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Abstract Atmospheric deposition delivers carbon to glacier surfaces, including from fossil fuel and
biomass combustion. Nonetheless, spatial variation in the sources of organic and black carbon deposited on
glaciers is poorly understood, along with their role in driving glacier outflow dissolved organic matter (DOM)
composition and fate. Here, we used bulk and compound-specific carbon isotopic analyses to constrain the
sources of dissolved organic carbon (DOC) and dissolved black carbon (DBC) in 10 glacier outflows across four
regions. To understand the relationships between glacier DOM composition and sources of DOC and DBC,
isotopic data were used in conjunction with ultrahigh resolution molecular-level analyses. Globally, a
substantial yet variable component of DOC was sourced from anthropogenic aerosols (12%-91%; median 50%),
influencing regional DOM composition (aliphatics 26.9%-58.4% relative abundance; RA). Relatively older
radiocarbon ages (i.e., larger fossil-derived component) of glacier DOC were correlated with more *C depleted
DOC and DBC signatures, where DOM had higher aromaticity, elevated RA of condensed aromatics, and a
lower RA of aliphatic compounds. This study highlights that anthropogenic deposition is pervasive, but its
extent varies spatially with ramifications for DOM composition, and thus reactivity and fate.

Plain Language Summary A portion of glacier organic matter is suggested to support downstream
food webs and be sourced from fossil fuel combustion byproducts. Here, glaciers across Alaska, Switzerland,
Kyrgyzstan and Ecuador were analyzed using complimentary analytical techniques to determine whether
glacier dissolved organic matter and combustion products (i.e., black carbon) were ubiquitously sourced from
human activity. Our results highlight global variability in the contribution of fossil fuel-derived atmospheric
deposition to glacier organic matter composition, with regional differences in the sources of organic and black
carbon. We highlight that spatial variability in the deposition of anthropogenic fossil fuel combustion
byproducts to glacier ecosystems affects both the age and character of dissolved organic matter, likely
influencing its fate.

1. Introduction

Atmospheric deposition is a ubiquitous, yet elusive, input of organic matter (OM) to the Earth's ecosystems
(Bauters et al., 2018; Budhavant et al., 2023; Xenopoulos et al., 2021). Glacier ecosystems provide a unique
opportunity to assess the quality and fate of atmospherically derived dissolved organic matter (DOM) because,
unlike in other environments, OM deposited on glacier surfaces is not masked by large OM reservoirs (e.g., from
soils; Holt, Fellman, et al., 2021; Stubbins, Hood, et al., 2012; Tranter, 2012). Previous studies showed dissolved
organic carbon (DOC) in glacier outflows to be low in concentration (0.1-3.4 mg C LY, ancient (A*C-DOC -
870 to —108%0, ~1,300-18,200 yBP), highly biolabile, and associated with low aromaticity DOM; thus, con-
taining few condensed aromatic (i.e., dissolved black carbon) moieties and a high relative abundance (RA) of
aliphatic (i.e., energy-rich) DOM compounds compared to neighboring non-glacial watersheds (Andrews
etal., 2018; Csank et al., 2019; Holt, Fellman, et al., 2021, 2024; Hood et al., 2009, 2015; Kellerman et al., 2021).
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This distinct quality of glacier-derived DOM likely renders it important in downstream biogeochemical cycling
by providing a carbon subsidy to aquatic food webs (Arimitsu et al., 2018; Fellman, Hood, Raymond, Hudson,
et al., 2015; Hagvar & Ohlson, 2013). A significant fraction of glacier DOM has been suggested to be derived
from photodegraded fossil fuel black carbon (BC) and combustion byproducts, and thus anthropogenic aerosols
are likely important drivers of carbon cycling in glacier ecosystems (Holt, Kellerman, et al., 2021, 2024; Stubbins,
Hood, et al., 2012). Although visible in glacier systems, deposition of anthropogenic aerosols is a global phe-
nomenon. Therefore, the degradation of atmospherically derived DOM across Earth's ecosystems may represent a
significant, yet poorly constrained, flux of anthropogenic carbon (Singer et al., 2012; Stubbins, Hood,
et al., 2012). In this context, glaciers can serve as sentinel ecosystems for constraining the impact of anthropo-
genic aerosols on global biogeochemical cycles (Stubbins, Hood, et al., 2012).

The importance of anthropogenic aerosols in driving glacier DOM quality is heavily debated (Bhatia et al., 2013;
Fellman, Hood, Raymond, Stubbins, & Spencer, 2015; Holt et al., 2024; Li et al., 2018; Singer et al., 2012;
Spencer, Guo, et al., 2014, Spencer, Vermilyea et al., 2014; Stubbins et al., 2012). The contribution of these
aerosols to bulk DOM in glacier rivers has primarily been explored in southeast Alaska and Tibet, regions thought
to receive fossil fuel BC from industrialized Asia (e.g., Fellman, Hood, Raymond, Stubbins, & Spencer, 2015; Li
et al., 2016, 2018; Spencer, Guo, et al., 2014, Spencer, Vermilyea et al., 2014; Stubbins et al., 2012). Across
glacier ecosystems, molecular-level DOM properties and carbon isotopic signatures of DOC are subtly variable,
suggesting spatiotemporal variability in organic carbon (OC) source (e.g., Holt et al., 2024; Kellerman
etal., 2021; Singer et al., 2012). Besides anthropogenic aerosols, allochthonous sources of OM to glacier surfaces
may include pollen, local vegetation, proglacial soils and long-range atmospheric transport of dust (Antony
et al., 2014; Feng et al., 2020; Holt, Kellerman, et al., 2021; Singer et al., 2012). Alternatively, DOM may
originate from in situ leaching of OM beneath the glacier and autochthonous production derived from microbial
activity (Bhatia et al., 2013; Holt et al., 2024; Lawson et al., 2014; Musilova et al., 2017). Globally, there is
significant spatial variability in the magnitude and source (i.e., vegetation fires, biofuels vs. fossil fuels) of BC
emissions (Sato et al., 2003), which may lead to variability in quantity and quality of atmospherically deposited
DOM to glaciers, and broadly to Earth's ecosystems (e.g., Bauters et al., 2018; Budhavant et al., 2023; Khan
etal., 2017; Li et al., 2018). Thus, the importance of anthropogenic deposition in driving DOM quality in glacier
ecosystems likely varies globally, although studies to this end are few.

