
1.  Introduction
Glaciers export ancient, bioavailable dissolved organic carbon (DOC) to downstream ecosystems (DOC age 
750–10,800 years, Bhatia et al., 2013; Fellman, Hood, Raymond, Hudson, et al., 2015; Hood et al., 2009; Law-
son, Bhatia, et al., 2014; Lawson, Wadham, et al., 2014; Singer et al., 2012; Spencer, Guo, et al., 2014; Stubbins, 
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Plain Language Summary  Several organic matter (OM) sources have been suggested to contribute 
to the dissolved organic matter (DOM) composition found in glacier runoff. Often, these sources are aged 
and aromatic at their origin (e.g., soil and fossil fuel combustion byproducts). Although glacier DOM is old, 
its composition is aliphatic-rich. Therefore, DOM leached from the proposed sources does not have the same 
composition as glacier DOM. Given the intense light that DOM is exposed to during atmospheric transport 
and on glacier surfaces, we suggest that photodegradation could explain the compositional disconnect. We 
explore this mechanism through a series of laboratory light exposure experiments, where OM sources (e.g., soil 
and diesel particulate matter) are leached in ultrapure water and their molecular composition assessed before 
and after light exposure using ultrahigh-resolution analytical techniques. We compare laboratory-generated 
leachates before and after light exposure to field-collected glacier samples, to determine if observed glacier 
DOM composition can be created through photodegradation. Initially leachates were dissimilar to glacier 
DOM composition (i.e., relatively aromatic enriched compared to glacier samples). After photodegradation 
DOM leachates had a similar molecular fingerprint as glacier DOM. Our results suggest that photochemical 
degradation of aged, aromatic OM could explain the composition of DOM in glacier runoff.
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Hood, et al., 2012). The composition of glacier dissolved organic matter (DOM) underpins this high DOC bio-
availability, due to the high relative abundance (RA) of aliphatic and peptide-like molecular formulae (Antony 
et al., 2017; Hemingway et al., 2019; Lawson, Bhatia, et al., 2014; Stubbins, Hood, et al., 2012). Given the high 
bioavailability of glacier DOC and that glaciers and ice sheets store an estimated 6 Pg of organic carbon global-
ly, with an annual DOC flux of 1.04 ± 0.18 Tg C yr−1 to the ocean (Hood et al., 2015), understanding the main 
sources and cycling of DOM exported from glacier ecosystems has implications for the atmospheric CO2 pool.

A range of sources have been proposed to explain the composition, age and bioavailability of glacier DOM. To 
date, no source explains all attributes of glacier DOM, particularly why the bioavailability of glacier DOC in-
creases with radiocarbon (14C) age (Singer et al., 2012; Spencer, Guo, et al., 2014; Stubbins, Hood, et al., 2012), 
resulting in a disconnect between the documented sources and the DOM composition found in supra- and sub-
glacial runoff. Proposed organic matter (OM) sources include autochthonous microbial production on or beneath 
the glacier, which generates bioavailable DOM (i.e., aliphatic and peptide-like compounds, Antony et al., 2014; 
Musilova et al., 2017; Smith et al., 2017; Wadham et al., 2004). Hence, autotrophy could explain the composition 
and bioavailability of glacial DOM (Bhatia et al., 2010; Lawson, Bhatia, et al., 2014; Musilova et al., 2017; Zhou, 
Zhou, Hu, et al., 2019); yet it remains unclear how this freshly produced DOC can be highly 14C deplete, par-
ticularly when dissolved inorganic carbon has been shown to be comparatively contemporary in supraglacial and 
subglacial runoff of the Greenland Ice Sheet (Andrews et al., 2018). Microbial metabolism of subglacial palaeo 
OM (i.e., soils and vegetation overridden during ice advance) may also provide ancient bioavailable DOM com-
pounds to glacier outflows. However, little is known about the metabolic potential beneath glaciers and ice sheets 
(Stibal, Hasan, et al., 2012), including the reactivity of the substrate and the capacity of subglacial microbes to 
utilize this OM.

Allochthonous sources of OM to glacier surfaces include aeolian deposition of locally sourced soil and vascular 
plant-derived OM (Barker et al., 2009; Bhatia et al., 2010; Hood et al., 2009; Singer et al., 2012), and distantly 
sourced aerosols, including organic products from biogenic and fossil fuel combustion (Fellman, Hood, Ray-
mond, Stubbins, & Spencer, 2015; Li et al., 2018; Price et al., 2009; Spencer, Guo, et al., 2014; Spencer, Vermily-
ea, et al., 2014; Stubbins, Hood, et al., 2012). These sources vary in their apparent 14C age, for example fossil fuel 
carbon is 14C dead, whereas recently deglaciated soil OM has been shown to be thousands of years old (Bardgett 
et al., 2007). These sources could explain the age of glacial DOC (Singer et al., 2012; Spencer, Guo, et al., 2014; 
Stubbins, Hood, et al., 2012). However, at their point of origin, proposed allochthonous OM sources have high 
aromaticity (Chen & Jaffé, 2014; Fellman et  al., 2013; Hansen et  al., 2016; Li et  al., 2018; Masiello, 2004). 
Therefore, it remains to be determined how these sources when deposited on the glacier surface contribute to the 
highly bioavailable, aliphatic-rich DOM widely observed in glacier runoff.

