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Abstract

Biomass burning impacts biogeochemical cycling, vegetation dynamics and climate. However, interactions between fire,
climate and vegetation are not well understood and therefore studies have attempted to reconstruct fire and vegetation history
under different climatic conditions using sedimentary archives. Here we focus on levoglucosan, a thermal by-product of cel-
lulose generated during biomass burning, and, therefore, a potential fire biomarker in the marine sedimentary archive. How-
ever, before levoglucosan can be applied as a biomass burning proxy in marine sediments, there is a need for studies on how
levoglucosan is transported to the marine environment, how it is reflecting biomass burning on continents, as well as the fate
of levoglucosan in the marine water column and during deposition in marine sediments. Here we present analyses of levoglu-
cosan, using an improved Ultra High Pressure Liquid Chromatography-Electro Spray Ionization/High Resolution Mass
Spectrometry (UHPLC-ESI/HRMS) method, in atmospheric particles, in particulate matter settling through the water col-
umn and in marine surface sediments on a longitudinal transect crossing the tropical North Atlantic Ocean at 12°N. Levoglu-
cosan was detected in the atmosphere, although in low concentration, possibly due to the sampled particle size, the source area
of the aerosols, or the short time interval of sampling by which large burning events may have been missed. In sinking par-
ticles in the tropical North Atlantic Ocean we find that levoglucosan deposition is influenced by a mineral ballast effect asso-
ciated with marine biogenic particles, and that levoglucosan is not transported in association with mineral dust particles.
Highest levoglucosan concentrations and seasonal differences in sinking particles were found close to continents and low con-
centrations and seasonal differences were found in the open ocean. Close to Africa, levoglucosan concentration is higher dur-
ing winter, reflecting seasonal burning in northwestern Africa. However, close to South America levoglucosan concentrations
appear to be affected by riverine transport from the Amazon River. In surface sediments close to South America, levoglucosan
concentration is higher than in the middle of the Atlantic Ocean, implying that here the influence from the South American
continent is important and perennial. Our study provides evidence that degradation of levoglucosan during settling in the
marine water column is not substantial, but is substantial at the sediment-water interface. Nevertheless, levoglucosan was
detected in all surface sediments throughout the tropical North Atlantic, indicating its presence in the marine sedimentary
record, which reveals the potential for levoglucosan as a biomass burning proxy in marine sediments.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Fire has long been recognized to impact global ecosys-
tem patterns and processes (Bond and Keeley, 2005) and
it affects regional and global biogeochemical cycling, vege-
tation dynamics, climate, air quality and human health (e.g.
Crutzen and Andreae, 1990; Bond and Keeley, 2005;
Shakesby and Doerr, 2006; Bowman et al., 2009). Further-
more, wildfires in the last few decades have resulted in high
economic costs in damages and subsequent health effects of
smoke haze (e.g. Glover and Jessup, 2006). Nevertheless,
large gaps remain in our understanding of the complex
interactions between fire, climate and environment, despite
an increasing need to manage fire and its emissions
(Keywood et al., 2013), and integrate these interactions into
Earth system models (Hantson et al., 2016). Therefore, fires
have been studied at a wide range of temporal and spatial
scales using satellites (e.g. Mouillot et al., 2014), historical
data (e.g. Mouillot and Field, 2005) and dendrochronolog-
ical data (e.g. Falk et al., 2011) for investigating the relation
between climate, environment and fire, both at present as
well as in the recent past.

Over longer (geological) time scales, sedimentary
records have proven to be useful archives for proxies which
enable the reconstruction of fire history (e.g. Daniau et al.,
2013). Most of these studies use charcoal (e.g. Mooney and
Tinner, 2011), black carbon (e.g. Han et al., 2016) or poly-
cyclic aromatic hydrocarbons (e.g. Denis et al., 2012) as
proxies for fire activity. However, application of these prox-
ies in the sedimentary archive can sometimes be problem-
atic. For example, there are many factors determining
quantities of charcoal accumulating in lake sediments, such
as lake and watershed size and the proportion of woody
taxa (Hawthorne et al., in press and references therein),
and also, this proxy mostly gives a rather local signal as
the charcoal particles are only transported over relatively
short distances. Polycyclic aromatic hydrocarbons are also
formed during the combustion of other materials, such as
fossil fuels (Peters et al., 2005), or during diagenesis of nat-
ural products (e.g. Koopmans et al., 1996) and are thus not
specific enough as indicators for biomass burning. This
illustrates that there is a need for additional biomass-
burning proxies that cover a wider geographical area and
have high source specificity.

A class of compounds commonly also associated with
biomass burning are anhydrosugars, specifically levoglu-
cosan (1,6-anhydro-B-p-glucose) and its isomers mannosan
(1,6-anhydro-B-D-mannopyranose) and galactosan (1,6-
anhydro-B-p-galactopyranose). These anhydrosugars are
thermal products of cellulose/hemicelluloses formed at a
temperature range of 150-350 °C (Shafizadeh et al., 1979;
Simoneit et al., 1999; Kuo et al., 2011a). Levoglucosan is
considered to be an ideal tracer for biomass burning in
aerosols because of its high emission and source-
specificity (e.g. Simoneit and Elias, 2000) and has been used
in numerous air-quality studies (e.g. [inuma et al., 2016). It
has been shown that levoglucosan can degrade during long-
range atmospheric transport by photo-oxidation (Zhao
et al., 2014), heterogeneous reactions with OH radicals
(Hennigan et al., 2010; Hoffmann et al., 2010; Kessler

