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Abstract. Global warming has intensified boreal forest fires, which significantly influence the climate through the emission
of greenhouse gases and organic aerosols (OA). While water-soluble tracers are commonly used to reconstruct past fire events
15 inice cores, they can be susceptible to redistribution or degradation within the ice matrix. In this study, we performed single
particle analysis of non-volatile microparticles in the SE-Dome II ice core from southeastern Greenland (1799-2020) using
micro-Raman spectroscopy and Fourier-transform infrared spectroscopy (FT-IR). Here, we report the first identification of
oleamide, an insoluble fatty acid amide, within an ice core. Oleamide is likely formed through the dehydration condensation
of plant-derived oleic acid and ammonia under high-temperature (300-500 °C) conditions during forest fires. The detection
20 frequency of oleamide particles was notably higher in layers corresponding to major North American forest fires, such as those
in 1908, 1961, and 1994. Due to its insolubility and chemical stability, oleamide serves as a robust tracer that ensures stable
long-range transport and long-term preservation in ice sheets. Additionally, cooling experiments revealed that oleamide
possesses low ice-nucleating ability, likely due to the formation of expanded-phase monolayers. These results establish
oleamide as a powerful new insoluble organic marker for reconstructing Arctic wildfire history and understanding historical

25 fire-climate interactions.

1 Introduction

Global warming has intensified high-temperature and arid conditions, leading to the widespread expansion of forest fires
(Sullivan et al., 2022). Between 2023 and 2024, the global forest disturbance area caused by fires reached 2.2 times the annual
average recorded from 2002 to 2022 (Potapov et al., 2025). These fires not only disrupt ecosystems and accelerate species

30 extinction but also serve as major sources of greenhouse gases and particulate matter that significantly influence the climate
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(Sullivan et al., 2022; Zennaro et al., 2014; Legrand et al., 2016; Singh 2022). Organic aerosols (OA) are a primary component

of fire-derived emissions; they act as ice nucleating particles, promoting cloud formation (Martins & Da Graca, 2018; Krishna

et al., 2019; Parvin et al., 2019; Schiffman et al., 2025). Given that fire-derived OAs possess complex chemical structures and

environmental impacts (Simoneit et al., 2002; Ditto et al., 2020), elucidating the morphology and chemical composition of
35 fire-derived OA is essential.

More than 60% of the area burned between 2002 and 2024 occurred in boreal regions like Canada and Russia,
representing a 2.3-fold increase over the past 24 years (Potapov et al., 2025). This trend is largely driven by climate change,
with the Arctic warming at four times the global average (AMAP, 2021; Rantanen et al., 2022). Since boreal forests account
for approximately 30% of global forest cover and terrestrial carbon storage (Zennaro et al., 2014), the expansion of fire activity

40 in these regions could profoundly impact atmospheric CO; levels.

To evaluate long-term fire-climate interactions, data predating the satellite era (pre-1980s) are required. Ice cores
are a powerful archive for such studies, as they preserve fire-derived aerosols (Zennaro et al., 2014; Legrand et al., 1992). In
particular, high elevation sites in Greenland are ideally positioned to capture aerosol signals from boreal forest fires. While
NH,", NOs™ and organic acids are established biomass burning indicators, specific tracers such as vanillic acid, levoglucosan,

45 and dehydroabietic acid provide higher source specificity (Zennaro et al., 2014; Legrand et al., 1992, 2016; Parvin et al., 2019).
These tracers, derived from the combustion of lignin, cellulose, and resins, are superior to multi-origin ions because they
primarily originate from high-temperature plant combustion (Simoneit et al., 2002; Kutzer et al., 2024).
The Southeastern Dome (SE-Dome) region in Greenland is characterized by an exceptionally high snow
accumulation rate (ca. I m water equivalent per year), which facilitates the preservation of chemical species such as NOs™ that
50 are otherwise prone to redistribution (Furukawa et al., 2017; Kawakami et al., 2023; lizuka et al., 2025). Previous research at
SE-Dome has successfully reconstructed Canadian fire histories over the past 60 years (Parvin et al., 2019). However, standard
ions and water-soluble tracers such as levoglucosan may still be susceptible to redistribution or degradation within the ice
matrix. In contrast, insoluble particles are hypothesized to be more stable, offering a robust record for reconstructing distant
or small-scale fire events. Therefore, the objective of this study is to reconstruct the morphology and chemical composition of
55 fire-derived particulate OA. We employed Raman spectroscopy and Fourier-transform infrared spectroscopy (FT-IR) to
analyze non-volatile microparticles within the forest fire event layers of the SE-Dome II ice core, leading to the first

identification of oleamide as a stable wildfire tracer.

