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• Different analytical methods revealed 
varying thermogenic organic matter 
distribution patterns in the Baltic Sea.

• Ultra-high-resolution mass spectrometry 
indicated a mixture of land-based sour
ces and anthropogenic pressure from 
ship emission.

• Dissolved black carbon concentrations 
are higher in the Baltic Sea than in other 
coastal systems.
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A B S T R A C T

This study evaluates the distribution and sources of thermogenic organic matter in the Baltic Sea water column, 
focusing on polycyclic aromatic hydrocarbons (PAH), dissolved black carbon (DBC), and the imprint of ther
mogenic organic matter on the dissolved organic matter (DOM) pool. The spatial patterns and complex in
teractions between land-based and atmospheric sources were assessed from Kiel Bay to Pomeranian Bight within 
the water column with the combined targeted and untargeted approaches. The findings emphasize the significant 
influence of terrestrial inputs from the Oder River and autochthonous production composing DOM. In the 
Pomeranian Bight, PAH and DBC concentrations strongly correlate with land-based discharge, while shipping 
emissions play a more prominent role in the Arkona Sea. The sea surface microlayer shows unique characteristics 
in DOM composition, with potential combustion products as an important source revealed by PAH and DOM 
analyses. Ultrahigh-resolution mass spectrometry identified combustion products, in the DOM pool, providing 
insights into anthropogenic impacts. This research contributes to a better understanding of the complex 
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dynamics of thermogenic organic matter in coastal environments, highlighting the interplay between land-based 
sources, shipping emissions, and in-situ processes in the Baltic Sea region.

1. Introduction

The presence of thermogenic organic matter in coastal environments, 
influenced by riverine transport and atmospheric deposition, can be 
attributed to both shipping activities (Kanwischer et al., 2020; Her
mansson et al., 2021), and land-based sources that can reflect historical 
biomass burning in the drainage basins (Dittmar et al., 2012; Marques 
et al., 2017; Fang et al., 2021; Serafim et al., 2023) and the use of 
biomass for energy production (Wang et al., 2020; Ljung et al., 2022). 
The combination of these diverse sources can result in a complex 
mixture of thermogenic organic compounds in coastal environments, 
highlighting the multifaceted nature of anthropogenic impact on marine 
ecosystems. Hence, these products of incomplete combustion play a 
significant role in the global carbon cycle and climate change (Li et al., 
2016; Coppola et al., 2018; Ljung et al., 2022), with ubiquitous distri
bution in the environment due to extensive anthropogenic pressure 
(Bond et al., 2013; Kanwischer et al., 2020).

Combustion products are regularly assessed via pyrogenic/petro
genic/thermogenic tracers such as polycyclic aromatic hydrocarbons 
(PAH) and black carbon (BC), often analyzed through its molecular 
markers (benzene polycarboxylic acids, BPCA). These tracers of 
anthropogenic impact are applied across various environmental 
matrices, e.g., soil, aerosols, freshwater systems, seawater, and sedi
ments (Yunker et al., 2002; Glaser and Amelung, 2003; Dittmar et al., 
2012; Saiz et al., 2015; Santín et al., 2016; Marques et al., 2017; Kan
wischer et al., 2020; Serafim et al., 2023; Zhang et al., 2024). Although 
PAH and BC are both used to quantify polycyclic aromatic compounds, it 
is important to note that they cover different analytical windows, with 
BC providing more information quantifying polycyclic structures more 
complex and larger than PAH, offering a better understanding of ther
mogenic organic matter concentrations and environmental distribution 
(Wiedemeier et al., 2015). With PAH being considered as molecular 
precursors of BC (Lima et al., 2005) and also presenting similar sources, 
their interaction in the environment can vary. Ljung et al. (2022) com
bined PAH and BC measurements to assess the historical trends of 
anthropogenic pressure in sediments in the Baltic Sea area. The authors 
did not find a correlation between the two thermogenic organic matter 
tracers, which could indicate different mechanisms and sources con
trolling their deposition in the sedimentary compartment. Different 
trends were observed elsewhere, where the distribution of PAH was 
driven by BC concentrations in the sediment (Sánchez-García et al., 
2010; Li et al., 2016). Therefore, the two approaches can be coupled to 
provide insights on sources and transport or preservation mechanisms 
within specific environmental settings.

The apportionment of thermogenic organic matter was recently 
addressed by using an untargeted approach: ultrahigh-resolution mass 
spectrometric analysis, with assessment of thermogenic signatures in the 
extractable phase in sediments (Downham et al., 2024), in aerosols (H. 
Bao et al., 2023; M. Bao et al., 2023; Schneider et al., 2023), and in 
dissolved organic matter (DOM; Dittmar and Koch, 2006; Zhao et al., 
2023; H. Bao et al., 2023; M. Bao et al., 2023). In DOM, the anthropo
genic imprint was first identified by Dittmar and Koch (2006), where 
over 200 different PAH were present in marine DOM, indicating a sub
stantial presence of thermogenic compounds in deep-sea environments. 
Furthermore, Zhao et al. (2023), H. Bao et al. (2023) and M. Bao et al. 
(2023) assessed the imprint of DBC in marine DOM, by using the 
chemical characteristics derived from DOM characterization. The com
bination of the targeted and untargeted approaches may provide infor
mation on the sources and processes of thermogenic organic matter at 
molecular level in the DOM pool.

The presence and distribution of thermogenic organic matter in the 

water column can vary due to various processes that can remove ther
mogenic substances from the dissolved fraction of the water column. 
These processes include photodegradation, biodegradation, and 
adsorption onto sinking particles (Stubbins et al., 2012; Nakane et al., 
2017; Wagner et al., 2018). It is known that photodegradation is the 
primary removal mechanism, while biodegradation can be more 
prominent in water columns with high turbidity (Seidel et al., 2015). In 
areas with high ship traffic density or frequent wildfires where the at
mospheric deposition plays a crucial role, the accumulation of thermo
genic organic matter in the sea surface microlayer (SML) can be 
enhanced. The SML is a thin (up to 1 mm), highly dynamic, complex, 
and heterogeneous layer that is influenced by environmental conditions 
(e.g., wind, precipitation) and chemical properties (e.g., presence of 
surfactants). It plays an essential role in the global distribution of 
anthropogenic pollutants (Cunliffe and Wurl, 2014). Data on DBC in the 
SML in coastal areas is scarce (Mari et al., 2017; Pradeep Ram et al., 
2018; Vaezzadeh et al., 2023), while PAH concentrations have been 
documented in various marine ecosystems with high anthropogenic 
pressure (Witt, 2002; Guitart et al., 2007; Manodori et al., 2006; Lim 
et al., 2007; Wurl and Obbard, 2004; Ya et al., 2014; Huang et al., 2020), 
where the partitioning between dissolved and particulate phases varied.

The Baltic Sea, due to the high anthropogenic pressure, has been 
studied over the last decades for several organic pollutants, with ther
mogenic organic matter being investigated via PAH (Witt, 2002; Kan
wischer et al., 2020; Naumann et al., 2020; Naumann et al., 2023), and 
being a result of land-based sources from river discharge in addition to 
shipping emission. Witt (2002) analyzed PAH in different areas of the 
Baltic Sea and within the surface water. The author found a seasonal 
variation in the PAH concentrations, with SML enriched in PAH. Later, 
Kanwischer et al. (2020), while evaluating winter historical data 
(2003–2018), could see a trend in increasing concentrations of PAHs in 
Kiel Bay and Pomeranian Bight. No DBC data for the Baltic Sea is 
available. Therefore, this study aims to assess the sources of pollutants in 
the dissolved fraction of water by using targeted and untargeted 
methods to analyze the thermogenic organic matter and its imprint in 
the DOM, from the southwestern Baltic Sea to the Pomeranian Bight. 
This approach will provide valuable information about how thermo
genic organic matter is transported in coastal seas, as well as their dis
tribution and sources in the water column. By combining the analysis of 
specific tracers with DOM characterization, we aim to contribute to a 
better understanding of the distribution and behavior of organic matter 
in coastal environments, specifically those of thermogenic origin.

2. Material and methods

2.1. Study area and sampling strategy

The Baltic Sea is a semi-enclosed brackish water body that is 
considered one of the most polluted seas worldwide (Narloch et al., 
2022; Ytreberg et al., 2022). Due to the permanent anthropogenic 
pressure, the Baltic Sea ecosystem suffers from acidification, eutrophi
cation, and anoxic waters (Gustafsson et al., 2012; Meier et al., 2019). 
Connected to the North Sea via the narrow Danish Straits the Baltic Sea 
receives only sporadic inflows from the North Sea, resulting in a long 
water residence time of around 30 years (Seidel et al., 2017; HELCOM, 
2018), which indirectly facilitates the accumulation of material dis
charged by the rivers (Deutsch et al., 2012; Naumann et al., 2020). The 
average water depth of the shallow system is 52 m, with the upper 40 m 
of the water column well mixed by physical processes such as convection 
and turbulence by wind during winter (Kanwischer et al., 2022; Feistel 
et al., 2008). Strong stratification and lack of inflow can lead to 
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stagnation in the deeper basins, where water exchange is restricted by 
sills.

