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• A comparative study for Arctic sea ice
and the underlying seawater DOM

• Multiple DOManalyses including FT-ICR
MS and SEC are utilized for the first
time.

• A net accumulation of in situ-produced
DOM was observed in the ice.

• Large amounts of labile small-sized
DOM could be annually released upon
ice melting.

• This work provides a new insight into
DOM composition changes under ice
melting.
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Sea ice contains a large amount of dissolved organic matter (DOM), which can be released into the ocean once it
melts. In this study, Arctic sea ice DOM was characterized for its optical (fluorescence) properties as well as the
molecular sizes and composition via size exclusion chromatography and Fourier transformation ion cyclotron
resonancemass spectrometry (FT-ICRMS). Ice cores were collected alongwith the underlying seawater samples
in Cambridge Bay, anArctic area experiencing seasonal ice formation. The ice core samples revealed amarked en-
richment of dissolved organic carbon (DOC) compared to the seawater counterparts (up to 6.2 times greater).
The accumulation can be attributed to in situ production by the autotrophic and heterotrophic communities.
Fluorescence excitation emission matrices (EEMs) elaboratedwith parallel factor analysis (PARAFAC) evidenced
the prevalence of protein-like substances in the ice cores, which likely results from in situ production followed by
accumulation in the ice. Size exclusion chromatography further revealed the in situ production of all DOM size
fractions, with the exception of the humic substance fraction. The majority of DOM in both the ice and seawater
consists of lowmolecularweight compounds (b350 Da) probably derived by themicrobial degradation/transfor-
mation of freshly produced DOM. Molecular characterization also supported the in situ production of DOM and
highlighted the marked difference in molecular composition between sea ice and seawater. This study provides
new insights into the possible role of sea ice DOM in the Arctic carbon cycle under climate change.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
As one of Earth's largest exchangeable carbon reservoirs, similar
in scale to atmospheric CO2, marine dissolved organic matter
(DOM) and its biogeochemical behavior are of major significance
for the carbon cycle, climate, and global habitability. DOM is actively
involved in the marine food web as a source of energy for heterotro-
phic prokaryotes and as byproducts of biological metabolisms (Jiao
et al., 2010).

The Arctic Ocean waters contributes to deep water formation
in the Northern Hemisphere, and therefore to the dissolved
organic carbon (DOC) (N93% of DOM) pool in global deep waters
(Anderson, 2002; Anderson and Amon, 2015), while a large fraction
of the Arctic DOC pool is stored in sea ice. When ice forms, the DOM,
excluded from the crystalline ice structure, accumulates in the liquid
brine phase, and 10 to 40% of it can remain trapped in channels
within the sea ice (Petrich and Eicken, 2010). The unique Arctic
environment, characterized by a low temperature and a high salinity
(S N 35), constitute a niche for very productive biological communi-
ties (Arrigo, 2016; Deming, 2009). The DOC concentration in sea ice
is reported to be typically ~100 μM (Anderson and Amon, 2015).
However, in the areas with high biological activity, such as the bot-
tom layer of the ice in the winter-spring season, the DOC levels
could reach up to several hundred μM (Thomas et al., 1995). The
high DOC concentrations observed in sea ice have been attributed
to algal and bacterial production (Aslam et al., 2012; Smith et al.,
1997; Underwood et al., 2010; Xie et al., 2014). Such large amounts
of DOM are beneficial in mediating the ecology of sympagic organ-
isms (Thomas et al., 2010). The melting of sea ice may therefore be
a potential supplier of a significant large amount of labile carbon to
the Arctic Ocean. The recent rising trend in sea ice melting during
summer, caused by climate change, has led to a marked increase in
the areas of the Arctic Ocean that experience seasonal ice melting
(Kinnard et al., 2011). This occurrence would facilitate the supply
of bioavailable DOC to the Arctic Ocean, and therefore a higher car-
bon turnover (Jørgensen et al., 2015).

The optical properties of chromophoric DOM (absorption and fluo-
rescence excitation-emission matrices, EEMs) have been extensively
used to characterize DOM in sea ice, helping to distinguish between
the autochthonous (or biologically derived) fraction and the one that
accumulates from the parent seawater, both under natural environ-
ments and under laboratory ice-formation experiments (Ehn et al.,
2004; Granskog et al., 2005; Hill and Zimmerman, 2016; Jørgensen et
al., 2015; Logvinova et al., 2016; Norman et al., 2011; Stedmon et al.,
2011, 2007; Xie et al., 2014). Longnecker (2015) reported a more de-
tailedmolecular characterization of sea ice DOM by using Fourier trans-
formation ion cyclotron resonance mass spectrometry (FT-ICR-MS).
With its ultrahigh mass resolution and accuracy, this technique allows
the identification of thousands of compounds and the ability to assign
most of them to elemental formulas with a high level of confidence
(Repeta, 2015). However, to the best of our knowledge, up to now no
studies reported, and compared, fluorescence and FT-ICR-MS data of
sea ice together.

