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ABSTRACT: The Siberian Arctic Shelf is undergoing major climate change in the Northern Hemisphere, heavily impacted by a
massive release of dissolved organic matter (DOM) due to degradation of permafrost as a consequence of global warming. This work
is devoted to the isolation of large quantities of DOM from the Kara Sea, the Laptev Sea, and the East Siberian Sea, located from
west to east along the Siberian Arctic Shelf. The goal was to isolate Arctic marine water reference DOM materials, addressing the gap
in the set of available reference DOM materials. Large volumes of marine water (500—700 L) were collected from the three target
seas and processed using a large-scale solid-phase extraction (SPE) setup aboard the research vessel “Academic Mstislav Keldysh” to
establish a detailed molecular characterization of current Arctic DOM. The DOM was extracted using Bondesil PPL bulk sorbent at
loading ratios ranging from 1:50 to 1:30 (on a DOC basis). The yield of DOM was 2 g from the Laptev Sea, 1.4 ¢ from the Kara Sea,
and 1.0 g from the East Siberian Sea. Detailed molecular characterization of the SPE DOM samples was conducted using elemental
analysis, *C and'H NMR spectroscopy, FT-ICR mass spectrometry, and optical spectroscopy. All methods revealed that the DOM
fromthe Kara Sea in West Siberia had a more oxidized and aromatic character compared to the DOM from the Laptev Sea and East
Siberian Sea located on the East Siberian coast. The two latter DOM samples were less oxidized and richer in aliphatic structures.
The Kara Sea sample was dominated by oxidized hydrolyzable tannins, while the Laptev Sea and East Siberian Sea samples were
enriched with lignins and terpenoids. Fluorescence spectroscopy revealed a blue-shift in the DOM spectra from west to east, which
may be linked to a decrease in humic-like fluorescence. Comparison with established terrestrial reference materials, such as

Suwannee River fulvic acid and Suwannee River natural organic matter, demonstrates that the three Arctic DOM isolates provide a
distinctive and valuable reference for studying marine DOM biogeochemistry.
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H INTRODUCTION The Arctic Shelf functions as a natural receptor, which is
Arctic ecosystems are highly susceptible to global climate essential for delineating large-scale footprint patterns of
change and its consequences, as the region is now warming at permafrost OC remobilization throughout the circum-Arctic
four times the global average." The majority of the region is region. It was recently demonstrated that nearly 80% of the
occupied by permafrost, which consists of perennially frozen terrestrial organic carbon exported around the circum-Arctic

ground that is very rich in organic carbon (OC) (up to 10 wt

%).2 Global warming leads to substantial mobilization of Received: June 29, 2024
dissolved organic matter (DOM) into the Siberian rivers and Revised: ~ October 11, 2024
Arctic Ocean,”™® due to erosion of coastal and hinterland Accepted: October 18, 2024
permafrost.” " As a result, this massive release of permafrost Published: February 16, 2025
OC impacts the molecular landscape of DOM in the Arctic

Ocean.'' ™
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Figure 1. Principal scheme of the DOM isolation from large volume of seawater.

was directed to the Eurasian/Siberian side.'> The East Siberian
Arctic Shelf (ESAS), which includes the Laptev Sea (LS), the
East Siberian Sea (ESS), and the Russian part of the Chukchi
Sea (CS), is the world’s largest continental shelf sea system. Its
sediments are dominated by terrestrial organic carbon
(terrOC), which accounts for 68% of the total OC."> The
ESAS serves as a significant recipient of OC from both eroding
coastal old permafrost deposits, which are the main source of
terrOC released into the Laptev and East Siberian Seas.'®"” It
is also heavily impacted by the river basins of the Lena,
Indigirka, and Kolyma, which are predominantly located in the
continuous permafrost region. In contrast, the West Siberian
Arctic Shelf (WSAS), specifically the Kara Sea (KS), represents
the Ob-Irtysh River basin, which is situated in the
discontinuous or sporadic permafrost zone.'*° An increase
in the thawing of continuous permafrost was demonstrated to
proceed along with an increase in the freshness of sedimentary
OC and the lability of dissolved OC (DOC) along the Siberian
Shelf.*'

The Arctic is the most vulnerable region to global warming
and requires continuous monitoring of ongoing climate
processes. In recent years, there has been a growing number
of land—ocean studies of the OC runoff in the Arctic Shelf,
facilitating more active sampling and the establishment of a
dense monitoring network. Due to the anticipated acceleration
of permafrost degradation, there is an urgent need to establish
a chemical DOM fingerprint to serve as a reference point over
the coming years and decades, as the OM release and
composition may change. For this purpose, bulk quantities of
Arctic Shelf DOM reference samples are required.”> Similar
initiatives have recently been undertaken, including the
isolation of coastal marine DOM reference material (TRM-
0522) in gram quantities near Gothenburg, Sweden, for use in
studies of marine DOM biogeochemistry.”® Despite these
efforts, there remains a pressing need for Arctic DOM
reference materials.”®

The aim of this study was to isolate gram quantities of DOM
from surface seawater of the Arctic Siberian Shelf to be used as
reference materials. To achieve this goal, three Arctic Shelf
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Seas—the Kara, Laptev, and East Siberian Seas, were selected
due to the increasing contribution of permafrost runoff from
West to East along the Siberian coastline. A large-scale
onboard isolation of DOM was conducted in all three targeted
seas using SPE with Bondesil PPL bulk sorbent. The isolated
samples of SPE DOM were characterized using elemental
analysis, Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (FT-ICR MS), 'H and "*C NMR spectroscopy,
and fluorescence and UV—vis spectroscopy.