Fossil fuel combustion and vegetation fires have been suggested as the dominant source of dissolved BC (DBC) in
different glaciers (e.g., Ding et al., 2015; Gul et al., 2021; Khan et al., 2017; Li et al., 2016; Magalhaes
et al., 2019). However, spatial assessments of variability in DBC sources between glacierized regions are limited
(c.f., Khan et al., 2017), and BC source appointment has often relied on satellite observations or chemical
transport models rather than direct measurements (e.g., Antony et al., 2014; Gul et al., 2021; Magalhaes
et al., 2019). Thus, the sources of DBC to glacierized regions remain poorly constrained. Furthermore, since
research has focused primarily on the role of DBC in lowering glacier albedo (e.g., Bonilla et al., 2023; Khan
et al., 2016, 2017; Nagorski et al., 2019), its influence on biogeochemistry is not well understood (c.f., Ding
et al., 2015). DBC and its degradation byproducts may form a significant component of glacier DOM (Holt,
Kellerman, et al., 2021; Stubbins, Hood, et al., 2012), but it remains unclear how this pyrogenic fraction relates to
and influences the composition of the broader DOM pool.

Here, relationships between glacier DBC and DOC source were assessed to ascertain whether the deposition of
anthropogenic aerosols is a global or region-specific driver of DOM composition exported from glacier eco-
systems. Samples were taken from 10 glacier outflow streams across four regions (Alaska, Switzerland,
Kyrgyzstan, and Ecuador; Figure 1). For the first time, compound-specific stable carbon isotopic analyses were
used to constrain sources of DBC in glacier outflows (Wagner et al., 2017). To understand the relationship be-
tween DBC composition and the broader glacier DOM pool, DBC isotopic data (i.e., 8'>C-DBC) were used in
conjunction with stable and radiocarbon isotopes of DOC (3'*C-DOC and A'C-DOC), and molecular-level
DOM compositional analysis from ultrahigh resolution Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS). Together, these data provide a global perspective on the diversity of BC and OM sources
to glaciers, examining the importance of anthropogenic deposition in the glacier carbon cycle.
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Figure 1. Study sites from 2020 to 2021 field campaigns. Sample regions are abbreviated: Alaska (AK), Switzerland (SA), Kyrgyzstan (K) and Ecuador (E). Map data:

Natural Earth.

2. Materials and Methods
2.1. Study Sites, Sample Collection and Processing

Samples were collected from glacier outflow streams (n = 10) across Southeast Alaska (USA), Switzerland,
Kyrgyzstan, and Ecuador (Table S1 and Figure 1), as part of a global sampling campaign (Vanishing Glacier
Project; Holt et al., 2024). Besides Ecuador, samples were taken between late-July and early September during the
height of the northern hemisphere glacier melt season (Table S1). Ecuadorian samples were taken in February
2020 since proximity to the equator results in year-round ablation and thus relatively constant discharge
(Table S1; Rabatel et al., 2013). In each region, sampling lasted a period of days to weeks and each glacier was
sampled once (Table S1). Therefore, DBC, DOC and DOM composition reflected that of the sampling period and
does not assess temporal gradients in source that may exist at each site.

At each site, samples were collected and immediately filtered into pre-rinsed (three times with filtrate) and acid-
washed (10% HCI v/v) polycarbonate bottles or acid-washed and combusted (5h, 550°C) amber glass vials.
Samples for DOC analysis were filtered to 0.7 pm using ashed (5 hr, 450°C) GF/F filters. Samples for DBC were
filtered using trace metal grade Geotech Polyethersulfone dispos-a-filter™ capsules (0.45 pm). FT-ICR MS and
DOC carbon isotope samples were also filtered to 0.45 pm in all sites except Ecuador, where samples were filtered
to 0.7 pm. All samples were acidified (pH 2, 10 M HCl) and stored frozen (—20°C) in the dark until subsequent
preparation and analysis. Milli-Q water was taken to field sites and treated following the same sampling, pro-
cessing, and storage protocols as the samples. Field blanks showed no evidence of contamination, as confirmed by
DOC concentration and molecular-level analyses.

Samples for DBC and FT-ICR MS analyses were solid phase extracted (SPE). Briefly, Bond Elut PPL cartridges
were conditioned sequentially with high performance liquid chromatography (HPLC) grade MeOH, Milli-Q,
MeOH and pH 2 Milli-Q (10 M HCI). Subsequently, to isolate DOC for DBC and FT-ICR MS analyses 6—15 and
1 L of acidified filtrate were extracted onto 1 g (6 mL) and 100 mg (3 mL) PPL cartridges, respectively (Dittmar
et al., 2008). Following extraction, PPL cartridges were rinsed with two cartridge volumes of pH 2 Milli-Q (10 M
HCl), dried with a flow of ultrahigh purity nitrogen gas (Dittmar et al., 2008), and stored frozen (—20°C) in the
dark until analysis.

