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Abstract

Dissolved organic matter (DOM) in the ocean is a complex mixture of molecules
deriving from autochthonous (marine) or allochthonous (terrestrial) origins. DOM
plays an important role in marine biogeochemical cycles by attenuating light available
for primary production, serving as an energy and nutrient source for heterotrophic
communities, regulating the ultraviolet and visible light absorption, undergoing
photochemical processing, and acting as a trace metal ligand. DOM in the Central
Arctic Ocean (CAO) is influenced by increased freshwater input and associated
terrestrial materials in recent decades due to rapid climate change. The quantification
of DOM sources (terrestrial versus marine) in the water column of the CAQO is not well
constrained. Few studies have systematically investigated the seasonality and spatial
variability of DOM by combining optical and molecular-level analytical techniques in

the CAO, especially during winter.

State of the art chemical characterization of DOM is subject to major challenges: Solid
phase extraction (SPE) that is often used to desalt and pre-concentrate marine DOM
introduces chemical fractionation effects, which limits the comparison between
analytical results for original samples and those carried out for SPE-DOM. There is no
specific method to quantify fractionation effects, nor specific guidelines to avoid
fractionation. Using mass spectrometry, quantitative DOM analyses is challenged by
selective ionization of molecules and the large number of unresolved structural

isomers that prevent classical external calibration.

In the first part of this thesis, a method was developed to quantitatively track optical or
chemical fractionation during SPE and investigate the potential mechanisms. We
found a decrease in extraction efficiency of dissolved organic carbon (DOC),
fluorescence and absorbance, and polar organic substances with increasing carbon
loading on the SPE column. As the surface loading of the solid-phase increased, the
dominant extraction mechanism shifted from PPL physisorption to increased DOM
self-assembly, resulting in optical and chemical fractionation. The relative DOC
loading (DOCioad) Was used to assess the carbon loading during SPE, and a double

sigmoid model was applied to our online permeate fluorescence data as a function of
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DOCioad, Which allowed us to assess the degree of variability induced by DOCioaq. This
finding has ample implications for the future processing and previous interpretation of

chemical characteristics in SPE-DOM of aquatic organic matter.

For the second part of the thesis, original water samples were acquired from the
“Multidisciplinary Drifting Observatory for the Study of Arctic Climate” (MOSAIC)
expedition. The water column samples covered a full year (2019 / 2020) and included
the regions Amundsen Basin, western Nansen Basin and Yermak Plateau and Fram
Strait. Samples were analyzed using optical spectroscopy to determine chromophoric
DOM (CDOM) and fluorescent DOM (FDOM). In addition, a new method was
applied that used Fourier-transform ion cyclotron resonance mass spectrometry
hyphenated to high performance liquid chromatography (LC-FTMS). The method
allowed DOM analysis in original filtered water and thus avoided the chemical
fractionation introduced by SPE. During the MOSAIC expedition, DOC
concentrations and CDOM characteristics in the water column were primarily
influenced by regional differences. These differences were largely dependent on
terrestrially-derived DOM (tDOM) input by the transpolar drift (TPD) as indicative of
average 136% and 45% higher acpom(350) and DOC concentration, respectively, in
the Amundsen compared to the western Nansen Basin and Yermak Plateau, and
slightly modified by seasonal changes. Despite the convenient identification of tDOM,
optical spectroscopy was not suitable to quantify the contribution of tDOM to bulk
DOC or to track sea ice derived DOM in the water column. In contrast, using LC-
FTMS, we found quantitative linear correlation between the summed mass peak
magnitudes for each sample (intsym) and DOC concentration. By combing LC-FTMS
and source identification with optical parameters, we were able to quantify DOM
sources (terrestrial versus marine) in the water column: 83% of the summed peak
magnitude of all samples could be related to marine or terrestrial sources. tDOM
contributed ~17% (or 8 pmol kg™) to deep DOC (~2000 m) in the CAO and was more
refractory and had a higher state of unsaturation compared to marine DOM. The
guantitative characterization of DOM in original seawater from different origin is a
major step in the field of research. It provides a unique and new insight into the
molecular changes in marine DOM composition and an improved understanding of the
terrestrial distribution in the CAO.

8



1. Introduction

1.1. Marine organic matter

Dissolved organic matter (DOM) in the ocean is one of the largest active reservoirs of
organic matter on earth, together with soil organic matter and plant biomass on land.
The organic matter in the ocean occupies a molecular-size continuum (Figure 1),
consisting of two operationally-defined phases: particulate organic matter (POM) and
DOM (Verdugo, 2012). The fraction of organic matter that passes through a filter at a
given pore size (typically 0.1-1 pm) is called DOM, which generally remains in the
water column as a solute, and the fraction remaining on the filters is called POM,
which can be suspended in the water column or prone to sink (Hedges, 2002; Perdue
and Benner, 2009; Bolan et al., 2011). Many filter types and pore sizes have been
applied according to different scientific purposes. Commonly used filters include pre-
combusted glass fiber filters (with a pore size of 0.7 um), silver filters (with a pore
size of 0.45 um), preconditioned polycarbonate filter (with a pore size 0.2 pm), and
preconditioned mixed-ester filters (with a pore size 0.2 um), which can remove most
of living organisms except viruses and small bacteria (Perdue and Benner, 2009).
POM s specifically quantified by its mass of carbon in the organic material and
referred to as particulate organic carbon (POC). The POM in the ocean includes a
major fraction of detritus (dead organisms and their remains) and a minor part of
living biomass (phytoplankton, zooplankton and bacteria), which is mainly found in
the euphotic zone in the ocean (Perdue and Benner, 2009; Stramska, 2009; Baltar et al.,
2021). The living organisms within the POM pool mainly consist of proteins, lipids,
carbohydrates, nucleic acids, and pigments (Anderson, 1995; Fraga et al., 1998). The
DOM pool in the ocean is largely lifeless except for some prokaryotes and viruses
(Hedges, 2002). DOM in the ocean is a heterogeneous mixture of organic compounds
containing heteroatoms such as oxygen, nitrogen, phosphorus, and sulfur. DOM is
specifically quantified by its mass of carbon in the organic material and referred to as
dissolved organic carbon (DOC). which accounts for approximately 50% of DOM
(Moody and Worrall, 2017). DOC represents the largest reservoirs of reduced carbon
in the ocean comprising approximately 662 PgC (1PgC =10%gC), which is
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comparable in magnitude to the amount of carbon in atmospheric carbon dioxide (COy;
Hedges, 2002; Hansell et al., 2009). Marine ecosystems play a crucial role in global

climate and biogeochemical cycles by sequestering carbon into the deep ocean.

Size (m)
103 104 105 106 107 108 109 1010
POC DOC
< > <
Zooplankton ‘ .
i Colloidal
Truly dissolved
Phytoplankton |
/‘ Macromolecules ‘
‘ Microgels and colloidal nanogels ‘
Macrogels and TEPs |
Sieves and filters Ultrafilters
Optical microscopy €+—————————>
Flow cytometers
Dynamic laser scattering
Atomic force microscopy €
Brewster angle microscopy <—————»
Liquid chromatography/mass spectrometry <———————>
1 1 L L I L
108 10° 104 103 102 10!

Molecular weight (Da)

Figure 1. The continuum of molecular sizes and weight of organic matter in the
ocean. Figure taken from (Verdugo, 2012) and adapted from (Hedges, 2002). The
fraction retained by the filter with a 0.2 um pore size is regarded as POC. The yellow
color bar denotes POC pool. POC consists of all marine organisms, macrogels and
transparent exopolymer particles (TEPSs). The fraction that passes through the filter is
categorized as DOC. The bule color bar denotes DOC pool. DOC comprises colloidal
and truly dissolved materials. The different techniques that are used for different size

of organic matter are also showed in the figures.

1.2. DOM reactivity and size

Marine DOM exhibits a wide range of turnover times and biological reactivity, from
short-lived bioavailable organic matter in the upper ocean to long-lived organic
material throughout the water columns (Hansell, 2013). The DOM pool can be divided
into two major classes in the ocean, labile and recalcitrant DOM that are characterized
by their lifetimes or reactivities (Figure 2; Hansell, 2013). The recalcitrant DOM is
taken as the opposite of labile DOM, the latter being removed within hours to days
10



and not accumulated due to rapid microbial degradation. The recalcitrant DOM is
resistant to rapid microbial degradation and can accumulate in the ocean. The
recalcitrant DOM can be further distinguished in the sub-categories semi-labile
(estimated turnover times of months to years), semi-refractory (estimated turnover
times over decades to centuries), refractory (estimated turnover times of centuries to

millennia), and ultra-refractory (estimated lifetime of ~40,000 years; (Hansell, 2013)

Co, x
) ~25 Pg C year

Labile DOC
(short lived)

Recalcitrant DOC

(longer lived) &
/'»
/// ~2 Pg C year™!
SLDOC A
SRDOC ¥
RDOC
URDOC

CO, and other sinks

Figure 2. Two major classes (labile and recalcitrant DOM) of bulk DOM in the ocean.
Figure taken from (Hansell, 2013). Recalcitrant DOM can be further subdivided into
semi-labile DOC (SLDOC), semi-refractory (SRDOC), refractory (RDOC), and ultra-
refractory DOC (URDOC).

The labile DOM only constitutes a smaller reservoir of around 0.2 PgC but is
produced at a high rate (~15-25Pg C y1). It can be used by heterotrophic bacteria
within days or even hours, thus the labile DOM does not accumulate in the ocean and
has no direct contribution to the carbon sequestration (Azam et al., 1983; Ducklow,
1999; Hansell, 2013; Williams 2000). The semi-labile DOM persists in the ocean for
months to years, which can be followed as seasonal variability in the euphotic zone
and limited to the upper mesopelagic zone (to ~500 m) due to it relatively short
lifetime (Carlson and Ducklow, 1995). The semi-refectory DOM, at an inventory
of 14 + 2 Pg C and a low production rate of 0.34 Pg C yr, turns over on timescales of

decades to centuries (Hansell, 2013). The refractory fraction represents more than 95%
11



of the total DOC reservoir in the ocean (~642 Pg C + 32; distributed throughout the
water columns), at a very low production rate of 0.043 Pg C yr?, and turns over on
timescales of decades to millennia (Hansell, 2013). The refractory DOM in the ocean
has an average radiocarbon age of 4000-6000 years (the average radio age of about
4000 yr in the Sargasso Sea and about 6000 yr in the central North Pacific; Williams
and Druffel, 1987; Bauer et al., 1992). The ultra-refractory DOM has a total inventory
of >12 Pg C and a lifetime of 40,000 yr (Hansell, 2013). The ultra-refractory DOM
may be thermogenic and it is also referred to as dissolved black carbon (Masiello and
Druffel, 1998; Mannino and Rodger Harvey, 2004; Dittmar and Koch, 2006).

The DOC pool can be also operationally divided into colloids, macromolecules, and
other high molecular weight (HMW) and low molecular weight (LMW) molecules
based on its molecular weight (Benner et al., 1992; Hedges et al., 1997). In the ocean,
the HMW (molecular weight > 1000 Da) of DOC comprises most colloids and gels
rather than truly dissolved and constitutes ~22% of total organic carbon, while the
HMW of DOC accounts for ~77% of total organic carbon at a molecular weight of
< 1000 Da (Figure 1; Benner et al., 1992; Benner and Amon, 2015). A size-reactivity
continuum model proposed by Amon and Benner, (1994, 1996) suggests that the
bioreactivity of organic matter decreases continuously with the size from larger to
smaller, thus, the HMW fraction of DOM is younger, semi-labile, and has a greater
reactivity, while the LMW fraction of DOM is comprised of older, more biologically

refractory molecules.

1.3. DOM sources

DOM in the ocean is a complex mixture of organic compounds that comes from both
the autochthonous or allochthonous origins. DOM in the ocean is considered
autochthonous when it is produced in the marine system by phytoplankton and plants,
while DOM is considered allochthonous when it is derived from degraded terrestrial

materials.

1.3.1. Autochthonous sources

The major marine, or autochthonous, sources of DOM include the extracellular release

by phytoplankton (Lancelot, 1979; Lignell, 1990; Marafion et al., 2005), release by
12



zooplankton grazing (excretion, sloppy feeding, egestion, and dissolution of fecal
material; Strom et al., 1997), cell lysis from viral infection (Proctor and Fuhrman,
1990) and solubilization of particles (mostly from detritus or marine snow; Smith et
al., 1992, 1995).

The major biomolecules and their building blocks in living organisms of the POC pool
in the ocean, including proteins, lipids, and carbohydrates, can be released into the
DOM pool (Lee et al.,, 2004; Perdue and Benner, 2009). These biochemical
compounds are commonly hydrolyzed into their monomeric constituents (i.e., amino
acids, amino sugars, monosaccharides, and fatty acids) prior to their measurements
(Fitznar et al., 1999; Wakeham et al., 2003; Kaiser and Benner, 2009, 2012b; Nouara
et al., 2019). Carbohydrates are key structural and energy storage components in
photosynthetic organisms and constitute a carbon sink in the global oceans (Biersmith
and Benner, 1998; Becker et al., 2020). Amino acids are the most abundant
identifiable constituents in the living organisms in the POM pool and the main
contributor to the dissolved organic nitrogen (DON) pool (Kaiser and Benner, 2009;
Benner and Amon, 2015). Dissolved hydrolyzable neutral sugars, amino acids, and
amino sugars consists of 5-18% of DOC and 4-5% of DON removed in the upper
mesopelagic zone in the North Pacific (Kaiser and Benner, 2012b). Lipids are
observed in the all living organisms and in sedimentary organic material, and the
major fractions of dissolved lipids are fatty acids (Schubert and Stein, 1997; Wakeham
et al., 2003; Parrish, 2013). Heterotrophic bacteria play a key role in the oceanic
carbon cycle. The heterotrophic bacteria can utilize 10-50 % of carbon fixed by
photosynthesis (Azam et al., 1983; Ducklow, 1999; Hansell, 2013). Carboxyl-rich
alicyclic molecules (CRAM) are one of the most common forms of refractory DOM

and have been related to microbial origin in the deep ocean (Hertkorn et al., 2006).

1.3.2. Allochthonous sources

Allochthonous DOM in the ocean is initially produced on land and transported into
ocean by rivers or the atmosphere. River discharges are the main source of terrigenous
material and one of the largest contributors of carbon to the ocean, delivering
~170-250 TgCyr! (~1 Tg C =10* g C) of DOC and ~150-280 Tg C yr* of POC

into the global ocean (Raymond and Spencer, 2015; Kandasamy and Nath, 2016). The
13



DOM concentrations in rivers are mainly affected by soil carbon stocks, vegetation
cover, land use, river floodplain, storms and precipitation (Raymond and Spencer,
2015; Keiluweit et al., 2017). The terrestrial organic matter is a heterogeneous mixture
of recent vascular plant detritus, associated soil material, older fossil organic matter
from carbonate rock erosion, and black carbon (Hedges, 1992; Galy et al., 2007,
Bianchi, 2011). The terrigenous organic matter flowing into rivers is highly colored,
aromatic and dominated by complex humic-rich constituents (referred as
chromophoric dissolved organic matter (CDOM), see chapter 1.6.1; Dittmar and
Stubbins, 2014). Lignin, a group of phenolic polymers uniquely produced by vascular
plants, is commonly used as an organic tracer for terrestrial plant material (Hernes and
Benner, 2006; Spencer et al., 2008, 2009b; Kaiser et al., 2017; Kharbush et al., 2020).
Black carbon is ubiquitous in the environment and a chemically heterogeneous
mixture produced by fossil fuel combustion and biomass burning (Masiello and
Druffel, 1998; Kim et al., 2004; Follett et al., 2014). Black carbon is found in both
dissolved and particulate pools in the ocean, and is released into ocean by aerosol and
river deposition and has been detected in soils and in marine sediments (Masiello and
Druffel, 1998; Dittmar, 2008).

1.4. DOM sinks

DOM removals and transformations in the ocean columns occur through degradation
by marine heterotrophic prokaryotes, abiotic degradation via photochemical reactions,
as well as DOM aggregation and subsequent flocculation (Dittmar and Stubbins,
2014).

Marine ecosystems are a major sink for atmospheric CO>. The transfer of CO, from
the atmosphere into the oceans interior and eventually into sediments, is mainly
affected by the combination of the solubility pump (SP) and the biological pump (BP;
Volk and Hoffert, 1985). A conceptual diagram is presented here to understand the
major carbon cycling and storage in the ocean and the role of microbial processes in
the production of refractory DOM (RDOM; Figure 3). The SP serves to describe the
exchange of CO; between ocean surface and atmosphere. It redistribute and convert
COz into several compounds in equilibrium (e.g. HCOs and CO3?; summarized as

dissolved inorganic carbon (DIC)), within the ocean interior by thermohaline
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circulation (THC; Hulse et al., 2017). The primary producers (phytoplankton and
photoautotrophic bacteria) can assimilate atmospheric CO,. The biomass produced
contributes to sinking biogenic particles (i.e., POM) and DOM. The net primary
production (NPP) is defined as the difference between the amount of carbon or energy
fixed by autotrophs and their respiration (Dittmar and Stubbins, 2014). The world
ocean contributes almost half of the global NPP (~50 Pg C yrY), with an average
turnover time for the phytoplankton biomass of 2—6 days (Behrenfeld and Falkowski,
1997; Field et al., 1998; Behrenfeld et al., 2006; Carr et al., 2006). The BP is the main
biological process for carbon sequestration and the major pathway to transfer both
organic and inorganic carbon fixed by the photosynthesis in the euphotic zone to the
ocean interior and eventually to the deep ocean or sediments (Ducklow et al., 2001).
Most POM is remineralized to DIC and mineral nutrients during its transportation to
the deep ocean or sediments via the BP (Jiao et al., 2010). Most of this newly
produced DOM is biologically labile and reworked by microbial carbon pump (MCP),
where most labile DOM is consumed and respired rapidly by heterotrophic bacteria
into DIC (Hansell et al., 2009). The mixing of DOC in the upper layers is driven by
wind forcing up to ~200 m depth. A small fraction of that DOM escapes rapid
remineralization and is transformed into recalcitrant DOM (RDOM) and accumulates
in the surface layer, and eventually is exported to the greater depth by the THC
(Hansell et al., 2009). In the deep ocean, desorption and solubilization likely release
particulate organics to the DOC pool, whereas adsorption and flocculation sequester
DOC into particulate pool (Dittmar and Stubbins, 2014).
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Figure 3. The major carbon cycling and storage in the ocean. Figure taken from
(Lechtenfeld, 2012) and adapted from Jiao et al. (2010).

Photochemical degradation is a major abiotic process resulting in degradation and
alteration of DOM in the ocean. The photochemical degradation could lead to CDOM
photobleaching (i.e., the loss of light absorption) and the mineralization of organic
carbon to inorganic carbon (Moran and Zepp, 1997; Osburn et al., 2009; Sulzberger
and Durisch-Kaiser, 2009; Yamashita et al., 2013; Murphy et al., 2018). The influence
of photochemical processes on the DOC pool depends on the chemical composition.
Photochemical processes could lead to reduced bioavailability of freshly produced
DOM or transform recalcitrant into labile DOC molecules that can be rapidly used by
microbes (Benner and Ziegler, 1999; Holmes et al., 2008; Sulzberger and Durisch-
Kaiser, 2009). A relatively minor impact of photodegradation on the terrigenous DOM
is observed on Arctic shelves due to ice cover, and diminished sunlight and colder
temperatures (Bélanger et al., 2006; Osburn et al., 2009). DOM biopolymers (e.g.,
carbohydrates, proteins and lipids) could spontaneously aggregate to nanogels, and
microgels by noncovalent bonds such as electrostatic, hydrogen, hydrophobic, or van
der Waals bonds in the ocean (Chin et al., 1998; Verdugo et al., 2004; Verdugo and
Santschi, 2010; Verdugo, 2012). Nanogels and microgels can eventually grow further
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to form larger macrogels and transparent exopolymer particles (TEPS), or even marine
snow, which are considered as POM (Chin et al., 1998; Passow et al., 2001; Verdugo,
2012). Flocculation is a process during which DOM or suspended organic matter
aggregate into particulate organic flocs which can be consumed by bacteria or grazers,
or removed from the water column into the sediment (Tranvik and Sieburth, 1989; von
Wachenfeldt et al., 2008, 2009; Zhou et al., 2021). Flocculation is often observed in
the estuarine and coastal areas where the rapid shifts in salinity during the mixing of
freshwater and seawater (Sholkovitz, 1976; Sholkovitz et al., 1978; Kohler et al., 2003;
Asmala et al., 2014), which could reduce the contribution of riverine DOM into the

ocean DOM pool.

1.5. DOM in the Central Arctic Ocean

The Arctic Ocean is experiencing increased freshwater loads the associated terrestrial
matter inputs in recent decades due to rapid climate change, which has an impact on
the stratification, vertical mixing, nutrient supply, heat flux, primary production, ocean
acidification and biogeochemical cycles in the Arctic Ocean (Bates and Mathis, 2009;
MacGilchrist et al., 2014; Carmack et al., 2016; Capelle et al., 2020; Woosley and
Millero, 2020; Polimene et al., 2022). The freshwater in the Arctic Ocean is strongly
influenced by river discharge and precipitation (Haine et al., 2015; Solomon et al.,
2021). Precipitation minus evaporation delivers about 2200 +220 km3yr?! (the
average value during 2000-2010) of freshwater into Arctic Ocean (Haine et al., 2015).
In addition, although Pacific water is regarded as a marine end-member, it also serves
as a freshwater end-member due to its fresher than the Atlantic water in the Arctic
Ocean (Jones et al., 2008). It supplies an estimated of 2640 100 km?® yr! (the average
value during 2000-2010) into Arctic Ocean with respect to a reference salinity of
34.80 (Haine et al., 2015; Carmack et al., 2016). The DOC flux of Pacific water into
Arctic Ocean was estimated to be around of 18 Tg C yr* (Anderson and Amon, 2015).
Large river discharges and their influences are evident in the Arctic Ocean. The Arctic
Ocean (~1% of the global ocean volume) receives more than 10% of global riverine
discharge (approximately 25 Tg C yr 1), thus resulting in estuarine gradients and high
DOC concentrations and terrestrial DOM proportions in surface polar waters across
the Arctic basins (McClelland et al., 2012; Anderson and Amon, 2015). The most
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important discharge into the Arctic, the Canadian Arctic Archipelago, and Baffin Bay
from land (i.e., rivers, streams and groundwater) with a total amount of
4200 + 420 km® yr! is dominated by large rivers, mainly on the Eurasian side (Haine
et al., 2015; Carmack et al., 2016). Total annual discharge from the six largest Artic
rivers (i.e., Ob, Yenisei, Lena and Kolyma, Mackenzie and Yukon; Figure 4) is
estimated up to 2348 km?3 yr! (Holmes et al., 2012). Among these six rivers, the three
largest Siberian rivers (i.e., Lena, Yenisei and Ob) alone contribute ~90% of the total
lignin discharge or ~80% of total DOC to the Arctic Ocean (Amon et al., 2012).

The Arctic Ocean is divided into two major basins: the Eurasian Basin and the
Amerasian Basin, separated by the Lomonosov Ridge (Rudels et al., 2015). The
Eurasian Basin consists of two sub-basins: the Amundsen Basin and Nansen Basin
with typical maximum depth of ~4000-4500 m, respectively, separated by the Gakkel
Ridge (Figure 4). There are two major large-scale wind-driven surface currents in the
Arctic Ocean, the Beaufort Gyre (BG) and the Transpolar Drift (TPD; Figure 4). The
western Arctic (i.e., the Canada Basin and adjacent shelf seas) is dominated by the
BG. It is estimated that runoff entering the BG has a much long residence time of
~10 years (Yamamoto-Kawai et al., 2008; McClelland et al., 2012). The eastern
Acrctic (i.e., the Eurasian Basin and adjacent continental shelf seas) is dominated by
the inflow of Atlantic water over the shelf seas, which is subsequently exported as the
return flow of the TPD towards Fram Strait. The Pacific water not only circulates in
the BG but also circulates along the transpolar drift route in the Arctic Ocean (Hu et
al., 2019). The anticyclonic BG dominates in the circulation of the Surface Mixed
Layer (SML) in the Canadian Basin (Meincke et al., 1997). The TPD is the major
surface current that transports sea ice and shelf surface waters from the Laptev and
East Siberian shelves (Charette et al., 2020), carrying a large amount of freshwater and
terrestrial DOM to the Central Arctic Ocean (CAO), indicated by elevated DOC and
CDOM concentration (Slagter et al., 2017). The position of the TPD varies with the
Arctic Oscillation index (Macdonald et al., 2005; Karcher et al., 2012; Smith et al.,
2021). In a negative Arctic Oscillation (AO-), the TPD transports sea ice and shelf
surface waters from the East Siberian Shelf and Laptev shelf across the Arctic Basin
towards the Fram Strait and East Greenland Current (EGC; McClelland et al., 2012).
The TPD affects the Amundsen Basin and Makarov Basin, which is separated by the
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Lomonosov ridge, while the Nansen Basin, which are separated from the Amundsen
Basin by the Gakkel Ridge, is largely unaffected by the TPD (Slagter et al., 2017). In a
positive Arctic Oscillation (AO+), the TPD shifts eastward and into the BG, entraining
more Pacific water from the Chukchi Sea and river runoff from the East Siberian Shelf
waters, which are transported farther east along the shelf before entering the TPD
(Anderson and Amon, 2015; Carmack et al., 2016).