The main goal of this study is to characterize DOM in the ice core
and the underlying seawater by combining optical and molecular
analyses. In addition to the EEMs and FT-ICR-MS, size exclusion chro-
matography equipped with an organic carbon detector (SEC-OCD)
was also utilized, which has a capability to quantitatively separate
a bulk DOM sample into several size fractions (biopolymers, humic
substances, building blocks, low molecular weight acids, and neu-
trals) (Huber et al., 2011). For this purpose, ice cores and seawater
samples below the ice were collected from the Canada Basin in the
proximity of Cambridge Bay. This area was chosen since it is charac-
terized by seasonal ice formation, which is a condition that most re-
sembles the majority of future Arctic ice coverage under climate
change effects.
2. Material and methods

2.1. Study area and sampling

The samples were collected on five nonconsecutive days (between
April 27th andMay9th) in 2017 from four different stations in the prox-
imity of Cambridge Bay (Nunavut, Canada), which is located between
Victoria Island and the Canadian coast (Fig. 1).

In this area, seasonal sea ice formation typically occurs fromOctober
until May or June when the ice reaches its maximum thickness of ap-
proximately 200 cm (data from Canadian Ice Thickness Program Collec-
tion, licensed under the Open Government License – Canada, www.
open.canada.ca). The sampling period of this study thus represents the
formation of the seasonal thickest ice, just before the melting period.
At each station, two types of samples were collected: one from within
the ice and one from the seawater below the ice (i.e., the underlying sea-
water). The ice cores were extracted with an 8 cm-diameter SIPRE ice
corer, and the water samples were collected through the small holes.
Because most of the biomass is likely concentrated in the lower part of
the sea ice, only the bottom 10 cm sections of the sea ice were used
for this study. The samples were stored in coolers to avoid light expo-
sure during transfer to the laboratory. Ice core samples were thawed
in the dark at room temperature overnight. Before filtration, the sam-
ples were homogeneously mixed, and salinity was measured using a
YSI model 30 salinity meter (YSI, Yellow Springs, Ohio).
2.2. Analytical measurements

A summary of all the analytical procedures employed, blank collec-
tion, reference and standard material used is displayed in Table S1.

Samples for chlorophyll-a (chl-a) concentration were filtered
through 0.7 μm pore size filters (Whatman, GF/F). The filters were im-
mediately frozen until analysis. Chl-a was extracted in 90% acetone for
24 h at 4 °C (Parson et al., 1984), and quantified using a pre-calibrated
Turner Designs model 10-AU fluorometer. The filtrate was used for
the following DOM analyses.

Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN)
were quantified by using a total organic carbon analyzer (Shimadzu
TOC-VCPH) with an analytical reproducibility b2%. Dissolved inorganic
nitrogen (DIN) was measured by using a Quaatro Auto analyzer (Bran
+ Luebbe, Germany) at the National Institute of Fisheries Science
(Korea). Dissolved organic nitrogen (DON) was then calculated as the
difference between TND and DIN. Fluorescence excitation emissionma-
trices (EEMs)were scannedwith aHitachi F-7000fluorescence spectro-
photometer (Hitachi Inc., Japan). Excitation ranged between 220 and
500 nm with a 5-nm interval, and emission scans were set at wave-
lengths between 280 and 550 nm every 1 nm. Blank subtraction and
Raman peak normalization were performed following the procedures
proposed by Murphy et al. (2010). UV absorption coefficients at 254
nmof all samples were below 0.05 cm−1, making inner-filter correction
unnecessary (Hur et al., 2008). Parallel factor analysis (PARAFAC)
modeling was carried out in MATLAB R2017a (Mathworks, Natick,
MA, USA) using the drEEM Toolbox, (Murphy et al., 2013). The valida-
tion of the PARAFAC model was made by visual inspection of the resid-
uals, split half analysis, and percentage of explained variance (99.2%).