2 Methods
2.1 The SE-Dome Ice Core and Forest Fire Event Identification

60 The SE-Dome Il ice core was drilled between May and June 2021 in the SE-Dome region of southeastern Greenland (67°19’
17" N, 36°47' 03" W; 3,161 m a.s.L; lizuka et al., 2021). The 250-m core allows for paleoenvironmental reconstruction, such
as past aerosol variations, from 1799 to 2020 (Kawakami et al., 2023; lizuka et al., 2025). Because the high annual

2
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accumulation rate of 1.02 m w.e. yr'!, and the average accumulation is nearly constant throughout the year (Furukawa et al.,
2017), the seasonal-scale reconstruction without seasonal accumulation bias is enables. In this study, forest fire events were
65 identified based on peaks in NH4" and NOs™ concentrations (Figure A1; lizuka et al., 2025), which were used to select samples

for single particle analysis.

2.2 Extraction of Non-volatile Particles by Sublimation Method

Non-volatile microparticles were extracted using a sublimation method (lizuka et al., 2009, 2012). To eliminate potential
contamination, the surface layer of the ice core was removed using a pre-cleaned ceramic knife inside a class 100 clean booth
70 located within a cold room (class 10,000; —22 °C). The cleaned ice sample was then shaved into a fine powder, and
approximately 1 g of this powder was transferred onto an aluminum-foil-covered, circular stainless-steel plate (1 cm in
diameter). For particle extraction, dry nitrogen gas was introduced through a metal pipe containing the sample inside an ultra-
low-temperature freezer maintained at —50 °C, facilitating the complete sublimation of volatile matrix components, including
ice. The remaining samples were immediately placed in a pre-cleaned stainless-steel Petri dish, which was sealed inside an

75 ultra-clean polyethylene bag and stored in a desiccator at room temperature to prevent deliquescence.

2.3 Chemical Identification by Raman Spectroscopy

A total of 15 aluminum foil samples were prepared from core depths and time periods corresponding to the forest fire events

listed in Table A 1. Optical microscopic observation revealed dark (black/brown) and light-colored (white/translucent) particles

with diameters exceeding approximately 1 um. Raman spectra were acquired for an average of 67 particles per sample (totaling

80 1,139 particles across all 15 samples) using a micro-Raman spectrometer (XploRA LabSpec6, HORIBA). For comparative
analysis, reference Raman spectra were also obtained for 63 reagent compounds.

Measurements were conducted at room temperature (ca. 25 °C) using either a 532-nm or 785-nm excitation laser. The

!"and/or 1200 grooves mm™'; (2) Raman shift

specific analytical parameters were as follows: (1) gratings of 1800 grooves mm~

ranges of 1800-4000 cm™' (for the 532-nm laser) and 1200-2700 cm™! (for the 785-nm laser); (3) an exposure time of 5 or 10

85 seconds per scan with 2 accumulations; and (4) wavenumber calibration using a standard silicon wafer (520 cm™"). To prevent
particle deliquescence during analysis, the microscope stage was continuously purged with dry air.

To evaluate potential procedural background contamination, frozen ultrapure water was processed using the exact

same sublimation procedure; no particulate matter was detected on the resulting aluminum foil. Furthermore, reference Raman

spectra of all experimental contact and packaging materials—including the aluminum foil, stainless-steel Petri dishes, and

90 polyethylene bags—were confirmed to be distinct from any of the particle spectra reported in this study.
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2.4 Elemental Analysis by SEM-EDS

Following the Raman analysis, particles exhibiting unique spectra—which had not been previously reported in ice-core

microparticles and were suspected to consist of organic matter—were categorized from the 1908 and 1911 forest fire layers.

95 To determine their elemental composition, six particles from the 1908 sample and 22 particles from the 1911 sample were

analyzed using a scanning electron microscope (FlexSEM 10001I, HITACHI) equipped with an energy-dispersive X-ray

spectrometer (AztecLive, OXFORD). Particles were located via secondary electron imaging and analyzed at an accelerating
voltage of 20 keV with an acquisition time of 90 seconds.

Blank analyses performed at more than 30 random points on the aluminum foil substrate revealed that elements other

100 than Al were rarely detected. Even when present, the peak intensities of these background elements remained within three

standard deviations (3 o) of the baseline noise. Consequently, for the ice-core particle analysis, elements other than Al were

considered significantly present only when their peak intensities exceeded this 3 ¢ threshold.

2.5 Chemical characterization by FT-IR Spectroscopy

To validate the characterization of the unidentified organic particles tentatively classified by Raman spectroscopy, Fourier-
105 transform infrared (FT-IR) microscopic analysis was performed using a Nicolet iN10 infrared microscope (Thermo Fisher
Scientific). Spectra were acquired for the particles from the 1804 layer, including those exhibiting the unidentified Raman
spectra, as well as for several reference standards: dehydroabietic acid, abietic acid, betulinic acid, and oleanolic acid.
Measurements were conducted at a spatial resolution of several tens of micrometers over a wavenumber range of 650-4000
cm’'. The attenuated total reflection (ATR) mode was employed using a germanium crystal (iN10 Ge Tip ATR) in contact

110 with the sample, whereas atmospheric background spectra were collected with the crystal raised.