2.2. Dissolved Organic Carbon Quantification and Carbon Isotopic Analysis

For Alaskan, Ecuadorian, and Swiss samples, DOC concentrations were measured on a Shimadzu TOC-L cppcpn
analyzer following standard methods (Stubbins & Dittmar, 2012). Samples from Kyrgyzstan were measured on a
GE Sievers M9 TOC analyzer (Boix Canadell et al., 2021). Concentrations were calculated based on replicate
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measurements, with a coefficient of variance <2%. Streams were analyzed for stable and radiogenic carbon
isotopes of DOC (i.e., 8'*C-DOC and A'*C-DOC). In brief, DOC was UV-oxidized and evolved CO, purified,
trapped cryogenically, and analyzed for A'*C at the National Ocean Sciences Accelerator Mass Spectrometry
Facility at Woods Hole Oceanographic Institution, USA (Xu et al., 2021). A split of CO, was measured for 8'>C-
DOC on a stable isotope ratio mass spectrometer (IRMS; Xu et al., 2021). Estimated relative contributions of
DOC from fossil fuels versus contemporary OC sources were calculated using the following isotopic mass-
balance equation:

A14Csumplc = A14Cbio X fbio + Al4Cfossil X (l - fbio) (1)

where A]“Cmmple represents the measured isotopic signature of the sample, A'*C,,,, is assumed to be between 10
and 105%o based previous published data for C3 and C4 vegetation and A'*C.; is —1,000%0 (Budhavant
et al., 2023). The range of isotopic values for A'*C,;, was used to allow for variability in A'*C of contemporary
sources due to the decay of 'C since the bomb-spike.

2.3. Dissolved Black Carbon Quantification and Stable Carbon Isotopic Analysis

Glacier streamwater DBC concentrations were quantified, and stable isotopic signatures assessed, using the
benzenepolycarboxylic acid (BPCA) method (Wagner et al., 2017). Briefly, dry 1 g PPL cartridges were eluted
with MeOH. Eluate volumes equating to 0.5 mgC were placed into ashed (5 hr, 550°C) 2 mL glass ampules and
MeOH evaporated to dryness. Concentrated HNO; (0.5 mL; 15.8 N) was added to each ampule, and subsequently
flame-sealed and heated (6 hr, 160°C) to oxidize condensed aromatic DOM to BPCAs. After oxidation, ampules
were opened, the reaction mixture evaporated to dryness (60°C, under flow of nitrogen gas) and BPCA-containing
residues re-dissolved in dilute H;PO, (0.6 M) for subsequent quantitative analyses (Wagner et al., 2017).

Using HPLC (Thermo Fisher UltiMate 3,000 equipped with a diode array detector), individual BPCAs were
distinguished based on retention time, and concentration quantified based on calibration curves for commercially
available standards (TCI America; Wagner et al., 2017). Benzenepentacarboxylic acid (BSCA) and benzene-
hexacarboxylic acid (B6CA) were separated on an Agilent Poroshell 120 phenyl-hexyl column (4.6 X 150 mm,
2.7 pm) using an aqueous gradient of H;PO, (0.6 M; pH 1) and Na;PO, (20 mM; pH 6) buffer (Wagner
etal., 2017). Sample DBC concentrations were calculated using the established power relationship between DBC
(UM-C) and the sum of B6CA and B5CA (nm-BPCA; n = 352, R* = 0.998, p-value < 0.0001; Stubbins
et al., 2015):

[DBC] =0.0891 X ([B6CA + B5CA])*'7 .

Here, both raw BPCA quantities and estimated DBC concentrations were reported to facilitate comparison be-
tween studies.

Compound-specific 8'°C values for individual BPCAs were measured using a Dionex Ultimate 3000 HPLC
connected to a Delta V IRMS via an LC Isolink interface following methods detailed previously (Wagner
et al., 2017). Online oxidation quantitatively converts BPCAs to CO,, which is subsequently extracted from the
mobile phase for detection by IRMS. Sample BPCA-specific 8'*C values were corrected using the isotopic
composition of calibrated BSCA and B6CA standards (Wagner et al., 2017). Standard deviations applied to
corrected sample 8'°C values were propagated to account for errors associated with replicate standard and sample
BPCA measurements (Wagner et al., 2017). The BPCA-specific '*C content is expressed in 8'>C per mil (%o)
notation relative to Vienna Pee Dee Belemnite. The error associated with corrected 8'°C values was <0.4%o.

2.4. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

Dried 100 mg PPL cartridges were eluted with HPLC grade MeOH into 2 or 4 mL ashed (5h, 550°C) glass vials.
The volume of MeOH used was adjusted dependent on the DOC concentration of the sample to achieve a target
eluent concentration of 50 pg C mL™'. MeOH extracts were stored frozen (—20°C) in the dark until analysis.

