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Carbon-containing aerosol particles collected in the Arctic and southeastern Pacific marine boundary layers show distinct chemical
signatures of proteins, calcareous phytoplankton, and two types of polysaccharides in Near-Edge Absorption X-ray Fine Structure
(NEXAFS) spectromicroscopy. Arctic samples contained mostly supermicron sea salt cuboids with a polysaccharide-like organic
coating. Southeastern Pacific samples contained both continental and marine aerosol types; of the 28 analyzed marine particles, 19
were characterized by sharp alkane and inorganic carbonate peaks in NEXAFS spectra and are identified as fragments of calcareous
phytoplankton. Submicron spherical particles with spectral similarities to carbohydrate-like marine sediments were also observed
in Pacific samples. In both regions, supermicron amide and alkane-containing particles resembling marine proteinaceous material
were observed. These four chemical types provide a framework that incorporates several independent reports of previous marine
aerosol observations, showing the diversity of the composition and morphology of ocean-derived primary particles.

1. Introduction

The transfer of organic components from the ocean surface
to marine aerosol through bubble bursting was shown over
40 years ago [1–3]. These components, referred to as “marine
primary organic aerosol” or marine POA [4], have been
observed to contribute to organic mass in remote and
coastal marine locations [3, 5–8]. In some cases, primary
components have been observed to compose greater than
70% of measured submicron OC [6, 7]. The production
of submicron particles from bubble bursting remains a
key aspect of the global radiation budget because large
particle sources are limited to continental and coastal regions
[9]; yet the remote marine atmosphere covers more than
half of the earth’s surface. In remote regions, marine-
derived particles have been estimated to account for up to
90% of cloud condensation nuclei (CCN) [10]. Decreases
projected for Arctic sea ice extent in response to climate
warming may contribute an additional 40–200 ng m−3 of
aerosol organic carbon (OC) by 2100 from a combination

of increased surface ocean productivity and increased spatial
extent of wave action [11]. This change in OC is significant
considering that background concentrations of less than 1 μg
m−3 are common in the remote MBL [8, 10, 12–15].

In ocean surface waters, rising bubbles scavenge organic
material that is transferred to the atmosphere as the
bubble bursts [1, 16, 17]. Much of this scavenged organic
material has been classified as “exopolymers,” which are
mostly composed of polysaccharides [18]. The potential
for breaking waves to contribute organic mass to aerosol
particles increases with the high concentration of surface
active organic compounds and microorganisms enriched in
the surface microlayer (SML), relative to the underlying
water [19–21]. Observed enrichment factors (EFs) are several
orders of magnitude for dissolved and particulate organic
carbon (OC) and for specific components like bacteria
and viruses. The production of sea spray from bubble
bursting results in further enrichment of OC [8, 21, 22].
EFs for organic components in marine aerosol particles have
been reported from 5 (viruses and bacteria) to over 100
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(organic carbon) from the SML [8, 21]. Since the surface
ocean is the primary source of marine POA, the types and
relative contributions of organic compounds are expected to
be similar. Chemical characterization of the SML and surface
water has revealed that carbohydrates constitute 80% of
TOC [23], although lipid and protein components have also
been observed [21, 24]. Investigations of the composition
of airborne marine organic particles have shown multiple
lines of evidence for carbohydrates [5, 7, 8, 22, 25–27],
amino acids [22, 28], and marine microorganisms [21, 25],
confirming that many of the organic components found in
the SML and surface ocean are transferred to the marine
atmosphere. It is crucial for understanding the role of sea
spray aerosol in marine aerosol-cloud interactions that we
not only quantify the organic fraction but also characterize
its composition, since the hygroscopicity of organic compo-
nents varies so widely. One important question that remains
is how these marine organic components are mixed in
airborne particles, since the CCN activity of organic particles
can be significantly altered by small amounts of soluble
material [29].

To better characterize marine POA in the remote marine
boundary layer, aerosol particles were collected during
research cruises in the Arctic and southeastern Pacific oceans
in local springtime. Single particle X-ray spectromicroscopy
was used to separate individual particles into four distinct
types of marine POA using organic functional groups, par-
ticle morphology, and elemental composition. The findings
of this analysis are compared in the context of previ-
ous marine POA observations using a variety of analytical
techniques.