The Arctic riverine drainage basins vary with variable vegetation and soil conditions.
Most soils in the drainage basins of Arctic rivers typically contain old organic matter,
with average radiocarbon ages ranging from centuries to millennia (Schirrmeister et al.,
2002; Benner et al., 2004). Frozen permafrost soils represent a large reservoir of this
old organic carbon (an estimated value of ~1700 Pg C). With extensive thawing of the
permafrost due to a warmer climate, accelerate carbon losses and an increased export
of aged organic matter to the Arctic ocean is expected (Tarnocai et al., 2009; Hugelius
et al., 2014). It has been found that vegetation is a major source of terrigenous organic
matter to the Arctic Ocean and little of aged organic carbon in the soils contributes to
the Arctic Ocean (Opsahl et al., 1999; Benner et al., 2004). Several studies report that
the largely conservative distribution of terrigenous DOM along a salinity gradient
across the Arctic shelves, suggesting the predominantly recalcitrant character of
terrestrial DOM (Guay et al., 1999; Kattner et al., 1999; Dittmar and Kattner, 2003;
Kohler et al., 2003; Holemann et al., 2021). However, Cooper et al. (2005) estimated
that ~30% of terrestrial DOC is initially removed over the shelves before entering the
Eurasian Arctic. Kaiser et al. (2017) showed that ~50% of the annual discharge of
terrestrial-derived DOC from Siberian rivers is mineralized on the Eurasian shelves.
Holmes et al. (2008) pointed out that the lability of terrestrial DOC transported by
Alaska rivers to the Arctic Ocean has large seasonal variation, and 20%—40% of the
terrestrially-derived DOM (tDOM) during the spring freshet in Alaskan rivers is labile
on the timescale of months, while tDOM is more resistant to degradation during
summer periods. Raymond et al. (2007) showed terrestrial DOC transported during
spring floods is young at the radiocarbon age and likely consists of recently fixed
carbon in leaf litter and soil, with about 50% 1-5 years old and about 35% 6-20 years
old. River runoff has 3.5 + 2.0 years of residence time on the Eurasian shelves before

passing offshore to join the TPD (Schlosser et al., 1994). Then the transport time of
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runoff from Eurasian shelves via TPD to reach Fram Strait is about three years (Jahn
et al., 2010). Hence, the most labile tDOM may be removed in the Eurasian shelves
before it transports into Central Arctic. The analysis on stable carbon isotope data,
indicating that an estimate of 25-33% of the terrestrial DOC discharged by rivers to
the Arctic Ocean is exported to the North Atlantic via the EGC (Benner et al., 2005),
or 20-50% as estimated using DOM fluorescence (Amon et al., 2003), or 12-41% as
estimated using the lignin content (Opsahl et al., 1999). The terrigenous DOC is
estimated to be mineralized with a half-life of 7.1 + 3.2 years in the western Arctic
Ocean (Hansell et al., 2004). Therefore, except for the labile tDOM removal in the
continental shelves, the remainder of tDOM can be removed in long timescales within
the Arctic Ocean due to microbial or photochemical mineralization processes (Hansell
et al., 2004).

The surface polar water in the Eurasian Basin is largely transported towards the Fram
Strait via the TPD. Part of the polar surface water transported in the EGC mixes into
the center of the convective gyres of the Greenland/Labrador Seas, and contributes to
DOM export to North Atlantic Deep Water (NADW) formation (Schlosser et al., 1994;
Rudels, 1995; Carmack et al., 2016). In addition, the Arctic deep waters (~2500 m)
can be export to the Greenland-lceland-Norwegian (GIN) seas through Fram Strait,
and contribute to the formation of NADW (Bo6nisch and Schlosser, 1995). Terrigenous
DOC of Arctic origin has been identified in components of NADW (Benner et al.,
2005). The terrigenous DOC in Arctic polar surface waters has a modern radiocarbon
age and a relatively short residence time (~1-6 yr) prior to exporting to the North
Atlantic Ocean (Opsahl et al., 1999; Benner et al., 2004). Terrigenous DOM accounts
for a much greater fraction of the DOM in the Arctic surface water (~5-33%)
compared to the Pacific and Atlantic oceans (~0.7-2.4%; Opsahl et al., 1999). Hence a
massive DOC export to the dark ocean with the NADW formation (~48 umol kg™?)
and a subsequent DOC loss during thermohaline circulation because of DOM
mineralization, reaching the minimum in the North Pacific (~34 pmol kg*; Hansell et
al., 2009).
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Figure 4. Map of the Arctic Ocean. Figure adapted from (Kipp and Charette, 2022).
The light blue arrows indicate the major surface currents. The red arrows indicate
approximate location of the TPD origin for the positive (AO+) and negative (AO—)

modes of the Arctic Oscillation.

1.6. Analytical methods for DOM characterization and quantification

In the past, optical and molecular-level analytical techniques evolved and improved
our mechanistic understanding of DOM fluxes. Optical spectroscopy (absorbance and
fluorescence) has been widely used to investigate bulk changes of DOM in aquatic
samples due to its simplicity and high sensitivity and cost-effectiveness (Parlanti et al.,
2000; Baker and Spencer, 2004; Yamashita and Jaffé, 2008). Parallel factor analysis
(PARAFAC) is an efficient tool to decompose the fluorescence signal of the EEMs
into the underlying individual fluorescent components and provides information about
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the sources and composition of CDOM (McKnight et al., 2001; Stedmon et al., 2003;
Murphy et al., 2008; Fichot et al., 2013). Fourier-transform ion cyclotron resonance
mass spectrometry (FT-ICR) mass spectrometry (MS) provide great insight in the
molecular-level characterization of DOM. Many studies have related FT-ICR MS
based on SPE-DOM and optical parameters in natural waters (Herzsprung et al., 2012;
Stubbins et al., 2014; Kellerman et al., 2015; Lavonen et al., 2015; Timko et al., 2015;
Wagner et al., 2015; Martinez-Pérez et al., 2017; Winsch et al., 2018a) to characterize
the relevant molecular formulas (MFs) for different optical parameters or different
sources of DOM. However, no studies have linked FT-ICR MS and optical parameters
to investigate quantitative changes in different sources of DOM and their relative

contributions in the Arctic.

1.6.1. Optical spectroscopy for DOM characterization

In aquatic systems, a fraction of DOM that absorbs light in the ultraviolet (UV; 200-
400 nm) and visible (400-800 nm) radiation is called colored, or chromophoric
dissolved organic matter (CDOM; Stedmon and Nelson, 2015). Although the
molecules that make up the CDOM pool are poorly defined, it is estimated that
CDOM constitutes up to ~70% of the DOC pool (Laane and Koole, 1982) and is
dominated by aromatic carbon content (Chin et al., 1994; Weishaar et al., 2003;
Stubbins et al., 2008). CDOM, the optically active and ubiquitous constituent in the
ocean, can have negative feedback on primary production by attenuating light
penetration and absorbing light, that otherwise would be available for photosynthesis.
A positive feedback of CDOM on marine organisms is via the protection of plankton
from harmful ultraviolet B (UVB; 280-320 nm) or ultraviolet A (UVA; 320-400 nm)
radiation (Arrigo and Brown, 1996; Williamson et al., 1996; Granskog et al., 2007;
Hill, 2008). CDOM can be recorded by satellite remote sensing (Glukhovets et al.,
2020; Lewis and Arrigo, 2020) and participates in a wide range of photochemical
reactions (Miller and Zepp, 1995; Osburn et al., 2009; Gonsior et al., 2013; McKay et
al., 2018). High CDOM concentration is found in the Arctic Ocean, subarctic North
Atlantic and Pacific, intermediate values are observed in Equatorial upwelling regions
and the Southern Ocean, and lower abundance in the subtropical gyres (Siegel et al.,
2005; Nelson et al., 2010). High CDOM concentration is observed in the Arctic Ocean,
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due to the large inputs of color-rich DOM by river discharge and the inefficient photo-
degradation of CDOM in the sunlight-diminished and often ice-covered waters
(Bélanger et al., 2006; Osburn et al., 2009; Dittmar and Stubbins, 2014). After the
absorption of light (energy), a part of CDOM that emits a fraction of the absorbed
energy as fluorescence, is called fluorescent dissolved organic matter (FDOM). DOM
molecules are excited by photons of specific wavelengths and emitted light has a
longer wavelength due to energy loss (Coble et al., 2014). The relationship between
DOM, CDOM, and FDOM are display in Figure 5.
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Figure 5. The optically active pools of CDOM and DDOM as subfractions of the total
DOM pool. Figure adapted from (Dittmar and Stubbins, 2014).

CDOM can be quantified rapidly by the strength of its optical signals in the laboratory,
in situ, or remotely sensing and directly measured in the original water (Spencer et al.,
2009b; Zielinski et al., 2018; Glukhovets et al., 2020; Lewis and Arrigo, 2020). The
UV-visible light absorption spectrum of CDOM often decreases exponentially from
240 to 600 nm wavelengths (Stedmon and Nelson, 2015). The concentration of

CDOM can be expressed in terms of its absorption coefficient at a specific wavelength.
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Wavelengths in the range of 280-450 nm are commonly used for this purpose (Perdue
and Benner, 2009). The absorption coefficient at A nm (acoom(A) in m™) can be
calculated by the equation:acpon(4) = 2.3034A(4)/1, where the factor 2.303 is the
natural logarithm of 10, A(A) is the absorbance at wavelength A in nm, and | is the
optical path length in meters (Stedmon and Markager, 2001). The quality of CDOM is
often assessed by the spectral slope of the absorption spectrum, such as the spectral
slope between 275 and 295 nm (Sz7s-205 in nmt), and between 350 and 400 nm (Sss0-400
in nm™), and the spectral slope ratio Sg (calculated by the ratio between Sz7s.205 and
Sas0-400). These parameters provide insight concerning the source, molecular weight,
and aromaticity of DOM (Helms et al., 2008; Stubbins et al., 2012; Hansen et al.,
2016). An additional qualitative measure of CDOM is the specific UV absorbance at
254 nm (SUVAzss in L mg™ m?), which is calculated by the UV absorbance at 254 nm
(given in m?) divided by the DOC concentration in mg L™ (Weishaar et al., 2003).
SUVA2s4 has been previously used as a proxy for aromaticity of aquatic humic

substances and is positively correlated with molecular weight (Weishaar et al., 2003).

The concentration of FDOM can be expressed as its fluorescence intensity, which is a
function of the wavelengths of excitation and emission. The fluorescence intensity can
be measured at a single pair of wavelengths for excitation and emission, a single
excitation wavelength over a range of emission wavelengths, or a single emission
wavelength over a range of excitation wavelengths. The most comprehensive
measurement of fluorescence intensity is the combination of a number of fluorescence
emission scans at different excitation wavelengths to obtain an excitation-emission
matrix spectrum (EEMs; Perdue and Benner, 2009). The fluorescence properties of
FDOM are largely restricted to excitation wavelengths of 240-500 nm and emission
wavelengths of 300-600 nm (Stedmon and Nelson, 2015). In general, the data can be
characterized by visual identification of peaks (peak picking), signal integration in
different wavelength regions, or developing indices from ratios of fluorescence at
specific wavelengths (Stedmon and Nelson, 2015). Peaks are typically categorized
into two groups: protein-like and humic-like substances (Coble, 2007). In these two
groups, six general types of fluorescence peaks in different wavelength regions of
DOM are displayed in Table 1. The protein-like fluorescence is typically narrower and
at wavelengths shorter than 350 nm and often categorized into tyrosine-like
24



(Ex. 275/Em. 305 nm; peak B), tryptophan-like (Ex.275/Em. 340 nm; peak T) and
phenylalanine-like (Ex. 280/Em. 370 nm; peak N) substances. The term protein-like is
used because it resembles the three fluorescent aromatic amino acids: tryptophan,
tyrosine, and phenylalanine (Determann et al., 1998). The fluorescence of tyrosine is
difficult to detect when both tyrosine and tryptophan coexist in the same peptides
because the emission energy of tyrosine is transferred to tryptophan and quenching by
neighboring groups (Stedmon and Nelson, 2015). The humic-like fluorescence has
been characterized by a broad range of emissions exceeding 350 nm. The term
humic-like is used because the similar fluorescence was originally detected in soil
organic matter and fulvic acid XAD extracts (Stedmon and Nelson, 2015). Compared
to protein-like fluorescence, the humic-like fluorescence is ubiquitous in all aquatic
environments and is detected at higher emission wavelengths, which is commonly
referred to peak A, peak C and peak M. Peaks A and C are often considered as
terrestrial-derived humic-like materials, and peak M is characterized as marine-
derived humic-like substances (Coble, 2007). It is well known that humic-like peaks A

and C can be generated in situ in the oceans by phytoplankton and bacteria (Romera-

Castillo et al., 2010, 2011). Terrestrial humic-like materials show excitation and
emission maxima at longer wavelengths than marine humic-like materials, as
predicted from their more aromatic chemistry and assumed higher molecular weight
(Coble, 2007). Parallel Factor Analysis (PARAFAC) is the most common method to
statistically decomposes fluorescence EEMs into underlying individual, independently
components that represent groups of fluorophores with similar spectra (Stedmon et al.,
2003; Murphy et al., 2008, 2013; Stedmon and Bro, 2008).
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Table 1. Spectral characteristics for major fluorescent components identified by peak-
picking method. Table adapted from (Coble, 2007)

Peak name Excitation (nm) Emission (nm) Source

B 275 305 Tyrosine-like, autochthonous

T 275 340 Tryptophan-like, autochthonous

N 280 370 Phenylalanine-like, autochthonous
A 260 400-460 Terrestrial humic-like

M 290-310 370-410 Marine humic-like

C 320-360 420-460 Terrestrial humic-like

In addition, three fluorescence parameters are widely applied to the analysis of FDOM.
The fluorescence index (FI) is calculated, based on the ratio of the emission intensity
at a wavelength of 450 nm and that at 500 nm, obtained for a fixed excitation
wavelength of 370 nm (McKnight et al., 2001). FI is commonly used as an indicator to
identify the relative contribution of microbial and terrestrial sources to the DOM pool:
Low FI values suggest that water samples are dominated by terrestrially-derived
substances, whereas high values are indicative of microbially-derived DOM (Johnson
etal., 2011; Murphy et al., 2018). The biological index (B1X) is calculated by the ratio
of the emission intensity at 380 nm divided by that at 430 nm with a fixed excitation
wavelength of 310 nm (Huguet et al., 2009). BIX is an indicator of autotrophic
productivity, with high values (>1) corresponding to recently produced DOM of
autochthonous origin (Huguet et al., 2009). The humification index (HIX) is
calculated by the area under the emission spectra 435-480 nm divided by the peak
area 300-345 nm with a fixed excitation wavelength of 254 nm (Ohno, 2002). It is an
indicator of humic substance content or extent of humification, with high values

indicating an increasing degree of humification (Ohno, 2002).

1.6.2. Solid-phase extraction for DOM desalting and enrichment

Solid-phase extraction (SPE) is one of the most widely used techniques to concentrate
and desalt DOM in marine and freshwater prior to DOM analysis, which is widely

used method of sample extraction for the ultrahigh-resolution mass spectrometry
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(FT-ICR MS; Dittmar et al., 2008; Li et al., 2017; Tfaily et al., 2012). PPL (styrene
divinyl benzene polymer) has become a popular extraction adsorbent for SPE with the
ability to retain moderately polar to nonpolar DOM at relatively high recoveries for
DOC from seawater and freshwater (Dittmar et al., 2008; Raeke et al., 2016; Broek et
al., 2017; Johnson et al., 2017). However, PPL extractions are not quantitative and
recover ~20-90% of DOC in aquatic samples, which could result in molecular
differences when comparing DOM composition between original water and extracts
(Koch et al., 2008; Chen et al., 2016a; Li et al., 2016a; Wunsch et al., 2018b). Many
studies have compared compositional or structural differences for original and
extracted DOM, and some compared the influence of enrichment volume on the
extraction efficiency (Dittmar et al., 2008; Sleighter and Hatcher, 2008; Chen et al.,
2016a; Li et al., 2016b; Raeke et al., 2016; Wunsch et al., 2018b). However, few
studies have looked at the mechanistic details of potential fractionation and adsorption
mechanisms that are caused by different loadings in SPE (L. et al., 2016b). Hence, it is
worth investigating the potential chemical fractionation mechanisms for PPL-extracted
DOM induced by different loadings.

1.6.3. Applying mass spectrometry for DOM molecular characterization

The composition of the DOM is highly complex, and with common analytical
techniques only a small fraction can be analyzed at the molecular level, such as amino
acids, carbohydrates, lipids and lignin, which are present in DOM only in trace
amounts (Kaiser and Benner, 2009, 2012b). The largest fraction of DOM remains
molecularly uncharacterized due to its resistance to isolation, chromatographic
separation and hydrolysis, oxidation and other preparation processes (Hedges et al.,
2000). Recent advances in technology, especially of ultrahigh resolution Fourier-
transform ion cyclotron resonance (FT-ICR) mass spectrometry (MS) with direct
infusion (DI) electrospray ionization (ESI) has emerged as an important analytical
technique to characterize the compounds making up the DOM reservoir on a
molecular level. FT-ICR MS has been successfully applied to distinguish thousands of
molecules of different elemental composition in marine DOM, with peak locations

ranging from 200 to 1,000 m/z and the most abundant masses concentrated between
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300 and 400 m/z (Flerus et al., 2012; D’Andrilli et al., 2015; Hawkes et al., 2016;
Arakawa et al., 2017).

1.6.4. Challenges of molecular-level analysis of DOM

Nuclear magnetic resonance (NMR) spectroscopy is the most used technique for the
structural characterization of DOM molecules, and major structural characteristics
have been revealed (Hertkorn et al., 2006; Mopper et al., 2007). The broad signals are
unresolved by the conventional *H- or 3*C-NMR due to the overlapping spectra of
thousands of individual compounds in DOM (Dittmar and Stubbins, 2014). Even most
advanced NMR techniques could reveal more detailed molecular structures within
DOM, the resolving capacities are still surpassed due to the molecular diversity and
heterogeneity of DOM (Hertkorn et al., 2007). Hence, it is not possible to obtain

structural information for individual molecules within DOM pool.

The FT-ICR MS provide much higher resolution than other MS techniques and is now
capable of determining the mass of an intact molecule with an mass accuracy of better
than 0.1 mDa from complex natural mixtures of organic compounds and mostly
approximates the compositional diversity of the DOM (Petras et al., 2017). Although
FT-ICR MS provides valuable insight into the molecular diversity, the molecular
information within DOM is restricted to exact molecular masses and subsequently
MFs that assigned to mass peaks. The MFs have provided further information about
elemental ratios and thus compound diversity (Koch et al., 2008), but it is unable to
differentiate between structural isomers of a molecular formula (MF), hence the
molecular structures capable of understanding of sources, sinks, and turnover
processes of DOM remain elusive. Even the number of structural isomers behind each
detected MF in the DOM is unknown, but the underlying structural features can still
be inferred from the MF and its relative abundance pattern (Dittmar and Stubbins,
2014).

Ultrahigh resolution DI-ESI FT-ICR MS has revealed the molecular complexity
within the marine and terrigenous DOM (Koch et al., 2005, 2007; Flerus et al., 2012),
but quantitation of terrestrial and marine sources in the DOM pool has not be well

defined. Two major chemical fractionation effects so far challenged the representative
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and quantitative characterization of DOM by ESI FT-ICR MS measurement: (i)
desalting and pre-concentration via SPE (cf. Kong et al., 2021) and (ii) selective
ionization of molecules in the ionization process of the mass spectrometer (Kiontke et
al., 2016). Normally, these advanced techniques such as NMR or mass spectrometry
require sample isolation prior to analysis. The three class isolation methods include
ultrafiltration (Skoog and Benner, 1997), reverse osmosis coupled with electrodialysis
(Koprivnjak et al., 2009) and SPE using various resins (Stuermer and Harvey, 1974;
Lara and Thomas, 1994; Dittmar, 2008). All of these methods are primarily based on
molecular size or polarity to separate operationally defined DOM fractions, and a
considerable fraction of DOM still escapes molecular characterization. A subfraction
of DOM isolated using SPE, referred as SPE-DOM, has been widely used for
FT-ICR MS measurements (Hertkorn et al., 2007; Koch et al., 2007; Mopper et al.,
2007; Capley et al., 2010; Sleighter et al., 2012; Kellerman et al., 2014). SPE-related
fractionation results in molecular compositional differences between SPE-DOM and
original samples (Kong et al., 2021), which limits the comparison between MS data
and bulk optical parameters. In addition, using FT-ICR MS requires ionization of the
DOM prior to MS analysis. An ideal ionization source for quantitative characterization
of DOM by the FT-ICR MS should be non-selective (i.e., ionization efficiency of all
compounds equally) and soft (i.e., ionize compounds without fragmentation; Mopper
et al., 2007). Electrospray ionization (ESI) has been a widely used ‘soft’ ionization
technique that allows the molecular ions to be detected by the mass spectrometer
without fragmentation (Novotny et al., 2014). It has been shown that ionization
efficiency is related to compound properties such as basicity, polarity, volatility and
molecular size on ESI-MS response (Oss et al., 2010; Kiontke et al., 2016). The
assigned MFs include heteroatoms like N, S, and P, and each of the assigned formula
can covers a large number of structurally diverse (Hawkes et al., 2018a). The MFs in
the DOM with heteroatom contents or the MFs with diverse structural isomers may
present different ionization efficiencies, which can also influence the quantification of
DOM in the molecular level. SPE-DOM samples analyzed by DI-ESI FT-ICR MS
leads to an ionization suppression and competition of many molecules due to the
homogeneity and complexity of DOM (Lechtenfeld et al., 2015; Zark and Dittmar,

2018), preventing the discrimination of isobaric and isomeric structures.

29



High performance liquid chromatography (HPLC) separation offers a promising
alternative for MS analysis since it physically separates DOM based on the polarity
prior to detection (Reemtsma, 2001; Dittmar et al., 2007; Mopper et al., 2007; Brown
et al., 2016; Petras et al., 2017; Lu et al., 2018; Lu and Liu, 2019). Some studies utilize
offline HPLC separation for FT-ICR MS for SPE-DOM analysis (Koch et al., 2008;
Spranger et al., 2019), which is laborious and time-consuming. Few recent studies
applied Fourier-transform ion cyclotron resonance mass spectrometry hyphenated with
high performance liquid chromatography (LC-FTMS) to analyze the original waters
(Hawkes et al., 2018b; Kim et al., 2019), which introduces a new fractionation effect
in ESI due to a changing solvent matrix along the HPLC gradient. Han et al. 2021
utilizes the LC-FTMS using a counter gradient to stabilize the solvent matrix for
transient ESI-MS signals and successfully detects more polar compounds using
original the Suwannee River Fulvic Acid (SRFA) and peat pore water compared to DI
SPE-DOM measurement.
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2. Objectives

My thesis was organized in a methodological objective (Part 1) that addressed
chemical mechanisms during SPE and a research objective (Part 2) that focused on
spatiotemporal changes of DOM in the Central Arctic Ocean and was based on

samples acquired during the MOSAIC expedition.
Part 1

Solid-phase extraction (SPE) has been widely applied for DOM analyses techniques
that lack sufficient sensitivity and / or require desalting of samples. Here, a method
was developed to investigate and quantify the potential chemical fractionation and
adsorption mechanisms that potentially occur during SPE. Specifically, we wanted to
assess the effect of increased column loading on the chemical characteristics of the
extracts. The study aimed at providing a best practice recommendation for solid-phase
extraction of DOM to minimize compositional variability introduced by SPE. We
tested the hypotheses as follows:

a) Increased carbon loading results in decreasing extraction efficiency of DOC

concentration and in optical and chemical fractionation;

b) The predominant extraction mechanism shifts from DOM-PPL physisorption

to DOM self-assembly with increasing carbon loading on the PPL surface.
Part 2

The quantification of terrestrial DOM in the ocean and the contribution of DOM
derived from sea ice production are not well constrained. Climate warming related
changes in DOM chemical characteristics and terrestrial DOM contributions may alter
DOM budgets not only in the Arctic but also in the deep Atlantic Ocean. Due to the
severe conditions in the Central Arctic Ocean, very few seasonal DOM observations
are available compared to the remainder of the world oceans, especially in the winter
season. Chemical characterization and quantification by mass spectrometry is
primarily challenged by the fact that all previous studies relied on sample preparation

by SPE that is subject to chemical fractionation (cf. Part 1) and hampers quantitation.
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My overall objective was to quantify spatiotemporal differences in the DOM
composition and bioavailability in the Central Arctic Ocean. We combined optical
spectroscopy and an online high performance liquid chromatography separation that
was hyphenated to FT-ICR MS and allowed analyses of original seawater.

