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Nearing Gemlik,

You’ll see the sea;

Don’t be suprised.

- Orhan Veli, 1942





Preface

This doctoral thesis was executed at the Department of Geosciences, UiT-The Arctic

University of Norway, Tromsø from January 2017 to January 2022, under the supervi-

sion of Dr Anna Silyakova, Dr Friederike Gründger and Prof. Helge Niemann at the

Centre for Arctic Gas Hydrate, Environment and Climate (CAGE). The project was

funded by the Research Council of Norway Centers of Excellence funding scheme grant

no. 223259.

As a requirement for the PhD program at UiT, I attended several courses as an individ-

ual instruction component including courses yielding a total of 30 credits, comprising 27

credits within mathematical/scientific subjects (marine geology and geophysics, molec-

ular ecology, ecological statistics and chemometrics) and 3 credits in the field of ethics

and theory of science. I took two of my courses abroad and financial support was pro-

vided by the UiT travel grant for PhD candidates.

As a doctoral candidate at the Department of Geosciences, 25 % of the four-year period

is dedicated to duty works including the preparation and teaching classes for GEO-2008

(Environmental Geology), assisting student exercises for GEO-2008 (Geochemistry), lab-

oratory assistance in the geology lab and participating scientific cruises. In addition to

the four-year PhD period, 10 months of parental leave and 2 months of Covid extension

were added to extend my PhD contact one year in total.

During my PhD project, I was affiliated with the trainee school Geoscience Research

Academy of Tromsø (GReAT; formerly AMGG-Arctic Marine Geology and Geophysics),

the Norwegian Research School on Changing Climate in the coupled Earth System

(CHESS) and the Arctic Marine Ecosystem Research Network (ARCTOS). Prelimi-

nary results from this project were in various international conferences and workshops

including Ocean Science Meeting 2018 in Portland, Oregon, USA.

This doctoral thesis is composed of a chapter for introduction and summary of the

work, two published papers (PAPER I and PAPER II), and one manuscript in prepara-

tion (PAPER III). Altogether, this study provides new insights into the Arctic dissolved

organic matter dynamics in relation to methane-related processes.

i



Papers included in the thesis are:

• Sert, M. F., D’Andrilli, J., Gründger, F., Niemann, H., Granskog, M. A., Pavlov,
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friendly support and for having me in their lab in beautiful Copenhagen.

I am grateful to all my friends, colleagues, and the leadership in CAGE and IG who

made our department a great place to work.

And I am truly grateful to my love, best friend, and beautiful wife, Zeynep Sancak Sert.

I thank you for your support, patience and friendship at this end of the world with

miraculous polar nights and midnight suns.

iii





Abstract

Dissolved organic matter (DOM) is defined as the organic substances that do not retain

on a filter (pore size 0.1-1 µm) during the filtration of aquatic samples. DOM comprises

the largest reservoir of reduced carbon (700 Pg C) and is closely associated with all

oceanic elemental cycles and ecosystem processes. DOM is an essential component of

the microbial loop and marine food web.

Methane is seeping from numerous geological sources in the Arctic Ocean associated

with multiple mechanisms that elevate methane production and release. Independent

of the mechanism, however, liberated methane is predominantly consumed in the water

column by methanotrophic bacteria (MOB), which uses methane as a carbon and en-

ergy source during an aerobic enzymatic reaction called methane oxidation (MOx). In

sedimentary fluid flow systems such as cold seeps or hydrothermal vents, the amount

of methane release and subsequent MOx would be substantial that may trigger other

ecosystem processes such as bacterial growth, heterotrophic consumption, and mecha-

nisms that alter DOM composition in the water column.

Methane is one of the most potent greenhouse gasses in the atmosphere, and it has

been quantified extensively in oceanic environments due to its subsequent effect on

global warming. Its fate in the water column has been investigated in different geologi-

cal settings. However, the impact of methane emanation and methane-driven processes

on DOM dynamics has been merely constrained in the water column. The main objec-

tive of this thesis is to unravel the modifications in the DOM composition associated

with the methane release in the Arctic Ocean cold seeps and hydrothermal vents.

Two field studies and a laboratory experiment have been conducted. The main focus ar-

eas were the methane receiving waters above Arctic cold seeps in continental shelves of

Svalbard and the Barents Sea (Paper I) and Aurora hydrothermal vents in the Gakkel

Ridge (Paper II). Studied areas were characterised by main oceanographic properties,

methane distribution and molecular DOM compositions obtained by Fourier transform

ion cyclotron resonance mass spectrometry (FT-ICR MS). Methane-driven modifica-

tions in DOM composition were further investigated by short term laboratory incuba-

tions (Paper III).

v



DOM compositions were chemically more diverse (3-5 %) and heterogeneous in methane-

releasing cold seeps in coastal Svalbard and the central Barents Sea. Active cold seeps

were located with hydroacoustics surveys, and a significant correlation was observed

between seep activity and DOM compositions in terms of lability, molecular diversity

and percentage of nitrogen-containing molecular formulas. On the other hand, the gen-

eral water column biogeochemistry was essentially controlled by the hydrography, water

mass properties and the primary production cycles. The variety of DOM compositions

between seep and non-seep stations was suggested to be the “legacy” fingerprint of

methane-driven DOM modifications and associated with multiple factors, including

MOB activity, seeping of sedimentary DOM, seep fertilization and other microbial modi-

fications.

Mechanisms behind the seep-associated DOM modifications were investigated further by

short-term ex-situ incubations. Seawater samples were collected from the seep and non-

seep stations and incubated in methane amended and unamended conditions. Methane

amended samples in seep, and non-seep incubations show similar results: the number

of molecular formulas increased up to 39 % and DOM compositions modified towards

more diverse and heterogeneous compositions along with the elevated MOx activity.

Data suggested that elevated methane concentrations, as happens in cold seeps, influ-

enced both production and consumption of DOM.

Hydrothermal vents constitute another source of methane to the hydrosphere. Investiga-

tions in Aurora hydrothermal vents in the Gakkel ridge showed that DOM compositions

had a lower number of formulas, 5-10% less molecular diversity and a lower percentage

of formulas associated with the lipid-like molecular class in plume layer samples com-

pared to non-plume samples at similar depths. Molecular differences were associated

with isotopically heavier methane and other vent-derived properties. Hydrothermal pro-

cesses modify DOM either with hydrothermal intrusion or vent-associated microbial

activities and displace to a distance from the vent by the hydrothermal plume disper-

sion.

Research papers included in this thesis bring a new perspective for comprehending

changes in the Arctic Ocean biogeochemistry and are a humble contribution to under-

standing DOM cycles in global oceans.
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Chapter 1

Introduction

1.1 Background

1.1.1 Marine DOM

Marine dissolved organic matter (DOM) is Earth’s largest DOM pool and the ocean’s

largest reservoir of reduced carbon. The carbon content of the marine DOM (dissolved

organic carbon; DOC) is comparable to the mass of CO2 carbon in the atmosphere.

DOM production comprises an important transport mechanisms of atmospheric CO2

to the deep ocean by organic carbon and microbial carbon pumps (Jiao et al., 2010).

Therefore, variation in the DOM pool might impact atmospheric CO2 and the radiative

equilibrium of the Earth (Dittmar and Stubbins, 2014).

Marine DOM is derived predominantly from photosynthesis in the lit ocean. Primary

producers (phytoplankton and photosynthetic bacteria) utilise inorganic carbon and

other essential nutrients (e.g., nitrate, phosphate, silicate, iron) to produce organic

matter in the presence of oxygen (electron acceptor). Primary production at the eu-

photic layer corresponds to approximately half of global organic matter production

50 Pg C (1015 g) per year (Armstrong et al., 2001; Hedges, 1992; Muller-Karger et al.,

2005) and contributes approximately 100-times higher amount of organic carbon to the

oceans than the sum of terrestrial input through river discharge (0.4 Pg C year-1), aeo-
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lian transport and wet deposition (0.1 Pg C year-1) (Hedges, 1992). In addition to the

production in the photic layers, the global rate of carbon fixation by chemoautotrophs

is estimated to be 0.77 Pg C year -1 which eventually contribute production of DOM

through resuspension in near-shore and shelf sediments, nitrification in the euphotic

zone and chemolithotrophs the dark ocean (Middelburg, 2011). Other than the input at

the surface and coastal oceans, one external source of DOM is the sedimentary efflux of

DOM through resuspension, cold hydrocarbon seeps and hydrothermal vents. Although

the amount of DOM efflux through cold seeps and hydrothermal vents is relatively un-

known, the total benthic influx is estimated as 0.18 Pg C year-1, which is essentially

equivalent to the organic carbon burial rate in marine sediments (Burdige et al., 1999).

Figure 1.1 – The main perspective for the DOM cycle in the oceans: dissolved inorganic

carbon (DIC) and essential nutrients are utilized by primary producers at the euphotic

zone. Bacteria utilize most of the labile DOM and regenerate nutrients by respiration.

Credit: Torger Gryt̊a, UiT.

Once organic compounds synthesize within the cell, phytoplankton and bacteria actively

release DOM constituents for nutrient acquisition, intracellular communication or chem-

ical defense in connection with the nutrient status, growth conditions and microscale

ecosystem properties (Kujawinski, 2011, and references therein). Plankton excrete trans-

parent exopolymer compounds (usually polysaccharides) to construct an extracellular

envelope which helps them aggregate during plankton blooms, scavenge DOM from

2



Figure 1.2 – Main oceanic organic carbon pathways and fluxes (Pg C year-1), assuming

inventories are in a steady state. Solid and dashed arrows represent particulate and dis-

solved organic matter, respectively. All input fluxes are balanced by removal. The figure is

retrieved from Carlson and Hansell (2015).

water and provide buoyancy (Dittmar and Stubbins, 2014, and references therein). In

addition, grazer-mediated release (sloppy feeding), bacterial and viral cell lysis, and

excretion also contribute to DOM production in all the layers of the ocean (Carlson and

Hansell, 2015).

Microbes produce hundreds of thousands of different organic molecules as a part of

their metabolic systems. Therefore, current DOM compositions in modern oceans are

as versatile and complex as the metabolisms of marine microbes. Microbes also assim-

ilate molecules entirely or cleaved fragments with the help of extracellular enzymes

(Kujawinski, 2011). Depending on the reactivity and composition of incorporating con-

stituents, DOM is an energy, nutrient and carbon source for most marine heterotrophic

prokaryotes (bacteria and archaea) that use chemoheterotrophic respiration as a pri-

mary metabolic strategy (Carlson and Hansell, 2015). Although the production of

DOM is ultimately derived from biotic processes, the decomposition of DOM can also

be mediated by abiotic processes such as photooxidation, sorption on particles, and
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hydrothermal circulations (Carlson and Hansell, 2015). Nevertheless, microbial con-

sumption (mainly bacteria and archaea) of DOM is the ultimate metabolic strategy in

the contemporary aerobic ocean (Carlson and Hansell, 2015) and comprises the funda-

mental role in DOM removal.

Combining these two main production and consumption pathways, the DOM cycle

mainly (not exclusively) consists of production in the euphotic (sunlit) ocean by pri-

mary producers and remineralization in the water column by the heterotrophic mi-

crobes. The machinery behind the cycle is either administrated by the gravity along

with the dissolution of sinking particles (organic carbon pump) or direct metabolism

of dissolved or suspended organic matter by bacteria (microbial pump). Oceanic DOM

inventory is assumed to be a steady-state with 662 Pg C of total budget correspond-

ing to roughly 370 years of residence time with 1.8 Pg C year -1 annual flux (Hansell

et al., 2009). However, radiocarbon (∆14C) data indicate the average age of DOC is

around 5000 years deep ocean (>900m) and about 3000 years at the epipelagic and

mesopelagic layers of the Pacific and Atlantic Oceans (Bauer et al., 1992). Such a big

difference in oceanic DOC ages implies significant variability in turnover rates and ease

of decomposition between the different fractions of DOM. Such as, some portion of

DOM is easily uptaken and metabolized in a very short time scale (minutes to days),

but some molecules remain in the water column in millennium scale persistency. Re-

garding this, marine DOM is usually characterized in two main fractions, namely, labile,

and refractory DOM.

Although there are debates on the definitions of each fraction and the roles of different

classifications (e.g., Baltar et al., 2021), and whether DOM is rather a single pool of

molecules characterized by a continuum of reactivity (e.g., Middelburg, 1989; Vähätalo

et al., 2010), defining different pools of DOM with their lifetimes in water was found

to be operationally useful (Hansell, 2013). Such as, labile DOM is defined as molecules

that are consumed within hours to days of production and therefore, it represents only

a tiny fraction (<0.2 Pg) of the global inventory at any given moment (Repeta, 2015).

Conversely, refractory DOM is the portion of DOM that escapes from the rapid reminer-

alization in the upper layers and accumulates as the residual, biologically recalcitrant

pool of molecules that survive from years to millennia throughout the oceanic cycles
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Figure 1.3 – DOC concentrations versus ∆14C-DOC values (per mil deviation from that

of nineteen century CO2) from a transect in the Pacific Ocean. The figure is retrieved

from Hansell et al. (2009).

(Hansell, 2013; Lechtenfeld et al., 2015).

Resistance of refractory DOM to biodegradation is surprising and seems contradictory

to thermodynamic equilibrium considering the efficiency of microbes in decomposing

DOM under the presence of abundant oxygen and the potential yield of energy and nu-

trients (Dittmar, 2015; Dittmar and Stubbins, 2014; Moran et al., 2016). Hypotheses

imply the role of microbes in the accumulation of refractory DOM, such that the bac-

teria generate refractory molecules inherently from labile sources over several lifecycles

until they are resistant to further bacterial decomposition (Brophy and Carlson, 1989;

Jiao et al., 2010; Lechtenfeld et al., 2015; Ogawa et al., 2001). However, this view was

challenged by incubation experiments indicating that only a small portion of net com-

munity production (<0.4%) resembles oceanic refractory DOM (Osterholz et al., 2015),

and DOM in the deep ocean is too dilute to be a viable source for bacteria (Arrieta

et al., 2015).
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Figure 1.4 – Fractions of DOM with their relative reactivities, budgets and depths. Ar-

rows represent microbe DOM interactions where arrow thickness illustrates reactivities

toward microbial metabolism. The figure is retrieved from Moran et al. (2016).

1.1.2 Analytical techniques and approaches for analyzing DOM

The tremendous variety of involving microbial processes, chemical reactions, and com-

plex food web interactions make DOM an extremely complex pool of chemical com-

pounds. Based on different definitions, properties of the elements, and targeted com-

pounds, analytical techniques range from quantifying bulk concentrations of carbon,

nitrogen and phosphorus to stable/radio-isotopic contents or from molecule-specific

analyses to immunochemical assays (Kujawinski, 2011; Mopper et al., 2007; Repeta,

2015). In the second edition of ”Biogeochemistry of Dissolved Organic Matter”, Daniel

Repeta postulated that the 60-70 % of DOM is characterized in terms of major com-

pound classes and distribution of major carbon, nitrogen, and phosphorus functional

groups (Repeta, 2015). However, DOM research is now beyond this point, with the

extensive contribution from the environmental metabolomics (e.g., Han et al., 2021;

Hawkes et al., 2018; Petras et al., 2021) and advances in instrumental capacity (Hen-
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drickson et al., 2015). Nevertheless, rather than being identified by the constituents,

DOM is usually investigated by groups of substances (e.g., humic, biodegradable, non-

extractable), biochemical classes (e.g., sugars, lipids, peptides), or elemental composi-

tions (e.g., dissolved organic carbon, nitrogen, or phosphorus).

Due to the biochemical nature of the primary producers, the most common elements in

cell tissues are carbon, hydrogen, oxygen, nitrogen, and phosphorus. Therefore, these

common elements are also the main constituents of marine DOM. Historically, address-

ing bulk concentrations of these elements - especially dissolved organic carbon (DOC)

and dissolved organic nitrogen (DON) - and quantifying separately after a selected

oxidation method in marine samples was common. Many oxidation techniques were sug-

gested, including wet chemical oxidation (Menzel, 1964) or photooxidation (Armstrong

et al., 1966) in the early sixties, but then high-temperature catalytic oxidation became

a standard method of choice in marine samples due to higher oxidation efficiency and

precision (Qian and Mopper, 1996; Sharp et al., 1993; Sugimura and Suzuki, 1988). Al-

though instruments for the molecular level characterization of the DOM are now more

accessible, the determination of bulk concentrations of carbon, nitrogen, phosphorus,

and sulfur in marine samples is still essential to comprehend the general cycle of DOM

in marine environments and direct comparison of different environment.

Determination of isotopic compositions of DOC is another approach for distinguishing

the source and lifetime of DOM. The isotopic composition of stable (δ13C) and radioac-

tive (∆14C) DOC are quantified by isotope ratio mass spectrometry and accelerator

mass spectrometry, respectively, after ultraviolet (UV) oxidation (Beaupré et al., 2007).

Isotopic ratios reported as permille (‰) represent deviations from internationally ac-

cepted standards. The natural tendency for the lighter CO2 (higher 12C content) during

photosynthesis results in strong fractionation and depleted δ13C ( -21‰) and ∆14C

(-500 to -150‰) values for DOC compared to oceanic δ13C ( 0‰) and ∆14C (-300 to

–150‰) DIC (Beaupré, 2015). The extent of fractionation is also related to community

composition and environmental factors (e.g., temperature, pCO2) and the relative sig-

nificance can be traced by isotopic values (Beaupré, 2015). Radioisotope composition is

also a powerful tracer for the age of DOM. With a series of corrections for isotopic frac-

tionation and temporal variability atmospheric ∆14C, it is possible to obtain a 14C-age
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and isotopic mixing model (e.g., Keeling plot) of bulk DOM or its constituents.

In order to obtain deeper insights into the chemical and molecular composition of DOM,

two techniques are commonly used in the field. A relatively more accessible option is

UV-visible and fluorescence spectroscopy, which is used by an expanding research com-

munity from environmental chemistry, limnology and oceanography. A large portion of

DOM (20-70%) absorbs light over a broad range of UV and visible wavelengths and is

called coloured or chromophoric DOM or CDOM. Chromophores are parts of molecules

that capture the energy of photons and excite one of their lone pair electrons (-orbitals)

from the ground state to the excited state by absorbing light from the light source. The

light absorption of chromophores is proportional to the concentration by Beer-Lambert

law; therefore, it provides quantitative information about the relative amount of CDOM

in the water column. The shape of the absorption spectra of CDOM also provides in-

formation about the sources of DOM (e.g., allochthonous vs autochthonous) and their

dominant molecular weights (Coble, 2007; Helms et al., 2008).

A variable portion of CDOM, fluorophores, is fluorescent at UV-visible wavelength. Flu-

orescence occurs while molecules return from an electronically lowest excited state to

a ground state after losing energy with vibrational relaxation and internal conversion.

Molecules with fewer vibrational degrees of freedom, like aromatic compounds, usually

emit fluorescence, whereas aliphatic compounds’ relaxation occurs without fluorescence

(Stedmon and Nelson, 2015). These two properties can be combined for spectral anal-

ysis of DOM by exerting an excitation-emission matrix (EEM) to provide even more

detailed insight into the chemical composition of DOM. EEMs comprise multiple emis-

sion spectra (e.g., 300-600 nm) at a range of excitations (e.g. 240-500 nm) (Coble, 2007;

Stedmon and Nelson, 2015). Considering a multitude of samples, EEMs constitute a

three-way array (sample by excitation by emission) and are often applied parallel factor

analysis (PARAFAC) to characterize fluorescent DOM by decomposing the fluorescence

matrices into independent fluorescent components, which provides an ability to trace

these components in different samples (Stedmon et al., 2003; Stedmon and Bro, 2008).

Mass spectrometry (MS) is the other common technique for deciphering marine DOM

constituents and compositions, which has been in use in DOM research for several

decades (Mopper et al., 2007). Among many different MS configurations, Fourier trans-

8



form ion cyclotron mass spectrometry (FT-ICR MS) is one of the most comprehensive

instrumental techniques for characterising molecular DOM in marine samples. FT-

ICR MS was the central approach to determine the composition of DOM in this thesis.

Therefore, details about this method and instrumental analysis are summarized in the

following sections. Under a high magnetic field (up 21 T recently) FT-ICR MS offers

immensely high resolving power (>2,000,000) and mass accuracy (>50 ppb) for complex

DOM mixtures (Hendrickson et al., 2015; Koch et al., 2005). Prior to the FT-ICR MS

detection, electrospray ionization (ESI) is the most common ionization method for the

marine DOM.

1.1.3 Composition of DOM by FT-ICR MS

1.1.3.1 Extraction

Despite the advancement of molecular techniques for deciphering DOM compositions,

isolation of DOM from sea salt is one of the major limitations for the compositional

analysis in marine samples considering its relative amount compared to sea salt (ca

1/105; w/w) (Mopper et al., 2007; Repeta, 2015). Among several other isolation tech-

niques (e.g., reverse osmosis, ultrafiltration, coprecipitation), solid-phase extraction

(SPE) of filtered, acidified seawater (pH 2-2.5) has the widest usage in marine DOM

research. Accordingly, DOM is frequently (and more accurately) defined as SPE-DOM

in compositional studies that use SPE as the extraction method (e.g., Dittmar et al.,

2008; Gonsior et al., 2011; Hertkorn et al., 2013; Valle et al., 2018). A wide range of

chemistries can be applied as sorbents in SPE extraction with changing polarities; such

as octadecyl-bonded silica (e.g., C-18) and polystyrene divinyl benzene derivatives (e.g.,

PPL, ENV) were found to be working well for the retention of highly polar to nonpo-

lar substances from a large volume of water for marine DOM samples (Dittmar et al.,

2008).
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1.1.3.2 Ionization

Mass spectrometry works with charged molecules. Therefore, ionizing the analyte

molecules is essential to move ions toward detection under electric or magnetic fields.

For ionization, electrospray ionization (ESI) in positive and negative modes is used in

the papers in this thesis. ESI works at atmospheric pressure. The sample solution is

pumped through a capillary spray needle with a typical flow rate of 0.1-10 microliter

per minute. The needle is surrounded by an electrode that typically supplies 2-5 kV,

negative or positive voltage. Then, a spray of charged droplets is formed at the tip of

the Taylor cone, and the solvent in the droplets evaporates as they travel to the mass

spectrometer entrance as free, charged analyte molecules (Cech and Enke, 2001; Skoog

et al., 2007).

Figure 1.5 – Schematic of the electrospray ionisation and the Taylor cone. Retreived

from Cech and Enke (2001).

ESI is a very powerful technique which brought a Nobel prize to the inventor John

Fen in 2002 for the application of ESI to large biomolecules (Fenn et al., 1989). It is

considered a soft ionization method that does not fragment the analyte molecules and

keeps them intact for high throughput mass spectrometric analyses. It is widely used in

many different types of mass spectrometry for analysing DOM due to its simplicity and
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useability for a large number of analytes simultaneously (Oss et al., 2010). However, the

ESI response varies significantly among different analytes in the same solution, where

some analytes are more efficiently ionized than others, and some are not ionizable at

all. The success of the analysis depends on the characteristics of the analyte, flow rate,

applied voltage and surface tension of the solvent (Cech and Enke, 2001). For analysis

of complex mixtures like DOM, therefore, optimizing the ESI parameters to improve

the ionization performance is challenging.

1.1.3.3 Excitation and Detection

The ions generated in the ESI are accumulated in an ion trap and then transferred into

the ICR cell, where a strong magnetic field is generated by superconducting magnets.

Under a magnetic field, the motion of the charged ions becomes circular in a plane

perpendicular to the magnetic field axis, and ions encounter a force called ”Lorentz

Force”. The force axis, the motion of the ionized molecules and the magnetic field are

perpendicular to each other by the left-hand rule (Fig. 1.6), and the angular frequency

of circular motion is called cyclotron frequency.

Figure 1.6 – Representation of Ion cyclotron motion. Lorentz force (B) is perpendicular

to the plane of the paper, and ions move in a circle as the component of charge (q) and

velocity (v). Modified from Marshall et al. (1998).

The Lorentz force (F) acting on a charged ion under the magnetic field:

F = m
dv

dt
= qv × B = qvBsinθ
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where m is the ionic mass (kg), q is the charge (coulombs, C), v is the velocity (m s-1),

B is the magnetic field strength (tesla, T), and θ is the angle in degrees between the

axis of the motion and the axis of the magnetic field strength. Since the ions move

perpendicular to the axis of the magnetic field, the equation becomes:

F = qvB

The total charge on an ion is defined as

q = ze

where z is the number of charges and e is the charge per electron (coulombs, C).