2. Methods

2.1. Sample Collection. Ambient aerosol particles for Scan-
ning Transmission X-ray Microscopy with Near-Edge X-ray
Absorption Fine Structure (STXM-NEXAFS) analysis were
collected in 2008 as part of the International Chemistry
Experiment in the Arctic LOwer Troposphere (ICEALOT)
and VAMOS Ocean Cloud Atmosphere Land Study Regional
Experiment (VOCALS-REx) research cruises, using nearly
identical sample collection techniques. The ICEALOT cruise
through the North Atlantic and Arctic Oceans was conducted
in March and April 2008 on the UNOLS R/V Knorr to
investigate the composition and sources of atmospheric
aerosol and gas phase species to the northern polar region.
Detailed descriptions of the ICEALOT cruise track, sampled
air mass histories, and related aerosol measurements are
described in [8] and the associated supplementary material.
All ICEALOT single particles presented here were collected
north of 63◦N; most particles were collected within the
Arctic Circle (north of 66.56◦N). In October and Novem-
ber 2008, the NOAA R/V Ronald Brown traveled in the
southeastern Pacific Ocean in the region along 20◦S as
part of VOCALS-REx, a multiplatform campaign designed
to investigate ocean-atmosphere interface processes and
to probe aerosol-cloud interactions in the stratocumulus-
topped MBL [30]. Details of the VOCALS-REx cruise
track, sampled air mass histories, and aerosol chemistry

are described in [15]. VOCALS-REx single particle samples
were collected along the 20◦S portion of the cruise track,
including both coastal and remote marine locations. For
simplicity, all ICEALOT particles will be referred to as
“Arctic” and all VOCALS-REx particles will be referred to as
“Pacific.”

Particles were collected through a shared, isokinetic
sampling inlet 18 m above sea level [31] and impacted onto
silicon nitride windows (Si3N4, Silson, Ltd., Northampton,
England) at 1 LPM (providing a 2.5 μm 50% efficiency size
cut) using a rotating impactor (Streaker, PIXE International
Corp., Tallahassee, FL). This impactor was located in a
humidity-controlled enclosure; the relative humidity was
below 30% during ICEALOT and was controlled at 55%
during VOCALS-REx. Windows were sealed and stored
frozen until analysis.

2.2. Analysis

2.2.1. STXM-NEXAFS. Particles were analyzed on Beamline
5.3.2 at the Advanced Light Source in Lawrence Berkeley
National Laboratory (Berkeley, CA) at atmospheric temper-
ature and under dry He (1 atm). Details of STXM-NEXAFS
analysis of atmospheric aerosol particles are described in
[32, 33], and a brief description is provided here. Image scans
from 278 to 320 eV (with up to 0.2 eV resolution) of individ-
ual particles provide X-ray absorption spectra of the carbon
K-edge, with characteristic peaks from various energy tran-
sitions of the bound carbon atoms. Organic and inorganic
carbon-containing functional groups are identified by their
specific absorption energy between 280 and 320 eV (Table 1).
Potassium L-edge transitions also occur in this region. Only
particles with measurable difference in absorbance between
280 and 292 eV (the carbon edge) are selected for image
scans. Energy calibrations were performed within 48 hours
of particle analysis using CO2 as the reference material. All
necessary adjustments were less than 0.05 eV. Absorption
spectra from each pixel within the two-dimensional particle
image are averaged and normalized following the procedure
described in [33]. Spectra normalization entailed subtracting
background absorbance (278–283 eV) followed by normaliz-
ing to total carbon content (301–305 eV). This normalization
provides more uniform spectra for qualitative comparison.
Image alignments were performed in Matlab (Mathworks
Inc.) using a normalized cross-correlation algorithm imple-
mented in the Matlab image-processing toolbox [33]. An
automated algorithm for peak fitting [33] provides relative
absorption of aromatic/alkene R(C=C)R′, ketone R(C=O)R′,
alkyl R(C–H)nR′, carboxylic carbonyl R(C=O)OH, alcohol
R–COH, and carbonate CO3

2− carbon. Spherical-equivalent
geometric diameter is used to approximate particle size and is
equal to the diameter of a sphere having the same area as the
sum of individual pixels with signal above the background
level.

Individual particle spectra were clustered using a guided
Ward clustering algorithm based on a training set of spectra
from the 14 particle classes described in [32]. Following
clustering, visual inspection of the resulting classes identified
4 spectra types whose class assignments did not accurately
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Table 1: X-ray spectra carbon K-edge, near-edge, and postedge
features.

Component Transition Energy (eV)

Aromatic/alkene,
R(C=C)R′

C 1s-π∗C=C 284.4–286.4a

Ketone, R(C=O)R′ C 1s-π∗C=O 286.2–290.9a

Alkyl, R(C–H)nR′ C 1s-σ∗C–H 287.4–288.5a

Amide carbonyl,
R–NH(C=O)R′

C 1s-π∗C=O 288.3 ± 0.2b

Carboxylic carbonyl,
R(C=O)OH

C 1s-π∗C=O
288.2–288.9
± 0.3a

Alcohol, R–COH C 1s-3p/σ∗C–OH 289.5 ± 0.3b

Inorganic carbonate,
CO3

2− C 1s-π∗C=O 290.4a

Alkyl, R(C–H)nR′ C 1s-σ∗C–C 290.8–293a

Potassium, K L2,3 edges
297.4 ± 0.2
and 299 ±

0.2c

a[34], b[35], c[36].

represent their spectral features. These spectra had not been
observed in previous STXM-NEXAFS studies of atmospheric
particles and therefore were not represented in the 14-class
training set. The interpretation of these spectra is described
in detail in Section 3.