The SPE extracts of DOM were analyzed with a custom-built hybrid linear ion trap FT-ICR mass spectrometer
equipped with a 21 T superconducting solenoid magnet (Hendrickson et al., 2015; Smith et al., 2018). Typical
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Table 1

Concentrations and Carbon Isotopes (5'°C and A™C) for Dissolved Organic Carbon (DOC) and Estimated Fossil Fuel
Derived Fraction of DOC, As Well As Dissolved Black Carbon (DBC) Concentration, DBC/DOC (%), and Concentrations
and Stable Carbon Isotopes for Benzenepolycarboxylic Acid (BPCA; BSCA and B6CA) Molecular Markers

Region Alaska Switzerland Kyrgyzstan Ecuador

Sample ID AK1 AK2 SA1 SA2 K1 K2 K3 El 127 E3

DOC (mg CL™") 0.3 0.4 0.3 0.5 0.2 0.4 0.3 1.1 0.6 0.3
5"3C-DOC (%o) -260 280 272 =267 =254 252 241 -205 =213 =227
A'™C-DOC (%0) —896.9 —810.1 —442.1 -5004 —495.1 -—-349.2 5104 -1145 -—-1951 -—1795
Age (yBP) 18,200 13,300 4,620 5,510 5,420 3,380 5,670 910 1,680 1,520
Fraction Fossil (%) 90-91  81-83  45-50 51-55 50-54 36-41 52-56  12-20 20-27 19-26
B5CA (ng CL™) 8.71 11.65 6.13 9.49 11.65 30.03 21.26 2.40 1.32 4.44
B6CA (ng CL™) 3.72 4.92 2.04 3.12 3.96 9.01 6.73 1.20 0.84 1.68
DBC (pgCL™) 1.10 1.44 0.74 1.12 1.37 3.16 2.33 0.36 0.22 0.59
DBC/DOC (%) 0.37 0.36 0.25 0.22 0.69 0.79 0.78 0.03 0.04 0.20
8"*C-B5CA (%o) -273 =274 =249 258 =242 =243 257 241 218 244
5"*C-B6CA (%o) —-28.8 286 254 273 =257 =266 272 =247 =232 236

conditions for negative-ion formation were: emitter voltage: —2.8 — 3.2 kV; S-lens RF level: 45%; heated metal
capillary temperature: 350°C. Time-domain transients of 3.1 s each were conditionally co-added (100 scans) with
the Predator data station prior to phase-correction (Xian et al., 2010), and internal “walking” calibration with 10—
15 abundant homologous series that spanned the molecular weight distribution (Savory et al., 2011). Peaks with
signals greater than the root mean square baseline noise plus 66 were exported to a peak list, and elemental
compositions assigned between 170 and 1,200 Da in PetroOrg®©, within the bounds C,_;¢0H4 20001 _30No4S¢_2
(error = 0.3 ppm; Corilo, 2014).

Assigned molecular formulae were classified according to their neutral elemental composition. Formulae that
contained only C, H and O were classed as CHO-only. Where heteroatoms N and/or S were assigned, the
formulae were classed as CHON, CHOS and CHONS. From elemental composition, the nominal oxidation state
of carbon (NOSC), a metric used to infer biogeochemical reactivity and biolability of a compound, and modified
aromaticity index (Al,,,q) were calculated (Koch & Dittmar, 2006, 2016; Riedel et al., 2012). Based on Al,,.4
(i.e., aromaticity), and elemental ratios (H/C and O/C) formulae were categorized into four compound classes to
infer structure: polyphenolic and condensed aromatics (Al values of 0.5-0.67 and > 0.67, respectively), highly
unsaturated and phenolic (HUP; Al 4 of <0.5 and H/C < 1.5), and aliphatic (H/C > 1.5, O/C < 0.9; includes N-
containing aliphatics). Compound classes were purely operational since specific structural configurations cannot
be derived from FT-ICR MS and elemental composition alone; thus, each formula may represent numerous
structural isomers (Koch & Dittmar, 2006). The RA of assigned formulae was calculated as the contribution of a
peak as a fraction of the total intensity of all assigned peaks in a sample scaled to 10,000.

2.5. Statistical Analysis

Principal component (PC) analysis was used to connect major bulk DOC properties and molecular-level DOM
composition to the quantities and stable isotopic signatures of DBC. This provided insight into the diversity of
DOM and DBC sources available to glaciers, as well as how DOM and DBC composition covary. The PC analysis
considered concentrations of DOC, DBC and individual measured BPCAs, together with the ratio of DBC to
DOC, carbon isotopic signatures (i.e., A'*C-DOC, §'*C-DOC, §'>C-B5CA and 8'*C-B6CA; Table 1) and RA
weighted FT-ICR MS metrics (i.e., mass, elemental ratios, NOSC, Al,,.4, heteroatom classes and compound
classes; Table 2).
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Table 2

Number of Formulae and Mean Relative Abundance (RA) Weighted Mass, Atomic Ratios, Nominal Oxidation State of Carbon (NOSC) and Modified Aromaticity Index
(Al,,.), Together With the Percent RA (%RA) of Heteroatom and Compound Classes