B RESULTS AND DISCUSSION

A recent evaluation comparing terrestrial OC release with
circum-Arctic land carbon stocks indicates a predominant
release from surface soils, accounting for approximately 59% in
the KS, and around 50% in the LS and ESS."> The remaining
terrestrial OC originates from Ice Complex Deposits (ESS and
LS) and deep peat deposits (KS). Peat deposits contributed
about 30% of the total fluvial release in the KS due to the Ob
River discharge.'*™*" Consequently, one site was chosen near
the outlet of the Ob Gulf (St. 6932) in the KS to presumably
represent this large region with a strong “peat” signal (Figure
2). Two other sites were located in the regions strongly
impacted by the Lena River (St. 6982) in the LS and by the
coastal erosion plume near the Indigirka River mouth (St.
6969) in the western ESS.

The water was collected using a ship-based continuous
seawater intake system (further detailed in S1), which is shown
in Figure 1.

Large-Scale DOM SPE and Comparison of Collection
Efficiencies with Different Setups and for Different
Ocean Regimes. Three large-scale SPE isolations of DOM
samples were conducted along the Siberian Arctic Shelf during
the AMK-82 cruise at the sampling sites shown in Figure 2.
The most western sampling site was located in the KS
dominated by the Ob-Irtysh River plume (St. 6932), the
central sampling site (St. 6980) was located in the LS
dominated by the Lena River plume, and the most eastern site
(St. 6969) was located in the ESS, near the erosion site on the
Indigirka River. The corresponding river watersheds are shown
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Figure 2. Siberian Arctic Shelf: red dots denote the sampling sites: St.
6932 is in the KS (within the Ob River plume), St. 6980 is in the LS
(within the Lena River plume), and St. 6969 is in the ESS, near the
erosion site on the Indigirka River.

with the shaded areas and the terrestrial permafrost including
the Ice Complex Deposits”” are plotted in accordance with
Obu et al.” Coastline and rivers by Natural Earth Service were
utilized as a background map, terrestrial permafrost zones are
shown in accordance with Brown et al,”’ the subsea
permafrost in accordance with Overduin et al.*’

It can be seen that three selected sampling regions were
located along the Siberian Arctic Shelf in the west-east
direction. Total volumes of the sampled water from each
station accounted for 500 L for the KS and ESS samples, and
700 L for the LS samples. A total of ten DOM samples from
the three stations were isolated using the SPE setup. The
characteristics of large-scale extraction are represented in Table
1 (further details can be found in S2). In the marine waters of
KS, LS, and ESS, DOC concentrations were measured at 4.1
mgOC-L™!, 3.5 mgOC-L™", and 3.1 mgOC-L™}, respectively.
The DOC concentrations observed in all three investigated
regions reflected typical seasonal levels characteristic for Arctic
Shelf waters, which are influenced signiﬁcantly by runoff from
the Ob, Lena, and Indigirka Rivers.” ~*

The KS recovery value was notably the highest (42 + 6%, n
= 3) as compared to those observed for the LS (31 + 5%; n =
3) and ESS (28 + 2%; n = 2) regions. We explain this variation
in recovery values by the lowest loading of 34 mgOC/g of the
SPE sorbent in the case of the KS, compared to the loading
levels of 41 and 50 mgOC/g for the LS and ESS, respectively.
Another explanation could be the molecular selectivity of the
sorbent with regard to the components of DOM, which may
also impact the recovery.” At the same time, the obtained
recovery values are consistent with those reported for the Bond
Elut PPL cartridges applied for marine water with high

Lo 35-38 :
salinity. So, in recent years, several advanced gram

quantities of isolation were conducted. The work by Green
et al.’” demonstrated SPE with a usage of two sequential
custom-built columns with 500 g of Bond Elut PPL each for
extraction of DOM from 3000 L of ocean water. A large
quantity of the sorbent was provided for its very low loading of
6 mg per g (0.006%), which enabled the extraction of 10.3 g of
DOM from the combined surface and deep water samples.
Felgate et al.”° reported the isolation of 1.06 g of DOM
reference material from 1500 L of coastal marine water using
C18 sorbent with a sorbent mass 2398 g. In our study, we
obtained grams of SPE DOM using much smaller amounts of
Bondesil PPL sorbent. This could significantly reduce the costs
of large-scale isolation of marine DOM, in particular, for
onboard research vessel setups.