Charged ions form an orbit with angular velocity ω (rad s-1), where the cyclotron fre-

quency f (hertz, Hz) is inversely proportional to the ions’ mass to charge (m/z) ratio (1

Da = 1.66054×10-27kg).

ω = qB

m

f = ω

r
= qB

2πm

m

z
= B

2πf

Around the cyclotron orbit, there are counteracting plates of detection and excitation,

which trap the ions in a circular path. The excitation plates provide an electrical field

with a brief application of ac voltage (Skoog et al., 2007). Ions absorb the energy when

the frequency of the electrical field matches the cyclotron frequency. Then the velocity

of the excited ion continuously increases until the electrical signal is terminated, as does

the radius of its path without disturbing the cyclotron frequency (Skoog et al., 2007).

Ions of different cyclotron frequencies (i.e., different mass to charge ratios) are not af-

fected by the ac field. As the ions pass to the proximity of the detection plates, the
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difference in voltage between plates can be measured as a function of time which pro-

vides time-domain data (Barrow et al., 2005). The time-domain data represent all the

ions detected at the same time. Therefore a mathematical operation, Fourier transform,

is applied to obtain frequency-domain data. The unique advantage of FT-ICR is that

the mass to charge ratios are measured through the very small increment of frequen-

cies which can be measured very accurately. Therefore. FT-IC MS provides inherently

higher mass resolution and accuracy than other mass analysers (Marshall et al., 1998).

Figure 1.7 – (Left) FT-ICR cell aligned with the magnetic field axis on the z-axis, exci-

tation plates on the y-axis and detection plates on the x-axis. The orbiting ions are shown

in red. (Right) A cross-section of cylindrical FT-ICR cell. The figures are retrieved from

Barrow et al. (2005).

1.1.3.4 Data acquisition and formula assignment

Once the mass spectra are obtained from the FT-ICR MS, two signal processing steps

are applied: apodization and zero filling. Apodization refers to the smoothing of peaks

at the spectra by removing artefact peaks adjacent to the real peaks that appear after

the Fourier transform at the base of the spectrum. Zero-filling corresponds to adding

zero-filled intervals to the transient, which results in more straightforward interpolation

between the point in the frequency domain and improves the peak shapes (Scigelova

et al., 2011).

After signal processing, noise filtration, calibration, and molecular formula assignments

are carried out. The signal-to-noise ratio (S/N) is the ratio of peaks obtained from the

analyte molecules to those originating from the instrument. For the noise filtration,
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signals with lower peak intensity than the pre-assigned S/N were removed from the

spectra. One common approach is to use a fixed S/N (e.g., 5-10). Depending on the

expected precision, S/N threshold can be higher or lower, leading false-negative assign-

ments in the former and false-positive assignments in the latter case. Another way of

determining noise is to estimate the method detection limit by using repeated measure-

ment of instrument blank or sample blank. In this case, there is no need to know about

the analyte and its chemistry since the method detection limit and corresponding noise

cutoff are estimated statistically for each analysis (Riedel and Dittmar, 2014).

Calibration of the mass spectra after the noise filtering is a common procedure, and

there are several ways of calibration for FT-ICR mass spectra. Using an external mix-

ture of calibrants with known peaks covering a similar mass range of the sample spectra

is defined as external calibration and requires a dual spray source that DOM sample

and calibrant are sprayed in alternating periods (D’Andrilli, 2009). On the other hand,

internal calibration is conducted by peaks of known homologous methylene (-CH2) se-

ries that cover the entire mass range of the sample spectra and are consistently found in

most DOM samples (D’Andrilli, 2009).

After the calibration, a list of peaks is tabulated for formula assignments, with each

peak having the information of m/z, intensity, peak resolution and S/N. Then, using

a software algorithm, molecular formulas are estimated that correspond to each peak

within a predefined error range (usually 1 ppm) and heteroatom combination (usually

CHONSP). Peaks that do not have an acceptable error range are removed.

1.1.3.5 van Krevelen diagram and main biochemical classes of DOM

Various methods exist for analysing and visualizing lists of molecular formulas obtained

from FT-ICR MS. The van Krevelen diagram (van Krevelen, 1950) is the most compre-

hensive and intuitive way to visualise FT-ICR MS data which significantly facilitates

the information obtained from the assigned formulas (Kim et al., 2003). The van Kreve-

len plot is constructed with all assigned formulas using the atomic ratio of hydrogen to

carbon (H:C) on the y-axis and oxygen to carbon (O:C) on the x-axis. This way, formu-

las obtained from different samples are easily compared, and compositional differences
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are located. Furthermore, some major biochemical classes of compounds can be defined

on the van Krevelen diagram by the ranges of O:C and H:C ratios.

FT-ICR MS resolves thousands of molecular formulas from a single sample without

structural information. Formulas can be elements of metabolic processes, biochemical

sensors, extracellular discharge or remnants of historical processes that resist degrada-

tion. Therefore, classifying formulas into several biochemical classes is an oversimplifi-

cation. Moreover, traditional classification with distinct boundaries between molecular

classes is often erroneous. An empirically derived metabolite map on the van Kreve-

len diagram and 13C-NMR (nuclear magnetic resonance) spectroscopy based molecular

mixing models suggest that molecular classes usually overlap and do not allow distinct

boundaries on the van Krevelen diagram (Brockman et al., 2018; Hockaday et al., 2009;

Rivas-Ubach et al., 2018). Therefore, descriptive classification based on formula char-

acteristics (e.g., highly unsaturated O-poor to saturated O-rich) is chemically more

precise and correct. Nevertheless, biochemical classification with approximate bound-

aries offers a better intuition of microbial processes and sources of DOM and provides

an advantage for comparing samples and spotting functional differences.

Microbially derived, bioavailable fractions- lipids, proteins (more accurately peptides),

and carbohydrates- are primarily classified above the H:C = 1.5 line and defined as

labile DOM fractions (D’Andrilli et al., 2015). Gene expression and molecular charac-

terization studies show that labile DOM consists of easily characterized low molecular

weight compounds and can appear in many different chemical forms such as carboxylic

acids, vitamins, amino acids, ATP, glycerol, fatty acids, nitrogen-containing metabolites

taurine, choline, sarcosine, polyamines, methylamines, ectoine, one-carbon compounds

such as methanol, simple biopolymers such as proteins, unbranched homopolysaccha-

rides and number of lipids such as aliphatic hydrocarbons, aliphatic alcohols, ester

terpenes and sterols (Hockaday et al., 2009; Moran et al., 2016; Repeta, 2015). Not all

labile DOM contains nitrogen, but the bulk elemental composition of proteins (more

accurately, peptides of 3 to 6 amino acid residues in the mass range of 300-800 Da) and

amino sugars have N≥ 1 (Hockaday et al., 2009). Up to 50 % organic carbon and 80 %

organic nitrogen are incorporated in cells as amino acids, peptides and proteins (Repeta,

2015). Similarly, phytoplankton cells are rich in carbohydrates and together with pro-
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teins and lipids, they are usually considered labile or semi-labile DOM and relatively

more accessible for microorganisms.

Substances that are classified as lignins, tannins and carboxyl-rich aliphatic molecules

(CRAM) are defined in the central part of the van Krevelen diagram (e.g., 0.5>H:C>1.5

and O:C>0.3). These are primarily refractory substances with high hydrophobicity;

therefore, SPE works best on them. Van Krevelen diagrams of marine samples often

have the highest peak density in this region. As the name also recalls, humic substances

are either of terrestrial origin transformed with rivers and atmospheric depositions or

modified from marine lipids, carbohydrates and proteins through extensive molecular

transformation. Compared to soil and freshwater, marine-originated humic substances

have lower aromatic and olefinic content, lower C/N ratio, and δ13C value of 21-22 ‰

that often implies autochthonous sources (Repeta, 2015, and references therein).

The lower part of the van Krevelen diagram mainly consists of polycyclic aromatic

compounds, black carbon, and unsaturated hydrocarbons. These are abundantly ther-

mally altered compounds and highly refractory to microbial degradation. For marine

DOM, thermal modification might stem from hydrothermal vents or other sedimen-

tary heat sources (Dittmar and Koch, 2006; Dittmar and Paeng, 2009; Hertkorn et al.,

2013). Otherwise, riverine inclusion of terrestrial black carbon and pyrogenic organic

matter are souces of thermogenic DOM (Hertkorn et al., 2013). As the oxygen and

hydrogen saturation decrease, molecules naturally have high double bond equivalency

and aromaticity. The Aromaticity Index (AI) was suggested to identify the probability

of the existence of aromatic structures (Koch and Dittmar, 2006). AI is a useful tool

for classifying aromatic compounds in any sample and provides a hint for the general

composition.

1.1.4 Methane in marine environments

Methane is the smallest and the simplest organic compound with a stable tetrahedral

molecular geometry consisting of four hydrogens and a single reduced carbon. Methane

is the most abundant hydrocarbon in the atmosphere and significant greenhouse gas

that 25 to 32 times more potent than carbon dioxide in 100 years interval (Etminan
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et al., 2016; Jain et al., 2000). Therefore, increasing concentration in the atmosphere

may dramatically affect the Earth’s climate and global warming (Intergovernmental

Panel on Climate Change, 2014). While the anthropogenic activities elevate the net

input to the atmosphere (35 % of anthropogenic greenhouse gas emissions (Hoglund-

Isaksson, 2012)), oceans are usually regarded as net-zero emissions in the global warm-

ing scenarios as a source of methane (Hansen et al., 1997, 1998). Oceanic methane is

considered in equilibrium with the atmosphere due to the several production/ consump-

tion mechanisms mainly derived from natural biogeochemical processes.

The atmospheric equilibrium concentration of methane in the surface ocean is 3.2 nM

based on Bunsen solubility coefficients at 6 °C and 34.8 salinity (Wiesenburg and

Guinasso, 1979). However, methane is oversaturated most of the ocean surfaces and

continental shelves (Bange et al., 1994; Conrad and Seiler, 1988). Concentrations ions

tend to increase toward mixing layer and reaches its maxima in the mixed layer above

the pycnocline (Reeburgh, 2007). Concentration of methane decreases with depth to

reach uniform background concentrations of 0.18 nM in Pacific and 0.36 nM Atlantic

Ocean below 2000 m depth (Charlou and Donval, 1993; Conrad and Seiler, 1988; Scran-

ton and Brewer, 1978).

Ocean sediments comprise the major source of methane to the marine waters. Methane

produced in sediments enters to the ocean through seeps, hydrothermal vents, mud

volcanos or by direct diffusion from organic rich-anoxic sediments as either forming

gas bubbles or emitting methane rich fluids (Reeburgh, 2007). There are various mech-

anisms that produce methane in the ocean sediments including microbial diagenesis

of sedimentary organic matter, abiotic production through serpentinization reactions,

leaks from near-surface petroleum sources, reactions in hydrothermal systems, and

decomposition of clathrate hydrates (Reeburgh, 2007). In addition to the sedimen-

tary processes, methane is produced in the surface ocean. The surface production of

methane was initially thought to be mediated by the strictly anaerobic methanogens

(the methane paradox) in the surface ocean that is saturated with oxygen (Reeburgh,

2007). Although the paradox is not fully resolved yet, studies implied that the methane

production in the aerobic ocean might also stem from bacterial degradation of the or-

ganic matter (Repeta et al., 2016) or decomposition of methyl phosphonate (Karl et al.,

17



2008; Metcalf et al., 2012).

Despite all the sources, overall oceanic methane is undersaturated with respect to the

atmosphere (Reeburgh, 2007) owing to two functional groups of microorganisms, aero-

bic methane-oxidizing bacteria (MOB) and anaerobic methanotrophic archaea (ANME).

Accordingly, diffusing methane from the anaerobic layers of sediment is first utilized by

the ANME and oxidized to bicarbonate along with the presence of an electron accep-

tor such as sulfate or nitrate during a reaction called anaerobic oxidation of methane

(AOM) (Hinrichs and Boetius, 2003; Valentine and Reeburgh, 2000). At around 80%

of sedimentary methane produced by methanogenesis is consumed by AOM in ocean

sediments before reaching seafloor (Knittel and Boetius, 2009). Any methane that could

escape from the AOM filter gets then oxidized aerobically at the aerobic layer of the

sediment or in the water column by MOB through aerobic methane oxidation (MOx)

reactions (Hanson and Hanson, 1996).

MOB has the unique ability to utilize methane as a major source of carbon and energy

in all aerobic aquatic environments. The source of methane could be biogenic (e.g., a

product of methanogenesis), thermogenic (e.g., thermal degradation of organic matter)

and abiogenic (e.g., serpentinization of mafic rocks) seeping from the deeper layer of

the sediments. During the reaction, methane is first converted to methanol and then

formaldehyde mediated by an enzyme called methane monooxygenases (Hanson and

Hanson, 1996). Formaldehyde plays a central role as an intermediate in catabolism and

anabolism which is then further oxidized to carbon dioxide to gain energy up to 842

kj/mol (Reeburgh, 2007) or anabolized into cell material through two different enzy-

matic pathways (namely, Serine and RUMP) in three types of methanotrophs (Type I,

II and III) (Hanson and Hanson, 1996). MOx is considered the final sink mechanism for

the dissolved methane in the water column before reaching the atmosphere (Reeburgh,

2007) and, under suitable growth conditions (e.g., methane concentration, ocean cur-

rents, geological features acting as natural shelters), MOB can function so effectively

that they can remove methane from the water column, entirely (Gründger et al., 2021;

Steinle et al., 2015, 2017). Yet, MOx is not always linearly correlated with the methane

concentrations and can be very sporadic despite high level of methane input to the

water column linked to geomorphology and spatiotemporal variations in the MOB com-
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munities (Gründger et al., 2021).

1.1.5 Sources of methane to marine environments

1.1.5.1 Cold seeps

Cold seeps are the point sources of hydrocarbon gases in marine sediments that is not

associated with high temperature processes but originates mainly from dissociating gas

hydrates or gas reservoirs that accumulate within the pore spaces of coarse-grained sedi-

ments (Judd et al., 2002). Seeping gas is predominantly consisting of methane (∼ 99.7

%) (Pohlman et al., 2009) therefore they are also defined as methane seeps. Seeps oc-

cur along active and passive continental margins and from all parts of the oceans from

shallow coastal regions to hadal depths and usually support rich biodiversity (Reeburgh,

2007; Vanreusel et al., 2009). Cold seeps in the Arctic Ocean are derived from different

geological mechanisms but dissociating gas hydrates close to the limit of gas hydrate

stability zones are thought to be the main source of biogenic methane release at the

continental margins (Reeburgh, 2007; Westbrook et al., 2009). Seeping gasses usually

form bubbles and ascend towards the sea surface. Along their trajectory towards the

atmosphere, methane in the bubbles partly exchanges with other abundant dissolved

gasses present in the water column (Jansson, 2018; McGinnis et al., 2006). Depending

on the bubble size, depth of the water column, salinity, and water velocity major part

of the seeping methane remains in the water column as dissolved gas and promote MOx

nearby seepage areas.

1.1.5.2 Hydrothermal vents

Hydrothermal vents are one other source of methane to marine environments that emit

methane together with varied composition of hydrothermal fluids that originated from

magmatism and subseafloor hydrothermal circulation in different geodynamical settings

from fast spreading (e.g., East Pacific Rise) to ultra-slow spreading ridges (e.g., Arc-

tic Mid-Ocean Ridges) (Charlou and Donval, 1993; Konn et al., 2015). Vent methane,

is usually but not ultimately characterized by abiogenic origin with heavier isotopic

19



composition (Whiticar, 1999) and derives from multiple sources including sea water ul-

tramafic rock interactions (i.e., serpentinization), thermocatalysis of organic matter in

high temperature systems and bacterial production in low temperature systems (Char-

lou and Donval, 1993, and references therein).

Hydrothermal methane does not form bubbles, but vent fluids, which spread to larger

areas compared to cold seeps along with the buoyant plume venting from the hydrother-

mal source. When hot vent fluids meet with the much colder, stratified ocean waters,

they are buoyant and begin to rise until reaching a density layer that the hydrothermal

plume become neutrally buoyant (German and Seyfried, 2014). Hydrothermal plumes

spread laterally with the ocean currents and continue to mix with ambient sea water

along the trajectory of its dispersion. Elemental and molecular anomalies are used to

trace original vent compositions from several to thousands of kilometers (Lupton and

Craig, 1981) depending on their reactivities and interaction with ocean microbes (Ort-

mann and Suttle, 2005). By introducing vent associated microbial communities and

hydrothermal originated elemental composition, hydrothermal plumes act as redox gra-

dients that provide biogeochemical heterogeneity to otherwise homogenous deep ocean

environments (Levin et al., 2016).

1.2 Motivation and objectives

Average air temperature has risen 2 to 3℃ since the 1950s in the Arctic Ocean (AMAP,

2013). As a response to temperature increase, sea-ice extend has decreased (Meier et al.,

2014; Olsen et al., 2011), and ocean waters have gotten warmer (Steele and Dickin-

son, 2016). An increase in water temperature potentially leads to the dissociation of

methane hydrates (Berndt et al., 2014), elevates methane concentrations (McGinnis

et al., 2006; Myhre et al., 2016; Westbrook et al., 2009) and modifies water column

biogeochemistry (Findlay et al., 2015; Pohlman et al., 2009).

Methane migrates from the seabed into the water column and fuels the enzymatic MOx

reactions as a final sink mechanism before reaching the atmosphere. Methane forms

the base of a food chain from MOB and some chemolithotrophic symbiont bacteria to
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higher trophic level organisms near cold seeps and hydrothermal vents independent of

photosynthesis (Hanson and Hanson, 1996). MOB release extracellular enzymes (Han-

son and Hanson, 1996), organic acids intermediates (Elvert and Niemann, 2008), cell

lysis products (Kalyuzhnaya et al., 2013) and occasionally utilize carbon substrates

other than methane (Dedysh et al., 2005; Theisen and Murrell, 2005). Therefore, a part

of the MOB utilized methane potentially contributes to methane-associated DOM in

the water column. In addition, a link between methanotrophy and primary production

(seep fertilization) (D’souza et al., 2016; Pohlman et al., 2017) may further modify wa-

ter column DOM composition. Biogeochemistry of the DOM in the Arctic Ocean has

been investigated by several studies (e.g., Anderson and Amon, 2015; Hioki et al., 2014;

Letscher et al., 2011; Osterholz et al., 2014), yet a detailed synthesis of methane-driven

DOM modifications has never been documented before the articles attached to this

thesis.

This thesis aims to identify and characterize the interactions between methane involving

processes and DOM compositions in the water column of Arctic marine environments.

The individual objectives were:

1. To characterize DOM composition in the water column at different cold seep sites

in the Arctic Ocean

2. To investigate methane triggered DOM modifications in relation to MOx and

consequent microbial advances in controlled experiment

3. To investigate hydrothermal vents as a source of methane and characterize the

specific effects of hydrothermal intrusions on the marine DOM cycle from sea

bottom to sea ice

4. To investigate the roles of hydrophysical and biogeochemical properties in the

Arctic Ocean in relation to methane involving processes and DOM modifications.

21



Figure 1.8 – Summary of the overall objectives, general properties of the study sites and

main approaches with the research papers. Credit: Torger Gryt̊a, UiT.

1.3 Study areas

The study sites were selected in compliance with our working group research agenda

and planned scientific cruises. For Paper I, study sites were visited during the research

cruises CAGE 2017-1 and 2017-2. Our primary approach was to cover as many areas

as possible that were previously visited, and seepage activities were assessed. Selected

stations were in (i) Prins Karl Forland (PKF) region at the continental shelf of Sval-

bard, (ii) Vestnesa ridge and Yermak Plateau (iii) Storfjordrenna and Pingo site at

the southern tip of Svalbard, and (iv) Olga basin in the central Barents Sea. For Pa-

per II, Aurora hydrothermal vents at the ultraslow spreading Gakkel ridge was sam-

pled. The cruise was part of an exploration campaign that was aiming to investigate

the role of Arctic Ocean and the Gakkel ridge in biological connectivity amongst the

ocean basins and global biogeography of the chemosynthetic ecosystems. For Paper III,

Norskebanken flares were visited and sampled for the incubation experiment. The area

was previously characterized as an active methane seepage area in the south of Yermak

Plateau (North of Svalbard).
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Figure 1.9 – Studied areas, surface currents and sea ice concentrations.

PKF is characterized by active methane seepages at the continental margin of west-

ern Svalbard and at the shallow shelf west of PKF Island. Here, numerous gas flares

(∼ 200) at 80-90 m depths were identified by hydroacoustic surveys (Sahling et al., 2014;

Silyakova et al., 2020). Methane and MOx measurements were carried out for consecu-

tive years (Gründger et al., 2021; Sert et al., 2020; Silyakova et al., 2020). The area is

mainly influenced by the Atlantic originated West Spitsbergen Current and considered

one of the natural laboratories for the bottom water warming related methane release

and seasonality in the Arctic Ocean (Ferré et al., 2020a; Graves et al., 2015).

Recently discovered gas hydrate pingos (GHPs) in the Storfjordrenna region at the

southern tip of the Svalbard archipelago are characterized by intensive cold seep ac-

tivity through the 500 m range dome like structures (Serov et al., 2017). Here, unlike

the PKF, methane release is localized to the GHPs and macroscopically visible biofilms

in the sediment matrix are associated with the ANME (Gründger et al., 2019). The

hydrography here is also mainly influenced by the Atlantic waters and fronted by Arc-

tic originated waters at the deep layers. Three GHPs, at around 350 m depth and two

stations at 1 km south of the GHP region were sampled and assessed in Paper I.

Vestnesa ridge features deep sea cold seeps where sub-seafloor fluid flow formed well-
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described chimney structures (Bünz et al., 2012; Panieri et al., 2017). Fluid flow found

to be rising ∼800 m above the seafloor from the chimneys with in the ∼700 m in diam-

eter and ∼10 m deep pockmarks and extensive authigenic carbonate deposits represent

a prolonged methane carbon sink that prevents much of the upward methane release

(Panieri et al., 2017). Here the water column is characterized by the Atlantic waters

at top 500 m which pass through Fram Strait into the Arctic Ocean and deep waters

underneath (Rudels et al., 2000).

Yermak Plateau is located on the eastern flank of the Fram Strait and shape the north-

western part of the Barents Sea shelf. The area is enclosed by the Arctic Ocean and the

Svalbard archipelago with water depths around 600-800 m and less than 500 m in the

southernmost part (Alexandropoulou et al., 2021). Yermak Plateau serves as a topo-

graphic obstacle for passage of warm Atlantic Waters into the Arctic Ocean along with

the marginal ice zone that function as a transition region between open water and dense

ice cover characterized with enhanced tidal variability (Fer et al., 2015). For the incu-

bation experiment (Paper III), seawater was collected from Norskebanken cold seeps.

The survey was aimed to discover methane seepages on Norskebanken offshore northern

Svalbard at the south of Yermak Plateau where average water depth is less than 300

m. This area is a part of Yermak plateau and is known for the giant Hinlopen/Yermak

Megaslide event that forms a glacier fed, siliclastic (terrigenous material formed by

weathering) continental margin (Geissler et al., 2016). The water mass circulation in

the area is characterized by the North Svalbard Current which is originated from West

Spitsbergen Current that carries warm Atlantic Waters to the Arctic Ocean (Ferré

et al., 2020b).

Olga basin is one of the study sites that was sampled along an exploration cruise to the

central Barents Sea and West Sentralbanken. We collected samples from three stations

above the hydroacousticly located active cold seeps. Here water depth was between

150-160 m and the water column was entirely occupied with Arctic waters.

The Aurora hydrothermal vent system was the only hydrothermal system studied

at this study. The hydrothermal system was near to the summit of a seamount with

around 200 m height and located at the bottom of 4000 m depth water column. Here,

hydrothermal intrusion manifest itself with a black smoker plume from chimneys that
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contain high amounts of methane (104-5 × background) (Boetius, 2015; Edmonds et al.,

2003). Aurora hydrothermal field is in the westernmost segment of the ultraslow spread-

ing Gakkel Ridge and a part of a series axial volcanic ridges and smaller volcanic mounds

that rise up hundreds of meters above the axial floor depth (Bünz et al., 2020; Michael

et al., 2003).

1.4 Methods

1.4.1 Hydro-physical and biochemical parameters

1.4.1.1 Water sampling and storage

Biogeochemical characterization of the water column was conducted by sensor-based

profiling and discrete water sampling in all stations. A rosette system equipped with

airtight Niskin bottles and a CTD (Conductivity Temperature Depth) profiler aligned

with oxygen, turbidity and chlorophyll sensors was used on every sampling occasion.