DOM size fractions were measured by a high-performance liquid
chromatography system (S-100, Knauer, Berlin, Germany) equipped
with an organic carbon detector (OCD). The detailed analytical proce-
dure is described elsewhere (Chen et al., 2016a; Huber et al., 2011).
For this study, the samples collected on May 9th were chosen for the
SEC-OCDmeasurements. The assignments and the quantification of dif-
ferent size fractions, including biopolymer (BP), humic substances (HS),
building blocks (BB), lowmolecular weight neutrals (LMWN), lowmo-
lecular weight acids (LMWA), were based on an established procedure
(Huber et al., 2011) and the in-built software.
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Fig. 1. Sampling area and stations. The maps were created by using Ocean Data View software (Schlitzer R., Ocean Data View, odv.awi.de, 2017).
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Molecular composition analysis was carried out using a 15-T FT-ICR
MS interfaced with an Apollo II electrospray ionization source (ESI,
Bruker Daltonik GmbH, Leipzig, Germany), located at the Korea Basic
Science Institute (KBSI) in Ochang (South Korea). A detailed description
of the analytical method is given in Derrien et al. (2017a). To ensure a
sufficient sample volume for solid phase extraction (SPE), all the col-
lected ice samples and the seawater samples were mixed together to
obtain two representative samples for the different environments (i.e.,
ice and seawater). SPE was performed following the method described
in Dittmar et al. (2008) and He et al. (2016). Briefly, the prepacked
PPL cartridges (Agilent Bond Elut PPL, Santa Clara, CA, USA) were rinsed
with MeOH and Milli-Q water. The acidified samples (pH 2) were
passed through the cartridge at 0.5 mL/min and salt was subsequently
removed by passing 0.01 MHCl through the SPE system. Finally, the car-
tridge was fully dried with N2 and eluted with MeOH. A blank was ac-
quired at the same time following the same procedure by using Milli-
Q water. Only the peaks with an S/N N 4 were considered for the MS
data acquisition. Molecular formulas were assigned for elemental com-
binations 12C0–∞1 H0–∞

16 O0–∞
14 N0–5

32 S0–2 by using the Composer64 software
(Sierra Analytics Inc., version 1.5.4). The mass accuracy threshold was
│Δm│ ≤ 1 ppm. The nitrogen rule and the double bond equivalent
rule (i.e., DBE = 1/2(2C–H + N) ≥ 0) were applied. The elemental
ratio criteria were implemented as follows: 0.3 ≤ H/C ≤ 2.25, O/C b 1.2,
N/C b 0.5, and S/C b 0.2 to obtain elemental formulas with a high level
of confidence, based on the literature (Chen et al., 2016b; Derrien et
al., 2017b; He et al., 2016; Koch et al., 2008).

2.3. Statistics

The Kruskal–Wallis test (R software) was used to test the variability
between the four sampling stations, and between the ice and the seawa-
ter DOM samples. This test was chosen since it is a non-parametric test
and does not need any distributional assumption (Sokal and Rohlf,
1995). Differences were considered significant for p b 0.05.

3. Results and discussion

For this study, the average values (±standard deviation) of DOC,
DON, Chl-a concentrations, and fluorescent DOM (FDOM) components
were compared for each sampling station, with a reasonable assump-
tion that there was no major temporal variation within the short sam-
pling period (13 days). For all these parameters, no significant
difference was found (p b 0.05) between the four stations, both within
the ice and the seawater samples. A summary of all the bulk parameters
is displayed in Table S2.
3.1. Comparison of DOC, DON, and Chl-a between the ice and the seawater

DOC concentrations of the ice samples ranged between 162 and 640
μM (average: 401 ± 145 μM), while those of the seawater were
recorded 6.5 to 6 times lower, ranging between 81 and 213 μM (aver-
age: 110 ± 35 μM, Fig. 2a). Such high DOC concentrations in the sea
ice have been reported in previous literature on the Arctic and
in other polar regions (Meiners et al., 2009; Norman et al., 2011;
Stedmon et al., 2011; Thomas et al., 2001, 1995; Underwood et al.,
2010). The high DOC concentrations can be explained by the accumula-
tion of a DOM fraction within brine channels during ice formation
(Jørgensen et al., 2015; Stedmon et al., 2011, 2007) and subsequent
uncoupling between production and removal processes. This
uncoupling can be driven by the following processes: (i) the low tem-
perature can affect the substrate affinity of bacteria (Pomeroy and
Wiebe, 2001); (ii) the bacteria, mainly attached to particles at low tem-
peratures (Junge et al., 2004), might preferentially utilize the substrates
detached from the particles; (iii) bacterial C requirement is only a small
fraction (b5%) of the net DOC accumulation (Riedel et al., 2008). It
should also be taken into account that the high abundance of DOC in
the ice could be attributed in part to some materials released through
the breakdown of the cells during the melting procedure.