2.2.2. SEM-EDX. Following STXM-NEXAFS analysis, a
subset of analyzed carbon-containing single particles (11
particles) were investigated for elemental composition using
Scanning Electron Microscopy with Energy Dispersive X-
rays (SEM-EDX) at the Scripps Institution of Oceanography
Analytical Facility (La Jolla, CA) using a model FEI Quanta
600 microscope at 10 keV. Samples were uncoated and were
analyzed under moderate vacuum. All samples showed Si
and N absorption due to the sample substrate. Identified
elements include C, O, Ca, S, Na, Mg, and Cl.

3. Results and Discussion

Figure 1 shows the distribution of analyzed carbonaceous
particles in Pacific and Arctic samples categorized by
particle-average spectra. Nonmarine particle types include
soil dust, combustion, and secondary particles. These par-
ticle types have been observed in previous measurements
in urban locations (e.g., Mexico City) and areas affected by
urban outflow (e.g., offshore China, the Caribbean, and the
Pacific Northwest) [32]. Soil dust particles are characterized
by carbonate, potassium, and carboxylic acid-containing
organic components (Type “f” in [32]) and are attributed to
air masses passing near Santiago and other urban areas along
the arid Chilean coast before reaching the ship [15].

Combustion particles show strong aromatic/alkene
absorbance at 285 eV and broad alkyl carbon absorption at
292 eV (similar to Type “d” in [32]). With one exception,
these particles were submicron, and four out of eight
particles were below 300 nm spherical equivalent diameter.

Table 2: Summary of observed marine particle types in southeast
Pacific and Arctic samples.

Type
No. of Marine Particles

Pacific Arctic

Polysaccharide

with carboxylic acid (PsI) 0 43

without carboxylic acid (PsII) 7 0

Protein 2 4

Phytoplankton 19 0

Total 28 47

Secondary type particles (type “a” in [32]) are charac-
terized by broad carbon absorption beyond 300 eV and
by carboxylic carbonyl absorption at 288.7 eV. In previous
studies in marine locations, these particles have been the
most commonly observed type [32]. In Pacific samples,
however, much of the carboxylic acid-containing organic
mass is associated with soil dust particles, consistent with
measurements reported in [37] of internal mixtures of oxalic
and malonic acids with mineral dust.

All organic particles not included in the soil dust,
combustion, or secondary particle types were identified as
marine origin and fell into four types: carboxylic acid-
containing polysaccharides (Arctic), low-solubility polysac-
charides (Pacific), calcareous phytoplankton fragments
(Pacific), and proteinaceous material (Arctic and Pacific)
(Table 2). Marine particles were observed in both Pacific and
Arctic samples; however, most of the particles collected in
the Arctic region were supermicron. The features and inter-
pretation of the NEXAFS spectra and STXM morphology
of particles in each marine type are discussed in detail in
the following sections. In addition, three Pacific particles
were identified with carbonate and potassium absorption but
without any signatures of organic carbon. Their spectra are
very similar to type “E” particles found in ocean sediments
in [38], which were identified as marine calcium carbonate.
These particles are labeled “CaCO3” in Figure 1 but are not
included below since they lack organic components.

3.1. Carboxylic Acid-Containing Polysaccharides on Sea Salt.
Figure 2(a) shows single particle spectra (and category
average) for the most commonly observed marine particle
type. Spectra in this category have strong carboxylic carbonyl
peaks and weak alcohol, carbonate, and potassium peaks.
These particles were seen in Arctic samples and compose 43
of the 48 analyzed Arctic particles. Two particles collected at
a coastal site in California, which is frequently influenced
by marine air masses, also share these features [39]. This
particle type is distinct from Type “a” particles in [32]
in the stronger contribution of the carboxylic carbonyl
peak and the broad alkyl absorption near 293 eV. Filter
measurements of submicron particles from the Arctic show
a large contribution from alcohol (C–OH) groups to OM
attributed to marine carbohydrate-like compounds [8], con-
sistent with previous chemical characterization of the surface
microlayer as 80% carbohydrate [23] and with exopolymer
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Figure 1: Distribution of the number of analyzed particles from (a) southeastern Pacific and (b) Arctic marine boundary layers. Particles
labeled as “marine polysaccharide” in Arctic samples correspond to Figure 2(a) (PsI) while those in southeastern Pacific samples correspond
to Figure 2(b) (PsII). Particle frequency for the collected samples is partly a result of sampling bias and does not represent the observed
particle size distribution.