2.6 Ice-nucleating ability of ice-core samples

The ice-nucleating (IN) ability of the ice-core samples was evaluated using a custom-built cold-stage apparatus coupled with
an optical microscope (e.g., Tobo et al., 2016). The system comprised a cooling chamber mounted on a stereomicroscope (BX-
2700TL, WRAYMER), which was equipped with a high-resolution USB digital camera (NOA series, WRAYMER) to monitor

115 the droplet freezing process in real-time.
Precise temperature regulation was achieved using a digital programmable controller (KP1000, CHINO Corporation)
to manage the flow of liquid nitrogen to the cold stage. This setup maintained a constant cooling rate of 1.0 °C min™! over a
temperature range from +25 °C to —40 °C. To prevent the condensation of ambient moisture and subsequent frost formation
on the sample surface, the interior of the cooling chamber was continuously purged with dry nitrogen gas provided by a
120  dedicated generator. A melted droplet from the ice-core samples was positioned on the cold stage, and freezing events were
recorded via time-lapse imaging at 2-second intervals with simultaneous temperature monitoring. The freezing temperature of

each droplet was determined by detecting sudden changes in optical brightness from the time-lapse images.
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3 Results

Raman spectra were acquired for a total of 63 reference standards, comprising 18 inorganic and 45 organic compounds (Figure
125 A2). The organic suite included several species recognized as biomass burning tracers, such as levoglucosan, dehydroabietic
acid, and vanillic acid, as well as carbohydrates (e.g., cellulose) and fatty acid salts (e.g., sodium oleate). To minimize the
potential artifacts of the sublimation-based particle extraction process, water-soluble standards (primarily inorganic) were
prepared as 1 wt% aqueous solutions using ultrapure water. These solutions were deposited onto glass slides and sublimated
at —20 °C prior to Raman measurements. The Raman spectra of the inorganic compounds were characterized by single, sharp,
130 and intense primary peaks. In contrast, the organic compounds exhibited a series of smaller peaks between 1000 and 1300
cm™! (attributed to C-H, C-C, C-O, and C-N bonds) along with a prominent primary peak near 3000 cm™?! corresponding to
C—H stretching vibrations (including those of CH, and CH; groups).
Figure 1 presents representative Raman spectra of the microparticles identified within the SE-Dome II ice core.
Based on previous ice-core Raman studies (Ohno et al., 2005, 2006; Kawakami et al., 2022; Stoll et al., 2023), silicate minerals
135 and calcium carbonate were identified (Figures la and 1b). Comparison with the reference standards also confirmed the
presence of sodium sulfate (Figure 1c). Furthermore, we detected four distinct types of non-volatile microparticles exhibiting
Raman spectra previously unreported in ice-core research:
Unidentified Particle 1: White particles (average diameter: 9.94 + 9.11 um) characterized by multiple peaks
between 1000 and 1300 cm™? and a primary peak at 2883 cm™! (Figure 1d).
140 Unidentified Particle 2: Black particles (5.40 + 6.26 um) showing two broad, overlapping peaks at 1341 and 1575
cm™?! (Figure le).
Unidentified Particle 3: Black particles (5.06 + 4.66 um) featuring peaks at 1341 and 1575 cm™?, with an
additional peak at 2694 cm™* (Figure 1f).
Unidentified Particle 4: Black particles (2.67 + 1.15 um) with peaks at 292 and 390 cm™, and a dominant peak
145 at 732 cm™! (Figure 1g).
Particles exhibiting no detectable Raman signals were also observed (Figure 1h). Because Raman analysis is generally
challenging for particles smaller than 1 um, the average diameter of the analyzed particles was on the order of several
micrometers, although numerous submicron particles were microscopically observed on the aluminum foils.
The temporal variations in the relative abundance of these detected substances are shown in Figure 2. Markers at the
150 top of the panel indicate years characterized by high concentrations of NH} (circles), high NO3 (triangles), or low
concentrations of both (unmarked). While mineral particles were present in all analyzed years except 1908 and 1961, inorganic
compounds and Unidentified Particle 3 were detected only in specific sample layers. Unidentified Particle 1 was observed in
all analyzed years except 1830 and 1920, showing higher detection frequencies during years with high NH} and NO3
concentrations. Notably, in the 1961 layer, this particle type accounted for 19% of the total particles (11 out of 57 particles).
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155 A positive trend was observed between the NHj concentration and the detection frequency of Unidentified Particle 1 (R? =

0.26, p = 0.051).

4 Discussion
4.1 Chemical characterization and identification of non-volatile particles 1-4

For Unidentified Particle 4, mineral dust was considered the primary candidate due to the presence of characteristic Raman
160 peaks below 1000 cm™? typically associated with mineral species (Griffith, 1974). Particle 4 exhibited a prominent peak at
730 cm™? (Figure 1g), which aligns closely with the reference spectrum of muscovite obtained from the Raman, X-ray, and
UV-Visible Fluorescence Database (RRUFF database; http://rruff.info). Consequently, Particle 4 was confirmed to be

muscovite, a silicate mineral.