DON concentrations of the ice ranged between 7.3 and 21.4 μM (av-
erage: 11 ± 4 μM), whereas they varied between 2.7 and 12.5 μM in the
seawater (average: 6 ± 3 μM, Fig. 2b). These values fall within the DON
ranges reported for other polar regions (Meiners et al., 2009; Norman et
al., 2011; Stedmon et al., 2011; Thomas et al., 2001). On the contrary to
DOC, no significant difference was found between the ice and the sea-
water DOM, which can be attributed to a larger spatial and temporal
variability in DON versus DOC concentrations. Both DOC and DON
in the seawater were higher than the average values (54–60 μM and
4.7 ± 1.5 μM, respectively) reported for the Arctic Ocean (Benner et
al., 2005; Sipler and Bronk, 2015).

For this study, the DOC:DON ratios ranged between 21 and 57 (aver-
age: 40± 15) in the ice, and between 7 and 41 (average: 24 ± 8) in the
seawater. Such high ratios of DOC:DON, particularly in the ice, were pre-
viously reported both in the Arctic and in other polar ice (Norman et al.,
2011; Stedmon et al., 2007; Thomas et al., 2001, 1995), and they have
been explained by the uncoupling of C andNmetabolisms. For example,
Thomas et al. (1995) attributed high ratios of DOC/DON to the faster hy-
drolysis andmicrobial utilization of N-rich amino acids versus the C-rich
polysaccharides pool. Another explanation could be related to the re-
lease of C-rich DOM by phytoplankton, induced by nutrient limitations
(Carlson and Hansell, 2015).

A larger difference was found in the Chl-a concentrations between
the ice and the seawater (31 ± 15 and 1.2 ± 1.5 μg l−1, respectively,

Image of Fig. 1
http://odv.awi.de


Fig. 2.Dissolved organic carbon (DOC, a), Dissolved organic nitrogen (DON, b), and Chlorophyll-a (c) concentrations in the ice (black) and the seawater (white) at the four stations. Error
bars refer to the standard deviation of the samples collected on 5 different sampling days.
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Fig. 2c) compared toDOCor DON. The values agreedwith the ranges (0–
439 and b0.1–13.1 μg l−1 in ice and seawater, respectively) previously
reported in polar regions (Granskog et al., 2005; Norman et al., 2011;
Thomas et al., 2001). The high Chl-a concentrations of the ice suggest
the presence of ice algae and phytoplankton communities, which are
particularly abundant in the bottom 20 cm of the ice (Arrigo, 2016;
Kaartokallio et al., 2007). Such a high level of algal biomass in the
Fig. 3. Excitation (line) and emission (dashed line) spectra of the three fluorescent component
numbers indicate the maximumwavelength of each spectrum.
bottom layer of sea ice, togetherwith the ice itself, likely limits the avail-
ability of light for the primary production of algae living in the underly-
ing water. This effect seems to be well reflected by the very low Chl-a
concentrations in the seawater below the ice (Fig. 2c), which also
agreed with the average concentration reported for the Arctic Ocean
(Lee et al., 2015). The high Chl-a measured in the sea ice supports the
elevated autotrophic activity within the ice brines and the roles of the
s validated by Parallel Factor analysis, PARAFAC (left) and their contour plots (right). The

Image of Fig. 2
Image of Fig. 3
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algal communities in DOC production. However, there was a lack of lin-
ear relationship between DOC and Chl-a in this study, implying the
presence of other sources of DOC. The most probable source would be
the microbial community, which can be very active in ice (Deming,
2009; Eronen-Rasimus et al., 2014) and is known to contribute up to
60% of total sea ice carbon (Riedel et al., 2008).