Samples for methane concentration, stable C isotope ratios of methane (δ13CH4: Paper

II) and MOx rates (Paper I and III) were collected immediately after the CTD rosette

was recovered onboard. Then, 4 × 1350 mL of acid-washed glass bottles were subsam-

pled for DOM, DOC, nutrients, and other parameters. If immediate handling were not

possible, these bottles were stored at 4℃ at dark and processed within six hours.

1.4.1.2 Sensor based measurements

Sea-Bird 911 plus CTD was used to measure temperature, salinity, pressure, and con-

ductivity with accuracies of 0.001 ℃, 0.002, 0.3 dB and 0.003 S/m, respectively. CTD

was coupled with SBE 43 dissolved oxygen sensor (0.01 ml/l resolution in 0-15 ml/l

range), Wet Labs ECO chlorophyll fluorometer (excitation/emission: 470/695 nm, sensi-

tivity, and limit of detection 0.01 µg/l) and Wet Labs C-Star beam transmissometer for

measuring turbidity. In Paper II, Lowered Acoustic Doppler Current profiler (LADCP)

was also mounted on the CTD rosette to determine the water currents’ direction and
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velocity. When LADCP was mounted on the rosette, the real-time positioning of the

rosette was determined by high precision acoustic profiler (HiPAP, Kongsberg Mar-

itime). EK60 single beam echosounder was used on all cruises to locate active seeps in

the studied sites.

1.4.1.3 Analyses of seawater

Dissolved methane was quantified using headspace gas chromatography (ThermoScien-

tific, GC Trace 1310, FID Detector, MSieve 5A). Hydrogen gas was used as a carrier

gas, and the oven temperature was set to 150 ℃. The method’s detection limit was 1

ppm with 5% standard deviation, and the reproducibility of measurements was con-

trolled with 2 ppm and 100 ppm methane-containing air standards. Dissolved methane

concentrations in seawater (nmol/l) were calculated from headspace concentrations us-

ing Boyle’s law of ideal gas, Henry’s law, and Bunsen solubility coefficients as a function

of temperature and salinity (Wiesenburg and Guinasso, 1979). Methane oxidation rates

(MOx) were determined by ex-situ incubations of tritium labelled methane in Paper I

and Paper III, as previously described elsewhere (Niemann et al., 2015; Steinle et al.,

2015). In Paper I, samples for MOx were taken as hexaplicates, amended with 10 µl,

50 pmol C3H4/N2 (25 kBq) and incubated for 72 hours. In Paper III, samples were

taken quadruplicates, amended with 5 µl, 50 pmol C3H4/N2 (18 kBq) and incubated

for 48 hours. In both cases, incubations were carried out at in-situ temperatures in the

dark. Activities of 3H4 and reaction product of 3H2O were measured by a liquid scintil-

lation counter, and MOx rates were calculated by assuming first-order reaction kinetics

(Reeburgh, 2007) and rate constant (kMOx), which was corrected for tracer turnover in

killed controls.

The concentrations of nitrate, phosphate, silicate, ammonium, and total phosphorus

and total nitrogen following persulfate oxidation were measured with a segmented flow

nutrient analyzer based on colourimetry. The detection limits and precisions are 0.5

±0.1 µM for nitrate, 0.06 ±0.01 µM for phosphate, 0.4 ±0.1 µM for silicate and 0.01

±0.01 µM for ammonium. Concentrations for dissolved organic nitrogen and phosphorus

were calculated by subtracting dissolved inorganic nitrogen (nitrate+nitrite+ammonium)

and phosphate concentrations from total nitrogen and total phosphorus, respectively.
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DOC concentrations were determined with a high-temperature combustion technique

using a total organic carbon analyzer (Qian and Mopper, 1996). The method’s precision

and accuracy were controlled by deep-ocean reference samples obtained from Hansell

Laboratory (University of Miami). Samples were injected three times, and the average

standard deviation of the method was 1.2 % for 54 DOC samples.

Isotope ratio mass spectrometry was used for the isotopic compositions of dissolved

organic carbon (δ13C-DIC) and oxygen in water (δ18O-H2O). δ13CH4 was measured

with a cavity ring-down spectrometer. Per mil deviations for all isotopic values were

calculated against the international standards of Vienna Pee Dee Belemnite, Vienna

Standard Mean Ocean Water, Greenland Ice Sheet Precipitation and Standard Light

Antarctic Precipitation.

1.4.2 FT-ICR MS analyses

FT-ICR MS was the primary method for the characterization of DOM in all the re-

search papers included in this thesis. Instrumental analyses were carried out in National

High Magnetic Field Laboratory (NHMFL, FL, USA) with a custom-built 9.4 T FT-

ICR MS in the Paper I and 12 T Bruker SolariX FT-ICR MS (Bruker Daltonics, Bre-

men, Germany) in the University of Eastern Finland in Paper II and III. Instrumental

setups, analysis conditions and methodology for the formula assignments are given in

corresponding papers and explained as follows.

For each sampling occasion in Paper I and Paper II, 1 L of samples were filtered by

pre-combusted (450 ℃, 5 h) 0.7 µm pore-sized glass-fiber filters (Whatman GF/F). In

Paper III, 1 L samples were filtered by 0.2 µm pore-sized sterile DNA filters (Millipore

Sterivex), and filters were collected for microbial composition analysis. After the filtra-

tion, samples were acidified to pH 2 by concentrated hydrochloric acid solution (37 %

w/w) and extracted by styrene polymer type cartridges (500 mg, 6 mL, PPL, BondElut,

Aligent Technologies). The extraction method was adapted from Dittmar et al. (2008),

except that the final elution volume was modified to 2 mL of methanol. Four method

blanks were obtained by following the same extraction protocol with MilliQ water for

each paper. Final eluates of samples and blanks were stored at pre-combusted amber
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vials at -20℃ until analysis except from 2-3 days transportation from UiT to the final

location of analysis. Samples were directly injected to FT-ICR MS for Paper I and after

1:10 dilution (v/v) with methanol for Paper II and Paper III based on the laboratory’s

sample handling procedures. Therefore, considering the DOC concentrations obtained

from samples, the final DOM samples in methanol solutions had an average carbon

content of 341±91 mg/L for Paper I and 34±7 mg/L for Paper II and III.

Both negative and positive ESI sources were used for the ionization samples. Ions gen-

erated by the ESI were accumulated in hexapole/octupole ion trap and transferred to

ICR cell for trapping excitation and detection. Mass spectra were generated following

a Hanning apodization, Fourier transform and magnitude calculation. NHMFL Preda-

tor (v 4.2.0) and Bruker DataAnalysis (5.0 SR1) software were used for initial spectral

post-processing and internal mass calibration. Peak lists were generated within a thresh-

old of signal-to-noise ratio (Table 1.1) and internally calibrated with commonly known

DOM methylene (-CH2) compounds within the given spectral ranges (Table 1.1).

Molecular formula assignments from peak lists were conducted by PetroOrg software

in all papers (Corilo, 2014), including all possible naturally occurring monoisotopic

molecular combinations of C, H, N, O and S within the ranges given in corresponding

papers (Table 1.1). Formula confirmation was based on individual monoisotopic mass

spectral peaks (mass error <1 ppm, double bond equivalent <50) and homologous series

inclusion (>3). After the initial assignment, molecular classes by heteroatom contents

were visually inspected for mass errors, and homologous series with systematically high

errors were removed. Therefore, apart from the initially given threshold, much lower

mass errors (ca ≤ 0.2) were achieved practically for the assigned formulas. Sodium (Na)

and chlorine adducts (Cl) were also considered for positive and negative modes, respec-

tively. Isotopic peak patterns were controlled for duplicated molecular formulae that

can cooccur with adducts, and formulas that do not fit the pattern were removed. In all

papers, formulas compiled from four method blanks were subtracted from samples.

For each formula, relative abundances (intensities) were considered as is calculated by

the PetroOrg molecular formula assignment algorithm, where ESI abundances were

rescaled as proportions of the most abundantly ionizable peak. Occasionally, impu-

rities suppress the baseline of the spectrogram and leave the most abundant peaks
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Table 1.1 – Instrumental configurations and data accusation parameters for FT-ICR MS

analysis in papers.

Paper I Paper II and III

Instrument Custom-built, 9.4 Tesla Bruker SolariX, 12 Tesla

Flow rate 0.5 µL/min 2 µL/min

Number of co-added scans 50 100

Signal-to-noise ratio S/NRMS >6 S/N >5

Acceptable mass error <1 ppm <1 ppm

m/z range of the calibra-

tion standards

200-900 Da 150-2000 Da

Allowed molecular combi-

nation

12C1−100
1H1−200

14N0−2-
16O0−50

32S0−1
35Cl0−1-

23Na0−1

12C1−100
1H1−200

14N0−4-
16O0−30

32S0−2
35Cl0−1-

23Na0−1

unassigned. Since abundant unassigned peaks downsize the relative abundances of

other assigned peaks, relative abundances were ignored in some cases, and only pres-

ence/absence evaluation was considered. Assigned molecular formulas generated for

each sample at positive and negative ion modes were merged into a single molecular

formula list for further analysis. In the case of duplicated formula based on the CHNOS

combination, relative abundance obtained from the negative ESI was considered. Rel-

ative abundance values of combined lists were considered only in the diversity index

calculation in Paper I and Paper II and the Bray-Curtis dissimilarity matrix in Paper

II. Otherwise, combined formula lists of DOM formulas were considered as binary data

(presence/absence) in papers.

Biochemical characterization of DOM samples was conducted from the combined for-

mula lists by obtaining percentages of heteroatom contents and H:C versus O:C atomic

ratios. Four biochemical compound categories were considered based on the ranges of

H:C and O:C ratios: (i) lipid- and protein- like, (ii) carbohydrate- and amino-sugar-

like, (iii) unsaturated hydrocarbons and condensed aromatics, (iv) lignin- and tannin-

like. Boundaries for these categories were modified from previous studies (Hockaday

et al., 2009; Hodgkins et al., 2016). For calculating molecular class percentages, the

number of formulas in the given class was divided by the total number of formulas ob-
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tained from the sample and multiplied by 100. Similarly, percentages of heteroatoms

(e.g., CHO, CHON, CHONS, CHOS) were calculated by the number of formulas ob-

tained from each category. In Paper I, samples are also interpreted with percentages

of formulas above the molecular lability boundary (i.e., H:C ≥1.5) (D’Andrilli et al.,

2015).

Multivariate statistical analysis methods were used to evaluate DOM composition data

in all the papers. First, dissimilarity matrices were constructed using corresponding in-

dices (Jaccard in Paper I and Paper III and Bray-Curtis in Paper II). Then, ordination

analyses were conducted to generate ordination plots by using statistical approaches.

Nonparametric multidimensional scaling (NMDS) is one of these approaches used fre-

quently in DOM literature (e.g., Kellerman et al., 2015; Kujawinski et al., 2016; Long-

necker, 2015; Osterholz, 2014; Sleighter et al., 2010). NMDS points out the variation

between samples. Such as, samples with similar compositions are grouped closer in the

ordination plot, and the closer the distances between samples have more similar the

compositions (see Paliy and Shankar, 2016). Using NMDS allowed for identifying the

compositional differences between samples in Paper I. The NMDS analysis is based on

the dissimilarity matrices constructed from binary (presence/absence) data (Jaccard,

1912). Another approach was the principal coordination analysis (PCoA). PCoA is es-

pecially convenient when the number of samples is insufficient to be evaluated with the

NMDS (Oksanen, 2018). The main reason is that NMDS is a nonmetric and iterative

calculation and reorients the ordination plot until minimum stress is obtained. Stress

value for the NMDS can be expressed as s2 = 1 − R2 where R2 is the linear fit represent-

ing correlation between fitted values and ordination distances (Sibson, 1972). When the

number of samples is scarce, R2 approaches 1 rapidly and stress becomes nearly zero.

PCoA, on the other hand, provides unique analytical result each cases and the fixed

number of ordination axes determined by the number of the samples.
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1.5 Summaries of papers and concluding remarks

1.5.1 Hypotheses on methane and DOM interaction - Paper I

and Paper III

The main hypothesis in this thesis was that methane driven microbial processes alter

the molecular composition of DOM with elevated microbial activity and consequent dis-

charge of metabolic products, cell excretes and organic intermediates. In seep sites and

hydrothermal vents, DOM modifications may have distinct molecular level signatures

across the water column and even alter ecosystem dynamics which may further modify

DOM composition.

To test our hypothesis, we first investigated the water column biogeochemistry near

active methane seeps at six different sites and 18 seep and non-seep stations. Each

site had different hydrographic settings, biochemical characteristics and bathymetric

features. Samples were taken at discrete water depths at selected stations and analyzed

for methane related parameters (methane concentrations and MOx rates), biochemical

properties (nutrients, DOC, Chla) and DOM molecular composition.

Obtained data revealed that DOM compositions were associated with the spatial dis-

tribution of active seeps. DOM compositions were more labile, heterogeneous and had

higher chemical diversity and lipid and protein-like compositions in samples collected

from seep stations compared to samples from non-seep stations. Compositional differ-

ences between seep and non-seep DOM were most significant in the Prins Karl Forland

region, where the seep influence was most substantial, and the water column was shal-

lowest.

Investigation on varying methane sources and consequent differences allowed us to char-

acterize biogeochemical properties in different seep sites. However, it had one major

drawback that concurrent processes (e.g., water currents, nutrient dynamics) and co-

existence of many different microbial consortia were complex and did not reveal any

direct correlation between measured parameters and DOM compositions. We concluded

that compositional differences might have been associated with several mechanisms
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such as MOB derived DOM, seep-driven microbial modifications, or direct seepage of

sedimentary DOM. However, the dynamic hydrography and varied water column char-

acteristics of the study sites did not allow us to be conclusive about the exact role of

MOx in DOM modifications. An incubation experiment was suggested to identify un-

derlying mechanisms further, which led us to Paper III.

The main approach of Paper III was to reassess previous observations in a controlled

laboratory experiment to be able to attribute compositional changes to experimen-

tal conditions. Seep and non-seep samples were incubated in methane amended and

unamended conditions under the assumption that the MOx activity alters DOM compo-

sitions in seep environments through bacterial production and decomposition. Samples

were collected before and after incubations for microbial composition analysis along

with the DOM composition analysis to trace how the natural microbial community

reacts to elevated methane concentrations and changes in MOB associated communi-

ties. However, DNA analyses were delayed and planned for later assessment. FT-ICR

MS analyses revealed that DOM composition at the seep site was more diverse and

heterogeneous than at non-seep sites under initial conditions. However, at the end

of three days of incubation, DOM composition in methane-amended non-seep incu-

bations shifted towards seep-like composition. I.e., the number of formulas increased,

and the composition changed into more diverse and heterogeneous. Similarly, molec-

ular formulas associated with hydrogen saturated aliphatic compounds and lipid and

carbohydrate-like compositions displayed opposite trends between amended and una-

mended samples. The overall composition of non-seep methane amended samples was

modified to become more similar to seep initial and seep amended samples. We showed

that elevated methane concentrations and concurrent MOx activity influenced both

production and consumption of DOM. I.e., when methane is available, MOB have an

advantage over other organisms and proliferates and modifies DOM composition in a

similar way. However, from an ecophysiological perspective, we also suggest that MOB

might be active at a molecular level, and heterotrophic bacteria and eukaryotes might

have the primary control on microbial processes and DOM compositions.

Taken together, the results from Paper I and Paper III showed that there is an interac-

tion between methane-triggered processes and DOM composition in cold seep marine
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environments. We suggest that there is a microbial mechanism triggered by methane

oxidation, which also modifies DOM towards a more labile, chemically diverse and het-

erogeneous composition. MOB is possibly the principal agent and facilitator of this

mechanism; however, we could not rule out the potential role of heterotrophic bacteria

and other microbial consortia.

Figure 1.10 – Routes of interaction between methane oxidation and the DOM cycle in

the oceans. Credit: Torger Gryt̊a, UiT

Three possible mechanisms can explain DOM alterations by considering the interactions

between methane, MOB, MOx, and DOM. First, DOM is modified by MOB along with

the consumption of methane during chemical reactions, such as cell synthesis, repro-

duction, and ATP production. Second, MOB triggers some other microbial interaction

while using methane during MOx, and these simultaneous mechanisms alter DOM (e.g.,

MOx coupled denitrification). Third, an indefinite combination of the former two where

methane initiates a food chain in the ecosystem by providing a new energy supply to

the system from methane oxidation with a maximum yield of 842 kJ/mol CH4 (Lee

et al., 2019; Reeburgh, 2007). The ability of MOB to convert methane into organic

compounds has been previously described (Elvert and Niemann, 2008); however, the

metabolic pathways for the synthesis of organic compounds and ATP producing assimi-

latory routes are unknown. Similarly, excreted compounds from cell lysis or starvation

responses in cultures are not described (Kalyuzhnaya et al., 2013). Naturally, oxidation

of methane by MOB is a carbon fixation mechanism in which methane, as the simplest

form of organic matter, is utilized and transformed into more complex cell material.

From this perspective, the consumption of methane leads to the production of higher
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forms of organic matter and facilitates the functioning of the ecosystem and the food

chain. Heterotrophs utilize allochthonous and autochthonous DOM as sources of car-

bon and energy, and MOB would be an important diet for zooplankton or other upper

trophic level organisms (Bastviken et al., 2003; Brankovits et al., 2017). Therefore, con-

sidering the overall mechanisms and pelagic food web cycles triggered by methane, it

might be possible to consider DOM as a source to the system as well as the product in

seep environments.

In addition to the microbial community perspective, there is a hydrological significance

of methane release in cold seeps. As methane seeps from the sediment forms bubbles,

which rise throughout the water and upwell some nutrients to the upper layers (D’souza

et al., 2016). Additional nutrients may be especially important and influential at depths

exceeding 1000 m, where there is a strong gradient in nutrient concentrations between

the bottom and the surface layer. The transport of methane with the rising bubbles

may also trigger the above mentioned cycle in the upper layers.

In cold methane seeps, the amount of methane utilized by MOB is determined by the

size and activity of the communities (Steinle et al., 2015), which are controlled by nutri-

ent and redox dynamics, hydrographic conditions, site-specific geographical features and

seasonal changes (Gründger et al., 2021; Steinle et al., 2015). Therefore, in seep sites,

the DOM modifications in relation to methane input are possibly a function of all these

factors.

1.5.2 Distribution and composition of DOM in hydrothermal

vents – Paper II

DOM compositions in hydrothermal fields show discrepancies compared to the general

deep ocean DOM composition. Two main mechanisms can be attributed to these dis-

crepancies. The first mechanism is related to hydrothermal circulation, in which cold

seawater migrates into the crust through open fissures and gets heated to extremes

of temperature (Simoneit et al., 2004). Due to continuous exposure to high tempera-

tures and low pH, DOM is modified to a highly aromatic, unsaturated, oxygen-poor

petroleum-like composition during hydrothermal circulation of cold deep seawater
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(Hawkes et al., 2015; Rossel et al., 2015, 2017). The second mechanism is related to

hydrothermal fauna, which is ultimately sustained by chemotrophic production fueled

by a mixture of reduced chemical compounds such as methane, hydrogen and hydro-

gen sulfide emitted from the vents (Levin, 2005; McCollom et al., 1999; Petersen et al.,

2011).

Our hypothesis for this paper is that these two hydrothermally derived mechanisms

modify DOM during hydrothermal processes, and corresponding modifications affect

larger areas along with the spreading buoyant and non-buoyant plume emitted from

the hydrothermal vents. We investigated the vertical distribution of DOM compositions

at three hydrocast stations near Aurora hydrothermal vent field in ultraslow spreading

Gakkel Ridge in the Arctic Ocean. The study area was characterized by vigorously

venting black smokers, sulfide mounds, bacterial mats, sediments of hydrothermal origin

and benthic communities typical for hydrothermal vent ecosystems (Bünz et al., 2020).

Sea ice and the upper 1000 m of the water column were also sampled to investigate the

DOM composition of the upper layers and surface ocean- sea-ice interactions.

We show that the displacing plume layer carried thermally degraded DOM compositions

to a distance from the vent, characterized by a lower number of formulas, molecular

diversity, average abundance, and percentages of formulas assigned in lipid and protein-

like molecular class. DOM compositions had a higher number of formulas, molecular

diversity, and carbohydrate-like class percentages at sites with higher vent-related bi-

ological imprints and lower influence from the plume dispersion. Hydrothermal vents

emanate methane with hydrothermal fluids and vent originated thermogenic methane

reaches a large area along with a plume layer which might trigger a series of consecutive

changes.

Hydrophysical and biochemical properties on the top 1000 m layer mainly reflect ver-

tical changes in primary production, atmospheric gas exchanges, riverine influences

and water mass distributions. The water column was relatively uniform below 2000 m.

DOM composition in sea ice was markedly more labile, contained high lipid-like percent-

ages and had low molecular weight averages than the surface ocean suggesting selective

transport of DOM during formation and the new production of ice algae.
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1.5.3 Advantages and limitations of FT-ICR MS on DOM

analysis

One novelty of this study was identifying the composition of dissolved organic matter in

relation to methane-driven modifications with ultrahigh-resolution mass spectrometry.

In this regard, FT-ICR MS provided the highest resolution by identifying thousands of

molecular formulas in a mass range of 200 to 1000 Da and a tremendous ability to re-

solve DOM modifications along with ecosystem changes. However, ecosystem processes

and related changes in the unconstrained water column are so complex that they often

imply more than one reason for any modifications. Although methane oxidation is very

strong in seep areas, it may still be less influential than the other seasonal and spatial

variations, such as hydrography, primary production, bacterial regeneration, upwelling

and diel vertical migration. Furthermore, in many cases, the molecular scale informa-

tion obtained by FT-ICR MS is not parallelly observed in other parameters describing

the environmental conditions since the sensitivity of other measurements is often not

good enough to explain small molecular trends. For instance, the limit of detection for

DOC is about 2 µM (Qian and Mopper, 1996). However, FT-ICR MS can detect DOM

metabolites in seawater with picomolar level concentrations (e.g., Johnson et al., 2017).

Therefore, spatial variations of DOM compositions should be supported by appropriate,

high-resolution analyses such as isotopic tracers, specific molecular investigations, and

microbial compositions.

DOM comprises molecules of all ranges of size and complexity, from small constituents

such as amino acids and simple sugars to high molecular weight complex biopoly-

mers such as proteins and polysaccharides. Among these, a portion of DOM cannot

be detected by ESI FT-ICR MS analysis with SPE extraction. The limitation comes

from the reactivity, size, and polarity of the analytes. E.g., amino acids, small sug-

ars and short-fatty acids usually cannot escape from the rapid bacterial degradation

until detection and, therefore, are not usually concentrated in the final analyte. Sec-

ond, highly polar, hydrophilic substances do not restrain on SPE and are washed away

during cleaning steps. Any procedure that increases the recovery of these substances

also increases the salt content and lowers the analytical performance for all molecules.

Third, molecules bigger than 2000 Da cannot be assigned within a given confidence
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level because the isomers for any detected mass increase rapidly with molecular weight

(D’Andrilli, 2009). Given that, SPE-DOM detected by FT-ICR MS is predominantly

composed of semi-labile to refractory compounds with moderate polarity and low molec-

ular weight (LMW<1000 Da). Nevertheless, LMW, semi-labile and refractory DOM

correspond up to 80% of the DOM pool (Hansell, 2013; Ogawa and Tanoue, 2003), and

FT-ICR MS detection of SPE-DOM is still unrivalled in elucidating the marine DOM

characteristics.

ESI is the most common ionization technique for analyzing marine DOM with FT-ICR

MS. It has a significant advantage due to its sensitivity, specificity, and simplicity. It

is efficient at ionizing molecules with polar nitrogen and oxygen-containing functional

groups and does not fragment large molecules. However, ionization efficiency varies

greatly with different analytes, even if they have the same concentration within the

solution. Therefore, FT-ICR MS analysis of marine DOM is considered so-called semi-

quantitative which allows sample-to-sample comparison but does not perform best in

molecular basis quantification. One improvement to handle this might be the using

internal standards of various types of functionalities to access the relative ionization

performances of molecules and molecule groups. Derivatization can also be a good

alternative for improving ionization performance for specific analytes that are known to

ionize weakly with ESI (Cech and Enke, 2001; Cho et al., 2015; Koivusalo et al., 2001;

Oss et al., 2010).