To elucidate the chemical composition of Unidentified Particles 2 and 3, we compared their Raman spectra with those

165 of common biomass burning (BB) tracers (vanillic acid, dehydroabietic acid, and levoglucosan), pyrogenic materials such as
black carbon (BC), and various biogenic organic particles (pinonic acid, D-pinitol, betulinic acid, and cellulose). The Raman
spectrum of Unidentified Particle 2 exhibited distinct, broad D and G bands at 1341 and 1575 cm™2, respectively (Figure le).
These features are consistent with the characteristic Raman signatures of BC (typically centered around 1360 and 1580 cm™1)
reported in previous studies, including soot particles derived from maize straw combustion (Sadezky et al., 2005; Pawlyta et

170 al., 2015; Feng et al., 2019). Accordingly, Unidentified Particle 2 was identified as black carbon. Unidentified Particle 3
exhibited sharp peaks at 1346, 1579, and 2694 cm™? (Figure 1f). These peaks matched the diagnostic D, G, and 2D bands of

1

standard graphite reagents (typically observed near 1360, 1585, and 2700 cm™", respectively; Sze et al., 2001). Based on this

spectral agreement, Particle 3 was classified as graphite.

Unidentified Particle 1 (Figure 1d) exhibited a cluster of peaks between 1000 and 1300 cm™? (attributed to C-H, C-C,

175 C-O, and C-N bonds) and a prominent primary peak at 2883 cm™! (attributed to C-H, CH,, and CHj stretching),
characterizing it as an organic particle. Its frequent detection in samples with high NHJ concentrations suggested a biomass
burning (BB) origin. However, the Raman spectrum of Unidentified Particle 1 did not match any of the conventional BB
tracers or biogenic organics tested (e.g., levoglucosan, pinitol, or cellulose; Figure S2). Elemental composition analysis of
Unidentified Particle 1 (from the 1908 sample) via SEM-EDS revealed that carbon (C) and oxygen (O) were the primary

180 constituents (Figure 3b), strongly supporting its classification as organic matter. Secondary electron (SE) imagery showed that

these particles (approximately 5 um in diameter) possessed an irregular, rounded morphology lacking sharp edges.

The FT-IR spectrum of Unidentified Particle 1 was compared with several organic standards commonly used as BB

tracers, including oleanolic, betulinic, abietic, and dehydroabietic acids (Figure 4). Unidentified Particle 1 exhibited a primary

6
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peak at 2920 cm™? and additional peaks at 3394, 3186, 2850, 1647, 1632, 1470, and 1423 cm™. While all of these acid
185 standards showed primary peaks in the 2928-2951 cm™! range, their specific secondary peak patterns (such as the carbonyl
bands at 16861697 cm™1) differed substantially from those of Unidentified Particle 1. Consequently, the spectrum of
Unidentified Particle 1 did not match any of the standard tracers shown in Figures 4c—4f. Instead, its main peaks at 2920 and
2850 cm™* (C-H stretching) closely resembled the profile of oleic acid (Figure 4b), a ubiquitous vegetable-oil-derived fatty
acid (Shults et al., 2023). Nevertheless, the presence of additional peaks at 3186 and 3394 cm™!—indicative of N-H stretching
190  (Coury and Dillner, 2008)—suggested that Unidentified Particle 1 was a nitrogen-containing derivative (specifically an amide)

of oleic acid.

We subsequently evaluated three candidate compounds: ammonium oleate, sodium oleate, and oleamide. Based on
physical properties, Unidentified Particle 1 was observed as a white solid, which effectively excluded ammonium oleate, as
the latter typically exists as a viscous, yellow-brown liquid or paste. This identification was further confirmed through direct

1 and

195 Raman and FT-IR comparisons. The Raman peak positions of Unidentified Particle 1 (with a primary peak at 2883 cm™
secondary peaks at 1649, 1443, 1295, 1118, 1061, and 873 cm™?) were in excellent agreement with the oleamide reference
standard (Figure 5e). Furthermore, the FT-IR peaks at 1427 (C—H bending), 1632 (C=O stretching), 2854 and 2928 (C-H
stretching), and 3182 and 3360 cm™~* (N-H stretching) corroborated its identification as oleamide (Figure 5g). The absence of
clear N-H bands in the spectra of ammonium oleate may stem from restricted molecular motion in its highly viscous state,

200 which can also alter the fluorescence behavior of the sample during Raman analysis.