Photochemical transformations are known to breakdown aromatic DOM, such as condensed aromatics and lignin 
phenols (Spencer et al., 2009; Stubbins et al., 2010), in the atmosphere and in aquatic environments (Bertils-
son & Tranvik, 2000; Gonsior et  al., 2009; Laurion & Mladenov, 2013; Stubbins & Dittmar, 2015; Stubbins 
et al., 2008). The role of photochemistry in altering the composition of OM in glacier ecosystems (including 
in aqueous solution and solid ice phase) has received recent research attention, particularly with regard to the 
persistence, storage and release of organic anthropogenic pollutants from glaciers (e.g., Ferrario et  al., 2017; 
Franzetti et al., 2016; Grannas et al., 2004, 2007, 2013; Herbert et al., 2006; Kahan & Donaldson, 2007; Klán 
et al., 2003; Ram & Anastasio, 2009). Despite this research, photochemistry has not been directly linked to the 
aged, aliphatic signature of DOM in glacier runoff, having just been considered during in situ incubations and 
snowpack analysis (e.g., Antony et al., 2014, 2018). In both these assessments, allochthonous DOM sources have 
likely already been modified from their composition at the point of origin, first during atmospheric transport and 
then post-deposition on the glacier surface (George et al., 2015; Singer et al., 2012). Without considering the 
compositional transformations that allochthonous OM sources undergo during atmospheric transport and within 
glacier ecosystems, there may be misassignment of the sources of OM that explains the molecular signature of 
glacier DOM. Thus, evaluating the potential photochemical transformations that allochthonous OM sources may 
undergo, both during atmospheric transport and within glacier ecosystems, could help to identify the sources of 
OM responsible for the unique, ancient aliphatic-rich molecular signature of DOM in glacier runoff.

In this study, we examined how photochemical degradation alters the composition of DOM from six postulated 
allochthonous endmember sources of OM to supraglacial environments. Our aim was purely to determine if 
simulated photodegradation of allochthonous OM sources can reproduce the molecular signature of DOM in 
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supra- and subglacial runoff (from herein collectively termed glacier runoff). We did not attempt to assess rates 
of photodegradation or determine the site or phase of this processes in the environment. Ultrahigh-resolution 
electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) was used to 
analyze the shifts in molecular level composition of DOM pre- and post-irradiation. The DOM composition of 
endmembers pre- and post-irradiation were compared to supraglacial and bulk runoff samples from the Green-
land Ice Sheet and Juneau Icefield (Alaska), respectively. We hypothesized that simulated photodegradation can 
transform the DOM chemistries of a diverse suite of allochthonous, aromatic-rich laboratory-generated endmem-
ber leachates towards the aliphatic-rich chemistry of DOM found in glacier runoff.

2.  Materials and Methods
2.1.  Endmember Source and Sample Collection

Six endmembers were chosen to reflect the range of allochthonous OM sources postulated to contribute to glacier 
surface DOM (Singer et al., 2012; Spencer, Guo, et al., 2014; Stibal, Šabacká, & Žárský, 2012; Stubbins, Hood, 
et al., 2012). Two charcoal samples, rice and wood char (RC and WC, respectively) were selected as sources of 
burnt biomass (sourced from the University of Zurich, Switzerland), with details of formation and characteri-
zation in Hammes et al. (2006). Two anthropogenic endmembers were chosen, urban dust (UD) and diesel par-
ticulate matter (DPM; 14C dead). Both are standard reference materials from the National Institute of Standards 
and Technology, USA (1694b and 2975, respectively). Lastly, two local endmember sources to glacier surfaces, 
proglacial vegetated and recently deglaciated (barren) soil (VS and DGS, respectively), from the Mendenhall 
Glacier catchment, southeast Alaska (58.43°N, 134.55°W) were collected.

For comparison purposes, glacier DOM was sampled as bulk runoff at the outflow of Mendenhall and Herbert 
Glaciers (58.44°N, 134.54°W; 58.54°N, 134.68°W, respectively), southeast Alaska and as supraglacial runoff 
(two samples: pooled meltwater and a supraglacial stream) from Russell Glacier, southwest Greenland Ice Sheet 
(67.14°N, 49.93°W). All glacial samples were filtered immediately at the field sites through 0.7 μm precombust-
ed (450°C, 5 hr) GF/F filters and stored in prerinsed, acid-washed (10% HCl v/v for 48 hr) polycarbonate bottles. 
All solid endmembers and glacial samples were kept frozen at −20°C, in the dark, until further processing.

