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Abstract.

Sunlight penetrates the bare ice surface of glaciers and ice sheets, giving rise to the presence of a three-dimensional porous
matrix of partially melted ice crystals known as the weathering crust. Surface meltwater slowly percolates through this
weathering crust, which hosts active and diverse bacterial communities, until it reaches a supraglacial stream. Despite the
potential implications of weathering crust dynamics for glacial melting and the export of carbon and nutrients to downstream
ecosystems, its role in biogeochemical cycling remains unknown. Here, we use Fourier transform cyclotron resonance mass
spectrometry to characterize dissolved organic matter (DOM) along a meltwater flow path in a hydrologically connected micro-
catchment on the Southern Greenland Ice Sheet. We find a decrease in the relative abundance of aromatic formulae from
surface ice (24.9 + 2.8%) to weathering crust meltwater (3.5 £+ 0.3%) to supraglacial stream water (2.2 + 0.2%), pointing
towards photodegradation of aromatic DOM during supraglacial meltwater transit. The relative abundance of aliphatic and
peptide-like formulae in supraglacial stream DOM was lower (38.5 + 4.0%) than in weathering crust meltwater DOM (50.3 £
2.4%), likely as a result of microbial respiration of labile compounds within the weathering crust. Hence, we conclude that the
weathering crust plays a thus far unexplored role in supraglacial biogeochemical cycling. In addition, we characterize water
extractable organic matter isolated from surface ice particulate matter, which was predominantly (61.6 + 8.1% relative
abundance) comprised of aliphatic and peptide-like formulae, providing the first direct evidence of surface ice particulate

matter as a potential source of biolabile DOM. As the spatial extent of bare ice surfaces and the associated weathering crust
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photic zone is set to increase under a warming climate, our findings underscore the pressing need to further evaluate the role
of the weathering crust in supraglacial biogeochemical processes. An understanding of weathering crust biogeochemical
cycling is especially critical as climatic warming is predicted to lead to an increase in Arctic rainfall, consequently increasing
the frequency of weathering crust degradation events, with unknown impacts on the export of supraglacial DOM to

downstream ecosystems.

1 Introduction

During the boreal summer months, 200,000 km? of bare ice is exposed on the Greenland Ice Sheet (Ryan et al., 2019). This
bare-ice area becomes a hydrologically active drainage system. Meltwater flows through the interfluve weathering crust, a
three-dimensional porous matrix of partially melted ice crystals formed by solar radiation penetrating the bare ice surface
(Cook et al., 2015; Stevens et al., 2018), before entering supraglacial channels. These channels terminate in supraglacial lakes
(Arnold et al., 2014) or enter the en- and sub-glacial hydrological system via moulins or crevasses (Steger et al., 2017),

ultimately transferring meltwater to proglacial riverine, lacustrine, and marine environments (Chu, 2014).

This meltwater pathway provides an avenue to deliver dissolved organic matter (DOM) from glacial systems to downstream
ecosystems (Hood et al., 2009; Lawson et al., 2014a; Singer et al., 2012). The biolabile and aliphatic-rich character of glacial
DOM has been linked to microbial activity on melting bare ice surfaces (Kellerman et al., 2021; Lawson et al., 2014b; Musilova
et al., 2017), which can become colonized by algae, bacteria, viruses and fungi (Anesio et al., 2017). Atmospheric deposition
can deliver soil or combustion-derived organic matter to glacier surfaces (Bardgett et al., 2007; Barker et al., 2009; Bhatia et
al., 2010; Fellman et al., 2015; Holt et al., 2023; Hood et al., 2009; Li et al., 2018; Price et al., 2009; Singer et al., 2012;
Spencer et al., 2014; Stubbins et al., 2012), presenting a source of more recalcitrant DOM. However, recently it was shown
that photodegradation of such recalcitrant allochthonous DOM can produce aliphatic-rich DOM (Holt et al., 2021), meaning
that allochthonous DOM may also contribute to the biolabile character of DOM on glacier surfaces, which receive high
amounts of solar radiation during the melt season. While microbial and depositional sources of supraglacial DOM have been
inferred from the characterization of DOM in supraglacial streams and laboratory experiments, respectively, an assessment of
DOM associated with surface ice, surface ice particulate matter (an admixture of microbes, mineral dust (Simonsen et al.,

2019), and atmospherically deposited material), and weathering crust meltwater is currently lacking.

Understanding the role of bare ice surfaces and the associated weathering crust in supraglacial DOM cycling is particularly
relevant as climatic warming is projected to increase both the duration of the ice melt season and melt intensity (Rounce et al.,
2023), driving an inherent increase in the spatial extent of the weathering crust over the coming decades (Stevens et al., 2022).