Specifically, we wanted to quantify the changes in DOM sources (terrestrial versus
marine) throughout the water column and between regions and seasons. Key

hypotheses were:

a) The chemical composition of DOM varies much more with spatial rather than
seasonal changes during the MOSAIC expedition;

b) The DOM compositions can be significantly modulated by seasonality during
the MOSAIC expedition;

c) DOM from original Central Arctic water samples can be quantitatively

characterized using the LC-FTMS analysis;

d) DOM derived from sea ice production can be tracked using LC-FTMS and

optical spectroscopy;

e) The chemical properties of DOC derived from different origins can be

compared by the LC-FTMS and optical spectroscopy.
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3.1. Abstract

Dissolved organic matter (DOM) is an important component in marine and freshwater
environments and plays a fundamental role in global biogeochemical cycles. In the
past, optical and molecular-level analytical techniques evolved and improved our
mechanistic understanding about DOM fluxes. For most molecular chemical
techniques, sample desalting and enrichment is a prerequisite. Solid-phase extraction
(SPE) has been widely applied for concentrating and desalting DOM. The major aim
of this study was to constrain the influence of sorbent loading on the composition of
DOM extracts. Here we show that increased loading resulted in reduced extraction
efficiencies of dissolved organic carbon (DOC), fluorescence and absorbance, and
polar organic substances. Loading-dependent optical and chemical fractionation
induced by altered adsorption characteristics of the sorbent surface (PPL) and
increased multilayer adsorption (DOM self-assembly) can fundamentally affect
biogeochemical interpretations, such as the source of organic matter. Online
fluorescence monitoring of the permeate flow allowed to empirically model the
extraction process, and to assess the degree of variability introduced by changing the
sorbent loading in the extraction procedure. Our study emphasizes that it is crucial for
sample comparison to keep the relative DOC loading (DOCicad [Wt%]) on the sorbent

always similar to avoid chemical fractionation.

Keywords: dissolved organic matter; fluorescence spectroscopy; EEMs; PARAFAC,;
RP-HPLC; scanning electron microscopy; polarized light microscopy; multilayer

adsorption.
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3.2. Introduction

Dissolved organic matter (DOM) is a highly complex heterogeneous mixture of
compounds comprising a large range of molecular size, polarity, or elemental
composition all of which varying considerably between freshwater and saltwater
(Hopkinson and Vallino, 2005; Ksionzek et al., 2016, 2018). DOM plays an essential
role as a large carbon reservoir in global biogeochemical carbon cycles and an
improved understanding of DOM biogeochemistry relies on molecular
characterization (Hockaday et al., 2009; Perminova et al., 2014; Lewis et al., 2020).
Water sample desalting and enrichment is a prerequisite for many analytical
techniques, such as ultrahigh-resolution mass spectrometry (FT-ICR MS; Mopper et
al., 2007; Chen et al., 2011; Green et al., 2014).

Solid-phase extraction (SPE) is one of the most widely used techniques to concentrate
and desalt DOM in marine and freshwater (Dittmar et al., 2008; Tfaily et al., 2012; Li
et al., 2017). Although other SPE sorbent also exhibited high recoveries (Swenson et
al., 2014; Rho et al., 2019), PPL (styrene divinylbenzene polymer) has become a
popular extraction sorbent with the ability to retain moderately polar to nonpolar
DOM at relatively high recoveries for dissolved organic carbon (DOC; Dittmar et al.,
2008; Raeke et al., 2016; Broek et al., 2017; Johnson et al., 2017). However, PPL
extractions are not quantitative and recover ~20-90% of DOC in aquatic samples,
resulting in molecular differences when comparing DOM composition between
original water and extracts (Koch et al., 2008; Chen et al., 2016a; Li et al., 2016a;
Winsch et al., 2018b). Unlike in one-compound systems, the efficiency of DOM
extraction via SPE is not only driven by the interaction with the stationary phase, but
also affected by the concentrations, size and polarities of molecules in DOM.
Intermolecular effects and competition affect the equilibria between mobile and
stationary phase. Many studies have compared compositional or structural differences
for original and extracted DOM, and some compared the influence of enrichment
volume on the extraction efficiency (Dittmar et al., 2008; Sleighter and Hatcher, 2008;
Chen et al.,, 2016a; Li et al., 2016b; Raeke et al., 2016; Wiinsch et al., 2018b).
However, few studies have looked at the mechanistic details of potential fractionation
and adsorption mechanisms that are caused by different loadings in SPE (Li et al.,
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2016b).

Chromophoric dissolved organic matter (CDOM), the optically active fraction of bulk
DOM, also plays an important role in biogeochemical cycles (Nelson and Gauglitz,
2016; Martias et al., 2018; Cao et al., 2020). Optical spectroscopy (absorbance and
fluorescence) has been widely used to characterize properties and dynamics of CDOM
in the original matrix because of its relative ease of use, and high sensitivity (Hansen
et al., 2016; Yamashita et al., 2017; Zherebker et al., 2020). Fluorescence excitation-
emission matrices evaluated with parallel factor analysis (EEM-PARAFAC) is an
effective tool for tracking and characterizing the source, distribution, composition, and
turnover of fluorescent dissolved organic matter (FDOM) (Ishii and Boyer, 2012;
Murphy et al., 2018; Schittich et al., 2018; Carr et al., 2019). Moreover, targeted
analysis of specific DOM compounds (such as amino acid) or untargeted analysis
(such as polarity assessment) using e.g. reversed-phase high-performance liquid
chromatography (RP-HPLC) are also used to chemically characterize DOM (Fitznar et
al., 1999; Koch et al., 2008).

The main objective of this study was to reveal the potential chemical fractionation
mechanisms for PPL-extracted DOM induced by different loadings. For this, we
established an online fluorometric monitoring of the permeate and applied microscopy
to visualize the loading on the surface of PPL beads. We hypothesize that increased
loading results in decreasing extraction efficiency and in optical and chemical
fractionation. Based on the online monitoring data, we aimed at establishing an
extraction model that helps to assess the analytical variability introduced by changing

extraction mechanisms along increased sorbent loading.

3.3. Methods and materials

Sampling. Samples were collected at lower River Weser (WSs1, riverine sample) near
the town of Minden, the outer River Weser estuary (Ws2, estuarine sample), the
Southern North Sea (Ws3, Msl, marine sample), and the fishery harbor near the
Alfred Wegener Institute in Bremerhaven, Germany (Es1, Es2, estuarine sample). Esl
was used to carry out online fluorometric detection of the permeate DOM using PPL

extraction. Es2 served to visualize PPL sorbent surface using microscopy. Msl (high
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microbial degradation) was used to examine FDOM self-assembly on PPL sorbent,
and Ws1, Ws2, and Ws3 to explore loading and sorbent-type dependent changes in
DOM extracts. All samples were filtered using pre-combusted glass fibre filters (GF/F,
1825-047, Whatman), and stored at 4 °C in the dark until analysis. All sampling
material was previously either pre-combusted at 450 °C or treated with 10%
hydrochloric acid and well-rinsed with ultrapure water. The relative DOC loading

weight of the sorbent (DOCioad) Was calculated as:
DOCload(Wt%) = DOCconc(mg L_l) X VOlumesample(L) - Masssorbent(mg) x 100 (1)

where DOCconc is the DOC concentration of the original sample, Volumesampie is the

volume of the extracted samples, and Masssorbent IS the weight of the sorbent material.

Experimental setup. For online fluorometric detection (USB2000-FLG, 200 pum slit,
Ocean Optics spectrometer) of DOM in the permeate flow of a large volume (8.2 L)
estuarine sample Esl extraction, SPE cartridge (PPL; 200 mg; Bond Elut, Agilent
Technologies) was conditioned with methanol (3 mL each, LiChrosolv, Merck) and
acidified ultrapure water (3 mL, pH 2; HCI 30% suprapure, Merck). The acidified
water sample (pH 2; HCI 30% suprapure, Merck) was filled into reservoirs, which
were connected by Luer adaptors to SPE cartridge. The cartridge was fixed using an
extraction support device (Visiprep, Supelco). Sample was drawn through the
cartridge using Tygon tubings (SC0015, ISMATEC) and a peristaltic pump (ISM931C,
ISMATEC) at a flow rate of 4.0 mL min. The permeate flow was passed through a
flow-through cell (V = 750 pL, 175 050-QS, Hellma) and DOM was excited using
light-emitting diodes (LLS LED, Ocean Optics) at 365 nm during the entire extraction.
The emitted fluorescence signal was measured with a fiber optic spectrometer
(USB2000-FLG, 200 um slit, Ocean Optics spectrometer) and integrated over a
wavelength range of 420-600 nm. Processing and visualization of the data were
performed using the instrument software (spectra suite, Ocean Optics, Table 1).
Subsamples were collected from the permeate at the exit of the flow-through cell and
measured for DOC concentration, excitation emission matrices (EEMSs), and
absorbance (see below). Process blanks for each sorbent were performed by extracting

acidified ultrapure water with same procedure.
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Table 1. Spectrasuite-parameters for online fluorescence measurement

Parameters Setting
Integration time (s) 2

Scans to average 3

Boxcar width 5
Non-linearity correction active
Stray light correction active
Integration method rectangular

To further investigate FDOM self-assembly on PPL sorbent (200 mg; Bond Elut,
Agilent Technologies), we collected the permeate for the volumes 0-200 mL (0-0.1
wt% DOCoad) and 200-400 mL (0.1-0.2 wt% DOCiead) for Msl SPE process. PPL
extractions were performed in triplicate and the EEMs of permeate were averaged for
each treatment and the EEMs extraction efficiency was calculated by subtracting the
permeate EEMs from the EEMs of the original sample.

In addition, four discrete enrichment volumes (100, 250, 500 and 1000 mL) of
samples Ws1 - Ws3 were extracted using PPL and C8 cartridges (200 mg; Bond Elut,
Agilent Technologies). All cartridges were eluted with 1.5 mL of methanol and stored

at -18 °C until analysis to prevent esterification (Flerus et al., 2011).

Microscopy. To visualize DOM adsorption on the surface of PPL sorbent, three
treatments of PPL sorbents were used for scanning electron microscopy (SEM), and
polarized light microscopy. PPL cartridges were conditioned and (i) not loaded at all,
(ii) loaded with 0.5 L, or (iii) loaded with 5 L estuarine water (Es2). All PPL sorbents
were dried with Nz prior to the microscope visualizations. PPL particles were mounted
on stubs, sputter coated (Emscope SC500; Ashford, UK) with gold-palladium and
viewed at 10 kV under a SEM (FEI Quanta FEG200; Eindhoven, the Netherlands).
For polarized light microscopy, a mercury vapor lamp was used as light source

(Axioskop50, Axiocam, Axiovision software; all Zeiss, Germany).

Dissolved organic carbon measurement. DOC and total dissolved nitrogen (TDN)

were determined by high-temperature catalytic oxidation and non-dispersive infrared
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spectroscopy and chemiluminescence detection (TOC-VCPN, Shimadzu). For
determination of the sample DOC content in the methanol extracts, a 50 puL aliquot of
each methanol extract was evaporated under N2 and subsequently redissolved in 6.5
mL ultrapure water (Ksionzek et al., 2018). DOC extraction efficiency was calculated
for all samples as DOC concentration in extract divided by DOC concentration in the
corresponding original sample and considering the enrichment factor. DOC extraction
efficiency for Esl was additionally acquired by subtracting the permeate DOC from
the original DOC.

Optical spectroscopy measurement. EEMs and absorbance were measured for
permeate samples collected at discrete time intervals during SPE using a fluorometer
(Horiba Aqualog) equipped with a CCD detector. Excitation and absorbance
wavelengths ranged from 240to 600 nm in 3 nm increments, and emission
wavelengths from 220 to 620 nm (increment ~3.3 nm). EEMs and absorbance data
were processed by staRdom package in R studio (Version 3.5.1) (Pucher et al., 2019).
The fluorescence spectra were performed by ultrapure water blank correction, inner
filter effect correction, and Raman normalization (dividing by Raman peak of pure
water at integrated excitation of 350 nm with an emission wavelength interval of 371
to 428 nm; Lawaetz and Stedmon, 2009). Based on the acquired data, a PARAFAC
analysis was carried out (Murphy et al.,, 2013). The fluorescence index (FI) is
calculated, based on the ratio of the emission intensity at a wavelength of 450 nm and
that at 500 nm, obtained for a fixed excitation wavelength of 370 nm (McKnight et al.,
2001), and the biological index (BIX) is calculated by the ratio of the emission
intensity at 380 nm divided by that at 430 nm with a fixed excitation wavelength of
310 nm (Huguet et al., 2009). Spectral slopes (S275-205 and Szso0-400) Were calculated
using nonlinear least-squares fit and spectral slope ratio (Sr) was calculated by the
ratio of So7s-205 and Sszso-200 (Helms et al., 2008). The fluorescence extraction efficiency
was calculated using the extracted fluorescence signal divided by the fluorescence

signal of the corresponding original sample.

Polarity profile measurement. The polarity profile of methanol extracts was
analyzed using an HPLC method (Koch et al., 2008). Chromatographic separation was
performed on an RP-HPLC system (Hitachi) equipped with an autosampler (L-2200),
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pump (L-2130), column oven (L-2300), fluorescence detector (L-2485), and diode
array detector (L-2450). In each analysis, 5 uL of methanol extracts were injected and
separated according to polarity using a C18 reversed-phase column (PLRP-S column
3u 300A, 150 x 2.1 mm, Agilent Technologies). The mobile solvents ultrapure water
and methanol are used in a gradient program (Table 2). The separated substances were
characterized optically by a fluorescence detector with excitation at 260 nm and
emission at 430 nm. The amount of the separated organic substances was estimated by
absorbance at a wavelength of 210 nm using a diode array detector. This wavelength
was chosen, because it is sensitive to most functional groups that dominate in DOM
(Lechtenfeld et al., 2011).

Table 2. Gradient program for polarity profile analysis

Time (min) Ultrapure water (%) Methanol (%) Flow rate (mL min™)
0 99 1 0.2
1 99 1 0.2
10 0 100 0.4
20 0 100 0.4
30 99 1 0.4
50 99 1 0.3
55 99 1 0.2

Amino acid measurement. Amino acid analysis in methanol extracts was based on a
previous method (Fitznar et al., 1999). Amino acid derivatization and separation were
performed on the RP-HPLC system (Agilent Technologies) equipped with an
autosampler (1200 Series G1329A), pump (1200 Series G1312A), column oven (1260
Infinity G1316A), fluorescence detector (1200 Series G1321A), and diode array
detector (1260 Infinity G1315D). Amino acids were identified based on the
mechanism that amino acids form highly fluorescent derivatives after reacting with
orthophthal-aldehyde (OPA) and mercaptoethanol. For pre-column amino acid
hydrolysis and derivatization, 20 pL methanol extracts firstly were pipetted and
evaporated in precombusted glass ampoules, 400 pL of 4.5 M hydrochloric acid were
added and sealed for 24 hours at 110 °C. Then ampoules were opened and the liquid

slowly evaporated at 70 °C, and 200 pL of ultrapure water was added to the dried
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hydrolyzate and again evaporated at 70 °C to remove traces of HCI. After that, 400 pL
of borate buffer (30.91 g of boric acid in 1 L of sodium hydroxide (32%, Merck)) were
added to the hydrolyzed amino acids, homogenized, and transferred into 2 mL HPLC
vials. Finally, 20 pL of the hydrolyzed sample was derivatized to hydrophobic
fluorescent amino acid derivatives with 3 puL of a mixture of 26 pL OPA and 1 mL

mercaptoethanol in the autosampler.

After two minutes of derivatization, the sample was injected into the HPLC system for
chromatographic separation and determination. The stationary phase used for the
separation was a C18 reverse-phase column (Kinetex 2.6u 100 A, 150 x 4.6 mm,
Phenomenex) heated to 32 °C. The mobile phase consisted of two eluents, sodium
acetate buffer (3.4 g L, pH 6.0, Merck) and acetonitrile, which were used in a
gradient program (Table 3). The flow rate of the gradient was 0.7 mL min™. The
derivatized amino acids were monitored by the fluorescence detector at
excitation/emission wavelengths of 330 / 445 nm and identified by amino acid
standards (Agilent Technologies: 5061-3333). Twelve amino acids (Asx: aspartic
acid/asparagine, GlIx: glutamic acid/glutamine, Ser: serine, Gly: glycine, Thr:
threonine, Arg: arginine, Ala: alanine, Tyr: tyrosine, Val: valine, lle: isoleucine, Phe:
phenylalanine, and Leu: leucine) were determined after acid hydrolysis and
derivatization with o-phthalaldehyde and methanol.

Table 3. Gradient program for amino acid measurement

Time (min) Sodium acetate (%)  Acetonitrile (%)

0 92 8
10 90 10
60 66 34
65 0 100
67 0 100
74 92 8
76 92 8

Statistical analyses. Cluster analysis based on the group-average method was

performed by the “pvclust” package in R studio (Version 3.5.1). The Bray-Curtis
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dissimilarity measures based on relative abundances were used to visualize sample
similarities. For FDOM changes in the permeate of Esl extraction, six PARAFAC
components were used. For amino acid data, the proportion of individual amino acids
in the extracts was used. The double sigmoid model was calculated using the software
Origin (2018).

3.4. Results

Online and offline analysis of the permeate. Online monitoring of FDOM in the
permeate allowed tracking quantitative and qualitative changes related to increased
DOC loading (Figures 1, 3). Inherently, this also yields information on optical changes
of the extracted DOM, as these can be deduced from the difference between FDOM in
the original water and the permeate. Despite previous study suggested that varying
flow rate had little influence on DOC extraction efficiency and composition (Li et al.,
2016b), we used a pump to keep the flow rate constant and hence eliminated flow rate
as a factor in the extraction model. A double sigmoid model given an excellent
representation (coefficient of determination was 0.999 and reduced chi-squared was
near to zero; The estimates of the quality of the model fit were evaluated by the
adjusted coefficient of determination and reduced chi-squared, which is also known as
mean squared weighted deviation and closest to zero is the best fit. The adjusted
coefficient of determination was 0.999 and reduced chi-squared was near to zero,
indicating the double sigmoid model was suitable for describing the PPL-based solid-
phase extraction process) of changes in the permeate fluorescence integrals (y) with

increased SPE column loading (Figure 1):

1—
Y=1Yo + A[ E—Xm + X—pon] (2)

1+e k1 1+e k2

where yo and A are the left and right asymptotes of y, and A is the maximum value of
y corresponding to the limit x—o0 and constrained to <1 in this case; p is the fraction
of the first phase, 1 - p is the fraction of the second phase; Xo1 and Xo2 are the centers of
the two phases; and k1 and k2 are the slope factors that determine the rise of the first

and second phase (Aferni et al., 2021).
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Figure 1. Online fluorometric detection (dots; Ex: 365 nm; Em: 420-600 nm) of
solid-phase extraction (PPL, 200 mg) of a large-volume estuarine water sample (Es1):
a double sigmoid model (blue line) was fitted to the normalized integrated emission
intensity in the permeate as a function of DOCjcad (DOC mass loading versus PPL
mass in wt%). Normalized permeate integrated emission intensity was calculated by
dividing the integrated emission intensity of the permeate by the original sample. The
1% sigmoid transitioned to the 2" sigmoid process at the local minimum of DOCioaq 0f
10.6 wt% (equivalent to 4.4 L loading volume). Gray and white areas denote 1% and
2" sigmoid, respectively. Dashed vertical lines denote different loading stages as
derived from the cluster analysis (cf. Figure 3b). The double sigmoid approach
highlights a transition of adsorption characteristics after 10.6 wt% DOC)oad Where the

2" sigmoid process starts to deviate from the 1% sigmoid.

Applying PARAFAC analysis to EEMs of discrete permeate samples resulted in six
underlying components (Figure 2). Based on fluorescence maxima, components C2,
C3, and C5 can be attributed to terrestrial humic-like sources (Stedmon et al., 2007a;
Murphy et al., 2008; Baghoth et al., 2011; Kong et al., 2017; Madonia et al., 2020;
Zabtocka et al., 2020), while C4 was previously interpreted as representing marine and
microbial humic-like fluorophores (peak M; Coble, 1996; Cao et al., 2020). C1
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represents terrestrial and marine humic-like sources (Stedmon et al., 2003; Murphy et
al., 2008; Baghoth et al., 2011), and C6 was categorized as protein-like component
(tryptophan-like peak T) with biological autochthonous origin (Coble, 1996; Carr et
al., 2019; Kim et al., 2020). The average extraction efficiency for each component
varied from 88.0% at the beginning to 24.6% at the end. A cluster analysis based on
six components revealed most pronounced changes of the permeate fluorescence after
the first 0.5 L and 2 L of extraction. Guided by multivariate statistics and double-
sigmoid model, we split our data into four different intervals of DOCioad (Figure 1):
0-1.2 wt% (I), 1.2-4.8 wt% (I1), 4.8-10.6 wt% (I11), 10.6-19.7 wt% (1V).
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Figure 2. Excitation and emission matrix spectral characteristics of six PARAFAC

components in the permeate during solid-phase extraction (PPL, 200 mg) of a large
volume (loading) estuarine DOM sample (Es1).
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Figure 3. Loading-related changes in permeate DOC concentration and fluorescence:
(a) DOC concentration and fluorescent component ratios derived from PARAFAC
analysis, and (b) cluster analysis of different enrichment volumes based on six
fluorescent components in the permeate during solid-phase extraction (PPL, 200 mg)
of a large volume (loading) estuarine DOM sample (Es1).

For permeate flow, we observed a continuous increase in DOC concentration,
PARAFAC component intensity, and absorbance at 254 nm (a254) with increased
column loading (Figure 3a and Figure 4a, b). At the beginning of SPE, virtually all
fluorescent compounds were retained and DOC concentration, absorbing and
fluorescing compounds were very low in the permeate and continuously increased
with DOC loading. Since absolute changes in these parameters could be simply related
to a yield change, we evaluated ratio changes in the permeate that undoubtedly
highlight compositional changes: for example, ratios of terrestrial components (C2: C3
and C5:C2) and microbial components (C6:C4) increased strongly during the first 4.8
wt% of DOCioad, and only increased slightly thereafter (Figure 3a). However, ratios
between terrestrial and microbial components (i.e., C5:C6 and C2:C4) still showed a
continuous increase thereafter. Hence, FDOM components derived from different
sources had different sorbent affinities and FDOM composition with similar sources

showed little chemical fractionation after 4.8 wt% of DOCoad.
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Figure 4. Chemical changes in the permeate during solid-phase extraction (PPL, 200
mg) of a large volume (loading) estuarine DOM sample (Es2): (a) maximum
fluorescence intensity (Fmax) of six PARAFAC components, (b) absorbance at 254 nm,
(c) fluorescence index (FI) and biological index (BIX), and (d) spectral slopes and

slope ratio. Note: Sr was calculated by the ratio of Sz75-295 and Szso-00.

Furthermore, spectral slopes and optical indices were calculated to investigate changes
in chemical composition. During the first 2 L of enrichment, the permeate showed a
pronounced decrease in Sy7s-205, Sr and FI, while Ssso-400 and BIX increased (Figure 4c,
d). After 2 L extraction, spectral slopes and spectral slope ratio showed only little

variation, whereas BIX and FI decreased continuously in the permeate.

Motivated by results from the large volume experiment (Figure 3) and to better
understand FDOM self-assembly, we extracted and analyzed a marine sample (Ms1)
that was subject to higher microbial degradation due to ~3 months storage at room
temperature and showed higher ultraviolet A (UVA) fluorescence (EXmax < 300 nm,
Emmax < 400 nm) (Figure 5a). Compared to first 200 mL of the collected permeate, we
observed that the permeate collected between 200 and 400 mL sample extraction

(0.1-0.2 wt% DOCioag) showed a lower extraction efficiency in high excitation
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wavelength region (peak at Ex/Em: 335/380 nm), while it is higher in UVA region
(peak at EX/Em: 275/330 nm; Figure 5b).
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Figure 5. EEMs contour for (a) original seawater Ms1 (84 umol DOC L), and (b)
wavelength-depended difference of the FDOM extraction efficiency for 0-200 mL
(DOCioad Of 0-0.1 Wt%) minus 200-400 mL (DOCjoad 0f 0.1-0.2 wt%) permeate (Msl
extraction). Compared to the first 200 mL sample loading, 200400 mL loading
showed a higher loss of FDOM at higher excitation wavelengths, but little loss in the
UVA region. This indicates that particularly UVA fluorescent compounds might be
involved in the self-assembly, consistent with our result that protein-like and microbial
humic-like components have a higher affinity for self-assembly than terrestrial humic-

like components.