Water samples were taken in spring 2023 (from 31 March to 12 
April) on expedition EMB315 of RV Elisabeth Mann Borgese in the 
southwestern Baltic Sea to Pomeranian Bight (10◦0′ E – 54◦3′ N and 14◦5′ 
E – 54◦0′ N; Fig. 1). The samples were taken near the shipping lanes, with 
distances between 0 and 36 km to a shipping traffic density of at least 
15,000 vessels crossing a 1 × 1 km grid cell per year (HELCOM, 2021). 
The water column was profiled at each station via CTD, and subsurface 
water (SSW) at 1 m and deep layers were sampled. If feasible, sea surface 
microlayer (SML) samples and the corresponding reference SSW were 
obtained from the working boat maneuvered upwind of the research 
vessel. The SML samples were taken using the glass plate technique 
described in Harvey and Burzell (1972) and tested later by Zhang et al. 
(2003). It is important to highlight the effectiveness of the glass plate 
technique in the analysis of PAH in the SML (Guitart et al., 2004). During 
the sampling campaign, the thickness of the sampled layer was, on 
average, 64.7 ± 2.6 μm, where thickness is a result of the sample volume 
in cm3 multiplied by 104, divided by the immersed area of the plate in 
cm2 multiplied by the number of dips per sample (Cunliffe and Wurl, 
2014). The SML thickness average during sampling corresponds to re
ported values (Zhang et al., 2003), where the authors determined an 
SML thickness for natural seawater of 50 ± 10 μm. High-salinity water 
inflowing from the North Sea observed at some western stations was not 
sampled. Physical-chemical parameters such as salinity, temperature, 
and depth were obtained through the sensors of the CTD rosette (Seabird 
SBE 911 plus). Wind direction and speed, and humidity were obtained 
from the research vessel’s weather station as hourly averaged data. 
Sampling sites were grouped into four distinct areas: Kiel Bay, Meck
lenburg Bight, Arkona Sea, and Pomeranian Bight, according to Witt 
(2002), Kuss et al. (2020), Neumann et al. (2020), Naumann et al. 
(2023), and the wind direction.

All glassware used in all the procedures was thoroughly cleaned with 
acidified water, rinsed several times with ultrapure water, and pre- 
baked at 400 ◦C for 4 h to remove any organic residues. GF/F filters 
(Whatman, pore size 0.7 μm) were pre-combusted at 400 ◦C and used to 
separate the suspended particulate material to the dissolved fraction. 
The water samples were filtered and aliquots were separated for nutrient 
analysis, dissolved organic carbon (DOC) and total dissolved nitrogen 
(TDN), DOM characterization, DBC and PAH. Nutrient concentrations 
(nitrate, nitrite, phosphate, and silicate) were obtained by applying a 
simultaneous photometric method via automated Continuous Flow 
Analyzer (CFA; Alliance Instruments, Austria); precision and detection 
limits were 0.21 μmol L− 1, 0.022 μmol L− 1, 0.034 μmol L− 1, and 0.71 
μmol L− 1 for nitrate, nitrite, phosphate, and silicate, respectively. All 
analyses were done following accredited protocols (D-PL-14544-01-00). 
DOC concentrations, TDN concentrations, and recoveries for the solid 
phase extraction (see section ‘DOM characterization’) were acquired via 
total organic carbon analyzer (TOC-L, Shimadzu). Dissolved organic 
nitrogen (DON) was calculated using TN minus nitrate and nitrite spe
cies concentrations.

2.2. PAH quantification

The sixteen PAH designated as high-priority pollutants by the Envi
ronmental Protection Agency (EPA) were isolated using solid-phase 
extraction (SPE), as described by Li et al. (2015), with modifications. 
One liter of filtered seawater was acidified to pH 2 with HCl (Suprapur 
30 %, Merck), and 0.1 % methanol was added to the sample to improve 
the extraction. Next, the sample was passed through ENVI-18 cartridges 
(500 mg, Merck) previously conditioned with 10 mL of dichloro
methane, 10 mL of methanol, and 10 mL of ultrapure water at a flow rate 
of 4 mL min− 1. The cartridges were immediately desalinated with 
acidified (pH 2) ultrapure water, and stored at − 20 ◦C for further 

Fig. 1. Study area in the southwestern Baltic Sea: 25 stations were occupied near the main shipping lanes. Shipping density traffic, layers (HELCOM, 2021). Co
ordinate system: ETRS89 (EPSG:4258).
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analysis. The cartridges were dried with N2, the analytes eluted with 12 
mL of DCM and concentrated in an evaporation system at 40 ◦C under 
clean air purge (5.0 bar), where hexane (2 mL) was added twice for 
solvent exchange. The samples were then concentrated to 150 μL by a 
rotary evaporator system (200 mbar, at 30 ◦C and 90 rpm) and spiked 
with the deuterated PAH as an internal standard and quantified using a 
GC–MS (Agilent 5977).

The sample preparation method was thoroughly validated through a 
recovery investigation process. Seawater, spiked seawater and spiked 
ultrapure water samples were filtered and extracted via the SPE method, 
and recovery values were obtained. Quality control measures were taken 
by processing procedural blanks, matrix spikes, and sample duplicates. 
An external standard method utilizing a 16 PAH reference material 
mixture was applied. The calibration curve had 12 levels with concen
trations ranging from 0.5 to 250 pg μL− 1 and a coefficient of determi
nation (R2) between 0.992 and 0.999. The recoveries and relative 
standard deviation (RSD) ranged from 87.35 to 99.9 % (n = 13; average: 
95.0 ± 3.5 %) and 3.2 to 34.2 %, respectively. The concentrations were 
corrected by the recovery values from the recovery test. The limit of 
detection varied between 0.01 and 0.03 ng L− 1. The analytical errors for 
PAH concentration were, on average, 2 %. The procedure blanks were, 
on average, 2.34 ng L− 1. The sources for PAH in environmental samples 
are commonly assessed by developed diagnostic ratios between the 
concentrations of single PAH with similar physicochemical properties 
(Yunker et al., 2002), with some limitations due to environmental pro
cesses (Jacobs et al., 2008).

2.3. DOM characterization

SPE was also used to isolate DOM for molecular characterization and 
DBC quantification (described in section ‘DBC determination’) with 
cartridges containing a styrene-divinylbenzene polymer modified with a 
proprietary nonpolar surface (Bond Elut PPL, 200 mg, Agilent; Dittmar 
et al., 2008). Before use, the cartridges were cleaned and before 
extraction conditioned with two cartridge fillings of methanol and two 
cartridge fillings of acidified water (pH 2). The filtered samples were 
acidified to pH 2, and after extraction, the cartridges were desalted with 
pH 2 ultrapure water (6 mL) and frozen. Then, the cartridges were dried 
with N2 gas and eluted with 4 mL of methanol. To validate the extraction 
efficiency, aliquots of the methanol extracts were dried and redissolved 
with acidified water, and the DOC concentration of the extract was 
determined as described for environmental samples. On average, the 
PPL cartridges recovered 63 ± 3 % (n = 84) of DOC.

FT-ICR-MS analysis of the DOM extracts was performed on a SolariX 
instrument equipped with a 7 T superconducting magnet (Bruker Dal
tonik, Bremen, Germany). The extracts were diluted with ultrapure 
water and methanol (1:1, v/v) to a concentration of 417 μM of organic 
carbon (OC). The samples were injected into the ESI source in negative 
ionization mode (ESI–), with a voltage of 3.4 kV, and for each mea
surement, 250 scans were co-added covering a mass range from 100 to 
1000 Da with a 2 s (4 megaword) transient, at a flow rate of 200 μL h− 1. 
The spectra were mass-calibrated with an internal list in the Bruker 
Daltonics Data Analysis software (version 5.0 SR1). Masslists were 
exported at S/N = 0 and submitted to formula assignment using ICBM 
Ocean (Merder et al., 2020) within the elemental limits of 12C (1–50), 1H 
(1− 100), 16O (1–50), 14N (1–4), and 32S (1–2) and isotopic verification, 
and peaks with an error threshold of ±0.5 ppm were considered for 
analysis. The intensity-weighted average molecular weights, double 
bond equivalents (DBE), H:C ratios, O:C ratios, compound group defi
nitions, and aromaticity index were calculated for each sample. The 
modified aromaticity index (AIMOD) and double-bound equivalence 
(DBE) are proxies for aromatic character of the molecular formulae (MF) 
(Koch and Dittmar, 2006; Riedel et al., 2012). The molecular com
pounds group for condensed aromatic compounds assignment was done 
by considering an AIMOD higher than 0.66 from DOM chemical charac
teristics (Dittmar and Koch, 2006), while the terrestrial index (ITERR) 

was calculated from Medeiros et al. (2016), where 184 MF were sug
gested as indicators of riverine inputs.