Furthermore, climatic warming is predicted to cause a wetter Arctic (Dou et al., 2022; Niwano et al., 2021), consequently



70

75

80

&5

90

95

increasing the frequency of weathering crust degradation events (Miiller and Keeler, 1969). This is likely to affect supraglacial
DOM cycling as meltwater pathways and residence periods alter under a changing climate. Notably, the weathering crust hosts
an active (Christner, 2018), unique bacterial community (in contrast to snow, the bare-ice surface, and supraglacial streams
(Rassner et al., 2024)), which paired with the availability of time (interstitial water velocity is ~ 102 m d!, (Irvine-Fynn et al.,
2021; Stevens et al., 2018; Yang et al., 2018)), provides a hitherto unexplored environment with the potential to impact
supraglacial DOM cycling.

Here, we employ negative electrospray ionization 21 Tesla Fourier transform ion cyclotron resonance mass spectrometry (21
T FT-ICR MS) to characterizec DOM along a hydrological flow path from surface ice to weathering crust meltwater to
supraglacial stream water in a hydrologically connected micro-catchment on the Southern Greenland Ice Sheet. In addition,
we characterize water-extractable organic matter (WEOM) isolated from surface ice particulate matter to approximate the
composition of DOM sourced from surface ice particulates. This study aimed to determine if the weathering crust plays a role

in supraglacial cycling, and to evaluate the contributions of surface ice particulate matter to the supraglacial DOM pool.

2 Methods
2.1 Site description, near-surface hydrology and sample collection

A ~100 m? supraglacial catchment on the southern Greenland Ice Sheet (61° 06> N, 46° 51° W; Fig. 1), located ~1 km from
the QAS M PROMICE weather station (Fausto et al., 2021), was sampled on July 28, 2021 (Day of Year (DOY) 209). Within
the catchment, five, 14 cm diameter, auger holes were drilled at 7:00 on DOY 209 (see Fig. 1ii) to measure recharge rate and
water table. These holes were drained of water and re-used every two hours between 7:00 and 21:00, with a supplementary
measurement at 14:00, using logging ultrasonic range finders. The discharge of the supraglacial stream was measured at the
same time intervals at point ‘Q’ (Fig. 1). Hydraulic conductivity was calculated and water table height interpreted following
Stevens et al. (2018), as detailed in the supplementary methods. Weathering crust meltwater flow direction and magnitude
were modelled using an uncrewed aerial vehicle (UAV)-derived orthophoto, a digital surface model (DSM; see Fig. S1) and

the Spatial Analyst package in ArcMap 10.8 (esri, USA), designed for terrestrial groundwater systems.

Samples for DOC concentration measurements and molecular level characterization of DOM and WEOM were collected at
14:00 local time. Surface ice (SIin Fig. 1ii; n =4) was collected from areas with visible presence of surficial particulate matter
using a sample-cleaned ice axe to scrape the top ~2 cm of ice into acid cleaned (1.2 M HCI) 1 L polycarbonate bottles. Ice was
melted in the dark and filtered over combusted glass fibre filters (47 mm, 0.7 um GF/F filter, Whatman). The surface ice
particulate matter retained on the filter was collected into 150 mL acid-cleaned polycarbonate bottles and stored in the dark at
-20 °C until isolation of WEOM. Surface ice filtrates were acidified (pH 2, HCI) and aliquots for DOC concentration analysis

were stored in furnaced 40 mL amber vials with acid-washed caps and PTFE-lined septa in the dark at 4 °C. The remainder of
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the acidified sample was stored in the dark in an acid cleaned polycarbonate bottle until solid phase extraction at GFZ Potsdam,

Germany. Four replicates of weathering crust meltwater were collected from auger hole D (see Fig. 1ii), and five replicates of

supraglacial stream water at point ‘Q’ were collected into 1 L polycarbonate bottles and processed as per the surface ice filtrate.

not to scale
[] Weathering crust meltwater
. [] Supraglacial stream meltwater
B Site label [ Surface ice
O Auger hole [ ] Weathered sub-surface ice
1 D Stream sample  [] Unweathered sub-surface ice
: Surface ice sample

O A . T
| - SR g _ K

Figure 1: (i) Map of Greenland indicating the approximate location of the study site; (ii) UAV ortho-image of the study
catchment, indicating water flow direction and labelled sampling locations; (iii) close-up of typical surface ice, (iv)
close-up of typical weathering crust auger hole; (v) close-up of the stream sampling location; and (vi) schematic
illustrating meltwater flow paths through sampling area, including an exemplar auger hole.