secretions (EPSs) repeatedly identified in submicron marine
aerosol [7, 25–27]. Just under 90% of the observed Arctic
supermicron particles do not show a significant peak at
289.5 eV (C–OH transition), which is different from most of
the reported carbohydrate reference spectra [35]. A fraction
of these observed spectra do have a shoulder located near
289.5 eV; yet all spectra are dominated by a large peak near
288.7 eV (carboxylic carbonyl). Relative NEXAFS absorption
of carboxylic carbonyl and alcohol groups in acid-group-
containing reference polysaccharides shows a similar trend;
for example, muramic acid and alginic acid show stronger
carboxylic carbonyl (π∗ transition) peaks than alcohol (σ∗

transition) peaks [35] despite the fact that the molar ratio of
carboxylic acid to alcohol groups is 0.33 in muramic acid and
0.5 in alginic acid. These compounds are found in bacterial
(muramic) and brown algae (alginic) cell walls as structural
polysaccharides. Glucuronic acid is another carboxylic acid
containing component of polysaccharides that shows strong
carboxylic carbonyl absorption (288.65 eV) [35].

Alginic acid is a relevant example for marine POA since
the brown algae family includes giant kelp and seaweed
found in cold, northern hemisphere oceans [40]. Figure 3
shows the similarities between the average spectrum of
particles in this category and an alginic acid reference
spectrum [41]. Both spectra show a strong, narrow peak
at 288.7 eV and a weaker, broad absorption at 293 eV,
without any other organic carbon peaks. Carbonate and
potassium absorbances in the average carboxylic acid-type

spectrum can be attributed to the sea salt associated with
these particles. Many of the particles in this type were
characterized by inorganic cuboid structures with an uneven,
organic coating (Figure 4(a)), which also were absent in
the previously observed secondary particles. EDX spectra
of four particles from this class are shown in Figure 5 of
Russell et al. [8]; observed peaks include Na and Cl for
all four particles. This small amount of organic relative
to crystallized sea salt is consistent with the lower organic
enrichment expected for supermicron particles rather than
submicron particles. This morphology suggests that the
organic components on these particles are more soluble than
previously reported polysaccharides, which are generally
colloidal spherules not associated with sea salt [25–27].
The association with seawater components is also consistent
with the assignment of these particles as carboxylic acid-
containing polysaccharides like alginic acid, since it has a
strong tendency to take up water. These particles are referred
to as “Type I polysaccharides” or PsI.

3.2. Low-Solubility Polysaccharides. Figure 2(b) shows single
particle spectra (and category average) for particles with
visible alcohol C–OH absorption (289.5 eV) accompanied
by aromatic, ketonic, and carboxylic carbonyl carbon peaks
found only in Pacific samples. Here the carboxylic car-
bonyl absorption is approximately equal to the alcohol car-
bon absorption. Reference polysaccharides with equivalent
peak heights at or near 288.7 (carboxylic carbonyl) and
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Table 3: Observed types of marine primary organic aerosol and the suggested biological relevance of specific particle types.

Location Method(s) Particle Size Dominant Component(s)
or Spectral Feature

Biological Relevance

Polysaccharides

Arctica TEM, <100 nm Colloidal spherules EPS gels

Variousb TEM <1 μm Colloidal spherules EPS gels

X-ray backscatter,

and solubility

Mediterranean Sea and Alcian blue dye 1–50 μm Semi-transparent colloids Polysaccharides

Long Island Soundc

W. Pacificd TEM, <50 nm Colloidal spherules EPS gels

SEM with X-ray
backscatter,

and solubility

North Atlantice,∗ HNMR (WSOC and
WIOC)

60–1000 nm Hydroxylate aliphatics Lipopolysaccharides

Lipid-like aliphatics

Arctic f FTIR spectroscopy <1 μm Organic hydroxyl groups Polysaccharides

Alkane groups

SE Pacificg FTIR spectroscopy <1 μm Organic hydroxyl groups Polysaccharides

SE Pacifich STXM-NEXAFS <1 μm Organic hydroxyl groups Polysaccharides

Arctich STXM-NEXAFS >1 μm Carboxylic acid groups Polysaccharides

Protein and amino acid compounds

Arctici TEM and Extraction >50 nm Hydrophobic organic
aggregates

Amino acids

Mediterranean Sea and HPLC and not provided Asp, Glu, Ser, Ala Amino acids

Long Island Soundc Coomassie Blue dye 1–50 μm Semi-transparent colloids Proteins

Arctich STXM-NEXAFS >1 μm Alkane and Protein

amide groups

SE Pacifich STXM-NEXAFS >1 μm Alkane and Protein

amide groups

Micro-organisms and their fragments

Arctici TEM and Extraction 400 nm Bacteria and diatoms

Arctica TEM, 200–5000 nm Micro-organisms and
fragments

X-ray backscatter,

and solubility

W. Pacificd TEM, >400 nm CaCO3 Coral-related

SEM with X-ray
backscatter,

3.7 to 7.5 μm Bacteria

and solubility

SE Pacifich STXM-NEXAFS <1 μm CaCO3 and alkane groups
Calcareous phytoplankton
fragments