2.4. DBC determination

DBC was determined at the molecular level via BPCAs produced after 
OM oxidation (Dittmar, 2008; Stubbins et al., 2015). The method for 
dissolved black carbon analysis has been continually updated and the 
applicability of DBC as a tracer for pyrogenic or thermogenic organic 
matter has repeatedly been challenged. As strongly recommended pre
viously (Kappenberg et al., 2016; Bostick et al., 2018; Wagner et al., 
2018; Barton et al., 2024), the less carboxylated BPCAs (3 and 4 car
boxylic groups) should not be used for the BC assessment due to their 
potential production from non-pyrogenic material, leading to an over
estimation of the BC content. Pentacarboxylic and melitic acid, B5CA 
and B6CA, respectively, however, are not produced from non-pyrogenic 
processes even when digesting samples with >5 mg of carbon 
(Kappenberg et al., 2016). Therefore, they are currently the two robust 
groups used to estimate DBC (Stubbins et al., 2015; Marques et al., 2017; 
Bostick et al., 2018; Wagner et al., 2018; Coppola et al., 2019; Yamashita 
et al., 2021). The BPCAs are defined by the single benzene ring bonded 
with carboxyl groups (Zhao et al., 2023). Briefly, 5 μmol DOC of the 
extracts were added into glass ampoules, dried over night at 50 ◦C, and 
redissolved in 0.5 mL of nitric acid (Fluka, 65 %). The oxidation process 
happens under high pressure; therefore, the glass ampoules were sealed 
and placed in a stainless-steel pressure bomb in the oven at 170 ◦C for 9 
h. After the oxidation, 450 μL of the extract was transferred into HPLC 
vials, where the acid was evaporated under N2 flow at 60 ◦C. The 
samples were then redissolved with 100 μL of phosphate buffer (addition 
of Na2HPO4 and NaH2PO4 in ultrapure water) stored at − 20 ◦C and 
quantified on a Waters Acquity UPLC (Ultra Performance Liquid Chro
matography) system composed of a binary solvent manager, a sample 
manager, a column manager, and a photodiode array light absorbance 
detector (PDA eλ). DBC concentration was calculated according to 
Stubbins et al. (2015), using the concentrations of B5CA and B6CA. The 
ratio between the two BPCA (B6CA:B5CA) was used as a proxy for the 
degree of condensation (Dittmar, 2008). The calibration curve had 9 
levels with concentrations ranging from 0.4 to 100 μM, and an R2 be
tween 0.9996 and 1.000. For quality control of the measurements, the 
reference sample Suwannee River natural aquatic organic matter 
(#2R101N) from the International Humic Substance Society was used. 
Based on the replicates of the reference sample, the analytical error for 
BPCA concentration was, on average, 7.5 and 7.7 % for B5CA and B6CA, 
respectively.

2.5. Data analysis

Indicator species analysis (ISA) was used to identify characteristic 
MF from the DOM characterization via FT-ICR-MS along the south
western Baltic Sea horizontally and vertically. For all assigned MF values 
within the mass spectra, we calculated indicator values by multiplying 
the relative abundance with the relative frequency of a MF within a 
predefined group: for horizontal distribution, the grouping used con
sisted of the areas of Kiel Bay, Mecklenburg Bight, Arkona Sea, and 
Pomeranian Bight, while for analysis of the vertical distribution the 
samples were separated in SML, SSW, deep layer and the combination of 
SML and SSW. No linearity is assumed by using this ecological tool. The 
indicators provided by this analysis represent the DOMISA.

Statistical analyses were performed using R, version 2023.06.0. 
Descriptive statistics comprising medians and interquartile ranges were 
employed and evaluated with the Kruskal-test and Dunn-test (rstatix 
Package), assuming a 95 % confidence level. A maximum likelihood 
function tested model assumptions (normality, linearity, and residual 
homoscedasticity) (boxcox, MASS package, Venables and Ripley, 2002). 
The Spearman correlation (rS) analysis assessed potential correlations 
between the analyzed parameters. Wind backwards trajectories were 
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calculated to demonstrate where the air masses passed before reaching 
the sampling areas seven days before sampling (Fig. S1; Meteorological 
Data Explorer (METEX) from the National Institute for Environmental 
Studies Global Environmental Database; https://db.cger.nies.go.jp/ 
ged/metex/en/index.html) and plotted using the openair package in R 
(Carslaw and Ropkins, 2012). Non-metric multidimensional scaling 
(NMDS) was used to determine correlations of environmental variables 
with the DOMISA. The environmental variables were centered and scaled 
for ordination. All NMDS models were run on Bray–Curtis distance 
matrix, and their statistical significance was tested with 10,000 per
mutations (vegan package). Ocean Data View (version 5.6.5; Schlitzer, 
2023) was used to produce surface plots of the distributions of PAH, 
DBC, AIMOD and B6CA:B5CA ratio. Only the SSW (~1 m depth) data was 
used to generate the distribution surface plots.

3. Results

3.1. Field environmental parameters

Humidity, wind direction, and wind speed were considered in the 
data evaluation since they can interfere with the atmospheric transport 
of pollutants to the water (Table S1; Masiol et al., 2013; M. Zhao et al., 
2013; X.J. Zhao et al., 2013), dilute or concentrate the PAH in the at
mosphere (Wiriya et al., 2013; He et al., 2014), and influence the sta
bility of the SML (Martinez-Varela et al., 2022). During the cruise, 
humidity ranged between 55 and 96 %, while wind direction and speed 
varied between 7.15 and 354.2◦ (median: 182.45◦) and 0.9 and 14.7 m 
s− 1 (median: 7.4 m s− 1), respectively. Wind direction was characterized 
by a frequent easterly component, except during the sampling in the 
Pomeranian Bight, captured by the 7-day wind backwards trajectories 
(Fig. S1).

In the water column, PAH concentrations can be affected by pa
rameters such as water temperature, salinity, and organic matter content 
(Table S1; Table S2; Huang et al., 2020). Water temperature varied 
between 5 and 8 ◦C (average: 5.7 ± 0.65 ◦C), with higher temperatures 
in Kiel Bight when compared to the other areas and no statistical dif
ference observed for the water layers (Kruskal-test, p < 0.001 and p =
0.526, respectively). Salinity varied horizontally in the water column 
(between 6.35 and 20.63), with slightly higher salinity in the deep layer, 
and with values decreasing towards the Pomeranian Bight due to the 
Oder River discharge. Nitrite concentrations varied between 0.01 and 
0.97 μM (average: 0.08 ± 0.18 μM), without significant vertical or 
horizontal differences in the study area. In comparison, nitrate con
centrations ranged between 0.01 and 28.05 μM (average: 1.71 ± 4.63 
μM), with similar and low concentrations found in Kiel Bay, Mecklen
burg Bight, and Arkona Sea (average: 0.75 ± 1.04 μM), and greater 
concentrations in the Pomeranian Bight, decreasing with increasing 
depth (Kruskal-test, p < 0.001). DOC and DON concentrations ranged 
from 161 to 337 μM (average: 270 ± 34 μM) and from 9 to 45 μM 
(average: 15 ± 4 μM), respectively. DOC concentrations decreased with 
increasing salinity in the SSW (DOC = 347–8.0; p < 0.001, R2 = 0.39) 
and deep layer (DOC = 352–6.8; p < 0.001, R2 = 0.60) while no trend 
was observed for the SML samples. The DOC concentrations differed 
between the areas with 243 ± 40 μM, 264 ± 29 μM, 294 ± 22 μM, and 
308 ± 24 μM, in Kiel Bay, Mecklenburg Bight, Arkona Sea, and 
Pomeranian Bight, respectively.

3.2. Dissolved organic matter molecular-level composition

Ultrahigh-resolution mass spectrometric analysis of the solid-phase 
extractable DOM resulted in 6913 assigned MF over the whole dataset 
comprising 84 samples (Table S4), with most MF attributed to CHO and 
CHON groups, with 3000 and 2672 MF, respectively, accounting for 81 
± 0.9 and 13 ± 0.6 % of the relative intensity per sample. Indicator 
species analysis was used for the horizontal (Kiel Bay, Mecklenburg 
Bight, Arkona Sea, and Pomeranian Bight) and vertical (SML, SSW, and 

deep layer) distribution, and out of the 6913 MF, 1486 MF (DOMISA) 
were associated to at least one of the areas (p < 0.1; Fig. 2A). From 
DOMISA, 665 MF were associated with Kiel Bight, 12 MF with Meck
lenburg Bight, 218 MF to Arkona Sea, and 591 MF associated with 
Pomeranian Bight. In this subset, the CHO class of compounds repre
sented high relative intensities in Mecklenburg Bight, Arkona Sea, and 
Pomeranian Bight, with 65 ± 2.4, 98 ± 0.2, and 91 ± 0.2 %, respec
tively, while CHON compounds represented higher intensities in Kiel 
Bay, accounting for 66 ± 1.7 % (Fig. 2A). Vertically, 368 MF were 
associated with the SML, 73 MF with the SSW, 33 MF were associated 
with both the SML and SSW, and 77 MF with the deep layer (Fig. 2B). 
The intensity-weighted contribution of the CHO class of compounds 
dominated in the DOMISA regarding water depth (analysis by water 
depth, vertical grouping), where the CHO compounds accounted for 53 
± 4 % of the relative intensities, followed by the N-containing com
pounds with 30 ± 4 %, and then by the CHOS class of compounds 
comprising 14 ± 3 %.