The elemental composition of the three DOM isolates from
the Siberian Arctic Shelf is represented in Table 2 in
comparison with the data on three aquatic IHSS reference
materials, which could be found on the website of the ITHSS.*

Among the three ESAS DOM samples, the most western
(KS) sample was characterized with the lowest value of H/C
ratio (1.15) and the lowest content of N (1.56). At the same
time, two “eastern” DOM samples—LS and EES—were much
more alike in H/C values (1.23 and 1.26, respectively) and had
substantially higher content of nitrogen, in particular, ESS
sample (1.81 versus 1.66 for the ES sample). Oxygen content
was calculated as a difference between 100% of the total mass
and the found mass of the CHNS elements. There was no
substantial variation observed in the O/C ratio—it varied from
0.56 for the LS sample up to 0.59 for two other samples. In
general, it can be concluded that two eastern samples were
characterized with the enhanced contents of hydrogen,
nitrogen, and sulfur as compared to the KS sample. When
comparing the obtained data for the Arctic Shelf DOM with
the two IHSS samples from the Suwannee River (SRNOM and
SRFA), it is noteworthy that the H/C ratios are significantly
lower (0.94 and 0.99), which are indicative of much more
aromatic character of the Suwannee River NOM and FA, while
the Arctic samples exhibit a more aliphatic character. A much
closer H/C value of 1.23 was observed for PLFA, which is a
sample isolated from the Antarctic lake and, therefore, has no
lignin impact on the composition of DOM. However, PLFA
has extremely high N content (6.51), which is very far from the
highest value of 1.81 observed for the EES DOM. In general, it
can be concluded that all three isolated ESAS DOM samples
are characterized with predominantly aliphatic character and
higher content of nitrogen and sulfur compared to the
Suwannee River reference materials. They are very much
alike, with subtle differences between the KS DOM versus two
very similar LS and ESS DOM samples.

NMR Spectroscopy of the Arctic DOM. The *C and 'H
NMR data for all three sets of the Arctic DOM samples
isolated in this study are given in Figure 3a,b, respectively.
Table S2 represents the distribution of '*C integral intensities.
The carbon distribution was dominated by aliphatic structures

Table 1. Characteristics of Large-Scale Extraction for Three Arctic SPE Systems Used in this Study

Sampling Bondesil sorbent DOC in marine water, Discharged

region mass, g mgOC-L™ volume, L
KS 60 4.1 500
LS 60 3.5 700
ESS 30 3.1 500

DOM Loading mgOC per Recovery of total DOC:sorbent

yield, g sorbent, g DOC ratio
1.33 34 42 + 6% 1:30
2.07 41 34 + 5% 1:24
1.02 N 28 + 2% 1:20

https://doi.org/10.1021/acsomega.4c06041
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Table 2. Elemental Composition of the SPE DOM Isolates Extracted in this Study and of the Three Reference Aquatic

Materials of the IHSS

Sample C, % H, % N, % S, % 0,% H/C o/C C/N
KS (n =3) 522 + 0.2 5.01 + 0.06 1.56 + 0.03 0.50 + 0.10 40.73 1.15+ 0.02 0.59 39.1+ 0.6
LS (n=3) 52.7 + 0.1 542 + 0.08 1.66 + 0.07 0.81+0.05 3941 1.23+ 0.02 0.56 36.6+ 0.4
ESS 51.5 £ 0.2 5.40 + 0.06 1.81 + 0.11 0.97+0.15 40.32 1.26+ 0.01 0.59 332+ 2.1
SRNOM (2R10IN)“ 50.7 3.97 1.27 1.78 42.28 0.94 0.63 46.5
SRFA (1S101F)“ 52.44 4.31 0.72 0.44 42.09 0.99 0.60 87.4
PLFA (1R109F)“ 52.47 5.39 6.51 3.03 32.60 1.23 0.47 9.4
“The elemental compositions of SRFA, SRNOM, and PLFA reference materials were obtained from IHSS website.*
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Figure 3. Distribution of integral intensities of C atoms (a) and H atoms (b) with different chemical environments in the DOM isolates from the
KS (3 samples), LS (3 samples), and ESS (2 samples), as measured by *C and 'H NMR spectroscopy.

reaching up to 65% of the total carbon in the LS and EES
samples (Figure 3a).*' These samples were also characterized
with the highest contribution of nonsubstituted aliphatic
structures (CH,, § < SO ppm): it ranged from 30% to 37%
of the total C, whereas the KS isolates contained from 20% to
27% of CH,, structures, and from 55% to 60% of the aliphatic
C. The KS samples were characterized, on the contrary, by
enhanced content of aromatic carbon reaching up to 25%,
whereas the LS and ESS samples contained from 15% to 20%
of aromatic structures. At the same time, the contents of
carboxyls accounted for 16—18% and were very similar for the
three sets of samples.

The lower levels of aromatic carbon (112—166 ppm)
observed in the LS and EES samples align with the reduced
concentrations of lignin and humic substances in the river
runoff entering the ESAS during the autumn season.”’ The
degree of aromaticity calculated as a ratio of aromatic to
aliphatic carbon*”** accounted for (0.41 + 0.02) for the KS
and (0.29 + 0.06) and (0.27 + 0.02) for the LS and ESS
samples, respectively. Very low values of aromaticity index are
indicative of saturated character of Arctic DOM in general, and
of the ESAS samples, in particular, which aligns well with the
data of elemental analysis.