Loading and sorbent-type dependent changes in DOM extracts. To further
evaluate how loading affected composition and chemical properties of solid-phase
extracted DOM, four discrete water volumes (100 mL, 250 mL, 500 mL, and 1000
mL) from three aquatic locations (riverine Ws1 and estuarine Ws2 and marine Ws3)
were extracted using PPL and C8 cartridges. PPL sorbents showed a much larger
extraction efficiency than C8 sorbents (Table 4). For both sorbent materials,
comparing 100 mL (DOCjoad = 0.09-0.18 wt%) with 1000 mL sample volume
(DOCload = 0.89 — 1.81 wt%), DOC extraction efficiency decreased by 11.5-17.7% for
riverine and marine samples, and only by 5.4-9.6% for estuarine sample.
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Table 4. Comparison of DOM extracts based on sorbent-type and sample origin

Source Extraction DOCiad  PPL C8
volume (mL) (Wt%) DOC extraction Polarity DOC extraction Polarity
efficiency (%) ratio efficiency (%) ratio
100 0.16 57.3 1.1 35.9 0.7
Ws1 250 0.40 48.5 1.0 27.5 0.6
Riverine 500 0.80 45.0 0.9 26.5 0.5
1000 1.60 42.5 0.5 24.4 0.5
100 0.18 61.2 34 39.8 2.7
Ws2 250 0.45 60.9 25 37.2 2.3
Estuarine 500 0.91 59.8 2.1 34.1 1.7
1000 1.81 55.8 1.2 30.2 1.2
100 0.09 65.7 31 45.0 15
Ws3 250 0.22 58.9 2.2 32.9 1.6
Marine 500 0.44 55.2 1.9 29.7 1.0
1000 0.89 51.7 1.7 27.3 1.1

Note: stationary phase was 200 mg for both cartridges; DOC concentrations for Ws1,
Ws2, and Ws3 were 267, 302, and 148 umol L%, respectively. Previous studies with
larger sample numbers reported a standard deviation for DOC extraction efficiency of
about 2-7% (Dittmar et al., 2008; Lechtenfeld et al., 2014).

The polarity profile of methanol extracts for Ws1, Ws2, and Ws3 was determined by
RP-HPLC. According to the gradient program (Table 2), the first fraction was defined
as polar water-soluble substances (retention time < 16 min), whereas a fraction of less
polar compounds eluted in the methanol soluble fraction (retention time > 16 min).
Polarity ratio was calculated by the area of polar fraction versus less polar fraction to
illustrate polarity changes (Table 4). It was noteworthy that polarity ratio decreased
with increasing sample volumes (DOCioag). Comparing 100 mL with 1000 mL
extraction volume, the average decrease of polarity ratio was approximately 18% and
12% for all samples extracted with PPL and C8, respectively. As expected, PPL
sorbent extracted more polar compounds than C8 sorbent (Ws1: 1-14%, Ws2: 0—4%,
Ws3: 7-15%).

To explore the loading-related qualitative changes of the amino acid composition in
solid-phase extracts, we evaluated proportional changes of individual amino acids:

Compared to the changes in fluorescence characteristics of the permeate, individual
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amino acid proportions only varied by 1-3% between different volumes, independent

of sample origin and sorbent type used (Table 5). Although, these results were also

generally supported by a cluster analysis (Figure 6), the statistical method revealed

that amino acid composition in 100 mL extractions differed most strongly from 1000

mL, emphasizing that also amino acid composition varies with extraction volume.

Table 5. Amino acid distribution (relative proportion of individual amino acid) in

methanol extracts of the riverine (Ws1), estuarine (Ws2), and marine (Ws3) samples
enriched with PPL and C8 cartridges.

Sample type  Volume (mL) Asx GIx Ser Gly Thr Arg Ala Tyr Val lle Phe Leu
100 23.0 119 43 141 78 28 102 02 112 67 27 51

250 236 111 41 141 82 25 101 07 111 6.7 27 5.0

EELI 500 238 123 72 133 73 21 99 11 100 58 24 46
< 1000 269 109 50 128 82 23 96 10 102 6.0 24 46
2 100 174 99 66 328 38 08 158 23 47 25 13 20
250 19.0 107 55 31.7 41 11 156 21 48 24 12 19

ELI 500 192 109 54 301 49 11 156 20 50 26 12 20
o 1000 191 111 53 287 53 17 158 19 51 27 12 21
2 100 176 102 73 303 45 17 148 16 54 27 15 24
250 184 104 6.6 297 46 14 151 17 54 30 14 23

ELI 500 19.7 106 64 274 53 12 154 17 56 30 14 23
s 1000 196 100 66 291 52 10 15 16 54 30 13 22
2 100 189 140 68 103 69 33 97 08 12 76 37 64
250 172 133 63 96 70 35 92 07 16 73 33 64

8 500 16.1 13.7 6.6 107 7.7 37 99 12 13 75 33 6.6
4 1000 168 130 6.7 106 84 42 105 12 12 74 34 64
- 100 209 110 75 284 44 14 147 04 36 34 16 26
250 205 108 63 269 43 15 139 20 60 34 16 27

s 500 210 112 57 268 47 14 137 19 60 37 15 25
o 1000 19.7 109 58 279 50 12 138 19 59 37 15 27
- 100 212 122 91 251 33 12 112 05 67 41 19 35
250 210 122 98 233 37 10 115 08 71 41 20 36

8 500 205 126 58 258 40 11 128 12 67 43 19 34
g‘ 1000 204 123 62 252 40 11 127 13 69 46 19 34
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Figure 6. Cluster analysis (Bray Curtis dissimilarity) based on relative distributions of
total hydrolysable amino acids from the solid-phase extraction of riverine (Wsl),
estuarine (Ws2) and marine (Ws3) samples using four different sample volumes with

PPL and C8 cartridges.

Imaging of loading-related changes of the sorbent surface. Microscopic
visualizations of PPL surface were performed using 200 mg cartridges that were either
unloaded or loaded with Es2 (530 umol DOC L) at 1.6 wt% or 15.9 wt% DOCicad
(equivalent to 0.5 and 5 L loading volume, respectively). Images of PPL surface from
polarized light microscopy and SEM were compared between 0.5 L and 5 L loading.
The continuous change of surface color (Figure 7a—c), the decrease of texture (Figure
7d-f) and the visible DOM surface layer (Figure 8d) was an illustrative representation
how the porous surface of PPL is increasingly covered from unloaded state to 0.5 L

and 5 L loading.
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Figure 7. Images of polarized light microscopy at 10x magnification (a, b and c), and
SEM at 80,000% magnification (d, e and f) for the surface of unloaded PPL (a and d),
PPL loaded with 0.5 L (b and e), and PPL (c and f) of estuarine sample Es2.

Figure 8. SEM images for the surface of (a) GF/F filter at 2,600x magnification, (b)
PPL loaded with 5 L ultrapure at 2,500x magnification, (c) PPL loaded with 5 L of
sample Es2 (DOCioad Of 15.9 wit%) at 2,400% magnification, and (d) PPL loaded with 5
L of sample Es2 at 20,000x magnification. All samples were filtered with GF/F filters
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(Whatman glass fibre filter, 0.7 um pore size) prior to SPE and traces of the GF/F
filters were leached and deposited on the surface of the PPL beads. The images of the
PPL beads loaded with DOM revealed that some GF/F fibres were hidden under a
DOM extract layer covering the PPL surface.

3.5. Discussion

Inverse online-monitoring of the extraction procedure and empirical modelling.
In our study, we used an inverse online-monitoring approach to track chemical
changes during aquatic DOM SPE extraction. We think that this simple procedure can
be easily applied for other sorbents and environmental samples so that methodological
biases introduced by SPE in aquatic research can be more conveniently assessed in
future. It should be noted that classical adsorption models such as Thomas model
(Mahmoud, 2016), Langmuir isotherm (Edet and Ifelebuegu, 2020) or Dubinin-
Astakhov isotherm (Moritz and Geszke-Moritz, 2020) are difficult to apply due
heterogeneous and complex nature of aquatic DOM. Although we don’t know
precisely, how many organic compounds are contained in water, mass spectrometry
yields at least ten thousand different molecular masses and an unknown dimension of
structural isomers within each sample. For this reason, we chose an exclusively
empirical modelling approach of the permeate fluorescence. Starting with a sigmoid
Boltzmann model for breakthrough curve of single compound solid-phase extraction
(Bielicka-Daszkiewicz and Voelkel, 2009; Tartaglia et al., 2019) that was similar to
e.g., non-linear Langmuir isotherm, our online-monitoring experimental data
highlighted a considerable deviation, which led to double sigmoid model that better
reconstructed the measured data. In this model, we assumed that DOM extraction
equilibria are controlled by unequal contributions of PPL physisorption and multilayer
adsorption (DOM self-assembly), we modelled the permeate fluorescence by double
sigmoid equation (Figure 1). Given the choice of sample and sorbent type in our
experiment, the 2" sigmoid process deviated from the 1% sigmoid process at a
DOCiead > 10.6 Wt% (equivalent to 4.4 L loading volume of Es1).

Self-assembly - an important mechanism during DOM solid-phase extraction. Despite
a very large ratio of sample volume (8.2 L) versus mass of sorbent (200 mg PPL) in

our online monitoring experiment, we did not observe a capacity limit of stationary
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phase that would have been indicated by a constant fluorescence signal towards the
end of SPE. Although we found a notable decrease in DOC extraction efficiency from
lower to higher extraction volumes, we still observed considerable DOC extraction
(21.2%) at a sample volume of >8 L. According to the manufacturer, PPL can extract
up to 12 wt% of the sorbent mass (pers. comm. Agilent Technologies). In order to
facilitate comparisons between extractions of varying sorbent amounts, sample
volume and concentrations, the relative DOC loading weight on the column (DOCioad)
is a very helpful parameter: in our experiment, for 200 mg PPL and a sample volume
of 8.2 L having a DOC concentration of 400.7 pmol L™, DOCiead Was 19.7 wt%.
Assuming that DOC contributes half of total DOM mass and given an overall DOC
extraction efficiency of ~31.0% for Esl (calculated by integral of permeate DOC
concentration in Figure 3a), the maximum capacity of stationary phase was exceeded
in our experiment. The discontinuous changes in DOC extraction efficiency as well as
absorbing and fluorescing compounds suggested a change in the predominant
extraction mechanism with increased loading. Additional extractions using four
discrete smaller volumes (Table 4) confirmed the online monitoring results and a
previous study that reported decreasing DOC recovery with increasing sample volume
(Li et al., 2016b).

The discontinuous changes we observed could not be explained by just an increased
coverage of the stationary PPL phase. Despite reaching the capacity of the sorbent
towards the end of our extraction, DOC extraction efficiency was still relatively high
(Figure 3a). We therefore hypothesized that with increasing loading of PPL surface the
predominant extraction mechanism shifts from DOM-PPL physisorption to an
increased multilayer adsorption of DOM adsorbate. In aquatic science, a mechanism
similar to multilayer adsorption is known as DOM “self-assembly”. This important
process contributes to particle formation in aquatic environment: DOM polymers
assemble into microgels by noncovalent bonds such as electrostatic, hydrogen,
hydrophobic, or van der Waals bonds (Chin et al., 1998; Verdugo et al., 2004;
Verdugo and Santschi, 2010). In the following, we therefore use the term “self-

assembly” as a synonym for multilayer adsorption.
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Polarized light and scanning electron microscopy revealed a gradual change of surface
texture and color, clearly showing the increasing and homogenous loading of DOM on
PPL surface (Figure 7). Based on the assumption that the density of DOM and PPL is
comparable and that the weight of DOM is approximately double of DOC weight, it
can be roughly estimated that the radius of PPL particles increased by 5% given a 31.8
mg DOC loading (equivalent to 5L loading of Es2) on 200 mg of PPL. This massive
surface coverage combined with the observation that DOC is still extracted at larger
loadings supports our assumption that self-assembly is responsible for the ongoing
DOC extraction beyond the capacity of the sorbent. Given that DOM adsorption and
self-assembly will be competing processes, self-assembly likely also contributes to
chemical fractionation at smaller loadings. However, looking at the differences of the
gradients in the first and second sigmoid phase (Figure 1), we assume that the average
enthalpy yielded by DOM adsorption on PPL is considerably higher than the enthalpy
of DOM self-assembly. Therefore, both processes unequally contribute to the overall

DOC extraction efficiency and chemical fractionation along the extraction process.

Chemical fractionation of complex organic matter during solid-phase extraction.
Most importantly for molecular DOM studies, our results show a loading-dependent
qualitative chemical change in the permeate that can be considered as inverse changes
of the extracted organic matter. It should be noted though, that we expect our online
permeate monitoring to be more sensitive to compositional changes compared to
changes analyzed in the extracts. The reason for this is that the extracts represent
cumulated changes over a larger loading, which might contribute to the low variability
observed in our amino acid composition experiment (Figure 6 and Table 5). In
consistence with previous studies (Dittmar et al., 2008), a preferential extraction of
terrestrial DOC was observed by slightly higher efficiencies for estuarine samples
compared to marine samples (Table 4). Different from previous studies, we found
unexpectedly low DOC extraction efficiencies for riverine samples, for which we only
can speculate that salt discharge or locally different organic matter sources at

respective section of River Weser are possible explanations.

Although fluorescence analysis of DOM typically does not require an extraction step,

it is a helpful technique to document loading-related chemical changes. In particular,
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the change of ratios of fluorescent components during the first 2 L of SPE (DOCioad <=
4.8 wt%, Figure 3a) highlight substantial chemical fractionation. At the beginning of
extraction (0-0.5 L, DOCjoad: 0-1.2 wt%) fluorescent substances were almost
quantitatively retained on the unloaded PPL. Between 0.5-2 L sample volume
(DOCioag: 1.2-4.8 Wit%), the increasing fluorescence signal in the permeate reflected
fewer available polymer binding sites, and after 2 L of extraction DOM self-assembly
dominated. Such loading-dependent fractionations can also affect interpretations on
aquatic organic matter composition, e.g., with respect to the contribution of organic-
matter sources: the estuarine water used for the online extraction experiment (salinity
of 11.6) contained a mixture of terrestrial and marine-derived organic matter that is
partially reworked by microbial activity. We observed a stronger decrease in the
extraction efficiency of microbial and protein-like components (i.e., C4 and C6)
within the first 2 L extraction (DOCioad Of <= 4.8 wt%), whereas the extraction
efficiency for terrestrial humic-like components (i.e., C2, C3 and C5) declined more at
higher loadings where self-assembly predominated (Figure 4a). FI (McKnight et al.,
2001) is commonly used as an indicator to distinguish DOM source: Low FI values
suggest that water samples are dominated by terrestrially-derived substances, whereas
high values are indicative of microbially-derived DOM (Johnson et al., 2011; Murphy
et al., 2018). FI value of 1.3 for the original estuarine water Esl showed that bulk
DOM was mainly derived from terrestrial sources. In the permeate of our online
experiment, FI decreased continuously, indicating a higher loss of terrestrially-derived
organic matter with increasing loading. In addition, the index of recent autochthonous
(microbial-derived) contribution (BIX; Huguet et al., 2009) showed a loading-
dependent increase of microbial-derived DOM in the permeate before 2 L of the
enrichment, and a loss at higher volumes (Figure 4c). These observations are in
agreement with our interpretation that terrestrial DOM has a high affinity to PPL,
whereas microbial humic-like and protein-like components were preferentially
extracted by self-assembly. Amino acid analysis with four discrete enrichment
volumes showed that the relative amino acid composition in methanol extracts
changes slightly with different enrichment volumes (Figure 6 and Table 5), an

observation supporting that peptide or proteins showed higher self-assembly
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capabilities (Passow, 2002; Kerner et al., 2003; Verdugo et al., 2004; Verdugo and
Santschi, 2010).

The slope ratio Sr was previously shown to be negatively correlated with molecular
weight and DOM aromaticity (Helms et al., 2008; Hansen et al., 2016; Mann et al.,
2016), and therefore also a good indicator for changes in chemical composition along
the extraction. During the first 2 L of extraction, Sr decreasing in the permeate
indicated increasing loss of aromatic content. At higher volumes we only observed
little changes for Sr and assume that n-n interactions between PPL and aromatic DOM
decreased as a consequence of increased loading of the polystyrene surface. It has
been previously shown that marine DOM is characterized by a larger contribution of
aliphatic structural features in comparison to terrestrially derived DOM, which is
characterized by a higher aromaticity and more hydroxyl and carboxyl functionalities
(Sleighter and Hatcher, 2008; Chen et al., 2016b; Wang et al., 2019). An earlier study
(Chen et al., 2016a) revealed higher PPL recoveries for fluorescing terrestrial DOM
compared to marine DOM, and lower recoveries for biopolymers (i.e., proteins,

polysaccharides, and amino sugars).

Increased loading also resulted in a decreased average polarity of organic substances
in the extracts. It has been reported that PPL preferentially extracts more hydrophobic
DOM, and has a low capacity for highly polar substances (Dittmar et al., 2008; Li et
al., 2016b; Lewis et al., 2020). A previous study that performed a large scale
extraction (12.5 L) showed a compositional shift along increasing methanol elution
volumes, from relatively polar and marine-derived to relatively nonpolar and
terrestrial-derived DOM (Lewis et al., 2020). Given the results of our study, these
results might also be related to an increasing contribution of DOM self-assembly.
Previous studies demonstrated that biopolymers including proteins, polysaccharides
and nucleic acids are more likely to assemble into microgels (Chin et al., 1998;
Verdugo et al., 2004; Verdugo and Santschi, 2010). DOM self-assembly is therefore
highly dependent on DOM origin and composition and is favored in samples that were
subject to microbial degradation (Chin et al., 1998; Xu and Guo, 2018; Xu et al.,
2018). Microbial degradation promotes the production of carboxyl-rich alicyclic
molecules (CRAM) by consuming the bioavailable DOM in the euphotic layer
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(Mathew et al., 2021). CRAM is an important chemical feature in PPL-extracted DOM
(Chen et al., 2016b, 2016a; Hertkorn et al., 2016) that also can facilitate aggregation
and microgel formation (Hertkorn et al., 2006). This general observation is in
agreement with our findings that self-assembly increases the relative recovery of
protein-like and microbial humic-like DOM. It is also consistent with the results of our
experiment that compared optical features of permeates at different DOCioad (Figure 5),

which suggested particularly strong self-assembly for UVA fluorescent compounds.

Implications for solid-phase extraction of aquatic natural organic matter. Our
findings have important implications for procedure and interpretation of solid-phase
extraction of aquatic organic matter. All of the bulk and optical / chemical changes we
observed, were dependent on DOCead. Different from solid-phase extraction of single
compounds, increased loading of the sorbent affected the adsorption equilibria for
each compound contained in complex organic matter. If similar volumes of samples
with vastly different organic carbon concentration are extracted, analyzed and
compared for molecular features (Singer et al., 2012), it is therefore critical to
minimize variances introduced by different loadings. Ideally, this could be achieved
by harmonizing the DOCioad by analyzing the sample DOC concentration first and
adjusting the sample extraction volume accordingly so that similar sorbent loading is
reached for all samples in the sample set (Kellerman et al., 2014). Alternatively,
absorption or fluorescence measurements of original sample before extraction might
serve as a rough proxy for organic carbon concentration. If the sample processing is
performed in field studies, this might be a feasible alternative to determine suitable
loading volumes, compared to the elaborate determination of organic carbon
concentration. It is important to note that, for reasons of feasibility, we defined the
DOCioad by DOC concentration, sample volume and sorbent mass. DOM samples
derived from different sources will have different affinities to the sorbent and self-
assembly, both affecting the overall extraction efficiency and therefore the effective

loading of the stationary phase.

Online optical monitoring of the permeate flow was a simple and effective tool to
track performance and qualitative chemical changes in the permeate. The resulting

data allowed modelling the extraction process, which in turn allowed to assess the
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variability introduced by different sorbent loadings. Within our estuarine sample
extraction, an increase of the DOCjoead from X1 Wt% to x> wt%, resulted in a calculated

increase of total fluorescence in the permeate of:

0.927 0.073 0.927 0.073
94‘-0[ X2 +2.828 X3—15274 X1+2.828 x1—15.274] % (3)
1+e (—2.661) 1+e (—1.155) 1+e (—2.661) 1+e (—1.155)

If the total fluorescence would be used to compare samples in a sample set, the model
can help to compare the variability introduced by differences in loading versus the

variability between samples in the sample set.

Our results also underpin that different loading affects the quantification of single
compounds that are solid-phase extracted from water samples with complex organic
matrices, such as natural aquatic environments, effluents or aquaculture systems. The
quantification of specific analytes such as organic pollutants, metabolites, or ligands
are affected by the overall sorbent loading because the complex organic matrix alters
the surface of the sorbent and therefore changes the adsorption equilibrium of the
analyte. At very high DOC loading, PPL preferentially extracted nonpolar and
terrestrially-derived compounds as the target DOM. However, self-assembly may lead
to more accumulation of interfering components (e.g., polar and microbial-derived
compounds) than the analytes of interest. For comparison of samples, it must be
considered that the choice of elution solvent and changing ionic strength (salinity) of
the matrix can affect DOM composition. Different mechanisms such as van der Waals
forces, hydrophobic interactions, hydrogen bonding, and Ca?* bridging regulate DOM
self-assembly and might be altered by sample matrix-effects (Kruger et al., 2011).
DOM self-assembly fundamentally changes the quality of the extracted DOM in SPE
process, resulting in (i) increased DOM molecular weight by non-covalent bonds,
change in the (ii) molecular composition and (iii) optical properties, and (iv)
significant reduced carbon extraction efficiency (Chin et al., 1998; Romera - Castillo
et al., 2014; Xu and Guo, 2018). By applying the online fluorometric modeling, we
can optimize the DOCjoad and respective sample volume by following these steps: (i)
modelling PPL-based solid-phase extraction processes; (ii) calculate the targeted
DOCioad that yields the least chemical fractionation for the target parameter; (iii)

finally determine the optimal sample volume.
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4.1. Abstract:

Chromophoric dissolved organic matter (CDOM), the optically active constituent of
dissolved organic matter (DOM), can have a profound effect on light penetration and
primary production in Arctic surface waters. Here, we present a comprehensive,
seasonal observation of CDOM in the Central Arctic Ocean (CAO) surface waters
based on the year-round (November 2019-September 2020) expedition
“Multidisciplinary Drifting Observatory for the Study of Arctic Climate” (MOSAIiC).
CDOM absorbance spectra and fluorescence excitation-emission matrices (EEMSs)
combined with parallel factor analysis (PARAFAC) model were applied to
characterize the changes in DOM sources and composition. CDOM characteristics in
the surface waters were affected by differences in regions (primary water masses)
rather than seasonal changes. CDOM in the surface of the TPD-influenced part of the
drift study (i.e., Amundsen Basin) was dominated by terrestrially-derived CDOM (as
indicative of average 136% and 45% higher absorption coefficient acoom(350) and
dissolved organic carbon (DOC) concentration, respectively, compared to the western
Nansen Basin and Yermak Plateau), while CDOM outside the TPD-influenced regions
(i.e., western Nansen Basin and Yermak Plateau) were characterized by a
predominance of autochthonous DOM (as indicative of average 25% higher biological
index (BIX) value compared to the Amundsen Basin). Surface waters in the Fram
Strait, influenced by Polar Water and Atlantic Water, were characteristic by high

terrestrial and autochthonous CDOM in summer.