Region Alaska Switzerland Kyrgyzstan Ecuador

Sample ID AK1 AK2 SAl SA2 K1 K2 K3 El E2 E3
Formulae (#) 7,750 10,138 11,267 11,406 8,263 16,979 12,676 3,974 6,998 8,075
Mass (Da) 455.7 440.2 426.1 454.7 413.1 482.8 451.8 452.6 477.4 458.8
H/C 1.33 1.34 1.36 1.36 1.46 1.35 1.37 1.5 1.44 1.45
o/C 0.46 0.47 0.46 0.46 0.4 0.47 0.45 0.42 0.43 0.41
NOSC —0.35 —0.36 —0.38 —0.38 —0.51 —0.33 —0.39 —0.62 —0.51 —0.56
Al g 0.2 0.2 0.19 0.18 0.15 0.18 0.18 0.12 0.14 0.14
CHO (%RA) 74.7 76.5 70.7 69.1 479 60 68.6 67.9 42.6 58.8
CHON (%RA) 242 21.1 18.2 222 46.7 313 25.2 9.5 10.5 15.6
CHOS (%RA) 1.1 2.4 10.1 79 4.5 6.9 5.8 21.4 44.8 22.8
CHONS (%RA) 0 0 1.1 0.8 0.9 1.8 0.4 1.1 2.1 2.8
Highly unsaturated and phenolic (%RA) 68.6 65.5 67.5 68.2 489 70.6 60.6 39.7 52.5 50.2
Aliphatic (%RA) 26.9 29.8 29.6 29.3 49.3 26.9 35.4 58.4 45.0 47.9
Polyphenolics (%RA) 3.8 39 2.3 2.0 1.4 2.0 3.1 1.7 2.0 1.6
Condensed Aromatics (%RA) 0.8 0.8 0.5 0.3 0.4 0.4 0.9 0.1 0.1 0.1

3. Results and Discussion

3.1. Bulk Dissolved Organic Carbon Quantities and Carbon Isotopic Signatures

Glacier outflow DOC concentrations ranged between 0.2 and 1.1 mg C L™" (median 0.4 mg C L™'; Table I;
Figure 2a), consistent with reported concentrations for glacier ecosystems globally (0.1-3.4 mg C L™'; Hood
et al., 2015; Holt et al., 2024). Besides sample E1, which had the highest measured DOC concentration of all
regions, DOC had a narrow range of concentrations (0.2—0.6 mg C L™'; Table 1; Figure 2a). Median 8'*C-DOC
and A"*C-DOC were —25.3%o0 and —468.6%o, respectively (Table 1; Figures 2b and 2c). Globally, outflow DOC
has previously been shown to be variably aged (A'*C-DOC -896.9 to —108%0) with 8'*C-DOC signatures
ranging from —30 to —20.5%0 (Andrews et al., 2018; Csank et al., 2019; Holding et al., 2017; Holt et al., 2024,
Hood et al., 2009). Our study covered a similar range in carbon isotopic signatures (8'*C-DOC -28.0 to —20.5%o
and A'*C-DOC -896.9 to —114.5%o; Table 1 and Figures 2b and 2c). There was overlap in '*C-DOC and A'*C-
DOC signatures between sites in different regions, with the Alaskan and Ecuadorian glaciers forming the lower
(i.e., *C and "C depleted) and upper (i.e., °C and "“C enriched) extremes of the ranges, respectively (Table 1;

Figures 2b and 2c).
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Figure 2. (a) Dissolved organic carbon (DOC) concentration and (b, ¢) bulk carbon isotope data (8"*C-DOC and A'*C-DOC).
Boxplots show the minimum, maximum and median values as well as the interquartile range. Where n = 2 the solid black line
indicates the median. Individual data points are plotted on top of boxplots. Sample regions are abbreviated: Alaska (AK),
Switzerland (SA), Kyrgyzstan (K) and Ecuador (E).
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Figure 3. (a) Dissolved black carbon (DBC) concentration, (b) percentage of dissolved organic carbon (DOC) that is DBC,
and (¢) 8'3C of benzenepentacarboxylic (BSCA) and hexacarboxylic (B6CA) acid (i.e., 813C-BPCA signature). Boxplots
show the minimum, maximum and median values as well as the interquartile range. Where n = 2 the solid black line indicates
the median. Individual data points are plotted on top of boxplots. Sample regions are abbreviated: Alaska (AK), Switzerland
(SA), Kyrgyzstan (K) and Ecuador (E).

3.2. Dissolved Black Carbon Quantities and Stable Carbon Isotopic Signatures

The concentrations of DBC molecular markers, BSCA and B6CA, were variable across glacier outflows, with
consistently higher concentrations of BSCA than B6CA (median 9.13 + 8.9 and 3.42 + 2.6 ng C L™, respec-
tively; Table 1). Estimated DBC concentrations ranged from 0.22 to 3.16 pg C L™' (E2 and K2, respectively;
median 1.11 pg C L™"; Table 1 and Figure 3a). The proportion of DOC which was DBC ranged from 0.03% to
0.79% (median 0.31% of DOC; Table 1 and Figure 3b). Glacier outflow DBC constitutes a substantially lower
proportion of DOC than in non-glacier rivers (2.5%—-12.2% of DOC) since glaciers receive DBC solely from
atmospheric deposition, whereas DBC in non-glacier rivers is largely derived from catchment sources, such as
leaching of BC from burnt biomass and soil OM (Jafté et al., 2013; Wagner et al., 2018). Concentrations of DBC
were below those reported for non-glacial rivers (18-1,700 ug C L™!; Jaffé et al., 2013), and at the lower end of
the range observed in glacier ecosystems, including the surface (e.g., supraglacial snow, melt streams and ponds)
and proglacial lakes and rivers (0.53-177 pg C L™"; 0.001%-3.7% of DOC; Ding et al., 2015; Khan et al., 2017).
Here, glacier DBC concentrations and relative contributions of DBC to the DOC pool were more comparable to
those observed in the open ocean (1-19 pg C L™" and 0.1%—4.7% of DOC, respectively; Wagner et al., 2018),
where atmospheric deposition is also likely an important BC source (Wagner et al., 2019).