2.2.  Formation of Leachates

Solid endmembers were thawed in the dark at 20°C. Soil samples were dried at 50°C for 48 hr. Each dried solid 
endmember (0.2  g organic carbon) was weighed directly into a pre-rinsed (three times with ultrapure water; 
UPW), precombusted (550°C), acid-washed (10% HCl v/v for 48 hr) conical flask and 200 mL of UPW added. 
The mixture was capped, placed on a shaker table, and agitated for 72 hr at 20°C, in the dark. Subsequently, each 
mixture was filtered through a 0.22 μm SterivexTM filter into a pre-rinsed, acid-washed (10% HCl v/v for 48 hr) 
opaque Nalgene® bottle and frozen (− 20°C) until further processing.

2.3.  Full-Spectrum Photochemical Irradiation Experiments

The leachates were thawed, mixed and 100 mL of each leachate transferred into 100 mL acid washed (10% HCl 
v/v 48 hr) and precombusted (550°C, 5 hr) quartz round bottom flasks. The DGS leachate was diluted with UPW 
(1:9 v/v) prior to sample irradiation to reduce self-shading effects during the experiment. Samples were stop-
pered, placed inside a solar simulator (Atlas Suntest XLS+), and irradiated for 28 days. The Suntest was equipped 
with a 1.5 kW xenon lamp and a daylight filter, resulting in simulated sunlight with intensity and spectral quality 
like that of natural sunlight and specifically designed to match that of CIE 85 reference global solar radiation 
(CIE, 1989).

2.4.  DOC and CDOM Analyses

For each leachate, chromophoric DOM (CDOM) data were collected on days 0, 2, 4, 7, 10, and 28 during the 
irradiation experiment. Absorbance spectra (200–800 nm) were collected using a Horiba Aqualog-UV-800-C 
spectrophotometer and a quartz cuvette with a 1 cm path length. Sample spectra were corrected using UPW blank 
spectra. If the optical density (A) at 250 nm of any sample exceeded a value of 2 (dimensionless), the sample was 
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diluted with UPW and reanalyzed. Per sample, the optical density at 300 nm 
was converted to Naperian absorbance coefficients (a300; m

−1) to assess sam-
ple photobleaching (Hu et al., 2002). CDOM light absorbance at 300 nm was 
tracked throughout the irradiations to ensure all samples were extensively and 
comparatively photobleached (>90% of initial CDOM removed) and reached 
the asymptote of exponential decay (Figure  1). DOC concentrations were 
measured for all glacial samples, and endmember leachates pre- and post-ir-
radiation, using a Shimadzu TOC-LCPH high-temperature catalytic oxidation 
total organic carbon analyzer. DOC concentration was calculated with stand-
ard methodology using a six-point standard curve on the average of three 
to seven injections, with a coefficient of variance <2% (Mann et al., 2012).

2.5.  FT-ICR MS Analysis

FT-ICR MS analysis was carried out on all glacial samples and source end-
member leachates pre- and post-irradiation. All samples were acidified to pH 
2 using reagent grade HCl, then extracted via solid phase extraction, onto 
pre-cleaned 100 mg Bond Elut PPL cartridges (Agilent Technologies; Ditt-
mar et al., 2008). The volume of each sample extracted was adjusted depend-
ent on the DOC concentration of the sample, with a target DOC loading of 
40 μg C mL−1. High DOC concentration low volume samples were diluted 
before extraction, to ensure enough volume to allow distribution of DOM 
across the PPL resin. Once the sample was passed over the PPL, the cartridg-
es were rinsed twice with 0.01 M HCl, to remove any inorganics (Spencer, 
Guo, et al., 2014). Then, the columns were dried with a flow of carbon free 
nitrogen gas. DOM was eluted from each cartridge with 1 mL of HPLC-grade 
methanol into 2 mL precleaned (10% HCl v/v 48 hr) and combusted (550°C, 
5 hr) amber glass vial. Samples were refrigerated (4°C) until analysis.

The eluted samples were analyzed using electrospray ionization in negative 
mode on the 21 tesla FT-ICR MS at the National High Magnetic Field Lab-
oratory (NHMFL), Florida, USA. One hundred scans were accumulated for 
the mass spectra. Collected data were internally calibrated with a “walking” 
calibration equation (Savory et al., 2011). Molecular formulae were assigned 
to peaks with greater than six times the baseline signal to noise, using Petro-
Org software. The RA of formulae containing only carbon, hydrogen and 
oxygen (CHO-only), and these elements with the addition of nitrogen and/or 
sulfur (CHON, CHOS and CHONS) was calculated to determine the RA of 

different heteroatom classes (i.e., the percent contribution of all peaks belonging to a class as a fraction of the to-
tal signal off all assigned peaks in a sample). The modified aromaticity index (AImod) and nominal oxidation state 
of carbon (NOSC) was calculated for each formula (Koch & Dittmar, 2006, 2016; Riedel et al., 2012). Formulae 
with AImod values of 0.5–0.67 and >0.67 were classed as polyphenolic and condensed aromatics, respectively 
(Koch & Dittmar, 2006). Other compound classes were highly unsaturated and phenolic (HUP), AImod of <0.5 
and H/C < 1.5; aliphatic, H/C ≥ 1.5–2.0, O/C ≤ 0.9 and N = 0; peptide-like, H/C ≥ 1.5–2, O/C ≤ 0.9 and N > 0; 
and sugar-like, H/C ≥ 1.5–2 and O/C > 0.9 (Koch & Dittmar, 2006; Spencer, Guo, et al., 2014; Zito et al., 2019). 
This classification is based on stoichiometric similarity, not necessarily compound structure since formulae with-
in each class may consist of multiple isomers.