Keywords: Transpolar Drift; CDOM; Optical spectroscopy; EEMs; PARAFAC.
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4.2. Introduction

Dissolved organic matter (DOM), the largest pool of organic material in the ocean
(Hansell et al., 2009), is a heterogeneous mixture of allochthonous (terrestrially-
derived) and autochthonous (in situ biological production) materials (Stedmon et al.,
2007b). It is a key component for biogeochemical processes and global carbon cycling
(Battin et al., 2009) by attenuating light (Morris et al., 1995), regulating the UV and
visible light absorption (Osburn et al., 2001), serving as an energy and nutrient source
for heterotrophic communities (Wetzel, 1984), and acting as a trace metal ligand
(Hirose, 2007). The distribution and dynamics of DOM in the Arctic have received
considerable attention over the past several decades. An increase of DOM flux
induced by climate warming and permafrost thawing have been reported in the Arctic
Ocean (Frey and Smith, 2005; Spencer et al., 2015; O’Donnell et al., 2016). The
fraction of DOM that absorbs light within the ultraviolet and visible light spectrum is
called chromophoric dissolved organic matter (CDOM). CDOM, the optically active
constituent ubiquitously in the Arctic Ocean, has a profound effect on penetration of
ultraviolet radiation and its impact on primary production (Guéguen et al., 2005;
Granskog et al., 2007; Hill, 2008). Optical spectroscopy (absorbance and
fluorescence) has been widely used to characterize the properties and dynamics of
CDOM in aquatic samples (Parlanti et al., 2000; Baker and Spencer, 2004; Yamashita
and Jaffé, 2008). Fluorescence excitation-emission matrices (EEMs) evaluated with
parallel factor analysis (PARAFAC) is an effective tool for distinguishing the
terrestrial (allochthonous) and autochthonous sources of fluorescent dissolved organic
matter (FDOM), a subfraction of CDOM that emits a fraction of the absorbed energy
as fluorescence (Stedmon et al., 2003; Murphy et al., 2008).

The upper ocean (upper 500 m of the water column) in the Arctic Ocean generally
consists of three layers: The surface mixed layer (SML) of the Arctic Ocean is
characterized by relatively low salinity and cold temperatures (Rudels et al., 1996). In
the halocline layer (HL) salinity increases rapidly with depth, separating surface
waters from the relatively warm and saline Atlantic Water (AW) layer beneath
(Rudels et al., 2004). Less saline Pacific Water entering through the Bering Strait,
precipitation over the Arctic region, and river runoff are three major suppliers of
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freshwater to the Arctic Ocean (Yamamoto-Kawai et al., 2005; Watanabe and Hasumi,
2009). River discharge additionally provides high loads of terrestrial organic matter
into the Arctic surface waters and upper halocline (Bélanger et al., 2006; Stedmon et
al., 2011). In the eastern Arctic Ocean, the Transpolar Drift (TPD, Figure 1) is the
major surface current that transports sea ice and shelf surface waters from the Laptev
and East Siberian Seas across the CAO towards the Fram Strait (Charette et al., 2020),
carrying a large amount of freshwater and terrestrially-derived CDOM (tCDOM) to
the CAO, indicated by elevated CDOM concentration (Slagter et al., 2017) and lower
salinities (Paffrath et al., 2021). The TPD affects the Amundsen Basin and Makarov
Basin, which is separated by the Lomonosov ridge, while the Nansen Basin, which are
separated from the Amundsen Basin by the Gakkel Ridge, is largely unaffected by the
TPD (Slagter et al., 2017). The position of the TPD varies with the Arctic Oscillation
(Macdonald et al., 2005; Karcher et al., 2012; Smith et al., 2021). Seasonal sea ice
formation and melt influence the dynamics and stratification in the SML. Melting of
sea ice in summer leads to a freshening of the SML causing a stronger stratification,
and in winter brine is rejected during sea ice formation which increases the density of
the SML (Rudels, 1995; Kikuchi et al., 2004; Granskog et al., 2015). In addition to
physical processes, primary production in the Arctic Ocean contributes to the DOM
distribution in surface waters and undergoes strong seasonal changes (Mathis et al.,
2007). Some studies have investigated the seasonality of CDOM in the Amerasian
sector of the CAO (Matsuoka et al., 2011; Lewis and Arrigo, 2020), but few CDOM
measurements exist in the Eurasian sector of the CAO (Gongalves-Araujo et al., 2018;

Boles et al., 2020), especially in winter.

The expedition “Multidisciplinary Drifting Observatory for the Study of Arctic
Climate” (MOSAIC) was the year-round (October 2019-September 2020) passive sea
ice drift of RV Polarstern across the CAO. The objective of MOSAIC was to better
quantify and decipher physical, biological and chemical processes and their feedbacks
within the coupled atmosphere-ice-ocean system in the CAO (Nicolaus et al., 2022;
Rabe et al., 2022; Shupe et al., 2022). Here, we present the first comprehensive,
year-round CDOM observations in the CAO, with the aim to determine the spatial and
seasonal variation of the CDOM composition and sources in the surface waters. Two
hypotheses were tested: (i) CDOM characteristics in the surface waters mainly differ
62



by the contribution from terrestrial input. Therefore, changes in CDOM composition
are mainly linked to whether or not samples were taken within the TPD and (ii) these

differences on CDOM characteristics can be significantly modulated by seasonality.

4.3. Materials and Methods

Study Area. Water samples were collected on RV Polarstern (Knust, 2017) expedition
PS122 (MOSAIC) from October 2019 to July 2020 for Legs 1-4 during which vessel
passively drifted with one ice flow from the Amundsen Basin, via the western Nansen
Basin and Yermak Plateau, towards the Fram Strait. After steaming back to the
Amundsen Basin (near the North Pole) RV Polarstern drifted again with a second ice
floe for Leg 5 from August to September 2020 (Figure 1; Nicolaus et al., 2022). To
compare the MOSAIC results with previous observations and end-member
information, we used CDOM absorption and fluorescence data acquired during the
Norwegian young sea ICE (N-ICE2015) expedition that was carried out in the western
Nansen Basin and Yermak Plateau (Figure 1; January to June 2015; Granskog et al.,
2018), and data from the Bering Strait, Laptev Sea, and East Siberian Sea that were
acquired during the expedition TA19 4 (Figure 1; September to October 2019;
Holemann et al., 2021).
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Regions and Years

©  Amundsen Basin2019/2020
Western Nansen Basin2020
Western Nansen Basin2015
Yermak Plateau2020
Yermak Plateau2015

Fram Strait2020

Bering Strait2019
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East Siberian 155°E 2019
East Siberian 165°E 2019
East Siberian 175°E 2019
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Ocean Data View

Figure 1. Map of the study area. Circles: stations of the MOSAIC PS122 expedition
from October 2019 to September 2020, covering the Amundsen Basin, western
Nansen Basin, Yermak Plateau, and Fram Strait. Triangles: stations of the N-ICE2015
expedition from January 2015 to June 2015, covering the western Nansen Basin and
Yermak Plateau. Squares: stations of the TA19 4 expedition from September 2019 to
October 2019, covering the Laptev Sea, the East Siberian Sea and the Bering Strait.
Filled white symbols for MOSAIC and N-ICE2015 expeditions denote stations that
were not affected by TPD, and filled symbols for the MOSAIC expedition denote
stations that were affected by the TPD. Blue arrows indicate major Arctic River
inflows. White arrows indicate the approximate location of TPD current. Note that the

Arctic Oscillation (Macdonald et al., 2005) can result in a substantial interannual

spatial variability of the TPD.

Water mass definitions. Based on the profiles of potential temperature and salinity
from CTD/rosette, six water masses were identified along the drift track during the
MOSAIC expedition which slightly differed from previous studies in the region
(Korhonen et al., 2013; Rabe et al., 2022): the Surface Mixed Layer (SML) from

surface to the potential temperature minimum layer, the Upper Halocline (UHC) from
64



the potential temperature minimum layer to salinity = 34, the Lower Halocline (LHC)
from salinity = 34 to potential temperature = 0 °C, the Upper Atlantic Water (AW1)
from potential temperature =0 °C to the potential temperature maximum layer, the
Lower Atlantic Water (AW2) from the potential temperature maximum to potential
temperature =0 °C, and deep waters (DW) for depth > 1000 m. We did not further
classify the deep waters into different water masses as the number of observations
below 1000m was comparably low. The SML is typically about 50 m thick in the
Eurasian Arctic Ocean (Rudels et al., 1996), and it is generally thickest in the Nansen
Basin (Korhonen et al., 2013). During the MOSAIC expedition, the mixed layer
deepened from shallower than 40 m in Legs 1-2 to 60 m in Leg 3, on average. Leg 4
(Yermak Plateau and in the Fram Strait), exhibited deeper mixed layers (100-120 m)
(Rabe et al., 2022). Our sampling depths were typically approximately 2 m, 10 m,
20 m, 50 m, 100 m, 200 m, 500 m, 1000 m, 2000 m, 3000 m, 4000 m and 4400 m. The
samples in the upper 20 m were in the SML during most of the MOSAIC expedition,
so we chose the upper 20 m water column for SML analysis in this paper. Further, we
chose a sample depth of 200 m for AW1, of 500 m for AW2, and > 1000 m for

samples from the DW for our study.

Season definitions. Based on near-surface air temperature (2 m) changes during
MOSAIC as well as sea ice melt onset and freeze onset times (Shupe et al., 2022), four
seasons were identified: the winter season was set from late November 2019 to Mid-
April 2020 (near-surface air temperature below —20 °C), subsequently the spring
transition season was until late May 2020 (onset of sea ice melt), followed by the
summer season until early September (sea ice freeze-up), and finally the autumn

season was from early September (near-surface temperature consistently below 0 °C).

Sampling. Samples for water columns taken from the CTD/rosette on Polarstern or
the one based on the ice floe ('Ocean City', Rabe et al., 2022) were filtered through
pre-combusted (450 °C, 5 h) glass fiber filters (Whatman; GF/F). Temperature and
salinity profiles for water column samples were acquired with a CTD attached to a
rosette system. The 60 mL filtered water column samples were stored in acid-washed
high-density polyethylene bottles at —20 °C for dissolved organic carbon (DOC) and

total dissolved nitrogen (TDN; sum of dissolved inorganic and organic components)
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measurements, in which samples from November 2019 to February 2020 (Legs 1-2)
were also used for absorbance and EEMs measurements. The 40 mL filtered water
column samples from January 2020 to September 2020 (Legs 2-5) were stored in
pre-combusted amber glass vials at 4 °C for absorbance and EEMs measurements.
Samples from lead waters were collected using the peristatic pump (Master flex E/S
portable sampler) from the surface 0.1 m down to 2 m between August 25" and
September 4™ 2020 in summer in the Amundsen Basin (Leg 5), then filtered through
an in-line 0.2 um pore size Sterivex cartridge filter (polyethersulfone membrane) and
stored in acid-washed high-density polyethylene bottles at —20 °C for DOC and TDN
measurements, and in pre-combusted amber glass vials at 4 °C for absorbance and
EEMs measurements. Salinity for lead water samples was measured with a hand-held
multi-parameter meter (Cond 340i, WTW). For the analysis of surface chlorophyll a
(Chl-a) concentrations, 2 to 4 L of seawater were filtered onto glass fiber filters
(Whatman, GF/F) in duplicates or triplicates from the ships underway intake system

located at 11 m water depth and filters were frozen at —80 °C until further analyse

DOC analysis. DOC and TDN were determined by high temperature catalytic
oxidation (HTCO) and non-dispersive infrared spectroscopy and chemiluminescence
detection (TOC-VCPN, Shimadzu; for details see Ksionzek et al., 2018). Water
samples were directly poured into well-rinsed vials and placed in the autosampler. In
the autosampler, the sample was acidified (0.1 M HCI Suprapur, Merck) and sparged
with oxygen for 5 min to remove inorganic carbon. 50 pL sample volume was injected
directly on the catalyst (680 °C). Detection of the generated CO> was performed with
an infrared detector at a limit of determination of 7 umol DOC kg™ and a precision of
+ 5%. Total nitrogen was quantified by a chemiluminescence detector at a limit of

determination of 11 pmol TDN kg™.

Optical spectroscopy. FDOM EEMs were measured using a spectrofluorometer
(Aqualog, Horiba) equipped with a charge-coupled device (CCD) detector. Excitation
wavelengths were performed from 240 to 600 nm at 3 nm increments, and emission
from 220 to 620 nm (~3.3 nm increments). CDOM absorbance spectra were acquired
by a spectrophotometer (UV2700, Shimadzu) in a quartz cuvette with an optical path
length of 10 cm in the spectral range of 200—800 nm. FDOM EEMs and CDOM
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absorbance spectra were processed by the staRdom package in R studio (Version 3.5.1)
(Pucher et al., 2019). The fluorescence spectra were blank corrected using ultrapure
water (Whatman, Milli-Q), inner filter effect correction and Raman normalization by
dividing by the Raman peak of ultrapure water at an integrated excitation of 350 nm
and an emission between 371 and 428 nm (Raman Units (R.U.); Lawaetz and Stedmon,
2009). Subsequently, we applied a PARAFAC (Stedmon et al., 2003) to decompose
EEMSs into different underlying fluorescent components (Murphy et al., 2013). The
biological index (BIX) was calculated by the ratio of the emission intensity at 380 nm
divided by that at 430 nm with a fixed excitation wavelength of 310 nm (Huguet et al.,
2009). BIX is a proxy of freshly produced autochthonous DOM and higher values
indicate a higher proportion of freshly produced DOM (Huguet et al., 2009).The
specific ultraviolet absorbance (SUVAzs: in L mgtm?) was calculated by the
ultraviolet absorbance at 254 nm (given in m™?) divided by the DOC concentration in
mg L (Weishaar et al., 2003). SUVA2s, has been previously used as a proxy for
aromaticity of aquatic humic substances and is positively correlated with molecular
weight (Weishaar et al., 2003). The spectral slope between 275 and 295 nm (S275.295 in
nm?) is calculated using nonlinear least-squares (Helms et al., 2008). Sz7s.205 iS a
CDOM proxy that is negatively correlated with molecular weight and DOM
aromaticity (Helms et al., 2008; Hansen et al., 2016).

The absorption coefficient at A nm (acoom()) in m™) was calculated by the following

equation:

where the factor 2.303 is the natural logarithm of 10, A(A) is the absorbance at
wavelength A in nm, and | is the optical path length in meters (Stedmon and Markager,
2001). The absorption coefficient acbom(350) has been suggested as a proxy for
CDOM concentration, and used to estimate the inputs of terrigenous DOM and lignin
phenol concentrations in the Arctic (Spencer et al., 2009a; Walker et al., 2013; Fichot
etal., 2016).

Chlorophyll a measurement. Samples were extracted in 90% acetone over night at

4 °C and subsequently analyzed on a fluorometer (TD-700; Turner Designs, USA),
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including an acidification step (1 M HCI) to determine phaeopigments (Knap et al.,
1996).

Statistical analysis. Principal component analysis (PCA) and analysis of variance
(ANOVA) were performed using the software Origin (Version 2018. OriginLab
Corporation, Northampton, MA, USA.). PCA was used to assess spatial variability in
optical properties (three humic-like fluorescent components C474, C435, C395, BIX,
absorption coefficient at 350 nm acpom(350) and the spectral slope Sz75-205 of CDOM
in the SML samples (upper 20 m water column) and lead water samples. A two-way
ANOVA was computed to assess the effect of regions and seasons on the optical
parameters using a significance level of 0.1. The degree of statistical significance of
the seasonality in different regions was estimated by applying a one-way ANOVA test

with a significance level of 0.05.

4.4, Results

4.4.1. Spectral characteristics of FDOM components

Applying PARAFAC analysis to EEMs of all samples (MOSAIC, N-ICE2015 and
TA19_4 expeditions) resulted in five underlying components, subsequently named as
C475, C440, C395, C340, and C320 according to their fluorescence emission maxima
(Figure 2). Based on fluorescence maxima, the components C475 and C440 are often
assigned as humic-like components with terrestrial origin (Coble, 1996; Murphy et al.,
2011; Gongalves-Araujo et al., 2016). Component C395 has been assigned as
humic-like substance with marine and microbial origin (Coble, 1996; Wagner et al.,
2015; Brogi et al., 2019), or with terrestrial origin (Goncalves-Araujo et al., 2016; Lin
and Guo, 2020). In this study, C395 had a significant correlation with C475 and C440
(R?> 0.9), indicating similar characteristics and allochthonous origins. According to
previous studies, C340 is a protein-like component (tryptophan-like peak T) of
autochthonous origin (Coble, 1996), and C320 was similar to protein-like

(tyrosine-like peak B) component of autochthonous origin (Coble, 1996).
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Figure 2. Contour plots of the five-component PARAFAC model developed from
Fluorescence excitation-emission matrices (EEMSs) recorded for all samples during
MOSAIC, N-ICE2015 and TA19 4 expeditions.

4.4.2. Variations of DOC and FDOM at different sampling depths

To evaluate the how the DOM changes for different depths during the five Legs of the
MOSAIC expedition, we examined the standard deviation of the DOC concentration
and FDOM components at different water column depths (Figure 3). For the rather
invariant DW (> 1000 m water column), the coefficient of variation for different
depths and all Legs was < 4.9% for DOC concentrations, and < 12.8% for all FDOM
humic-like components, for comparison, to the analytical coefficient of variation was
> 10% for DOC concentration and > 22.8% for all FDOM humic-like components for
different depths in the surface waters (upper 200 m water column). The low variability
in DW measurements indicated the seasonal or regional differences had large
influence in the surface waters, but less in the deep over the course of the MOSAIC

expedition.
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Figure 3. Mean values and coefficient of variation of (a) DOC concentration, (b)
FDOM component C475, (c) C440 and (d) C395 for different sampling depths during

MOSAIC. Error bars indicate standard deviations of all samplings for each depth.

Mean values of temperature, practical salinity, DOC and TDN concentration, C/N

ratio, and optical parameters for different water masses in different regions are given

in Table 1. Distinct differences between different regions were found in the SML. The
DOC concentrations, C/N, SUVAzs4, acoom(350), humic-like component C475, C440
and C395 values were higher in the SML in the Amundsen Basin compared to those
from the SML in the western Nansen Basin and Yermak Plateau (Table 1). At the

same time, higher TDN concentration was observed in the western Nansen Basin and

Yermak Plateau compared to the Amundsen Basin and Fram Strait (Table 1). In the

Amundsen Basin, the AW1 had an average winter temperature of 1.16 + 0.04 °C, with

temperatures being higher in summer (mean value of 1.30 + 0.20 °C).
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Table 1. Mean temperature (T; °C), practical salinity (Sp), DOC and TDN
concentration (umol kg?), C/N (calculated by the ratio of DOC and TDN
concentration) and optical parameters SUVAzss (L mg™ m™), acoom(350) (m?), BIX
and FDOM components C475(R.U.), C440(R.U.), C395(R.U.), C340 (R.U.) and C320
(R.U.) for different water masses in different regions. SML denotes Surface Mixed
Layer (upper 20 m), AWL1 denotes Upper Atlantic Water (200 m), AW2 denotes
Lower Atlantic Water (500 m), and DW denotes deep water (>1000 m).

Amundsen Basin Amundsen Western Nansen Basin
(Legs 1-2) Basin (Leg 5) and Yermak Plateau Fram Strait
SML AWl AW2 DW SML AW1 | SML AWl AW2 [ SML AWl AW2 DW

T -1.75 116 087 -054 |-155 133 |[-1.76 201 064 |[-150 166 097 -0.29
Sp 319 348 349 349 | 299 348 |339 349 349 |318 348 349 349
DOC 924  49.0 504 472 111.0 54.2 68.1 56.8 49.3 98.2 55.9 50.2 51.7
TDN 6.0 15.8 15.0 16.7 5.6 14.9 9.2 141 17.9 6.9 16.0 15.7 17.0
CIN 15.7 3.2 34 2.8 20.5 3.6 7.4 4.2 2.8 14.3 35 3.2 3.1
SUVA254 191 098 098 093 [192 104 (116 089 / 182 088 [/ /
acpom(350) | 0.76 019 018 016 (086 019 |033 021 / 075 012 / /
BIX 081 09 099 08 |078 100 [110 100 [/ 1.09 107 [/ /
C475 0.052 0.013 0.011 0.012 | 0.057 0.013 | 0.020 0.013 / 0.050 0.013 / /
C440 0.021 0.008 0.007 0.009 | 0.023 0.008 [ 0.009 0.007 / 0.023 0.008 / /
C395 0.054 0.015 0.012 0.013 | 0.061 0.015 [ 0.022 0.015 / 0.054 0.014 / /
C340 0.016 0.007 / / 0.020 0.007 | 0.030 0.032 / 0.105 0.017 / /
C320 0.004 0.001 / / 0.011 0.013 | 0.012 0.008 / 0.007 0.024 / /

4.4.3. Vertical profiles in the upper ocean

The oceanographic parameters (temperature and practical salinity), the optical indices
BIX, SUVA2s4, acbom(350) and the terrestrial humic-like FDOM components C475
and C440 were utilized to trace changes in the upper ocean (< 500 m water column)
along the MOSAIC drift track (Figure4). In the Amundsen Basin, DOC
concentrations, C/N ratios, SUVAzs4, acpom(350) and the terrestrial humic-like FDOM
component C475 and C440 were higher in the SML than in deeper waters below. In
contrast, TDN concentrations in the SML were lower compared to deeper waters
below in all regions. In addition, BIX was relatively high values in surface waters of

the western Nansen Basin and Yermak Plateau, with an average value of 1.10 + 0.20,
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and the Fram Strait, with an average value of 1.09 + 0.27, compared to the Amundsen
Basin, with an average value of 0.80 + 0.02 for Legs 1-2, and 0.78 £ 0.02 for Leg 5.
On March 6™ 2020, strong storms in the Amundsen Basin led to mixing and stronger
terrestrial signals in the deeper water, which becomes apparent as higher DOC,
SUVAs4 and C475 down to 200 m water column (Figure 4). We estimated that the
contribution of DOC, SUVA2s4 and C475 in the storm-influenced sample at 200 m
depth were on average 27%, 41% and 126% higher, respectively, compared to the

regular wind conditions.
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Figure 4. Vertical profiles of (a) temperature, (b) practical salinity, (c) DOC
concentration, (d) SUVAzs4, (€) TDN, (f) acoom(350), (g) C/N (calculated by the ratio
of the molar DOC and TDN concentration), (h) C475, (i) BIX, and (j) C440 in the
upper 500 m water column over time. X axis indicates sampling depths (m).
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4.4.4. Optical Properties of DOM in the SML

The optical parameters in the SML, including the three humic-like fluorescent
components C475, C440 and C395, as well as BIX, absorption coefficient acpom(350),
and spectral slope S275-295 were chosen for a principal component analysis (PCA) to
illustrate spatial variability of DOM (Figure 5). Principal component 1 (PC1)
accounted for 81.1% of the total variance, separating surface samples collected in the
Laptev Sea, the East Siberian Sea and the Amundsen Basin from surface samples
collected in the western Nansen Basin and Yermak Plateau. PC1 showed strong
positive loadings for parameters associated with tCDOM (i.e., humic-like components
(C475, C440 and C395) and acpom(350)) and negative loadings for parameters
associated with BIX and Sz7s295. Samples with positive PC1 scores were largely
characterized as material with terrestrial sources, with samples located towards the top
right of the PCA biplot showing Siberian shelf end members (Figure 5). In contrast,
samples from the western Nansen Basin and Yermak Plateau with negative PC1 scores
were characterized by low molecular weight and a greater proportion of autochthonous

CDOM, representing the marine end member.
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Figure 5. Principal component analysis (PCA) biplot based on optical parameters

(three humic-like fluorescent component C475, C440 and C395, BIX, absorption
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coefficient acoom(350) and Sz7s-205) in the SML. Scores are shown as colored symbols
according to sample locations (similar symbols as in Figure 1 for station locations).

Loadings for the six variables are represented in blue.

To assess the imprint of regions and seasons on optical DOM properties in the SML, a
two-way ANOVA was performed using regions and seasons as factors (Table 2). The
result indicated no statistically significant difference in humic-like components C475,
C440 and C395, acpom(350) between seasons (p >0.1), but there were statistically
significant differences between regions (p <0.1). Additionally, a statistically
significant difference in C475, C440, C395, and acpom(350) was observed in
combined interaction from regions and seasons, indicating at least some influence of

seasons on the variability of these CDOM parameters.

Table 2. Two-way ANOVA for regions, seasons and a combination of both based on
optical DOM properties in the SML. Two asterisks denote differences at a significance

level of p < 0.05, and one asterisk denotes differences at a significance level of p <0.1.

p value

Variables  Region Season Region-Season Interaction

C475 0.017** 0.564 0.001**
C440 0.009** 0.387  0.001**
C395 0.075* 0.641 0.009**

acpom(350) 0.060* 0.833 0.050*
S275-295 0.229 0491 0.321
BIX 0.982 0.993 0.998

Monthly average optical parameters as well as salinity and Chl-a concentrations in the
SML are presented in Figure 6. Low monthly average DOC concentration and
SUVA2s, values were observed in the western Nansen Basin and Yermak Plateau
(ranging from 66.2+2.7 to 74.8+13.8 umol kg? for DOC concentration, and
1.12 +0.06 to 1.20 + 0.11 L mg™ m™ for SUVAs4), compared to the Amundsen Basin
and Fram Strait (ranging from 82.7+1.4 to 112.0+9.6 pmol kg for DOC
concentration, and 1.67 +0.08 to 1.97 + 0.11 L mg™ m™). BIX (Figure 6c) exhibited
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much higher values from April to July in the western Nansen Basin, Yermak Plateau
and Fram Strait (ranging from 0.97 + 0.07 to 1.21 + 0.0.22 ug L™%). Chl-a (Figure 6d)
exhibited quite higher values in June and July on the Yermak Plateau and Fram Strait
(ranging from 0.70 £ 0.19 t0 1.09 + 0.53 ug LY.
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Figure 6. Monthly averages (Nov 2019 — Sep 2020) in the SML of (a) DOC
concentration, (b) SUVA2s4, (¢) BIX and (s) Chl-a during MOSAIC. Unfilled circles
denote samples outside the Transpolar Drift (TPD) influence, and filled circles denote
samples within the TPD influence. Note that for July 2020, averages were calculated
for two shorter periods 01.07. — 09.07.2020 (Yermak Plateau) and 16.07. — 29.07.2020
(Fram Strait).