3.2. Comparison of FDOM components between the ice and the seawater

The elaboration of the EEMswith PARAFACmodeling resulted in the
validation of a 3-component model (Fig. 3). In order to identify the
FDOM components, the spectra were compared with (i) the matching
spectra obtained from the OpenFluor database (Murphy et al., 2014)
using the OpenFluor plugin for OpenChrom with a similarity score N

96%, and with (ii) other similar components reported in previous liter-
ature (Table S3). The spectral features of component 1 (C1, Ex/Em:
275/331 nm) are typical of protein-like substances, in particular trypto-
phan. This component was previously reported in sea ice (Hill and
Zimmerman, 2016; Logvinova et al., 2016) as well as in other environ-
ments such as the open ocean, coastal areas, and rivers (Dainard et al.,
2015; Guéguen et al., 2014; Yao et al., 2016). The component is usually
attributed to an autochthonous substance. The spectral characteristics
of component 2 (C2, Ex/Em: 225/433 nm) were related to the presence
of terrestrial materials (Ishii and Boyer, 2012; Lambert et al., 2016;
Shutova et al., 2014; Stedmon et al., 2011). In Arctic sea ice, Logvinova
et al. (2016) assigned this component to fulvic-like material, while Hill
and Zimmerman (2016) attributed these fluorescence characteristics
to marine humic-like substances. In this study, C2 seems to be closer
to fulvic-like components since the marine humic-like peak typically
has a shorter emission maximum (peak M, Ex/Em: 290–310/370–410
nm, Coble, 2007). The spectral characteristics (Ex/Em: 225(300)/342
nm) of component 3 (C3) are likely related to the presence of proteina-
ceous materials based on the previous literature (Amaral et al., 2016;
Catalá et al., 2015; Hill and Zimmerman, 2016; Stedmon et al., 2011,
2007). The maxima of C3 appear at longer wavelengths compared to
C1, although the source of both components is similar.

Compared with those reported for the Canadian Arctic Ocean
(Guéguen et al., 2012; Walker et al., 2009), our EEM-PARAFAC results
presented a lower number of fluorescent components probably due to
the lower abundance of humic-like substances. To discuss the relative
contribution of each component, its maximum fluorescence intensity
(Fmax) was divided by the sum of the three (i.e., total fluorescence or
Ftot = C1+ C2+ C3). Among the three components, the protein-like
C1 exhibited the highest fluorescence intensity for this study (Fig. 4a),
occupying 47–80% and 35–63% of the total fluorescence (Ftot) in the
sea ice and the seawater, respectively, and C3 was responsible for 14–
48% and 20–49% of the Ftot in each. Meanwhile, the fulvic-like C2 con-
stituted the lower proportions with 4–14% in the ice and 8–30% in the
seawater.

These results indicate that, both in the ice and in the seawater, au-
tochthonous protein-like substances are more abundant than the ter-
restrial counterparts, agreeing with previous studies on sea ice. For
example, Hill and Zimmerman (2016), in a study of the Canadian Arctic,
Fig. 4. Components 1 (a), 2 (b), and 3 (c) fluorescence in the four stations, in the ice (black) and
different sampling days.
observed that humic-likefluorescence represented only 8% of Ftot in the
ice and 18% in the seawater below ice. Stedmon et al. (2011) found a
dominant protein-like fluorescence in sea ice samples from the
Antarctic.

For this study, C1 was significantly higher in the ice versus the sea-
water DOM (p b 0.05). In contrast, no statistical difference was found
for the other two FDOM components (Fig. 4b and c), suggesting C2
and C3 may have the origins from the parent seawater. The highest
abundance of C1 in the ice can be attributed to the production/release
from phytoplankton and ice algae. However, no significant linear rela-
tionshipwas observed between Chl-a and C1 for this study (Fig. S4), sig-
nifying that other organisms could also play a role in the release of the
protein-like substances. For example, the microbial community may
be involved in the release of the protein-like fluorescence, as demon-
strated by Elliott et al. (2006), who observed the production of trypto-
phan- and tyrosine-like compounds from a bacterial culture isolated
from an urban river. Production of a tryptophan-like material was ob-
served also in marine coastal areas (Retelletti Brogi et al., 2015).

3.3. Distributions of different size fractions in the ice and the seawater

The representative SEC chromatograms are shown in Fig. S5. The
LMWA fraction is not reported here because its concentration was not
detectable by the instrument. Among the remaining four different size
fractions, the BP fraction, with the highest molecular weight, exhibited
the lowest abundance both in the ice and in seawater (2–4%, Fig. 5).