et al., 2010; Teraji and Arakaki, 2010; Slade and Knopf,
2013, 2014; Lai et al., 2014) and NO; radicals (Knopf
et al., 2011; Shiraiwa et al., 2012) and by multiphase oxida-
tion by OH radicals (e.g. Arangio et al., 2015). However, it
has been suggested that more direct atmospheric tracer
studies are needed to further assess atmospheric degrada-
tion of levoglucosan (e.g. Myers-Pigg et al., 2016). Never-
theless, several studies have demonstrated that
levoglucosan remains stable in the atmosphere for several
days under most atmospheric conditions (Fraser and
Lakshmanan, 2000; Mochida et al., 2003; Hu et al., 2013;
Garcia et al., 2017).

In contrast to aerosols, the use of levoglucosan and its
isomers as a biomass burning proxy in geological archives
is much more limited. To date, the analysis of levoglucosan
in sedimentary archives has mostly focused on lake sedi-
ments (Elias et al., 2001; Sikes et al., 2013; Schiipbach
et al., 2015; Shanahan et al., 2016; Battistel et al., 2017)
and ice cores (Gambaro et al., 2008; Kawamura et al.,
2012; Kehrwald et al., 2012; Zennaro et al., 2014; Seki
et al., 2015; Wang et al., 2015; You et al., 2016). Only a
few studies have analyzed this proxy in marine sediment
cores (up to 130 ka), where it has shown its promise as a
biomass burning proxy (Kuo et al., 2011b; Lopes dos
Santos et al., 2013). Marine sediments have a high potential
to reconstruct long-term (i.e. kyrs to myrs) variations in
environmental and climate conditions and also cover a wide
geographical region such as for example has been done with
plant wax n-alkanes as a proxy for continental-scale vegeta-
tion (e.g. Bird et al., 1995; Huang et al., 2000; Scheful et al.,
2005; Castaneda et al., 2009; Schoon et al., 2015). There-
fore, marine sediments may provide information on fire his-
tory on a regional to global scale, complementary to local
to regional and global information from lake sediments
and ice cores, respectively. Levoglucosan can be trans-
ported to marine sediments through the atmosphere and
by rivers (Hunsinger et al., 2008). Furthermore, recent work
confirms that levoglucosan is exported by particulate mat-
ter, although varying spatially and temporally, in rivers at
a high enough level to potentially enter sedimentary depos-
its and record historical wildfire signatures (Myers-Pigg
et al., 2017). However, before we can confidently apply
levoglucosan as a biomass burning proxy in marine sedi-
ments, there is a need for studies on how levoglucosan is
transported to the marine environment, how it is reflecting
biomass burning on continents, as well as the fate of
levoglucosan and its isomers while settling through the mar-
ine water column and during deposition in marine
sediments.

Here we present analyses of levoglucosan and its iso-
mers, using an improved Ultra High Pressure Liquid
Chromatography-Electro Spray Ionization/High Resolu-
tion Mass Spectrometry (UHPLC-ESI/HRMS) method
adapted from Hopmans et al. (2013), in atmospheric parti-
cles, in sinking marine particulate matter and in surface sed-
iments collected along a longitudinal transect crossing the
tropical North Atlantic Ocean at 12°N (Fig. 1). Particles
emitted during biomass burning events in northwestern
Africa have been shown to be transported along this tran-
sect (Freitas et al., 2005), making it suitable to trace the fate
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Fig. 1. (A) Longitudinal transect in the tropical North Atlantic Ocean at 12°N with the location of the sites for sediment trap deployment M1,
M2 and M4 (red circles) and the location of aerosol sampling (yellow circles). The aerosol samples were either taken while sailing or while
being stationary, and therefore the yellow circles represent either the middle of the sailed transect or the stationary location. In the bottom
map (B) the location and depth of the sediment traps (orange triangles) and surface sediments (green stars) is shown in a bathymetry map
along the transect. Both maps were generated in Ocean Data View. Figure adapted from Schreuder et al. (2018). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

of biomass burning proxies. The sediment trap material has
previously been studied for seasonal and spatial variations
in long chain n-alkanes (Schreuder et al., 2018), in particle
size of Saharan dust deposition (Van der Does et al., 2016),
as well as for mass fluxes and their composition (Korte
et al., 2017) and for coccolithophore fluxes (Guerreiro
et al., 2017). Our results shed light on the longitudinal
source-to-sink distribution and seasonal variability in
levoglucosan deposition, and on depositional preservation
of the levoglucosan signal in the tropical North Atlantic
Ocean.