Four biochemical compound classes were considered based on the given boundaries

of H:C and O:C atomic ratios in van Krevelen diagram. The main motivation behind

this was to prevent overgeneralization of the compound classes by separating them

into very elaborately defined boundaries. On the contrary, molecular formulas were

roughly classified and overall lability was assessed. This brings a consented bias for the

interpretation of the results and often oversimplifies the ecosystem functions. However,

great caution has been taken to use appropriate language regarding the known bias of

using biochemical classes and improper interpretations of the chemical compositions of

the samples was avoided.

Both negative and positive ESI used to improve the data extent in this thesis. Negative

ESI is known to perform well for marine DOM analysis and more frequently applied in
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studies. However, positive ESI has provided a significant improvement to our data, es-

pecially on labile compositions and N-containing compounds which are proxies for a rel-

atively recent production (Sipler and Bronk, 2015). To carry data extent even further,

atmospheric pressure photoionization (APPI) can be applied. APPI is less susceptible

to chemical noise from solvents and salts and therefore has lower ion suppression from

the matrix effects (D’Andrilli et al., 2010, and references therein) which can contribute

to molecular composition analysis of both polar and non-polar substances (D’Andrilli

et al., 2010; Hockaday et al., 2009).

Extensive operation and maintenance procedures and the time-intensive nature of data

assessment usually limit the instrument times allocated for researchers and hamper us-

ing replicates of samples to improve accuracy and peak reproducibility. Furthermore,

analysis methods and acquisition procedures vary significantly between the laboratories.

What is actually obtained by FT-ICR MS largely depends on the analyst’s approach

and the causal evaluation of researchers (D’Andrilli et al., 2020). Recent attempts to

standardize analysis procedures (Hawkes et al., 2020) and open-source software-based

data assessment routines (Merder et al., 2020) might allow reproducible and internation-

ally recognized analytical results.

1.6 Future perspectives

This thesis comprises the first attempt to resolve DOM composition in relation to

methane-driven processes in the Arctic Ocean. We showed that DOM is modified in

methane-receiving marine environments with a significant correlation between the spa-

tial distribution of seeps and DOM compositions in terms of lability, molecular diversity

and percentage of nitrogen-containing molecular formulas. Further evidence on MOB-

driven DOM modifications is obtained by incubation experiment with the samples ob-

tained from the seep and non-seep sites. The number of molecular formulas increased

up to 39 % in methane amended seep and non-seep samples parallel to MOx activity,

indicating the possible role of MOB in both production and consumption of DOM. The

role of other microbes and microbial modifications, along with the DOM alterations,

is remained unresolved in this thesis. More studies are needed to investigate which mi-
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crobes contribute to DOM modifications in methane-rich environments and how the

microbial consortia respond to methane increase. Integration of FT-ICR MS analy-

sis with the sequencing techniques of the microbial community can provide an answer

to this. Metagenomics would estimate microbial responses to changing environmental

conditions and a link between DOM and bacterial structure.

Incubation experiments with methanotroph isolates would provide detailed information

that can directly be linked to MOx and MOB cellular processes. In this case, analysis

methods targeting labile and semi-labile components of DOM would be necessary. Then,

the extraction efficiency on labile and semi-labile DOM might be amplified by applying

tandem cartridges (Wang et al., 2019) or sorption material (Sánchez-González et al.,

2012). Lipidomics and proteomics investigation in medium water and cell tissues may

provide a direct comparison of the cell functioning and organic matter production/ con-

sumption pathways. Molecular labelling techniques, such as lipid isotope probing, allow

for tracing the microbial conversion of DOM to cellular metabolites, smaller organic

molecules and carbon dioxide (Wagner et al., 2020). These tracing methods were used

previously to show the biosynthesis of cellular membrane lipids in anaerobic methane-

oxidizing archaea (ANME) (Kellermann et al., 2012, 2016). Similarly, the assessment

of carbon isotopic tracers, δ13C and ∆14C, may provide insights into carbon flows and

mechanisms of cellular uptake with methane DOM interactions. Relative contributions

of methane-derived DOC to sedimentary and seawater DOM can be obtained using

δ13C and ∆14C measurements and isotopic mixing models (Pohlman et al., 2011).

Cold seeps in the Arctic Ocean carry extensive glaciation-deglaciation history from the

Last Glacial Maximum ( 23,000 years before the present). Retreating marine-based

ice sheets formed giant craters, mounds, pockmarks and fractures leading hydrocar-

bon sources upward to the hydrosphere (Andreassen et al., 2017; Mienert et al., 2005).

Geological settings and communities dependent on seeps are primarily different from

other cold seeps elsewhere in the world (Åström et al., 2018; Cordes et al., 2007). Sim-

ilarly, investigations on hydrothermal vents in the Arctic Ocean are relatively recent

comparing the other oceans and mid-ocean ridge systems. The Iceland hotspot and its

off-axis trace constitute a topographic barrier for hydrography and gene flow from the

hydrothermal fauna at the Atlantic ridge system (Ramirez-Llodra et al., 2007). There-
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fore, more studies are needed to investigate the biogeochemical connectivity of Arctic

seep environments and hydrothermal vents with other sites around the globe.
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Sites at the Svalbard Continental
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Mats A. Granskog6, Alexey K. Pavlov7,8, Bénédicte Ferré1 and Anna Silyakova1
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Dissociating gas hydrates, submerged permafrost, and gas bearing sediments release
methane to the water column from a multitude of seeps in the Arctic Ocean. The seeping
methane dissolves and supports the growth of aerobic methane oxidizing bacteria (MOB),
but the effect of seepage and seep related biogeochemical processes on water column
dissolved organic matter (DOM) dynamics is not well constrained. We compared dissolved
methane, nutrients, chlorophyll, and particulate matter concentrations and methane
oxidation (MOx) rates from previously characterized seep and non-seep areas at the
continental margin of Svalbard and the Barents Sea in May and June 2017. DOM
molecular composition was determined by Electrospray Ionization Fourier-transform ion
cyclotron resonance mass spectrometry (FT-ICR MS). We found that the chemical
diversity of DOM was 3 to 5% higher and constituted more protein- and lipid-like
composition near methane seeps when compared to non-seep areas. Distributions of
nutrients, chlorophyll, and particulate matter however, were essentially governed by the
water column hydrography and primary production. We surmise that the organic
intermediates directly derived from seepage or indirectly from seep-related
biogeochemical processes, e.g., MOx, modifies the composition of DOM leading to
distinct DOM molecular-level signatures in the water column at cold seeps.

Keywords: methane hydrate, methane oxidation, methane oxidizing bacteria, arctic ocean, Fourier-transform ion
cyclotron resonance mass spectrometry, nutrients

INTRODUCTION

Dissolved organic matter (DOM) is the operationally defined mixture of organic compounds that
passes through a 0.7 µm pore size filter (Repeta, 2015) and constitutes the largest reservoir of organic
carbon in the oceans. Marine DOM has not been chemically characterized explicitly to date but
60–70% of the structural variability has been classified as major functional groups (Carlson and
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Hansell, 2015). The distribution and the composition of DOM are
mainly controlled by the bioavailability of these groups. The
major part (humic acids, condensed aromatics, black carbon etc.)
is considered refractory and remains in the water for years or even
millennia (Williams and Druffel, 1987; Amon and Benner, 1994;
Lechtenfeld et al., 2014). More biologically reactive DOM in the
ocean, considered as bio-labile DOM (amino acids, sugars,
proteins etc.), is available to heterotrophic microorganisms
and rapidly remineralized by prokaryotes in the upper layers
of the water column (Carlson et al., 1994; Carlson et al., 2010;
Koch et al., 2014). Bio-labile DOM is produced and transformed
by numerous biological processes including extracellular release,
excretion, cell lysis, solubilisation and chemosynthetic processes
(Carlson and Hansell, 2015).

DOM in the ocean is predominantly derived from biological
processes, carrying a unique signature, which may comprise a
fingerprint of the surrounding ecosystems. One distinct
ecosystem of the Arctic Ocean involves cold seeps and
methane bearing sediments in which methane emanates from
seeps due to dissociation of methane hydrates (Westbrook et al.,
2009; Ferré et al., 2012; Berndt et al., 2014; Sahling et al., 2014).
Only a limited portion of the seeping methane reaches the
atmosphere (Graves et al., 2015; Myhre et al., 2016; Steinle
et al., 2016), while the major part remains in the water
column as dissolved gas. Concentrations of methane may
reach up to thousands times higher than background levels at
seeps, yet decreases rapidly with the distance from the point
source predominantly as a result of bacterial oxidation, lateral
diffusion, and upward mixing (Graves et al., 2015; Silyakova et al.,
2020). Microbial oxidation of methane (MOx), performed by
methane oxidizing bacteria (MOB) which convert methane into
methanol and formaldehyde, is the major removal mechanism of
dissolved methane in ocean waters (Reeburgh, 2007; Murrell,
2010). Formaldehyde is then further used in the catabolism
(i.e., oxidized to carbon dioxide to supply energy) or in the
anabolism (i.e., incorporated into organic compounds to be
used as building blocks for growth) (Hanson and Hanson,
1996). Previous culture experiments suggest that MOB
produces a variety of organic acids and chemical products as
intermediates (Kalyuzhnaya et al., 2013).

The contribution of cold seeps into marine DOM has never
been documented despite its potential importance in waters
receiving methane from seeps. The main objective of this
study is to document the effect of methane seeps on DOM
composition at cold seep sites at the continental margins of
Svalbard and in the Barents Sea. Our main hypothesis is that
methane-driven microbial processes such as MOx and/or seep-
associated microbial modifications result in microbial discharge
of metabolic intermediates that alter the molecular composition
of DOM in the water column at cold seeps.

METHODS

Study Area
We collected samples near methane seepages with various
hydrographic properties and bathymetric features during two

research expeditions with R/V Helmer Hanssen between 16–29
May (CAGE-17-1) and 23–28 June 2017 (CAGE-17-2). Samples
were collected at 18 stations at six different sites (Figure 1 and
Table 1) comprising two deep water stations at the Vestnesa
Ridge (VR) and Yermak Plateau (YP), eight stations at the
shallow shelf west of Prins Karls Forland (PKF), two stations
at the southern end of Storfjordrenna (SS), three stations at
Storfjordrenna pingos (SP) and three stations at the Olga
Basin (OB) in the Barents Sea (Figure 1). At all sites, non-
seepage stations were also sampled as a control that had similar
water masses but only background methane concentrations.
Active seeps were located with the ship-mounted EK60 single-
beam echosounder. Based on echosounder data, we defined
sampling stations that were literally located above active seeps.
These stations are considered seep stations, while the others are
considered non-seep stations (Table 1). The only exception was
station PKF-1 which was not exactly located above seeps but
surrounded by numerous seeps and located in the flow direction
of many others (Figure 1).

Sampling and Storage
Seawater was sampled from discrete water depths (Table 1)
during up-casts of a rosette sampler with 12 × 5 L PTFE lined
Niskin bottles and a Sea-Bird 911 plus CTD (Conductivity
Temperature Depth) with accuracies of 0.3 db, 0.001°C, and
0.002 for pressure, temperature and salinity, respectively.
Dissolved oxygen data were collected using an SBE 43 oxygen
sensor (calibrated by Winkler (1888) titration) attached to the
CTD. Distribution of chlorophyll fluorescence and turbidity were
determined at all stations by Setpoint sensors. All sensor
measurements were averaged in 1 m depth bins. Methane and
MOx samples were collected immediately after recovery of the
rosette on-board. Samples for methane analysis were carefully
filled (to prevent bubble formation) into 120 ml (1250 ml for non-
seep surface samples) serum bottles amended with 1 M sodium
hydroxide solution to stop microbial activity and crimped with
butyl rubber septa. Samples were vigorously shaken and stored at
4°C until analysis.

For MOx rate measurements, 20 ml crimp top vials were filled
bubble-free with seawater sample, capped with bromobutyl
rubber stoppers that do not impede MOx activity (Niemann
et al., 2015). Samples were processed immediately after sampling.

Samples for DOM, particulate matter, chlorophyll a (Chl a),
and nutrients were collected in acid-washed (2% HCl) glass
bottles (4 × 1000 ml) and stored at 4°C in the dark before
processing. Samples were filtered within 6 hours after
collection by applying low-pressure vacuum (50 mmHg).
Triplicates of particulate matter and Chl a samples were
collected on GF/F filters (Whatman) using 1 L of water for
each sample. Particulate matterfilters were dried and stored at
25°C until X-ray fluorescence analysis. Chl a filters were folded
twice in half, placed in 10 mL high density polyethylene tubes
(HDPE), and stored at −80°C. The filtrate was collected into pre-
rinsed 60 ml HDPE bottles, stored at −20°C, and used for the
determination of the concentrations of nitrate, nitrite, phosphate,
silicate, ammonia, dissolved organic carbon (DOC), total
dissolved nitrogen, and total dissolved phosphorus.
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For solid phase extraction DOM1 L of filtrate was extracted on
500 mg styrene divinyl benzene polymer type cartridges (PPL,
BondElut, Agilent Technologies) using a procedure modified
from Dittmar et al. (2008). Briefly, filtrates were acidified to
pH 2 by HCl (37% v/v, Merck) and transferred into pre-
conditioned (6 ml methanol + 12 ml water) solid phase
extraction cartridges. Next, 12 ml pH 2 water were flushed
through the cartridge and cartridges were dried under air

vacuum for 30 min. Concentrated DOM samples were eluted
into combusted, Teflon capped amber glass vials by 2 ml
methanol and stored at −20°C in the dark until FT-ICR MS
analysis.

Biochemical Analyses
Nitrate + nitrite (further nitrate), silicate, phosphate, ammonium,
total dissolved nitrogen and total dissolved phosphorus

FIGURE 1 | Bathymetric map of sampling areas around Svalbard. Pale red and blue dotted lines show directions of the warm West Spitzbergen Current and cold
polar currents, respectively. Five insets are shown tomagnify the sampling areas with individual spatial scales alongwith knownmethane seeps indicated by the red dots.
Sampling stations within the insets are indicated by the blue dots and further information is provided in Table 1.

TABLE 1 | Detailed information of the sampled stations listing sample regions, sampling stations, station location, methane seep characteristic, water depth, and sampling
depth of water samples.

Region Station Latitude N Longitude E Methane seep Water depth
(m)

Sampling depths
(m)

Prins Karls Forland PKF-1 78° 40’ 02’’ 09° 35’ 33’’ Yes 195 5, 25, 171, 192
PKF-2 78° 33’ 09’’ 10° 05’ 53’’ Yes 110 5, 25, 88, 108
PKF-3 78° 29’ 46’’ 10° 24’ 53’’ Yes 117 5, 25, 93, 113
PKF-4 78° 33’ 56’’ 10° 10’ 33’’ Yes 81 5, 25, 56, 78
PKF-5 78° 34’ 58’’ 10° 17’ 48’’ No 122 5, 25, 100, 120
PKF-6 78° 37’ 08’’ 10° 30’ 21’’ No 125 5, 25, 103, 123
PKF-7 78° 37’ 39’’ 10° 35’ 13’’ No 76 5, 26, 53, 73
PKF-8 78° 33’ 15’’ 09° 26’ 31’’ Yes 405 5, 25, 380, 402

Yermak Plateau YP 79° 37’ 33’’ 07° 30’ 12’’ No 822 5, 50,131,400,774,817
Vestnesa ridge VR 79° 00’ 05’’ 06° 56’ 49’’ Yes 1207 5, 50, 600, 1150, 1195
Storfjorrenna south SS-1 75° 50’ 20’’ 16° 38’ 49’’ No 345 5, 50, 170, 295, 340

SS-2 75° 50’ 25’’ 16° 37’ 29’’ Yes 350 5, 49, 170, 295, 347
Storfjordrenna pingos SP-1 76° 06’ 24’’ 15° 58’ 05’’ Yes 383 7.5, 28, 357, 375

SP-2 76° 06’ 21’’ 16° 02’ 29’’ No 386 5, 25, 363, 384
SP-3 76° 06’ 47’’ 16° 00’ 12’’ No 387 5, 25, 365, 384

Olga basin OB-1 76° 46’ 53’’ 35° 11’ 28’’ No 158 5, 25, 135, 155
OB-2 76° 46’ 51’’ 35° 11’ 15’’ No 159 5, 25, 60, 100, 135, 155
OB-3 76° 51’ 04’’ 35° 25’ 57’’ Yes 154 5, 25, 60, 130, 150
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concentrations were measured colorimetrically (Grasshoff et al.,
1999) by a segmented flow nutrient analyzer system (ALPKEM
Flow Solution IV, OI Analytical). Dissolved organic nitrogen
(DON) and dissolved organic phosphorus (DOP) concentrations
were calculated by subtracting concentrations of nitrate +
ammonium (DIN; dissolved inorganic nitrogen) from total
dissolved nitrogen and phosphate from total dissolved
phosphorus.

DOC concentrations were measured based on a high-
temperature combustion technique (Qian and Mopper, 1996;
Peterson et al., 2003). Unthawed samples were allowed to
equilibrate at room temperature and acidified to pH 2 with
HCl (37%). 15 ml of sample were then transferred into pre-
combusted glass vials of the TOC analyzer (MQ-1001). Deep
Ocean DOC samples (Hansell Laboratory, University of Miami)
were used as reference material.

Particulate nutrient analyses were measured in triplicates
using a method based on wavelength dispersive X-ray
fluorescence with a detection limit < 0.1 µg per filter (Paulino
et al., 2013) for particulate carbon C, nitrogen (N), and
phosphorus (P).

The filters for Chl a concentration stored at −80°C were added
to 10 ml methanol (Holm-Hansen and Riemann, 1978) and
stored overnight at 4°C. Methanol extracted samples were
transferred into pre-cleaned vials and maintained at room
temperature. Fluorescence of the sample was measured against
methanol blanks with recently calibrated Turner Design
fluorometer at 440 nm before and after adding two drops of
5% HCl (Holm-Hansen et al., 1965). Final concentrations were
determined using a calibration curve of Chl a standards.

Quantification of dissolved methane in seawater samples was
conducted on-board using headspace gas chromatography
(ThermoScientific, GC Trace 1310, FID detector, MSieve 5A
column). 5 ml from the 120 ml (1250 ml for low concentration
surface waters) sample bottles was replaced with high purity
nitrogen and allowed to equilibrate at least for 24 hours. For
Headspace GC measurement hydrogen was used as a carrier gas
and oven temperature was set to 150°C (isothermal). 500 µl
headspace was injected with a gas-tight syringe resulting in a
detection limit of 1 ppm and 5% standard deviation. Dissolved
methane concentration (nmol/L) was calculated using previously
published solubility coefficients (Wiesenburg and Guinasso,
1979). Reproducibility of measurements was controlled with
2 ppm and 100 ppm methane containing air standards.

MOx rates was quantified by tritium labelled incubations
(Niemann et al., 2015; Steinle et al., 2015) with modifications
as described in Ferré et al. (2020). Briefly, hexaplicates of seawater
samples were amended with trace amounts of 3H-methane (10 μl
gaseous C3H4/N2, ∼25 kBq, <50 pmol CH4, American
Radiolabeled Chemicals, United States) and incubated for
72 hours at in situ temperature in the dark. After following the
procedure described in aforementioned publications, MOx rates
were calculated from the fractional tracer turnover and in situ
methane concentrations assuming first order reaction kinetics
(Valentine et al., 2001; Reeburgh, 2007). All incubations were
corrected for (insubstantial) tracer turnover in killed controls
(Steinle et al., 2015).

Fourier-Transform Ion Cyclotron
Resonance Mass Spectrometry Analysis
and Molecular Formula Assignments
DOM mass spectra were obtained with a custom-built 9.4 T
Fourier transform ion cyclotron resonance mass spectrometer
(FT-ICR MS) instrument (National High Magnetic Field
Laboratory [NHMFL], Tallahassee, Florida, United States).
Mass spectra were generated in positive and negative ion
electrospray ionization (ESI) mode with the following settings:
flow rate 0.5 µL/min, needle voltage ± 2.5 kV, tube lens ± 250 V,
heated metal capillary operated at 11.2 W, octopole frequency
2 MHz, frequency sweep rate of 50 Hz/ls and temperature 21.7°C.
To generate mass spectra, 50 scans (time domain acquisitions)
were co-added for each sample, Hanning apodized, and zero-
filled once before fast Fourier transformation and magnitude
calculation (Marshall and Verdun, 1990). NHMFL software was
used to calibrate the data and generate peak lists for each sample
prior to molecular formula assignment. Peak lists were generated
with a signal to noise ratio threshold of 6x the baseline root mean
square noise and internally calibrated with commonly known
DOM methylene (-CH2) compounds spanning across the
200–900 Da mass spectral range. DOM molecular
compositions were assigned by PetroOrg (Corilo, 2014).
Molecular formula assignments included all possible naturally
occurring molecular combinations of C, H, N, O, and S within
these ranges: 12C1–100,

1H1–200,
14N0–2,

16O1–50, and 34S0–1.
Formula confirmation was based on individual monoisotopic
mass spectral peaks, error < 1 ppm, and homologous series
inclusion, as has been conducted previously for manual
composition assignments (D’Andrilli et al., 2015). Sodium and
chlorine adducts were also considered during the molecular
formula assignment procedure for positive and negative mode,
respectively. Assigned molecular formulas were generated for
each sample as negative and positive mode except samples PKF-1
at 195 m and SP-1 at 344 m which could not be calibrated in
positive mode with acceptable error (<1 ppm). Positive and
negative molecular assignments per sample were combined to
analyze DOM composition and chemical characterization. For
each sample containing duplicate molecular formulas in positive
and negative mode, one was discarded from further analysis.

Chemical characterizations for the combined positive and
negative formula lists of each sample were conducted to get
percentages of 1) atomic heterogeneous contents – CHO,
CHNO, CHOS, CHNOS – and 2) H:C and O:C atomic ratios
and ranges on van Krevelen diagrams (Kim et al., 2003). Based on
the elemental compositions of major biochemical compound
groups, specific H:C and O:C ratio ranges were related to four
compound classes: 1) lipid- & protein-like (LPD), 2) amino sugar-
& carbohydrate-like (CAR), 3) unsaturated hydrocarbon- and
condensed aromatic-like (UHC), and 4) lignin- & tannin-like
(LGN), whose boundaries were obtained from Hockaday et al.
(2009) and Hodgkins et al. (2016) (Supplementary Table S1).
Samples were also interpreted by the percentages of the formulas
above the molecular lability boundary (MLBL; H:C ≥ 1.5) to
compare more bioavailable DOM composition with less
bioavailable material across all samples (D’Andrilli et al., 2015).
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The aromaticity (or the aromatic fraction) of the samples were
calculated using the equation given in Hockaday et al. (2009).

Statistical Analyses
Statistical analyses and data visualization were performed using R
(R Core Team, 2018) with built-in functions and external
packages: Vegan (Oksanen et al., 2018), FactoMineR (Lê et al.,
2008), MASS (Venables and Ripley, 2002), and indicspecies (De
Cáceres and Legendre, 2009).

Principal component analysis was applied on measured
environmental variables to obtain multiple correlation between
samples and variables.

Chemical diversity of the DOM molecular formulas for each
sample was calculated by the ‘diversity’ function in R, which is
analogue to biodiversity in ecology, i.e., the Shannon-Weaver
index (Oksanen et al., 2018):

H � −∑
​

Piplogn(Pi)
where P is the relative abundance of formula i.

Non-metricmultidimensional scaling (NMDS) analysiswas applied
in three steps on the molecular formula lists to determine the variation
of DOM between samples. First, a presence/absence matrix was
constructed (samples on rows and formulas on columns). Second, a
dissimilarity matrix was calculated based on Jaccard formulation
(Jaccard, 1912) on binary (0 or 1) data (e.g., [A + B-2*J]/[A + B-J]
whereA andB are number of formulas in two compared samples and J
is the number of formulas that is common in both samples (Oksanen
et al., 2018). Third, anNMDS ordination plot was depicted on two sets
of scores in which the separation between the samples was largest.
Distribution on the biplot states that closer samples are likely to be
more similar than the ones further apart.

Permutational multivariate analysis of variance
(PERMANOVA) was calculated on Jaccard distance matrices by
using the ‘adonis’ function in the Vegan package in R (Oksanen
et al., 2018). PERMANOVA was used to interpret how DOM
compositions were influenced by categorical variables such as
regional distribution, water masses and seep/non-seep association.