3.3. Thermogenic organic matter and sources and imprint in DOM pool

The PAH concentrations in the Baltic Sea water column from the 
southwestern sampling area to the Pomeranian Bight (Fig. 3A and D; 
Table S3) ranged from 2.35 to 29.69 ng L− 1 (average: 16.05 ± 4.44 ng 
L− 1, sum of 16 EPA-PAH) with a significant contribution of low mo
lecular weight (LMW) PAH (average: 12.615 ± 3.89 ng L− 1) compared 
to the high molecular weight (HMW) PAH (average: 3.44 ± 1.02 ng 
L− 1). No difference in PAH concentrations was observed between the 
areas (Kruskal-test, p = 0.183; Fig. 3A). Still, Pomeranian Bight pre
sented a slightly higher average (average: 18.62 ± 3.65 ng L− 1), fol
lowed by Arkona Sea (average: 16.74 ± 4.93 ng L− 1), Kiel Bay (average: 
16.11 ± 2.35 ng L− 1) and Mecklenburg Bight (average: 15.44 ± 4.65 ng 
L− 1), with SSW concentrations elevated closer to the coastline east of 
Kiel Bay (Fig. 4A). 4-ring PAH were slightly higher in the Kiel Bay area, 
followed by Arkona Sea, Mecklenburg Bight, and Pomeranian Bight 
(Kruskal-test, p = 0.020), while 3-, 5- and 6-ring PAH concentrations 
were similar between the areas (Kruskal-test, p > 0.1). The most abun
dant HMW PAH were pyrene and fluoranthene, ranging from 61 to 73 % 
of the HMW PAH in the sampling areas, with pyrene concentrations 
decreasing towards the Pomeranian Bight area (Kruskal-test, p = 0.005). 
Naphthalene and fluorene concentrations slightly increased in the 
Pomeranian Bight samples (Kruskal-test, p = 0.012 and p = 0.023, 
respectively). Vertically, no difference in PAH concentrations was 
observed (Kruskal-test, p = 0.367; Fig. 3D), with concentrations in the 
SML averaging at 17.81 ± 1.40 ng L− 1, followed by SSW with a mean of 
16.06 ± 0.73 ng L− 1 and deep layer with an average of 15.57 ± 0.73 ng 
L− 1. LMW and HMW PAH concentrations in the water column were 
similar (Kruskal-test, p > 0.210). In the SML, LMW and HMW PAH 
concentrations averaged at 15.52 ± 1.23 ng L− 1 and 3.29 ± 0.32 ng L− 1, 
respectively. In the SSW, the concentrations averaged at 12.40 ± 0.64 
ng L− 1 and 3.66 ± 0.17 ng L− 1, respectively, while in the deep layer, the 
concentrations averaged at 12.31 ± 0.64 ng L− 1 and 3.25 ± 0.17 ng L− 1, 
respectively. 3-, 4-, 5- and 6-rings PAH had a similar vertical distribution 
in the water column (Kruskal-test, p > 0.1). The most abundant PAH in 
the samples was phenanthrene, followed by naphthalene. Fluoranthene 
had a slightly higher concentration in the SML, followed by SSW and 
deep layer, with averages of 0.89 ± 0.07 ng L− 1, 0.87 ± 0.04 ng L− 1, and 
0.75 ± 0.04 ng L− 1, respectively (Kruskal-test, p > 0.1).

The BPCA method for DBC determination offers an alternative 
approach to measuring complex and larger polycyclic thermally modi
fied organic matter structures than PAH (Table S5; Wiedemeier et al., 
2015). DBC concentrations varied between 6.2 and 25.7 μM (average: 
14.2 ± 2.8 μM) in the water column, with the B6CA:B5CA ratio varying 
between 0.30 and 0.36, with lowest surface water ratios in the eastern 
study area ratios. DBC accounted for 5.3 ± 0.9 % of DOC concentrations, 
varying between 2.1 and 8.6 % of DOC. PAH concentrations exhibited a 
different pattern than DBC concentrations in the SSW water in the area 
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Fig. 2. Molecular formulae identified via Indicator Species Analysis associated with areas (Kiel Bay [KB], Mecklenburg Bight [MB], Arkona Sea [AS], and 
Pomeranian Bight [PB]) (A), and with the water column (SML, the SSW, the shared indicators between SML and SSW, and the deep layer) (B) by compound group 
represented in van Krevelen space.

Fig. 3. PAH concentrations (A), DBC concentrations (B), and relative contribution of condensed aromatic compounds from FT-ICR-MS analysis (C) within the areas: 
Kiel Bay (KB), Mecklenburg Bight (MB), Arkona Sea (AS) and Pomeranian Bight (PB); PAH concentrations (D), DBC concentrations (E) and relative contribution of 
condensed aromatic compounds from FT-ICR-MS analysis (F) by water layer. *, **, *** indicate significance level of p < 0.05, p < 0.01, and p < 0.001 for the Dunn- 
test, respectively.
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Fig. 4. Surface distribution of PAH concentrations (A), DBC concentrations (B), aromaticity index (AIMOD) (C), and B6CA:B5CA ratios (D). Plotted with Ocean Data 
View using DIVA gridding interpolation (Schlitzer, 2023).

Fig. 5. PAH source apportionment from diagnostic ratios. Representation of data by areas, including Kiel Bay (KB), Mecklenburg Bight (MB), Arkona Sea (AS), and 
Pomeranian Bight (PB) (A), and within the water column, in the SML, SSW and deep layer with gradient of color representing PAH concentrations (B). Ratios are 
based on concentrations of indeno(1,2,3-c,d)pyrene (ICDP), fluoranthene (FLU), pyrene (PYR), and benzo(g,h,i)perylene (BGHIP).
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(Fig. 4A and B, respectively). Horizontally, DBC content was higher in 
Pomeranian Bight (average: 15.7 ± 1.8 μM), Arkona Sea (average: 15.3 
± 1.0 μM), and Mecklenburg Bight (average: 14.0 ± 3.3 μM), with lower 
concentrations in Kiel Bay (average: 11.3 ± 1.2 μM) (Kruskal-test, p <
0.001), with slightly different B6CA:B5CA ratios in the SSW in the study 
area (Fig. 4D). Higher B6CA:B5CA ratios were observed in Arkona Sea 
(average: 0.34 ± 0.01 μM), and Mecklenburg Bight (average: 0.34 ±
0.01 μM), followed by Kiel Bay (average: 0.33 ± 0.004 μM) and 
Pomeranian Bight (average: 0.33 ± 0.01 μM) (Kruskal-test, p < 0.001). 
In the water column, DBC concentrations were similar in all layers 
(Kruskal-test, p = 0.291; Fig. 3E), while the B6CA:B5CA ratio was higher 
in the SSW (average: 0.34 ± 0.01 μM), followed by the SML and the deep 
layer (average: 0.33 ± 0.01 μM) (Kruskal-test, p = 0.018). The assigned 
condensed aromatic compounds in DOMISA showed a spatial variability 
with higher relative weighted intensities in Pomeranian Bight and Kiel 

Bay, followed by Mecklenburg Bight and Arkona Sea (Kruskal-test, p =
0.002; Fig. 3C). In contrast, no pattern was observed over water depth 
(Kruskal-test, p = 0.152; Fig. 3F).

The apportionment of PAH sources was done by coupling diagnostic 
ratios, and the biplot shows that the sources varied between fossil fuel, 
biomass combustion, and petrogenic input in Kiel Bay, Mecklenburg 
Bight, Arkona Sea, and Pomeranian Bight (Fig. 5A), with PAH concen
trations increasing in the SML with increasing contribution from 
biomass combustion (Fig. 5B). PAH concentrations were strongly 
negatively correlated with ICDP/ICDP+BGHIP ratio (rS = − 0.82, p =
0.004) and positively correlated with FLU/FLU+PYR (rS = 0.745, p =
0.013). No correlation was observed between the diagnostic ratios and 
environmental parameters such as geographical coordinates, DOC or 
nutrient concentrations.

The non-metric multidimensional scaling plots (Fig. 6) provide a 

Fig. 6. Non-metric multidimensional scaling (NMDS) portraying distribution of samples according to DOMISA composition and relationship to environmental and 
combustion product parameters plus DOM characteristics. NMDS across areas including Kiel Bay (KB), Mecklenburg Bight (MB), Arkona Sea (AS), and Pomeranian 
Bight (PB) (A), and significantly related parameters (B). NMDS for DOMISA over the water column differentiating SML, SSW and deep layer (C) with related pa
rameters (D); m/z: weighted average of molecular mass from FT-ICR-MS analysis, H.C: weighted average of hydrogen-to-carbon ratio, and O.C: weighted average of 
oxygen-to-carbon-ration from FT-ICR-MS analysis. Contours represent DBC concentrations and aromatic compounds that are likely derived from lignin degradation 
relative abundance (A and C, respectively).
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multivariate view of DOMISA distribution from the southwestern Baltic 
Sea to the Pomeranian Bight area (Fig. 6A and B) as well as vertically 
within the water column (Fig. 6C and D). Key parameters covarying with 
the DOMISA are represented by the arrows, such as 5- and 6-rings PAH, 
and temperature for the areas (Fig. 6B) or phosphate, N- and S-con
taining compounds, and ICDP/ICDP+BGHIP for the water column 
(Fig. 6D).

4. Discussion

4.1. Dissolved organic carbon and nitrogen distributions

Water column characteristics revealed mixing of fresh- and saltwater 
as a major factor driving organic matter dynamics along the sampled 
stations from the southwestern Baltic Sea area to the Pomeranian Bight. 
Higher DOC concentrations in the Pomeranian Bight and decreasing 
linearly towards Kiel Bay while salinity increased, as previously 
observed by Seidel et al. (2017). The higher concentrations in Pomera
nian Bight can be attributed to the contribution of allochthonous loading 
from the Oder River to the Baltic Sea and the subsequent enhanced 
autochthonous production (Nausch et al., 2008). Indeed, nitrate con
centrations were higher in the Pomeranian Bight, exhibiting the same 
pattern as DOC concentrations. According to Beltran-Perez and Waniek 
(2022), the spring bloom occurs around day 85 ± 7 (between 19 and 
31st March), reaching the maximum biomass production on day 115 ± 6 
(between 18 and 30 April), which can, along with the nutrient data 
presented here, indicate that the diatom bloom was already ongoing 
during the sampling period. The linear decrease of DOC observed from 
Pomeranian Bight to Kiel Bay can be attributed to the dilution of 
terrestrial input with the Baltic Sea water and removal of terrestrial DOC 
in the Baltic Sea water column, where around 56 % of terrestrial DOC is 
remineralized (Gustafsson et al., 2014). In spite of high turnover, 
Deutsch et al. (2012) reported a terrestrial contribution to the DOM in 
the area under the influence of the Oder River plume between 60 and 72 
% and Seidel et al. (2017), by using the isotopic composition of carbon 
(δ13C) as terrigenous OM tracer, also highlighted the importance of 
terrestrial input to the DOM pool of the Baltic Sea.

