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Fig. 6 | Chemical characteristics of DOM in different water types in the

Arctic Ocean. a-d, Violin plots for distributions of intensity-weighted average
LC-FTMS-derived chemical parameters in retention time (polarity) segments
(I-minintervals; Methods). Higher retention times are related to lower polarity:
m/z,, gy (@), DBE,, gy (b), N/C,, rr () and NOSC,,, zr (d) for lead and ocean waters.
Theviolin shapes represent kernel density estimates of chemical parameter
distributions across retention time segments. Individual data points are colour-
coded by retention time. Hollow boxplots indicate the median (centre line) and
interquartile range (box), and whiskers extend to the minimum and maximum

values. Each violin plot is scaled to the same width for comparison. Sample

types include: lead waters with low DOC concentration (<70 umol kg ) in

the Amundsen Basin (leads; n = 7), samples outside the TPD (nonTPD; that is,
western Nansen Basin and Yermak Plateau; n=27) and samples inside the TPD
(thatis, Amundsen Basin and western Fram Strait; n = 82). Differences among
sample types were evaluated using two-sided Kruskal-Wallis tests followed by
two-sided post hoc Dunn’s tests. All parameters differed significantly among
sample types at the 95% confidence level (two-sided Kruskal-Wallis test, P < 0.05;
Supplementary Table 4).
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Methods

Sample location and collection

Seawater samples were collected from therosette on the Central Obser-
vatory ice floe (Ocean City) and on RV Polarstern during the Arctic
drift expedition MOSAIC (cruise PS122%). The drift with the sea ice
floe started in the Amundsen Basin, via the western Nansen Basin and
Yermak Plateau, towards the Fram Strait from November 2019 to July
2020, then the ship relocated and returned to the Amundsen Basin
(near the North Pole) to drift again from August and September 2020
withanewice floe (Fig.1). Throughout the expedition, the ship drifted
withtheseaiceinthe CAQ, leaving theice only near the end of the expe-
dition. Seawater (sampling depths at approximately 2 m,10 m,20 m,
50 m, 100 m, 200 m, 500 m, 1,000 m, 2,000 m) was filtered through
pre-combusted (450 °C, 5 h) glass fibre filters (Whatman; GF/F).

Samples fromlead waters (from the surfaceat 0.1 mdownto1m)
were collected during the post-sea ice melt season in the Amundsen
Basin during 25 August and 4 September 2019 using a peristaltic pump
(Masterflex E/S portable sampler) and filtered through aninline 0.2 pm
poresize cartridge filter (Sterivex; polyethersulfone membrane). The
salinity of these samples was between 2.4 and 29.2 and we refer to them
as ‘lead water’ samples. When referencing the seaice meltwater signal
derived fromthese samples (Fig. 5), we use the term ‘seaice meltwater
endmember’.

Allsamples were stored in acid-washed high-density polyethylene
bottlesat—20°Cfor DOC and LC-FTMS measurement analysis. Samples
for excitation-emission matrices (FDOM EEMs) measurements were
stored in pre-combusted amber glass vials at 4 °C*, Salinity profiles for
seawater samples were acquired with a conductivity, temperature and
depth (CTD) sensor attached to arosette system. Salinity for lead water
samples was measured with ahand-held multimeter (Cond 340i, WTW).

DOC and TDN measurement and determination of

DOC/DON ratio

DOC and total dissolved nitrogen (TDN) was determined by
high-temperature catalytic oxidation using a TOC-VCPN (Shimadzu)*.
Water samples were directly poured into well-rinsed vials and placed
in the autosampler. In the autosampler, the sample was acidified
(0.1 mol I HCI suprapur, Merck) and sparged with oxygen for 5 min
to remove inorganic carbon. A sample volume of 50 pl was injected
directly on the catalyst (680 °C). Detection of the generated CO, was
performed with a non-dispersive infrared detector, with a limit of
determination of 7 pmol DOC kg™ and a precision of +£5%. TDN was
quantified by achemiluminescence detector, with alimit of determi-
nation of 3 umol TDN kg™ and a precision of +7%. The DOC and DON
concentrations were used to calculate the DOC/DON ratio. DON was
calculated by subtracting the summed concentrations of ammonium,
nitrate and nitrite from TDN. The MOSAIC nutrient datawere acquired
from the PANGAEA data repository**.