4.2 Formation process of oleamide particles

Raman and FT-IR spectroscopic analyses revealed, for the first time, the presence of oleamide particles within ice cores. The
number of identified oleamide particles was elevated during years characterized by high concentrations of NO3 (1799, 1804,
and 1877) and NHZ (1908, 1911, 1940, 1961, 1970, 1992, 1994, and 2012) (Figure 2). Conversely, in years when no distinct
205 peaks of ammonia or nitric acid were observed (1830, 1851, 1920, and 1989), the detection of oleamide (Unidentified Particle
1) was either zero or negligible (Figures 2 and Al). This close temporal correspondence suggests that oleamide particles
originate from biomass burning (BB) events. A marginally significant positive correlation was observed between NHZ
concentrations and the detection counts of oleamide particles (R? = 0.26, p = 0.051). This modest correlation may be
attributed to two main factors: first, NHJ originates from diverse sources beyond forest fires, including agricultural and
210 anthropogenic emissions (lizuka et al., 2018); second, the particle counts obtained via Raman analysis are influenced by
particle size and may be biased toward structurally ordered particles. Furthermore, because the Raman spectroscopic data are
represented as particle counts, they limit direct quantitative comparison with mass concentrations. Nevertheless, this positive

correlation suggests that both NH} and oleamide particles are influenced by shared source processes, such as major forest fires.
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Notably, oleamide accounted for a high proportion of the total analyzed particles in the 1908, 1961, and 1994 layers,

215 representing 16% (28 out of 178 particles), 19% (11 out of 57 particles), and 15% (8 out of 56 particles), respectively (Figure
2). Previous Greenland ice-core studies have confirmed that these specific years coincide with major wildfire activity, primarily

in North America, as evidenced by elevated NHJ concentrations and other established BB tracers (Legrand et al., 2016; Parvin

etal., 2019).

The formation mechanism of oleamide and its utility as a forest fire proxy are discussed below. Oleamide is an organic

220 compound containing an amide linkage (-CONH-), which is typically formed via the dehydration condensation of a carboxylic
acid and ammonia. Oleic acid is a natural fatty acid abundant in plant lipids (Ma et al., 2024). The high-temperature
environment generated during forest fires facilitates the volatilization and release of ammonia, which subsequently reacts with
carboxylic acids, such as oleic acid, to yield amides (Simoneit et al., 2003; Ditto et al., 2022; Ma et al., 2024). Oleamide
formation requires temperatures exceeding 300 °C, peaking at approximately 500 °C (Leng et al., 2020). At temperatures

225 above 500 °C, further dehydration converts the amide group into a nitrile group, resulting in the formation of oleonitrile (Leng
et al., 2020). Because temperatures exceeding 300 °C are highly unlikely to occur during atmospheric transport or after
deposition on the ice sheet, oleamide is considered a primary thermal product formed by the reaction of plant-derived oleic

acid and ammonia under the extreme heat of forest fires. Its secondary formation during transport or within the ice matrix is

highly improbable.

230 Furthermore, fatty acid amides such as oleamide are chemically neutral, stable compounds characterized by extremely
low water solubility (Oguro & Tsutsumi, 1966). Their resistance to atmospheric moisture facilitates stable long-range transport,
and their low reactivity within the ice matrix ensures long-term preservation after deposition. Consequently, oleamide is more
resistant to post-depositional degradation than water-soluble tracers such as levoglucosan. Because it exists in a stable
particulate phase, oleamide serves as a robust wildfire tracer in ice cores. While historical wildfire reconstructions have

235 traditionally focused on water-soluble species due to analytical convenience, insoluble fatty acid amides have been largely

overlooked. This study demonstrates the efficacy of oleamide as a powerful and novel tracer for biomass burning.

As noted in the Introduction, the Arctic is warming at an accelerated rate; notably, over 60% of the global burned

area between 2002 and 2024 occurred in boreal regions, such as Canada and Russia (AMAP, 2021; Rantanen et al., 2022;
Potapov et al., 2025). Therefore, fire-derived organic aerosols, such as oleamide, are highly likely to be transported to and

240 preserved in the Greenland ice sheet. While conventional tracers like levoglucosan and dehydroabietic acid are emitted during
the combustion of specific vegetation types and may only occur in trace amounts as discrete particles, oleic acid is a major

fatty acid ubiquitous across a wide range of plant species. This ubiquity suggests that substantial quantities of oleamide can be
produced during intense wildfires, making it highly prevalent as a particulate marker in ice cores. The primary contribution of

this study lies in the spectroscopic demonstration that oleamide persists in ice cores as solid-phase particles, thereby
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245  establishing its efficacy as a novel proxy for reconstructing historical Arctic wildfires. Although the current methodology was
limited to semi-quantitative spectroscopic analysis, future research should prioritize the development of chromatographic

separation techniques to enable the precise quantification and interpretation of oleamide concentrations within ice-core records.