Recently, the agriculture and transport sectors were identified as the 
primary sources of nitrogen in the Baltic Sea (Gauss et al., 2021), with 
the contribution of TDN from ship sources horizontally homogeneously 
distributed in the upper 10 m of the water column (Neumann et al., 
2020). With nutrient concentrations varying similarly vertically and 
horizontally in the study area, in the Pomeranian Bight, the concentra
tions of nitrite and phosphate were positively correlated with the 
terrestrial signature in DOM (ITERR index; Medeiros et al., 2016), infer
ring leaching of organic matter from soils and subsequent lateral 
transport into the aquatic systems. According to Neumann et al. (2020), 
the concentrations of bulk nitrogen from shipping emissions do not show 
a pattern in the western Baltic Sea due to the atmospheric transport and 
subsequent high atmospheric residence time of NOX from shipping 
emission, which can explain the lack of relationship between nutrients 
and the distance from the shipping lanes in our study. With none of the 
nutrient concentrations increasing in the SML with respect to the 
proximity to the shipping routes nor enrichment in the layer with 
respect to SSW, nutrient distribution across the study areas can also be 
associated with the uptake dominated by diatoms during ongoing spring 
bloom, as depleted concentrations were observed for nitrate and silicate. 
Before the spring bloom, higher values for nitrate and phosphate were 
observed by Naumann et al. (2020) in surface water samples.

Overall, the mixing of freshwater from the Oder River with Baltic Sea 
water strongly influenced DOC and nutrient levels across the study area. 
Higher DOC and nutrient concentrations in the Pomeranian Bight, likely 
due to terrestrial inputs and resulting diatom blooms, gradually 
decreased towards Kiel Bay. The observed nutrient patterns reflect both 
land-based sources and biological uptake, highlighting the complex in
teractions shaping water column characteristics in this region.

4.2. DOM molecular composition

The concentration and composition of the DOM in the well-mixed 
water column in the southwestern Baltic Sea are driven by input from 
terrestrial material transported via the Oder River and autochthonous 
production. Different tools, such as ISA to identify MF that can be used as 
indicators for the areas or within the water column, elemental ratios and 
compound group distributions can be used to understand sources and 
fate of DOM in the Baltic Sea water. The MF indicative of the four areas: 
Kiel Bay, Mecklenburg Bight, Arkona Sea, and Pomeranian Bight, 
respectively identified using ISA, revealed a distinct distribution of 
compounds especially for Kiel Bay and Pomeranian Bight (Fig. 2A). 
Vertically, many MF assigned from DOMISA in the water column were 
associated with the SML (Fig. 2B), presenting a distinct grouping 
compared to the SSW and deep layers (Fig. 6C and D). Aromatic com
pounds that are likely derived from lignin degradation were abundant in 
the indicator MF for the Pomeranian Bight area, followed by Mecklen
burg Bight, Arkona Sea, and Kiel Bay (Kruskal-test, p < 0.001). Lignin- 
like compounds were also abundant in the deep layer, followed by the 
SSW and SML (Kruskal-test, p = 0.003), while protein-like compounds 
were abundant in the SML, followed by SSW and deep layer (Kruskal- 
test, p = 0.0125). Lignin is a complex phenolic polymer present in 
terrestrial vascular plants tissues (Dittmar and Lara, 2001) commonly 
used as a terrestrial marker with a significant contribution of fluorescent 
moieties, and comprises much of the freshwater DOM transported to 
coastal seas, relatively enriching DOM with aromatic and complex 
compounds especially in the deep waters (Seidel et al., 2017; Li et al., 
2020). Recently, lignin-like material was found to be abundant in 
humic-like substances in aerosols, reflecting local biomass burning or 
biofuel emissions (Sun et al., 2021). Protein-like compounds are surface- 
active compounds, and their higher contribution and accumulation in 
the SML can be expected due to its characteristics, e.g., surface tension 
reduced mixing, biological activities (Wurl et al., 2011). In addition, 
their presence was previously linked to biological production by 
phytoplankton communities as indicated by optical DOM analyses 
(Shields et al., 2019; Li et al., 2020), which can explain the strong 
positive correlation between protein-like compounds and TDN in the 
SML (rS = 0.68, p = 0.029) and their link with SML DOMISA compounds 
(Fig. 6C and D).

CHO compounds were generally predominant in terms of number 
and relative abundance in all areas, except in Kiel Bay, where CHON 
compounds accounted for 66 ± 1.7 % of the overall relative intensity. 
Seidel et al. (2017) found that N-containing compounds were more 
abundant near Kattegat, and the authors attribute this to the marine 
influence in the area. CHON compounds in seawater can reflect 
autochthonous production or/and combustion products, with different 
numbers of nitrogen atoms indicating CHON transformations in aquatic 
environments along a salinity gradient (Yan et al., 2023, 2024). Ac
cording to Yan et al. (2024), the lower the number of nitrogen atoms in 
the MF, the more saturated and less aromatic they are, with molecular 
transformations indicating DON degradation. S-containing groups are 
usually linked to the contribution of fossil fuel to DOM (Mead et al., 
2013; Zhao et al., 2023), however, their relative contribution was low 
among the DOMISA horizontally (4 ± 0.3 %) and vertically (8 ± 1 %) in 
the water column, and overall, no correlation was found with salinity or 
DOC. Nevertheless, NMDS analysis (Fig. 6A and B) indicated a clear 
association of S-containing groups with the samples from the Pomera
nian Bight, suggesting local inputs, potentially influenced by riverine 
discharge and/or atmospheric deposition from Poland (Supplementary 
Fig. 1). Overall, complex interactions between terrestrial inputs and 
autochthonous production shape the composition of DOM in the 
southwestern Baltic Sea to Pomeranian Bight area. The distinct distri
bution of the compound groups across different areas and in the water 
column reveals the influence of both land-derived and marine processes. 
These findings underscore the importance of understanding both 
terrestrial and marine contributions to DOM, providing valuable insights 

T.S.G. Serafim et al.                                                                                                                                                                                                                            



Science of the Total Environment 964 (2025) 178537

10

into the biogeochemical processes shaping the Baltic Sea.

4.3. Thermogenic organic matter distribution through different analytical 
windows

The untargeted and targeted approaches for thermogenic organic 
matter characterization revealed different patterns in the study area, 
emphasizing the mixing of prominent riverine inputs ultimately sourced 
from soils, atmospheric inputs on land, additional industrial and resi
dential contributions to the rivers, plus atmospheric deposition directly 
to the Baltic Sea from shipping, road traffic, household and industrial 
point sources. Overall, anthropogenic sources such as the burning of 
fossil fuel and biomass contribute >60 % of the atmospheric BC, most of 
which eventually reaches the ocean (Yang et al., 2018). Both methods, 
PAH and DBC determination via BPCA quantification, are indicators for 
thermogenic/pyrogenic organic matter (Brodowski et al., 2005; Rodio
nov et al., 2010; Sánchez-García et al., 2010). PAH analysis quantifies 
specific molecules produced by high-temperature combustion with a 
critical ecological role due to their harmful characteristics. The BPCA 
method comprises PAH molecules, but can detect more complex aro
matic thermogenic organic compounds and larger molecules than the 
targeted PAH analysis, offering a better understanding of the distribu
tion of a wider range of thermogenic compounds in the environment 
(Hindersmann et al., 2020), but potentially also including highly 
condensed matter from non-pyrogenic sources (Kappenberg et al., 2016; 
Wagner et al., 2019). Combining these methods with known analytical 
windows in a multi-proxy approach can help to provide a more robust 
understanding of sources, transformations and distribution of thermo
genic organic matter, mitigating interpretation biases. PAH concentra
tions were similar from Kiel Bay to the Pomeranian Bight throughout the 
water column, while DBC was strongly correlated to bulk DOC and 
decreased from Pomeranian Bight to Kiel Bay. DOC concentrations were 
positively correlated with DBC and weakly negatively correlated with 
PAH concentrations. Nevertheless, DBC was strongly negatively corre
lated with salinity (rS = − 0.69, p = 0.009), while PAH concentrations 
did not correlate with salinity (rS = − 0.04, p > 0.276). This suggests two 
different sources or paths for PAH and DBC, where DBC is mainly 
transported to the Baltic Sea by river, while PAH distribution in the 
brackish Baltic Sea is homogeneous despite riverine input. PAH distri
bution across the study area hence can be a result of several facts, such as 
partitioning between dissolved and particulate fractions, dilution effects 
from mixing processes, or photo- and/or biodegradation.