6C analysis

For 8C analysis of solid-phase extracted DOM, samples were acidi-
fiedto pH2with12 MHCland analiquot of 15 pgC was extracted using
solid-phase extraction cartridges (PPL, 50 mg, Agilent) and eluted with
methanol (HPLC grade, Merck). Extracts were filled into liquid tight
tin cups and the solvent was evaporated using nitrogen (N5.0 grade).
The extracts were analysed with a continuous flow isotope ratio mass
spectrometer (Thermo Scientific, Delta V Plus), interfaced with an
elemental analyser (Flash EA 2000 Series) connected via a ConFlo IV
interface (Thermo Scientific). The isotopic ratios were expressed as
parts per thousand (%o) in the § notation®:

6x = [(Rsample/Rstandard) - 1] x 1,000

where xrepresents the heavy carbonisotope C. Ry, represents the
BC/2C isotope ratio relative to the corresponding standard (Rqngara)-
The verification of accuracy and precision® was based on the secondary

reference material USGS40 (8§C = -26.39%.), USGS41 (6"C = +37.63%o)
and CH6 (6™C =-10.45%.), provided by Reston Stable Isotope Labora-
tory (RSIL) and the International Atomic Energy Agency (IAEA, Vienna).
The measurementerrors were <0.2%o for stable carbon measurements.
Furthermore, the laboratory standards isoleucine (6C = -3.1%o) and
acetanilide (8"C = -27.26%.) were analysed every ten samples at an
accuracy of 8C < + 0.1%.. The samples were analysed in duplicates
and true § values obtained after two-point linear normalization®, We
used a 8"C binary mixing model to assess the relative contributions of
terrestrial (f,.,) and marine fractions (f;,,,) to DOC:

68 Cterfter + 613Cma|:fmar =68 csample

fter +fmar =1

where §°Cy, . is the 8°C value of the sample. Itis further required that
Sfrertfmar =1, which ensures that the mass balance equationis followed.
Forthe terrestrialand marine endmember, we used §°C,., = -30%o. and
85C nar = —22%o (refs. 21,31), respectively.

Optical spectroscopy for original seawater

FDOM EEMs were measured using a spectrofluorometer (Aqualog,
Horiba) equipped with a charge-coupled device detector. Excitation
wavelengths were scanned from 240 to 600 nm at 3 nm increments,
while collecting emission spectra from 220 to 620 nm (-3.3 nm incre-
ments). EEMs were processed by the drEEM (v0.6.3) toolboxin MATLAB
(MathWorks)*°. The fluorescence spectra were blank corrected using
ultrapure water (Whatman, Milli-Q), inner filter effect correction and
Ramannormalization by dividing by the Raman peak of ultrapure water
atanintegrated excitation of 350 nm by the emission between371and
428 nm (Raman units)®°. The total fluorescence intensity (FDOM,,,)
was calculated as the sum of all fluorescence in each EEM spectra.
The Flwas calculated, based on the ratio of the emission intensity at a
wavelength of 450 nm and that at 500 nm, obtained for a fixed excita-
tion wavelength of 370 nm*.. Flis commonly used as an indicator to
identify the relative contribution of microbial and terrestrial sources
tothe DOM pool: lower Flvaluesindicate adominance of terrestrially
derived substances, while higher values suggest a stronger microbial
origin®*2, The humification index (relative degree of humification) was
calculated based on the ratio of the area under the emission spectra
at 435-480 nm to that at 300-345 nm with an excitation wavelength
of 254 nm®, The biological index (proxy for freshly produced autoch-
thonous DOM) was calculated as the ratio of the emission intensity at
380 nmdivided by that at 430 nm, with a fixed excitation wavelength
of 310 nm (ref. 64). Higher biological index values reflect a greater
contribution of freshly produced DOM.

We applied a parallel factor (PARAFAC) analysis®*® for all MOSAIC
FDOM samples (n =414) todecompose EEMs into different underlying
fluorescent components (Extended Data Fig. 1). Based on fluores-
cence maxima, C340 and C320 are typically attributed to protein-like
FDOM®®%’, C475 and C415 are generally regarded as humic-like com-
ponents with terrestrial characteristics®®**, In this study, C475 was
selected as aterrestrial proxy.