None listed

Tasmania j PALMS >160 nm Organic mass fragments

Arctick TEM >100 nm Organic liquid Proteins

Irelandl IC, <1.5 μm WIOC (not characterized)

EGA, WSOC (aliphatic groups

HNMR, near heteroatoms, HULIS,

and TOC
and partially oxidized
species

∗HNMR characterized aerosol was generated in a laboratory setting from collected seawater.
a[25], b[26], c[22], d[27], e[7], f [8], g [15], hThis work, i[28], j[14], k[42], l[6].
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289.5 eV (alcohol) include chitin and L-rhamnose [35].
Chitin does not contain any carboxylic carbonyl groups but
does contain amide carbonyl groups (monomers are N-
acetylglucosamine) which may be responsible for the peak
at 288.4 eV. Glucosamine is also present in a 1 : 1 ratio
with muramic acid monomers in peptidoglycan, which has
been shown to be a major constituent of marine dissolved
organic matter (DOM) [43]. Therefore, the observed peak
in the average alcohol-type spectrum near 288.7 eV could be
attributed either to carbonyl in amide groups or to a mixture
with carboxylic carbonyl-containing polysaccharides. It is
more probable that these particles contain a mixture of
structural polysaccharides than isolated compounds, result-
ing in less pronounced spectral features than the reference
spectra. In fact, the most similar spectrum to the category
average comes from a sediment sample of marine particulate
organic matter (POM, [38]) (Figure 3). [38] used factor anal-
ysis to separate different biological compounds in marine
POM, and one factor with significant C–OH absorption
was identified as carbohydrate material. The carbohydrate-
containing marine POM shares the aromatic and ketonic
carbon absorbances with the spectra of these particles, while
reference (pure) structural polysaccharide spectra in [35]
do not. Particles of this type are referred to as “Type II
polysaccharides” or PsII.

Filter-based FTIR spectroscopic measurements of Pacific
submicron particles show a significant contribution from
marine OM (from factor analysis) that is most prominent in
sampled air masses with low PM1 particle mass (<1 μg m−3)
and with low radon concentration (<200 mBq m−3), indi-
cating little continental influence [15]. Complementary
ion chromatography (IC) measurements show low con-
centrations of submicron Na+ (<0.1 μg m−3) or Cl−

(<0.07 μg m−3), which is consistent with the relatively calm
seas encountered during the cruise. PsII particles are
spherical, with no cuboidal inorganic core (Figure 4(b)),
similar to the spherical colloidal structures observed in TEM
by [25–27]. The lack of cuboids is consistent with the
lower fraction of Na/OM expected in submicron particles
[44].

3.3. Calcareous Phytoplankton Fragments. Figure 2(c) shows
single particle spectra (and category average) for particles
with three strong, narrow peaks at 288.1, 290.4, and 292 eV
associated with alkyl R(C–H)nR′ (π∗), inorganic carbonate
CO3

2− (π∗), and alkyl R(C–H)nR′ (σ∗) transitions, respec-
tively. These particles were strictly submicron and found
in Pacific samples. A particle with this same characteristic
signal was also found in a sample collected at a California
coastal site [39]. Compared with all other particle-average
spectra, these spectra have much stronger signal-to-noise
and have little particle-to-particle variability. These particles
also have very little pre-edge absorbance indicating that
they are entirely composed of the absorbing (carbonaceous)
material, consistent with their strong signal. The narrow
alkyl peaks indicate little variation in the neighbors of the
absorbing alkyl carbon atoms (e.g., straight-chain alkane
compounds) as does the absence of other organic carbon
peaks.

The carbonate peak at 290.4 eV is also strong and narrow,
indicating that other than the long-chain hydrocarbon
compounds, the particle is mostly some form of carbonate.
The reference spectrum for CaCO3 is shown in Figure 3.
CaCO3 shares the sharp peak at 290.4 eV and the multiple,
broad peaks to the right of 295 eV with the average spectrum.
To determine the type of carbonate-based mineral, 6 of the
19 particles in this category were analyzed with SEM-EDX;
all particles showed strong C, O, and Ca signals while S, Na,
Mg, and Cl were absent or weak (Figure 5(c)). These particles
show a variety of nonspherical shapes. Some particles
appear elliptical with sharp points (Figure 4(c)) and others
are amorphous. Based on their appearance, the particles
resemble small, dust-like fragments. However, their chemical
composition is not consistent with aged or processed dust
transported to the remote MBL. In addition, long-chain
hydrocarbons are not typical of secondary organic aerosol
[45]; the absence of S in EDX spectra also makes it unlikely
that atmospheric processing is responsible for the majority
of organic mass in these particles.

