-alkane d13C
measurements, categorized by the primary terrestrial source
area sector. There is more spatial uncertainty in interpreting
the data when it is sorted into the primary terrestrial source
area sector categories, compared to the primary oceanic
source area sectors, as in some cases the actual percentage
of the back-trajectories that intersect terrestrial sectors is
very low (Table 1). Samples which were dominated by the
Asia (A) source area sector are generally the isotopically
heaviest (d13C29: �34.5 to �25.6; d13C31: �33.2 to �30.4),
with estimated C4 plant fractions of 4–63% (C29) and 23–
40% (C31). This is probably due to the contribution of C4

plant material from South East Asia and a degree of east
Asian anthropogenic material (as for the NP source area
sector).

Only one sample was dominated by the New Zealand
(NZ) primary terrestrial source area sector (QFF-663). It
had light d13C ratios (d13C29: �34.2; d13C31: �34.5) result-
ing in a relatively low estimation of C4 plant contribution
of 6% (C29) and 15% (C31). This is consistent with the min-
imal C4 plant fraction modelled for New Zealand (Fig. 1)
(Still et al., 2003). Samples which were dominated by the
Australia (AU) primary terrestrial source area sector had
relatively heavy d13C ratios (d13C29: �33.6 to �29.9;
d13C31: �34.3 to �29.8), with estimated C4 plant fractions
of 10–35% (C29) and 16–43% (C31). As mentioned above
Australia has a diverse and abundant C4 plant ecology.
This is reflected in individual samples, such as a QFF-686
(C4 estimate from C31: 43%), for which the back-trajectory
analysis suggests a contribution of material from central
Australia (100% C4). In contrast the estimation of the C4

plant fraction is lower in samples QFF-662 (C29: 22%;
C31: 18%) and QFF-685 (C29: 21%; C31: 20%). Back-trajec-
tory analysis for those samples suggested that material may
have been transported from southern and south east Aus-
tralia where the C4 plant fraction is below 30%.

Within the primary terrestrial source area sector catego-
ries Antarctica (AA) had the lightest d13C ratios for the C31

n-alkane (�37.0 to �34.0). The range of estimated C4 plant
contribution was 0–18%. The d13C ratios for the C29 n-al-
kane were heavier (�34.2 to �30.9) giving a C4 plant esti-
mation of 6–28%. C31 was the dominant compound in the
samples within the AA category and CSIA was feasible
for more samples for the C31 n-alkane (n 9) than for the
C29 n-alkane (n 4). Therefore C31 may be a more reliable
indicator for the AA category. The terrestrial higher plant
source for these n-alkanes is considered below.

3.3. Synthesis

The results of this paper demonstrate the significance of
the long range transport of higher plant material to ocean
regions far from terrestrial source regions, even to remote
regions of the Indian, Southern Pacific and Southern
Oceans. In particular the data raises interesting questions
regarding the origin of the higher plant material in those
southernmost samples which had back-trajectories domi-
nated by AA, SO and southern IO source area sectors. In
such samples there was no obvious significant source of
higher plant material and most air-mass trajectories arriv-
ing at the ship had not had appreciable contact with abun-
dantly vegetated land for several weeks. The further
backwards in time the projection is extended the more the
ensemble of air-mass trajectories diverge. This is a reflection
of the natural mixing in of other air masses along the trans-
port pathway, demonstrating that multiple source regions
were sampled. As a result the lipids are unlikely to represent
a clear source area, but perhaps are more indicative of the
background atmospheric lipids in the Southern Ocean
atmosphere; transported by the surface westerlies from
the bordering regions of Australia, Southern Africa and
even South America. However, the southernmost samples
have a distinctive molecular and isotopic signature. The
n-alkane ACL values were relatively high (�29.5) suggest-
ing a sub-tropical or relatively water stressed source or a
major input from grasses (Fig. 6). Furthermore the carbon
isotopic measurements suggest the higher plant material in
these samples was dominated by C3 plants (Fig. 8). This is
perplexing; if our Southern Ocean samples represent lipids
from a wide ‘‘background’’ of sources bordering the SO a
significant input of C4 plant material would be expected,
because Australia, southern Africa and (to a lesser extent)
southern South America all have diverse and significant
C4 biomass (Still et al., 2003).