2.2 Surface ice particulate water extractable organic matter (SIP-WEOM)

Surface ice particulate matter samples were freeze-dried (ScanVac CoolSafe, -110°C) and cryo-milled using stainless-steel
sample holders (Retsch MM400). Sample holders were cleaned with Milli-Q and the first aliquot of milled sample was

discarded. For each sample, 100 mg of milled material was weighed into acid-cleaned and combusted 4 mL glass vials, in

4
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triplicate, and 1 mL of Milli-Q was added to each vial. Vials were shaken at 500 rpm for 1 hour and then centrifuged at 3200
rpm for 10 minutes. To yield enough volume for solid-phase extraction, the supernatants containing surface ice particulate
WEOM (SIP-WEOM) were diluted in 50 mL Milli-Q water and filtered using an acid-washed and combusted glass syringe
and pre-rinsed hydrophilic PTFE syringe filters (Acrodisc One, 0.2 pm, Pall). An aliquot for DOC concentration measurements

was collected from each extract before combining the triplicates for solid phase extraction (Section 2.4).

2.3 Dissolved organic carbon, total carbon and total nitrogen measurements

DOC concentrations in liquid samples were determined using a Shimadzu TOC-Lcsu analyser. Up to five replicate injections
were made for each sample until the coefficient of variation (CV) for three of the replicate injections was < 2 %. Measurements
were quantified using a potassium hydrogen phthalate (Sigma-Aldrich) calibration curve. The instrument quantification limit
(27 ng LY was calculated from linear calibrations following the root mean square error method described by Corley (2003).
Analytical precision calculated based on the standard error from seven repeat measurements of a 100 ug L' standard was 1.6
%. Total carbon and total nitrogen content of surface ice particulate matter samples was determined using an Elemental
analyser (Euro EA). The limit of quantification was 0.15 %, with a relative standard deviation of <5 %. Total carbon and total

nitrogen are reported in weight percent (wt. %).

2.4 Solid phase extraction

All DOM and WEOM samples were solid phase extracted at GFZ Potsdam, Germany, following Dittmar et al. (2008), to
remove inorganic interferences and concentrate the organic matter prior to FT-ICR MS analysis. DOM samples were extracted
on 6 mL, 1 g, Bond Elut PPL cartridges. WEOM samples were extracted on 3 mL, 100 mg, Bond Elut PPL cartridges. Samples
were eluted with 6 mL of methanol into acid-soaked and combusted 10 mL amber glass vials. Eluates were dried under nitrogen

flow and stored at -20 °C until analysis.

2.5 21 tesla Fourier transform ion cyclotron resonance mass spectrometry

Dried eluates were reconstituted in methanol prior to analysis, adjusting the volume to achieve a target concentration of 50 mg
C L''. DOM composition was analysed using a custom-built 21 tesla FT-ICR MS at the National High Magnetic Field
Laboratory in Tallahassee, Florida (Hendrickson et al., 2015; Smith et al., 2018). Electrospray ionization was used to directly
inject negative ions into the FT-ICR MS at a flow rate of 0.5 uL. min™! (additional acquisition details in Supplementary
Information). One hundred transients were co-added for each sample and signals less than the root mean square baseline plus
60 were not considered. Mass spectra were calibrated with 10-15 homologous series that span the entire molecular weight
distribution based on the “walking” calibration method (Savory et al., 2011) using Predator Analysis software (Blakney et al.,
2011), and singly charged ions between 120 and 1,150 Da were assigned molecular formulae within the bounds of Ci-100Ha-
20001-30N0-4S0-2 and + 0.5 ppm error (Table S1). Molecular formulae were classified by heteroatomic content as containing

carbon, hydrogen and oxygen only (CHO), or with nitrogen (CHON), sulfur (CHOS), or both N and S (CHONS). Neutral
5
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elemental ratios of H/C and O/C were calculated, classifying constituents with H/C >1.5 as biolabile per D’ Andrilli et al (2015).
The modified aromaticity index (Almod) was calculated as in Koch and Dittmar (2006, 2016), classifying formulae as aromatic
when Almod > 0.5. The nominal oxidation state of carbon (NOSC) was calculated as in Riedel et al (2012), with a negative
NOSC corresponding to more reduced formulae and a positive NOSC corresponding to more oxidized ones. Elemental
compositions were classified into eight groups: condensed aromatics (Almod > 0.67), polyphenols (0.67 > Almod > 0.50),
peptide-like formulae (H/C > 1.5, O/C £0.9, N > 0), sugar-like formulae (H/C > 1.5, O/C > 0.9), and highly unsaturated and
phenolic formulae (HUP; Almod < 0.50, H/C < 1.5) and aliphatics (H/C > 1.5, O/C £0.9, N = 0), which were both separated
into high O/C (O/C > 0.5) and low O/C (O/C < 0.5) (Osterholz et al., 2016; Spencer et al., 2014). The relative abundance (RA)
of each assigned formula in a sample was obtained by dividing the signal magnitude of each individual m/z peak by the sum
of all assigned signals in the sample. Peaks with RA > 0.1% in the procedural field blank were removed from the dataset as
they were assumed to be potential contaminants, and data were renormalized to the total sum of assigned signals. RA weighted

metrics were calculated for the mass, Almod, NOSC, H/C and O/C.