4.3 Ice-nucleating ability of oleamide

Previous research suggests that organic aerosol particles emitted during biomass burning events can function as ice-nucleating

250 particles (INPs) (Schiffman et al., 2025). Accordingly, this study evaluated the ice-nucleating ability (INA) of the detected
oleamide particles (see Section 2.6). We investigated two distinct freezing modes—immersion freezing and contact freezing—
following the conceptual framework of Schiffman et al. (2025). For the immersion freezing assays, an aqueous suspension
containing 1 wt% of the organic analyte was prepared. A 10 puL droplet of this suspension was placed onto a cartridge-type
cooling substrate within the chamber to measure its freezing temperature. For the contact freezing assays, a single 2 pL droplet

255  of ultrapure water was deposited onto a glass slide on the cooling substrate, and the freezing temperature was measured upon
bringing the standard reagent particles into contact with the droplet interface. Ultrapure water and potassium feldspar (K-
feldspar) were utilized as reference standards.

Table 1 presents the results of the droplet freezing experiments conducted on: (1) ultrapure water (blank reference),
(2) K-feldspar (high-efficiency INP reference), (3) stearic acid reagent (a representative fatty acid), and (4) oleamide reagent.

260 In the immersion freezing experiments, the mean freezing temperatures were recorded as —19.6 + 0.8 °C (n = 10) for ultrapure
water, =5.6 + 1.2 °C (n = 5) for K-feldspar, —13.1 + 1.2 °C (n = 5) for stearic acid, and —19.9 + 1.5 °C (n = 5) for oleamide.
Compared to ultrapure water, K-feldspar and stearic acid exhibited significantly higher freezing temperatures (by 14.0 °C and
6.5 °C, respectively), confirming their high INA. In contrast, the mean freezing temperature of oleamide was statistically
indistinguishable from that of the ultrapure water blank.

265 In the contact freezing experiments, the mean freezing temperatures were —27.7 + 2.3 °C (n = 5) for ultrapure water,
—14.9 £ 1.1 °C (n = 5) for K-feldspar, and —26.2 £ 2.5 °C (n = 5) for oleamide. While K-feldspar maintained a high INA in
this mode, the freezing temperature of oleamide remained within the experimental uncertainty of ultrapure water, showing no
significant ice-nucleating activity.

Schiffman et al. (2025) suggested that relatively large organic aerosol particles (e.g., C18 species) can act as effective

270 ice nuclei. However, DeMott et al. (2018) argued that long-chain fatty acids (C16 and C18) generally exhibit low INA due to
their tendency to form monolayers. In the present study, stearic acid (a C18 fatty acid) showed a mean immersion freezing
temperature of —13.1 £+ 1.2 °C, which was notably higher than that of ultrapure water. It has been reported that INA depends
strongly on structural compatibility with the ice lattice and the structural fluctuations of surface molecules (Qiu et al., 2017).
Specifically, the formation of a highly ordered, condensed-phase monolayer with high surface pressure, which aligns

275 effectively with the ice lattice, is suggested to promote ice nucleation (DeMott et al., 2018). Therefore, the elevated freezing
temperature of stearic acid likely stems from the formation of such a stable, condensed-phase monolayer at the water droplet

interface. Conversely, the immersion and contact freezing temperatures for oleamide (—19.9 + 1.5 °C and —26.2 + 2.5 °C,

9
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respectively) were nearly identical to those of ultrapure water. Although oleamide is a fatty acid amide known to form
monolayers (Miyashita et al., 2007), its low INA is likely attributable to the formation of an expanded-phase monolayer with

280 low surface pressure in aqueous environments.
The contrasting behaviors of stearic acid and oleamide can be explained by their respective hydrophilic headgroups.
Stearic acid is an amphiphilic molecule possessing a hydrophilic carboxyl group (COOH) and a hydrophobic alkyl chain
(Moehwald et al., 2016; DeMott et al., 2018). The COOH group acts as a strong hydrogen-bond donor (Berlin et al., 2024),
and the delicate balance between carboxyl hydration and hydrocarbon chain-chain interactions facilitates the formation of a
285  tightly packed, high-surface-pressure condensed layer (Muro et al., 2010). In contrast, while oleamide possesses a hydrophilic
amide group (CONH), nitrogen is less electronegative than oxygen, making the N-H bond a weaker hydrogen-bond donor
than the O—H bond (Berlin et al., 2024). This implies that the intermolecular hydrogen-bonding network of the amide groups
is weaker than that of the carboxyl groups in an aqueous environment. Consequently, fatty acid amide monolayers are more
prone to lateral expansion and less likely to assemble into the highly ordered, crystalline-like structures characteristic of fatty
290 acids. These findings lead to the conclusion that fatty acid amides, including oleamide, are unlikely to function effectively as

ice-nucleating particles in the atmosphere.

4.4 Limitation of this study and future work

While this study successfully identified and characterized solid-phase oleamide particles in ice cores for the first time,

several methodological and conceptual limitations remain to be addressed.