Comparative analysis of the FT-ICR MS mass spectra for each endmember was conducted to categorize molecu-
lar formulae into different photodegradation classes. Formulae that were only present pre-irradiation and post-ir-
radiation were categorized as photolabile and photoproduced, respectively, and those which persisted throughout 
were categorized as photoresistant. Photoresistant fractions may change in RA pre- and post-irradiation, thus 
these molecular formulae are not necessarily stable. Similarly, they are comprised of an unknown number of iso-
mers, and therefore a formula may differ in chemical structure (or proportions thereof) pre- and post-irradiation. 
In order to understand shifts in DOM composition that are common across endmember sources, we compiled 

Figure 1.  Three-parameter exponential decay model of chromophoric 
dissolved organic matter (CDOM) for all endmembers through the 28-day 
photodegradation experiment. Sample ID displayed on each panel (see 
Section 2.1 for details of abbreviations). Three parameter model expressed 
as Ct = Cx + Z0e

-kt, where Ct is the modeled absorbance at 300 nm at a time 
(t) point, Cx is the photo-unreactive component, Z0 is an adjustable parameter 
that represent the photoreactive component at time 0, k is the rate of decay 
(Spencer et al., 2009).
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molecular formulae of the same photodegradation class that were present across four or more endmembers. 
Similarly, molecular formulae that were present across all glacial samples were collated and used to form a core 
glacier signature, enabling a comparison of endmembers to molecular formulae, typically found in glacial runoff 
DOM. Furthermore, in order to understand the similarity between endmember leachates post-irradiation and the 
glacial samples, we compiled common molecular formulae across four or more post-irradiation endmember lea-
chates that were also present in the core glacier signature. Individual van Krevelen diagrams of glacial samples 
and endmember leachates are presented in Figure 2, and formulae categorized as photolabile, photoproduced and 
photoresistant for each endmember are shown in Figure S1.

2.6.  Statistical Methods

All statistical analysis was conducted using R (Version 1.1.463; R Core Team, 2020). A non-parametric Wilcox 
signed-rank test was used to analyze the difference in the mean RA weighted compound classes, mass, NOSC, as 
well as the DOC concentrations among all endmembers pre- and post-irradiation. This paired test was preferred 
since intrinsic compositional differences initially present between endmembers were taken into account. Using 
the stated metrics, endmembers pre- and post-irradiation were compared to glacier samples, using a nonpara-
metric Kruskal-Wallis test. This analysis was chosen since sample groups are independent and even when trans-
formed the data did not follow a normal distribution. Principal component (PC) analysis was conducted (using 
the FactoMine R package; Lê et al., 2008) in order to understand whether, at the molecular level, the composi-
tion of post-irradiated leachates converged toward glacial samples. PC analysis variables included the number 
of assigned molecular formulae, and RA weighted compound classes, AImod, mass and NOSC. Variables were 
standardized to unit variance, to ensure those on different measurement scales were comparable and hence did 
not skew the PC analysis output. All endmembers (pre- and post-irradiation) and glacial samples were included 
individually in this analysis. Bray-Curtis dissimilarity analysis was performed using the Ecodist R package (Gos-
lee & Urban, 2007), in order to assess whether the molecular diversity of samples converged post-irradiation with 
individual glacier samples and the core glacier signature. Analysis was performed based on presence/absence 
of molecular formulae. The percentage overlap of common formulae between four or more post-irradiation lea-
chates and the core glacier signature, as well as each individual endmember post-irradiation and the core glacier 
signature was also determined to provide additional measures of similarity.