2.6 Statistics

All statistical analyses were performed in R (R Team, 2014). Pairwise comparisons were performed between samples grouped
as SIP-WEOM, surface ice, weathering crust meltwater, and supraglacial stream water. The Shapiro-Wilk test was used to
assess normality, and Bartlett’s test was used to assess homogeneity of variance for all variables. For normally distributed
variables, if variance was equal, a one-way ANOVA assuming equal variance was used, followed by pairwise comparison
using a t-test if the ANOVA was significant, and p-values were adjusted using Bonferroni correction. If variance was unequal,
a one-way ANOVA assuming unequal variance was used, followed by pairwise comparison using a t-test assuming unequal
variance if the ANOVA was significant, and p-values were adjusted using Sidak correction. For variables that were non-
normally distributed, pairwise comparisons were performed using the non-parametric Wilcoxon rank sum test. Variables were

unit variance scaled prior to Principal Component (PC) analysis using the R package ‘vegan’ (Oksanen et al., 2011).

3 Results
3.1 Near-surface hydrology of the study site

Our hydrological modelling approach reveals that meltwater from auger hole D, where weathering crust meltwater samples
were collected, transits from the sampling point within the weathering crust in a south-easterly direction to the main
supraglacial stream over a period of nine days (see Fig. 2) assuming the prevailing weather crust state during the study period

remains constant.
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3.2 Bulk dissolved organic carbon, total carbon, and total nitrogen concentrations

Surface ice DOC concentrations were similar (0.90 - 1.01 mg C L) in the four samples collected within the micro-catchment
and were significantly higher than the DOC concentrations in weathering crust meltwater and supraglacial stream water (Table
1). The surface ice particulate matter contained between 3.00 — 3.35 wt. % total carbon, and between 0.25 — 0.28 wt. % total

nitrogen. The DOC concentrations in SIP-WEOM extracts ranged from 277 — 483 mg C L'}, with a mean CV of 2.4% between

triplicate extractions. This corresponds to 7.4 — 12.1 % of total carbon in the freeze-dried and cryo-milled sample extracted as
DOC.

I 1m |

Weathering crust flow velocity (m d-) : : Main image area
0 | ) O Particle flow path (day of transit) OD Hole D

Figure 2: Results of the flow direction and magnitude model, with pixel colour indicating weathering crust water flow velocity.
Arrows indicate the modelled particle flow path through the weathering crust from Hole D to the supraglacial stream.

3.3 Molecular level composition of supraglacial DOM and WEOM

A total of 24,578 unique molecular formulae were assigned across the dataset, with between 6,385 and 9,667 formulae assigned
in individual samples (Table 1) after blank correction, and 2,885 formulae shared across all samples in the dataset (Figure 3A).
In the SIP-WEOM samples, on average 63% (3,653 — 6,053 formulae) of the assigned formulae were also assigned in the
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corresponding surface ice DOM. The H/C ratio in surface ice DOM was significantly lower than in the other sample groups
(Table 1), corresponding to a significantly lower prevalence of aliphatic and peptide-like formulae (12.8 + 3.7 %RA) in surface
ice DOM than in the rest of the dataset (32.8 — 68.3 %RA). The %RA of heteroatom classes differed significantly between
sample types (Table 1). SIP-WEOM was composed of approximately equal portions of CHO (35.9 — 58.0 %RA) and CHOS
(33.3-55.2 %RA), with relatively minor contributions of CHON (4.9 — 10.6 %RA) and CHONS (0.25 — 0.47 %RA) formulae.
Surface ice DOM was predominantly composed of CHO (91.2 — 96.5 %RA), with minor contributions of CHON (3.5 — 6.9
%RA) and CHOS (0 — 1.9 %RA) formulae. The prevalence of CHON in weathering crust meltwater and supraglacial stream
DOM was similar (13.9 — 15.5 and 14.9 — 16.7 %RA, respectively), but there was a significant difference in the contribution
of CHO (63.3 — 70.5 and 73.6 — 83.8 %RA, respectively) and CHOS (14.5 — 22.1 and 0.6 — 11.5 %RA, respectively). No

CHONS formulae were assigned in surface ice, weathering crust meltwater, or supraglacial stream DOM samples.

Aliphatic and HUP formulae made up the majority of DOM in weathering crust and supraglacial stream DOM and SIP-WEOM
(Table 1). Aliphatic formulae accounted for approximately half of the SIP-WEOM (46.4 — 62.1 %RA), just under half of
weathering crust meltwater DOM (40.8 — 47.4 %RA) and roughly a third of DOM in supraglacial stream samples (28.4 —38.3
%RA). Surface ice DOM was comprised predominantly of HUP (59.0 — 68.5 %RA) and aromatic (21.8 —27.5 %RA) formulae.
Aromaticity was low, yet variable across the sample groups, with surface ice DOM having significantly higher aromaticity

(Almod 0.305 — 0.340) than SIP-WEOM, weathering crust meltwater DOM and supraglacial stream DOM (Almod 0.123 —0.172).