Indicator value indices (IndVal) of all detected formulas were
calculated following a method developed by De Cáceres and
Legendre (2009). IndVal is a product of two quantities (A: group
specificity; B: group fidelity) that allow to define lists of formulas that
associated to the predefined groups of sites. Statistical significance
(p) of the group association were then tested by permutation test
against the null hypothesis that a formula is not more frequently
found at a group of sites than at sites not belonging to that group
(De Cáceres and Legendre, 2009). A threshold of IndVal ≥ 0.7 and
p ≤ 0.01 were taken under 1000 permutations for group association.

RESULTS

Distribution of Water Masses and
Environmental Variables
The studied sites were characterized by five main water masses
(Figure 2). Three of them were classified within the window of σt
density 27.70 and 27.97 kg/m3 (Rudels et al. 2000), with the

temperature ranges of > 2°C (Atlantic Water; AW), 0–2°C
(Modified Atlantic Water; MAW) and < 0°C (Arctic Water;
ArW). Waters with σt ≤ 27.70 kg/m3 were considered as
surface water (SW) with a wide range of temperature and
salinity. Waters that have σt > 27.97 kg/m3 were classified as
Arctic deep water (DW). DW reveals two distinct influences
depending on the site location (lower right corner in Figure 2). At
VR and YP stations the water column was composed of DW that
has formed in the polar region and sank below the AW layer. At
the lower part of the SP, on the other hand, DWwas characterized
by higher salinity which were formed in Storfjorden and sank
underneath the MAW layer at the southern tip of Spitsbergen
(Quadfasel et al., 1988; Loeng, 1991; Fer et al., 2003; Skogseth
et al., 2005).

The water column profiles were depicted in Figure 3 by a
selected station from each region that represents typical
biogeochemical features. As is shown in the figure, the water
column was well-mixed at the shallow stations in the PKF, where
AW was the dominant water mass with temperature 2°C and
salinity 34.9 throughout the water column (Figure 3A). Vertical
profiles exhibited clear site-specific patterns for temperature,
salinity and density (Figure 3A). At VR and YP, AW
occupied the 300–350 m upper layer (Figure 3A). Underneath,
the temperature decreased to 0°C with a strong thermocline and
MAW extended to the depth of 500 m in YP and 600 m in VR.
Underneath MAW, DW displayed a uniform salinity profile
(∼34.85) with 0 to −1°C temperature range. Temperature and
salinity profiles were distinct in SS and SP despite their proximity
(∼30 km). SS was fully occupied with AW (4.3°C, ∼35 salinity)
from the surface down to 150 m; at greater depth, temperature

FIGURE 2 | Water mass definitions on temperature vs. salinity diagram
from the CTD profiles. 27.70–27.97 kg/m3 σt isoclines separate Surface water
(SW) and Deep Water (DW) and 0–2°C horizontal temperature lines separate
Atlantic Water (AW) and Arctic Water (ArW) from Modified Atlantic Water
(MAW). Colored data points indicate the sample data for each region listed in
Table 1.
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decreased slightly to 2°C at the bottom (Figure 3A). Three
distinct layers were characterized at SP: a cold, fresh surface
layer at the top 20–30 m, a warm and saline AW layer from 30 to
300 m, and cold and saline DW from 300 m to the bottom
(Figure 3A). At the OB site strong Arctic influence was

prominent with a two-layered structure, consisting of SW (top
20 m) above a sharp pycnocline and ArW from 30 m to the
bottom at ∼150 m (Figure 3A).

Chl fluorescence did not exhibit any clear peak and were
around zero in the water column for May 2017 (CAGE-17-1

FIGURE 3 | Depth profiles of selected stations. Each row of profiles represents the typical features from regions listed in Table 1. Abbreviations are PC, PN, PP,
particulate carbon, nitrogen and phosphorus; DOC, DON, DOP, dissolved organic carbon, nitrogen and phosphorus; DIN, dissolved inorganic nitrogen; D, density; T,
temperature; S, salinity; Chl Fluo., Chlorophyll fluorescence; Mox, methane oxidation.
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cruise) whereas distinct maxima were detected at SP and OB at
40 m depth in late June (CAGE-17-2 cruise) (Figure 3B). This
difference in Chl fluorescence signal between the cruises was also
detected in surface Chl a concentration averages retrieved from
satellite data (Supplementary Figure S1). To depict a relative
distribution of oxygen more accurately, dissolved oxygen
concentrations were converted into oxygen saturation assuming
that 100% saturation at 1 atm and 4°C corresponds to 10.92 mg/L.
Oxygen saturation varied in 92–102% range within AW that
occupied PKF and upper layers of VR, YP, and SS and
uniformly decreased to 80–85% at the bottom in DW. Along
with the peaks in Chl fluorescence signal, oxygen saturation
increased up to 110–125% at the upper layers of OB and SP
and dropped back to 85–90% in ArW at the bottom layers
(Figure 3B). Turbidity was elevated at the bottom of the water
column at all stations and its profiles were analogous to the
fluorescence profiles at the upper layers (Figure 3B).

Chl a concentrations ranged from 0.00 to 5.75 µg/L (average
0.75 µg/L) (Supplementary Table S2) with the highest
concentration in SP corresponding with the CTD Chl
fluorescence peak at 40 m at this site (Figure 3C). Particulate
matter concentrations were always in line with the Chl a
concentrations (Figure 3C). Maximum concentrations were
measured at SP-1 (28 m) for particulate C (35.64 µM) and
particulate N (1.93 µM) and in PKF for particulate P
(0.21 µM). Chl a vs particulate C, N and P displayed positive
linear correlations in all samples (r � 0.93, 0.84, and 0.76,
respectively, p < 0.001) (Figures 4C–E).

Maximum dissolved nutrient concentrations were detected in
the DW layer (<800 m; 15.3 µM, 1.00 µM, and 13.0 µM for
nitrate, phosphate, and silicate respectively) implying a marked
regeneration at depth (Figure 3D). We found lowest
concentrations at the OB surface likely due to the dilution by

sea-ice meltwaters and earlier surface bloom (Figure 3D). Here,
concentrations dropped to 0.19 µM, 0.05 µM, and 0.54 µM for
nitrate, phosphate, and silicate, respectively (Supplementary
Table S2). Ammonium concentrations varied in a narrow
range from 0.04 µM to 2.08 µM in all samples (Supplementary
Table S2) except the maximum value (6.21 µM)measured at SP-1
(28 m). DIN and phosphate ratios were close to the Redfield ratio
(1958) (ratio of carbon: nitrogen: phosphorus as 106:16:1 often
found in marine phytoplankton soft tissue) in all samples
(Figure 4). DIN to silicate ratio however, was higher than one
in most of the samples.

Our measurements showed that the variation of DOC, DON,
and DOP was low comparing all sites (Figure 3E and
Supplementary Table S2). The DOC concentration range was
from 26.9 to 104.0 µM however, 80% of the measurements were
between 40 and 80 µM. The highest DOC concentration was
measured at the surface layer (0–5 m) of PKF and the minimum
concentration was at the surface of the OB. Similar vertical
profiles were observed for DON and DOP concentrations with
ranges of 0.00–7.43 µM and 0.00–0.60 µM, respectively
(Supplementary Table S2). On average, DON and DOP
contributed 39% and 20% of the total dissolved nitrogen and
phosphorus pool, respectively, and highest contributions were
measured for OB surface water.

Methane concentrations were often elevated in the vicinity of
seeps (Figure 3F and Supplementary Figure S2). Dissolved
methane resulted in high concentrations in the bottom waters
and decreased rapidly to atmospheric equilibrium levels except at
PKF (Figure 3F). Here, numerous seeps were located in shallow
waters and methane concentrations were ∼five times higher at the
surface (14.9 nM) compared to the atmospheric equilibrium
(3.2 nM at 34.8 psu and 6°C; (Wiesenburg and Guinasso,
1979)). The highest methane concentration (263 nM) was

FIGURE 4 | Individual relationships between biogeochemical parameters. The black lines show local polynomial regressions between the variables. Redfield ratios
are provided in red at the top panel. The relationship between methane and methane oxidation rates (MOx) and corresponding linear regression lines are provided in
black and red corresponding to Prins Karl Forland (PKF) and Storfjordrenna Pingos (SP). Error bars represent standard deviation of MOx measurements. Abbreviations
are PC, PN, PP, particulate carbon, nitrogen and phosphorus; DIN, dissolved inorganic nitrogen; Chl-a, Chlorophyll a.

Frontiers in Earth Science | www.frontiersin.org December 2020 | Volume 8 | Article 5527317

Sert et al. DOM in Arctic Cold Seeps



measured at the bottom of SS-2 (Figure 3F). Average methane
concentrations for all stations were 63 nM (bottom), 39 nM (25 m
above seafloor) and 9 nM (5 m below surface).

WemeasuredMOx rates at 96 sampling points at PKF, SP, and
OB (Supplementarys Table S2 and Figure S2A). Average MOx
rates were almost 10 times higher at SP (0.31 nM/day) compared
to PKF (0.04 nM/day) and there was no detectable MOx activity
at OB (Figure 3 and Supplementary Figure S2B). MOx rates
were positively correlated with the methane concentrations in
PKF (correlation coefficient r � 0.91, p < 0.001, number of sub-
samples n � 64) and SP (r � 0.94, p < 0.001, n � 32) separately and
showed two different responses (Figure 4H).

A principal component analysis of the biochemical parameters
displayed a correspondence with the water mass characteristics of
the samples within the first two principal components (PC) as 36.9
and 21.7% variance explained, respectively (Figure 5). Primary
production related parameters (Chl a, particulate C, N, P, Chl
fluorescence, ammonium) and dissolved nutrients were the main
components on the PC-1 which partially represent the separation
between DW and AW, whereas SW largely represented by DON,
DOP and oxygen concentrations on the PC-2 axis (Figure 5).

Dissolved Organic Matter Molecular
Composition
From all the sampling sites, 19,641 distinct formulas were
obtained after removing the duplicate formulas in positive and
negative mode ESI samples with the molecular mass range of 211
to 989 Da (Figure 6A). From all assigned formulas, 6,947and

2,356 were unique to seep and non-seep samples respectively
(Figure 6B), and 10,338 formulas were found in both
(Figure 6C). All assigned elemental composition varied in the
range of C7-75H6-74N0-2O1-25S0-1 with the percentages of 41%
CHO, 39% CHNO, 13% CHNOS, 7% CHOS for seep and 41%
CHO, 36% CHNO, 15% CHNOS, 8% CHOS for non-seep
samples. Using our modified characterization classification
criteria based on H:C and O:C groupings on van Krevelen
diagrams, molecular formulas averaged 74% LGN, 8% UHC,
14% LPD, 4% CAR for seep and 76% LGN, 9% UHC, 11% LPD,
4% CAR for non-seep chemical species (Figure 6B).

IndVal analysis for seep versus non-seep comparisons of all
molecular formulas determined that 922 and 129 formulas were
associated with the seep and non-seep samples respectively
(Figure 6D). That is, the formulas that are more frequently
observed in a compound class group (Supplementary Table
S1) considered as associated. Given that, seep associated
formulas (IndVal ≥ 0.7; p ≤ 0.01) were composed of 72%
LGN, 23% LPD, and 5% UHC. Non-seep associated formulas
(IndVal ≥ 0.7; p ≤ 0.01) were predominantly composed of LGN
(52%), UHC (43%), and only 6 formulas were assigned CAR (5%)
chemical species (Figure 6D).

The number of formulas in seep and non-seep samples ranged
from 3,211 to 9,534 and from 3,120 to 6,815 respectively
(Figure 7A). The lowest number of formulas were obtained in
the PKF-7 (non-seep) and the highest number of formulas were
obtained in PKF-3 (seep) (Figure 7A). Samples on the seepage
sites of PKF and SS were higher inMLBL (18 to 27%) compared to
the other samples and had characteristically higher LPD chemical
species (12 to 21%) (Figures 7B,C). CAR and UHC contents were
highest in non-seep PKF-7 station (8%) and YP station (14%)
comparatively and the greatest percentages of LGN (82%) were
observed in OB-1 station (Figures 7D–F).

Percentages in CHO and CHOS based formulas were varied in
a range from 34 to 49% and 3 to 12%, respectively except the YP
bottom sample in which CHOS composition percent was 25%
(Figures 7G–I and Supplementary Figure S2). CHON
composition percentages were highest in the PKF and SS seep
stations (35 to 43%). CHONS composition percentages were
highest (23%) in non-seep PKF-7 station (Figure 7J).

NMDS analysis from Jaccard distances based on DOM
composition revealed a high level of association at two
dimensions (stress � 0.12). Samples from the same site/station
displayed similar DOM composition (Figure 8). PERMANOVA
test on Jaccard distances revealed that DOM compositions were
most significantly (p < 0.001) associated with station (coefficient
of determination R2 � 0.59), site (R2 � 0.35) and seep influence
(R2 � 0.17). Environmental variables that showed linear
correlation to NMDS ordination scores were temperature,
salinity, density, oxygen (p < 0.001), methane (p < 0.019), and
DOC concentrations (p < 0.028). NMDS scores displayed
significant correlations with chemical diversity, number of
formulas, heteroatomic compositions and molecular species
compositions of the samples (p < 0.001). The most variable
DOM composition was found at the PKF seep sites explained
by number of formulae and chemical diversity. NMDS biplot
revealed that DOM composition of PKF seep samples displayed

FIGURE 5 | Principle Component Analysis biplot of the biochemical
parameters. The explained variances are provided on the x- and y-axis in
parentheses. Coloured ellipses represent 95% confidence interval for water
mass group centroids of Surface water (SW), Deep Water (DW), Atlantic
Water (AW), and Arctic Water (ArW). Centroids are represented by open
square symbols. Abbreviations are PC, PN, PP, particulate carbon, nitrogen
and phosphorus; DIN, dissolved inorganic nitrogen; DOC, DON, DOP,
dissolved organic carbon, nitrogen and phosphorus; Chl-a, Chlorophyll a.
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positive correlation with the percentages of MLBL, LPD, and
CHON compositions (Student’s t-test, p < 0.01) and OB samples
were associated with higher aromaticity, LGN, and CHOS
composition (Student’s t-test, p < 0.01) (Figure 8).

DISCUSSION

Oceanographic Characteristics of the Study
Sites
As the main driver of the hydrography, the West Spitsbergen
Current (WSC) brings AWwhich gradually mixes with the locally
formed cold fjord and shelf waters over theWest Spitsbergen Shelf
and the Arctic waters in Storfjordrenna and Barents Sea (Loeng,
1991; Harris et al., 1998). Therefore, the water column mainly
comprises AW in PKF, VR, YP, SS, and SP sites (Figure 2). DW
was dominant in the bottom part of YP, VR, SS, and SP (Figure 3).
OB was the only region that was fully occupied by ArW. SW was
present in all regions, except at PKF where the well-mixed water
column was entirely occupied by AW.

Nutrients and Chl a concentrations were consistent with
previous observations in the study sites (Hodal et al., 2012;
Tremblay et al., 2015; Randelhoff et al., 2018). Higher nitrate/
silicate ratios were apparent in AW (Figure 4B) implying earlier
diatom uptake based on 1/1 demand on nitrate and silicate (Erga
et al., 2014). Nevertheless, AW seems to be the main source of

nutrients in virtue of higher average concentrations and well-
developed Chl a sub-surface maxima in the stratified SP region.
Ratio of particulate C/N/P – 83/7.6/1 Figures 4A–D in
comparison to 106/16/1 - C/N/P Redfield ratio (Redfield,
1958) implies that the nitrogen was the limiting factor on
primary production. Yet, the elevation of Chl a and the
depletion of nitrate were associated with the increase in
ammonia presumably by remineralisation and restored DIN/
phosphate ratio back to the Redfield ratio of 16 (Figure 4A).
This is also in agreement with the previous findings (Olsen et al.
2003) that defines depletion of nitrate as an indicator of blooms in
AW, whereas phosphate and silicate ranges in similar pattern of
variability.

Silicate demanding diatoms are the dominant producer in the
upper layer of the ArW during the retraction of sea-ice and
gradually sink to the deeper layers (Loeng and Drinkwater, 2007).
Accordingly, minimum levels of nitrate/silicate ratios were found
in ArW as average 2.57 ± 0.7 with depleted surface nutrients
indicating a diatom bloom prior to sampling. As the Chl
fluorescence peak at 40 m at OB indicates (Figure 3B), the
active community of diatoms might have moved along the
nitricline in late June.

Bulk concentrations of the dissolved organic matter (DOC,
DON, DOP) did not indicate any distinct trend within the studied
samples (Figure 3E). High percentages of LPD content and N-
containing formulas at PKF were not directly correlated with the

FIGURE 6 | (A) All assigned dissolved organic matter formulas in all samples (B) unique molecular formulas that are found in seep (grey) and non-seep (orange)
samples (C) molecular formulas commonly found in seep and non-seep samples (D) Seep versus non-seep associated formulas based on comparisons by IndVal
analysis (IndVal ≥ 0.7; p ≤ 0.01). Each point in the diagrams represents a single formula assigned from one resolved mass spectral peak. Note: these van Krevelen
diagrams contain molecular formulas from combined positive and negative mode ESI FT-ICRMS assignments. Abbreviations are LPD, lipid- and protein-like; CAR,
carbohydrate-like; LGN, lignin- &tannin-like; UHC, unsaturated hydrocarbon- &condensed aromatic-like; O:C, oxygen to carbon ratio; H:C, hydrogen to carbon ratio.
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bulk DON concentrations. As a proxy to primary production, Chl
a concentrations did not show any detectable correlation with the
DOM compositions. Chl peaks at SP and the previous diatom
bloom at OB were not linked with any unique DOM composition.
A similar DOM molecular composition can arise from many
biotic processes and these findings may be due to the

simultaneous bacterial consumption that follows bio-labile,
autochthonous production of DOM. This result is consistent
with the previous observation by Osterholz et al. (2014) in Arctic
fjords which suggested rapid transformation of DOM by the
microbial community without any detectable imprint in neither
DOM compositions nor bulk concentrations.

FIGURE 7 | Dissolved organic matter composition data determined by ESI FT-ICR MS organized by sampling stations shown as boxplots for (A) number of
molecular formulas, (B) percentages of chemical lability (MLBL;; D’Andrilli et al., 2015) (C–F) chemical groups based on modified regions of characterization classes on
van Krevelen diagrams (Figure 2), and (G–J) and heteroatomic content. Seep and non-seep stations are colored by grey and orange, respectively. Stations are
abbreviated as given in Table 1.
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Effect of Hydrography on Methane
Concentrations and Methane Oxidation
Distributions
Spatial and temporal variability of MOx was shown to be high on
the continental margin of Svalbard and at PKF in previous studies
where MOx rates were reported between 0.001 and up to 3.2 nM/
day (Steinle et al., 2015; Ferré et al., 2020). Our MOx rates from
the PKF site (max 0.23 nM/day) were low compared to overall
ranges (Supplementary Table S2). Rather than elevated methane
concentrations, which were not entirely related to high MOx
rates, the size of a MOB community may be the more relevant
factor of an active MOB community (Steinle et al., 2015).
Moreover, the succession of MOB communities depends
largely on circulation patterns and water column hydrography
(Steinle et al., 2015; Silyakova et al., 2020). In accordance with
this, we observed in our study site-specific positive correlations
between methane concentrations and MOx rates at PKF and SP
(Figure 4H). MOx was 10 times more efficient at SP (rate
constant kMOx � 6 × 10−3 day−1) than in PKF (kMOx � 6 ×
10−4 ay−1), presumably due to the difference in the hydrography
or the size of methanotrophic community. At SP, a well-defined
pycnocline (Figure 4A SP-3 panel) hindered the transport of gas
bubbles to upper layers (Damm et al., 2005; Damm et al., 2008;
Gentz et al., 2014; Jansson et al., 2019) whereas the vertical
transport of methane was easier in uniform and shallow water
column at PKF (Figure 4A PKF-2 panel).

Notably, water column stratification and the size of the MOB
were possibly not the only parameters affecting MOB efficiency.
SinceMOx activity was rapidly exhausted at the bottom of SP well
before reaching the pycnocline (∼100 m above bottom; Figure 3F
SP-3 panel). Water mass distribution and current regimes were
different between sites. DW occupied the bottom of SP, whereas
PKF was entirely composed of AW (Figure 3A). As previously
reported, PKF is influenced by WSC with a strong monthly mean
current velocity of 0.2 m/s (von Appen et al., 2016) continuously
transporting MOB populations northwards out of the PKF area
(Graves et al., 2015; Steinle et al., 2015). In contrast, the mean
geostrophic velocity at SP is in the range of 0.02–0.07 m/s
(Skogseth et al., 2005; Skogseth et al., 2007). Longer residence
times possibly facilitates MOB to metabolize methane more
efficiently, therefore higher MOx rates were observed at SP
(Figure 3F). MOx was undetected in OB even above the seeps
with high methane concentrations (Figure 3F) indicating that a
substantial active population ofMOB in OBwas not present (note
that we did not determine MOB community sizes in our survey).

Evaluation of Dissolved Organic Matter
Compositions
Analysis of DOM with ESI FT-ICR MS provides a qualitative
assessment of molecular-level elemental composition linked to
the ionization efficiency of polar constituents of the sample and
experimental settings. Using ESI FT-ICR MS, we determined
chemical composition, interpreted chemical characteristics, and
evaluated the presence or absence of molecular formulas to
qualitatively understand DOM composition in the water
column at the different sampling sites.

DOM molecular composition patterns were consistent with
those of previous reports (Hertkorn et al., 2013; Osterholz et al.,
2014; D’Andrilli et al., 2015; Kujawinski et al., 2016), having
characteristically large percentages of LGN compounds (68–82%,
Figures 6, 7E). Although the FT-ICR MS instrument does not
generate structural DOM data, naturally occurring chemical
possibilities of CHNOS molecular formula indicate the potential
for polycarboxylated substances such as lignins, tannins, terpenes,
and carboxyl-rich alicyclic molecules (CRAM) that share similar
structural information with a wide range of eukaryotic and
prokaryotic membrane constituents and secondary metabolites
(Hertkorn et al., 2006). These groups of chemical species are
derived from decades of accumulated microbial degradation
products which ultimately lead to similar compositional patterns
in many marine environments (Koch et al., 2005).

Formulas interpreted as LPD and CAR (12 to 27%, Figures 6,
7B–D) with more hydrogen saturation (H:C ≥ 1.5) are considered
to comprise of bio-labile species (D’Andrilli et al., 2015) and likely
indicate recent autochthonous microbial production (hours to
days). Bio-labile DOM is considered to be most energetically
favorable for microbial uptake or for extracellular degradation
(Koch et al., 2014; Carlson and Hansell, 2015) and therefore its
chemical composition provides insight about the potential
biological patterns of seep versus non-seep sites. Accordingly,
LPD chemical species were found with greater atomic
heterogeneity in seep sites (Figures 7G–J) indicating higher

FIGURE 8 | Non-metric multidimensional scaling (NMDS) biplot of
Jaccard distances from the presence/absence matrix of dissolved organic
matter molecular formula compositions containing CcHhNnOoSs by ESI FT-
ICR MS. Samples are coded by colour and shape for site and seepage
influence, respectively. Arrow vectors represent environmental variables
(oxygen, DOC, temperature, salinity, and methane concentration), numerical
observations (number of formulas, chemical diversity, aromaticity (Hockaday
et al., 2009)) and molecular percentages (CHOS, CHON, CHONS, LPD, LGN,
CAR, MLBL,) that show significant correlation (p < 0.05) with the NMDS
scores. Coloured ellipses represent 95% confidence interval of the group
centroids. Abbreviations are LPD, lipid- and protein-like; CAR, carbohydrate-
like; LGN, lignin-&tannin-like; UHC, unsaturated hydrocarbon- &condensed
aromatic-like; DOC, dissolved organic carbon; MLBL, percentages of
formulas above the molecular lability boundary (D’Andrilli et al. 2015).
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potential for seep-driven microbial activity (Kujawinski, 2011;
D’Andrilli et al., 2019).

Three to 14% of the formulas were interpreted as UHC in all
samples and similarly represented in seep and non-seep stations
(Figure 7F). DOM of this type is most likely generated by legacy
sinking of refractory materials (from a microbial perspective),
undergoing no further biological degradation, e.g., the end-
products of biomass combustion or petrogenic/pyrogenic
origin, which were thermally fused in the deep layers of
sediment and mechanically brought up into the water column
by bubbles and seeping fluids.