The found structural-group composition from the *C NMR
data corroborate the reported data for DOM.** These data
indicate that aliphatic structures are the most abundant
component in the DOM of the ESAS regions, followed by
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carboxyls. The comparison with the PLFA, SRFA, and
SRNOM reference materials, provided by THSS,* revealed a
significant distinction in the NMR spectra, particularly in the
range of aliphatic structures (CH, and CH;0, 0—60 ppm).
The KS DOM with a value of 33% exhibited a closer
resemblance to SRFA and SRNOM (33% and 27%,
respectively). The ESAS samples (42%) were the closest to
the PLFA sample (61%) isolated from the Antarctic Lake. In
terms of aromatics, (C,+C, O, 110—165 ppm), the lowest
content was observed in the PLFA sample (12%), followed by
ESAS samples (17%), and KS, SRFA, and SRNOM with 24%.

The 'H NMR distribution demonstrated similar trends
obtained for *C NMR (Figure 3b). Table S3 represents the
distribution of *H integral intensities. The LS and ESS isolates
contained up to 35% of protons of nonsubstituted aliphatic
groups; the corresponding value for the KS DOM did not
exceed 30%. The CH, contribution exceeds substantially
intensity of a-CH, protons typically associated with CRAM
(1.95—2.9 ppm). For the SRFA and SRNOM samples, the
intensity of the CH,, protons is now comparable to that of the
a-CH,, protons, each constituting 28% and 14% of the spectral
intensity, respectively. The SRNOM sample and three KS
samples exhibited an abundance of carbohydrates and peptides
(up to 40%) signaling from 2.9 to 6.5 ppm.

The CH,/a —CH, index"® had the highest value for the
ESAS samples and accounted for (2.0 + 0.1) and (1.9 = 0.1)
for the LS and ESS, respectively, which is in line with the

https://doi.org/10.1021/acsomega.4c06041
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Figure 4. Comparison of the molecular compositions of the three sets of DOM isolates from the KS, LS, and ESS versus SRFA reference material:
(a) typical mass-spectra of three SPE DOM isolates and SRFA (sum-normalized intensity), (b) typical VK diagrams for the DOM isolates and
SRFA, (c) the Venn diagrams of intersections in molecular compositions for SPE DOM isolates versus SRFA, (d) all samples plotted in the same
VK diagram with density axis: KS (highlighted in red), LS (highlighted in blue), ESS (highlighted in green), SRFA (highlighted in cyan), and (e)

Tanimoto similarity index (T-score) calculated for each pair of the spectra used in this study. The color bar refers to the value of the T-score index.

highest contribution of least altered, long-chained methylenic
structures in these samples.** The value of this index for the
KS samples did not exceed (1.7 £ 0.1). The similar high values
of this index were reported in our previous publication for the
permafrost DOM released in the Kolyma River basin.”” At the
same time, the values for both SRFA and SRNOM samples did
not exceed 1.1, which is indicative of the high contribution of
a-CH, structures present as a bridge between the aromatic ring
and the COOH group, or other groups adjusted to aromatic
rings. The deduced features are also in line with the Bond Elut
PPL isolates of DOM from the Arctic Shelf region reported by
other authors.">*"~*

The 'H NMR spectral distributions of Arctic samples were
aligned with those of the TRM-0522 sample,”® as detailed in
Table S4. The NMR profile of TRM-0522 closely mirrors that
of SRFA, particularly in the low intensity of the aromatic (6.2—
7.8 ppm) and peptide (4.1—4.8 ppm) regions. This similarity
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indicates a substantial transformation and advanced humifica-
tion*® of the in TRM-0522 material compared to the Arctic
DOM isolates, which demonstrated less transformed struc-
tures.

The observed patterns suggest the higher contribution of
least altered aliphatic components within the composition of
Arctic DOM samples as compared to SRFA and SRNOM. This
observation aligns well with the differences in the origin: the
SRFA and SRNOM samples were extracted from the tropical
“black river”, which experienced active transformation and
humification, whereas the Arctic DOM samples, dominated by
low temperatures, inhibit the rapid decomposition of organic
matter.

Molecular Composition of the SPE DOM Isolates as
Measured by FT-ICR MS. The FT-ICR MS spectra of the
SPE DOM samples from the three Arctic Seas isolated in this
study revealed signals spanning the m/z range from 150 to 800
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Figure 5. UV—vis spectra of initial marine water samples (a) and the corresponding Arctic DOM isolates (b) and the typical 2D spectra of the

marine samples and three extracted DOM samples (c).