2. MATERIALS AND METHODS
2.1. Sample collection

Samples were collected in the tropical North Atlantic
along a transect at 12°N (Fig. 1) as described previously
(Schreuder et al., 2018). Briefly, 14 aerosol samples were
collected using glass fiber filters while sailing the 12°N
transect (Fig. 1) during cruise 64PE395 with the R/V
Pelagia, between January 11 and February 6, 2015

(Stuut et al., 2015). The 11 aerosol samples collected
between stations M1 and M2 were sampled during one
multi-day dust event, while the three other samples were
taken further west during another dust event. Sinking
marine particulate matter was collected with five sediment
traps along the same transect (Fig. 1). Three sediment
traps were mounted to a cable at 1200 m water depth,
at mooring stations M1, M2 and M4 (Fig. 1) and two
sediment traps were mounted to a cable at 3500 m water
depth, at mooring stations M2 and M4 (Fig. 1). All sed-
iment traps were equipped with 24 sampling cups, collect-
ing samples of sinking particulate matter at intervals of
16 days from October 2012 until November 2013 (for
details see Stuut et al., 2012, 2013; Van der Does et al.,
2016; Korte et al., 2017) and were retrieved during cruise
64PE378 with the R/V Pelagia between November 9 and
December 6, 2013 (Stuut et al., 2013). In addition, surface
sediments were collected with a multicorer at 7 stations
(Fig. 1) during cruise M89 with the R/V Meteor, between
October 3 and 25, 2012 (Stuut et al., 2012), as well as dur-
ing cruise 64PE378 with the R/V Pelagia between Novem-
ber 9 and December 6, 2013 (Stuut et al., 2013).
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2.2. Air-mass backward trajectories

In order to determine the provenance of the sampled
atmospheric particles, six-day and eight-day backward tra-
jectories of air parcels were calculated with the Hybrid Sin-
gle Particle Lagrangian Integrated Trajectory (HYSPLIT)
model (Stein et al., 2015), using the GDAS (1.0°) meteoro-
logical dataset (http://www.ready.noaa.gov/HYSPLIT.
php). Four aerosol sampling locations, spread over the
transect at 12°N, were chosen and the starting points of
the trajectories were at 23.26° W, 30.86° W, 42.21° W and
56.31° W. The height of the air layers were set to be 10 m
and 100 m above ground level (AGL).

2.3. Analysis of levoglucosan and its isomers

2.3.1. Sample preparation for UHPLC-ESI/HRMS analysis

The 14 glass fiber filters used to collect aerosols were cut
into small (~0.5 by 0.5 cm) pieces before extraction. The
collected sinking particulate matter and the surface (0-1
cm) sediment was freeze-dried and homogenized. All sam-
ples were ultrasonically extracted (5x) with dichloro-
methane (DCM):methanol (MeOH) (2:1, v:v) and
subsequently passed over a small Na,SO, Pasteur pipette
column with DCM. Deuterated (D7) levoglucosan
(CsH3D;0s5; dLVG, from Cambridge Isotope Laboratories,
Inc.) was added in quantities ranging from 0.25 to 100 ng as
an internal standard to quantify levoglucosan and its iso-
mers mannosan and galactosan, after which they were dried
under N, All extracts were re-dissolved in acetonitrile:H,O
(95:5, viv) and filtered using a polytetrafluoroethylene
(PTFE) filter (0.45 pm) before analysis.

2.3.2. UHPLC-ESI/HRMS analysis of levoglucosan and its
isomers

We adapted the HPLC-ESI/MS? method of Hopmans
et al. (2013) to a UHPLC-ESI/HRMS method using an
Agilent 1290 Infinity UHPLC coupled to an Agilent 6230
Time-Of-Flight (TOF) mass spectrometer. Separation was
achieved with two Acquity UPLC BEH amide columns (2
.1 x 150 mm; 1.7 um, Waters Chromatography) in series
with a 50 mm guard column, which were kept at 30 °C.
Compounds were eluted (0.2 ml min~!) with 100% A (15
min), followed by back flushing with 100% B (15 min)
and re-equilibration at starting conditions (25 min), result-
ing in a total analysis time of 55 min. Eluent A was a mix-
ture of acetonitrile:H,O (92.5:7.5, viv) with 0.01%
triethylamine (TEA) and eluent B was a mixture of acetoni-
trile:H,O (70:30, v:v) with 0.01% TEA. Authentic standards
for levoglucosan, galactosan and mannosan were all
obtained from Sigma Aldrich. Conditions for negative ion
Electrospray Ionization (ESI) were optimized by direct
infusion of a levoglucosan solution into the source. Source
settings were: nebulizer P 60 psi (N,), VCap 5 kV and dry-
ing gas (N3) 51/min at a temperature of 275 °C. The mon-
itored mass range was m/z 150-350. Injection volume was
usually 10 pl. Levoglucosan, its isomers, and dLVG were
detected as their deprotonated molecules (M—H) . Quan-
tification was based on peak integrations of mass chro-
matograms within 3 ppm mass accuracy using a

calculated exact mass of 161.0445 m/z for levoglucosan
(CsH9Os5) and its isomers and 168.0884 m/z (CcH3D;05)
for dLVG. Analytical performance and relative response
factors (RRF) for levoglucosan, galactosan and mannosan
compared to dLVG were determined by analysis of a stan-
dard mixture of levoglucosan, galactosan, mannosan and
dLVG before and after analysis of samples and RRF varied
between 1.03 and 1.20 for levoglucosan, between 0.33 and
0.64 for galactosan and between 0.75 and 0.94 for man-
nosan. Approximately 20% of the samples were analyzed
in duplicate, which resulted in an average instrumental
error of 5%.