3.  Results and Discussion
3.1.  Glacier DOM

The DOC concentrations of glacial samples (0.22 ± 0.15 mg C L−1; Table S1, Figure 3) were comparable with 
those reported previously for mountain glacier outflows (0.4 ± 0.1 mg C L−1, n = 55) as well as in supraglacial 
and bulk runoff from the Greenland Ice Sheet (0.2 ± 0.2 mg C L−1, n = 52 and 0.3 ± 0.3 mg C L−1, n = 47, respec-
tively; Holland et al., 2019; Hood et al., 2015; Kellerman et al., 2020; Lawson, Wadham, et al., 2014; Musilova 
et al., 2017). All glacial samples were enriched in aliphatic and peptide-like formulae (combined 34 ± 13% RA), 
with a small contribution of condensed aromatic and polyphenolic compounds (combined 4.7 ± 1.7% RA; Ta-
ble 1, Figures 2–4). Glacier DOM is similar in molecular composition to water soluble organic matter (WSOM) 
observed from aerosols across a variety of air masses and DOM observed in precipitation (snowfall and rainfall) 
over mountainous glacier regions (Fellman, Hood, Raymond, Stubbins, & Spencer, 2015; Gurganus et al., 2015; 
Li et al., 2018; Wozniak et al., 2014). Typically, aerosol WSOM has low aromaticity (AImod 0.09–0.18), is dom-
inated by compounds with high H/C ratios (1.4–1.7, i.e., large aliphatic contribution) and has some fraction of 
aged material (Gurganus et al., 2015; Kirillova et al., 2013; Li et al., 2018; Wozniak et al., 2014); therefore, 
WSOM chemistry is similar to the glacier samples analyzed here (AImod 0.15–0.21 and H/C ratio 1.2–1.4; Ta-
ble 1). The aliphatic-enriched properties of our glacial samples are reflected in the core glacier signature, which 
represent molecular formulae present in all glacial samples examined in this study (Figure 5a). This composition 
is comparable to DOM observed across mountain glaciers and ice sheets world-wide (Behnke et al., 2020; Bhatia 
et al., 2010; Hemingway et al., 2019; Singer et al., 2012; Spencer, Guo, et al., 2014; Stubbins, Hood, et al., 2012; 
Zhou, Zhou, He, et al., 2019) and distinct in comparison to most riverine systems, which are typically dominated 
by aromatic signatures due to direct inputs from allochthonous soil and plant-derived OM (Behnke et al., 2021; 
Kellerman et al., 2021; Stubbins et al., 2010).
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Figure 2.  (a) van Krevelen plots of the distribution of dissolved organic matter (DOM) in endmember samples pre- (T0) and post-irradiation (Tf). (b) Glacier samples 
for comparison. See titles of each panel for sample ID. Shading represents the relative peak intensity (RPI) of each molecular formula (i.e., the intensity of an individual 
peak to the total intensity of all peaks assigned in the sample, scaled to 10,000).
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3.2.  Molecular Properties of DOM From Leached Endmembers

Leachate DOC concentrations were variable between endmembers (DOC ranged from 1.68 to 145.28 mg C L−1; 
Table S1), reflecting differences in the leachable fraction of organic carbon between endmember sources. Across 
endmembers, the DOM composition of pre-irradiation leachates was variable. Both soil leachates (DGS and VS) 
were dominated by HUP compounds (73.00% and 54.74% RA, respectively) and were enriched in aromatic and 
polyphenolic compounds (combined 21.06% and 43.61% RA for DGS and VS, respectively; Table 1, Figure 2). 
DGS had less condensed aromatic and polyphenolic compounds, and higher aliphatic contributions than VS (5.94 
compared to 1.66% RA for VS; Table 1). This may be due to relatively greater inputs of microbial OM in baren, 
recently deglaciated soil compared to soils with established vegetation, since soil microbes have been shown to be 
important in setting the biogeochemical conditions needed for vegetation to establish following glacier recession 
(Bardgett et al., 2007; Milner et al., 2007). Alternatively, aliphatic, possibly microbial-derived, DOM inputs may 
be observed in DGS leachates because they are not overprinted by aromatic DOM derived from vegetation or soil.

The two burnt biomass endmembers (RC and WC) as well as DPM all represent sources dominated by combus-
tion byproducts and thus are enriched in condensed aromatics and polyphenolics, particularly DPM (combined 
60.08% RA compared to 53.62% and 38.27% RA for RC and WC, respectively; Table 1, Figure 2). The RA 
weighted H/C ratios for RC and WC leachates (0.85 and 0.89, respectively) were higher than that reported for the 
solid endmembers based on molar ratios (H/C 0.7; Hammes et al., 2006). Differences in the DOM aromaticity be-
tween RC, WC and DPM leachates are likely a function of parent material (e.g., vegetation species and exposure 
to biodegradation), temperature of combustion where higher temperatures lead to greater aromaticity (i.e., lower 
temperature of formation for chars vs. DPM) or the solubility of different condensed aromatic structures present 
in the solid endmember (Bird et al., 2015; Hammes et al., 2006; Wagner et al., 2017; Wozniak et al., 2020).

Figure 3.  Median (a) dissolved organic carbon (DOC) concentration, and relative abundance (RA) weighted (b) mass, (c) AImod and (d) nominal oxidation state of 
carbon (NOSC) across all endmembers pre- and post-irradiation, compared to glacier samples. Horizontal lines indicate significance tests between groups, asterisk 
denoting significant difference (p-value < 0.05) and “n.s.,” referring to no significant difference.
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Compared to other pre-irradiation leachates the initial DOM composition of UD was distinctly different, being 
typically smaller in mass (386.3 Da, mean of pre-irradiation leachates 452.9 ± 40.8 Da), enriched in aliphatic and 
peptide-like compounds (combined 35.92% RA, mean 7.64 ± 14.0% RA), and low in aromaticity (0.20 AImod,  
mean 0.43  ±  0.13; condensed aromatics and polyphenolics combined 9.46% RA, mean 37.7  ±  19.3% RA; 
Table 1). The molecular composition of UD was also enriched in heteroatom containing formulae, especially 
CHOS-only compounds compared to other leachates (42.84% RA, mean 8.27 ± 17.2% RA). In urban areas, 
WSOM in precipitation often has low aromaticity, and is dominated by sulfur containing and aliphatic DOM, 
which may indicate long-range transport of atmospheric aerosols, including fossil fuel combustion byproducts 
that have already been photochemically altered during transit (Li et  al.,  2018,  2020; Mazzoleni et  al.,  2012; 
Wozniak et al., 2008).