Previous observations of excess Ca2+, relative to sea
salt ratios, in marine aerosol have been attributed to
fragments of calcium carbonate-producing phytoplankton
(coccolithophores) emitted to the atmosphere during bubble
bursting [46]. Other possible sources of elevated calcium
include EPS, which have been shown to incorporate calcium
in gel formation [47]. These single-celled phytoplankton
produce delicate, calcium carbonate scales (coccoliths) that
continually slough off the organisms during their growth and
that are released during predation [48]. These scales are oval-
shaped and are typically 500–3000 nm in length, resulting
in fragments that are consistent with the observed size
range of these alkane/carbonate particles. Coccolithophores
(especially Emiliania huxleyi) are abundant in both high-
and low-latitude oceans and are responsible for about half of
the total oceanic carbonate production [49]. Their blooms
are so large and persistent that they can been seen from space
in satellite images of ocean color as patches of light green
against the dark blue ocean. A recent study measuring whole
coccolithophores, detached scales, and calcite fragments in
surface waters in the same region as the VOCALS-REx
cruise has documented their abundance in the Peru-Chile
Upwelling (PCU) and the South Pacific Gyre (SPG) [49]. The
measured seawater carbonate particle surface area distribu-
tion in their work showed a large peak between 2 and 3 μm
(corresponding to whole coccoliths with diameters between
1.6 and 2 μm) and a smaller peak at 250 nm (corresponding
to coccolith fragments with diameters around 560 nm). This
smaller mode is consistent with the size range of observed
particles in this category.

In addition to producing a large fraction of oceanic
carbonate, coccolithophores are known to produce extremely
stable, lipid-like compounds called alkenones (nC37–C39),
which contain one ketone group and two or three degrees
of unsaturation [50]. Although the exact function of these
compounds is unknown, an investigation of alkenones in
various organelles and membranes of Emiliania huxleyi has
shown that they are predominantly located in the coccolith-
producing compartment (CPC) of the cell and are most likely
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Figure 2: Individual (grey) and average (black) NEXAFS spectra of the four marine particle types including (a) PsI, (b) PsII, (c) calcareous
phytoplankton fragments, and (d) proteinaceous particles. Illustrations in each panel represent commonly observed morphologies associated
with each spectra type. The observed size range for each type is shown below the illustrations.

membrane-unbound lipids associated with the function of
the CPC [51]. The coproduction of these long-chain alkanes
with calcite coccoliths is consistent with the strong, sharp
alkyl peaks present in our alkane/carbonate particle spectra
and with the absence of other groups, such as carboxylic

acids. Coproduction would also result in a similar ratio
of the two species (alkane and carbonate) over the parti-
cle, rather than separate carbonate and alkane-dominated
regions. Figure 5(b) shows the pixel-by-pixel normalized
alkane absorption compared with normalized carbonate
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Figure 3: Normalized average spectra for each of the four
marine particle types and (below) corresponding reference spec-
tra with similar features. Spectra were reproduced from [41]
(alginic acid), [38] (carbohydrate and protein-like marine POM),
and http://xray1.physics.sunysb.edu/∼micros/xas/xas.html, unpub-
lished (CaCO3). Vertical grey lines mark relevant transitions
(from left to right): 285 eV (R(C = C)R′), 286.7 eV (R(C=O)R′),
288.1 eV (R(C–H)nR′), 288.3 eV (R–NH(C=O)R′), 289.5 eV (R–
COH), 290.4 eV (CO3

2−), 292 eV (R(C–H)nR′), 297.4 eV (K), and
299 eV (K).

absorption for each of the 19 alkane/carbonate-type parti-
cles. Correlations between these two groups are strong (12
of the 19 particles have r > 0.75). These strong correla-
tions demonstrate the uniformity of the two groups over
individual particles, though the relative amounts of alkane
and carbonate groups (i.e., the fitted slopes) vary among
particles. Given these observations, the alkane/carbonate
particles will be referred to as “Calcareous phytoplankton
fragments” in the remaining sections.

3.4. Proteinaceous Particles. Figure 2(d) shows single parti-
cle spectra (and category average) for particles with aro-
matic/alkene, alkyl, and amide carbon absorptions at 285,
287.7, and 288.2 eV, respectively. The aromatic/alkene peak at
285 eV has a shoulder at 285.4 eV in all 6 particles indicating
the presence of multiple unsaturated carbon environments.
These spectra, like the calcareous phytoplankton spectra,
have low noise and are quite similar to one another in
terms of peak locations, shapes, and relative peak heights.
Unlike the other categories, particles with this signature
are found in both Arctic and Pacific samples but with
slightly different morphologies. The two Pacific particles