3. RESULTS

3.1. Analytical method development for analysis of
levoglucosan and its isomers

Levoglucosan and its isomers were analyzed using a
UHPLC-ESI/HRMS method, adapted from the HPLC-
ESI/MS? method of Hopmans et al. (2013), with deuterated
levoglucosan (dLVG) as internal standard. We used two
BEH amide columns in series, which resulted in improve-
ment of separation of galactosan and mannosan to a chro-
matographic resolution of 1.0 and a retention time of 9.9
min for levoglucosan (Fig. 2). Response curves resulting
from injections of 5 to 5000 pg on column for levoglucosan
and its isomers showed a linear behavior with R*> 0.99 for
all of them. The use of UHPLC/HRMS resulted in
improved limit of quantitation as well as limit of detection
for levoglucosan, i.e. 5 pg on column (S/N ~ 3).

3.2. Atmosphere

Levoglucosan was detected in all air filters, but man-
nosan or galactosan were not detected. The concentration
of levoglucosan measured in air on the 12°N transect varies
between 0.05 and 1.21 pgm™> and shows highest values
around 30°W and around 45-50°W (Fig. 3). In contrast,
mineral dust (0.5-300 um; Van der Does et al., 2016) con-
centrations along this transect vary between ~358 pgm™>
air close to the African continent and ~5 pgm™ air in
the samples furthest away from Africa and decrease with
increasing distance from the coast (Schreuder et al., 2018)
(Fig. 3).

Air-mass backward trajectories at four locations on the
12°N transect in the tropical North Atlantic ocean show
that the air masses at the aerosol-sampling locations usually
come from the northern and central parts of the Sahara
region (Fig. 4B-D), or do not originate from the African
continent (Fig. 4A).

3.3. Marine sinking particulate matter

Levoglucosan was detected in all sediment trap samples,
but mannosan or galactosan were not detected. In marine
sinking particles collected at 1200 m water depth, we find
the highest average levoglucosan flux at location M1, clos-
est to the African continent (2.9 & 1.3 ng m 2> d ), the low-
est flux at location M2, in the open ocean (0.4 + 0.2 ng
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Fig. 2. UHPLC-ESI/HRMS mass chromatograms (3 ppm mass accuracy) showing levoglucosan, galactosan and mannosan (black line) and
deuterated (D7) levoglucosan (red line) from a standard mixture (5 ng on column). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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references to colour in this figure legend, the reader is referred to the web version of this article.)
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m~2d™"), and a higher flux again at location M4, closer to
South America (2.5 4 1.0 ngm~2d ') (Fig. 5A). The con-
centration of levoglucosan in sinking particles shows a sim-
ilar trend as the flux, with highest values close to continents
and lower values at the open ocean, with flux-weighted
average concentrations of 25.7, 10.2 and 29.4 ng g’l, at
M1, M2 and M4, respectively (Fig. 5E). At location M1,
closest to the African continent, there is a peak levoglu-
cosan flux in February/March of 2013 (Fig. 5A), which is
also visible in the levoglucosan concentration, although less
pronounced (Fig. S5E). At the open ocean location M2 the
levoglucosan peak flux in February/March is visible, but
less pronounced than at location M1 (Fig. 5A), while the
peak is not visible in the levoglucosan concentration
(Fig. 5E). At the location close to South America (M4),
levoglucosan flux and concentration are more variable
throughout the year and show similar trends, with peaks
in November and January, and higher values around June
and September (Fig. 5A and E).

At location M2, the average levoglucosan flux in the
lower sediment trap is higher (0.6 &= 0.2ngm >d!) than

in the upper sediment traps (0.4+0.2ngm >d™"
(Fig. 6A), while at location M4, the opposite trend is
observed. Here, the average levoglucosan flux is lower in
the lower sediment trap (1.5+ 0.6 ngm=>d~") compared
to the wupper sediment trap (2.5+1.0ngm 2d7})
(Fig. 6A). For the levoglucosan concentration in sinking
particles we find similar values in the lower and upper sed-
iment trap at both locations (Fig. 6E).

3.4. Surface sediments

Levoglucosan was detected in all surface sediments stud-
ied. Mannosan and galactosan were only present in trace
amounts at location M1, and will not be discussed further.
Levoglucosan concentrations vary between 0.19 and 1.52
ng g~ sediment (Fig. 7). From 22°W to 49°W there is no
clear trend in concentration with longitude. However, at
the location closest to South America, the levoglucosan
concentration is significantly (p <0.05) higher at 1.52 ng
g~ ! sediment compared to surface sediment located more
eastward (Fig. 7).
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Ocean. Note scale difference on y axes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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4. DISCUSSION
4.1. Improved analysis of levoglucosan and its isomers

The UHPLC-ESI/HRMS method is a substantial
improvement over the HPLC-ESI/MS®> method of
Hopmans et al. (2013). Separation of galactosan and man-
nosan was improved compared to the HPLC-ESI/MS>
method, where galactosan and mannosan co-eluted while
here a resolution of 1.0 was obtained. Also, a larger reten-
tion time of 9.9 min for levoglucosan was obtained vs. 4.9
min for Hopmans et al. (2013), and is thus more distant
from the injection peak making it more suitable for analysis
of levoglucosan in samples with complex matrices. The use
of UHPLC/HRMS improved the limit of quantitation as
well as the limit of detection for levoglucosan, which was
5 pg on column (S/N ~ 3), and thus fivefold more sensitive
than the original HPLC-ESI/MS? method (limit of detec-
tion 25 pg on column; Hopmans et al., 2013). Furthermore,
dLVG was incorporated as an internal standard, which
improves quantitation by allowing correction for matrix
effects and machine performance.