LC-FTMS analysis of DOM in bulk seawater

Samples were analysed in random order by LC-FTMS using a recent
method'™. For analytical quality control, we performed regular meas-
urements of a Suwannee River fulvic acid standard (SRFA, 2S101H,
International Humic Substances Society; total number of analyses in
theset:n=10) and of a pooled sample that was mixed fromaliquots of
ten random Arctic samples (n=16). In each analysis, retention times
<13.3 min were not recorded due to the influence of the salt matrix
and data >23.3 min were removed due to the lack of DOM signatures
and presence of typical solvent contaminants. The dataset was divided
into ten retention time segments (1-min intervals) between 13.3 min
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and 23.3 min (grey bars; Supplementary Fig. 2) and numbered from 1
to 10. Each retention time segment was internally recalibrated with a
list of peaks commonly presentin DOM (150-1,000 m/z), and the root
meansquare error was determined with £0.4 ppm after calibration. The
retention time segment separation and calibration were performedin
Compass Data Analysis 5.1software (Bruker Daltonik GmbH). Mass peak
lists were generated based on asignal-to-noiseratio of S/N > 4. Using the
open-access software UltraMassExplorer (UME)”°, MFs were assigned
to peaks in the mass range of m/z200-700 with elemental ranges
of C,_.H,_..04_.N,_,S,_; within a mass error of +0.5 ppm. Additional
filters were applied to the assigned MFs: 0.3<H/C<3.0,0<0/C<1.2,
0<N/C<13andH/C<2C+2+N". The DBE and DBE-O was used to
further filter the dataset having: 0 < DBE < 25,-10 < DBE-O <10 (ref. 72).
All MFs present in surfactants’ or intense MFs in blank samples were
removed from the respective retention time segments. Isotopologue
formulas (**C) were used to verify the parent formulas for quality con-
trol but removed from the final dataset. The molecular assignments
and filters were performed using R version 4.1.2 software (https://
www.r-project.org/). We calculated the TAl for the entire sample run™
(TAI, sum of intensity of all peaks having a formula assignment) and for
eachindividual retention time segment (TAlg).

MF-based indices were calculated, such as the AI””, NOSC** and
Ioec"°. Intensity-weighted average parameters for each sample were
abbreviated as NOSC,,, Al,,, DBE,,,, DBE-O,,,, H/C,,,, O/C,,, N/C,.,
S/C,,and m/z,,. Intensity-weighted average parameters for eachreten-
tion time segment in samples were abbreviated as NOSC,,, gy, Alya v/
DBE,y, g1, DBE-O,y, rr, H/Ca k1, O/Cova k1 N/Cova ks S/Crsa g aNA /2, rr. The
molecular assignments, index and ratio calculations and filtering were
performed using R version 4.1.2 via UME™.

I €stimates the relative proportion of terrigenous material®'.
A total of 40 MFs from the pool of 184 t-Peaks (indicators of riverine
input) with the highest negative correlation with §C values (as ter-
restrial sources: Terr) and 40 MFs from the ‘island of stability”® with
the highest positive correlation with 8°°C values (as marine sources:
Mar) were selected. Higher /I, values indicate a higher contribution
of terrigenous material in the sample®.

Calculations and uncertainties of tDOC concentration

and inventory

To categorize the MFs, we summed the peak magnitudes of identical
MFs across retention time segments of the chromatographic run.
Summed MF magnitudes were normalized by the DOC concentration
in each sample before performing Spearman’s rank correlations with
the terrigenous proxy C475. Significant correlations (P< 0.01, R > 0)
were identified using R version 4.1.2 and the corrplot package. MFs
positively correlated with C475 (n =1,457) were classified as tMFs,
representing 8.7% of the total number of MFs and 27.7% of total inten-
sity (Supplementary Fig. 3b). MFs that were negatively correlated
(n=2,220) or uncorrelated (n=13,033) were categorized as mMFs,
comprising 13.3% and 78.0% of the total number of MFs, respectively,
and 42.6% and 29.7% of the total intensity. These results define three
DOM subfractions: tDOM, negatively correlated mDOM (mDOM_neg)
and non-correlated mDOM (mDOM _non), with the last two combined
intoabroader mDOM category. Notably, thismDOM category does not
exclusively represent marine-derived DOM but rather the remaining
DOM fraction after excluding tDOM. The relative proportion and DOC
concentration of each subfraction was calculated as:

Clsubfraction

x 100
Z Clsubfraction

[ —
% subfraction =

DOC x % subfraction

Docsubfraction = 100

where carbon intensity (CI) for each MF was calculated by multiplying
the carbon number with the respective magnitude (summed intensity).