The number of aromatic formulae assigned decreased from surface ice DOM (765 — 957), to weathering crust meltwater DOM
(491 — 547), to supraglacial stream water DOM (271 —420) and SIP-WEOM (153 — 440). The number of biolabile (aliphatic
+ peptide-like) formulae was highest in SIP-WEOM (2,984 — 3,719) and weathering crust meltwater DOM (3,124 — 3,341),
and lowest in surface ice DOM (1,584 — 2,640). The number of biolabile formulae assigned in supraglacial stream DOM (2,498
—2,890) was similar to that in weathering crust meltwater DOM. The %RA of peptide-like formulae was significantly lower

in surface ice (1.3 — 2.8 %RA) than in other sample groups (Table 1).
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%RA = precent relative abundance; # = number of formulae; and wa = RA weighted average.

Table 1: DOC concentrations and DOM composition for each sample group, expressed as mean (standard deviation).

SIP-WEOM Surface ice Weathering crust  Stream
DOC (mg L) 386 (85) 2 0.94 (0.05)8 0.18 (0.04)€ 0.14 (0.01) €
Formulae (#) 8,403 (864) 7,570 (965) A 9,008 (587) 4 8,343 (1022) A
Mass™* (Da) 407 (10) 2 450 (10) BC 429 (9) AB 452 (12) ¢
Almoa™ 0.149 (0.022)» 0.326 (0.016)®  0.158 (0.003)* 0.162 (0.006)*
NOSC™ -0.652 (0.120)AB 0.112 (0.061)¢  -0.569 (0.045)4 -0.470 (0.043) B
H/C** 1.471 (0.056) AB 1.072 (0.033) ¢ 1.438(0.013) 4 1.405 (0.019) B
o/ec 0.369 (0.039) A 0.582 (0.019) B 0.406 (0.018) A€ 0.445(0.014) €
CHO (%RA) 472 (9.1~ 94.1(2.5)8 68.2(3.3)¢ 81.4 (4.4)P
CHON (%RA) 8.1(2.4)4 527~ 14.6 (0.7) B 15.6 (0.8) ®
CHOS (%RA) 443 (9.0)* 0.7 (0.8) B 172 (3.5 ¢ 3.0(4.8)"
CHONS (%RA) 0.4 (0.4 0.0 (0.0)® 0.0 (0.0)B 0.0 (0.0)B
Aliphatic High O/C (%RA) 5.5(1.5)48 43(1.0)8 6.9 (0.8) A¢ 8.6 (0.6) ©
Aliphatic Low O/C (%RA) 51.0 (6.8) ~ 6.6 (2.1)8 36.8(3.1)¢ 25.1 (3.8)°
HUP High O/C (%RA) 20.6 (8.2) ~ 49.7(7.3)8 20.6 (2.6) * 25.2 (2.9~
HUP Low O/C (%RA) 14.8 (1.9) 2B 12.5(2.8) 8 25.5(1.H)~ 341 2.H)A
Peptide-like (%RA) 5.1(1.94 1.9 (0.7)8 6.5 (0.6) 4 4.8 (0.6) A
Condensed aromatic (%RA) 0.4 (0.2) 4¢ 7.8(0.9)B 0.7(0.1)¢ 030.1H)~
Polyphenolic (%RA) 2.4 (1.7)48 17.1 (2.3)P 2.7(0.2)4 2.0(0.2)8
Sugar (%RA) 0.17 (0.10)* 0.03 (0.02)* 0.03 (0.02)* 0.04 (0.02)#
Aromatic (%RA) 2.8 (1.9)48 249 (2.8) € 3.500.3)4 2.2(0.2)8
Aliphatic + peptide-like (%RA) 61.6 (8.1)* 12.8(3.7)8 503 (2.4)¢ 385(3.9)°P
Aromatic (#) 286 (134) 4 862 (80) B 523 (24) ¢ 362 (70) A€
Aliphatic + peptide-like (#) 3,395 (320) 2,088 (464)B 3,228 (119) A€ 2,698 (148) ¢
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Data were plotted in van Krevelen space to visualize the molecular composition of the core supraglacial DOM signature (see
Fig. 3A) and the different sample groups (see Fig. 3B-E). The core supraglacial DOM signature is made up of predominantly
HUP and aliphatic formulae with the heteroatomic formula CHO or CHON, and accounts for on average 41.8 %RA of SIP-
WEOM, 67.9 %RA of surface ice DOM, 58.6 %RA of weathering crust meltwater DOM and 72.2 %RA of supraglacial stream
DOM. To visualize the difference between SIP-WEOM and DOM in surface ice, weathering crust meltwater and supraglacial
stream meltwater, formulae that were assigned in all samples in a sample group but were not present in the core supraglacial
DOM signature were plotted in Fig. 3B-E. The SIP-WEOM signature contained 1,509 formulae (Fig. 3B) predominantly
occupying the aliphatic and HUP space in the van Krevelen diagram, and accounting for 37.4 — 55.6 %RA of SIP-WEOM.
The surface ice DOM signature contained 2,577 formulae accounting for 23.9 —29.6 %RA, with most formulae falling in the
HUP region of the van Krevelen diagram (Fig. 3C) and a clear contribution of polyphenolic and condensed aromatic formulae.
The weathering crust meltwater DOM signature contained the largest number of formulae (3,995), accounting for 33.8 — 39.2
%RA and falling mostly in the aliphatic and HUP space, with ~52% of formulae containing nitrogen. The supraglacial stream
DOM signature was most similar to the weathering crust meltwater signature, but with fewer formulae (3,099) in all regions
of the van Krevelen diagram and formulae accounting for only 16.5 — 19.4 %RA of stream DOM. To further examine the
differences between weathering crust and supraglacial stream meltwater DOM, formulae present in all weathering crust
meltwater samples but not in any of the supraglacial stream samples are plotted in Fig. 3F, where approximately 60% of the
formulae fall in the aliphatic region and contain sulphur or nitrogen, but only account for 0.8 — 1.2 %RA of weathering crust
DOM. Across the entire dataset, only 24 formulae were present in all supraglacial stream samples but not in any weathering