4.2. Levoglucosan concentration in the atmosphere over the
tropical North Atlantic

The concentration of levoglucosan in the atmosphere
along the 12°N transect in the tropical North Atlantic
Ocean, collected between January 11 and February 6 in
the year 2015, is on average 0.33 pg m~ air (Fig. 3), which
is unusually low compared to other studies in remote ocea-
nic locations. For example, Simoneit and Elias (2000)
found levoglucosan concentrations ranging between 0.8
and 150 pg m~ air collected at multiple oceanic locations
around the world. Specifically for the North Atlantic
Ocean, Puxbaum et al. (2007) sampled aerosols at the
Azores over a two year period (July-2002 to July-2004)
on a weekly basis and reported an average levoglucosan
concentration of 6.6 ngm~ air during the same season as
in the current study (average over the months December,
January and February), which is four orders of magnitude
more than observed here. Fu et al. (2011) collected aerosols
in December 1989 in the North Atlantic Ocean at around
30°N, further north than our transect at 12°N, and reported
lower levoglucosan concentrations of 0.11 and 0.06 ng m—>
air, which are still two orders of magnitude higher than the
concentrations reported here. The unusually low levoglu-
cosan concentrations found in our study might be explained
by the shorter sampling time of aerosols compared to other
studies. We collected aerosols for ca. 10 h, which is consid-
erably shorter than in the studies by Puxbaum et al. (2007)
and Fu et al. (2011), who sampled for four or five days,
respectively. Consequently, our short sampling time may
have missed large burning events which resulted in large
fluxes of levoglucosan. Furthermore, air-mass backward
trajectories show that the air masses at the aerosol-
sampling locations usually come from the northern and
central parts of the Sahara region, or do not originate from
the African continent (Fig. 4), while biomass burning takes
place in the Sahel region which is located more southward

(e.g. Cooke et al., 1996). Therefore, it might be possible that
the aerosols from biomass burning events in the Sahel did
not reach the aerosol-sampling locations, which could be
another explanation for the low levoglucosan concentration
in the aerosols. Finally, the particle sizes analyzed have var-
ied between studies. Similar to Fu et al. (2011) we used glass
fiber filters with a diameter of about 0.4 um, sampling all
particles >0.4 pm. However, Puxbaum et al. (2007) studied
the PM2.5 size fraction, i.e. particles with size <2.5 pm. The
differences in size fraction analyzed could potentially lead
to differences in levoglucosan concentration. Both labora-
tory and ambient measurements of smoke emissions from
biomass burning processes have shown anhydrosugars to
be predominantly present in the fine particle fraction
<2.5pum (e.g. Fine et al., 2004; Schkolnik et al., 2005;
Engling et al., 2006; Herckes et al., 2006; Zhang et al.,
2015). However, ambient measurements of smoke emis-
sions collected in Texas, USA detected levoglucosan in lar-
ger aerosol particles with a diameter up to 10 pm (PM10)
(Fraser and Lakshmanan, 2000). Furthermore, Lee et al.
(2008) found unusually high levoglucosan levels in PM10
in rice-straw burning events and relate this to the ambient
atmospheric conditions, such as high relative humidity
and to unique properties of rice straw smoke and the speci-
fic burning practices of rice fields. This illustrates that
levoglucosan is present in a wide range of aerosols particle
sizes and that its abundance in the different aerosol particle
fractions is depending on local conditions.

The highest levoglucosan concentrations were found
around 30°W and around 45-50°W, and there is no
decreasing trend with longitude (Fig. 3). This is in contrast
with mineral dust concentrations as well as the plant wax
long chain n-alkane, long chain n-alkanol and long chain
fatty acid concentrations found on the same transect
(Schreuder et al., 2018), which show a decreasing trend with
increasing longitude. This decreasing trend in higher-plant
biomarker concentrations with increasing distance from
the African continent was explained by mineral dust settling
from the atmosphere close to the source, as these biomark-
ers are transported predominantly with the mineral dust.
The fact that levoglucosan does not correlate with down-
wind trends in the dust implies that levoglucosan is not pre-
dominantly transported with mineral dust particles.

4.3. Longitudinal and seasonal change in levoglucosan fluxes
and concentrations in the tropical North Atlantic

4.3.1. Levoglucosan transport associated with particles in the
marine water column

To evaluate if levoglucosan is transported to the tropical
North Atlantic Ocean associated with mineral dust parti-
cles, the levoglucosan flux and lithogenic flux were corre-
lated at each station at 1200 m water depth. It is assumed
that the lithogenic flux reflects Saharan dust due to the sim-
ilarity of lithogenic particles collected in the sediment traps
and dust collected on the African coast (Korte et al., 2017)
and the absence of major rivers transporting sediment to
the study area. We find that there is no statistically signifi-
cant correlation between the levoglucosan flux and
the lithogenic flux at all three locations, i.e. location M1
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(R? 0.02 and p = 0.502), location M2 (R*> 0.03 and p =
0.406) and location M4 (R* 0.14 and p = 0.073). The lack
of correlation between the levoglucosan flux and the litho-
genic flux thus confirms that levoglucosan is not trans-
ported together with Saharan dust. This supports a study
by Falkovich et al. (2004), who found that levoglucosan
is not adsorbed to mineral dust particles.