295 First, the spatial resolution of our micro-spectroscopic techniques (1-10 um) inherently restricts detection to
relatively large coarse-mode particles. Consequently, this approach potentially misses a significant fraction of submicron
organic aerosols emitted during biomass burning (BB) events. Second, our current identification relies on discrete particle
counts rather than continuous mass concentrations. This semi-quantitative nature likely accounts for the positive trend observed
between oleamide particle counts and NH} concentrations (R? = 0.26, p = 0.051), as particle numbers do not directly

300 translate to total aecrosol mass fluxes. Third, although the structural ubiquity of the precursor oleic acid across various plant
species enhances the detection probability of oleamide, it limits our ability to resolve source specificity, such as differentiating
between specific fuel types (e.g., boreal forest conifers vs. agricultural residues). Finally, while our cooling assays
demonstrated that oleamide exhibits negligible ice-nucleating ability (Section 4.3), its cloud condensation nuclei (CCN)
activity and state of internal mixing with other atmospheric constituents remain unknown. These factors introduce uncertainties

305 regarding its atmospheric lifetime and post-depositional scavenging efficiencies.

To overcome these limitations and fully establish oleamide as a robust wildfire proxy, future studies must transition
to rigorous quantitative chemical analyses. Employing high-sensitivity chromatographic techniques, such as gas

chromatography-mass spectrometry (GC-MS) or liquid chromatography-mass spectrometry (LC-MS), will enable the precise
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quantification of bulk oleamide mass concentrations and fluxes within ice core records. Acquiring such quantitative, mass-
310 based datasets is essential to establish robust statistical correlations with other multi-molecular fire tracers (e.g., levoglucosan
and dehydroabietic acid) and to validate the application of oleamide for high-resolution reconstructions of long-term Arctic

wildfire histories.

5 Conclusion

This study successfully characterized the morphology and chemical composition of fire-derived particulate organic aerosols
315 (OAs) preserved in the SE-Dome Il ice core from southeastern Greenland. Through individual particle analysis utilizing micro-
Raman and Fourier-transform infrared (FT-IR) spectroscopies, we identified solid-phase oleamide particles within the ice core
for the first time. Oleamide is an insoluble fatty acid amide formed via the dehydration condensation of plant-derived oleic
acid and fire-emitted ammonia under the high-temperature conditions (300-500 °C) characteristic of intense forest fires. The
detection frequency of these oleamide particles was notably elevated in ice layers characterized by high NO3 and NHJ
320 concentrations, closely coinciding with well-documented major North American wildfire events in 1908, 1961, and 1994. This
temporal alignment demonstrates the efficacy of oleamide as a robust, insoluble proxy for historical biomass burning events.
Unlike conventional water-soluble tracers such as levoglucosan, which are susceptible to post-depositional degradation or
meltwater redistribution, oleamide exists as chemically neutral, stable solid particles with minimal water solubility. These

intrinsic properties ensure stable long-range atmospheric transport and long-term preservation within the ice sheet matrix.

325 Furthermore, droplet freezing assays revealed that oleamide does not function as an effective ice-nucleating particle
(INP) in either the immersion or contact freezing modes, exhibiting freezing temperatures that are statistically indistinguishable
from those of ultrapure water. This negligible ice-nucleating ability is attributed to the formation of expanded-phase
monolayers with low surface pressure at the aqueous interface, which lack the structural compatibility and packing density
required to template ice lattice nucleation. Overall, the spectroscopic demonstration of solid-phase oleamide in ice cores

330 establishes a novel framework for reconstructing past wildfire dynamics. Future integration of this particulate marker with
high-sensitivity quantitative chromatography will further refine our understanding of long-term Arctic wildfire histories and

their feedback within the rapidly changing polar climate system.

Figures and Tables

335
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Figure 1: Representative Raman spectra and optical microscope images of non-volatile microparticles identified within the SE-Dome
Il ice core. The identified components include well-known inorganic species, such as (a) silicate minerals, (b) calcium carbonate, and
(c) sodium sulfate, alongside four classes of initially unidentified microparticles evaluated in this study: (d) Unidentified Particle 1,
340 (e) Unidentified Particle 2, (f) Unidentified Particle 3, and (g) Unidentified Particle 4. Panel (h) displays a representative spectrum
exhibiting no detectable Raman signal. The microscope images in panels (i)—(o) correspond to the Raman spectra presented in panels

(2)—(g), respectively.
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Figure 2: Time series of the relative abundance of detected non-volatile microparticles in the SE-Dome II ice core. Markers at the
top of the plot designate the sample categories: years with high NH; concentrations (circles), high NO3 concentrations (triangles),

and low concentrations of both species (unmarked). The numbers below the markers indicate the total number of analyzed particles

for each sample.
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Figure 3: Elemental composition analysis of Unidentified Particle 1 from the 1908 sample layer, obtained via Scanning Electron
Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS). The spectrum reveals carbon (C) and oxygen (O) as the

primary constituents. Note that the prominent peak at 1.49 keV corresponds to aluminum (Al) originating from the underlying

aluminum foil substrate.
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Figure 4: Comparison of the FT-IR spectrum of Unidentified Particle 1 (a) with those of several organic standards conventionally

used as biomass burning tracers, including (b) oleic, (¢) betulinic, (d) abietic, and (e) dehydroabietic acids. The red- and green-