Relative proportions of each subfraction (%,psrcion) Were calculated
by the Cl of each subfraction, divided by the summed Cl of each sam-
ple. Based on the strong linear correlation between TAl and DOC
concentrations, we estimated the DOC concentration for tDOC and
mDOC by multiplying the DOC concentration with the proportion of
eachsubfraction.

The average chromatographic peak width of a MF across all sam-
ples was 3.8 min, broader than the 0.5-1 min peak width for spiked
model compounds in SRFA controls. Peaks broader than 2-min reten-
tion time therefore must represent different isomers, that is, mol-
ecules with the same formula but different structures. DOC showed a
significant correlation with salinity (Extended DataFig. 6), consistent
with conservative mixing behaviour previously observedinthe Arctic
Ocean’”’®, Because C475 was linearly correlated with DOC (Pearson’s
R?>=0.87and P< 0.001) and salinity (Pearson’sR>= 0.78 and P< 0.001),
itbehaved conservatively in the ocean as well. Accordingly, the propor-
tion of tMFs followed the same pattern (Extended Data Fig. 3a). The
linear correlation between the total DOC concentration and the tDOC
fraction (Extended Data Fig. 3a) resulted in a y-intercept of 0.612% at
a DOC concentration of zero. We hypothesize that this is caused by
overlappingisomers and MFs that simultaneously occurintDOM and
mDOM. By subtracting the y-intercept from the tDOC estimate and
addingittothe mDOC, werefined our estimate of tDOC in deep waters
t016.3% of the total DOC. The same approach was applied to FDOM and
showed that terrestrial FDOM accounted for about 4.6% of the DOC
in deep water (Extended Data Fig. 3b). This correction was applied
consistently in tDOC concentration estimates based onthe LC-FTMS
method throughout the study.

We also considered the impact of the arbitrary Pvalue threshold
onthetDOC calculation. For this, a sensitivity analysis was conducted
using P< 0.05and R > O for tMF identification and tDOC calculations,
which resulted in 1,642 tMFs. The relative root mean square error
(rRMSE) between the tDOC values at P< 0.01and R > O (as applied
above), and those at P< 0.05 and R > 0, was 10%. However, when cor-
recting the bias in tDOC estimates using the zero-DOC intercept, the
rRMSE between these two calculations dropped to just 3% (Extended
Data Fig. 3d). This suggested that while the choice of P value affects
the number of identified tMFs, it has a minimal effect on the tDOC
concentration calculations.

The propagation of error (¢, expressed as coefficient of variation,
CV) in the calculations of tDOC was assessed using standard error
propagation methods. The uncertaintiesin the percentage subfraction
fortDOC and TAl were estimated based on the repeated analysis (n =16)
of apooled sample (mix of aliquots of ten different samples), yielding
uncertainties of +3.5% and +11.0%, respectively. These incorporated the
uncertainties in the percentage subfraction for tDOC (€ypoc = +3.5%),
the DOC concentration (&poc = £5%) and TAI values (&g, = £11.0%).
Additionally, the rRMSE from the regression between DOC and TAI
(&pocta = *¥13.2%; Fig. 2¢) was included in the error propagation to
obtain the uncertainty for the tDOC concentration. The propagated
uncertainty for tDOC (&,0c) Was computed using the following formula:

2 2 2 2
&mpoc = \/(5 %woc) + (Epoc)” + (e1a1)” + (Epoc Tal)

Consequently, the propagated uncertainty for tDOC was +18.2%.