The compound-specific stable carbon isotopic signatures of DBC in glacier outflows showed that 5'*C-B5CA and
8'>C-B6CA (median —24.7 and —26.2%. respectively) were similar to 8'*C-DOC (—=25.3%o; Table 1, Figures 2b
and 3c). Similar to '*C-DOC and A'*C-DOC, there was a substantial range in 8'*C-B5CA and §'>C-B6CA
(—29.1 to —21.8%0 and —29.5 to —23.2%o, respectively) with some overlap in isotopic signatures between re-
gions (Figure 3c). Glacier outflow 8'*C-BPCA signatures spanned the range observed for the open ocean and
were typically more '*C-enriched than that seen in non-glacial rivers (Wagner et al., 2017, 2019). The substantial
range across the studied regions in glacier 8'*C-BPCAs values, as well as the broad age and carbon isotopic
signatures of DOC, suggests that atmospheric deposition and the contributions of OC and BC derived from fossil
fuel sources likely vary across glacier outflows.

3.3. Molecular-Level Dissolved Organic Matter Composition

Across the data set, between 3,974 and 16,979 mass peaks were assigned formulae (median 9,201; Table 2) in
mass spectra derived from negative-ion electrospray ionization 21 T FT-ICR MS. The median RA weighted
mean mass of the assigned formulae was 453.7 + 21.0, which varied moderately between glacier outflows and
glacierized regions. The RA weighted mean NOSC, and elemental ratios of H/C and O/C were variable across
studied regions, ranging from —0.62 to —0.33, 1.33 to 1.50, and 0.40 to 0.47, respectively (Table 2). Typically,
across the glacier regions studied here, the majority of the RA of assigned formulae contain only C, H and O
(i.e., CHO-only compound; median 68.3% RA, range 42.6%-76.5% RA; Table 2), as expected for glacier and
riverine DOM (Kellerman et al., 2021). Nevertheless, heteroatom classes, CHON and CHOS, made up a
sizable, yet variable, fraction of DOM composition across the study regions (median CHON 21.7% + 10.8%
RA and CHOS 7.4% + 13.4% RA; Table 2), consistent with past studies that have shown glacier DOM is
enriched in heteroatom containing formulae compared to riverine DOM (Holt, Fellman, et al., 2021, 2024;
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a. 20 b. Kellerman et al., 2021). In all glacier outflows, CHONS formulae made up
801 . | <3% of RA. Overall, molecular-level DOM composition was dominated by
— 70+ g -o = 601 HUP and aliphatic compounds (median 63.1% and 32.6% RA, respectively;
g X . . . .
$ 60+ < 50 é Table 2 and Figure 4), which supports previous molecular-level studies
o 50 kS 40 showing that glacier DOM is enriched in aliphatic compounds compared to
i o |
2 @ 2 non-glacial rivers (e.g., Holt, Fellman, et al., 2021; Kellerman et al., 2021;
401 < 304 —'— —O- Lawson et al., 2014; Singer et al., 2012). The median percent RA of
30 20 olyphenolic (2% + 0.9% RA) and condensed aromatic (0.4% + 0.3% RA)
T T T T T T T T p yp
c. =z d. formulae was low, yet variable between sites, where the RA of poly-
= g gi 1.004 phenolics ranged from 1.4% to 3.9% and condensed aromatics from 0.1% to
2\5 3. 2 ] @ 0.9% (Table 2 and Figure 4). Typically, glacier river DOM is low in
S £ aromaticity, and thus exhibits a low RA of condensed aromatic and poly-
e 24 8_ * <%0.50— @) phenolic compounds compared to non-glacier rivers (Kellerman
-g n 2 o) et al., 2021). These observations are consistent with the low quantities of
] g ]
—3 S DBC found in glacier environments (Table 2; Ding et al., 2015; Jaffé
& 04 g0.00— et al., 2013; Khan et al., 2017). Despite underlying similarities in molecular-
AK  SA K E © AK  SA K E level DOM composition of glacier outflows, there was large variability in

FT-ICR MS metrics across sites, particularly in the percent RA of HUP

Figure 4. The percent relative abundance (%RA) of (a) highly unsaturated (39 70, 70 6, RA), aliphatic (26.9%-58.4% RA) and heteroatom containing
and phenolic (HUP), (b) aliphatic (includes N-containing aliphatics), ’

(c) polyphenolic and (d) condensed aromatic formulae across study regions

compounds (Table 2 and Figure 4), reflecting a global gradient in DOM

as determined by 21 T Fourier ion cyclotron resonance mass spectrometry composition (Holt et al., 2024). Overall, this variability in molecular-level
(FT-ICR MS). Boxplots show the minimum, maximum and median values DOM properties, together with carbon isotopic signature of DOC and
as well as the interquartile range. Where n = 2 the solid black line indicates DBC, demonstrated that DOM quality and source varied across glacier

the median. Individual data points are plotted on top of boxplots. Sample
regions are abbreviated: Alaska (AK), Switzerland (SA), Kyrgyzstan
(K) and Ecuador (E).

outflows, suggesting that the biogeochemical role of glacier DOM is
spatially variable (Holt et al., 2024).