nm (Figure 4a). The corresponding van Krevelen (VK)
diagrams typical of the obtained SPE DOM and of the
reference SRFA material are presented in Figure 4b. The
general characteristics of the FT-ICR MS data are summarized
in Table S1. The number of assigned formulas was very similar
for all DOM subsamples from the same station: (9453 + 209)
for the KS samples, (6265 + 300) for the LS samples, and
(6609 + 625) for the EES samples. The SRFA sample
exhibited 4797 formulas, primarily comprised of CHO
formulas (65%), which is the dominant molecular composi-
tion” indicative of higher oxidation degree of the DOM
materials.”’ The LS and ESS samples were characterized by a
higher contribution of CHO, at (54.4 + 0.5)% and (51.3 +
0.5)%, respectively, compared to the KS value of (45.6 +
1.1)%. Additionally, the number of N-containing formulas
(CHON) was larger in the LS and ESS samples, at (32.7 +
0.9)% and (33.5 + 0.6)%, respectively, in contrast to the KS
sample, which had a CHON content of (30.7 + 0.9)%. The
CHOS molecular formulas were twice as much in the KS
samples, at (16.3 + 0.4)%, compared to the ESAS DOM
materials, which showed (8.2 + 0.3)% and (9.3 + 0.8)% in the
LS and ESS, respectively. These trends in CHO, CHON, and
CHOS formulas were commonly observed across the Arctic
water DOM isolates.”>**
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The VK formulas distributions observed both for the SRFA
and the obtained SPE DOM samples was typical for aquatic
DOM, with the majority of formulas falling within the region
1.0 < H/C < 1.5 and 0.3 < O/C < 0.7 (Figure 4b). 2651 This
area is typically occupied by the most recalcitrant DOM
components, including “Island of Stability” molecules™ and
carboxyl-rich alicyclic molecules (CRAM) formulas.”*

A pairwise comparison of the assigned molecular formulas of
the three SPE isolates versus the SRFA reference material is
represented in Figure 4c. The molecular compositions of the
KS and SRFA are concentrated in almost the same area of the
VK diagram; however, the KS sample is characterized by a
higher abundance of unique molecular formulas (4878). Both
the LS and ESS samples exhibit similar patterns in the
distribution of the assigned molecular formulas compared to
the SRFA sample, with approximately 40% of unique formulas
in their molecular compositions.

Figure 4d represents a comparison of the VK diagrams of the
SRFA reference material versus three SPE DOM isolates. In
terms of distribution between H/C and O/C, the ESAS
isolates (H/C 1.20 and O/C 0.46) were similar to the values of
the coastal marine reference material TRM-0522 (1.28 and
0.46, respectively).”® The KS sample (H/C 1.07 and O/C
0.52) was similar to that of the SRFA (1.02 and 0.50,
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respectively). The two ESAS isolates were characterized by a
higher contribution of lignin-like'* (1.0 < H/C < 1.4) and
aliphatic>> (1.5 < H/C) structures, along with a much lower
oxidation degree (0.25 < O/C < 0.6) compared to the KS and
SRFA samples, demonstrating overlap in the zone of
unsaturated oxidized components—hydrolyzable tannins.'”
This can be indicative of the more processed— more humified
character of the DOM in the KS, which is dominated by the
inflow of the DOM from the Yenisei and Ob-Irtysh River
systems, containing more aromatic and oxidized molecular
structures.>***” In contrast, the DOM from the LS and ESS is
more aliphatic due to an impact of the Lena, Indigirka and
Kolyma Rivers, which drain areas with a high level of biolabile
structures inherent in permafrost OM.'>*%>%%

To assess the similarities among the derived molecular
compositions, Tanimoto similarity (T-score) indices were
computed for each pair of mass spectra (Figure 4e). The T-
score values between the three SPE DOM isolates and the
SRFA reference sample ranged from 0.74 to 0.8, which is
indicative of the close similarity in molecular composition.
This suggests that the isolates shared 74% to 80% of the
molecular formulas found in both the DOM SPE samples and
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the SRFA reference material. The highest similarity score with
the SRFA samples was obtained for the KS sample (0.81),
which aligns well with the prevalence of hydrolyzable tannins
structures in these samples. At the same time, the highest
similarity (0.95) was observed for the LS and ESS DOM
isolates, which shared 95% of the identified formulas. This
similarity may be attributed to the common sampling region in
the ESAS.

Taken together, these data are indicative of the higher
aromaticity, larger oxidation degree, and molecular weight of
the KS DOM as compared to the DOM from ESAS (LS and
ESS). The KS sample represents more humified transformed
molecular structures of hydrolyzable tannins, whereas ESAS
samples show abundance in low-oxidized biolabile aliphatic
and lignin structures. The obtained FT ICR MS data are in
good agreement with the above-discussed results of the
elemental analysis and NMR spectroscopy.

UV—vis and Fluorescence of the Three Arctic DOM
Materials and Marine Samples Obtained in this Study.
The optical properties of Arctic DOM isolates and marine
water samples were characterized using UV—vis and
fluorescence spectroscopy (Figure 5). UV-—vis spectra,
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normalized to DOM concentration (mg/L) (Figure Sab),
showed typical DOM absorbance.”* The SUVA,;, values for
marine water samples had the highest levels at the Kara Sea
2.50 L mgC™' m™, and the lower levels at 2.07 L mgC™' m™"
in the Laptev Sea, and 2.01 L mgC™" m™" in the East Siberian
Sea. The SUVA,q, values observed are consistent with the
range 2.0—-3.2 L mg OC™' m™" typically found in the Arctic
Shelf waters during the autumn season along transects
extending from the deltas of the Lena and Ob Rivers to the
continental slope.””*°

The typical excitation—emission matrixes (EEMs) of the
three DOM isolates and for three marine water samples are
shown in Figure 5c. The EEMs displayed certain similarities in
peak positions for two sets of Arctic DOM samples. The 2D
fluorescence spectra indicate the presence of terrigenous humic
materials in the DOM samples.’’ Of particular interest is that
the fluorescence band value®” of the marine samples at 350 nm
excitation wavelength exhibited a slight blue-shift (Figure Sb).
This might be interpreted as the prevalence of protein-like
fluorescence in those samples.””®> The same trends could be
seen in the asymmetry parameter shown in Figure 6d.