DBC concentrations in the Baltic Sea (ranging from 6.2 to 25.7 μM, 
averaging at 14.2 ± 2.8 μM) were higher than in other coastal systems, 
e.g., Chukchi Sea and Bering Sea (0.6 to 1.9 μM; Nakane et al., 2017), 
South China Sea (0.6 to 1.6 μM; Fang et al., 2017), Southeastern Brazil 
(0.3 and 17 μM; Marques et al., 2017), East China Sea (0.7 and 1.9 μM; 
H. Bao et al., 2023; M. Bao et al., 2023) and South Yellow Sea (0.97 and 
1.7 μM; H. Bao et al., 2023; M. Bao et al., 2023). The high concentrations 
in the Baltic Sea reflect the persistent anthropogenic pressure, with land- 
based input to the semi-enclosed Baltic Sea and the local emissions from 
shipping or road traffic that due to the low water exchange with the 
North Sea, can remain in the Baltic Sea. No DBC data was previously 
reported from the Baltic Sea, although Ljung et al. (2022) analyzed the 
sedimentary BC content, showing an increase in concentrations starting 
in the 1940s, with biomass as the primary source as a consequence of 
emission from wood burning used for energy production, underpinning 
a likely at least partial contribution of direct anthropogenic emissions 
also to the Baltic Sea DBC. In addition to acting as a tracer for thermo
genic inputs, BC comprises the longest-lived carbon fraction with 
average turnover times of ~40,000 yrs in the global ocean (Hansell, 
2013) and millennia-scale stability in marine sediments (Masiello and 
Druffel, 1998), thereby rendering BC a candidate for carbon storage.

PAH concentration in the Pomeranian Bight was previously reported 
to result from land-based sources transported to the coastal sea via the 
Oder River’s estuary (Kanwischer et al., 2020). Salinity (varying from 

6.35 to 8.31) negatively correlated with PAH (rS = − 0.47, p = 0.145), 
and DBC concentrations (rS = − 0.58, p = 0.080) in the Pomeranian 
Bight, indicating that despite PAH concentrations appearing homoge
neous overall in the brackish Baltic Sea, the negative correlation with 
salinity in the Pomeranian Bight reveals some riverine transport of 
thermogenic organic matter to the area. In addition, the lower B6CA: 
B5CA ratio found in the Pomeranian Bight can indicate that DBC already 
underwent processing such as photodegradation, which removes the 
more aromatic portions and facilitates subsequent biodegradation 
(Wagner et al., 2015; Nakane et al., 2017). DOC concentrations 
frequently correlate to DBC concentrations and B6CA:B5CA ratios in 
aquatic environments (Marques et al., 2017; Wagner et al., 2018; Barton 
et al., 2024), but this was not observed in the Pomeranian Bight. No 
correlation was found between DBC and DOC as well as DBC and B6CA: 
B5CA ratios, potentially indicating an input of ship/atmospheric emis
sions to the DBC in the area to the DBC coming from riverine transport.

In the Arkona Sea, the thermogenic organic matter land-based input 
is likely overprinted by the imprint from shipping/atmospheric emis
sions. 6-rings PAH were strongly negatively correlated to the DOC 
concentrations (rS = − 0.92, p = 0.001), and DBC did not correlate with 
DOC concentrations (rS = − 0.02, p = 0.957). While the strong negative 
correlation between DBC and salinity (rS = − 0.69, p = 0.009) high
lighted riverine input as a dominant source of DBC in the Pomeranian 
Bight, in the Arkona Sea, however, the lack of correlation between DBC 
and DOC concentrations suggests that additional contributions, such as 
localized atmospheric deposition from ship emissions, may play a role. 
This decoupling of DBC from DOC further emphasizes the complexity of 
thermogenic organic matter inputs and their transformation processes in 
the Baltic Sea. According to Neumann et al. (2020), differently from the 
other basins, the shipping contribution in the Arkona Basin continuously 
increases starting at the beginning of the year until summer. The in
crease in thermogenic organic matter sourced from ship traffic added to 
the land-based source could explain the lack of correlation between DOC 
and DBC and higher B6CA:B5CA ratio in the area. As observed by 
Martinot et al. (2024), thermogenic organic matter from ships can 
become part to DBC. In the Arkona Sea and Pomeranian Bight, wind 
speed and direction are important in distributing HMW PAH, e.g., benz 
(a)pyrene, indeno(1,2,3-c,d)pyrene, dibenzo(a,h)anthracene, and benz 
(g,h,i)perylene. They were negatively correlated with wind speed and 
positively with wind direction with a stronger impact in Pomeranian 
Bight. Wind backwards trajectories showed that in Pomeranian Bight, 
the stations were influenced by eastern and southeastern winds that 
likely transported material mainly from Poland (Fig. S1). It is known 
that Poland emits high levels of PAH from different sources, e.g., the 
primary use of coal/wood combustion for residential heating during 
winter, fossil fuel combustion, and industrial activities (Wolska et al., 
2003; Garrido et al., 2014; Gaffke et al., 2015), which can impact HMW 
PAH in the coastal sea either via atmospheric deposition or riverine 
transport. In contrast, wind characteristics did not reveal any pattern in 
relation to PAH concentrations in Mecklenburg Bight or Kiel Bay. PAH 
diagnostic ratios and B6CA:B5CA ratios reveal distinct thermogenic 
organic matter sources. In the Pomeranian Bight, terrestrial runoff plays 
a dominant role, while in the Arkona Sea, atmospheric emissions likely 
including shipping emissions leave a clear imprint. These findings 
demonstrate the value of multi-proxy approaches in differentiating be
tween overlapping anthropogenic and natural inputs in complex envi
ronments like the Baltic Sea.

PAH concentrations in the surface water of Kiel Bay were reported to 
have decreased from 9.2 ng L− 1 from 1993 to 1998 (Witt and Matthäus, 
2001) to 5.2 ng L− 1 between 2003 and 2017 (Kanwischer et al., 2020). 
During the spring of 2023, PAH concentrations in the surface water 
(SSW) detected in this study averaged 8.29 ± 1.56 ng L− 1 (Figs. 3D and 
4A), higher than the range reported for January 2023 of 3.7 to 1.0 ng L− 1 

(Naumann et al., 2023). Kanwischer et al. (2020) observed an increasing 
trend in Kiel Bay and Pomeranian Bight in the dissolved fraction of the 
water. However, it is important to note the difference between the 
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sampling method, where the authors performed transect-type sampling 
instead of point sampling. Compared with the PAH concentrations re
ported by Witt (2002), where PAH concentrations were reported as a 
sum of the concentration found in the dissolved and particulate fractions 
of the water collected between 1992 and 1998, the values reported here 
are higher by around 25 %. The increase in PAH concentrations is 
directly related to anthropogenic pressure in the Baltic Sea, e.g., ship
ping (atmospheric emission or discharge of enriched contaminated 
water) and land-based emissions (Jalkanen et al., 2021).

Concentrations of thermogenic organic matter over water depths 
were similar for PAH and DBC approaches, with no enrichment in the 
SML. Witt (2002), in a first approach evaluating PAH concentrations and 
distribution in the SML, found higher values (sum of dissolved and 
particulate PAH) in the SML in Mecklenburg Bight, Arkona Sea, and the 
Baltic Proper. The values were 10-fold higher than the surface water 
(SSW here) and were directly correlated to the suspended particulate 
matter concentration in the water. The partitioning of PAH between 
dissolved and particulate matter can be explained by the hydrophobicity 
of PAH, where the partitioning towards the adsorption of PAH onto 
particles is favored (Cai et al., 2018; Chen et al., 2022). Other abiotic 
processes, e.g., photodegradation, volatilization, adsorption, or biotic 
transformation, can play an essential role in transferring PAH and DBC 
from the SML to the atmosphere or to the water column or remineral
izing it, decreasing the concentration in the dissolved phase (Stubbins 
et al., 2012; Duran and Cravo-Laureau, 2016; González-Gaya et al., 
2016; Nakane et al., 2017; Martinez-Varela et al., 2022). As mentioned 
previously, during the sampling campaign EMB315 in Spring 2023, the 
water column was well mixed, which for the present study may explain 
the similar concentrations found throughout the water column; in 
addition, it is reported that wind speeds above 4 m s− 1 can disturb the 
organic biofilm formed in the SML (Romano and Garabetian, 1996). 
Here, wind speed averaged at 4.8 ± 2.8 m s− 1 during SML sampling, 
potentially facilitating the removal and redistribution of thermogenic 
organic matter from the SML to the water column.

Wind direction was positively correlated with several PAH in the 
SML, such as fluorene (rS = 0.685, p = 0.029), benz(a)anthracene (rS =

0.78, p = 0.007), chrysene (rS = 0.63, p = 0.048), benz(b)fluoranthene 
(rS = 0.55, p = 0.098) and benz(a)pyrene (rS = 0.78, p = 0.007), and 
with DBC concentrations (rS = 0.54, p = 0.107) with increasing con
centrations when wind was from E-NE directions; at the same time, no 
correlation was observed with the PAH in the SSW. DOC concentration 
negatively correlated to all PAH in the SML, and again, no correlation 
was observed in the SSW samples. This lacking association in the dis
solved fraction could enhance PAH bioavailability, increasing the pos
sibility of bioaccumulation (Moeckel et al., 2014). Wu et al. (2011)
investigated PAH concentrations and distribution in the water column of 
the Western Taiwan Strait, China, and did not find a relationship be
tween PAH and DOC concentration or salinity either. The authors 
attributed this result to the dominance of atmospheric deposition of PAH 
over riverine transport, having mixed sources with land-based 
characteristics.