In contrast to the lithogenic flux, we do find a statisti-
cally significant correlation between the levoglucosan flux
and total mass flux, at location M1 (R* 0.66 and p <
0.001), location M2 (R* 0.57 and p <0.001), and also at
location M4 (R* 0.24 and p = 0.014). This implies that the
deposition of levoglucosan is associated with settling of
marine biogenic particles in the ocean, suggesting that
levoglucosan is adsorbed to marine biogenic particles and
transported to the sediment adsorbed to particulate matter,
like has been observed for black carbon (Coppola et al.,
2014). Indeed, levoglucosan deposited from the atmosphere
is predominantly associated with fine-grained particles
<2.5um (e.g. Fine et al., 2004) and therefore, like other
labile organic matter, it will require mineral ballast in order
to have sufficient density to settle down the water column.
This is in contrast with long chain n-alkanes, which are
associated with mineral dust particles (Schreuder et al.,
2018), which probably act as a heavier ballast than the
fine-grained particles with which levoglucosan is associated.
Therefore, the fluxes of levoglucosan in the marine water
column are likely mainly determined by total mass fluxes,
i.e. biogenic particle productions, rather than the atmo-
spheric particle fluxes.

4.3.2. Levoglucosan in sinking particles across the tropical
North Atlantic

The highest levoglucosan flux in particles settling
through the ocean at 1200 m water depth was found at
location M1, close to the African continent (Fig. 5A), likely
due to the fact that the highest total mass flux is also
observed at this location (Fig. 5B; Korte et al., 2017). Inter-
estingly, levoglucosan flux is highest during February/
March, when total mass fluxes were also highest. However,
it also coincides with the fire season in northwestern Africa,
which is during the dry season, usually from November
until February (e.g. Cooke et al., 1996). In fact, in the year
of particle collection, fire intensity in northwestern Africa
was highest during December, January and February
(Fig. 8). To remove the impact of mineral ballast on the
temporal pattern of levoglucosan, we plotted the concentra-
tion of levoglucosan in sinking particles rather than the
levoglucosan flux (Fig. 5E). This also revealed highest con-
centrations in February/March, although less pronounced,
and an overall higher concentration during winter com-
pared to summer, implying that levoglucosan in sinking
particles at 1200 m water depth also reflects the fire season
in the northwestern part of the African continent. However,
there seems to be a time lag of about one month between
the fire season on the continent and the peak in levoglu-
cosan concentration in the sinking particles at 1200 m water
depth, which could be assigned to the transport time from
source (continental fire) to sink (1200 m water depth, 800
km offshore Northwestern Africa). Dust-laden air usually

crosses the North Atlantic Ocean in about five to six days
(Prospero, 1990), suggesting that the atmospheric transport
of levoglucosan from the biomass burning plume to the sur-
face waters at location M1 would take at most a few days.
Korte et al. (2017) calculated a settling velocity of sinking
particles of at least 140 m d~!, which would result in a
transport time to the sediment trap at 1200 m water depth
of about 8-9 days. This would then result in a source-to-
sink transport time of at least a couple of weeks, matching
with the observed time lag.

The lowest levoglucosan flux and concentration in parti-
cles settling through the ocean was found at location M2, in
the middle of the tropical North Atlantic Ocean (Fig. SA
and E). This agrees with the total mass flux, the lithogenic
flux and the long chain n-alkane flux, which are also lowest
at this open ocean location (Fig. 5B-D). The distinct
levoglucosan peak in February/March detected at location
M1 is also detected at location M2 in the levoglucosan flux
(Fig. 5A), but not in the concentration (Fig. 5E), implying
that at this location, the peak in levoglucosan flux is mainly
caused by a mineral ballast effect associated with sinking
particles in the water column. Overall, the levoglucosan
concentration, as well as the total mass flux, the lithogenic
flux and the long chain n-alkane flux were all found to be
relatively invariable over the year at this location. The
low values and seasonal variability in settling particles are
expected here because of its remote location away from
the continents, where the continental signal is likely to be
more diluted and productivity is relatively low.

At location M4, close to the South American continent,
levoglucosan concentration in marine sinking particles is
higher than at location M1 and M2 (Fig. 5E), and shows
a similar pattern as the levoglucosan flux (Fig. 5A). This
indicates that here, the levoglucosan flux is not as strongly
impacted by a mineral ballast effect as at location M2,
which is also apparent from the lower correlation between
levoglucosan flux and total mass flux at this location (R>
= 0.24). Seasonal variability in levoglucosan concentration
is higher than observed at location M2, but the seasonal
peaks in concentration are at different times than at loca-
tion M1 (Fig. SE), i.e. in November and January, and also
around June and September. This implies that levoglucosan
emitted during seasonal burning in northwestern Africa is
present only in minor amounts, and that there must be an
additional source of levoglucosan in sinking particles at this
location. Atmospheric transport of levoglucosan to loca-
tion M4 could be derived from the South American conti-
nent, from the southern Amazon, where burning takes
place during the dry season usually from July to October,
or from the more northern parts of the continent, where
biomass burning usually occurs from December to May
(e.g. Duncan et al., 2003). In fact, in the year of particle col-
lection, fire intensity in the southern part of South America
was highest from August to October and in the northern
parts of the continent burning was most intense from Jan-
uary to April (Fig. 8). However, the predominant wind
direction across the tropical North Atlantic is from the east
and biomass burning smoke from the southern Amazon is
usually transported to the South Atlantic, to the Pacific
Ocean and to the south of South America (Freitas et al.,
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Fig. 8. Fire maps from October 2012 until October 2013, showing locations of actively burning fires around the world on a monthly basis,
based on observations form the Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA’s Terra satellite. The colors are based
on a count of the number of fires observed within a 1000-sqaure-kilometer area, ranging from white (100 fires in a 1000-square-kilometer area
per day) to red (1 fire per day). From https://earthobservatory.nasa.gov/GlobalMaps/view.php?d|=MOD14A1 M FIRE. The yellow line
represents the longitudinal transect at 12°N. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