crust meltwater samples.

10
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Figure 3: van Krevelen diagrams showing: (A) the core supraglacial signature, showing formulae that were assigned in all samples
in the dataset; (B) formulae that were assigned in all SIP-WEOM samples, excluding those present in the core supraglacial signature;
(C) formulae that were assigned in all surface ice DOM samples, excluding those present in the core supraglacial signature; (D)
formulae that were assigned in all weathering crust meltwater DOM samples, excluding those present in the core supraglacial

245  signature; (E) formulae that were assigned in all supraglacial samples, excluding those present in the core supraglacial signature;
and (F) formulae that were assigned in all weathering crust DOM samples but not in any supraglacial stream DOM samples. Data
points are coloured according to their assigned heteroatom class with CHO formulae in black open circles, CHON in light blue
squares, and CHOS in orange triangles. In the top right of each panel, the total number of formulae displayed in the diagram and
the average %RA accounted for by those formulae is denoted. Dashed lines indicate the regions corresponding to condensed

250 aromatic, polyphenolic, highly unsaturated and phenolic (HUP) and aliphatic formulae. Note that the dashed line separating the
HUP and aliphatic regions corresponds to the Molecular Lability Boundary (MLB) as proposed by D’ Andrilli et al. (2015), where
DOM constituents with H/C > 1.5 are considered labile.

3.3 Compositional differences between hydrologically connected DOM pools

255 To examine the DOM parameters that distinguish the different sample groups, we conducted a principal component (PC)
analysis on all samples (Fig. 4, Table S2). PC1 explained 63% of variance in the data and correlated positively with NOSC,

11
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Almod, the %RA of high O/C HUP, condensed aromatic and polyphenolic formulae, %RA of CHO, and mean RA weighed
mass. PC1 correlated negatively with number of formulae, the %RA of peptide-like, low and high O/C aliphatic and low O/C
HUP formulae, and %RA of CHON and CHOS. Surface ice DOM separated from the other sample groups along PCI,
reflecting its significantly higher aromaticity and lower %RA of biolabile peptide-like and aliphatic formulae (Table 1). PC2
explained a further 26% of variance in the data, correlating positively with %RA of low O/C HUP and high O/C aliphatic
formulae, %RA of CHO and CHON, and mean RA weighted mass. Finally, PC2 correlated negatively with %RA of low O/C
aliphatic formulae and %RA CHOS. SIP-WEOM, weathering crust meltwater and supraglacial stream DOM separate along
PC2, with the former containing a significantly higher %RA of CHOS formulae and %RA of low O/C aliphatic formulae
(Table 1). Weathering crust meltwater and supraglacial stream samples formed two separate clusters, driven by significant
differences in prevalence of low O/C aliphatic formulae, and sulphur-containing formulae. The PC analysis showed clear a

clustering of sample groups based on DOM parameters.
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Figure 4: (A) Principal component (PC) analysis scores plot of DOM composition in SIP-WEOM (green circles), surface
ice (orange triangles), weathering crust meltwater (purple diamonds) and supraglacial stream water (pink squares)
samples, with ellipses representing 90% confidence intervals; and (B) loadings plot of the variables included in the PC
analysis. %RA = percent relative abundance; # = number of formulae; NOSC = nominal oxidation state of carbon;
Almoa = modified aromaticity index; HUP = highly unsaturated and phenolic formulae; CHO, CHON and CHOS refer
to heteroatomic composition with carbon (C), nitrogen (N), oxygen (O) and sulphur (S).
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4 Discussion
4.1 Hydrological connectivity of supraglacial meltwater habitats