Seasonal changes in optical parameters as well as salinity and Chl-a concentrations in
the SML at different regions are presented in Figure 7. Under the influence of the TPD
(i.e., Amundsen Basin), summer exhibited high freshwater input (likely from sea-ice
melt and river runoff) as reflected by low practical salinity values (mean value of
30.0 £ 0.7; Figure 7a). Additionally high Chl-a concentrations (mean value of

0.35+0.12 ug LY, Figure 7d) indicate a high phytoplankton biomass in summer.
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However, we could not observe a coincident change in BIX (Figure 7c). Outside the
influence of the TPD (i.e., western Nansen Basin and Yermak Plateau), summer SML
in 2020 was characterized by lower practical salinity (mean value of 33.8 £ 0.08)
compared to spring (mean value of 34.3 + 0.05; Figure 7a). In addition, summer SML
exhibited higher Chl-a concentration and BIX values, with mean values of
0.83+0.29 ug L™t and 1.12 + 0.22, respectively, compared to spring, with mean values
of 0.14 + 0.13 pug L™t and 1.06 + 0.18, respectively (Figure 7c, d). BIX (at ~10 m depth)
exhibited a positive correlation with Chl-a (at 11 m depth) with R? of 0.69 in summer.
The proxies for tCDOM (acpom(350) and humic-like component C475) showed a
similar trend. Using acpom(350), we can estimate that the contribution of terrestrial
material in summer within the TPD influence was on average 136% higher than
outside the TPD influence during the MOSAIC expedition. In summer, Chl-a
concentration was higher on the Yermak Plateau (mean value of 0.83 +0.29 pg LY)
and the Fram Strait (mean value of 1.04 +0.48 pg L) compared to the Amundsen
Basin (mean value of 0.35 + 0.12 ug L) (Figure 7d). In addition, summer BIX values
during the MOSAIC expedition were higher on the Yermak Plateau (mean value of
1.12+0.22) and the Fram Strait (mean value of 1.09 +0.27) compared to the
Amundsen Basin (mean value of 0.77 £0.02) (Figure 7c). Furthermore, higher
terrestrial contribution, lower BIX values and Chl-a concentrations were found in
summer 2020 on the Yermak Plateau (MOSAIC; mean values of 1.12 +0.22 and
0.83 +0.29 ug L for BIX and Chl-a concentration, respectively) compared to summer
2015 (N-ICE2015; mean values of 1.54 +0.22 and 4.17 + 1.21 pg L* for BIX and

Chl-a concentration, respectively).
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Figure 7. The SML seasonality (one-way ANOVA at a 95% confidence level) of (a)
practical salinity, (b) FDOM component C475, (c) BIX and (d) Chl-a concentration at
different regions and years for MOSAIC and N-ICE2015. p < 0.05 for all parameters
above. N indicates the number of samples in each category. The mean (solid squares),
median (horizontal lines), 25" to 75" percentile (boxes), total range (whiskers) and
outliers (cross marks) for each sample population are shown. Black=Winter;
Blue=Spring; Green=Summer; Orange=Autumn. Labels on the x-axis denote regions
of the Amundsen Basin (A), western Nansen Basin (N), Yermak Plateau (Y), and

Fram Strait (F) at which the ship was located during the respective season and year.

4.4.5. Lead water samples from the Amundsen Basin

Low-salinity (2.4 < salinity < 20) lead water samples showed a significant positive
correlation between salinity and DOC (R?=0.89, Figure 8a), as well as a significant
positive correlation between salinity and C475, C440 and C394 (R? = 0.92, 0.89 and
0.83, respectively). High-salinity (28 < Salinity < 30) lead water samples, which
supposedly have a low contribution of meltwater, had much higher DOC

concentrations than the low-salinity waters (Figure 8a). Based on the optical
77



parameters, principal component 1 (PC1) accounted for 81.1% of the total variance,
separating high-salinity from low-salinity lead water samples (Figure 8b).
High-salinity lead water samples were dominated by tCDOM as indicative of strong
positive loading for humic-like components (C475, C440 and C395) and acoom(350)
in PC1, and low-salinity lead water samples were dominated by autochthonous DOM

as indicative of strong negative loading for BIX and Sz7s.295 in PC1.
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Figure 8. (a) Relationship between DOC concentration and practical salinity (Sp) for
MOSAIC lead water samples in the Amundsen Basin, (b) PCA biplot based on optical
parameters (C475, C440, C395, BIX, acpom(350) and Sz7s-205) for the lead water

samples. Black numbers indicate the value of practical salinity.

4.5. Discussion

4.5.1. Spatial variability of DOM properties depends on the influence of the
transpolar drift

During the MOSAIC expedition, optical DOM indices and PARAFAC components in
the SML showed pronounced differences between regions, particularly between those

that were located within and outside the influence of the TPD.

In the TPD-influenced regions (i.e., Amundsen Basin), the SML was largely
characterized by a high contribution of tCDOM (indicated by on average 136% and 45%
higher values for acoom(350) and DOC concentration, respectively, compared to the
western Nansen Basin and Yermak Plateau; Figures 4-6). This is in agreement with
previous studies reporting that the tCDOM input to surface waters in the Amundsen

Basin can be high compared to the western Nansen Basin (Slagter et al., 2017; Boles

78



et al., 2020). Higher SUVA24 values in the Amundsen Basin (mean value of
1.91+0.13L mgtm?) during our study indicate a predominance of humic-like
substances with higher molecular weight from allochthonous input (Weishaar et al.,
2003; Walker et al., 2013) by the large Siberian rivers and shelf. Our studies
emphasizes that this terrestrial contribution is also predominant in the Central Arctic
winter in 2020. However, it should be considered that the location of the transpolar
drift can vary substantially between years as a response of the Arctic oscillation
(Mysak, 2001; Karcher et al., 2012; Smith et al., 2021). Outside the TPD-influenced
regions (i.e., western Nansen Basin and Yermak Plateau), the SML was characterized
by a much greater proportion of freshly generated autochthonous CDOM (indicated by
on average 25% higher BIX values compared to the Amundsen Basin). The surface
waters in the western Nansen Basin and Yermak Plateau were generally affected by
the inflow of relatively warm, salty and nutrient-rich AW having a low terrestrial
organic matter content (Rudels et al., 2015; Pavlov et al., 2017). Lower SUVA2s4
values (mean value of 1.16 +0.09 L mgtm?) in the western Nansen Basin and
Yermak Plateau are also associated to more autochthonous or modified tCDOM with
lower aromaticity (Weishaar et al., 2003; Walker et al., 2013).

The surface waters of the Fram Strait also showed a substantial contribution of
terrestrial material but also a large proportion of newly generated DOM. The Fram
Strait is a region that is affected by two contrasting water masses, the Polar Water in
the East Greenland Current (EGC) and the Atlantic Water in the West Spitsbergen
Current (WSC; Pavlov et al., 2015). In the western Fram Strait, relatively fresh and
cold Polar Water is exported to the North Atlantic by the EGC. This water was
formerly transported across the Arctic Ocean via the TPD, exhibiting a relatively high
load of terrestrial DOM (Opsahl et al., 1999; Amon et al., 2003; Granskog et al., 2012).
In the eastern Fram Strait, warm and saline Atlantic Water is transported northwards
into the Arctic Ocean by the WSC (e.g., Beszczynska-Moller et al., 2012). Part of the
Atlantic Water recirculates (Return Atlantic Water) in the Fram Strait and joins the
EGC in the West (Amon et al., 2003). The observations during the MOSAIC
expedition in our study were taken from the central to western part of the Fram Strait
(Figure 1), and thus were influenced by Polar Water and Atlantic Water.

79



With increasing sampling depth, the variability in the DOC concentration and FDOM
humic-like components decreased (Figure 3). DW (> 1000 m water column) showed
the lowest variability. This was in agreement with the fact that DOM is more labile
(i.e., susceptible to microbial degradation) in the upper water column and more
refractory (i.e., resistant to microbial degradation) in the deep ocean below 1000 m
(Hansell et al., 2012). As expected, for samples in the upper 200 m, the variability of
DOC and FDOM over all the observations was relatively high due to the seasonal and
regional variations. Our two-way ANOVA results (Table 2) confirmed that CDOM in
the SML across the year-round MOSAIC expedition was mainly affected by regional

differences, which were modulated to an extent by seasonal changes.

4.5.2. Potential impact of the tCDOM-rich surface waters on primary production

CDOM characteristics in the SML strongly differed between regions within and
outside the TPD, which has a potential impact on primary production. Compared to
the Yermak Plateau, surface waters in the Amundsen Basin exhibited a lower
proportion of freshly generated DOM (average 31 % lower BIX value) and lower
phytoplankton biomass (average 58 % lower Chl-a concentration) in summer 2020
(Figure 7). BIX (at ~10 m depth) exhibited a positive correlation (R? = 0.69) with
Chl-a concentration (at 11 m depth) in summer. Freshly generated autochthonous
DOM in the ocean originates from extracellular release by phytoplankton, cell lysis
and release by zooplankton grazing (Carlson et al.,, 1998; Nagata et al., 2000;
McKnight et al., 2001). Most of this newly produced DOM is biologically labile and
consumed and respired rapidly by heterotrophic bacteria (Hansell et al., 2009). A small
fraction of that DOM escapes rapid remineralization and is transformed into refractory
material by abiotic and biotic processes and accumulates in the surface layer for
eventual export to the deep ocean by bottom water formation (Hansell et al., 2009).
Polar waters in the Arctic Ocean have lower bacterial growth rates and lower bacterial
production compared to lower-latitude waters (Kirchman et al., 2009). Terrestrial
DOC is mineralized with a half-life approximately seven years in the Arctic Ocean
(Hansell et al., 2004). This implies that even the high terrestrial DOC in the TPD
influenced regions, probably did not contribute substantially to bacterial production,
which is in agreement with our fairly constant BIX values in the Amundsen Basin

among different seasons (Figure 7c¢).
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The primary production in the Arctic Ocean is affected by a complex interaction
between different abiotic and biotic drivers, with light and nutrient availability being
considered the most important ones (Popova et al., 2012). Light availability is strongly
influenced by the presence of sea ice since penetration of solar radiation into the ocean
depends on surface albedo, snow depth, and ice thickness. High concentration of
tCDOM delivered to the CAO by the TPD also affects the light budget in surface
waters: The presence of CDOM is known to attenuate light penetration into the ocean,
which can reduce light availability for primary production (Granskog et al., 2007;
Lund-Hansen et al., 2015). Nutrient availability is not only affected by horizontal
advection of nutrient-rich waters, in the Eurasian Basin most prominently via the
Atlantic inflow, but also affected by nutrient supply from upwelling (Carmack et al.,
2006). High loads of riverine freshwater transported by the TPD results in low salinity
SML creating a strong stratification, separating the surface layer from the deeper layer
(Rudels et al., 1991; Goncalves-Araujo et al., 2015; Nummelin et al., 2016).
High-salinity lead water samples from the Amundsen Basin in summer were
dominated by tCDOM (Figure 8), showing similar characteristics to the regular Polar
Water in the Amundsen Basin. In contrast, low-salinity lead water samples in summer
with a larger meltwater contribution and high proportions of freshly produced DOM
showed a significant positive correlation between salinity and tCDOM (Figure 8),
indicating the meltwater contributed to the low salinity in the surface, which could
enhance the stratification in summer. Thus, the pronounced stratification in summer
could reduce the availability of upwelled nutrients (Rudels et al., 1991), which may
affect the primary production. At the same time, labile DOM may represent a source
of energy and matter to the nutrient and light limited ecosystem, especially in winter.

In contrast, the “Atlantification” in the western Nansen Basin and Yermak Plateau
resulting from the pronounced northward advection of AW, associated with a
reduction in stratification and an increase in nutrient supply, causes an alleviation of
both, light and nutrient limitations, and hereby potentially increases the primary
productivity in surface waters (Polyakov et al., 2017; Randelhoff et al., 2018). Nitrate
concentrations in surface waters, which decrease with an increasing meteoric water
fraction (Charette et al., 2020), are lower in the Amundsen Basin than in the Nansen

Basin (Slagter et al., 2017; Liguori et al., 2021). This is in good agreement with our
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TDN concentrations in the SML of the western Nansen Basin which were higher

compared to the Amundsen Basin (Figure 4e).

4.5.3. Potential impact of the tCDOM-rich surface waters on the sea ice melt and

formation

High tCDOM in the TPD-influenced regions during the MOSAIC expedition may
have a potential influence on the sea ice melt and formation. Sea ice in winter was
thinner and the sea-ice concentration in summer was lower in Arctic compared to
earlier years (Krumpen et al., 2021). Most of the sea ice mass loss observed in recent
years is due to summer solar heating of the SML through ice cracks and open water
and subsequent melting of the bottom of the ice (Perovich et al., 2011; Perovich and
Richter-Menge, 2015; Polyakov et al., 2017). Light absorption by CDOM can play an
important role in the heat budget of Arctic surface waters. It has been shown that the
presence of CDOM results in an increased absorption of solar radiation, providing
additional heat to enhance the melting of sea ice in the western Arctic Ocean and in
the western Fram Strait (Pegau, 2002; Hill, 2008; Granskog et al., 2015). Hence, the
observed tCDOM-rich surface waters in the Amundsen Basin potentially contributed
to the enhanced sea ice melting. It would be particularly interesting to study if this

influence varies with changes in the flow pattern of the TPD.

In the Amundsen Basin, the temperature of AW1 was slightly higher in summer 2020
(mean value of 1.30+0.20°C) than in winter 2019/2020 (mean value of
1.16 £ 0.04 °C). During the sea ice formation, CDOM can be removed from the ice
during brine rejection (Belzile et al., 2002; Matsuoka et al., 2012; Hélemann et al.,
2021). Brine rejection increases the density of the surface waters (Rudels, 1989;
Rudels et al., 2004), leading to a reduction in the stability of the water column and
allowing more heat from the AW layer to be transferred upwards to the surface, which
could inhibit the sea ice formation during winter (Polyakov et al., 2012, 2013). The
increased heat transfer from the AW to the SML in winter is not only caused by brine-
driven convection, but also affected by the vertical velocity shear below the SML,
which is strengthened by strong storms in winter (Polyakov et al., 2013). In the
Amundsen Basin at 200 m water depth, a stronger terrestrial signal was observed

during storm events than during regular wind conditions (Figure 4). During the storm
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events the temperature at 200 m was 0.38 °C, indicating that the vertical mixing
induced by the storms caused an increased transfer of heat into the winter SML. Hence,

these processes in winter could have potential negative feedback on sea ice formation.

The tCDOM-poor surface waters were dominant in the western Nansen Basin and
Yermak Plateau, where stratification is significantly lower than in the TPD-influenced
regions. The AW entering the Arctic through the Fram Strait and propagating into
these regions contributes to increased melting of sea ice in summer (Polyakov et al.,
2020). Furthermore, weakened stratification in winter in these regions allows for
enhanced upward heat transfer from the AW, leading to the reduction of the sea ice
thickness (Onarheim et al., 2014; Ivanov et al., 2016).

4.6. Conclusions

CDOM quantity and quality in surface waters during the year-round MOSAIC
expedition were strongly affected by regional differences, with seasonal changes to an
extent modifying spatial patterns. Most of the observed differences in CDOM
characteristics in surface waters depended on whether the samples were taken inside
or outside the TPD. The surface waters in the Amundsen Basin were largely
dominated by tCDOM due to the influence of the TPD. In contrast, outside the
TPD-influenced regions (i.e., western Nansen Basin and Yermak Plateau), water
masses in the SML were characterized by a much greater proportion of freshly
generated autochthonous CDOM. The SML in the Fram Strait not only presented a
high tCDOM but also a high proportion of newly generated DOM. The summer SML
exhibited higher phytoplankton biomass and autochthonous DOM on the Yermak
Plateau compared to the Amundsen Basin. The winter AW1 in the Amundsen Basin
exhibited lower temperature compared to summer. The differences of CDOM
characteristics in the surface waters could have potentially impact on the primary
production and sea ice melt and formation. Additionally, these findings have potential
implications for studies that take into account the chemical composition of sea ice
DOM and aerosols, which both are connected to surface DOM.
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5.1. Abstract

The large discharge of freshwater and associated terrigenous materials have a major
impact on the physical features and biogeochemical cycles in the Arctic Ocean. The
quantitative changes in the terrestrial contribution of dissolved organic matter (DOM)
in the eastern Arctic has not been well defined. In this study, we combined Fourier
Transform lon Cyclotron Resonance mass spectrometry hyphenated with liquid
chromatography (LC-FTMS) and optical spectroscopy to analyze original filtered
seawater for DOM characterization in the Central Arctic Ocean (CAO) based on the
year round (Nov 2019-Sept 2020) expedition “Multidisciplinary Drifting Observatory
for the Study of Arctic Climate”. We aimed to quantify the changes of DOM with
different sources (terrestrial versus marine) and their relative distribution at different
depths and characterize DOM composition derived from melting sea ice. We observed
that DOM in the Central Arctic waters can be quantified by the LC-FTMS
measurement as indicative of a good linear correlation between the DOC
concentration and the summed mass peak magnitudes for each sample (intsum). We
used fluorescence excitation-emission matrices (EEMs) and parallel factor analysis
(PARAFAC) and identified three terrestrial humic-like fluorescent compounds. These
compounds and salinity were used as terrigenous proxies to isolate molecular formulas
that represented terrestrially-derived DOM (tDOM) and marine DOM (mDOM),
respectively. Up to 83% of the summed mass peak magnitudes were identified as
either tDOM or mDOM. The tDOM was characterized by higher degree of
unsaturation (as indicated by the mean of intensity weighted average aromaticity index
(Alwa) that varied from -0.27 for mDOM to -0.12 for tDOM) compared to mDOM.
Assuming that the peak magnitudes of tDOM formulas were also correlated with DOC,
we estimated that the terrestrially-derived DOC (tDOC; calculated by multiplying the
DOC concentration by the proportion of tDOM) in the surface water (i.e., upper 20 m)
in the TPD-influenced regions was average 49% higher compared to the regions out of
TPD influence. Also, it was estimated that ~17% (or 8 pmol kg™) of the deep DOC
(~2000 m) was derived from terrestrial sources and at least ~57% (or 27 pmol kg™)
from marine sources in the eastern Arctic. Sea ice meltwater showed a unique

molecular DOM composition and was predominated by N-depleted, saturated, low
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oxidized and low degraded DOM during August and September in the Amundsen
Basin. Our study provides the first extensive DOM dataset that is derived from
original water mass spectrometry and allows reasonable quantitative carbon estimates
that were not possible beforehand. It is also a unique view on molecular changes in the
DOM composition of the CAO over the course of an entire year, and it enabled the
identification of new molecular formula proxies that are suitable to identify organic
matter derived from sea ice and terrestrial sources. The new technique also supports

chemical characterization beyond the molecular formula level.

Keywords: Dissolved organic matter; Terrestrially-derived DOM; Marine DOM,;

High resolution mass spectrometry; Polarity; Optical spectroscopy.
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5.2. Introduction

Dissolved organic matter (DOM) in the ocean, derived from the autochthonous
(marine) or allochthonous (terrestrial) origins, represents the largest active pool of
organic carbon in the global carbon cycle. DOM plays a key role in marine
biogeochemical cycles by attenuating light (e.g., Morris et al., 1995), regulating the
UV and visible light absorption (e.g., Osburn et al., 2001), serving as an energy and
nutrient source for heterotrophic communities (e.g., Wetzel, 1984), and acting as a
trace metal ligand (e.g., Zhang et al., 2019). The major discharge of Arctic Rivers and
associated terrigenous materials large quantities of DOM into the Arctic Ocean and, as
a consequence, significant amounts of DOM are exported to the North Atlantic Ocean
(Benner et al., 2005; Carmack et al., 2016). The transpolar drift (TPD) is the major
surface current that transports sea ice, shelf surface waters and terrestrial DOM from
the Laptev and East Siberian Seas across the Arctic Basin towards the Fram Strait and
East Greenland Current (Slagter et al., 2017; Charette et al., 2020). During periods of a
low Arctic Oscillation (AO) index, the TPD is typically located along the Lomonosov
Ridge, whereas it extending more towards the Chukchi shelf during periods of a high
AO index (Morison et al., 2012). The TPD largely affects the water properties in the
Amundsen Basin and Makarov Basin, which are separated by the Lomonosov ridge,
while the Nansen Basin, which is separated from the Amundsen Basin by the Gakkel
Ridge, is largely unaffected by the TPD (Slagter et al., 2017). The terrigenous organic
matter flowing into rivers is highly colored, aromatic and dominated by complex
humic-rich constituents (Dittmar and Stubbins, 2014). Hence, the Arctic Ocean is
largely affected by the input of terrigenous organic matter via high fluvial fluxes,
which supply high concentrations of dissolved organic carbon (DOC) and
chromophoric dissolved organic matter (CDOM) in polar waters (Benner et al., 2005;
Slagter et al., 2017).

CDOM s the fraction of DOM that the ultraviolet and visible light (Guéguen et al.,
2005), and the part of CDOM that emits a fraction of the absorbed energy as
fluorescence, is called fluorescent dissolved organic matter (FDOM). CDOM can be
quantified in original water rapidly in the laboratory, in situ, and by remotely sensing
(Spencer et al., 2009b; Zielinski et al., 2018; Glukhovets et al., 2020; Lewis and
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Arrigo, 2020). Optical spectroscopy (targeting CDOM and FDOM) is widely used to
investigate DOM dynamics and distributions in aquatic system due to its simplicity,
high sensitivity and cost-effectiveness (Parlanti et al., 2000; Baker and Spencer, 2004;
Yamashita and Jaff¢, 2008). The most comprehensive measurement of fluorescence is
the detection of the entire fluorescence emission at different excitation wavelengths,
an excitation-emission matrix spectrum (EEMs; Perdue and Benner, 2009). EEMs can
be decomposed into the underlying independently fluorescing components using
parallel factor analysis (PARAFAC), which is an effective tool to track the sources
and composition of DOM (Stedmon et al., 2003; Murphy et al., 2008). Marine DOM
is a heterogeneous and highly complex mixture of compounds. DOM in the ocean
using conventional analytical techniques, only a small fraction can be chemically
characterized and quantified, e.g., monomers of sugars, amino acids, lipids, and lignin.
The largest fraction of DOM remains molecularly uncharacterized (Kaiser and Benner,
2009, 2012a, 2012b), which limits the options to use chemical information, for
example, to distinguish terrestrial and marine DOM sources. Ultrahigh resolution
Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometry (MS)
associated with direct infusion (DI) electrospray ionization (ESI) has emerged as an
important analytical technique to resolve the molecular complexity of marine and
terrigenous DOM on a molecular mass level (Koch et al., 2005, 2007; Flerus et al.,
2012). A subfraction of DOM isolated by solid-phase extraction (SPE-DOM), has
been widely used for characterization via FT-ICR MS, resulting in a chemical
fingerprint of thousands of molecular formulas (Hertkorn et al., 2007; Koch et al.,
2007; Mopper et al., 2007; Capley et al., 2010; Sleighter et al., 2012; Kellerman et al.,
2014). However, DOC loading during solid-phase extraction affects extraction
efficiency and chemical composition of SPE-DOM (Li et al., 2016b; Kong et al.,
2021). Therefore, comparing chemical DOM characteristics in original water (as
acquired by e.qg., fluorescence) and solid-phase extracted DOM (e.g., via FT-ICR MS;
Stubbins et al., 2014) has important limitations (Winsch et al., 2018b). Chemical
fractionation due to solid-phase extraction and matrix effects in DI-ESI FT-ICR MS
(Lechtenfeld et al., 2015; Zark and Dittmar, 2018), also strongly limit quantitative

interpretations.
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High performance liquid chromatography (HPLC) separation offers a promising
alternative for DI analysis since it further separates DOM based on, for example,
polarity prior to detection (Reemtsma, 2001; Dittmar et al., 2007; Mopper et al., 2007;
Brown et al., 2016; Petras et al., 2017; Lu et al., 2018; Lu and Liu, 2019). Some
studies utilize offline HPLC separation for FT-ICR MS for SPE-DOM (Koch et al.,
2008; Spranger et al., 2019), which is laborious and time-consuming. Few recent
studies combined online HPLC separation with FT-ICR MS for original waters
(Hawkes et al., 2018b; Kim et al., 2019), which introduces a new fractionation effect
in ESI due to a changing solvent matrix along the HPLC gradient. Han et al. 2021
utilizes the FT-ICR MS hyphenated with HPLC using a counter gradient to stabilize
the solvent matrix for transient ESI-MS signals and successfully detects more polar
compounds using original the Suwannee River Fulvic Acid (SRFA) and peat pore

water compared to DI SPE-DOM measurement.