2005). It thus seems unlikely that atmospherically trans- although we cannot completely rule it out. However, it
ported levoglucosan from the South American continent could also be that levoglucosan is transported with the
was present in the sinking particles at location M4, Amazon River, which is discharging eastward towards
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Africa between June and January (Muller-Karger et al.,
1988). Indeed, an additional source in fluxes of long chain
n-alkanes at location M4 coming from the Amazon River
was already implied by Schreuder et al. (2018), although
these fluxes were shown to be influenced by input from
the Amazon River only during a peak in fall. Levoglucosan
transport by the Amazon River is supported by recent stud-
ies, which have found that levoglucosan is transported to
marine sediments by small mountainous rivers (Hunsinger
et al., 2008) and, although varying spatially and temporally,
that levoglucosan is exported by particulate matter in rivers
at a high enough level to potentially enter sedimentary
deposits (Myers-Pigg et al., 2017). Furthermore, pyrogenic
organic matter export has previously been observed in riv-
ers from the Amazon (e.g. Marques et al., 2017). Overall,
the higher levoglucosan concentrations at both locations
M1 and M4 confirms that closer to continents, we find
higher levoglucosan concentrations and also more seasonal
variability in levoglucosan input in sinking particles at
1200 m water depth in the tropical North Atlantic Ocean.

4.3.3. Levoglucosan in surface sediments across the tropical
North Atlantic

The concentration of levoglucosan in surface sediments
at location M1 is 0.80 ng g~! (Fig. 7), which is higher than
levoglucosan concentrations found in a marine sediment
core in the Murray Canyon area, offshore southeast Aus-
tralia, where an average concentration of 0.025ngg !
was reported and the most recent sediment (1.3 ka) had a
levoglucosan concentration of 0.0003ngg~' (Lopes dos
Santos et al., 2013). In sediment cores in two basins of
the Puget Sound, offshore western USA, higher levoglu-
cosan concentrations were found, ranging from 60 to 782
ngg ' (Kuo et al., 2011b). However, the Puget Sound is
a fjord-like estuary, and the sediment cores are thus located
much closer to land than the marine sediments in the cur-
rent study, which probably explains the much lower con-
centrations found in the tropical North Atlantic at
location M1. At location M2 the levoglucosan concentra-
tion in the surface sediment is surprisingly comparable with
the concentration found at location M1 (Fig. 7), implying
that on a longer time-scale both locations receive the same
amount of levoglucosan. This could be assigned to yearly
variability in the amount of levoglucosan transported to
the open ocean related to the extent and severity of biomass
burning plumes on the continents, and that in the year of
sampling the sinking particulate matter, levoglucosan was
transported to this open ocean location in small amounts.
Perhaps, more levoglucosan is transported as far as loca-
tion M2 in other years, which could be possible as levoglu-
cosan is usually associated with small particles that can be
transported over large distances. At location M4, similar
levoglucosan concentrations as at location M1 and M2
were found in the surface sediment (Fig. 7). This indicates
that, while levoglucosan was transported to location M4
in higher amounts than to location M1 or M2 in the year
of sampling the marine particulate matter in the sediment
traps, this is not necessarily the case every year. However,
in surface sediments located further west of location M4,
closer to the South American coast, levoglucosan concen-

tration is significantly (p <0.05) higher (Fig. 7). This
implies that in the westernmost part of the transect, the
additional input from South America is more important
and perennial than at location M4. This is supported by
the 8'>C values of higher plant-derived long chain n-
alkanes, which indicated a significant contribution of Cs-
type vegetation such as from the Amazon rainforest, prob-
ably transported by the Amazon River (Schreuder et al.,
2018).