are spherical and all four of the Arctic particles are loose
agglomerations of carbonaceous material (Figure 4(d)). The
most unique feature of these spectra is the shoulder at
288.2 eV, corresponding to carbonyl carbon in an amide
group [34, 35]. Amide groups have also been identified
from the CNH σ∗ transition at 289.5 eV [34, 52]. Amide
groups (known as peptide bonds when found in proteins)
are formed from dehydration reactions of the carboxylic acid
group of one amino acid monomer and the amine group
of another. Therefore, reference spectra for amino acids
that have strong carboxyl carbonyl absorption [35] are not
representative of bound amino acid monomers in proteins.
The broad alkyl absorption near 292 eV indicates that a
variety of alkyl carbon environments exist in these particles,
contrasting the sharp peak at 292 eV in the calcareous
phytoplankton fragments. In addition, the presence of two
alkyl carbon peaks and the absence of the carboxylic carbonyl
peak indicate that these proteinaceous compounds may be
related to lipoproteins that are found in the membranes of
chloroplasts. Lipoproteins contain both lipid and protein
components and could be responsible for the significant alkyl
absorption seen here. Aromatic and alkene groups are found
in proteins as well. Phenylalanine, tyrosine, histidine, and
tryptophan are all amino acids with aromatic or alkene side
groups.

The fourth pair of spectra in Figure 3 show the spec-
tral similarities between the average amide-type particle
spectrum and the protein-like component of marine POM
identified in [38]. The two spectra share the small shoulder
at 285.4 eV and the amide and broad alkyl absorption
regions. However, the amide-type average spectrum has
more π∗ alkyl absorption (287.7 eV) (which is associated
with long-chain hydrocarbons such as lipids) than the
protein-like marine POM. The lipid component may give
these particles more surface active properties and may result
in preferential concentration in the surface microlayer. If
this is the case, lipid-containing proteinaceous material
would be preferentially transferred to the atmosphere during
bubble bursting over nonlipid proteinaceous compounds.
The particle images in this type, both spherical and agglom-
erative, show little evidence of sea salt, which is consistent
with hydrophobic organic material. In collocated filter
measurements of both Pacific and Arctic MBL air masses,
primary amines composed 8% of marine OM (from factor
analysis). In fact, primary amine groups have been identified
in marine OM factors from all ambient measurements where
marine factors were identified [8]. That the Pacific and Arctic
proteinaceous POA spectra are indistinguishable reflects the
apparent chemical similarity of the protein components in
marine POA.

3.5. Reconciling Marine POA Observations. Over 10 years of
measurements of marine POA are summarized in Table 3;
although the collection encompasses particle properties
determined from diverse techniques from TEM-EDX to
HNMR, most observations can be assigned to one of
three main types: (1) polysaccharides, (2) proteins and
amino acids, or (3) microorganisms and their fragments.
Figure 6 illustrates the three main types and their surface
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Figure 4: Relative carbon images of representative particles for (a) PsI, (b) PsII, (c) calcareous phytoplankton, and (d) proteinaceous particle
types. For each image, the red-blue color scale is relative to individual particle carbon absorption, where red denotes the maximum carbon
absorption and blue denotes the minimum.

ocean counterparts using the four types of marine POA
particles observed in this study. The chemical characteriza-
tion of single marine POA particles suggests that biogenic
organic components and microorganisms observed in this
and previous studies are present as an external mixture
including—but not limited to—polysaccharides, proteins,
and microorganisms.

Using TEM images of colloidal spherules, X-ray backscat-
ter of elemental components, and tests for solubility, Leck
and Bigg [25, 26] deduced that the hydrated, heat-resistant,

hydrophobic organic substance present in submicron marine
aerosol was related to exopolymer secretions (EPSs), which
are high molecular weight, hydrated polysaccharides. This
finding was consistent with numerous reports of large
concentrations of EPS in surface ocean water [18, 47]. The
colloidal structure of the hydrophobic particles is also consis-
tent with the observation of gel formation from the marine
EPS [47, 53]. Although the attributes of their measurements
of particle shape, size, and solubility were consistent with
EPS characteristics, little chemical evidence was available
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Figure 5: (a) Relative carbon absorbance per pixel from integrated NEXAFS particle-average spectrum for a calcareous phytoplankton
fragments. (b) Alkane absorbance compared with carbonate absorbance for pixel-by-pixel fit of NEXAFS spectra of all calcareous
phytoplankton type particles. Markers are colored by the correlation coefficient for each least-squares linear regression (one color per
particle). (c) EDX spectrum of the same particle at 10 keV accelerating voltage. Vertical red lines mark the C, N, O, Si, and Ca absorbances
from left to right. N and Si absorbances are from the sample substrate.