3.4. Spatial Variability in Dissolved Organic Matter and Black Carbon Source: Implications for Glacier
Carbon Cycling

Across glacier regions, the age of streamwater DOC (i.e., A"*C-DOC) was significantly correlated with §'3C-
DOC, §'3C-B5CA and 613C-B6CA, as well as condensed aromatic % RA as determined by FT-ICR MS
(Figure 5). Enrichment in 4C.DOC was correlated with '*C enrichment in bulk DOC, B5CA, and B6CA
(R* = 0.57, 0.68 and 0.79 respectively, and p-values <0.01; Figures 5a and 5b), which indicated that younger
DOC was associated with isotopically enriched OC and BC sources, such as material from C4 plants and/or
microbial biomass. Concomitantly, AYC values of streamwater DOC were significantly negatively correlated to
the % RA of condensed aromatic compounds (R = 0.69 and p-value < 0.01; Figure 5c), meaning that older glacial
DOC had a greater proportion of highly aromatic and perhaps soot-like molecular formulae. To comprehensively
assess this covariance in A'*C-DOC with DOC and DBC stable carbon isotopes, and molecular-level DOM
properties (Figure 5), a PC analysis was conducted that included quantities and isotopic signatures of DOC and
DBC, together with molecular-level DOM compositional metrics (Figure 6a). PC1 explained 61.3% of the
variability in the data set and was strongly positively correlated with FT-ICR MS metrics related to aromaticity
(e.g., Al ,q and NOSC) and % RA of condensed aromatic compounds. PC1 was strongly negatively associated
with high H/C ratios and % RA of aliphatic and CHOS compounds, together with '*C-DOC, *C-DOC, "*C-
BPCA enrichment (Figure 6a), suggesting that younger DOC was derived from '*C- and aliphatic-enriched
sources. Furthermore, significant positive correlations between 8'*C-DOC and 8'*C-BPCA (R* = 0.45 and
0.49 for BSCA and B6CA, respectively, and p-values < 0.05) suggest isotopically similar sources for DOC and
DBC, which is consistent with a component of glacier outflow DOM being of atmospheric origin (e.g., Stubbins,
Hood, et al., 2012). Ecuadorian and Alaskan outflows occupied the negative and positive extremes of PCl,
respectively (Figure 6b). Glacier outflows in Switzerland and Kyrgyzstan were typically positioned at positive
values of PC1, closer and thus compositionally more aligned with Alaskan samples compared to outflows in
Ecuador (Figure 6b). This gradient between molecular and isotopic composition indicates that atmospheric
deposition and source partly controls glacier outflow DOM composition, and likely exists due to the spatially
heterogenous nature of emissions and BC sources across the planet (Holt et al., 2024; Sato et al., 2003).
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Figure 5. Relationship between A'*C-DOC and (a) 8'*C-DOC (b) 8'*C-
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PC2 explained 16.2% of the variability in the data set and was primarily
driven by the BSCA, DBC concentration as well as % RA of CHON (Table 2
and Figure 6a). Outflow samples in Kyrgyzstan accounted for a substantial
portion of variability in PC2 since they exhibited CHON enrichment in
comparison to other regions and one outflow sample (K2) had a far greater
concentration of BSCA and thus DBC (30.03 and 3.16 ug C L™, respectively)
compared to the median (9.13 and 1.11 pg C L™, respectively; Table 1,
Figure 6). The variability along PC2 may be related to residence time of DOM
on the glacier surface influencing the degree of bio- and photodegradation,
processes shown to influence the heteroatom content of the DOM pool
(Antony et al., 2018; Holt, Kellerman, et al., 2021), and also intrinsic dif-
ferences in OM quality related to source material, degree of charring, and
solubility (Wagner et al., 2018).

The gradient in glacier outflow molecular-level and carbon isotopic signa-
tures is likely partly driven by the source and quality of atmospheric
deposition (Figures 5 and 6). In particular, the concomitant decrease in
8'*C-DOC, 8'*C-DBC, and A'*C-DOC values is consistent with a pre-
dominance of deposition from radiocarbon-dead fossil fuel combustion
byproducts, while enrichment in *C and '*C is consistent with a greater
proportion of contemporary OC sources (e.g., OC and BC from vegetation
fires and biofuels, or OC from in situ production). This is in agreement with
studies showing that Ecuadorian glaciers receive OM from biogenic and
biomass burning emissions from Amazon rainforest and associated ecotones
(Ginot et al., 2002), whilst catchments in southeast Alaska have been
highlighted as likely receiving anthropogenic deposition from local sources
and from East Asia (including fossil fuel derived BC; Fellman, Hood,
Raymond, Stubbins, & Spencer, 2015; Nagorski et al., 2019; Stubbins,
Hood, et al., 2012; Yu et al., 2012). The 8'C signatures of B5CA, B6CA,
and DOC from modern C3 plant chars have been shown to be on average
—26.9, —27.2 and —26.7%o respectively (Kohn, 2010; Wagner et al., 2017;
Yarnes et al., 2011). As expected, 8'3C-B5CA and 86'3C-B6CA of modern
C4 chars (—13.8 and —13.7%o, respectively) have more '*C-enriched sig-
natures than C3 chars since their parent material is '*C-enriched (—14 to
—10%0 compared to —37 to —20%o respectively; Cerling et al., 1997;
Kohn, 2010; Vaezzadeh et al., 2021; Yarnes et al., 2011). Therefore, the
variability in 8'3C values across the data set, particularly of younger and
3C-enriched outflows (e.g., in Ecuador, or between sites in Switzerland and
Kyrgyzstan), could in part be explained by a changing dominance and
source of emissions from C3 to C4 vegetation. Post-depositional photo-
degradation of OC can result in an aliphatic-rich signature of glacier DOM
and enriched 8'*C-DOC values (Holt, Kellerman, et al., 2021; Spencer
et al., 2009). Thus, photodegraded plant material and combustion byprod-
ucts (i.e., photodegraded C3, C4 or C3/C4 mix) could explain the range in
stable carbon isotopic composition seen across these glacier outflows, as
well as the exceptionally aliphatic-rich composition seen in '*C enriched
sites. Although significant correlations between bulk DOC and DBC spe-
cific markers suggest that a fraction of glacier DOC is from atmospheric
deposition (Figures 5 and 6), it is likely that a component of modern DOC
and aliphatic-rich DOM is derived from contemporary microbial production,
as suggested previously (Holt et al., 2024; Lawson et al., 2014; Musilova
et al., 2017). Positive correlations between A*C-DOC and §'3C values
suggest that a modern microbial source would likely have 13C-enriched
DOC signatures, and be more prominent in glacier environments (e.g.,
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oils have been shown to be on average —28.0, —28.7 and —27.8%o, respec-
tively (Goranov et al., 2021). Thus, fossil fuel combustion byproducts may