4.4. Depositional preservation of levoglucosan

To investigate the preservation of levoglucosan in the
tropical North Atlantic, while settling through the water
column, levoglucosan fluxes in the upper (1200 m water
depth) and lower (3500 m water depth) sediment traps at
location M2 and M4 were compared (Fig. 6A). At location
M2, the levoglucosan flux is higher in the lower trap com-
pared to the upper trap (Fig. 6A), and the same is observed
for the long chain n-alkane flux, total mass flux and litho-
genic flux (Fig. 6B-D). This could be explained by the big-
ger catchment area for the lower trap compared to the
upper trap (Siegel and Deuser, 1997; Waniek et al., 2000)
as was also suggested by Korte et al. (2017) and
Schreuder et al. (2018), resulting in higher input of particles
in the lower trap compared to the upper trap. However, at
location M4 we do not see this enrichment of particles in
the lower trap. Instead, the levoglucosan flux is lower in
the lower trap compared to the upper trap (Fig. 6A), as also
observed in the long chain n-alkane flux, total mass flux and
lithogenic flux (Fig. 6B-D). Schreuder et al. (2018) sug-
gested that it could be that oceanic conditions, for example
ocean currents, at this location are different from those at
M2, leading to a different settling pathway of particles
down the water column, and consequently, a different
catchment area for the lower trap at location M4. Since
we found that levoglucosan flux is mainly determined by
total mass fluxes, we also compared levoglucosan concen-
trations in the upper and lower sediment traps at location
M2 and M4 (Fig. 6E). At both locations, levoglucosan con-
centration is similar in the lower and the upper sediment
traps, which implies that levoglucosan degradation in the
water column is not substantial. This is in contrast with a
study by Norwood et al. (2013), who have shown that
levoglucosan is quickly degraded in water. Possibly, the
adsorption of levoglucosan to marine biogenic particles
has resulted in protection from biodegradation during
transport through the marine water column, like has been
observed for other labile materials when associated with
minerals (e.g. Hedges et al., 1997). Therefore, it seems that
adsorption of levoglucosan to biogenic particles is impor-
tant for preservation of levoglucosan when transported
through the water column.

To gain further insight into preservation of the levoglu-
cosan signal during deposition in marine sediments, flux-
weighted average levoglucosan concentrations in particles
settling through the ocean were compared with those of sur-
face sediments at the same locations (Fig. 7). The concen-
tration of levoglucosan in the surface sediments is
approximately two orders of magnitude lower than in the
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particles settling through the water column (Fig. 7), indicat-
ing that whereas degradation apparently did not play a
major role in the marine water column, degradation in mar-
ine sediments is substantial. This is in contrast with long
chain n-alkanes, which do not show any substantial degra-
dation in the same sediments (Schreuder et al., 2018). This
is not unexpected as sugars are generally thought to be
more labile than n-alkanes (e.g. Prahl et al., 1997) and the
much longer time period of oxygen exposure in the surface
sediment (decades to centuries) compared to the sediment
traps is likely resulting in substantial degradation
(Hartnett et al., 1998). Nevertheless, despite substantial
degradation of levoglucosan in the surface sediments, it
was detected at all stations, implying that levoglucosan
can be traced back from the continent to deep open ocean
sites and incorporated in the marine sedimentary archive.

To account for higher levoglucosan input into marine
sediment associated with overall increased terrestrial input,
and not necessarily associated with increased biomass burn-
ing activity on land, a ratio of levoglucosan and organic
carbon has been used in aerosols (e.g. Puxbaum et al.,
2007). Similarly, and more specific for terrestrial vegetation
input, a ratio between long chain n-alkanes and levoglu-
cosan could be used to account for increased terrestrial veg-
etation input into marine sediments. However, our results
suggest that such a ratio is not useful, as differences in
degradation rates as well as transport modes between the
two components are large. Therefore, we hypothesize that
in order to reconstruct past vegetation fires, absolute con-
centrations of levoglucosan should be used provided that
preservational conditions did not change substantially.
When preservational conditions change, e.g. by changes
in oxic/anoxic conditions in the sediment, then the levoglu-
cosan record could be biased. Also, changes in wind
strength and direction could result in increased or decreased
levoglucosan transport to the marine environment. There-
fore, we suggest that in order to use levoglucosan as a bio-
mass burning proxy in marine sediments on longer
(geological) times scales, a multi-proxy study is needed to
get a better understanding of the factors influencing the
levoglucosan record.

5. CONCLUSIONS

Using an improved UHPLC-ESI/HRMS method,
levoglucosan was detected in atmospheric particles, in par-
ticles settling through the ocean and in surface sediments
along a longitudinal transect at 12°N in the tropical North
Atlantic Ocean. Levoglucosan concentration in the atmo-
sphere was unusually low, possibly due to the sampled par-
ticle size, the source area of the aerosols, or the short time
interval of sampling. In sinking particles in the tropical
North Atlantic Ocean we find that levoglucosan deposition
is influenced by a mineral ballast effect associated with mar-
ine biogenic particles, and that levoglucosan is not trans-
ported in association with mineral dust particles. High
levoglucosan concentrations in settling particles in the
ocean at 1200 m water depth were found closest to the Afri-
can continent (location M1), with highest concentration
during February/March of 2013 and an overall higher con-

centration during winter, coinciding with the fire season in
northwestern Africa. Lowest levoglucosan concentrations
and seasonal variability in settling particles in the ocean
at 1200 m water depth were found in the open ocean (loca-
tion M2), where the continental signal is likely to be more
diluted and productivity is relatively low. Closest to South
America (location M4), levoglucosan concentration and
seasonal variability in settling particles at 1200 m water
depth is higher than at locations close to Africa. Moreover,
in surface sediments further to the west, levoglucosan con-
centration is significantly higher than in surface sediments
located more eastward. This implies that there is an addi-
tional source of levoglucosan from the South American
continent, likely transported by the Amazon River. Our
results provide evidence that degradation of levoglucosan
in the water during settling in the water column is not sub-
stantial, possibly because of mineral protection. However,
levoglucosan degradation is substantial at the sediment-
water interface, probably related to the much longer time
period of oxygen exposure in the surface sediment com-
pared to the sediment traps. Nevertheless, levoglucosan
was detected in all surface sediments throughout the tropi-
cal North Atlantic suggesting it can be incorporated in the
marine sedimentary record.
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