In this study, we combined FT-ICR MS hyphenated with an ultra-high performance
liquid chromatography (UPLC) system (referred in the paper as LC-FTMS) and
optical spectroscopy to analyze original water for DOM characterization in the Central
Arctic Ocean (CAO) during the year-round (November 2019-September 2020)
expedition “Multidisciplinary Drifting Observatory for the Study of Arctic Climate”
(MOSAIC; Rabe et al., 2022). Our aim was to distinguish DOM from different origins
(terrigenous, marine, sea ice), and investigate the source distribution throughout the
water column. Two main research hypotheses were tested: (i) DOM sources from
original Central Arctic water samples can be quantified using the LC-FTMS analyses;
ii) DOM derived from sea ice production can be tracked by LC-FTMS analyses; iii)
The chemical features of DOM from different sources can be compared by the optical

spectroscopy and LC-FTMS analyses.
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5.3. Materials and Methods

5.3.1. Study area

The Central Arctic samples were collected on RV Polarstern (Knust, 2017) during the
Arctic drift expedition MOSAIC (Multidisciplinary drifting Observatory for the Study
of Arctic Climate; PS122). The drift with the sea ice floe started at the Amundsen
Basin, via the western Nansen Basin and Yermak Plateau, towards the Fram Strait
from October 2019 to July 2020 during legs 1-4, then returning to the Amundsen
Basin (near the North Pole) to drift again from August and September 2020 with a
new ice floe during leg 5 (Figure 1; Nicolaus et al., 2022).

Samples for ocean waters taken from the CTD/rosette from Polarstern or from the ice
station “Ocean City” (sampling depths at approximately 2 m, 10 m, 20 m, 50 m,
100 m, 200 m, 500 m, 1000 m, 2000 m) were filtered through pre-combusted (450 °C,
5 h) glass fiber filters (Whatman; GF/F). Samples from lead waters (from the surface
at 0.1 m down to 1 m) during August 25" to September 12" were collected using a
peristatic pump (Master flex E/S portable sampler) and filtered through an inline
0.2 um pore size cartridge filter (Sterivex; polyethersulfone membrane). The filtered
samples were stored in acid washed high density polyethylene bottles at =20 °C for
dissolved organic matter (DOC) and total dissolved nitrogen (TDN) measurements, as
well as LC-FTMS measurement analysis, and stored in pre combusted amber glass
vials at 4 °C for absorbance and excitation emission matrices (EEMs) measurements
(Kong et al., submitted). Salinity profiles for ocean water samples were acquired with
a CTD attached to a rosette system. Salinity for lead water samples was measured with
a hand-held multi parameter meter (Cond 340i, WTW).
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Figure 1. Map of the study area.

5.3.2. DOC measurement

DOC and TDN were determined by high temperature catalytic oxidation (HTCO) and
non-dispersive infrared spectroscopy and chemiluminescence detection (TOC-VCPN,
Shimadzu; for details see Ksionzek et al., 2018). Water samples were directly poured
into well-rinsed vials and placed in the autosampler. In the autosampler, the sample
was acidified (0.1 M HCI suprapur, Merck) and sparged with oxygen for 5 min to
remove inorganic carbon. 50 uL sample volume was injected directly on the catalyst
(680 °C). Detection of the generated CO, was performed with an infrared detector.

Total nitrogen was quantified by a chemiluminescence detector.

5.3.3. Optical spectroscopy

FDOM EEMs were measured using a spectrofluorometer (Aqualog, Horiba) equipped

with a charge-coupled device (CCD) detector. Excitation wavelengths were performed
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from 240 to 600 nm at 3 nm increments, and emission from 220 to 620 nm (~3.3 nm
increments). FDOM EEMs and CDOM absorbance spectra were processed by the
staRdom package in R studio (version 4.1.2; https://www.r-project.org/) (Pucher et al.,
2019). The fluorescence spectra were blank corrected using ultrapure water (Whatman,
Milli-Q), inner filter effect correction and Raman normalization by dividing by the
Raman peak of ultrapure water at an integrated excitation of 350 nm and an emission
between 371 and 428 nm (Raman Units (R.U.); Lawaetz and Stedmon, 2009). After
that, the total fluorescence intensity (FDOMuotal) Was calculated by the sum of all
intensity in EEMs. Subsequently, we applied a PARAFAC analysis (Stedmon et al.,
2003; Murphy et al., 2013) to decompose EEMs into different underlying fluorescent
components (Figure 2). Based on fluorescence maxima, the components C410, C490
and C425 are often assigned as terrestrial derived humic-like FDOM (Coble, 1996;
Gongalves-Araujo et al., 2016; Paulsen et al., 2019; Zabtocka et al., 2020). C340 and
C320 are typically attributed to protein-like FDOM (tryptophan-like for C340 and
tyrosine-like for C6; Coble, 1996; Grunert et al., 2021; Paulsen et al., 2019). An
additional qualitative measure of CDOM is the specific UV absorbance at 254 nm
(SUVA2s4 in L mgtm?), which was calculated by the UV absorbance at 254 nm
(given in m™) divided by the DOC concentration in mg L™ (Weishaar et al., 2003).
SUVA2s4 has been previously used as a proxy for aromaticity of aquatic humic
substances and is positively correlated with molecular weight (Weishaar et al.,
2003). The absorption coefficient at A nm (acpom(rh) in m™) was calculated by the

following equation:

where the factor 2.303 is the natural logarithm of 10, A(A) is the absorbance at
wavelength A in nm, and | is the optical path length in meters (Stedmon and Markager,
2001). The absorption coefficient acbom(350) has been suggested as a proxy for
CDOM concentration, and used to estimate the inputs of terrigenous DOM and lignin
phenol concentrations in the Arctic (Spencer et al., 2009a; Walker et al., 2013; Fichot
etal., 2016).
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Figure 2. Contour plots of the five-component PARAFAC model developed from
Fluorescence excitation-emission matrices (EEMs) recorded for all Central Arctic

samples.

5.3.4. FT-ICR MS measurement hyphenated to UPLC

LC-FTMS measurements. Molecular signatures were analyzed by a
12 T FT-ICR MS (solariX XR, Bruker Daltonics, Billerica, MA) hyphenated with a
reversed phase ultra-high performance liquid chromatography (UPLC) system based
on a previous method (Han et al., 2021). The chromatographic separation of DOM
was carried out using an UPLC system (UltiMate 3000RS, Thermo Fisher Scientific,
Waltham, MA USA) equipped with an auto sampler (WPS-3000TRS), column oven
(TCC-3000RS), binary pump (HPG-3200RS), and diode array detector (DAD-
3000RS). In each analysis, 100 uL. of original water was injected and
separated according to polarity using a reversed-phase C18 column (ACQUITY UPLC
HSS T3, 100 A, 1.8 um, 3 x 150 mm, Waters, Milford, MA). Similarly, at the
beginning, every 10 samples or at the end, 100 pL of blank (ultrapure water), SRFA
standard and pooled samples (mixture of 10 MOSAIC samples) were measured. The
compounds (D-glucuronic acid, fraxin, isoferulic acid, 3-O--D-glucuronide and 2-(4-
(2,2-dicarboxy-ethyl)-2,5-dimethoxy-benzyl)-malonic acid; with a concentration range
of 40-4700 ng mL) that we spiked to the SRFA reproducibility control standard,
referred to in the paper as model compounds. The mobile phase A and B were

ultrapure water (H20; Milli-Q, Merck, Darmstadt) and methanol (LC-MS grade,
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Biosolve), respectively, which were used in a gradient program for the C18 column
with a flow rate of 0.2 mL min™ controlled by the first HPLC pump (Table 1). 0.05%
formic acid was added to both eluents. A pH of 3 in the aqueous eluent was adjusted
by the ammonium hydroxide and the same volume of ammonium hydroxide was
added to eluent B. Different from Han et al. (2021), the eluent gradient started at
3.5 min and linearly increased to 100% methanol within 14 min the first HPLC pump.
The adjustment of the gradient improved the separation of sea salt that eluted between
8.8 and 13.3 min. A second HPLC pump was applied to be a post column with a
counter gradient using the same mobile phases but without buffer addition (Table 2).
The time difference between first and second pumps was determined to be 4.5 min.
The dead volume of the chromatographic system was determined as 5.3 min via
monitoring 210 nm absorption after injection of methanol. The flows (50% ultrapure
water and 50% methanol) were combined at the column outlet to ensure a stable
solvent condition for further electrospray ionization, and then were split into flows.
One was monitoring by DAD (210 nm) in the HPLC system and another was infused
into the FT-ICR-MS by electrospray ionization in negative mode (capillary voltage:
4300 V; nebulizer gas pressure: 1.0 bar; dry gas temperature: 200 °C, dry gas flow rate:
3.0 L min). lons were accumulated in the hexapole collision cell for 1.6 s prior to
being transferred into the ICR cell. lon accumulation time was set to 1.6 s for each
scan. Mass spectra for LC-FTMS measurements were acquired at 4 Mega words in the
broadband mode from 147.4 to 1000 m/z.

Table 1. Gradient setup of the first pump for C18 column.

Time (mins)  Ultrapure water (%) Methanol (%) Flow rate (mL min™)

0 100 0 0.2
3.5 100 0 0.2
17.5 0 100 0.2
255 0 100 0.2
285 0 100 0.2
31.5 100 0 0.2
36.5 100 0 0.2
41 100 0 0.2
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Table 2. Gradient setup of the second pump for post column.

Time (mins) Ultrapure water (%) Methanol (%) Flow rate (mL min™)

0 0 100 0.2
8 0 100 0.2
22 100 0 0.2
30 100 0 0.2
33 100 0 0.2
36 0 100 0.2
41 0 100 0.2
46.5 0 100 0.2

Data processing. Due to the dimension of the column and low flow rate, the first
methanol from the solvent gradient reached the detector at around 13.3 min. The total
ion current (TIC) peaked at 41% methanol (19 min), followed by a drop until 71%
methanol (23.3 min). The LC-FTMS data for the first 13.3 min was removed due to
the influence of the salt matrix and the LC-FTMS data after 23.3 min was removed
due to contaminants. LC-FTMS data was divided into ten retention time segments
(one-minute intervals) between 13.3 min and 23.3 min (gray bars; Figure 3). Each
retention time segment was internally recalibrated with a list of peaks commonly
present in DOM (150-1000 m/z), and the root mean square error was determined with
+ 0.4 ppm after calibration. The retention time segment separations and calibration
were performed in Compass Data Analysis 5.1 software (Bruker Daltonik GmbH,
Germany). Mass peak lists were generated based on a signal to noise ratio of S/N >4.
Using the open-access software UltraMassExplorer (UME; Leefmann et al., 2019),
Molecular formulas (MFs) were assigned to peaks in the mass range of m/z 150-700
with elemental ranges of Ci-«Hi-00-cNo-2So-1 within a mass error of £ 0.5 ppm.
Additional filters were applied to the assigned MFs: 0.3<H/C <2.0, 0<0O/C <1.2,
0< N/C <1.3 (Kind and Fiehn, 2007), H/C <2C + 2 + N (“nitrogen-rule”; Koch et al.,
2007). The double bond equivalent (DBE) and the number of oxygen atoms (O) were
used according to Herzsprung et al., (2014) to further filter the dataset having: 0<
DBE <25, —10< DBE-O <10 (DBE-O: DBE minus O atoms; Herzsprung et al., 2014).
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All MFs present in the surfactants (Lechtenfeld et al., 2013) or blank samples were
removed from the respective retention time segments. Isotopologue formulas (*3C)
were used to verify the parent formulas for quality control but removed from the final
data set. The molecular assignments and filters were performed using R 4.1.2 software

(https://www.r-project.org/).
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Figure 3. Total ion current (TIC) chromatogram from a MOSAIC sample (black
curve); and methanol percentage (Methanol%) used in the solvent gradient (blue
curve). The selected LC-FT MS data for DOM fingerprints were divided into ten
retention time segments (black number) marked by gray bars.

To identify the difference only by the multiples of methylene unit CH> (i.e., members
of CH> homologous series), the Kendrick mass (KM) for CH-units (14.000 00
Kendrick mass units) is converted from the measured IUPAC mass scale (14.015 65
Da) by being multiplied by 14.0000/14.01565. The Kendrick mass defect (KMD) is
the difference between the nominal IUPAC mass (NM) and KM using the equation:
KMD = NM — KM (Hughey et al., 2002; Stenson et al., 2003). The members of a

homologous series have the identical KMD (Stenson et al., 2003).
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Double bond equivalent (DBE) values (Koch and Dittmar, 2006) were calculated

using the equation:

H+N
DBE = C - T + 1
where C, H and N refer to the number of carbon, hydrogen and nitrogen atoms in a
molecular formula (MF), respectively. DBE-O (DBE minus O) indicates the DBE

minus O atom (Herzsprung et al., 2014).

The average aromaticity index (Al; Koch and Dittmar, 2006, 2016) was calculated for
each samples as:

_14C-0-S-05(N+P+H)

Al C—0-N-S§S-P

where C, H, N, O and S refer to the peak magnitude weighted average number of

carbon, hydrogen, nitrogen, oxygen and sulphur atoms in each sample.

The nominal oxidation state of carbon (NOSC; LaRowe and Van Cappellen, 2011)
was calculated as follows:

4C+H —3N—20-12§

NOSC =4 —
C

where C, H, N, O and S refer to the number of carbon, hydrogen, nitrogen, oxygen and
sulphur atoms in a MF, respectively. The higher NOSC values indicates that
molecules are oxidized (LaRowe and Van Cappellen, 2011).

The degradation index Ipec were calculated according to Flerus et al. (2012) as

follows:

Y. (magnitudesNEG,q,4)
(magnitudesNEG 4.4 + magnitudesPOS,44)

Ipge = 3

where magnitudesNEGqeg Was raw peak magnitudes of five negative correlating
compounds with AC (NEGigeg: Ci17H2009, CigH22010, C20H22010, Ca20H24011,
C21H26011), and magnitudesPOSiqseg Was raw peak magnitudes of five positive
correlating compounds with AC** (POS)geq: C13H1807, C14H2007, C1sH2207, C15H220s,
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C16H240s). Higher Ipec values generally correspond to a higher degree of degradation
(Flerus et al., 2012).

The index Iter was introduced by the Medeiros et al., (2016). The authors selected 40
MFs from the pool of 184 t-Peaks (indicators of riverine input) with the highest
negative correlation with 8C values (as terrestrial sources: Terr) and the 40 MFs
from the “island of stability” (Lechtenfeld et al., 2014) with the highest positive
correlation with 8!3C values (as marine sources: Mar). We modified Iterr by selecting
those 10 formulas of Iterr that occurred in a maximum of samples in our database in
order to avoid that the ratio is skewed by the absence of some formulas. This resulted
in the modified index (lrerr2) that calculated as:

Y.(magnitudesTerr2)
Y.(magnitudesTerr2 + magnitudesMar?2)

Iterry =

where Terr2 formulas were: C17H1807, C18H1807, C17H1607, C17H160s, C1sH1606 and
Mar2 formulas were: CooH2409, C20H24010, C19H22010, C17H2108N1, C20H2609. Higher
lerrz values indicate a higher contribution of terrigenous material in the sample
(Medeiros et al., 2016).

Intensity weighted average (wa) parameters were abbreviated as NOSCwa, Alwa,
DBEws, H/Cwa, O/Cwa, C/Nwa, C/Swa, N/Cwa, S/Cwa, and m/zwa. The molecular
assignments and  filters were performed using R  (version 4.1.2;
https://www.r-project.org/) via the UltraMassExplorer package (Leefmann et al.,
2019).

5.3.5. Statistical analysis

From the total set of formulas, we first calculated aggregated formula sets for each
sample, by calculating the sum of peak magnitudes for identical formulas that
occurred in different retention time segments. For the aggregated sets, we also
calculated normalized peak magnitudes to explore qualitative differences between
samples. Normalized intensities were calculated based on the summed magnitudes of
those formulas that occurred in all aggregated formula sets. The Spearman rank
correlation was carried out at the 99% confidence limit (p<0.01) between normalized
mass peak intensities and terrigenous proxies (salinity and terrestrial humic-like
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FDOM (490, C425 and C410) based on 93 samples. The Spearman’s r > 0 at the 99%
confidence limit were defined significant correlations. Correlations were performed

using R 4.1.2 software and the package “corrplot”.

5.4. Results

5.4.1. DOM quantification in original seawater using LC-FTMS

The summed peak magnitudes for each LC-FTMS run (intsum) was significantly
correlated with the DOC concentration (R = 0.88; Figure 4a), acoom(350) (R = 0.85;
Figure 4b), and FDOMiotal (R= 0.85; Figure 4c), independent of sample type (ocean or
lead water samples). For lter2 and Alwa, it significantly correlated with DOC
concentration, FDOMyetal and SUVA2s4 (Figure 4d-i). For ocean water samples, Ipec
correlated negatively with DOC concentration (Figure 4j; R = —0.94), FDOMiotal
(Figure 4k; R = —0.90), and SUVAs4 (Figure 41; R = —0.92) whereas C/Nwa correlated
positively with DOC concentration (Figure 4m; R = 0.83), FDOMqota (Figure 4n; R =
0.92), and SUVA2z4 (Figure 40; R = 0.87). In contrast, for the lead water samples with
low DOC concentration (<70 umol kg*; Figures 4j—0), DOC, FDOMiuta and
SUVA2s4 positively correlated with lpec at R values of 0.97, 0.92 and 0.86,
respectively, but correlated negatively with C/Nwa with R values of —0.95, —0.94 and
—0.88, respectively. In conclusion, sea ice meltwater showed relatively low Ipeg, and

Ierr2 but high C/Nwa compared to seawater.
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Figure 4. Chemical characterization of original water DOM collected from the Central
Arctic in lead water samples of the Amundsen Basin (asterisk), and in ocean water
samples inside the influence of the transpolar drift (TPD) (triangles; Amundsen Basin,
and Fram Strait) and outside the TPD (dots; western Nansen Basin and Yermak
Plateau). 1% row: correlation of intsym and (a) DOC concentration, (b) acoom(350) and
(c) FDOMiotar; 2™ row: correlation of lrerz and (d) DOC concentration, (€) FDOMotal
and (f) SUVas4; 3 row: correlation of Alwaand (g) DOC concentration, (h) FDOMota
and (i) SUVa2s4; 4™ row: correlation of Ipes and (j) DOC concentration, (k) FDOMiotal
and (1) SUV2ss; 5" row: correlation of C/Nwa and (m) DOC concentration, (n)
FDOMrota and (0) SUVass for all Central Arctic samples (n = 118). log(depth)
represents the logio-transformed water depth in meters. The blue line indicated the
linear regression for all samples. The red line indicated the linear regression for ocean

water samples. The gray line indicated the linear regression for lead water samples.

5.4.2. Relationship between MFs and terrigenous proxies

Spearman rank correlations between normalized intensities of MFs and terrigenous
proxies were carried out to distinguish groups of MFs associated with different
sources. Applying Spearman rank correlations at the 99% confidence limit (p <0.01,;
Figure 5), MFs (9.2% of total MFs; 35.9% of total intensity for all samples) that were
not only significantly positively correlated with terrigenous proxies terrestrial FDOM
component C490, C425 and C410, but also significantly negatively correlated with
salinity, were categorized as terrestrial-derived peaks (t peaks). MFs, that were the
inversely correlated with these terrigenous proxies (9.5% of total MFs; 47.0% of total
intensity for all samples), were categorized as marine-derived peaks (m peaks), and
the remaining MFs were categorized as non-correlated peaks (n peaks; n = 81.3% of
total MFs; 17.0% of total intensity for all samples; Table 3). The numbers of MFs of t,

m, and n peaks identified for each terrigenous proxy are displayed in Table 3.
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Figure 5. Van Krevelen diagrams for MFs that were significantly (p < 0.01) correlated
with (a) salinity, (b) terrestrial humic-like component C490, (c) C425, (d) and C410.
The color scale indicates Spearman correlation coefficient R (p <0.01) between

normalized intensities of MFs and terrigenous parameters.

Table 3. Numbers of MFs of t, m and n peaks associated with salinity and three

terrigenous components derived from PARAFAC analysis.

Terrigenous proxies tpeaks m peaks n peaks

C490 1651 2256 12803
C410 1662 2249 12799
C425 1593 1843 13274
Salinity 1678 2374 12658
Unique 1544 1587 /
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The intensities of t, m, and n peaks were summed up separately for each sample,
resulting in three classes of DOM (terrestrially-derived DOM (tDOM), marine DOM
(mDOM) and non-correlated DOM (nDOM), respectively). The relative proportions of
tDOM, mDOM and nDOM were calculated by the intensities of tDOM, mDOM and
nDOM, divided by the intsum in the corresponding sample, referred to as intsum%. With
increasing water depths, intsum% for tDOM decreased, whereas intsm% for mDOM
increased (Figure 6b). The intsum% was higher for tDOM but lower for mDOM in the
TPD-influenced regions compared to the regions out of TPD influence (Figure 6b).
Based on the good linear correlation between intsym and DOC concentrations and
under the assumption that the tDOM, mDOM and nDOM subfractions also correlate
with DOC, we calculated the DOC-yield for each fraction by multiplying the DOC
concentration by the proportion of each fraction in the corresponding sample. The
DOC-yield for tDOM (i.e., terrestrially-derived DOC (tDOC)) and mDOM (i.e.,
marine DOC (mDOC)) decreased with the increasing water depths, and the mDOC
was higher than the tDOC throughout the water column (Figure 6¢). In deep water
(~2000 m depth), the tDOC accounted for ~26% of intsum equivalent to ~12 pmol kg™
and mDOC accounted for ~57% of intsum equivalent to ~27 umol kg™. The tDOM
formulas were characterized by lower m/zya, H/Cwa, N/Cwa, and S/Cwa (Figure 6d-f),

but higher Alwa (Figure 6a) compared to mDOM.
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Figure 6. Changes in quantity and chemical quality of DOM with water depths inside

the influence of the transpolar drift (TPD) (triangles; Amundsen Basin, and Fram

Strait) and outside the TPD (dots; western Nansen Basin and Yermak Plateau) and for
DOM categories: (a) Alwa, (b) the relative contribution of tDOM and mDOM, (c) the
corresponding DOC-yield, (d) m/zwa, (€) H/Cwa, (f) N/Cwa, (g) S/Cwa, and over the

water column for ocean water samples (n =

negative logio-transformed water depth in meters.
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5.4.3. Polarity-based separation

Differences between the retention time segments are described using different mass
parameters including summed peak magnitudes in each retention time segment for
each LC-FTMS run (intsum, rT), M/Zwa, DBEwa, Alwa, H/Cwa, O/Cwa, NOSCwa, N/Cusa,
and S/Cwa (Figure 7). During the chromatographic separation, the intsum, rT increased
appreciably from retention time segments 1 to 6, and decreased afterwards (Figure 7a).
The DBEwa, and m/zwa did not change appreciably from retention time segments 1 to
10 (Figure 7b and c). We also observed a continuous increase in Alwa and H/Cwa
(Figure 7d and e), but a continuous decrease in O/Cwa and NOSCwa (Figure 7f and g).
For the ease of readability and different from the official definition, we will call
hydrophilic molecular formulas with an O/C ratio greater than 0.5 “polar” and more
hydrophobic formulas with an O/C ratio <0.5 “nonpolar”. Most of the polar formulas
could be detected in the first five retention time segments and most of the nonpolar
formulas were detected in the last five retention time segments. The N/Cwa decreased
from retention time segments 1 to 6, and slightly increased afterwards (Figure 7h). The
S/Cwa showed a decreasing trend except the last two retention time segments (Figure i).
In conclusion, and as expected by the solvent gradient, the separation mechanism was
related to polarity, independent of DBE, m/z and intsum. We also evaluated the “peak
width” (i.e., the number of retention time segments in which a MF occurred) and
compared it to the peak width of model compounds that we spiked to the SRFA
control standard. The average peak width of a MF in all Central Arctic samples was
3.8 min, ranging from 1 to 10 min. This was a considerably wider peak width

compared to the model compounds that eluted in a 0.5-1 min retention time window.
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Figure 7. The molecular parameters of (a) intsum, rT, () M/Zwa, (C) DBEwa, (d) Alwa,
(€) H/Cwa, (f) O/Cwa, (@) NOSCwa, (h) N/Cwa, and (i) S/Cwa from online LC-FTMS
measurements for all Central Arctic water samples (n = 118) in lead water samples of
the Amundsen Basin (asterisk), and in ocean water samples inside the influence of the
transpolar drift (TPD) (triangles; Amundsen Basin, and Fram Strait) and outside the
TPD (dots; western Nansen Basin and Yermak Plateau). The log(depth) indicates the

logio-transformed water depth in meters.