The obtained spectral data were used to calculate optical
indices, enabling a rapid evaluation of spatial variations in
DOM characteristics. The SUVA,, values (Figure 6¢c) showed
a gradual decrease in DOM isolates from the KS (2.70 + 0.15
L mgC_1 m™, n=3)toLS (2.30 £ 0.09 L mgC_1 m™, n=23)
and ESS (2.10 + 0.10 L mgC™' m™', n = 2). The decrease in
SUVA,s, values along the shelf suggests a decrease in the
aromaticity of DOM isolates.”> The SUVA,, values showed
significant differences among all three sets (paired t-test, p <
0.01) and were notably lower than the aromatics-dominated
samples SRNOM (542 L mgC™' m™') and SRFA (4.80
mgC™! m~!).* The SUVA,, values for DOM extracts were
significantly higher compared to those for marine water
samples, supporting the hypothesis of molecular selectivity
toward more hydrophobic and aromatic com?onents in DOM
when SPE sorbents are used for extraction.™

The E,/E; values showed a significant difference (paired t-
test, p < 0.01S5), indicating a higher proportion of aliphatic
compounds and lower humification from the KS to LS and
ESS DOM isolates (Figure 6a).°* Pairwise comparisons of E,/
E; values between marine water and DOM extracts showed a
significant reduction for the extracts, confirming a decrease in
the aliphatic components in the reference samples. Moreover,
the E,/E ratio (Figure 6b) gradually decreases from the KS to
the ESAS samples (paired t-test, p < 0.011), suggesting a more
humified nature of the samples, consistent with the findings
from the 3C NMR measurements, which revealed a decrease
in aromatic structures. The fluorescence asymmetry values
(Figure 6d) reveal the same trend, indicating a predominance
of protein-like fluorescence in the marine water samples
compared to the DOM extracts.”” The low asymmetry values
of SRDOM and SRFA samples suggest a high presence of
humic-like fluorescence.

B CONCLUSIONS

The large-scale SPE was designed for the isolation of DOM on-
board the ship from large volumes of seawater (500—700 L). It
allowed us to isolate gram quantities of DOM from remote
regions of the Arctic Ocean, including the Kara Sea, Laptev
Sea, and East Siberian Sea. The advantage of the developed
Bondesil PPL method was its simplicity and low labor costs: it
could be applied on-board without sophisticated instrumenta-
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tion. The recovery of the Bondesil PPL sorbent was (42 + 6)%
(n = 3) in the case of the Kara Sea, (34 =+ 5)% (n = 3) for the
Laptev Sea sample, and (28 + 2)% (n = 2) for the East
Siberian Sea. The recovery differences may be attributed to the
larger DOC loading of the SPE sorbent for the East Siberian
Sea sample, which had a DOC/sorbent ratio of 1:20 (1 g of
DOM per 30 g of the sorbent), and the Laptev Sea with a ratio
of 1:24 (2 g per 60 g of the sorbent), compared to the Kara Sea
sample, which had a ratio of 1:30 (1.4 g per 60 g of the
sorbent). A comparison of the molecular characteristics and
structural features of the DOM isolates obtained from the
three different locations along the extended Eurasian Arctic
Shelf revealed substantial differences: DOM from the Kara Sea
was characterized by a higher content of aromatic structures—
specifically hydrolyzable tannins—compared to that from the
Laptev Sea and the East Siberian Sea DOM samples, which
were dominated by more saturated lignin and terpenoid
components. The optical measurements indicated a decrease in
humic-like fluorescence along with an increase in the protein-
like fluorescence in the KS sample versus the LS and ESS
samples. The obtained data allowed us to speculate about a
substantial gradient in the molecular properties of the DOM,
from the oxidized state in the KS to a more reduced state in
the LS and ESS regions.

The findings outlined in this paper establish three Arctic
Shelf SPE DOM samples from the Kara Sea, Laptev Sea, and
East Siberian Sea as valuable reference materials that
adequately represent the coastal marine waters of the Arctic
Siberian Shelf. These isolates are accessible to the broader
scientific community; researchers interested in procuring
samples should contact the corresponding author. The organic
matter released into the Arctic Siberian Shelf may undergo
significant changes in the near future due to global warming
and anticipated acceleration of permafrost degradation. This
makes the isolated Arctic Shelf SPE DOM materials valuable
reference points for follow-up studies on molecular evolution
of the DOM in this global climate-sensitive region.