In the studied micro-catchment, modelled lateral interstitial flow velocity through the weathering crust was in the order of
decimetres per day, corresponding with estimates from Stevens et al. (2018), Irvine-Fynn et al. (2021) and Yang et al. (2018).
The particle track from auger hole D (Fig. 2) confirmed the assumed hydrological connections between sampling locations.
We assume that water sampled from the weathering crust auger holes was comprised of a mixture of recent melt, originating
near the hole, and meltwater already transiting within the weathering crust. We also assume the addition of further meltwater,
percolating from the unsaturated zone of the weathering crust, along the transit pathway from auger hole D to the supraglacial
stream (Fig. 1v). The presence of a core supraglacial DOM signature (Fig. 3A) supports the assumption that the surface ice,
weathering crust meltwater and supraglacial stream habitats, and hence DOM pools, may be hydrologically connected. The
indicative value of nine days for meltwater flow through the weathering crust to the supraglacial stream allows the possibility
of modification of the DOM pool via microbial reworking and/or photochemical degradation (Antony et al., 2017, 2018; Holt
et al., 2021; Riedel et al., 2016).

4.2 DOM cycling in the supraglacial weathering crust

Characterization of weathering crust meltwater, supraglacial stream and surface ice DOM revealed compositional differences
between the three samples groups, with samples of the same type grouping together in the PC analysis score plot (Fig. 4A).
Firstly, there is a significant decrease in the %RA of aromatic formulae from surface ice to weathering crust meltwater to
supraglacial stream water, likely due to photodegradation (Maurischat et al., 2023; Spencer et al., 2009; Stubbins et al., 2010).
The small but significant different in %RA of aromatic formulae between weathering crust and supraglacial stream meltwater
DOM suggest that photodegradation not only takes place on the ice surface, but also in the weathering crust photic zone. This
is probable given the penetration of solar radiation to depths of 1-2 m within the ice surface (Irvine-Fynn and Edwards, 2014)
and the estimated nine days of water transit time between the auger hole where the weathering crust meltwater was sampled
and the supraglacial stream. Furthermore, the significantly higher RA weighted average mass and significantly lower %RA of
aliphatic + peptide-like formulae in supraglacial stream DOM compared to weathering crust meltwater DOM point at microbial
respiration of labile DOM as meltwater transits through the weathering crust before entering the supraglacial stream by the
active (Christner, 2018) and diverse (Rassner et al., 2024) weathering crust bacterial community. Finally, only twelve formulae,
accounting for 0.02 — 0.05 %RA of supraglacial stream DOM, were assigned in supraglacial stream samples but not in any
other sample in this study. Hence, we postulate that the differences between weathering crust meltwater and supraglacial stream
DOM are not due to upstream snowmelt inputs into the supraglacial stream but are rather the result of photodegradation and

microbial reworking of DOM during meltwater transit through the weathering crust and into the supraglacial stream.
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Given the hydrological connectivity of surface ice with weathering crust meltwaters, a higher degree of convergence between
surface ice and weathering crust meltwater DOM may be expected. The higher concentration of DOC in surface ice relative
to weathering crust meltwater may be due to dilution of surface DOC in the weathering crust by meltwater produced in the
subsurface and percolating from the unsaturated zone of the weathering crust. However, the sampled weathering crust
meltwater contains a mixture of recent melt and meltwater already transiting within the weathering crust, which has already
been exposed to photodegradation and/or microbial reworking within the weathering crust photic zone, contributing to the
divergence between surface ice and weathering crust DOM. In addition, partial and/or temporary retention of DOM via
association with surface ice extracellular polymeric substances (EPS), as suggested by Holland et al. (2019), may further
contribute to the divergence between surface ice and weathering crust DOM. EPS have been shown to play a role in the
formation of granules in supraglacial cyanobacteria communities (Langford et al., 2010; Stibal et al., 2012; Yallop et al., 2012)
and Perini et al. (2023) observed glacier ice algae embedded in EPS during co-cultivation with the surface ice fungi
Articulospora sp. To date, the chemical composition and role of EPS in surface ice microbial communities, and the degree to
which DOM sourced from atmospheric deposition, microbial activity or cell lysis may be retained on the ice surface, remain
unknown.