The SEC result is somewhat in contrast with previous studies, which
reported the production of a high amount of biopolymers (i.e., polysac-
charides) by ice algae and microorganisms as a protection mechanism
to the harshness of the ice environment (Krembs et al., 2011;
Underwood et al., 2013, 2010). The very low presence of BP in this
study may be attributed to the aggregation of biopolymers into mole-
cules larger than 0.7 μm, and/or their high bioavailability (Baghoth et
al., 2008; Dittmar and Kattner, 2003; Penru et al., 2013). Once the BP
fraction is produced, it can be removed and/or reduced into smaller
size compounds upon microbial activity. The HS fraction was more
abundant in the seawater than in the ice cores, representing 27–42%
and 8–12% of DOC, respectively (Fig. 5). The difference indicates that
the seawater is much more affected by terrestrial sources in the DOM
compared to the ice. The relative differences in the abundances were
the opposite for the BB fraction, representing 12–21% and 22–27% of
DOC in the seawater and the ice, respectively (Fig. 5). Considering that
this fraction reflects the presence of low molecular weight HS, mostly
derived from thebreakdownofHS (Huber et al., 2011), thehigher abun-
dance of BB in the ice, in correspondencewith a lower abundance of HS,
implies highermicrobial activity degrading HS into smaller BB in the ice
versus seawater. The fraction of LMWNwas themost abundant fraction,
representing 63–69% of DOC in the ice and 36–51% of DOC in the seawa-
ter (Fig. 5). The LMWN fraction includes alcohols, aldehydes, ketones,
sugars, and amino acids (Huber et al., 2011), which are known to be
the byproduct of BP, HS, and BB degradation (Liu et al., 2010; Penru et
al., 2013). Again, its high abundance in both the ice and seawater sug-
gests the presence of an active microbial community that removes and
seawater (white). Error bars refer to the standard deviations of the samples collected on 5

Image of Fig. 4


Fig. 5. Relative abundances of DOM size fractions (see text for more explanation on the
abbreviation) in the ice (black) and the seawater (white). Error bars refer to the
standard deviation of the samples collected at the four different stations. The asterisks
highlight the size fractions which exhibit statistically significant differences between ice
and sea water (Kruskal-Wallis test, p b 0.05).
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“transforms” DOM into smaller sized compounds. This observation is in
agreement with Stedmon et al. (2007), who attributed the decoupling
between DOC and DON concentrations and the autochthonous pro-
tein-like fluorescence of ice samples to the presence of an active micro-
bial community cycling labile autochthonous sub-fraction of DOM,
which is thus difficult to detect using chemical measurements.

3.4. DOM accumulation in sea ice

To highlight in situ productionwithin the ice, the accumulated DOM
(DOMacc) in icewas calculated by normalizing it to salinity (Müller et al.,
2013; Stedmon et al., 2011) using the following formula:

DOMacc ¼ DOMice−
DOMsw

Ssw
Sice

� �

where Ssw and Sice are the values of salinity in seawater and ice, respec-
tively. This calculation was applied only for DOC, C1, and the size frac-
tions, which are the DOM parameters with significant differences
between the ice and the underlying seawater. The enrichment factor
Fig. 6.Enrichment factors (EF) of different DOMparameters (see text formore explanation
on the abbreviations). Error bars refer to the standard deviations of the samples collected
on five different days (DOC and C1) or at four different stations (BP, HS, BB, and LMWN).
The horizontal dashed line highlights an EF value of 1.0.
(EF) was then calculated as the ratio between the DOMacc and the
DOM in the seawater. If EF N 1, the relative parameter can be considered
enriched in the ice with respect to the sea water, if EF b 1 it can be con-
sidered depleted. As a result, the EF of DOC ranged between 3.3 and 6.2
(Fig. 6), and the accumulated DOC represented the 89–97% (average
93%) of the ice DOC, which suggests that most of the DOC in the sea
ice is produced in situ by biological activity.

These results are in good agreement with the EF values observed in
theWeddell Sea (Norman et al., 2011). However, the calculated DOCacc
percentages here were higher than those reported for the Weddell Sea
ice brines (average DOCacc 61%) by Stedmon et al. (2011). The EF values
of C1 ranged between 1.7 and 4.5 (Fig. 6), and the accumulated fluores-
cence represented 75–97% (average 89%) of the C1 fluorescence in the
ice, confirming that the protein-like fluorescence originates mainly
from in situ biological activity. The accumulation of protein-like fluores-
cence was also reported for the Baltic Sea (Müller et al., 2011) and
Weddell Sea (Stedmon et al., 2011) but with lower EF values, revealing
relatively a higher biological activity in our studied area.