Despite intrinsic differences in chemical composition between endmember leachates, when all leachates were tak-
en together pre-irradiation DOM composition was compositionally dissimilar to glacier DOM composition (Fig-
ures 2–4) and atmospherically derived DOM (i.e., WSOM from atmospheric aerosols and DOM in precipitation; 
Bhatia et al., 2010; Fellman, Hood, Raymond, Stubbins, & Spencer, 2015; Gurganus et al., 2015; Li et al., 2018; 
Singer et al., 2012; Spencer, Guo, et al., 2014; Stubbins, Hood, et al., 2012; Wozniak et al., 2014; Zhou, Zhou, 
He, et al., 2019). Pre-irradiation leachate DOM was typically larger in RA weighted mean mass (453 ± 40.8 Da), 
contained greater proportions of oxidized carbon (NOSC 0.15 ± 0.20), and was highly aromatic compared to 
glacier samples (AImod 0.42 ± 0.13, with a combined RA of condensed aromatic and polyphenolic compounds 
of 38 ± 19%; Table 1, Figures 3 and 4). Correspondingly, pre-irradiation leachates had a low RA of aliphatic 
and peptide-like formulae (combined 7.6 ± 14% RA; Table 1). The initial composition of leachates was rela-
tively similar to blackwater riverine DOM draining vegetated watersheds, which are dominated by direct inputs 
of aromatic vascular plant-derived OM (Behnke et al., 2021; Kurek et al., 2020; Spencer et al., 2015; Stubbins 

Figure 4.  Median relative abundance (RA) of (a) condensed aromatic, (b) polyphenolic, (c) aliphatic and (d) peptide-like compounds across all endmembers pre- and 
post-irradiation, compared to glacier samples. Horizontal lines indicate significance tests between groups, asterisk denoting significant difference (p-value < 0.05) and 
“n.s.,” referring to no significant difference.
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et al., 2010) and thus typically have a high RA of condensed aromatics and 
polyphenolic compounds and a low RA of aliphatic and peptide-like for-
mulae (Fellman et al., 2014; Seidel et al., 2015; Sleighter & Hatcher, 2008; 
Stubbins et  al.,  2010; Stubbins, Hood, et  al.,  2012). The dissimilar DOM 
composition between pre-irradiation leachates and glacial samples, as well as 
atmospherically derived DOM, indicates transformation processes that occur 
during atmospheric transport or on the glacier surface may be important in 
altering a significant portion of allochthonous DOM to reflect that observed 
in supraglacial and bulk runoff.

3.3.  Photodegradation Impacts on Endmember Leachates

Photodegradation of all endmember leachates decreased the CDOM absorb-
ance coefficient (a300 m

−1) and DOC concentrations throughout the 28-day 
irradiation experiments (Table  S1, Figures  1 and  3a). CDOM decline fol-
lowed a three parameter exponential decay model, and all leachates reached 
the asymptote of decay (where >90% of initial CDOM was lost) after 28 days 
of irradiation, signifying minimal change in DOM composition would be 
observed with continued photo-irradiation (Figure 1). Total DOC loss after 
28 days of irradiation varied greatly among endmembers, from 2.1% for WC 
to 86% for DPM (Table S1, Figure 1a). The loss of DOC following photode-
gradation can be highly variable for natural waters, as well as biomass and 
soil leachates (ranging from 0%–90% DOC loss; Chen & Jaffé, 2014; Hansen 
et al., 2016; Spencer et al., 2009; Stubbins & Dittmar, 2015; Stubbins, Nigge-
mann, et al., 2012). The range of DOC loss observed here is encompassed by 
those previously reported in the literature and its breadth represents intrinsic 
differences in the size of the photolabile DOC pool between endmembers.

After photochemical irradiation the aromaticity of endmember leachates was 
significantly reduced, as shown by the decline in AImod, and the RA of con-
densed aromatic and polyphenolic compounds (combined −83 ± 14% RA; 
Table 1 and Table S2, Figures 2–4). This occurred concomitantly with a sig-
nificant decline in RA weighted mean molecular mass and an increased RA 
of aliphatic and peptide-like formulae (combined +78 ± 34% RA; Table 1 
and Table S2, Figures 2–4). The NOSC declined in the majority of endmem-
ber leachates post-irradiation (Table 1, Figure 2d), however the change was 
insignificant for all leachates taken together (mean NOSC pre- and post-irra-
diation 0.15 and −0.19, respectively, p-value 0.09; Table S2, Figure 2d). This 
is likely due to UD where the NOSC increased following photodegradation 
(Table 1, see Section 3.4 for further discussion of UD composition). After 
irradiation, DOM compounds typically contained less oxidized carbon, as 
shown by both the decline in NOSC in most endmembers and the gener-
ally lower RA of CHO-only molecular formulae (Table 1). These changes 
in DOM composition post-irradiation are consistent with the patterns ob-
served with photodegradation in previous studies of aquatic environments 
(Antony et al., 2018; Gomez-Saez et al., 2017; Gonsior et al., 2009; Helms 
et al., 2008; Laurion & Mladenov, 2013; Stubbins & Dittmar, 2015; Stubbins 
et al., 2010). Photodegradation typically breaks down higher mass, aromatic 
DOM and produces DOM that is smaller in mass, less aromatic and has a 
lower NOSC.