4.4. Sources and processes for thermogenic organic matter

By coupling PAH diagnostic ratios, it is possible to apportion the 
different sources, e.g., petrogenic, biomass, or fossil fuel combustion, 
that emit the pollutant into the water column (Fig. 5; Tobiszewski and 
Namieśnik, 2012; Duran and Cravo-Laureau, 2016; Li et al., 2016; 
Kanwischer et al., 2020; Vaezzadeh et al., 2021). However, we note that 
PAH diagnostic ratios can have limitations across different environ
mental matrices due to environmental conditions and processes, thus, 
they must be interpreted carefully (Tobiszewski and Namieśnik, 2012). 
For example, individual PAH can be photodegraded at different rates 
during (riverine) transport, which can mislead the interpretation as their 
source signal might be altered as shown by Jacobs et al. (2008). Like
wise, atmospheric PAH are transported in the vapour phase or on aerosol 

particles, and undergo ageing processes before reaching the aquatic 
system where they are exposed to further adsorption, desorption and 
transformation processes, complicating their source apportionment in 
the dissolved fraction of the water (Tobiszewski and Namieśnik, 2012). 
For the present research, we used the ICDP/ICPD+BGHIP ratio coupled 
to FLU/FLU+PYR ratio, since those ratios are more conservative (e. g., 
not altered by photodegradation) when compared to other diagnostic 
ratios, and their apportionment compared to compound-specific δ13C for 
tracing sources presented a similar result (Okuda et al., 2002; Tobis
zewski and Namieśnik, 2012).

As mentioned in the previous section, even though the concentra
tions are similar across the study area, different sources appear to 
contribute to the thermogenic organic matter in the Baltic Sea water 
column, from shipping emissions to residential heating that initially 
disperse the PAH into the atmosphere before reaching the water column, 
and riverine transport (Hermansson et al., 2021; Ytreberg et al., 2022). 
With a higher contribution of LMW PAHs compared to HMW PAHs, it is 
important to note that LMW dominance often suggests a significant 
petrogenic source (Li et al., 2015). However, this interpretation remains 
uncertain here due to the absence of PAH analysis in the particulate 
fraction, where a portion of the HMW PAHs is likely adsorbed due to 
their low water solubility, high hydrophobicity, surface interaction, and 
partition coefficient (Wu et al., 2011). Mostly visible in the SML, the 
concentrations of PAH in the SML relate to the source of the polycyclic 
aromatic compounds, with contributions from wood/coal combustion 
increasing with PAH concentrations and wind direction playing an 
important role in this layer (Figs. 5B, 6C and D). Potentially, residential 
heating on land supplied large amounts of fresh, PAH-laden aerosol 
during the cold spell end of March 2023, contributing to the thermo
genic organic matter in the dissolved fraction of the water.

Furthermore, the B6CA:B5CA ratio showed a decoupling of DBC 
between Pomeranian Bight and the other areas, which was not reflected 
in the concentrations. Nakane et al. (2017) observed that DBC concen
trations had a similar trend as the degree of condensation when 
analyzing the DBC distribution in the salinity gradient from Chukchi Sea 
to the Subtropical North Pacific, where the higher the DBC concentra
tion, the higher the degree of condensation. Here, while DBC from 
Pomeranian Bight has lower degree of condensation but higher con
centrations, Arkona Sea presented higher B6CA:B5CA ratios, which 
decreased towards Kiel Bay. In Pomeranian Bight, DBC concentrations 
were strongly negatively correlated with the distance from Oder River 
(rS = − 0.76, p = 0.010), whereas in the other areas, no pattern was 
observed. This may indicate that DBC in Pomeranian Bight originates 
from land-based sources, e.g., soil, soot deposition from residential 
heating, being reworked over long periods of time before release into the 
Baltic Sea which was reflected in the surface water distribution in the 
study area (Fig. 4B). Similarly, the B6CA:B5CA ratio of the DBC in 
streams located in Japan were generally lower compared to ratios from 
the water-soluble fraction extracted from atmospheric dust (Ding et al., 
2015; Yamashita et al., 2021). In Arkona Sea, shipping sources, in 
addition to other atmospheric deposition from long range atmospheric 
transport from land-based fossil fuel burning, and transport from the 
Baltic Proper facilitated by wind direction could result in the contribu
tion of soot-DBC to the area that is subsequently transported towards 
Kiel Bay, with B6CA:B5CA ratio decreasing during transport due to e.g., 
photodegradation (Figs. 4D and 6A; Stubbins et al., 2012; Marques et al., 
2017) or preferential absorption of larger compounds to particulate 
matter (Nakane et al., 2017). Photodegradation and microbial trans
formation are critical in modifying the composition of thermogenic 
organic matter. For instance, the lower B6CA:B5CA ratios in the 
Pomeranian Bight suggest advanced photochemical processing that re
duces aromaticity and facilitates biodegradation. Conversely, PAHs 
display more homogeneous distributions due to partitioning and dilu
tion processes. Overall, thermogenic organic matter distribution from 
the southwestern Baltic Sea to the Pomeranian Bight is driven by several 
sources in close proximity mixed in the shallow waters, and different 
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tools can help to decipher these sources and their importance.

4.5. Anthropogenic imprint in the DOM pool

The thermogenic organic matter from ultrahigh-resolution mass 
spectrometry identified further potential combustion products outside 
the defined list of PAHs. Some of the DOMISA CHO compounds associ
ated with the Pomeranian Bight have been reported in atmospheric 
humic-like substances during the winter season in other regions previ
ously (Sun et al., 2021; H. Bao et al., 2023; M. Bao et al., 2023), e.g., 
derived from products of secondary wood combustion (C14H8O4, 
C14H8O5, C13H8O5, C13H8O6), from flavonoids (C15H10O6, C15H8O6, and 
C16H12O7), and phenol derivatives produced by the pyrolysis of lignin 
(C18H14O6 and C18H14O7). These MF were identified by H. Bao et al. 
(2023) and M. Bao et al. (2023) while analyzing the composition of 
humic-like substances in atmospheric aerosols, in the Yangtze River 
Delta, China. In the present study, the MF C13H8O6 had a high relative 
intensity among the DOMISA MF in the Pomeranian Bight area with DBE 
and AIMOD values of 10 and 0.7, which suggests the presence of 
condensed aromatic compounds likely emitted from incomplete com
bustion during the heating season via atmospheric deposition or riverine 
transport via Oder River into the Pomeranian Bight water column. 
Furthermore, detected in heavy fuel oil engine samples and later found 
in water-soluble humic-like aerosol fraction (Cui et al., 2019; H. Bao 
et al., 2023; M. Bao et al., 2023), C10H6O8 compounds were associated 
with Kiel Bight in the present study. Certain MF associated with the SML, 
e.g., C15H10O6 and C12H16O4S, were previously identified in coal com
bustion products (Cui et al., 2019; H. Bao et al., 2023; M. Bao et al., 
2023). While it is important to note that a single MF identification likely 
represents many different isomers and does not necessarily represent the 
same structures across different environments, these common identifi
cations can provide a valuable parallel and starting point for future 
research.

The groups of N- and S-containing compounds are important com
ponents of the soluble fraction of aerosols, and due to anthropogenic 
pressure, there is an increase in their relative intensity in aerosols 
(Laskin et al., 2009) and marine DOM (Yan et al., 2023). Schmitt-Kop
plin et al. (2011) observed an increase in N- and S-containing com
pounds in the aerosol samples compared to sea surface marine DOM and 
attributed this enhancement to the anthropogenic input either by ship 
exhaust or biomass burning. In the present study, wind direction and 
benz(a)pyrene concentration were strongly correlated with S-containing 
compounds in the SML (rS = 0.76 and p = 0.011; rS = 0.65, p = 0.042, 
respectively), indicating that S-containing compounds and benz(a)pyr
ene may share the transport path to the SML from a similar source. It is 
known that fossil fuel combustion releases more CHOS compounds, 
while biomass combustion is frequently related to the release of CHO 
and CHON compounds (Zhao et al., 2023). S-containing compounds 
corresponded to 8 ± 1 % of the intensities DOMISA in the SML, while N- 
containing compounds comprised 26 ± 1 % and CHO compounds 65 ±
1 % accounting for relative intensity. The condensed aromatic com
pounds assigned from DOMISA were overall not correlated to PAH and 
DBC concentrations (rS = 0.06; rS = 0.02, respectively, p > 0.361) and 
similar within the water column. The anthropogenic imprint in the 
DOMISA pool suggests atmospheric deposition and riverine transport 
contribution, linked to incomplete combustion processes, such as 
biomass burning and fossil fuel emissions. The presence of these com
pounds in the SML and their correlation with environmental factors 
highlight the significant impact of anthropogenic activities on the Baltic 
Sea’s DOM. The detection of aerosol-derived compounds linked to wood 
combustion and fossil fuel emissions underscores the importance of 
marginal seas as carbon sinks under increasing anthropogenic pressures. 
These findings highlight the Baltic Sea’s dual role in long-term carbon 
storage and as a repository for thermogenic organic matter, emphasizing 
the need for continued monitoring of these systems.

5. Conclusion

By coupling targeted and untargeted approaches to investigate the 
thermogenic organic matter distribution and sources, this study reveals 
distinct spatial patterns in the southwestern Baltic Sea. The findings 
emphasize the significant influence of terrestrial inputs from the Oder 
River and autochthonous production on the distribution of DOC con
centrations. The presence of specific MF is indicative of organic matter 
sources as well as anthropogenic pressure from combustion products to 
the Baltic Sea. PAH and DBC reflect the concentration and distribution of 
thermogenic organic matter of different origin and cycling on a small 
scale from Kiel Bay to Pomeranian Bight. Together, this comprehensive 
assessment reveals the strengths and weaknesses of different approaches 
to characterize the thermogenic organic matter in the environment for 
understanding natural and anthropogenic factors shaping organic mat
ter composition in the Baltic Sea, with a focus on the long-lived portion 
of the carbon pool.
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Niggemann, J., Sime-Ngando, T., 2018. Bacterial-viral interactions in the sea surface 
microlayer of a black carbon-dominated tropical coastal ecosystem (Halong Bay, 
Vietnam). Elem. Sci. Anth. 6, 13. https://doi.org/10.1525/elementa.276.