B EXPERIMENTAL SECTION

Site Description and Sampling Conditions. The large-
scale setup for SPE was assembled aboard the research vessel
“Academician Mstislav Keldysh” (AMK) during the AMK-82
expedition, which took place from 25/09/2020 to 02/11/
2020. This expedition was also titled the International Siberian
Shelf Study 2020 (1SSS-2020), which is part of a long-term
collaborative program launched in early 2000s.°° The large-
scale SPE was performed in three widely separated systems of
the Siberian Shelf including the KS region (°N 77°57'39"; °E
73°10'4"'; St. 6932) with significant influence of the Ob and
Yenisei Rivers; the LS region impacted by the Lena River (°N
73°59'25""; °E 130°4’9"’; St. 6980); and the ESS region (°N
72°29'59"'; °E 150°29'42"', St. 6969) with the combined
influence of the Indigirka River and the Lena River (Figure 1).
The regional map displayed in Figure 1 was generated using
open-source QGIS software. The surface water at all locations
had similar pH (7.9), whereas salinity differed from 21.1 to
23.3 PSU and temperature varied from 5.3 °C (KS) down to
1.4 and 1.3 °C (LS and ESS, respectively). Temperature and
salinity in the surface water were continuously monitored using
sensors mounted on the CTD Seabird 19+, which was
deployed in the water column.

Water Sampling and SPE Setup. The sampling set up is
shown in Figure 1. The HDPE 1000L tank filled with the
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filtered seawater was connected to the 60 mL SPE cartridges
(Agilent Technologies. Waldbronn. Germany) packed with 15
g of Bondesil PPL bulk sorbent (Agilent Technologies.
Waldbronn. Germany) for achieving loading of about 0.1 g
DOC per gram sorbent.”” The loading level was based on the
DOC content in the seawater samples.”®~’" The PVC pipe was
split into two lines to make the SPE process parallel and more
efficient.

For the KS marine water, a volume of 500 L was sampled
with a DOC concentration of 4.1 mgOC-L™" and discharged
through the four columns packed with 15 g of Bondesil PPL
sorbent. For the LS marine water, a volume of 700 L was
sampled with a DOC concentration of 3.5 mgOC-L™" and
also discharged through four columns packed with 15 g of
Bondesil PPL sorbent. For the ESS marine water, a volume of
500 L with a DOC concentration of 3.1 mgOC-L™' was
sampled and discharged through two columns packed with 15
g of Bondesil PPL sorbent. This lead to the highest DOC
loading of these two columns.’' ~**

The SPE isolation was performed following Dittmar et al.*®
Four parallel cartridges filled with Bondesil PPL bulk sorbent
were used at St. 6980 and 6932, while only two ones were
applied for St. 6969. High-grade purity concentrated HCI
(Chimmed, Russia) was used for acidification. The 500—700 L
of acidified water sample was pumped through the self-packed
cartridges at a constant rate of 100—120 mL-min~' by means
of a peristaltic pump (Fisherbrand, Germany). After passing
half the volume of the seawater sample, the two parallel
cartridges were replaced with two new cartridges to maintain a
high recovery of the Bondesil PPL sorbent (further details can
be found in S1).

DOM Isolation and DOC Measurements. DOM elution
from the SPE columns was conducted with 300 mL of
hypergrade methanol (for LC-MS LiChrosolv, Merck,
Darmstadt, Germany)). The sample recovery was controlled
by UV absorbance at 254 nm using a Carry 400 Probe
spectrophotometer (Varian, Palo Alta, CA, USA) until a value
of 0.1 was reached. The methanol eluent was collected into
precombusted (450 °C, 4 h) round-bottom flasks and rotory
evaporated until dryness. The residues were then dissolved in 5
mL of Milli-Q water and lyophilized using a freeze drier
(Scientz-18ND Top Press multimanifolds, Scientz, Ningbo,
Zhejiang, China). The dried DOM samples were transferred to
precombusted glass vials and stored in the refrigerator at 4 °C
in the dark.

DOC concentrations of the acidified seawater samples were
measured using a total organic carbon analyzer (TOC-Lcgy,
Shimadzu, Japan) in nonpurgeable organic carbon (NPOC)
mode, with a sparging rate of 7S mL-min~" for 8 min. DOC
analysis was conducted in triplicates. An additional analysis was
performed if the relative standard deviation (RSD) was >5%.
The outliers were excluded (for more details, see S3).

CHNSO elemental analysis was performed on the isolated
solid DOM samples using a 2400 Series Il CHNS/O elemental
analyzer (PerkinElmer, Waltham, MA, USA).