Isolating common photolabile molecular formulae (i.e., molecular formulae 
that are only present pre-irradiation) across multiple endmembers leachates 
showed that the compounds removed by photodegradation were aromatic or 
typically had low H/C ratios (mean H/C 0.70 ± 0.17; Figure 5b). Whereas 

Figure 5.  van Krevelen diagrams showing (a) a composite of the common 
molecular formulae across all glacial samples (core glacier signature), together 
with common molecular formulae across four or more endmember leachates, 
separated by photodegradation class: (b) photolabile, (c) photoproduced and 
(d) photoresistant. Note the similarity in the area occupied in van Krevelen 
space between combined photoproduced (c) and photoresistant (d) fractions 
with the core glacier signature (a).

Aliphatic

Aromatic

Condensed Aromatic
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common photoproduced formulae (i.e., those only present after irradiation) 
had high H/C ratios (mean H/C 1.5 ± 0.13) and were found in aliphatic re-
gions of van Krevelen space (Figure 5c). The vast majority (97%) of common 
photoresistant formulae (i.e., present pre- and post-irradiation) were HUP, 
where 37% and 76% of these formulae, respectively overlapped with the 
area in van Krevelen space attributed to the “island of stability” (Lechten-
feld et al., 2014) and carboxylic-rich alicyclic molecules (CRAM; Hertkorn 
et al., 2006, Figure 5d). For each endmember, some photoresistant molecular 
formulae, including CRAM formulae and those in the “island of stability,” 
changed in RA upon irradiation, with increases typically focused on molec-
ular formulae with high H/C ratios (Figure S1). Despite this, when all end-
members are compared together, there is no significant change in the RA of 
HUP compounds as a result of photodegradation (mean pre- and post-irra-
diation 54.6% and 63.1% RA, respectively, p-value 0.31; Table S2). The re-
moval of polyphenolic and aromatic compounds, alongside the production of 
aliphatics, has been observed previously for DOM photodegradation studies 
in aquatic environments (Antony et al., 2018; Bostick et al., 2020; Gonsior 
et  al.,  2009; Stubbins et  al.,  2010), and supports the findings shared here. 
Overall, photodegradation caused a shift in molecular composition to higher 
H/C ratios for all endmembers, and produced relatively aliphatic enriched 
DOM (Figures 2–5 and S1).

3.4.  Compositional Convergence Between Irradiated Endmembers and 
Glacial Samples

Concentrations of DOC remained higher in post-irradiation leachates than in 
glacial samples (Table S1, Figure 3a). The low DOC concentrations typically 
found in glacial ecosystems are due to limited OM available for leaching (i.e., 
no soils or litter layers) in comparison to other terrestrial environments, and 
due to dilution by large volumes of rain, snow, and meltwater (Boix Canadell 
et al., 2019; Hood et al., 2020). The lack of convergence of DOC concen-
trations between post-irradiated endmembers and glacial samples does not 
negatively impact our interpretation of the compositional shifts in DOM fol-

lowing irradiation, as the composition of DOM would remain the same if diluted with pure water (i.e., dilution 
with DOM-free water would lower the DOC concentration but DOM composition would not change).

It was hypothesized that after photodegradation endmember leachates would converge toward the aliphatic 
molecular level composition of glacial samples. Several univariate comparisons indicated that the molecular 
level composition of post-irradiation leachates converged with glacial samples (Table S2, Figures 3 and 4). 
In order to comprehensively assess the convergence, all FT-ICR MS variables were used in a multivariate PC 
analysis (see Section 2.6 for further description; Table S3, Figure 6a). Glacier samples generally occupied the 
bottom right quadrant (except for the Mendenhall Outflow) of the PC1 versus PC2 plot (Figure 6b). Initial 
endmember leachates were distributed in this PC space, and generally migrated toward the glacier samples 
post-irradiation. Exploring the PC analysis further, PC1 explained 45% of the variation in the data set and 
had a strong positive association with the RA of aliphatic and peptide-like compounds, and a strong negative 
association with mean mass, AImod, NOSC, and the RA of polyphenolics and condensed aromatics (Table S3, 
Figure 6a).