All DOM sample molecular compositions were predominantly
grouped by site and seep influence (Figure 8). The largest
dissimilarity in molecular composition was between the PKF-S
(seep stations in PKF) and PKF-NS (non-seep stations in PKF) sites
across NMDS-1 axis which correlated with the number of formulas,
N-containing composition (see Figure 7H) and chemical diversity
(Figure 8). On the diagonal axis between NMDS-1 and NMDS-2,
OB DOM composition grouped separately with explained
differences positively correlating with the aromaticity, oxygen,
CHOS content, and LGN composition. That diagonal axis also
implies the correlation ofMLBL and LPD compositionwith the seep
samples in PKF and SS. Therefore, we relate higher number of
molecular formulas, chemical diversity, CHON composition, and
LPD chemical species to unique DOM production at the seep sites.
This pattern was most pronounced at PKF-S possibly due to
prevalent seepage activity combined with strong ventilation at
the shallow water column. We observed a similar pattern also at
SS-2 where DOM composition displayed considerably high
percentages of bio-labile nature (LPD) compared to the non-
seep station SS-1 (Figure 7C). This provides evidence that seep-
related microbial processes may have a significant influence on
DOM composition with more bio-labile and nitrogen composition.

We suggest that the combination of positive and negative
mode ESI contributed greatly to identifying distinct DOM
molecular formulas at seep and non-seep sites. CHO and
CHON chemical species were more efficiently ionized in
positive ESI (Supplementary Figure S5) and provided a more
comprehensive analysis of the DOM composition of all samples.
Negative ESI is more frequently used in marine DOM research
due to its better ionization efficiency of acidic and carboxylic
compounds (Sleighter and Hatcher, 2007). However, more
information about the polar fraction of marine DOM as well
as other natural environments is gained by combining positive
and negative ESI FT-ICR MS data sets (Hertkorn et al., 2013;
Ohno et al., 2016).

In addition, positive ESI FT-ICR MS also detected unique
CHOS composition near the bottom of the YP station
(Supplementary Figure S4). These chemical species can be
considered as ‘black sulphur’ due to compositional similarity
with black carbon and black nitrogen in the condensed aromatics
region of the van Krevelen diagram having large hydrogen
deficiency and limited oxygenation (Hertkorn et al., 2013;
Hertkorn et al., 2016). Although the origin of these chemical
species is not known, high sulfur content suggests that anoxic
sedimentary microbial processes may play a role in their
production.

Do Cold Seeps Alter Dissolved Organic
Matter Composition?
Cold seeps in the Arctic Ocean originate from a variety of sources
and geochemical mechanisms (Bünz et al., 2012; Sahling et al., 2014;
Serov et al., 2015; Andreassen et al., 2017; Panieri et al., 2017).
Seeping fluids consist of predominantly methane (99.7–99.9%), yet
other hydrocarbons and sulphurous compounds may also migrate
with seeping fluids and methane, all of which provide a source for
chemosynthetic organisms (Levin, 2005; Vanreusel et al., 2009;
Panieri et al., 2017; Sen et al., 2018; Åström et al., 2018). Seeping
gases form bubbles and rise up through the water column
(Westbrook et al., 2009; Berndt et al., 2014). Along its trajectory
towards the upper layers, methane exchanges with more abundant
dissolved gases such as nitrogen, enriched in the surrounding water
and promotes MOx (James et al., 2016; Steinle et al., 2016; Jansson
et al., 2019). Hydroacoustic surveys demonstrated that seeps can
stay active for weeks to decades (Gentz et al., 2014; Veloso-Alarcón
et al., 2019) however, the fate of methane at active flares sites is
highly dependent on bubble size, salinity, and water velocity
(Jansson et al., 2019). Therefore, considering the effects of ocean
currents, upwelling, or redox changes, availability of methane for
MOB can be sporadic and the potential ratesmay not bemaintained
persistently (Reeburgh, 2007; Mau et al., 2013; Steinle et al., 2015;
Steinle et al., 2016; Steinle et al., 2017). For this reason, seep
influence on DOM composition was not always directly linked
to methane concentration, and seep versus non-seep definition was
solely based on echosounder data. Since MOx is the main removal
mechanism of dissolved methane in the water column, low
concentration of methane at seep stations (e.g., VR) may
indicate efficient microbial filtering which eliminates methane
simultaneous to its dispersion. Oppositely, high concentration of
methane at non-seep stations (e.g., SP-3, PKF-5, and PKF-6; see
Supplementary Figure S2A) may indicate inefficiency of MOx or
advection of MOB by currents.

We found a significant correlation between seep activity and
DOM composition in terms of its bio-lability, chemical diversity,
number of formulas and LPD as well as CHON formula contents
(Figures 7, 8). Naturally, MOx is a likely mechanism driving
variation in DOM compositions at seep and non-seep stations.
However, correlation between seep activity and DOM composition
was not observed directly byMOx rates or methane concentrations
(Supplementary Figure S2). For instance, despite the differences
in DOM compositions, non-seep stations in PKF and SP had
similar ranges of MOx rates with the seep stations in the same sites
(Supplementary Figure S2B). One possible explanation may be
the dynamic hydrography and consequent elimination of MOx in
the region (Steinle et al., 2015). All observed ranges of methane
concentrations and MOx rates were low during our survey
compared to the results reported at Berndt et al. (2014) and
Steinle et al. (2015) and slightly higher than Ferré et al. (2020).
However, it is possible that distinct DOM composition associated
with MOx activity would persist even if MOB communities
diminished, MOx rates decreased, and lower concentrations of
methane were measured. In effect, this may lead to a “legacy”
fingerprint of methane-influenced DOM composition in the water
column, which may be considerably diverse. Therefore, we
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attribute the largest variety of DOM compositions for seep vs. non-
seep comparisons to a multitude of biogeochemical factors rather
than one driving variable such as MOx rates or methane
concentration. This effect was most noticeable at PKF where the
contrast in seepage activity (number of active seeps; see Figure 1)
and DOM composition was highly variable from seep to non-seep
locations.

Although we hypothesised that MOx would be the main cause
of the compositional differences of DOM in seep sites to non-seep
sites, other mechanisms may contribute to DOM signatures such
as seep-driven primary production. Pohlman et al. (2017) showed
that the carbon dioxide uptake rate was two times higher at the
seep site of PKF than at the non-seep coastal site. They suggested
that stimulation of primary production and consequent decrease
of the carbon dioxide level were enhanced with the contribution
of methane-enriched bottom waters. The compositional
differences we observed might support this hypothesis since
more bio-labile and heterogeneous composition may be an
indication of fresh primary production at the seep site.
However, similar to the MOx rates and methane
concentrations, Chl a concentration, Chl fluorescence, or
nutrient concentrations did not display any noticeable trend
from seep to non-seep sites (Supplementary Figure S1).

Seeping DOM is another possible mechanism for the
compositional differences at seep and non-seep sites.
Sedimentary methanotrophic microbes are predominantly
anaerobic (Knittel and Boetius, 2009) and likely produce
chemical species, different from the metabolites released from
active MOB in the overlaying methane-rich water masses.
Sedimentary-derived metabolites reach the upper water layers
by ventilation due to the upstream of bubbles and vertical
mixing, thereby potentially modifying the DOM composition at
seep sites. Seeping DOM and consequent compositional
differences were previously shown in hydrothermal vents by
stable carbon isotope analyses, highlighting the role of crustal
microbial communities in DOM synthesis, strong enough to
change the compositional character of the overlying ocean
(McCarthy et al., 2011). Similarly, Pohlman et al., (2011)
showed the contribution of sedimentary DOC flux from
methane hydrate seeps to the deep seawater. However, both
studies indicated that carbon flux from the sediment was
14C-depleted, considerably aged (5,000 to 15,000 years) and
possibly consisting of recalcitrant nature which may be
contributing to the LGN chemical species observed at the seep sites.

Lastly, DOM composition may be affected by seep-driven
microbial modifications. For instance, continuous methane flow
from the seafloor might disturb higher trophic level organisms
which feed on DOM consumers and autochthonous DOM
producers enumerate rapidly above seeps. To our knowledge,
this theory has not been previously studied at seep sites. However,
in glucose augmented incubation experiments, Kujawinski et al.
(2016) showed that organisms larger than 1.0 µm dominantly
affected the bacterial diversity and the DOM composition in
seawater. They found that the DOM composition was comprised
of lipid- and peptide-like chemical species in <1.0 µm filtered
surface sea water during the nine days incubation. Unfortunately,

despite the number of studies on MOB taxonomy (Kalyuzhnaya
et al., 2019), DOM composition coupling with other microbes
and higher organisms remains unknown.

Overall, the mechanisms of different DOM compositions at
seep and non-seep sites are likely a combination of many factors.
MOx, seep fertilization, seep-driven microbial modifications, and
seeping of sedimentary DOM are identified here as possible
factors. DOM reflects a number of geochemical and molecular
processes on different timescales and potentially years of
aggregation whereas seep-driven processes are site specific and
may only persist on shorter timescales. Therefore, the
modification of DOM by seep-driven processes and relative
contribution on total water column biogeochemistry is difficult
to capture in situ when the other factors are not constrained.
Controlled experiments with constrained effects may target the
exact products more specifically.

SUMMARY AND CONCLUSION

Cold seeps are being studied intensively due to the possible
influence of escaping methane on atmospheric gas
compositions and consequent effect on global climate change.
Our investigation in the water column showed that the direct and
indirect impacts of seeping fluids are also evident for water
column biogeochemical concentrations and DOM
composition. Our findings at cold seeps of the continental
shelf of Svalbard and in the Barents Sea revealed that DOM
composition is associated with methane influenced water column
activity and spatial distribution of active seeps. DOM appeared
more bio-labile and had higher chemical diversity and LPD
composition at seeps compared to non-seep areas.
Compositional differences of DOM between seep and non-
seep sites might be related to a multitude of environmental
factors such as MOx, seep fertilization, seep-driven microbial
modifications, and seeping of sedimentary DOM. However, no
single process was identified as the sole mechanism for unique
DOM composition at these sites. DOM composition did not
directly correlate to Chl a, nutrient concentration, or water
temperature, but the hydrography and the nutrient
distributions confirmed the local influences of main water
masses and primary production cycles.

The underlying mechanisms of seep influence on DOM
compositions are yet to be elaborated in controlled laboratory
experiments. In order to link the production and consumption of
DOM composition to certain seep-specialized microbial groups,
incubation experiments with controlled variables (e.g., microbial
cultures, temperatures, methane and nutrient concentrations)
and further metabolomics analyses on microbe vs. DOM
interactions are needed. Expectedly, combinations of all
ongoing processes and co-occurring microbial consortia are
extremely complex and possibly hinder identifiable
interactions on DOM compositions, however in our study, we
showed that unique seep DOM compositions and character can
be identified. We recommend the analysis technique of ultrahigh
resolution mass spectrometry that we used for our analyses as a
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promising tool to decipher methane seep associated patterns at
the molecular level. Moreover, our combination of biological and
chemical techniques provided insight into methane-driven
biogeochemical DOM processes in the ocean water column.
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Supplementary Material 

 

1 Supplementary Figures and Tables 

 

Table S1. Classification of the assigned molecular formulas based on O:C and H:C ratio ranges 

(Hockaday et al., 2009; Hodgkins et al., 2016). See Fig. 6 for boundaries on van Krevelen diagram. 

Classification on O:C and H:C ratios 

Compound class O:C range H:C range 

Lipid- & protein-like (LPD)  ≤ 0.67  ≥ 1.5 

Aminosugar- and carbohydrate-like (CAR) > 0.67 ≥ 1.5 

Unsaturated hydrocarbon- & condensed 

aromatic-like (UHC) 

0.1< & <0.67 0.7-1.5 & <0.7 

Lignin- & tannin-like (LGN) > 0.1 & >0.7 0.7-1.5 & <1.5 
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Table S2. Summary table of the obtained measurements demonstrating number of 

measurements (n), minimum (min), maximum (max), mean and median values.  

 n Min Max Mean Median 

Depth (m) 5410 6 1196 287.5 193 

Temperature (oC) 5410 -1.78 5.43 2.22 2.74 

Salinity  5410 33.78 35.03 34.90 34.95 

Density (σt, kg/m3) 5410 27.08 28.13 27.85 27.85 

Oxygen (%) 5410 78.58 125.54 92.86 93.24 

Chl Fluo. 5410 0.00 12.38 0.34 0.06 

Turbidity (%) 5410 0.00 0.65 0.11 0.09 

Chl a (μg/l) 80 0.00 5.75 0.75 0.61 

PC (μM) 80 0.51 35.64 5.57 4.22 

PN (μM) 80 0.00 1.93 0.51 0.45 

PP (μM) 80 0.01 0.21 28.04 11.90 

DIN (μM) 80 0.35 15.64 8.39 8.91 

Nitrate (μM) 80 0.19 15.34 7.61 8.14 

Phosphorus (μM) 80 0.05 1.00 0.55 0.59 

Silicate (μM) 80 0.54 12.96 4.27 4.35 

Ammonia (μM) 80 0.04 6.21 0.77 0.64 

DOC (μM) 80 26.90 104.00 56.90 56.30 

DON (μM) 80 0.00 7.43 4.65 4.89 

DOP (μM) 80 0.00 0.60 0.12 0.10 

Methane (nM) 133 0.70 230.80 28.11 13.60 

MOx (nM/day) 96 0.00 0.95 0.08 0.01 

 

  



 
3 

 

Figure S1: Distribution of environmental parameters organized by sampling stations shown as 

boxplots. Seep and non-seep stations are colored by grey and orange, respectively. Abbreviations are 

PC, PN, PP: particulate carbon, nitrogen and phosphorus, DIN: dissolved inorganic nitrogen, DOC: 

dissolved organic carbon, Chl-a.: Chlorophyll a. Stations are abbreviated as given in Table 1.  
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Figure S2: (a) Methane concentrations and (b) methane oxidation rates (MOx) at sampling stations. 

Seep and non-seep stations are colored by grey and orange, respectively. Stations are abbreviated as 

given in Table 1.   
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Figure S3. Satellite images of surface Chla concentration (mg m-3) averages around Svalbard (6-36 

E, 75-80 N) in 9 May -2 June (top) and 18 June – 4 July (down). Level -3 MODIS-Aqua data 

retrieved from https://giovanni.gsfc.nasa.gov/giovanni/ with using Giovanni v 4.28 (Acker and 

Leptoukh, 2007). 
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Figure S4:  Unique formulas that are detected in the deepest sample at YP station indicating a link to 

a black sulphur presence.    
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Figure S5: van Krevelen  diagram for 19,641 unique formulas detected in positive (red) and negative 

(blue) ESI modes. Each point in the diagrams represents a single formula assigned from one resolved 

mass spectral peak. Each diagram represents one of the heteroatomic classes: CHO, CHON, CHOS 

and CHONS and the number of formulas for each heteroatomic class are given in the right corners. 

Dashed lines separate molecular classes and molecular lability boundary (MLB; D’Andrilli et al., 

2015).  
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Abstract. Hydrothermal vents modify and displace subsur-
face dissolved organic matter (DOM) into the ocean. Once in
the ocean, this DOM is transported together with elements,
particles, dissolved gases and biomass along with the neu-
trally buoyant plume layer. Considering the number and ex-
tent of actively venting hydrothermal sites in the oceans, their
contribution to the oceanic DOM pool may be substantial.
Here, we investigate the dynamics of DOM in relation to hy-
drothermal venting and related processes at the as yet unex-
plored Aurora hydrothermal vent field within the ultraslow-
spreading Gakkel Ridge in the Arctic Ocean at 82.9◦ N. We
examined the vertical distribution of DOM composition from
sea ice to deep waters at six hydrocast stations distal to the
active vent and its neutrally buoyant plume layer. In com-
parison to background seawater, we found that the DOM
in waters directly affected by the hydrothermal plume was
molecularly less diverse and 5 %–10 % lower in number of
molecular formulas associated with the molecular categories
related to lipid and protein-like compounds. On the other
hand, samples that were not directly affected by the plume

were chemically more diverse and had a higher percentage of
chemical formulas associated with the carbohydrate-like cat-
egory. Our results suggest that hydrothermal processes at Au-
rora may influence the DOM distribution in the bathypelagic
ocean by spreading more thermally and/or chemically in-
duced compositions, while DOM compositions in epipelagic
and mesopelagic layers are mainly governed by the micro-
bial carbon pump dynamics and surface-ocean–sea-ice inter-
actions.

1 Introduction

Dissolved organic matter (DOM) in the vicinity of high-
temperature hydrothermal vents shows discrepancies in con-
centration compared to ocean background concentrations,
mainly due to thermal decomposition of DOM during hy-
drothermal circulation (Hawkes et al., 2015; Lang et al.,
2006). During the formation of hot hydrothermal fluids
in convective circulation systems, cold deep ocean water
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percolates through permeable pathways (faults/fissures) in
the crust and is progressively heated and modified dur-
ing high-temperature alteration of igneous (e.g., mafic, ul-
tramafic) rocks (German and Seyfried, 2014; Simoneit et
al., 2004). Continuous exposure to extremes of tempera-
ture (up to 400 ◦C) and low pH either completely degrade
DOM to volatile species (e.g., CO2, methane) (Lang et al.,
2006) or alters originally stable, high-molecular-weight, re-
fractory DOM to highly aromatic, unsaturated, oxygen-poor,
petroleum-like compositions in the hydrothermal vent fluids
(Hawkes et al., 2015, 2016; Rossel et al., 2015, 2017). In rel-
atively low temperature hydrothermal systems (< 150 ◦C),
DOM is not degraded by cracking (Lang et al., 2006), and
production of DOM may be more prevalent (Hawkes et al.,
2015). DOM may therefore be a significant source of mixed
forms of complex reduced carbon in the vent fluids, which
can include dissolved free amino acids (Fuchida et al., 2014;
Haberstroh and Karl, 1989; Horiuchi et al., 2004), lipids
(McCollom et al., 1999, 2015) and bio-labile organic car-
bon (Hansen et al., 2019; Longnecker et al., 2018; Rossel
et al., 2015). Considering that the deep-ocean DOM is re-
fractory (e.g., Dittmar and Stubbins, 2014; Hansell, 2013)
or primarily inaccessible for organisms (e.g., Arrieta et al.,
2015), specialized microbial communities may therefore uti-
lize hydrothermally modified DOM as a carbon source and
support hydrothermal fauna in the vicinity of hydrothermal
vents (Bart et al., 2020; Folkers and Rombouts, 2020; Heste-
tun et al., 2016; Yahel et al., 2003).

The chemical composition and temperature of venting flu-
ids emanating at the seafloor and contributing to hydrother-
mal plume formation are mainly controlled by the geological
setting and physicochemical constraints including phase sep-
aration, water–rock interaction (mineral precipitation/disso-
lution) and biological processes (German and Seyfried, 2014;
Nakamura and Takai, 2014). Hydrothermal fluids emitted
from the vents are diluted with ambient water by factors
of 104–105 and form a hydrothermal plume that rises hun-
dreds of meters until reaching neutral buoyancy in the water
column (Baker et al., 1995). Previous field observations, as
well as models, show that rising, neutrally buoyant plumes
can disperse horizontally at isopycnal surfaces for tens to
even thousands of kilometers (Baker et al., 1995; Lupton and
Craig, 1981; Rudnicki and Elderfield, 1993; Speer and Rona,
1989; Tao et al., 2013). Thereby, they form environmental
gradients (also called ecotones) conducting particles, nutri-
ents, organic matter, trace elements and biomass (Levin et
al., 2016; Ramirez-Llodra et al., 2010).

These neutrally buoyant hydrothermal plumes in deep
oceans are areas of active chemical cycling that sustain
life in the hyper-oligotrophic bathypelagic zones. Plumes
fuel chemosynthetic and heterotrophic prokaryotes, archaea,
viruses and zooplankton that grow in this ecosystem in a
spatiotemporal succession (Burd and Thomson, 1994; Dick,
2019; Levin et al., 2016). Morphological evidence sug-
gests that heterotrophic deep-sea communities take over

chemosynthetic vent-derived communities along the path of
the dispersing plume layer. The heterotrophs use DOM in
the plume in which subsequent lysis of their cells further
amplifies heterotrophic bacteria and DOM release (Ortmann
and Suttle, 2005). Controlled incubation experiments showed
that the thermal degradation of deep-sea recalcitrant DOM
elevates the microbially accessible composition and stimu-
lates the growth of prokaryotic communities (Hansen et al.,
2019).

More than 300 high-temperature venting sites have been
identified at mid-ocean ridges (Hannington et al., 2011;
Nakamura and Takai, 2014), and around 800 are estimated
to exist, roughly half of which are expected to be found
in slow/ultraslow-spreading mid-ocean ridges (Beaulieu et
al., 2015). Because of the limited number of expeditions
in the ice-covered Arctic Ocean, surveys of hydrothermal
vents at very high latitudes have been extremely rare. How-
ever, considering the amount of fluid venting at hydrother-
mal vents and the far-reaching area of impact through plume
dispersion, their influence on marine DOM may be substan-
tial in the oligotrophic Arctic Ocean. There, hydrothermally
derived DOM could potentially influence mesopelagic and
epipelagic layers, as well as surface-ocean–sea-ice interac-
tions.

In this paper, we investigate the influence of hydrother-
mal activity on the DOM composition in the Arctic Ocean
water column at the Aurora hydrothermal vent system. We
suggest that the hydrothermal plume distributes thermally
altered DOM to greater areas, where its composition will
be altered through admixture with background seawater and
through microbial processes. We characterize the water col-
umn DOM composition from the seafloor to the sea ice to
assess the vertical extent of hydrothermal intrusion and its
confluence with hydrophysical and chemical parameters.

2 Methods

2.1 Study area

The Aurora seamount (82.897 N, 6.255 W) is located at the
southern tip of the ultraslow-spreading (< 12.0 mmyr−1)
Gakkel Ridge that extends for 1800 km across the Eurasian
Basin in the Arctic Ocean (DeMets et al., 2010). The
seamount has a height of 300 m above the seafloor (m a.s.f.)
and is elongated in a southeast–northwest direction (Fig. 1).
The water column at the mount’s summit has a depth of
3800 m, and it reaches 4500 m at the southern side of the
ridge flank. The sea surface in this region is capped by a
perennial ice cover. The Aurora seamount was explored by
two research icebreakers in 2001 (expedition AMORE); evi-
dence for high levels of hydrothermal activity was observed
(fresh sulfide chimney structures, shimmering water, abun-
dant biological activity); and anomalies in temperature, dis-
solved manganese and light scattering were detected (Ed-
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monds et al., 2003; Michael et al., 2003). An active “black
smoker” hydrothermal vent at the Aurora site (named after
Aurora seamount) was later located ∼ 100 m southwest of
the summit in 2014, and high methane concentrations and
temperature anomalies were documented along with a plume
layer extending towards northwest of vent field (Boetius et
al., 2014, 2015; German and Boetius, 2017). As a continua-
tion of the investigation in the area, and to further understand
the role of the Gakkel Ridge in the scope of the global bio-
geography of chemosynthetic ecosystems (Vanreusel et al.,
2009), the first HACON (Hot vents in an ice-covered ocean,
HACON19) expedition attempted to reach the site again in
2019 (Bünz et al., 2020). During the cruise, both active and
inactive hydrothermal vents at the vent site were visually ob-
served in much greater detail, using a towed camera system
(Ocean Floor Observation and Bathymetry System, OFOBS;
Purser et al., 2019). The active vent area is evidently charac-
terized by several vigorously venting black smokers, sulfide
mounds, bacterial mats, thinly sedimented outcrops, and ben-
thic communities typical of hydrothermal vent ecosystems
(Bünz et al., 2020).

2.2 Water sampling and analyses

2.2.1 Sampling/sub-sampling

We collected water samples from six stations near the Au-
rora hydrothermal vent field during the HACON19 research
cruise on board R/V Kronprins Haakon (September–October
2019) (Fig. 1). Sea ice and the upper 1000 m of the water
column were sampled at the upper layer (UL) station south-
west of the vents. Plume (PL) and non-plume (NP1, NP2,
NP3) stations were designated to observe the spreading of
the hydrothermal plume and were measured from 2000 m
depth down to 10 m a.s.f. (< 4500 m water depth). A back-
ground station (BG) was sampled further away from the
seamount (Fig. 1e). At this station, measurements were done
from 2000–4500 m water depth similarly to the PL and NP
stations (Table 1).

Seawater samples were collected at selected sampling
depths using Niskin bottles attached to a rosette (Table 1).
Sea ice was sampled at the surface of UL, thawed in a high-
density polyethylene (HDPE) container at room temperature
and further treated similarly to the seawater samples col-
lected with the rosette sampler.