360 shaded regions correspond to the wavenumber ranges of 2928-2951 cm™! and 1686-1697 cm™1, respectively.
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Figure 5: Comparison of Unidentified Particle 1 (a, ) with standard reagents of oleic salts (b—d, f, g) using Raman (left) and FT-IR

365 (right) spectra. The close spectral agreement confirms the chemical identification of Unidentified Particle 1 as oleamide. The vertical
red lines in the FT-IR panel (right) indicate the specific band positions at 2920, 2850, 3186, and 3394 cm~1.
Table 1. Mean freezing temperatures of ultrapure water, K-feldspar, stearic acid, and oleamide determined via immersion (a) and
contact (b) freezing experiments.
370
(a) Immersion freezing mode (1 wt% aqueous suspension)
Reagent Chemical Mean freezing Number of
formulas temperatures(°C) Measurements (1)
Ultra-pure water H20 -19.6+0.8 10
K-feldspar KAISi30s -5.6%1.2 5
Stearic acid CisH3602 -13.1+1.2 5
Oleamide CisH3sNO -19.9+1.5 5

(b) Contact freezing mode

15



https://doi.org/10.5194/egusphere-2026-4810
Preprint. Discussion started: 14 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Reagent Chemical Mean freezing Number of
formulas temperatures(°C) Measurements (1)
Ultra-pure water H20 -27.7+2.3 5
K-feldspar KAISi3Os -14.9£1.1 5
Oleamide CisH3sNO -26.2+2.5 5
375
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Figure Al: Temporal variations in NH; and NO3 concentrations in the SE-Dome II ice core. These ion profiles were utilized to
reconstruct historical biomass burning events and to guide the selection of specific target layers for individual particle analysis.
380

16



https://doi.org/10.5194/egusphere-2026-4810
Preprint. Discussion started: 14 August 2026

(© Author(s) 2026. CC BY 4.0 License.

Inorganic Compounds

975

T H,S0,
g?ﬁ
1?“7
gi‘
{NH,),S0,

1 kso,

983
—i——wlgso,

1062

Na,SO,

aS0,

NaHSO,
973
1 — NHHSO,
11165

NaNO,

Ca(NQ;),

Intensity [a.u.]

2876~ . 2035

CaCl,

e

NH,CI
Pt

KCl
3304 5 3609

J&IMQC.Z

[ T T T
0 1000 2000 3000

4000

Wavenumber [cm'1]

EGUsphere\

Organic species including Biomass burning Tracers

213
. /269
i HCOOH
HCOONa Abietic acid
1847 3012 2942
2880,
HCOONH, Betulinic acid
_Aﬁjﬂ___‘g%‘ 1444 1613 2930
C;H0, Dehydroabietic acid
ass ulss 2810
H (COONa), D-pinitol
— 1447 —| 2082
| ass ses {l1anz - ._L_AW_L_
5| 28 K o~ (M0, E D{-fructose
© 45 2909, o 2802
i A\ § = N
D{+)-glucose
’_21 47 2909. amylosop é\ 2952
mylose i A bl
2 2895 2 570 P 2:Es (+}Arehalose
3 e A Cardlan ﬁ X L
13 1092 2897 £ 1573 Lignin
Cellulose
Chitin Oleamide
2904, 2934
540 N
Dextran A\ Oleic acid
w 2361
2090 Gelatin Pinonic acid
M 2904
Gulten A scrose
Laminarin Sodium oleate
a5 29111[ 2073 15{1
D-mannitol Vanillic acid
NP D myo-inositol BT, 4 ic acid
- aci
[ T T T 1 [ T T T (e
0 1000 2000 3000 4000 0 1000 2000 3000 4000

-1
Wavenumber [cm ]

El
Wavenumber [ecm ]

Figure A2: Reference Raman spectra obtained from 63 reference standards measured for comparison with the ice-core

microparticles. The analyzed standards comprise 18 inorganic and 45 organic compounds, which are distributed across three panels:

385

conventional organic biomass burning tracers (e.g., levoglucosan, dehydroabietic acid, and vanillic acid) in the right panel; other

relevant organic species, including carbohydrates (e.g., cellulose) and fatty acid salts (e.g., sodium oleate) in the center panel; and

inorganic compounds in the left panel.

Table Al. Depths and corresponding chronological years of the 15 ice core samples analyzed in this study. The samples were selected

390

based on periods associated with major biomass burning events.

Depth [m] Year [CE] NH," [ug L] NO;Tug L]
249.91-250.45 1799.5-1800.0 n.a 23.49
246.48-246.73 1804.2-1804.5 n.a 98.21
221.82-222.70 1830.0-1831.0 n.a 16.5
202.13-203.01 1851.0-1852.0 n.a 18.52
177.30-177.93 1877.0-1878.0 n.a. 31.33
145.89-146.39 1908.3-1908.7 114.6 94.53
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