There are two further possible sources of higher plant
material in the Southern Ocean samples, which may ac-
count for the relatively high ACL values and dominance
by C3 plant signal. Firstly, we may have sampled wind-
bourn plant material from the Antarctic continent itself.
Although the Antarctic biomass is globally insignificant,
plants have been recorded throughout the 2% of Antarctic
that is ice-free, including all latitudes between 60�S and
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86�S (Peat et al., 2007). The plant biomass consists of li-
chens, non-marine algae, a small number of moss species
and just two higher plant species; Deschampsia antarctica

(Antarctic hair grass) and Colobanthus quitensis (pearl-
wort). As far as we are aware there have been no molecular
or isotopic assays of Antarctic flora or studies of the defla-
tion of Antarctic plant material to the atmosphere and so it
is impossible to say whether it could contribute significantly
to the Southern Ocean samples. Secondly, material may
have been transported aloft to the Antarctic and Southern
Ocean from lower latitudes by the large scale tropospheric
meridional circulation. Advection of biogenic material,
including hydrocarbons, to the upper troposphere can oc-
cur by deep convection in the tropics (e.g. Andreae et al.,
2001). Low latitude regions, where advection of higher
plant hydrocarbons to the upper troposphere may take
place, are characterised by heavy annual precipitation and
a plant ecology dominated by C3 vegetation. Evidence for
the transport of air masses from the lower troposphere, of
the lower latitudes (10–30�S), to Antarctica has been in-
ferred from a study combining modelling and observed
atmospheric CO2 (Murayama et al., 1995). Recently, using
radon anomalies as a tracer, Tasaka et al. (2006) have ob-
served long range transport events from South America
to Antarctica. Typical transport from South America to
Showa station (ca. 7000 km) took one week to 10 days.

4. CONCLUSIONS

– This study of organic matter associated with aerosol par-
ticles was performed on samples acquired onboard a
ship which traversed low, middle and high latitudes,
travelling within a few to >2500 km of continental
Fig. A1. A global map showing geographical sectors (used in combinatio
of total trajectories for source areas, see Table 1) and the global distributio
adapted from Still et al., 2003).
source regions; incurring tropical to polar climates. A
clear signature of terrigenous higher plant lipids was
found even in the remote atmosphere of the eastern
Southern Ocean.

– A stronger signature of terrestrial higher plant inputs
was apparent in three samples collected under conditions
of strong terrestrial winds while the ship was proximal to
the land.

– Unresolved complex mixtures (UCM) showed increasing
values in the North Pacific; highlighting the influence of
the plume of polluted air exported from East Asia in that
region.

– The geographical source areas for each sample were esti-
mated from air-mass back-trajectory computations.
Comparison of backward trajectory analysis, a global
modelled distribution map of C3/C4 biomass and the
biomarker data gave insights into the source areas and
pathways of long range transport.

– CSIA of the dominant C29 and C31 n-alkanes revealed
heavier d13C ratios in the northern latitudes with a tran-
sition to lighter ratios in the Southern Ocean. Moreover,
on the basis of CSIA measurements of the n-alkanes,
compared with back-trajectory analysis, it was generally
possible to discriminate between different source areas.

– A subset of the southernmost Southern Ocean samples is
characterised by low d13C ratios (C3 material dominates)
and high ACL values. The source area is enigmatic; east-
ern Antarctica was the only terrestrial source area inter-
cepted by the back-trajectories. However the biomass of
the eastern Antarctic is vanishingly small. These samples
may represent a regional background of well mixed
higher plant organic material; transported over a very
long range via the surface Westerlies, but if this were
the case a relatively higher input of C4 material might
n with air-mass back-trajectory analysis to calculate the percentage
n of the percentage of C4 terrestrial biomass (the C4 plant fraction is
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be expected. Alternatively, higher plant organic material
may have been transported aloft from the tropics by the
large scale meridional circulation. Further work to
investigate long range atmospheric transport processes
of terrestrial plant material to the remote Southern
Ocean and the Antarctic should be a priority.
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