Duplicate samples for methane concentration and stable
C isotope ratios (δ13C-CH4) were collected immediately af-
ter the recovery of the rosette sampler into 120 mL airtight
syringes and pre-evacuated rubber-stoppered serum vials, re-
spectively. Care was taken to purge sampling lines of any
bubbles, and methane samples were typically the first col-
lected upon opening of Niskin bottles. Methane concen-
trations from two independent samples (i.e., Niskin bottles
closed at the same depth) typically agreed to within ±10 %–
20 % (two standard deviations; note that we could take dupli-

cate samples only occasionally). For DOM and nutrient char-
acterization, seawater was first transferred into acid-washed
(2 % HCl) glass bottles (2× 1135 mL) and filtered through
pre-combusted (400 ◦C, 5 h) GF/F filters (Whatman) within
2 h after collection using a low-pressure vacuum. Nitrate,
phosphate, silicate, ammonium, total nitrogen, total phos-
phorus, and dissolved organic carbon (DOC) samples were
collected in 60 mL HDPE bottles from the filtrate and stored
at−20 ◦C. Samples for dissolved inorganic carbon (DIC) and
δ13C-DIC measurement were taken and poisoned with 10 µL
HgCl2 and stored at 4 ◦C. Seawater aliquots for δ18O-H2O
analysis were sampled in 20 mL clear glass vials and stored
at 4 ◦C. For solid phase extraction of DOM, 1 L of filtrate was
acidified to pH 2 with HCl (37 % v/v, Merck) and extracted
with preconditioned (with 6 mL methanol + 12 mL pH 2 wa-
ter) 500 mg PPL cartridges (Bond Elut, Agilent Technolo-
gies) as described previously (Dittmar et al., 2008). Loaded
cartridges were dried under air vacuum for∼ 30 min, and any
organics retained in the cartridges were then eluted into pre-
combusted, amber glass vials with 2 mL methanol and stored
at −20 ◦C until analysis in Fourier-transform ion cyclotron
resonance mass spectrometer (FT-ICR MS).

2.2.2 CTD and LADCP measurements

Sensor-based profiling of the water column was con-
ducted with a Sea-Bird SBE 911 plus CTD (conductivity–
temperature–depth) profiler (accuracies of 0.3 db, 0.001 ◦C,
0.002 for salinity (practical salinity scale, unitless)), an SBE
43 coupled with a dissolved oxygen sensor (calibrated by
Winkler (1888) titration), a Wet Labs ECO chlorophyll flu-
orometer (excitation/emission: 470/695 nm; sensitivity and
limit of detection 0.01 µgL−1) and a Wet Labs C-Star beam
transmissometer. As a proxy for turbidity, the beam attenua-
tion coefficient (c, m−1) at 650 nm was determined by post
calibration (see Fig. S1 in the Supplement). The sampling
rosette was equipped with a HiPAP (High Precision Acous-
tic Positioning, Kongsberg Maritime) acoustic beacon to ob-
tain real-time positioning at depth. Two Lowered Acoustic
Doppler Current Profilers (LADCP) were mounted on the
CTD rosette in downward- and upward-looking configura-
tions. The CTD rosette was stopped at predefined depths for
10 min for LADCP measurements, and the raw data were
corrected against the continuous drift of the vessel based on
HiPAP data (see Fig. S2 in the Supplement).

2.2.3 Analysis of seawater constituents and dissolved
gases

Nitrate, nitrite, silicate, phosphate, ammonium, total phos-
phorus, and total nitrogen concentrations were measured
with a segmented flow nutrient analyzer (Alpkem Flow Solu-
tion IV, OI Analytical), based on colorimetry, with associated
detection limits and precision for nitrate (0.5± 0.1 µM), ni-
trite (0.05± 0.01 µM), phosphate (0.06± 0.01 µM), silicate
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Figure 1. (a) Study site in the Arctic Ocean. (b, c) Close-up of the study site showing the locations of the background station (BG), plume
layer station (PL), non-plume stations (NP1 to NP3) and upper layer station (UL) on a bathymetric map (IBCAO; Jakobsson et al., 2008). (d)
Direction and the current velocity obtained from the LADCP (lowered acoustic Doppler current profiler) at the PL station where each point
represents an average of a depth bin calculated from east and north velocity components. (e) The graphical representation of station locations
with respect to the dispersion of the hydrothermal plume, current direction and the oceanic layers.

Table 1. Sampling stations, positions, water depth and measured parameters at corresponding sampling depths for methane, δ13C-CH4,
dissolved organic matter (DOM) composition and nutrients (see text for details).

Category Station Latitude Longitude Water Sampling depths (m) and measured parameters
name N W depth (m)

Background
station

BG 82.916 6.255 4407 20001,2,3, 27501, 32501,2,3, 37501,3, 42001, 43001, 44001,2,3

Upper layer
station

UL 82.891 6.324 3982 Sea ice3,4, 53,4, 253,4, 403,4, 1003,4, 2503,4, 5003,4, 10003,4

Plume layer
station

PL 82.899 6.330 4026 25001,3,4, 30001,2,3, 32501,2, 33001,2, 33501,2, 34001,2,3,
34501,2, 35001,2,3, 35501,2, 36001, 40151,3,4

Non-plume NP1 82.892 6.243 3870 20001,4, 30001, 30751,2, 31501,2,4, 32251,2, 33001,2, 38651,4

stations NP2 82.894 6.265 4026 28501,2, 29501,2, 30901,2, 32401,2,3, 35301,2,3, 39701,2

NP3 82.900 6.247 4075 20001, 28001, 30001, 31501, 33001, 40701

1 Methane concentration. 2 δ13C-CH4.
3 DOM composition. 4 Nutrients.
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(0.4± 0.1 µM), and ammonium (0.01± 0.01 µM). Dissolved
organic nitrogen (DON) was determined from total dissolved
nitrogen by subtracting the concentrations of dissolved in-
organic nitrogen (nitrate + nitrite + ammonium). Similarly,
dissolved organic phosphorus (DOP) was calculated from
total dissolved phosphorus by subtracting phosphate con-
centration. Dissolved organic carbon (DOC) concentrations
were measured with a TOC analyzer (MQ-1001) utilizing a
high-temperature combustion technique (Qian and Mopper,
1996). Deep-ocean DOC reference samples (Hansell Lab-
oratory, University of Miami) were used to monitor preci-
sion and accuracy. DIC concentrations, δ13C-DIC and δ18O-
H2O were measured on a Thermo Scientific MAT253 iso-
tope ratio mass spectrometry (IRMS) and presented in the
delta notation as δ13C relative to Vienna Pee Dee Belemnite
(VPDB) and δ18O relative to Vienna Standard Mean Ocean
Water (VSMOW). The IRMS was calibrated with interna-
tional standards VSMOW2, GISP (Greenland ice sheet pre-
cipitation), SLAP2 (Standard Light Antarctic Precipitation
2), and VPDB, and the uncertainty of single measurements
is ≤ 0.01 ‰. Dissolved methane concentrations were mea-
sured on board following headspace extraction with nitrogen
using a gas chromatograph (GC) equipped with a flame ion-
ization detector following the procedure used in German et
al. (2010). For δ13C-CH4 measurements, samples were quan-
tified on board by a Picarro cavity ring-down spectrometer
instrument (as per McDermott et al., 2017).

2.3 Fourier-transform ion cyclotron resonance mass
spectrometry analyses and molecular formula
assignments

FT-ICR MS analyses to evaluate the composition of DOM
samples were carried out with a 12T Bruker solariX FT-ICR
mass spectrometer (Bruker Daltonics, Bremen, Germany),
equipped with a dynamically harmonized ICR cell (ParaCell)
and an Apollo-II electrospray ionization (ESI) source, op-
erated in both positive-ion and negative-ion modes. For the
MS analyses, 100 µL aliquots of DOM samples were diluted
1 : 10 (v/v) with methanol (HPLC grade). ESI was selected
as the ionization technique due to its ability to ionize polar,
oxygen-containing compounds present in the DOM samples
(Mopper et al., 2007). The samples were directly infused into
the ion source by a syringe pump, operating at a flow rate
2 µL min−1. Dry nitrogen was used as the drying and nebu-
lizing gas. The ESI-generated ions were accumulated in the
hexapole ion trap and transferred into the ICR cell for trap-
ping, excitation and detection. For each spectrum, 100 scans
were co-added over a mass / charge ratio (m/z) range of 150–
2000. The Bruker Compass ftmsControl 2.1 software pack-
age was used for instrument control and data acquisition.

Initial spectral post-processing was done with the
Bruker DataAnalysis 5.0 SR1 software, including an in-
ternal mass re-calibration with an in-house calibration list
for the DOM samples. The data were then transferred

to the PetroOrg IS-18.0.3 software (Omics LLC, Tal-
lahassee, FL, USA) for molecular formula assignments.
Only mass peaks with a signal-to-noise ratio (S/N)≥

5 were considered. In the assignments of the molecu-
lar formulas, monoisotopic compositions were limited to
12C1−100

1H1−200
14N0−4

16O0−30
32S0−2 with a double bond

equivalent (DBE) of 0–50 and a mass error of ≤ 1.0 ppm.
Relative intensities were calculated by normalization with
the most abundant ion in each mass spectrum (Kujawinski
et al., 2009). Assigned molecular formulas were then gen-
erated for each sample at positive- and negative-ion modes
and combined to obtain a single molecular formula list. In
case of duplicate formula, relative intensity obtained from
the negative ESI was considered. The combination of nega-
tive and positive mode ESI provides a better representation of
DOM composition for the carboxylic and acidic compounds
(negative ESI) and hydrogen-saturated aliphatic compounds
(positive ESI) (Ohno et al., 2016; Sert et al., 2020).

From the combined formula lists, chemical characteriza-
tion of DOM compositions was conducted to obtain percent-
ages of (i) three categories of heterogeneous atomic con-
tent as CHO, CHON, and CHOS and (ii) H : C and O : C
atomic ratios and ranges on van Krevelen diagrams (Kim
et al., 2003). Considering the H : C and O : C atomic ra-
tios of major biomolecules, ranges of H : C and O : C were
generically associated with four biochemical compound cat-
egories, disregarding structural differences and atomic com-
positions of individual formulas in the group. These cate-
gories are (a) lipid- and protein-like (LPD) for H : C≥ 1.5,
O : C≤ 0.67; (b) carbohydrates and amino-sugar-like (CAR)
for H : C≥ 1.5, O : C> 0.67; (c) unsaturated hydrocarbons
and condensed aromatics (UHC) for H : C< 1.5, O : C< 0.1
and H : C< 0.7, O : C< 0.67; and (d) lignin- and tannin-like
(LGN) for 1.5< H : C< 0.7, O : C> 0.67. Boundaries were
modified from Hockaday et al. (2009) and Hodgkins et al.
(2016) as explained previously (Sert et al., 2020). For cal-
culating percentages, the number of formulas that associated
with a given category was divided by the total number of
formulas in the sample and multiplied by 100. For example,
the sum of the percentages of LPD, CAR, LGN and UHC is
equal to 100 %, and, similarly, the sum of the percentages of
CHO, CHON and CHOS is equal to 100 % for each sample.

2.4 Statistical analyses of DOM samples

Statistical analyses were performed in R (R Core Team,
2018). Diversity indices for DOM samples were calculated
by the “diversity” function analogous to biodiversity in ecol-
ogy using the Shannon–Weaver formulation (Oksanen, 2020)
as explained previously (Sert et al., 2020). A Bray–Curtis
dissimilarity (distance) matrix (Bray and Curtis, 1957) was
constructed by using relative intensities of formulas from
11 DOM samples that were collected > 2000 m in stations
BG, PL and NP2. Hierarchical cluster analysis was applied
for DOM compositions using a Ward clustering algorithm
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(“hclust” function in vegan) on a Bray–Curtis dissimilarity
matrix. A heat map was constructed to visualize the sam-
ple clusters and the relative dissimilarities. Principal coor-
dinate analysis (PCoA) was applied by using “pcoa” func-
tion in the R package APE (Paradis and Schliep, 2019) on
the Bray–Curtis dissimilarity matrix. The ordination plot was
constructed from the first two main axes that represent the
highest variation between samples. Percentages of explained
variances on two main axes were calculated by dividing the
two highest eigenvalues to the sum of all eigenvalues.

3 Results and discussion

3.1 Water column physical and chemical properties

Water circulation in the Eurasian part of the Arctic Ocean is
mainly characterized by Atlantic inflow and Arctic outflow
through the Fram Strait, with a monthly mean volume of 9.5
and 11 Sv, respectively (Fahrbach et al., 2001). We catego-
rize the water column in three water layers as epipelagic (0–
200 m), mesopelagic (200–1000 m) and bathypelagic (1000–
4000 m) considering the depth and the four water masses that
are defined by the density layers of σt ≤ 27.7 for Polar Sur-
face Water (PSW), 27.7< σt ≤ 27.97 for Arctic Atlantic Wa-
ter (AAW), σt > 27.97 and σ0.5 ≤ 30.444 for Arctic Interme-
diate Water (AIW), and σ0.5 > 30.444 for Deep Water (DW)
(Marnela et al., 2008; Rudels et al., 2005). The epipelagic
layer contains PSW until 165 m depth with temperatures
ranging between −1.7 and 0.4 ◦C and salinity from 31.6 to
34.65 (Fig. 2a–e). AAW exists beneath PSW from the bottom
of the epipelagic layer down to 450 m and includes a temper-
ature maximum of 1.27 ◦C at 350 m. From 450 to 1400 m, the
temperature decreases from 0.9 to −0.5 ◦C in a steep ther-
mocline, forming AIW. AAW and AIW together form the
East Greenland Current that carries Arctic waters southwest
along the Greenland coasts and gradually mixes with the con-
vected surface waters (Rudels et al., 1995). Below the AIW
layer, water temperature decreases to −0.73 ◦C at around
2500 m, where DW fills the Eurasian Basin. Here, the density
is largely controlled by salinity rather than temperature, and
the shape of the density profile is almost identical to the salin-
ity profile (Fig. 2b and c). Despite the dominant sea ice cover
at our study area, preventing solar radiation from reaching
the water column, a chlorophyll a (Chl a) fluorescence sig-
nal was detected down to 200 m depth (Fig. 2d). At all sta-
tions, the first 40 m below the sea surface showed a Chl a
maximum with an average concentration of 0.17 µg L−1, fol-
lowed by a decrease to 0.10 µgL−1 at 50 m. From this depth,
concentrations gradually decreased further until the detection
limit (0.01 µgL−) was reached at the bottom of the epipelagic
layer (Fig. 2d).

Nutrient profiles, nutrient ratios, δ13C-DIC and δ18O all
display a typical deep-ocean surface-to-bottom gradient and
were identical at all stations (Fig. 3). Nitrate, phosphate,

and silicate concentrations were lowest at the surface (5 m)
with 1, 0.44, and 6.1 µM, respectively, and increased gradu-
ally to average bathypelagic concentrations of 14.8, 0.96 and
12.0 µM at 2000 m (Fig. 3a–c). On the contrary, dissolved or-
ganic nutrients were highest in the epipelagic layer with the
maximum concentrations of 92 µM for DOC at 100 m and
6.2 µM for DON at the surface (Fig. 3e and f). Similarly,
ammonium and DOP were detectable only in the epipelagic
layer with average concentrations of 0.2 and 0.1 µM, respec-
tively (see Fig. 3d for ammonium; DOP is not plotted). Ni-
trate, phosphate, and silicate concentrations in sea ice were
below the detection limit; however, detectable concentrations
of ammonium (0.6 µM), DOC (4.0 µM) and DON (0.6 µM)
were measured in sea ice.
δ18O values were obtained in three different concentration

ranges that changed with depth. Sea ice had a δ18O value of
−4.53 ‰. At the top 100 m, δ18O had an average value of
−2.24 ‰. From 250 m to bottom δ18O was uniform with an
average of 0.36 ‰ (Fig. 3h). This corresponds to water mass
properties with contributions from sea ice melt waters and
Arctic river runoff with negative δ18O values in the upper
100 m within PSW, compared to highly uniform deep-water
ratios. Our δ18O measurements are comparable to previous
measurements in the area that reported ∼ 0.3 ‰ in deep wa-
ter and −2.6 ‰ to −1.6 ‰ in the upper 100 m (Bauch et al.,
1995; Östlund and Hut, 1984).

A δ13C-DIC value of −13 ‰ was measured in sea ice.
δ13C-DIC values decreased from 0.86 ‰ at the surface
to 0.44 ‰ at 250 m and gradually increased to 0.62 ‰ at
1000 m. δ13C-DIC changed in a narrow range from 2000 m
to bottom with an average composition of 1.03 ‰ (Fig. 3g).
Sea ice coverage in the Arctic Ocean has been decreas-
ing by ∼ 9 % per decade, leading to a longer growing pe-
riod for phytoplankton and associated increase in net pri-
mary production (Arrigo and van Dijken, 2015, and refer-
ences therein). Taken together with the imprint of the an-
thropogenic CO2 (with a δ13C value of ca. −8.5 ‰), δ13C-
DIC values obtained at the sea ice and the upper layer of the
water column are linked to contributions of several factors,
including biological productivity, air–sea gas exchange and
sea ice or brine formation, which admixes DIC with a lighter
δ13C signature compared to that of deep waters. For example,
deep-water δ13C-DIC values of 1.0‰± 0.2 ‰ were found
in the Canada Amundsen and Nansen basins (Bauch et al.,
2015; de la Vega et al., 2019). At the time of sampling, the
net growth of phytoplankton seems to decelerate at the top
50 m layer of the water column considering the nutrient de-
pletion and the subsurface maxima of Chl a at ∼ 40 m water
depth. During the Arctic summer (from March to Septem-
ber), this layer gets depleted in inorganic nutrients and en-
riched in dissolved organic matter (Thingstad et al., 1997).
In the deeper layers, nitrate / phosphate and nitrate / silicate
ratios are almost identical to the Redfield ratios of 16 : 1
and 1 : 1, respectively (Redfield, 1958) (Fig. 3i and j). Ra-
tios of nitrate / phosphate (2.3 : 1–5.2 : 1) and nitrate / silicate
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Figure 2. Depth profiles of (a) in situ temperature, (b) salinity on the practical salinity scale, (c) potential density, (d) Chl a fluorescence, and
(e) potential temperature vs. salinity profile along with the characterized water masses, Polar Surface Water (PSW), Arctic Atlantic Water
and Arctic Intermediate Water (AAW/AIW), Arctic Deep Water (DW) in the background (BG), upper layer (UL), plume (PL) and non-plume
(NP1–NP3) stations.

(1 : 5–1 : 2.5) in the 0–100 m layer indicate that nitrate limits
primary production. With the contribution of the epipelagic
DON, however, surface/subsurface TDN / phosphate (16.3 :
1) and TDN / silicate (1.2 : 1) ratios became comparable with
the mesopelagic / bathypelagic ratios (Fig. 3l). This indicates
that DON may be used as a nitrogen source to support bac-
terial growth, considering that such low primary production
cannot sustain the bacterial demand in relation to limited
light and low water temperature (Fouilland et al., 2018). Be-
sides nitrogen, silicate was also limiting at the surface waters
when compared to phosphate (silicate / phosphate ratios of
∼ 13 : 1). Thus, perhaps due to diatom growth, silicate de-
mand accompanies bacterial phosphate regeneration below
the surface, lowering the silicate / phosphate ratios (7.6 : 1–
9.6 : 1) compared to the deep ocean (12.4 : 1) (Fig. 3k).

3.2 Dispersion of the hydrothermal plume

Turbidity anomalies, elevated methane concentrations and
varying δ13C-CH4 values in the vertical profiles imply that
the plume rises from the∼ 3900 m deep vent up to∼ 3000 m
in the water column and spreads laterally northward in the

direction of the prevailing water current (Fig. 1d). Irrespec-
tive of the vent setting, tectonic structure, and background
currents, previous studies and models imply that the funda-
mental physics behind the spreading of hydrothermal plumes
are commonly characterized by buoyant flow dynamics that
have been described in depth for atmospheric systems (Tao
et al., 2013). Upon entering the water column, a multi-phase
plume rises and spreads laterally and carries dissolved gases
and entrained particles that alter turbidity and methane con-
centrations in the non-buoyant plume layer (Fig. 4). Funda-
mental anomalies of venting fluids such as elevated temper-
ature or low salinity can, on the other hand, become rapidly
overprinted by ambient seawater background hydrography,
making potential anomalies in these parameters undetectable
with our instrumentation (Fig. 2). Similarly, parameters that
are not strongly influenced by the vent plume intrusion (i.e.,
nutrients, DOC and DON concentrations) do not indicate any
anomaly in relation to plume dispersion distant from the vent
due to dilution with seawater (Fig. 3). This seems contradic-
tory to molecular changes in DOM compositions (as detailed
further in Sect. 3.3.3); however, it must be stated that solid
phase extractable DOM represents only a portion of bulk
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Figure 3. Depth profiles of (a–d) dissolved inorganic nutrients, (e) dissolved organic carbon (DOC), (f) dissolved organic nitrogen (DON),
(g) δ13C of dissolved inorganic carbon (DIC) and (h) δ18O of water, and (i–l) nutrient ratios in sea ice and sampling stations background
station (BG) and in sampling stations in the upper layer (UL), plume (PL) and non-plume (NP1, NP2). Axis breaks are used for a better
visualization of ammonium concentration and δ13C-DIC values. Total dissolved nitrogen (TDN) = nitrate + nitrite + ammonium + DON.
Red dashed lines indicate the non-buoyant plume layer at PL.

DOM (43 % to 62 %; Dittmar et al., 2008), and compositional
changes are not necessarily always coupled to large or sub-
stantial concentration changes. In essence, DOM molecular
compositions may, more subtly, preserve some broad varia-
tions in end-member DOM traits than DOC and DON con-
centrations (Osterholz et al., 2016).

Continuous drifting (often ∼ 0.2 kn or more) of massive
(kilometer scale, ∼ 1 m thick) ice floes prevented the vessel
from keeping stable positions on station while taking sam-
ples, and, together with time constraints, related to other op-
erational needs of the expedition, precluded us from directly
sampling the buoyant stem of hydrothermal plume immedi-
ately above the active Aurora site. Due to the extreme depths
(near 4 km), it furthermore typically took 3–4 h to complete

a single CTD cast, so that the distance between start and
end positions of a given cast were often 300–500 m apart.
Nonetheless, the exact location of sampling was determined
based on HiPAP data. The thickness of the non-buoyant
plume also varied depending on the position of the sampling
station in relation to the vent location, current direction, and
bathymetric features. Based on turbidity anomalies, methane
concentrations, and δ13C-CH4 contents, the plume layer was
most evident at station PL, which was, counterintuitively,
the station furthest away from the seamount (Fig. 4a–c), yet
consistent with the prevailing current direction (see Fig. 1d).
Here, methane concentrations reached a maximum of 5.1 nM
at 3363 m, which is >10-fold higher compared to ambi-
ent seawater concentrations (0.3 nM) as measured at similar
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Figure 4. Depth profiles of (a) methane (CH4) concentration, (b) δ13C-CH4 values and (c) beam attenuation coefficient at 650 nm (c)
between 2000 and 4500 m depths in background (BG), upper layer (UL), plume (PL) and non-plume (NP1–NP3) stations.

depths at BG and coincides with the sharp maximum in tur-
bidity. A small increase in turbidity was also measured at the
other stations from 3000 to 3250 m, implying some level of
perturbation from the hydrothermal intrusion (Fig. 4c), but
these were not as strong as in PL and not accompanied with
an increase in δ13C-CH4 values or methane concentrations.
We found one exception to this at NP1, which was also at
the northern side of the vents. Here, methane concentration
(1.7 nM) and δ13C-CH4 (−43 ‰) were elevated at 3350 m,
i.e., just below the turbidity anomaly.