To calculateinventories of DOC and tDOC inthe CAO, bathymetry
data from the GEBCO 2024 Grid** and DOC data from the MOSAIC
expedition were used. We calculated the area and volume at various
depthintervals, starting fromsealevel and progressing inincrements of
100 mto the deepest depth within the CAO. The tDOC concentrations
for all MOSAIC samples (n =313, data not shown) were derived using
aregression established between tDOC and DOC concentrations by
LC-FTMS samples (n=93; Extended Data Fig. 3c). Average DOC and
tDOC concentrations were computed for each100 m depthintervaland
multiplied by the corresponding volume to derive the DOC and tDOC
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inventories (Fig. 2h). In cases where DOC data were not available for
certaindepthintervals, values from adjacent depthintervals were used
tofillthese gaps. The uncertaintiesin the DOC and tDOC inventories at
different depthintervals were assessed by considering the propagation
of error. For the DOCinventory at each depthinterval, we considered
the CV of the DOC concentration at each depth interval (£50¢_depen),
combined with the DOC concentration uncertainty (gpoc = +5%). The
equation for the uncertainty in the DOC inventory was calculated as:

2 2
€poC_inventory = \/ (€poc_depth)” + (€poc)

ForthetDOC inventory ateach depthinterval, the CVofthetDOC
concentrationat each depthinterval (€,poc geprn) Was considered, along
with the uncertainties for DOC concentration (gpoc = £5%) and tDOC
(ewoc =118.2%). Additionally, the rRMSE from the regression between
tDOC and DOC (gpoc poc = +5.6%; Extended Data Fig. 3c) was included
in the error propagation to obtain the final uncertainty for the tDOC
inventory. The equation for the uncertainty in the tDOC inventory is
givenby:

2 2 2 2
€tpoC_inventory = \/ (&oc_depth)” + (Eipocpoc)” + (Emoc)” + (Epoc)

Statistical analyses

Statistical analyses were performed in R studio version 4.4.3. To visu-
alize the dissimilarity of the tDOM assemblages of seawater sam-
ples, NMDS was conducted using Bray-Curtis dissimilarity (R vegan
package; metaMDS function). Environmental variables were fitted
to the NMDS ordination (vegan, envfit function), with multivariate
correlations assessed via 999 permutations. Only environmental
variables that were significant at P < 0.05 were plotted on the NMDS.
Mantel tests were conducted to evaluate the influence of environ-
mental factors on tDOM assemblages, and also partial Mantel tests
were conducted to exclude the effect of salinity. Mantel tests, partial
Mantel tests and Pearson’s or Spearman’s rank correlations among
environmental variables were performed (R linkET package; ver-
sion 0.0.7.4). RDA was used to assess variation in tDOM composi-
tion explained by environmental parameters with 999 permutations
(R vegan package). For statistical analyses, environmental variables
were z-score normalized. Polarity-associated MF data were normal-
ized and Hellinger-transformed to give less weight to rare formulas™.
To test the differences of intensity-weighted average parameters for
each retention time segment among different sample types (Fig. 6),
Kruskal-Wallis tests followed by post hoc Dunn’s tests were performed.
Pvalues were adjusted using the Benjamini-Hochberg correction®.

Data availability

CTD data on the Central Observatory ice floe and on RV Polarstern
during the MOSAIC expedition are available from the PANGAEA data
repository®**. DOM data for MOSAiC are archived in PANGAEA®. Dis-
solved nutrient data for MOSAiC were acquired from PANGAEA>*, Dis-
solvedinorganic carbon and total alkalinity for MOSAiC were acquired
from PANGAEA®, The bathymetry data of the Arctic Ocean are from
the GEBCO 2024 Grid (https://www.gebco.net/)*. The full dataset is
availableviaFigshare at https://doi.org/10.6084/m9.figshare.29210642
(ref. 87).Source data are provided with this paper.

Code availability

LC-FTMS data were analysed using the open-access software Ultra-
MassExplorer”®, and code for the process is publicly available via GitLab
(https://gitlab.awi.de/bkoch/ume).
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Extended Data Fig. 1| Contour plots of the four-component PARAFAC model. Model developed from fluorescence excitation-emission matrices (EEMs) recorded for
ocean and lead samples.
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Extended Data Fig. 4 | Chemical characteristics of dissolved organic matter
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marine DOM (mDOM) in water column samples (n = 93): (a) mass to charge ratio
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mean + SD. All parameters were significantly different between tDOM and mDOM
atthe 99% confidence level (two-sided Wilcoxon signed-rank test, P < 0.001).
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