° explain the relatively old and '*C-depleted isotopic signatures across these
cHo glacier environments, with the most pronounced fossil fuel-derived deposi-
tion on southeast Alaskan glaciers (Figures 5 and 6). Based on a simple

carbon isotopic mixing (Equation 1) of radiocarbon-dead and modern mate-
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rial (A"C: 10-105%o0), across these glacierized regions, a significant but

PC1(61.3 %) variable fraction of DOC, 12%-91% (median 50%), may be derived from

T fossil fuel combustion byproducts (Table 1). Together these data highlight
° regional variability in the role that fossil fuel combustion byproducts play in
K2 driving DOM composition in glacier ecosystems, demonstrating the impor-
tance of atmospherically deposited DOM and its source as a driver of glacier
K3 DOM composition and age.

o

The export of ancient glacier DOC is likely to have distinct ramifications for
carbon cycling due to the liberation and incorporation of aged carbon in
downstream food webs (Arimitsu et al., 2018; Fellman, Hood, Raymond,
SA2 Hudson, et al., 2015; Hagvar & Ohlson, 2013; Hood et al., 2009). Our
findings show that the ancient, likely fossil fuel-derived, component of DOC
exists across a wide range of glacierized regions. This is direct evidence that
AK1 anthropogenic deposition has impacted glacier carbon cycling on a global

Figure 6. (a, b) Principal component (PC) analysis for glacier outflow
samples. PC analysis considered relative abundance (RA) weighted FT-ICR

-5.0

== Alaska
Switzerland == Ecyador

25

5 T scale, and broadly acts as a carbon input to Earth's ecosystems, as proposed
0.0 3 50 previously (e.g., Bauters et al., 2018; Budhavant et al., 2023; Fellman

PC1(61.3 %) etal., 2015; Holt, Kellerman, et al., 2021, 2024; Li et al., 2016; Spencer, Guo,

Kyrgyzstan et al., 2014, Spencer, Vermilyea et al., 2014; Stubbins, Hood, et al., 2012;
Xenopolous et al., 2021). However, the extent that anthropogenic deposition
drives glacier DOM composition clearly varies in space, and potentially in
time. In relatively heavily fossil fuel impacted sites (e.g., in southeast Alaska),

MS metrics, dissolved organic carbon (DOC), dissolved black carbon (DBC) there is likely to be significant liberation of fossil fuel DOC. However, in
and molecular marker (BSCA and B6CA) concentrations, together with glaciers like those studied here in Ecuador, the fossil fuel component of DOC
carbon isotopic signatures (A'*C-DOC, §'*C-DOC, §'*C-B5CA and §'*C- is far smaller and glacier carbon cycling is predominantly driven by modern
B6CA). Modified aromaticity index and nominal oxidation state of carbon OC from the deposition of biomass burning-derived material and OM from in

are abbreviated to Al 4 and NOSC, respectively.

situ production. Glacier DOM is generally known to be highly biolabile
compared to non-glacial watersheds underlain by contemporary soils, sup-
ported here by the high RA of aliphatic compounds in glacier outflows (Table 1; D'Andrilli et al., 2015; Hood
et al., 2009). However, across these glacier outflows with “c.pocC enrichment, there was an increased aliphatic
content of DOM, which may increase the availability of biolabile compounds to aquatic microbial communities
(D'Andrilli et al., 2015; Textor et al., 2019) and thus impact carbon cycling in receiving downstream or marine
ecosystems. Since these changes in aliphatic content appear to have been in part linked to the origin of atmo-
spherically deposited DOM, the source of atmospheric deposition to glacier surfaces, and generally Earth's
ecosystems, may not only impact the age of carbon subsidy but also its lability and fate.

Appendix A: Vanishing Glaciers Field Team

Patricio Andinos, Veroénica Crespo-PéreZS, Moldobekov Boltg, Ryskul Usubalievg, Martina Sch6n7, Vincent De
Staercke’, Michail Styllas’ and Matteo Tolosano’. "River Ecosystems Laboratory, Ecole Polytechnique Fédérale
de Lausanne, Lausanne, Switzerland. 8Laboratorio de Limnologia, Museo de Zoologia QCAZ I, Escuela de
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