Considering the elution profile of all Central Arctic samples (n = 118; retention time
from 13.3-23.3 min for LC-FTMS), we identified a total of 68596 MFs and 18237
unique MFs, with an average of 766 unique MFs in each retention time segment
(Table 4). On average, nitrogen and sulfur free MFs (CHO) accounted for 28.6% of all
MFs and 78.7% of total mass peak intensity (Table 4). Only nitrogen-containing
heteroatom compounds (CHON) accounted for 37.1% of the peaks and 16.2% of total
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mass peak intensities. The 6267 MFs containing S (CHOS and CHONS) represented
34.4% of formulas and 5.1% of total mass peak intensity. During the chromatographic
separation, there was a continuous increase in the relative contribution of CHO
formulas and a decrease in CHON and CHONS formulas (Table 4).

Table 4. Summary of MC-FTMS retention time segments: Comparison of the
numbers of CHO, CHON, CHQOS, and CHONS molecular formulas (MFs) for each
retention time segment, numbers of unique MFs (Unique MFs) for each retention time
segment, the proportion of number of each heteroatom compound accounting for total
number of MFs (CHO (%), CHON (%), CHOS (%) and CHONS (%)), weighted
averaged m/z (m/zwa), and relative contribution of the summed peak magnitudes in
each retention time segment to the summed peak magnitudes (Intensity (%))

magnitudes for all samples (n = 118).

Unigquee CHO CHON CHOS CHONS Intensity
Segments MFs MFs (%) (%) (%) (%) m/zwa (%)
1 5883 1130 31.3 36.6 14.3 17.8 395.1 44
2 6949 779 32.1 35.7 14.6 17.6 407.2 9.1
3 7333 633 34.0 35.0 15.0 16.0 4120 117
4 7605 546 36.0 34.7 15.2 14.2 4140 135
5 7715 528 37.3 35.4 15.0 12.3 4179 15.1
6 7625 541 40.1 35.2 14.7 9.9 423.0 154
7 7378 614 42.4 344 14.6 8.6 427.1 13.6
8 6940 684 44.7 33.6 14.3 7.3 430.0 9.8
9 6123 876 47.1 31.5 14.4 7.0 428.0 5.6
10 5018 1332 46.6 30.1 13.5 9.9 4156 1.8

To further identify and illustrate compositional differences in different retention times,
a van Krevelen diagram (Kim et al.,, 2003) was displayed for all retention time
segments and all samples (Figure 8a). We observed a remarkable separation of the
retention time segments 1-5 and 6-10 for polar and nonpolar MFs (divided at an O/C
of ~0.5). To further discriminate MFs according to their masses, the Kendrick mass

defect (Hughey et al., 2002; Stenson et al., 2003) was plotted for all retention time
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segments (Figure 8b). All MFs, which only differed in the number of CH. groups,
have an identical KMD and thus can be regarded as “pseudo” homologous series. The
same homologous series in the Kendrick mass defect revealed a gradually shift to the
right from early to late retention time segments (Figure 8b). Additionally, nonpolar
segments (6-10) were shifted towards lower Kendrick mass defects compared to early
retention time segments (1-5). As a consequence of this gradual change in the
molecular composition with retention time and the presence of structural isomers, MFs
were spread over several adjacent retention time segments (average peak width =
3.8 min).
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Figure 8. The van Krevelen diagram (a), and Kendrick mass defect (KMD) plot (b)
for all ten retention time segments (color scale) for all Central Arctic samples (n =
118).

Based on the LC-FTMS information, we compared chemical differences in DOM
derived from different Arctic regions. The intsum, kT and C/Nwa showed a decreasing
trend with increasing depth. Based on C/Nws, samples from Amundsen Basin and
Fram Strait showed an overall higher terrestrial contribution compared to the western

Nansen Basin and Yermak Plateau in the upper 200 m (Figure 9).
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Figure 9. Changes in summed peak magnitudes in each retention time segment for
each LC-FTMS run (intsum, rT; top panels), and C/Nwa (lower panels) based on
different retention time segments in Amundsen Basin and Fram Strait (~2 m to ~2000
m; left panels), and western Nansen Basin and Yermak Plateau (~2m to ~200 m; right
panels) at water depths (n = 109).
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5.5. Discussion

5.5.1. DOM quantification in the Central Arctic

Two major chemical fractionation effects so far challenged the representative and
quantitative characterization of DOM: (i) desalting and pre-concentration via SPE (cf.
Kong et al., 2021) and (ii) selective ionization of molecules in the ionization process
of the mass spectrometer (Kiontke et al., 2016). With our new method, we were able
to measure original seawater at concentrations as low as 26 umol DOC kg* and
eliminate fractionation effects introduced by SPE. We found that the summed peak
magnitudes for each sample (intsym) correlated extraordinarily well with DOC
concentration of a sample (Figure 4a). This was despite the fact that some highly polar
compounds were hidden in the neglected part of the chromatogram in which the sea
salt eluted (retention time between 8.8-13.3 min). However, it has been previously
reported that the number of detected highly polar MFs were much higher for LC-
FTMS measurement as compared to DI analyses (Han et al., 2021). Of course, an ideal
ionization source for the quantitative characterization of DOM by FT-ICR-MS should
be non-selective (Mopper et al., 2007). However, molecules with e.g. varying basicity,
polarity, volatility and molecular size vary in their ionization efficiencies on ESI-MS
response (Oss et al., 2010; Kiontke et al., 2016). Therefore, without a full separation
and structure elucidation, a traditional calibration with known standards is impossible.
The ionization efficiency for analytes is affected by the ionic contaminants (matrix
effects) or multiple analytes (ionization suppression; Tang et al., 2004; Ghosh et al.,
2012). The LC method applied, prevents additional solvent matrix-related ionization
changes by using a counter gradient that creates constant solvent conditions (50%
ultrapure water and 50% methanol) and minimizes matrix effects. DI-ESI analysis
suffers from vast structural complexity of DOM, thus compounds with the same
chemical formula but different chemical structures overlap in the mass spectrum. The
ionization of the lower efficiency compound is suppressed by the higher efficiency
compounds (Tang et al., 2004; Ohno et al., 2016). The ionization of high m/z
compounds is suppressed due to the presence of low m/z compounds (Reemtsma and
These, 2003; Rowland et al., 2014). HPLC separation prior to ionization can reduce
DOM complexity and ion suppression effects to a certain degree, and lead to a
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separation of isomeric compounds, thereby increasing the number of compounds
detected and improving quantification. The LC method also has the advantage that
sulfur and nitrogen-containing MFs are better represented in LC-FTMS compared to
DI measurements, especially for terrestrial samples with low nitrogen content (Han et
al., 2021). Due to the large terrestrial contribution of terrestrial organic matter in the
Arctic Ocean via the Arctic rivers (e.g., Hansell et al., 2004), we observed significant
correlations between indicators derived by mass spectrometry (Iterr2, Ipec, Alwa and
C/Nwa) and parameters such as DOC concentration, FDOMta and SUV Azs4 (Figure
4). This is in agreement with previous studies demonstrating that the Amundsen Basin
and Fram Strait are influenced by high loads of terrestrial DOM from the Laptev Sea
and the East Siberian Sea into the Central Arctic (Stedmon et al., 2011; Charette et al.,
2020). It has been shown that in addition to the solution basicity of compounds, the
polarity and vaporability of compounds have important effects on the ionization
efficiency under acidic solvent conditions (Kiontke et al., 2016). We found that the
summed peak magnitudes for each retention time segment (i.e., polarity) in each
sample (intsum,rT) sSignificantly correlated with DOC concentration and terrestrial
humic-like components. Thus, we assumed that MFs correlating with terrestrial
proxies show a similar ionization as the average molecular formula. If this assumption

is true, we can estimate their quantitative contribution to bulk DOC concentration.

5.5.2. ldentification and quantification of DOM subfractions in the Central Arctic

The analysis of lead water samples and the correlation of FTMS-derived peak-
magnitudes with salinity and parameters derived from optical analyses identified
characteristic MFs representing three DOM end-members for different organic matter
sources: (i) DOM from sea ice meltwater, most likely containing a large fraction of
labile fresh material due to production of sea ice algae (Thomas et al., 2010), (ii)
tDOM that was mainly transported from Arctic rivers to the Central Arctic, originating
from decomposition and leaching of plant materials and soil organic matter (Raymond
et al., 2007), (iii) mDOM, originating from processes such as the extracellular release
by phytoplankton (Lancelot, 1979; Lignell, 1990; Marafion et al., 2005), release by
zooplankton grazing (excretion, sloppy feeding, egestion, and dissolution of fecal

material; Strom et al., 1997), cell lysis from viral infection (Proctor and Fuhrman,
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1990) and solubilization of particles (mostly from detritus or marine snow; Smith et
al., 1992, 1995).

With increasing DOC concentration and salinity, we observed an increase in Ipeg,
ITerr2 and Alwa, but a decrease of C/Nwa for lead water samples (Figure 4), suggesting a
dilution of tDOM by sea ice meltwater. In addition, lead water samples with low
salinity and low DOC concentration showed lower O/Cwa and NOSCwa but higher
H/Cwathan ocean water samples. In summary, sea ice meltwater was predominated by
N-depleted, saturated, low oxidized and low degraded DOM during August and
September in the Amundsen Basin. In a previous study, we also found relatively high
proportions of freshly produced DOM in low-salinity lead water using fluorescence
detection (Kong et al., submitted). Other previous studies have also shown that fresh
algal-derived DOM from sea ice meltwater is bioavailable, and substantial DOM
depletion in the sea ice is due to a loss of combined neutral sugars and amino acids
(Ké&hler et al., 1997; Amon et al., 2001; Jargensen et al., 2015). Sea ice meltwater is
dominated by a large fraction of labile organic matter since the melting of sea ice
could lead to lysis of cells and consequently to a release of fresh DOM (Thomas et al.,
2010). This is consistent with our observation of a predominance of N-depleted, low

oxidized and low degraded DOM in the meltwater.

Based on the Spearman rank correlations between normalized intensities of MFs and
four terrigenous proxies (Figure 5), MFs representing tDOM and mDOM were
identified (Figure 6). The tDOC in the surface water (i.e., upper 20 m) in the TPD-
influenced regions was 49% higher compared to the regions outside of the TPD
influence. This is consistent with our CDOM observation (Kong et al., submitted) that
the surface mixed layer (SML) in the TPD-influenced regions was largely
characterized by a high contribution of terrestrially-derived CDOM compared to the
western Nansen Basin and Yermak Plateau. In addition, the tDOM showed lower
H/Cwa, but higher Alwa compared to mDOM (Figure 6a, e). Alwa correlated well with
SUV Az, (Figure 4i), thus, the Alwa value was a lot higher and in conjunction with the
relatively lower H/Cwa in tDOM compared to mDOM, which was indicative of the
much more unsaturated and aromatic nature of tDOM. We also found t peaks that

showed higher O/C and lower H/C ratios (Figure 5). This is consistent with results for
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DOM derived from plant and soil organic matter, that typically shows a higher
aromaticity than marine DOM (Weishaar et al., 2003; Koch et al., 2005). In addition,
the tDOM showed higher C/Nwa compared to mDOM (Figure 6f), consistent with
many previous studies that highlighted higher C/N ratios in terrestrial compared to
marine DOM (Hopkinson et al., 1997; Amon and Meon, 2004). C/N ratios in DOM in
the Arctic rivers typically reach values around 40 (Lara et al., 1998; Lobbes et al.,
2000; Holmes et al., 2012) compared to marine DOM with C/N values of about 20
(Hopkinson et al., 1997; Benner et al., 2005).

Although the bulk DOC concentration decreased with water depth, the relative
contribution of mMDOM increased in the Central Arctic (Figure 6b, c). Apart from a
decreasing contribution of terrestrial organic matter, approximately 70% of the
prokaryotic oceanic biomass is situated below a depth of 200 m, and decreases
exponentially from ~10 m to ~5000 m in all oceanic basins (Herndl et al., 2023).
DOM is mostly derived from processes such as extracellular release and leachate of
algae and bacteria. Most labile DOM is consumed and respired rapidly by
heterotrophic bacteria into DIC, and a small fraction of that DOM escapes rapid
remineralization and eventually is exported to greater depths by the thermohaline
circulation (Hansell et al., 2009). mDOM in our study showed higher S/Cwa compared
to tDOM (Figure 6g). It is well known that dimethylsulfoniopropionate (DMSP) is an
important labile component of the marine dissolved organic sulfur (DOS) pool that is
produced by the phytoplankton and heterotrophic bacteria (McParland and Levine,
2019). The estimated minimum global inventory of marine DOS is 6.7 Pg
(1 Pg = 10% g) of sulfur based on stoichiometric estimates (Ksionzek et al., 2016). In
addition, sulfur-driven chemolithoautotrophy is prevalent in the oxygenated deep

ocean (Swan et al., 2011).

Furthermore, tDOM formulas showed lower m/zwa. (i.e., lower molecular weight)
compared to mDOM (Figure 6d). A size-reactivity continuum model proposed by
Amon and Benner, (1994, 1996) suggests that the bioreactivity of organic matter
decreases continuously with the size from larger to smaller. Several studies showed a
largely conservative mixing of terrigenous DOM along a salinity gradient across the

Arctic shelves, suggesting a relatively refractory character of terrestrial DOM (Guay et
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al., 1999; Kattner et al., 1999; Dittmar and Kattner, 2003; Kohler et al., 2003;
Holemann et al., 2021). The phytoplankton-derived DOM is more abundant in the
higher molecular weight fractions whereas tDOM is dominated the lower molecular
weight fraction in the Arctic Ocean (Amon and Meon, 2004). However, Cooper et al.
(2005) estimated that ~30% of tDOC is initially removed over the shelves before
entering the Eurasian Arctic. Kaiser et al. (2017) showed ~50% of the annual
discharge of tDOC from Siberian rivers is mineralized on the Eurasian shelves.
Holmes et al. (2008) pointed out that the degree of bioavailability of terrestrial DOC
transported by Alaska rivers to the Arctic Ocean has large seasonal variation. 20-40%
of the tDOM during the spring freshet in Alaskan rivers is labile on the timescale of
months, while tDOM is more resistant to degradation during summer periods.
Raymond et al. (2007) showed that the radiocarbon age of terrestrial DOC transported
during spring floods is young and likely consists of recently fixed carbon in leaf litter
and soil, with about 50% being 1-5 years old and about 35% being 6-20 years old.
River runoff has an average residence time of 3.5 £ 2.0 years on the Eurasian shelves
before passing offshore to join the TPD (Schlosser et al., 1994). The subsequent
transport time from Eurasian shelves to reach the Fram Strait is about three years
(Jahn et al., 2010). Hence, the most labile tDOM may be removed on the Eurasian
shelves before being transported to the Central Arctic. The analysis of stable carbon
isotopes indicate that 25-33% of the terrestrial DOC discharged by rivers to the Arctic
Ocean is exported to the North Atlantic via the East Greenland Current (Benner et al.,
2005), or 20%-50% as estimated using DOM fluorescence (Amon et al., 2003), or
12%-41% as estimated using the lignin content (Opsahl et al., 1999). Therefore, after
the removal of the most labile tDOM fraction on the continental shelves, the
remainder of tDOM can be removed on longer timescales within the Arctic Ocean due
to microbial or photochemical mineralization processes (Hansell et al., 2004). Kulifski
et al. (2016) showed that the higher contribution of refectory fraction in tDOM
compared to that in mDOM based an incubation experiment of 188 days. In addition,
it is reported that up to 30% of the deep DOC reservoirs is modern (3**C > —50%o;
Follett et al., 2014), thus, the mixture of the “modern” and “old” mDOM may result in
higher average molecular weight than tDOM. We also observed that the relative
contribution of tDOM and tDOC concentration decreased with increasing water depth
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in the Central Arctic (Figure 6b, c). The terrigenous DOC is estimated to be
mineralized with a half-life of 7.1 + 3.2 years in the western Arctic Ocean (Hansell et
al., 2004). Letscher et al. (2011) suggested that the relatively labile tDOC is removed
over the Eurasian shelves in <5 years, and more refractory tDOC is removed over
longer timescales in the halocline and deep waters. This is in line with our observation
that changes in tDOC concentration in polar surface waters were relatively high, while

changes in tDOC concentration in deep water were relatively low (Figure 6c¢).

Up to 26% (or 12 umol kg?) of deep DOC (~2000 m depth) in the Eurasian Basin
water was derived from terrestrial sources based on the identified t peaks (Table 3 and
Figure 6 b, c). It is reported that 30% of deep DOC in Canada Basin could be
terrestrially derived based on carbon isotope data suggesting that significant quantities
of tDOM can be transported to deep Arctic, presumably from terrestrial POC sources
(Griffith et al., 2012). It should be emphasized that each MF can cover a large number
of structural isomers. During the chromatographic separation, we observed continuous
increases in Alwa, H/Cwa, O/Cwa and NOSCwa (Figure 7d—g). This is not unexpected
because oxygen-rich and unsaturated compounds elute first, in the part of the solvent
gradient with greater polarity. In addition, the same homologous series in the Kendrick
mass defect indicated a gradually shift to the right from early to late retention time
(Figure 8b). The average peak width of a MF in all samples was 3.8 min and ranged
from 1 to 10 min. In comparison, the model compounds that we spiked to the SRFA
controls showed elution times of 0.5-1 min. Hence, each MF that had peak widths of
more than two minutes represented different isomers. 81.3% of all MFs, accounting
for an average of 17% of the total intensity for all samples, were not correlated with
terrigenous proxies. On the one hand, there may be substantial specific MFs in the
single sample due to the complexity and heterogeneity of DOM. On the other hand,
the different DOM isomers exist in different sources of DOM (marine versus
terrestrial) which may bias the correlation with terrigenous proxies. These nDOM
formulas represented properties that were more similar to mDOM than to tDOM
(Figure 6). The relationship between DOC and salinity is commonly used to study the
mixing of different end members across the estuaries and ocean margins and to
calculate DOC end-member concentrations (Amon et al., 2003; Dittmar and Kattner,

2003; Hansell et al., 2004). In the same way, a plot of intsun% for tDOM versus DOC
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(Figure 10) provided insights on the relationship between bulk DOC concentration and
the relative proportions of tDOM, which demonstrated linear mixing between

terrestrial, high-DOC water and marine, low-DOC water.
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Figure 10. Linear regression between DOC concentration and intsy;m% for tDOM

formulas. The log(depth) indicates the log-transformed depth based on 10.

The assignment of tDOM MFs is biased by the fact that many of the tDOM formulas
are also present in mDOM but do not contribute much to the magnitude-based
correlation. The zero-DOC intercept of the y-axis (i.e., 8.9%) indicated the relative
proportion of these mDOM MFs (i.e., marine end member). We can subtract this value
to correct the tDOM contribution and estimate that 17% (or 8 umol kg™t) of the deep
DOC (~2000 m depth) in the eastern Arctic was derived from terrestrial sources. If we
perform a similar regression between FDOMyota Versus intsm% for tDOM, the zero-
FDOM:uota intercept of the y-axis was 21%, thus, the terrestrial FDOM contribution
could be estimated as ~5% of the DOC in the deep water (~2,000 m depth). If we use
tDOC concentration in the deep ocean as the average tDOC concentration and assume
that tDOC in the eastern Arctic was are representative for the entire Arctic, we can
roughly calculate the total tDOC inventory in the Arctic by multiplying the tDOC
concentration by the volume of the entire Arctic, eventually got a tDOC inventory of
value of ~1-2 Pg C. Of course, this approach could be applied to the western Arctic in
the future, allowing for a more accurate estimate of tDOC inventory in the Arctic. In
conclusion, quantification of DOM can be achieved by FT-LC MS, which can
improve our mechanistic understanding of the origin of DOM, further possibly
involving its formation, transport and transformation processes, and its contribution to

the cycle of marine elements.
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6. Conclusions and perspective

In this thesis, we found that chemical fractionation during SPE is caused by the
adsorption mechanism shifting from DOM-PPL physisorption to increased DOM self-
assembly. DOM self-assembly during the SPE can decrease carbon extraction
efficiency, increase DOM molecular weight through non-covalent bonds, and alter
molecular composition and optical properties. The study suggested that PPL
preferentially extracts relatively nonpolar and terrestrial-derived, while self-assembly
may increase the relative recovery of polar and microbially derived compounds.
Moreover, the targeted quantification of single compounds extracted from SPE in
aquatic water samples can be affected by the loading-dependent chemical fractionation
induced by the unequal contributions of PPL physisorption and DOM self-assembly.
The relative DOC loading weight on the column (DOCieag) is recommended to
facilitate comparisons between SPE with different sorbents, sample concentrations and
volumes. If samples with similar origins but very different organic carbon
concentrations are analyzed to compare molecular properties, it is crucial to keep
DOCioad Similar to minimize variances. This can be achieved by coordinating DOCioad
by measuring the DOC concentration first and adjusting the loading volume
accordingly to keep the DOCioag similar for all samples. If the SPE procedure is
performed in the field, DOC concentration can be estimated by the fluorescence or
absorption, which has been widely preformed in situ for original water measurement.
The comparison between DOM samples from different sources may be affected by
different adsorption affinity to the sorbent and self-assembly. In addition, the online
fluorescence monitoring of the permeate is a simple and alternately way to track the
chemical change during the SPE. Online fluorescence modeling enables to assess the
degree of variability as a function of DOCicad, Optimizes the DOCiad for SPE

procedure and allows more reliable interpretations of SPE-based analytical DOM data.

The seasonal and spatial variability of terrestrial and autochthonous DOM in the CAO
during the MOSAIC was estimated by CDOM and FDOM data. Significant spatial
differences were observed in the surface waters due to the varying influence of the
TPD, with seasonal changes slightly modifying spatial patterns. Regions largely

affected by tDOM were Amundsen Basin and Fram Strait, whereas the western
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Nansen Basin and Yermak Plateau were dominated by the autochthonous CDOM.
Although EEMs data can be decomposed into different individual fluorescent
components, it is not suitable for estimating the relative contribution of each
component because different fluorophores may have different abilities to absorb

incident radiation and convert it to fluorescence.

To overcome chemical fractionation effects via SPE, we applied a new LC-FTMS
method for DOM characterization that does not require SPE anymore. The technique
provided major advantages for the field of DOM research: (i) highly sensitive to
acquire mass spectra for samples with DOC concentrations as low as 26 umol kg™
DOC, (ii) quantitative representation of bulk DOC concentration, (iii) quantification of
sub-fractions of DOM (e.g. terrestrial contribution), (iv) enabling direct comparison to
techniques that also can be applied for original water, and (v) separation of DOM into
10 different polarity fraction supporting structure elucidation and reducing the
ionization suppression effects. Although the new technique avoids chemical
fractionation induced by SPE, the neglected part of the chromatogram eluted by sea
salt still hides some highly polar compounds that are not detected. Nevertheless,
higher numbers of highly polar DOM MFs and higher numbers of heteroatoms of MFs
were detected by LC-FTMS as compared to DI analyses (Han et al., 2021). Our
estimates on the marine and terrestrial DOC proportion were based on the assumption
that the respective MFs show a similar ionization behavior as the average molecular
formula. It is still important studying how reliable a quantification of sub-fractions is
and if this concept can be applied to other quantitative estimates in the future. The new
approach also proved the existence of structural isomers. It is important to investigate
the relationship between isomeric DOM compounds and DOM sources in the future.
Also, it would be interesting to used other terrestrial proxies, such as 8!3C, to isolate

MFs into different sources and compare them with the current results.

This study provides a guideline and molecular formula targets that are suitable to be
isolated in chromatographic sub-fractions. Isolated fractions can be analyzed with
additional analytical techniques such as NMR, which help to make progress in the
field of true structure elucidation. This would help immensely to improve our
mechanistic and quantitative understanding on how DOM in the CAO is formed,

transported and transformed and how it contributes to marine element cycles.
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