4.3 Surface ice particulate matter as a source of supraglacial DOM

Surface ice DOM is a complex mixture sourced from microbes (including EPS), atmospheric deposition and melt-out of
material contained within the ablating glacier surface. The presence of an active microbial community (Anesio et al., 2017)
and the high solar irradiance received by the ice sheet surface during the boreal summer mean that microbial reworking and
photodegradation, respectively, of DOM is likely to impact the composition of surface ice DOM. Retention of DOM on the
ice surface via association with EPS would increase the duration of its exposure to photodegradation and/or microbial
reworking on the ice surface. Hence, analysis of surface ice DOM does not provide clear insights into the role of surface ice
particulate matter as a supraglacial source of DOM. To gain insights into the DOM that may be sourced from surface ice
particulate matter, we isolated and characterized SIP-WEOM. The SIP-WEOM extract DOC accounted for on average 9.6%
of surface ice particulate matter total carbon, likely with a significant contribution of material yielded from the lysis of cells
as the result of freeze-drying and cryo-milling of the particulate matter prior to extraction. The presence of DOM from
microbial sources (Kellerman et al., 2018; Spencer et al., 2015) is reflected in SIP-WEOM having a significantly higher
contribution of aliphatic and peptide-like formulae that any other sample group in this study. This provides direct evidence of

surface ice particulate matter, which include microbes, as a supraglacial source of biolabile DOM.

Surface ice DOM and SIP-WEOM were found to cluster into two different groups (Fig. 4A) based on their DOM parameters,
likely due to surface ice DOM having multiple sources, microbial reworking of surface ice DOM and/or photodegradation.

Surface ice DOM had a significantly higher aromaticity, with a quarter of surface ice DOM comprised of aromatic formulae.
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Of this aromatic DOM, 5.7 — 8.8 %RA is accounted for by the molecular formula Ci12HsO7. A potential compound that could
give rise to the presence of this formula is the aglycone derivative of the algal pigment purpurogallin carboxylic acid-6-O-f-
D-glucopyranoside, produced by the algae Ancylonema alaskanum and Ancylonema nordenskiéldii, which dominate the
surface ice microbial community (Prochazkova et al., 2021). Fungal parasitic infections, which were found to impact
approximately 25% of algal cells collected from a High Arctic, can result in the loss of pigment from the algal cells (Fiotka et
al., 2021). The sugar moiety of the purpurogallin pigment can be utilized as an energy source, for example, by the surface ice
fungal species P. anthracinoglaciei (Perini et al., 2023), converting the pigment into its aglycone derivative and likely

contributing to the higher %RA of aromatic formulae in surface ice DOM.

Furthermore, 6.4 + 0.8 %RA in surface ice DOM is comprised of condensed aromatic ring structures with O/C > 0.4, which
have been linked with microbially mediated oxidation of black carbon (Antony et al., 2014; Dittmar and Koch, 2006). This
suggests that a portion of surface ice DOM may be sourced from microbial oxidation of black carbon to form water-soluble
species (Hockaday et al., 2006). As the contribution of condensed aromatic formulae to weathering crust and supraglacial
stream meltwater DOM is near zero, it appears that such water-soluble black carbon species are not exported from the ice
surface to downstream ecosystems. Yet, radiocarbon-depleted DOM sourced from black carbon may still be exported in
supraglacial runoff, given that photodegradation of aromatic formulae can produce aliphatic and peptide-like formulae (Holt
etal., 2021), and that weathering crust and supraglacial stream meltwater DOM contain a higher number and %RA of aliphatic
and peptide-like formulae than surface ice. Radiocarbon analysis of surface ice particulate matter and supraglacial meltwater
habitats is needed to assess the role of the supraglacial drainage system in exporting radiocarbon-depleted DOM to downstream

ecosystems.

5 Conclusions

Over the last decade, numerous studies have highlighted the role of the supraglacial weathering crust in the storage and release
of meltwater (Miiller and Keeler, 1969) and microbes (Irvine-Fynn, 2012; Irvine-Fynn and Edwards, 2014). Nevertheless, to
date, biogeochemical cycling within the weathering crust has not been assessed, limiting our understanding of how the export
of supraglacial DOM to downstream ecosystems may change in a warming climate. Here, we reveal that the weathering crust
plays a role in the cycling of DOM during supraglacial transit of meltwater. We characterise DOM along a meltwater flow
path in a hydrologically connected micro-catchment on the Southern Greenland Ice Sheet, revealing compositional differences
between surface ice, weathering crust and supraglacial stream meltwater. Decreases in the %RA of aromatic formulae from
surface ice to weathering crust to supraglacial stream meltwater point towards photodegradation of DOM on the ice surface
and during transport through the weathering crust photic zone. The lower %RA of aliphatic and peptide-like formulae and RA
weighted average mass of supraglacial stream relative to weathering crust meltwater DOM are likely a result of respiration of

DOM by active and diverse (Christner, 2018; Rassner et al., 2024) bacterial communities. Furthermore, we characterize
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WEOM isolated from surface ice particulate matter, presenting the first direct evidence of surface ice particulate matter as a
potential supraglacial source of biolabile DOM. As the spatial extent of the weathering crust photic zone and the frequency of
weathering crust degradation events as a result of rainfall are set to increase as a result of climatic warming, further studies of
the role of the weathering crust in biogeochemical cycles are urgently required to enable predictions of future changes in the

export of supraglacial DOM to downstream ecosystems.
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