to confirm their composition as polysaccharides. Near the
same time, ambient marine particles from the Mediterranean
and Atlantic were shown to contain polysaccharide-rich
gels using Alcian blue dye, a stain sensitive to all types
of polysaccharides [22]. EI-MS measurements of marine
aerosol in the western Pacific also showed substantial contri-
butions from carbohydrates (i.e., levoglucosan and glucose)
partially attributed to organics from the ocean surface [5].
A subsequent HNMR study of laboratory-generated aerosol
(using North Atlantic seawater) corroborated the presence
of polysaccharide-like organic components in marine POA
by reporting aliphatic and hydroxylated functional groups
in addition to lipid-like signatures [7]. The authors pro-
posed lipopolysaccharides as a possible explanation for the

observed groups. Evidence that polysaccharides accounted
for 44–61% of marine submicron OM was provided in
Russell et al. [8] using FTIR spectroscopy. Their work
used the chemical similarity of alcohol C–OH groups in
ambient marine submicron aerosol with reference FTIR
spectra of 11 different polysaccharides (e.g., pectin, glucose,
and xylose). That study was the first to report large quantities
of specific signatures of polysaccharides associated with sea
salt in submicron ambient marine aerosol, consistent with
both the physical attributes reported in [25, 27] and the
chemical signatures of simulated marine aerosol in [7]. Using
single particle spectromicroscopy, we have observed that
polysaccharide-containing particles make up a majority of
the measured carbonaceous single particles in two marine
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Figure 7: Estimated mass of marine particle types from both Arctic
and Pacific samples.

regions. From these single particle measurements we have
also estimated the mass distribution of Arctic and Pacific
marine particles, using the spherical equivalent diameter
approximated for each particle and an average density of
1 μg m−3 (for simplicity). Figure 7 shows the combined,
approximate mass distribution of Arctic and Pacific marine

POA. Together, Type I and II polysaccharides compose
57% of measured submicron particle mass (and 83% of
total particle mass), consistent with the observations of
[8]. We also show that multiple types of polysaccharides,
including water-insoluble compounds resembling chitin,
exist in airborne marine particles.

Prior to the discovery of polysaccharides in marine
aerosol, TEM analysis of Arctic submicron aerosol particles
indicated that the spherical, hydrophobic organic particles
could be related to amino acids (i.e., L-methionine) based
on the surface active nature of the aerosol particles and
on measurements of surface active proteins being scavenged
by bubbles in seawater [28]. However, the same properties
attributed to proteins in Leck and Bigg [28] could also be
attributed to EPS [25–27]. More recently, Kuznetsova et al.
[22] used Coomassie blue dye to confirm that some of the
colloidal gel-like material surrounding bacteria and virus
in Mediterranean and Atlantic marine aerosol samples was
indeed proteinaceous. Here we report observations of amide-
containing hydrophobic marine aerosol particles from two
distant ocean environments that match the characteristic
spectral signatures of proteinaceous marine POM, indicating
that protein-like organic compounds also contribute to
marine POA in many parts of the marine atmosphere.

Marine microorganisms clearly play a large role in
marine aerosol formation and composition. In addition to
secreting nonvolatile organic components (e.g., polysaccha-
rides, lipids, and proteins) and emitting gas phase precursors
to marine aerosol (e.g., dimethyl sulfide, DMS), they can
themselves be lofted to the atmosphere where they can serve
as surfaces for heterogeneous reactions and as cloud conden-
sation nuclei [1, 21, 25, 28]. Most observations of airborne
microorganisms have reported bacteria or diatom fragments,
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mostly because these particles have distinct shapes easily
discernible from other particles in TEM images. Submicron
fragments, especially if mixed with gel-like organic material
concentrated in the surface microlayer, are extremely difficult
to identify based solely on morphology. SEM coupled with
EDX can confirm the presence of C, O, and nutrient-
affiliated elements like N and P but cannot provide the
chemical specificity needed to identify the components
of intact cell walls, chloroplasts, or other organelles. For
this, X-ray spectromicroscopy is well-suited [38, 41]. Using
STXM-NEXAFS we have identified submicron fragments
of calcareous phytoplankton (coccolithophores) previously
suggested to contribute significant quantities of nss-Ca in
MBL aerosol [46]. The unique signature of CaCO3 coupled
with straight-chain alkane groups in the average spectra was
combined with subparticle resolution spectra—confirming
the uniform distribution of the two components—to sup-
port the classification of these particles as biological.

4. Conclusion

Ambient sub- and supermicron marine aerosol particles
were collected in Pacific and Arctic marine boundary layers
and subsequently analyzed using single particle STXM-
NEXAFS, revealing four distinct types of marine POA.
Although two-thirds of marine particles were characterized
as polysaccharides, important differences exist even among
those seemingly similar biogenic compounds, including the
association with sea salt and the inferred differences in
hygroscopicity. We also report evidence of proteinaceous
compounds and the first observation of calcifying phyto-
plankton in marine POA.

In previous chemical characterizations of marine aerosol,
most observations of marine POA show either hydrophobic,
polysaccharide-like material or morphologically distinct
microorganisms (i.e., bacteria and diatoms). The parti-
cles presented here, while consistent with those observa-
tions, provide a more detailed, chemically specific pic-
ture of marine aerosol that resolves some of the uncer-
tainties associated with previous observations. These obser-
vations also confirm that multiple, distinct types of
marine particles are emitted to the atmosphere as external
mixtures.
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