Deep-water methane stable carbon isotope compositions
in the Arctic Ocean have previously been reported with val-
ues ranging from −63 ‰ to −58 ‰ in the Beaufort and
Chukchi seas, along with higher concentrations of methane
of up to 55 nM (Damm et al., 2008; Kudo et al., 2018; Loren-
son et al., 2016). These are attributed to microbial methano-
genesis overprinting the atmospheric methane equilibrium
signature (typically ∼ 3.5 nM and −47 ‰). We observed a
similar range of δ13C-CH4 values with much lower con-
centrations of methane (e.g., −64.7 ‰ and 0.3 nM) at BG
(3250 m) and argue that these values may also be caused
by methanogenesis, possibly in sediments or even in the
water column (Damm et al., 2010; Grossart et al., 2011;
Karl et al., 2008), but we suggest that methanotrophs also
consume methane there (Reeburgh, 2007). In contrast, we
found relatively heavy methane isotope values together with
maximum methane concentrations in the plume layer at PL
(e.g., −33 ‰ and 5.1 nM) (Fig. 4). Methane at hydrothermal
vents is typically produced non-biologically, either by abio-
genic (C reduction) or thermogenic (breakdown) processes,
and is generally characterized by much higher δ13C val-
ues (Whiticar, 1999; Reeves and Fiebig, 2020; Baumberger
et al., 2016, and references therein). Abiogenic δ13C-CH4
values of ca. −5 ‰ to −20 ‰ are typically found in bare
rock (mafic/ultramafic systems), while lower (thermogenic)

values of ∼−25 ‰ to −56 ‰ are prevalent in systems in-
fluenced by hydrothermal alteration of sedimentary organic
matter (Charlou et al., 2002; Baumberger et al., 2016; Wang
et al., 2018; and references therein). Hence, the higher δ13C-
CH4 values detected at PL provide strong evidence for a sim-
ilar non-biogenic origin of plume methane venting from the
Aurora site. While δ13C-CH4 values measured at the Aurora
hydrothermal field are relatively depleted compared to many
bare-rock-hosted hydrothermal systems, to some degree, this
can be explained by both the distal nature of PL samples rel-
ative to the more concentrated buoyant plume and admixing
of background seawater with its extremely isotopically de-
pleted δ13C signature and low methane concentration values
(−64.7 ‰ and 0.3 nM).

To further probe the dynamics of water column methane
dynamics at Aurora, we applied a Keeling mixing model ap-
proach (Keeling, 1961; Keir et al., 2006). This end-member
isotope mixing model is widely used in the fields of atmo-
spheric chemistry/physics to analyze admixtures of two iso-
topically distinct gas sources and to determine the source
isotope composition (e.g., Pataki et al., 2003). In a Keeling
plot, the reciprocal of concentration is plotted against isotope
composition (Fig. 5). In case of a linear mixing, the values
scatter along a straight line, and the intercept with the y axis
denotes the isotope value of the source signal. Our values
of methane concentration and isotope composition show pre-
dominantly linear behavior, indicating that the mixing and di-
lution dominates the observed concentration and isotope sys-
tematics, as has been found in other Arctic settings (Damm
and Budéus, 2003; Graves et al., 2015). More complex mix-
ing scenarios involving mixing and methane oxidation were
also suggested to explain methane isotope patterns in hy-
drothermal plumes (Keir et al., 2009). Though we cannot
completely rule out some extent of microbial methane oxida-
tion (particularly in the most distal samples), this process is
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Figure 5. Keeling plot for δ13C-CH4 versus 1/[CH4] for the data
obtained in background (BG), upper layer (UL), plume (PL) and
non-plume (NP1–NP3) stations (Keeling, 1961; Keir et al., 2006).
Plotted also are “closest approach” δ13C-CH4 value reported for the
87◦ N hydrothermal plume on the Gakkel Ridge (1 McDermott et
al., 2017), end-member hydrothermal fluid δ13C-CH4 values from
Mid-Atlantic Ridge black smoker systems known to be influenced
by ultramafic rock, and the sediment-influenced Loki’s Castle sys-
tem (2 Baumberger et al., 2016, and references therein).

associated with a significant kinetic isotope effect (Whiticar,
1999) and can even result in extremely high δ13C-CH4 values
in microbially aged hydrothermal plumes (Keir et al., 2006;
Cowen et al., 2002) . If such oxidation were pronounced, it
would lead to substantial curvature in a Keeling plot by shift-
ing the residual methane towards heavier isotopic values at
lower concentrations (higher 1/[CH4]).

Considering a “mixing without oxidation” scenario and
under the assumption of linear mixing (Keir et al., 2009), we
estimate the δ13CH4 value of the hydrothermal fluid source
to be −36 ‰ using a least squares linear regression of the
entire plume methane dataset (R2

= 0.59), with an inter-
cept uncertainty of ±3 ‰ at the Aurora hydrothermal field
(Fig. 5). The estimate is interesting, since the Aurora hy-
drothermal system has, thus far, been postulated to be hosted
in ultramafic rock (German and Boetius, 2017; Marcon et al.,
2017). The δ13CH4 estimate presented here is substantially
lower than both plume and end-member δ13CH4 values of
many Mid-Atlantic Ridge hydrothermal vents known to be
hosted in or influenced by ultramafic rock (ca. −5 to −20,
e.g., Keir et al., 2006; Wang et al., 2018). Such ranges are
assumed to be characteristic of putatively abiotic methane
(e.g., Wang et al., 2018), most likely derived from leaching

of rock-hosted gas inclusions (e.g., Grozeva et al., 2020). A
δ13CH4 value −13.1 ‰ within this range of has also been
reported for a “closest approach” in a CH4- and H2-rich hy-
drothermal plume further east on the Gakkel Ridge at 87◦ N
(McDermott et al., 2017; confirmed by the same cavity ring-
down spectrometry approach used here), also postulated to
reflect ultramafic influence. In contrast, δ13CH4 values in
hydrothermal fluids either heavily influenced by (or hosted
in) sediments undergoing substantial thermal alteration of
associated sedimentary organic matter tend to be generally
more 13C-depleted (ranging from −25 ‰ to −56 ‰; Baum-
berger et al., 2016, and references therein). Indeed, similarly
intermediate values of δ13CH4 (−27 ‰ to −29 ‰) com-
pared to Mid-Atlantic Ridge hydrothermal systems were also
obtained in the bare-rock-hosted, but sediment-influenced,
Loki’s Castle hydrothermal system farther to the south on the
ultraslow-spreading Mohns–Knipovich ridge junction of the
Arctic Mid-Ocean Ridge system (Baumberger et al., 2016;
Pedersen et al., 2010). There, exceptionally high methane
(15.5 mM) and ammonium (6.1 mM) concentrations together
with low C1/C2+ ratios are attributed to subsurface hy-
drothermal fluid–sediment interactions (linked to sediment
accumulation at ridge flanks and ridge valley, Baumberger et
al., 2016; Pedersen et al., 2010).

A greater extent of plume dispersion and somewhat
higher methane concentrations (≤ 32 nM) were previously
reported within ∼ 200 m of the Aurora hydrothermal vent
area (Boetius, 2015; German and Boetius, 2017), but the
maximum concentrations reported here (2.8–5.1 nM, in sta-
tion PL) do at least coincide with the highest δ13CH4 val-
ues (−31 ‰ to −33 ‰) and maximum water column turbid-
ity. Hence, we tentatively suggest that hydrothermal fluids at
Aurora might, on the basis of these closest approach plume
δ13CH4 values alone, potentially contain a thermogenic or-
ganic matter influence.

3.3 Composition of DOM in the sea ice, water column
and in the hydrothermal plume layer

Analyses of DOM extracts revealed 8093 unique formulas in
the whole dataset, with the molecular mass range between
150 and 1000 Da. From all unique formulas, 2614 and 2391
were uniquely obtained by negative and positive ESI, re-
spectively, and 3088 formulas were assigned in both (see
Fig. S3 in the Supplement). In agreement with previous find-
ings (Ohno et al., 2016; Sert et al., 2020), unique positive
ESI formulas were markedly more hydrogen saturated (aver-
age H : C= 1.51) and oxygen-poor (average O : C= 0.31)
compared to negative ESI formulas (average H : C= 1.13
and O : C= 0.58). Numbers of assignments for aliphatic and
lipid-like DOM components were more abundant in positive
mode, and unsaturated oxygen-rich molecular formulas, car-
bohydrates, and lignin-like and aromatic compounds were
more abundant in negative mode. Considering the features
obtained in different modes (Fig. S4 in the Supplement),
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combining positive and negative ESI datasets provides a con-
siderable advantage for differentiating samples.

3.3.1 Sea ice

The DOM composition of sea ice was determined from a sin-
gle sample and indicates that it was predominantly more hy-
drogen saturated relative to surface water composition (i.e.,
higher H/C ratios), with a lower number of formulas, average
relative intensities, average molecular weights and consider-
ably high LPD content (Fig. 6a–k). Differences in molecular
composition between seawater and sea ice are in agreement
with previous observations in sea ice DOM (Longnecker,
2015; Retelletti Brogi et al., 2018) and lake ice DOM (Liu et
al., 2020; Santibáñez et al., 2019; Xu et al., 2020), implying a
selective transport of DOM with less complex, aliphatic com-
pounds, rather than larger aromatic oligomers, during ice for-
mation. The hydrodynamics of DOM transport are not known
between phases, but previous observations show that DOM
segregates between water and ice, favoring lower MW for-
mulas and less aromatic fractions in the ice phase (Belzile et
al., 2002; Santibáñez et al., 2019). In the Arctic Ocean, this
partition process increases the bioavailability of terrestrial
DOM from rivers during initial ice formation and contributes
to its removal by retaining biologically active components
(Jørgensen et al., 2015). In addition to the abiotic fraction-
ation and transport, biofilm-mediated microbial degradation
and photooxidation were previously shown to be responsi-
ble for fast degradation of petroleum biopolymers in sea ice
(Vergeynst et al., 2019). High LPD percentage and low av-
erage MW in sea ice DOM may also be attributed to a fresh
production by ice algae or heterotrophic degradation of DOM
(Hill and Zimmerman, 2016; Li et al., 2019; Retelletti Brogi
et al., 2018).

3.3.2 Upper 1000 m of the water column

From the sea surface down to 1000 m, changes in DOM in-
dices such as the number of formulas, molecular diversity
and average relative intensities are consistent with changes
in nutrient and DOC showing their maxima at 5 m (Figs. 6a–
d and 3a–e). This is in agreement with the expected pace and
diversity of biological processes in this water layer, i.e., dis-
solved nutrient uptake by phytoplankton and the contribution
to the synthesis of dissolved and particulate organic matter
(Benner et al., 1992; Hedges, 1992). Below this layer, av-
erage relative intensities of formulas decreased and showed
a less diverse composition below the photic zone with de-
creasing light availability and heterotrophic consumption
(Fig. 6b–d).

The uptake of bioavailable DOM alongside nutrients could
explain the distribution of formulas of different chemical
classes in the 0–1000 m layer. For example, lower abun-
dances of LPD and LGN at the surface against the higher
CAR and UNC contents (Fig. 6e–h) indicate the selective

use of the more hydrogenated aliphatic compounds com-
pared to oxygenated or aromatic formulas. Similarly, CHON
and CHOS heteroatom contents were higher at the surface
compared to subsurface contents up to 500 m depth (Fig. 6i–
k), indicating the increase in the molecular variability and
abundance of fresh DOM (Coch et al., 2019; Hertkorn et al.,
2016; Jaffé et al., 2012). In contrast to bulk dissolved or-
ganic nitrogen (DON) concentrations and CHOS heteroatom
contents, percentages of CHON formulas systematically in-
creased from the subsurface (∼ 33 %) to 1000 m to reach
∼ 50 % of deep-water abundances (Fig. 6j). Taking this to-
gether with the CAR and LPD percentages at subsurface
layers, surface-derived carbohydrates are presumably used
with increasing depth by heterotrophs to build up cell mate-
rials where N-containing proteins dominate intracellular bio-
chemicals (Aluwihare and Meador, 2008) .

For a detailed examination of the DOM structure in the up-
per layer (i.e., 0–1000 m) a more extensive dataset would be
required. However, changes in the percentages of the molec-
ular formulas seem to indicate the gradual transformation
of semi-labile DOM at the surface to semi-refractory DOM
in the mesopelagic zone (200–1000 m) (see Hansell, 2013).
This trend was evident in most of the profiles displaying
molecular percentages (Fig. 6e–k).

3.3.3 Hydrothermal plume and the surroundings

The influence of the plume dispersion on DOM composi-
tion was investigated in 11 samples from three stations be-
low 2000 m: BG (background), PL (plume) and NP2 (non-
plume). The approximate locations of these samples relative
to hydrothermal vents and the possible route of the plume
dispersion are depicted in Fig. 7a. PCoA and hierarchical
clustering indicate a similar composition in the samples ob-
tained from the same station (Fig. 7b and c). Exceptions are
samples PL-3000 and BG-2000, which display higher molec-
ular diversity and number of formulas and are therefore more
similar to NP2 samples (Fig. 7b). Nevertheless, samples from
different depths but from the same station prominently group
into three separate clusters (Fig. 7a–c).

The detailed DOM formula compositions as depicted by
van Krevelen diagrams reveal compositional differences be-
tween BG, PL and NP2 samples (Fig. 8). All van Krevelen
diagrams are populated by a large number of molecular for-
mulas with H : C ratios in the range of 1.0 to 1.8 and O : C
ratio of 0.1 to 0.9. In general, the compositions in BG and PL
samples display a similar distribution of formulas (Fig. 8a–
i). However, BG samples have more formulas, especially at
regions H : C≥ 2.0 and O : C≤ 1.0 compared to samples at
PL. Contrary to BG and PL, NP2 samples have a higher num-
ber of formulas and higher frequency of oxygen-containing
formulas (i.e., O : C ratio extended until 1.5) and almost no
formulas with H : C ratio ≤ 0.5 (Fig. 8j and k).

Considering that the plume dispersion mainly occurs along
a lateral transect, we collected samples at the same depths
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Figure 6. Depth profiles of the dissolved organic matter (DOM) composition, (a–d) molecular indices, (e–h) percentages of number of
formulas in biochemical compound groups defined by H : C and O : C ratios, and (i–k) heteroatomic content in background (BG), upper layer
(UL), plume (PL) and non-plume (NP2) stations. Abbreviations are MW, molecular weight; LPD, lipid- and protein-like; CAR, carbohydrate-
like; LGN, lignin- and tannin-like; UHC, unsaturated hydrocarbon- and condensed aromatic-like; O : C, oxygen-to-carbon ratio; and H :
C, hydrogen-to-carbon ratio. The beam attenuation profile of PL is added to the first panel to indicate the non-buoyant plume layer, and
corresponding boundaries of the plume layer are indicated by red dashed lines in all panels.

along this lateral transect to be able to compare the differ-
ences in the DOM composition (e.g., BG-3250 vs. NP2–
3250 m and PL-3500 vs. NP2-3500; Fig. 8b, h, j and k, re-
spectively). Formulas that were unique (i.e., formulas that
were not present in samples from the same layer in other
stations) or distinct molecular indices (i.e., percentages in
different molecular classes like LPD or CAR) were used
to evaluate changes in DOM composition. Variations in
these molecular properties might be related to distinct bio-
geochemical settings associated with the plume dispersion,
as found with turbidity, methane concentrations and δ13C-
CH4 contents. For example, low molecular diversity, aver-
age relative intensities and LPD content in PL-3500 and

PL-3400 (Fig. 6a–e) indicate the effect of hydrothermal in-
trusion or the molecular composition carried by the plume,
in line with previous experimental and environmental data
suggesting preferential removal of higher-molecular-weight
and oxygen-rich compounds under hydrothermal conditions
(Hawkes et al., 2016; Rossel et al., 2017).

Given that the DOM composition throughout the region
is thermally altered, the nature of thermal alteration of or-
ganic matter at the hydrothermal systems has been previ-
ously formulated as (i) reduction of organic compounds in
low-temperature regions (∼ 60–150 ◦C) to generate products
from weaker bonds (e.g., formation of petroleum, aliphatic
hydrocarbons) (Simoneit, 1992), (ii) oxidation at higher-
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Figure 7. (a) Relative positions of the dissolved organic matter (DOM) samples below 2000 m and the hydrothermal plume. (b) Heat-map
representing the relation between hierarchical clustering of DOM compositions based on Bray–Curtis dissimilarity. (c) Principal coordi-
nate analysis (PCoA) based on Bray–Curtis dissimilarity of DOM composition samples. Sample names are coded as station name and the
approximate depth of the sample for background (BG), upper layer (UL), plume (PL) and non-plume (NP2) stations.

temperature conditions (e.g., PAHs and alkanones) (Dittmar
and Koch, 2006; Simoneit, 1995) and (iii) abiotic synthe-
sis of organic matter by thermocatalytic (Fischer–Tropsch-
type) reactions (McCollom et al., 1999; McCollom and See-
wald, 2007). Therefore, it is difficult to categorize thermal
processes as either a source or a sink mechanism for ma-
rine DOM over a range of temperatures from ∼ 60 to ∼
150 ◦C due to, for instance, formation of petroleum prod-
ucts (Simoneit, 1992), water-soluble vitamins and amino
acids (Longnecker et al., 2018), elevated concentrations of
formate, acetate concentrations (Lang et al., 2010; McDer-
mott et al., 2015), fractions of labile compositions (Hansen
et al., 2019), and formation of iron- and sulfur-bearing or-
ganic ligands (Yücel et al., 2011). During high-temperature
hydrothermal circulation, however,∼ 94 % of the solid phase
extractable DOC is typically removed (Hawkes et al., 2015).
Findings at several Mid-Atlantic Ridge hydrothermal sys-
tems and temperature-controlled hydrothermal experiments
showed that DOM is highly unstable and effectively re-
moved during hydrothermal circulation, with a reduction in
the abundance of recalcitrant DOM and a decrease in the
number of formulas and average molecular mass (Hawkes
et al., 2015, 2016; Rossel et al., 2015, 2017).

This agrees with our observations of a decreasing num-
ber of molecular formulas, molecular diversity, average rel-
ative intensity and LPD composition in the samples where
plume-related hydrochemistry was manifested by a higher
level of turbidity, 5 times higher methane concentration and

markedly heavier methane carbon isotope compositions. We
can therefore assume that the compositional differences be-
tween background seawater in BG samples and DOM in the
plume layer (PL-3400) may be due to hydrothermal degra-
dation or some other chemical combination of reactions that
result in a molecular signal similar to those reported for hy-
drothermal fluids. Due to the difficult sampling situation in
the high-Arctic marine environment, we were unfortunately
unable to take samples directly from the buoyant plume of
the vent to properly illustrate the distribution and composi-
tion of hydrothermal end-member DOM. Our analysis, there-
fore, is solely based on compositional comparison between
samples that were different in their relative position to the
vent and its non-buoyant plume. However, we do suggest
that a portion of the observed composition in the PL is as-
sociated with the hydrothermal fluids, which are efficient at
scavenging hydrothermal organic compounds from the vent
area and transporting them from the heated subsurface (Si-
moneit, 1992). Accordingly, the temperature profile at PL
implies that the hydrothermal fluids must have been cooled
down to the ambient temperature before reaching the sam-
pling point. Therefore, any thermal modifications in DOM
compositions must have occurred either before entering the
lithosphere or in areas adjacent to the vents themselves, be-
ing merely carried along with the plume-transported parti-
cles, dissolved gases, or water masses and gradually diluted
with the surrounding waters until it reached the sampling lo-
cation.
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Figure 8. Dissolved organic matter (DOM) formulas on van Krevelen diagrams showing O : C and H : C ratios of the formulas at stations
(a–d) BG, (e–i) PL and (j–k) NP2. Sample names are coded as station name and sample depth. Orange color is given to PL-3400, where the
plume effect is expected to be the highest. Blue and green are used for the formulas in samples that were taken from same depths at different
stations. Yellow color is for the samples that were taken from the bottom of the water column at BG and PL.

Alternatively, unique formula compositions in NP2 with
higher oxygen saturation (i.e., O : C≥ 1) or ∼ 2 % higher
CAR content (see Fig. 6f) could be a product of microbial en-
richment attributed to chemosynthetic activity at the southern
part of the seamount where the faunal communities, sponges,
amphipods and traces of biological activity were more abun-
dant as logged by video and photographic transects from
OFOBS dives (Bünz et al., 2020). Nevertheless, based on
our data, a clear and direct link between activity of faunal
communities and DOM molecular compositions could not
be made. Because of this, we cannot yet suggest any mecha-
nism that can transfer modifications of benthic communities
to pelagic DOM compositions.

One other plausible explanation for the differences in
molecular composition in PL and NP2 compared to BG could
be a change in the current direction. The current direction
could have been different in the past compared to what we

observed on our cruise. If this were the case, the observed
composition at the NP2 station could be an imprint of a pre-
vious composition of the hydrothermal vent or some other
form of environmental gradient that modified and diversi-
fied the DOM composition at NP2, while the PL samples
reflect the current composition at the sampling location. The
higher abundance of CHOS heteroatom composition in the
NP2 samples could be evidence of that. A very recent study
in Kairei and Pelagia hydrothermal vents in the Indian Ocean
indicate 17 % more CHOS molecular formulas in DOM from
hot vent fluids along with the elevated hydrogen sulfide con-
centrations compared to surrounding seawater (Noowong et
al., 2021). Similarly, reproduction of sulfur-containing com-
pounds is found to occur under experimental hydrothermal
conditions at several selected temperatures (Hawkes et al.,
2016) and at less acidic conditions (Rossel et al., 2017).
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4 Summary and conclusion

Our investigations of the water column above the Aurora hy-
drothermal vent field (Gakkel Ridge, Arctic Ocean) show
that hydrothermal venting in this region displaces ther-
mally degraded DOM compositions within the hydrother-
mal plume, along with 13C-enriched methane and other vent-
derived properties. We show that DOM compositions in the
plume layer samples had lower numbers of molecular formu-
las, molecular diversity, average relative intensity, and per-
centage of formulas assigned to the LPD molecular class.
However, at a site with higher vent-related biological im-
printing and lower influence from plume dispersion, DOM
compositions had higher numbers of formulas, molecular di-
versity, and CAR percentages. We characterized the water
column hydrophysical and biochemical properties, observ-
ing that nutrient distributions and DOM compositions mainly
reflect vertical changes in primary production, atmospheric
gas exchange, riverine influence and water mass distributions
in the upper 1000 m layer, while the water column below
2000 m was quite uniform. DOM composition in sea ice was
more labile, with markedly high LPD and low-molecular-
weight compositions than the ocean surface waters, suggest-
ing selective transport during ice formation and new produc-
tion by ice algae.

DOM compositions in the Arctic Ocean are prone to
changes in the upper ocean layers, in parallel to the changes
in global climate and decline in sea ice extent. However,
deep-ocean DOM is mostly refractory, displaying remnants
of ancient biological processes. Hydrothermal vents in the
deep ocean could therefore be a dynamic source of organic
matter and perhaps influence overlying pelagic ecosystems.
There are several experimental studies on how DOM is mod-
ified during hydrothermal processes under different physical
and chemical conditions; however, there is a gap of knowl-
edge on to what extent hydrothermally and chemosynthet-
ically modified DOM spreads along plume layers, altering
water column biogeochemistry. To the best of our knowl-
edge, our study is the first attempt to differentiate hydrother-
mal plume and non-plume DOM compositions in the deep
Arctic Ocean; clearly more studies should address this in
different hydrothermal systems and other plume-generating
deep-sea environments.
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Supplementary Information 
 

Supplementary information 1: Post calibration of beam attenuation coefficient values 

 

The equation used for calculating beam attenuation coefficient was 5 

 

Beam attenuation coefficient (c, [1/m]) = - (1 / z) * ln (light transmission [decimal]) 

 

where z = path length 0.25 m. 

Afterwards, c values were post calibrated with an offset value that was calculated based on the theoretical clear water 10 

minimum beam attenuation coefficient of 0.364 (Intergovernmental Oceanographic Commission, 1994).  

 

offset = cmin - 0.364  

 

 15 

Supplementary Figure 1: Beam attenuation coefficient values before (a) and after (b) post calibration in background (BG), upper 

layer (UL), plume (PL) and non-plume (NP1-NP3) stations. 
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Supplementary information 2: Use of HiPAP data  

 

 20 

Supplementary Figure 2: (a) High precision acoustic profiler (HiPAP) data obtained at plume (PL) station and ice drift direction 

of the vessel on map. (b) ADCP data obtained at several depths of PL and (c) ADCP data after ice drift correction that shows 

actual current direction at given depths.  
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 25 

 

Supplementary Figure 3: Dissolved organic matter (DOM) formulas on van Krevelen diagram obtained from (a) negative ESI 

(electrospray ionization), (b) positive ESI and (c) formulas common in negative and positive ESI.  
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 30 

 

Supplementary Figure 4: Dissolved organic matter (DOM) formulas on van Krevelen diagram obtained in sea ice and upper layer 

(UL) station.  

References 

Intergovernmental Oceanographic Commission: Protocols for the Joint Global Ocean Flux Study 35 

(JGOFS) Core Measurements, Unesco, https://doi.org/10.25607/OBP-1409, 1994. 

 



116



Chapter 4

Paper III

Elevated methane alters dissolved organic matter composition in the Arctic

Ocean cold seeps

117



118



 

 

 

 