All DOM size fractions were more enriched in the ice versus the sea-
water, except for HS which seems to remain constant (EF≈ 1, Fig. 6).
The LMWN had a high enrichment factor, probably because it contains
the degraded byproducts of all other fractions. It is interesting to ob-
serve that, despite its low concentrations (Table S2), BP has a high en-
richment factor. The accumulated BP represents 92–96% of the BP in
ice. The production of BP in the icemay be explained largely by the pro-
duction of extracellular polymeric substances (EPS) by algae andmicro-
organisms as a defense mechanism to the extreme ice conditions (high
salinity and low temperature). Similar to DOC, the accumulated
amounts of the three size fractions (BP, BB, and LMWN) were 87–96%
of the corresponding concentrations in the ice, suggesting again the or-
igins of these compounds from the in situ production.

Recent studies reported an increasing trend in the ice thatmelts sea-
sonally (Kinnard et al., 2011), and prediction models suggest that the
Arctic Ocean would become seasonally nearly sea ice free before 2050
(Overland et al., 2014). This long-term prospect signifies that every
year this large amount of biologically produced ice DOM would be re-
leased into the surface waters once the ice begins to melt. The DOM re-
leased into the seawater can be transported into the deep waters
circulation system, or it can be assimilated by the microbial community
and then converted into biomass or respired as CO2. Despite this impor-
tant implication, therewere only two studies on thebioavailability of ice
DOM (Amon et al., 2001; Jørgensen et al., 2015), which suggested that
iceDOMmight bemore bioavailable than the seawater counterpart. Un-
fortunately, however, these studies relied on amended samples (Amon
et al., 2001) or ice grown under laboratory conditions (Jørgensen et al.,
2015) for demonstration. Further experiments should be therefore car-
ried out, using un-amended natural sea ice and the seawater microbial
community, in order to confirm these results and investigate the fate
of ice DOM once the ice melts into the seawater.

3.5. Comparison of the molecular composition between the ice and the sea-
water – FT-ICR-MS

Mass spectra were analyzed in the m/z range of 200–800. A total of
563 and 580 formulas were assigned to the measured m/z values of
the composite samples of the ice and the seawater, respectively,
which corresponded to 41% and 33%of the peaks. The number of formu-
laswas low compared to the previous studies on seawater (Dittmar and
Koch, 2006; Flerus et al., 2012; Hertkorn et al., 2013), glacial ice (Bhatia
et al., 2010; Grannas et al., 2006) and sea ice (Longnecker, 2015). The
low number of formulas could be attributed to: (i) the low volume of
the sample used for the SPE (approximately 0.5 L); (ii) potential instru-
mental interference occurring during ESI to alter the ionization, such as
the formation of adducts, in-source fragmentation, or selective ioniza-
tion (Reemtsma, 2009; Sleighter and Hatcher, 2011). It is notable that,
due to the differences in extraction techniques, mass spectrometers,

Image of Fig. 5
Image of Fig. 6


Fig. 7. van Krevelen diagram of the ice (left) and seawater (right) samples. The squares represent sub-division across 7 compound classes: lipids (1), proteins (2), carbohydrates (3),
unsaturated hydrocarbons (4), lignin (5), tannins (6), and condensed aromatic structures (7).

808 S. Retelletti Brogi et al. / Science of the Total Environment 627 (2018) 802–811
and data processing, a direct comparison of the data with previous liter-
ature should be avoided (Longnecker, 2015; Reemtsma, 2009). In addi-
tion, the previous studies reporting the FT-ICR-MS results of ice samples
all focused on different types of ice. For example, Grannas et al. (2006)
studied the molecular composition of “old” glacial ice (from 1300 and
1950 CE). Bhatia et al. (2010) highlighted the differences between sub-
glacial, supraglacial, snow, and tarn using melted water samples.
Longnecker (2015) presented the results of first year sea ice character-
ized by a low primary production. Nevertheless, a broad comparison of
the general features was made in this study.

The calculated formulas are displayed in the van Krevelen diagram
(Kim et al., 2003) and are divided into 7 compound categories (lipids,
proteins, carbohydrates, unsaturated hydrocarbons, lignin/CRAM, tan-
nins and condensed aromatic structures, CAS) based on the literature
(Hockaday et al., 2009; Hodgkins et al., 2016; Koch and Dittmar, 2006;
Ohno et al., 2010; Stubbins et al., 2014; Willoughby et al., 2014).