Fourier Transform lon Cyclotron Resonance Mass
Spectrometry. Ultrahigh-resolution mass spectra were
acquired utilizing an electrospray ionization technique (ESI)
on a Bruker solariX 15 T FT ICR mass spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with a 15 T
superconducting magnet and an Apollo II source. The facilities
are located at the Zelinski Institute of Organic Chemistry of
the RAS (Moscow, Russia). The concentration of the DOM
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sample was adjusted to 50 mg/L by redissolving the dried
matter in a solution of water and methanol in a 1:1 ratio. The
spectra were acquired in accordance with Mueller et al.”" (for
more details see S4). SRFA samples provided by IHSS were
used as reference material. The CHON formulas generated
were validated by applying reasonable chemical constraints
commonly observed for DOM (e.g., O/C ratio <1, 0.2 < H/C
ratio <2.2, element counts [C < 50, H < 100,0 < O <25, N
< 2, S< 1], and mass accuracy window <0.5 ppm). A table is
then generated with all possible combinations of these
elements, and the exact molecular weight was computed.
Optionally, combinations that did not meet the specified
conditions (O/C > 1, H/C > 2.2, DBE-O > 10) were excluded
as unlikely for DOM. The obtained molecular assignments
were used to calculate the H/C ratio and the O/C ratio. The
relationship between these ratios was illustrated on van
Krevelen diagrams, as described by Kim et al.””

Data processing was carried out using the open source
NomSpectra software.”> The Van Krevelen diagrams were
quantitatively analyzed using a cell-partitioning algorithm
outlined by Perminova.'> These cells were categorized into
seven primary chemotypes: condensed tannins, lignins,
terpenoids, lipids, peptides, carbohydrates, and hydrolyzable
tannins. The resulting occupational densities from the Van
Krevelen diagram (for cells D1-D20 and chemotypes) were
then utilized as quantitative indicators of the molecular
composition. The values of double bond equivalent (DBE)
were calculated”””® and used for further assessments in
accordance with Koch et al.”® Intensity distributions across
all spectra were compared using the Tanimoto similarity score
(T-score), as calculated in accordance with Schollée et al;”’
the equation is represented in S4.

("H, *C) NMR Analysis. Quantitative 'H and *C solution
state NMR spectra were obtained with an Avance-400
spectrometer operating at 400 MHz proton frequency (Bruker
BioSpin, Ettlingen, Germany). For 3C NMR, DOM samples
were dissolved in 99.9% D,0 at a concentration of 45 mg/mL,
while for '"H NMR, DMSO-d, was used at a concentration of
25 mg/mL. The conditions for quantitative acquisition were
described in Hertkorn et al.*' To exclude the Overhouser
nuclear effect, the pulse technique INVGATE was imple-
mented. The duration of relaxation time for '*C NMR spectra
acquisition was set to 8 s (0.2 s for the acquisition time and 7.8
s for the relaxation delay) to provide complete carbon nuclei
relaxation.”””® The number of scans for 4500. Proton NMR
spectra were acquired using a single 30° pulse, with a relaxation
time of 5.1 s (4.1 s for the acquisition time and 1 s for the
relaxation delay), and the number of scans was set to 64. The
NMR spectra were obtained using a 5 mm broadband probe.

The C NMR integrals were determined based on the
following assignments: CH, (0—47 ppm), CH;0O (47—58
ppm), CH,O (57—92 ppm), OCO (92—112 ppm), C,, (112—
145 ppm), C,,0 (145—166 ppm), COO (166—188 ppm), and
C=0 (188-220 ppm).""' The 'H spectral integration process
involved utilizing the following chemical shift assignments: 0—
1.95— ppm for protons of alkyl chains (CH,—protons); 1.95—
2.9— ppm for protons of carbon located in the a-position to
the carboxyl group or to aromatic ring (CH,—protons) (X-
C.H, X: COOH, COOR, C,,), which may also encompass
resonances of amines and other functional groups; 2.9—6.5
ppm for protons of alkoxy and aliphatic hydroxyl groups,
amines, and amides (CH,O(N), CH,-O(N)H); 6.5—10.0 ppm
for aromatic and phenolic protons (CyH and C,,OH; where
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Cy, corresponds to aromatic carbon atoms); and 10.0—16.0
ppm for protons of carboxyl groups (COOH).”

Optical Measurements. Optical measurements for the
isolated DOM samples and SRFA and SRNOM reference
materials were conducted after the dry samples were
redissolved in 0.01 M phosphate buffer at pH 6.8. UV—vis
measurements for isolated DOM and initial marine water
samples were performed with the use of a Carry 400 Probe
spectrometer (Varian, Palo Alto, CA, USA). The specific UV
absorbance (SUVA,,) for all isolated samples was calculated
as a ratio of UV-absorbance at 254 nm normalized to the DOC
(mg/L) concentration. The optical descriptors E,/E; and E,/
E4 were calculated as ratios of absorbances of 265 to 365 and
465 to 665, respectively. The calculated parameters were
determined as described elsewhere.””* Fluorescence spectra
(1D) were acquired using a Fluorolog Tau-3 Lifetime System
fluorimeter (Jobin-Yvon Horiba, Ltd., Ja})an) at A, 350 nm
and 4,,, in the range from 300 to 700 nm.* The excitation and
emission slit widths were 5 nm. The emission band asymmetry
was calculated as the ratio of the integral intensities from 550
to 600 nm to those from 420 to 450 nm. This ratio serves as an
indicator of the humification index.*" The measurements were
conducted in a quartz cuvette with a 1 cm optical path at
ambient temperature (25 + 2 °C). Optical indices and DOC
concentrations were analyzed for significance, dataset standard
deviation, and interindex comparison using t-tests with the

python programming language.
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