Riedel, T., Biester, H., Dittmar, T., 2012. Molecular fractionation of dissolved organic 
matter with metal salts. Environ. Sci. Technol. 46, 4419–4426. https://doi.org/ 
10.1021/es203901u.

Rodionov, A., Amelung, W., Peinemann, N., Haumaier, L., Zhang, X., Kleber, M., 
Glaser, B., Urusevskaya, I., Zech, W., 2010. Black carbon in grassland ecosystems of 
the world. Glob. Biogeochem. Cycles 24. https://doi.org/10.1029/2009gb003669.

Romano, J.-C., Garabetian, F., 1996. Photographic records of sea-surface microlayers as a 
survey of pollution daily rhythm in coastal waters. Mar. Environ. Res. 41, 265–279. 
https://doi.org/10.1016/0141-1136(95)00019-4.

Saiz, G., Wynn, J.G., Wurster, C.M., Goodrick, I., Nelson, P.N., Bird, M.I., 2015. 
Pyrogenic carbon from tropical savanna burning: production and stable isotope 
composition. Biogeosciences 12, 1849–1863. https://doi.org/10.5194/bg-12-1849- 
2015.

Sánchez-García, L., Cato, I., Gustafsson, Ö., 2010. Evaluation of the influence of black 
carbon on the distribution of PAHs in sediments from along the entire Swedish 
continental shelf. Mar. Chem. 119, 44–51. https://doi.org/10.1016/j. 
marchem.2009.12.005.

Santín, C., Doerr, S.H., Kane, E.S., Masiello, C.A., Ohlson, M., de la Rosa, J.M., Preston, C. 
M., Dittmar, T., 2016. Towards a global assessment of pyrogenic carbon from 
vegetation fires. Glob. Chang. Biol. 22, 76–91. https://doi.org/10.1111/gcb.12985.

Schlitzer, R., 2023. Ocean Data View (Version 5.6.5). Available from. https://odv.awi.de.
Schmitt-Kopplin, P., Liger-Belair, G., Koch, B.P., Flerus, R., Kattner, G., Harir, M., 

Kanawati, B., Lucio, M., Tziotis, D., Hertkorn, N., Gebefügi, I., 2011. Dissolved 
organic matter in sea spray: a transfer study from marine surface water to aerosols. 
Biogeosci. Discuss. 8, 11767–11793. https://doi.org/10.5194/bgd-8-11767-2011.

Seidel, M., Yager, P.L., Ward, N.D., Carpenter, E.J., Gomes, H.R., Krusche, A.V., 
Richey, J.E., Dittmar, T., Medeiros, P.M., 2015. Molecular-level changes of dissolved 
organic matter along the Amazon River-to-ocean continuum. Mar. Chem. 177, 
218–231. https://doi.org/10.1016/j.marchem.2015.06.01.

Schneider, E., Czech, H., Hansen, H.J., Jeong, S., Bendl, J., Saraji-Bozorgzad, M., 
Sklorz, M., Etzien, U., Buccholz, B., Streibel, T., Adam, T.W., Rüger, C.P., 
Zimmermann, R., 2023. Humic-like substances (HULIS) in ship engine emissions: 
molecular composition effected by fuel type, engine mode, and wet scrubber usage. 
Environ. Sci. Technol. 57 (37), 13948–13958. https://doi.org/10.1021/acs. 
est.3c04390.

Seidel, M., Manecki, M., Herlemann, D.P.R., Deutsch, B., Schulz-Bull, D., Jürgens, K., 
Dittmar, T., 2017. Composition and transformation of dissolved organic matter in 
the Baltic Sea. Front. Earth Sci. China 5. https://doi.org/10.3389/feart.2017.00031.

Serafim, T.S.G., Gomes de Almeida, M., Thouzeau, G., Michaud, E., Niggemann, J., 
Dittmar, T., Seidel, M., de Rezende, C.E., 2023. Land-use changes in Amazon and 
Atlantic rainforests modify organic matter and black carbon compositions 
transported from land to the coastal ocean. Sci. Total Environ. 878, 162917. https:// 
doi.org/10.1016/j.scitotenv.2023.162917.

Shields, M.R., Bianchi, T.S., Osburn, C.L., Kinsey, J.D., Ziervogel, K., Schnetzer, A., 
Corradino, G., 2019. Linking chromophoric organic matter transformation with 
biomarker indices in a marine phytoplankton growth and degradation experiment. 
Mar. Chem. 214, 103665. https://doi.org/10.1016/j.marchem.2019.103665.

Stubbins, A., Niggemann, J., Dittmar, T., 2012. Photo-lability of deep ocean dissolved 
black carbon. Biogeosciences 9, 1661–1670. https://doi.org/10.5194/bg-9-1661- 
2012.

Stubbins, A., Spencer, R.G.M., Mann, P.J., Holmes, R.M., McClelland, J.W., 
Niggemann, J., Dittmar, T., 2015. Utilizing colored dissolved organic matter to 

T.S.G. Serafim et al.                                                                                                                                                                                                                            

https://doi.org/10.1007/s13280-021-01627-6
https://doi.org/10.1016/j.orggeochem.2016.01.009
https://doi.org/10.1002/rcm.2386
https://doi.org/10.3389/feart.2020.00106
https://doi.org/10.1021/es803456n
https://doi.org/10.1021/es803456n
https://doi.org/10.1016/j.watres.2020.116005
https://doi.org/10.1016/j.marpolbul.2015.02.015
https://doi.org/10.1016/j.scitotenv.2016.05.212
https://doi.org/10.1016/j.marpolbul.2007.03.023
https://doi.org/10.1016/j.marpolbul.2007.03.023
https://doi.org/10.1080/15275920590952739
https://doi.org/10.1021/acsomega.2c04009
https://doi.org/10.1016/j.marpolbul.2005.08.017
https://doi.org/10.1016/j.marpolbul.2005.08.017
https://doi.org/10.1525/elementa.255
https://doi.org/10.3389/feart.2017.00011
https://doi.org/10.3389/feart.2017.00011
https://doi.org/10.3389/fmicb.2022.907265
https://doi.org/10.3389/fmicb.2022.907265
https://doi.org/10.1016/j.marchem.2024.104432
https://doi.org/10.1126/science.280.5371.1911
https://doi.org/10.1016/j.atmosenv.2013.07.025
https://doi.org/10.1016/j.atmosenv.2013.07.025
https://doi.org/10.5194/acp-13-4829-2013
https://doi.org/10.5194/acp-13-4829-2013
https://doi.org/10.1002/2015gb005320
https://doi.org/10.1007/s00382-018-4296-y
https://doi.org/10.1021/acs.analchem.9b05659
https://db.cger.nies.go.jp/ged/metex/en/index.html
https://db.cger.nies.go.jp/ged/metex/en/index.html
https://doi.org/10.1021/es403707q
https://doi.org/10.3389/feart.2017.00034
https://doi.org/10.1016/j.envpol.2022.120453
https://doi.org/10.12754/msr-2020-0114
https://doi.org/10.12754/msr-2020-0114
https://doi.org/10.12754/msr-2023-0123
https://doi.org/10.1002/9780470283134.ch12
https://doi.org/10.1002/9780470283134.ch12
https://doi.org/10.5194/os-16-115-2020
https://doi.org/10.5194/os-16-115-2020
https://doi.org/10.1016/S1352-2310(01)00506-4
https://doi.org/10.1525/elementa.276
https://doi.org/10.1021/es203901u
https://doi.org/10.1021/es203901u
https://doi.org/10.1029/2009gb003669
https://doi.org/10.1016/0141-1136(95)00019-4
https://doi.org/10.5194/bg-12-1849-2015
https://doi.org/10.5194/bg-12-1849-2015
https://doi.org/10.1016/j.marchem.2009.12.005
https://doi.org/10.1016/j.marchem.2009.12.005
https://doi.org/10.1111/gcb.12985
https://odv.awi.de
https://doi.org/10.5194/bgd-8-11767-2011
https://doi.org/10.1016/j.marchem.2015.06.01
https://doi.org/10.1021/acs.est.3c04390
https://doi.org/10.1021/acs.est.3c04390
https://doi.org/10.3389/feart.2017.00031
https://doi.org/10.1016/j.scitotenv.2023.162917
https://doi.org/10.1016/j.scitotenv.2023.162917
https://doi.org/10.1016/j.marchem.2019.103665
https://doi.org/10.5194/bg-9-1661-2012
https://doi.org/10.5194/bg-9-1661-2012


Science of the Total Environment 964 (2025) 178537

15

derive dissolved black carbon export by arctic rivers. Front. Earth Sci. 3. https://doi. 
org/10.3389/feart.2015.00063.

Sun, H., Li, X., Zhu, C., Huo, Y., Zhu, Z., Wei, Y., Yao, L., Xiao, H., Chen, J., 2021. 
Molecular composition and optical property of humic-like substances (HULIS) in 
winter-time PM2.5 in the rural area of North China Plain. Atmos. Environ. 252, 
118316. https://doi.org/10.1016/j.atmosenv.2021.118316.
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