In this study, the formulas of both the ice and the seawater samples
were distributed over all of the compound categories (Fig. 7),whichwas
also observed when the different heteroatoms were taken into account
(Fig. S6). The results are in agreementwith those of the Arctic subglacial
samples (Bhatia et al., 2010) and first year sea ice (Longnecker, 2015). A
marked difference was instead observed compared to the data reported
by Grannas et al. (2006), who highlighted a predominance of formulas
in the lipid/lignin area of the van Krevelen diagram of ‘old’ glacial ice.
Looking in detail at the distribution of the formulas, it was possible to
observe some differences between the ice and the seawater. In the sea-
water, slightly higher percentages of lipids and unsaturated hydrocar-
bons were observed, while there was a higher abundance of lignin in
the ice (Table 1).

In both samples, most of the formulas are representative of lignin/
CRAM-like (N38%) and CAS-like (N25%) compounds. The highest abun-
dance of lignin/CRAM-like formulas is in linewith Bhatia et al. (2010), in
which terrestrial sourced formulas (in the same region where lignin/
CRAM is assigned here) exhibited the highest abundance in subglacial
ice samples (N39%), although they observed a markedly higher abun-
dance of protein-like formulas than the results of this study.Meanwhile,
the high percentage of CAS-like formulas agreed with Longnecker
(2015).
Table 1
Percentages (%) of the different compounds-like and heteroatoms formulas in ice and sea wate

Lipids Protein Carbohydrates Unsaturated hydrocarbons

Ice 2 6 2 11
Sea Water 6 6 3 15
The elemental formulas containing C, H, O, and N dominated both
types of samples, followed by the formulas of C, H, and O in the ice,
and the formulas of C, H,N, O, and S in the seawater (Table 1). Compared
to the previous studies reporting greater abundances of the C/H/O for-
mulas (Bhatia et al., 2010; Longnecker, 2015), the samples in this
study showed a higher percentage of nitrogen-containing formulas. It
has yet to be taken into account that nitrogen-containing molecules
may vary between similar studies due to extraction biases (Reemtsma,
2009) and different procedures in formula assignments. Meanwhile,
some other parameters such as the intensity normalized elemental ra-
tios, the double bond equivalent (DBE), and the modified aromatic
index (Koch and Dittmar, 2006), showed similar values between the
two samples (Table S2). However, it is noteworthy that the m/z values
revealed only 32 identical formulas (≈5.5% of total formulas) assigned
to both types of samples. Longnecker (2015) also observed very little
overlap of m/z values between seawater and some of the sea ice sam-
ples. Almost all the overlapping formulas fall within the range of lig-
nin/CRAM compounds. This compound group may represent the
terrigenous refractory materials that can be partially trapped within
the ice. Similar formulas are considered to represent refractory mate-
rials (Flerus et al., 2012; Gonsior et al., 2011; Koch et al., 2005).

These findings suggest that, although no major differences were
found in the apparent molecular indices between ice and seawater
DOM, the sources of the DOM could differ between the two, supporting
a greater role of in situ production in forming ice DOM. Furthermore,
these results point out the need for more detailed studies, which should
include a higher number of samples, to investigate deeper themolecular
differences between ice and seawater DOM.

4. Conclusions

This study combined all DOM information on the concentrations, op-
tical properties, molecular size distribution, and themolecular formulas
for the comparison between Arctic sea ice and the underlying seawater.
This combination of analytical techniques allowed, for the first time, to
characterize DOM in various aspects, confirmingmost of the previously
reported information on sea ice DOM. The high DOC enrichment factor
highlights that most DOM is likely produced in situ, and subsequently
r samples (the abbreviations used are explained in the text).

Lignin Tannins CAS CHO CHON CHOS CHNOS

50 4 26 28 38 9 15
38 4 27 16 42 11 18

Image of Fig. 7
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accumulated via a decoupling of its production and removal processes.
The relatively higher abundances of Chl-a and protein-like fluorescence
in the ice versus the seawater suggest that the ice DOM may be pro-
duced by both the autotrophic and heterotopic communities. More en-
richment of DOM size fractions in the ice, except for the HS fraction,
confirmed the in situ production of DOM. A small portion of the number
of the overlapped formulas between the ice and the seawater imply dif-
fering DOM sources and properties with respect to themain sources, al-
though the apparent molecular indices were similar. This study
provided a new insight into the possible increase in autochthonous
(probably labile) DOM release from Arctic seasonal sea ice melting
under climate change conditions. However, formore concrete evidence,
comparative biodegradation experiments are warranted in the future
using ice and seawater samples, which would clarify the lability of ice
DOM and the future impacts on DOM composition in the Arctic Ocean
environment.
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