Photodegradation shifted all endmembers to more positive PC1 values (Figure 6b). This represented the decline 
in mass, AImod, NOSC, polyphenolics (% RA) and condensed aromatics (% RA), concurrent with the increase in 
the RA of aliphatic and peptide-like formulae in most endmembers (Table 1). It should be noted that the NOSC 
declined post-irradiation in most endmembers, but remained higher than glacial samples for all the endmember 
leachates (Table 1, Figure 3d). Additionally, when all leachates were compared together, peptide-like contri-
butions were not significantly different between glacier samples and either pre- or post-irradiation leachates 
(p-value 0.17 and 0.29, respectively; Table S2, Figure 4d). This is due to the high RA of peptide-like formulae 

Figure 6.  Principal component (PC) analysis detailing the relationship 
between glacial samples and endmember leachates pre- (T0) and post-
irradiation (Tf), based (a) Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR MS) parameters. (b) Shows the relative positioning of 
all samples, highlighting the shift in molecular level composition of post-
irradiation leachates toward glacial samples. Sample IDs are abbreviated in (b) 
and detailed within Section 2.1 of the Materials and Methods.
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in UD pre-irradiation (4.0% RA, mean of pre-irradiation leachates 0.7 ± 1.6% RA), in combination with the 
large variability in RA of peptide-like formulae found between glacial samples (mean 3.1 ± 2.5% RA; Table 1). 
PC2 explained less variation (27%) and was positively associated with the RA of CHON compounds and was 
negatively associated with the RA of CHO-only and HUP compounds (Table S3, Figure 6a). Most endmember 
leachates shifted toward more negative values on PC2 as a result of photodegradation (Figure 6b), reflecting 
the production of molecular formulae with a lower NOSC and increase in HUP compounds (% RA) in certain 
endmembers (Table 1).

Although trends in DOM compositional shifts were consistent for all leachates, unlike the other leachates UD was 
situated at positive values on PC1 pre-irradiation and exhibited the smallest shift along PC1 upon photodegrad-
ation (Figure 6b). Before irradiation UD had a high RA of aliphatic (31.9% RA, compared to the mean of 2.0% 
RA for other leachates) and peptide-like compounds, as well as a low RA of condensed aromatics (1.9% RA, 
compared to the mean of 13% RA for other leachates; Table 1) compared to other endmembers. Pre-irradiation 
UD was the most comparable endmember to the glacial samples and hence it was initially situated at positive 
values of PC1 (Figure 6b). The initial composition of UD likely reflects a mixture of different OM sources, in-
cluding those that have already been exposed to ultraviolet light during atmospheric transport (Currie et al., 2002; 
Li et  al.,  2020). The lack of aromatic OM initially present in UD is likely to explain the minimal impact of 
photodegradation on its aliphatic content; hence, the lack of movement in PC space, in comparison to the other 
endmember sources. Furthermore, PC analysis is constrained to the major variability within the data set, in this 
case the increased RA of aliphatics post-photodegradation (Table S3). Consequently, despite photodegradation 
impacting the molecular composition of UD (e.g., increasing the RA of aliphatic, peptide-like, and sugar-like 
compounds and decreasing the RA of condensed aromatics and polyphenolics; Table 1), these compositional 
changes are muted in comparison to changes in the other endmembers. In general, photodegradation caused the 
molecular level composition of leachates to become more similar to glacier runoff (particularly with regard to the 
% RA of aliphatic, aromatic and polyphenolic compounds).

The compositional convergence of endmember sources post-irradiation with glacial DOM is apparent in van 
Krevelen space (Figures 2 and 5, and S1). By comparing common photoproduced and resistant molecular for-
mulae (Figures 5c and 5d) with the core glacier signature (Figure 5a) it is apparent that photodegradation of all 
endmembers produced DOM resembling that found in glacial runoff. Bray Curtis analysis revealed two distinct 
clusters of samples, with post-irradiation leachates having more common molecular formulae with the core gla-
cier signature and glacier samples than pre-irradiation leachates (Figures 7 and S2). Unsurprisingly, due to its 
aliphatic-enriched molecular signature pre-irradiation UD was situated close to post-irradiation leachates and the 
core glacier signature. Post-irradiation RC was situated in the cluster associated with pre-irradiation leachates 
(Figure 7). This is because after photodegradation, RC still had a substantial RA of aromatic and polyphenolic 
formulae (combined 22.2% RA), compared to other post-irradiation leachates (mean 5.9 ± 7.1% RA; Table 1). 
RC had several photoproduced and resistant molecular formulae which were aromatic (Figure S1), these com-
pounds could be newly formed (e.g., via reactions between lignin and reactive oxygen species, like hydroxyl 
radicals generated during photochemical degradation) or detected post-irradiation due to changes in ionization 
efficiency (Chen et al., 2014; Waggoner et al., 2015, 2017). When examined against individual glacier samples 
(Figure S2), post-irradiation RC appears similar to Herbert and Mendenhall Glacier. These glacier catchments 
have enhanced aromatic inputs, compared to other glacier sites as evidenced by direct allochthonous inputs from 
forested slopes and nunataks above the glaciers (Behnke et al., 2020; Spencer, Vermilyea, et al., 2014). Although 
past studies have highlighted photoproduced aromatics may represent a source of this material, particularly in the 
presence of iron (Chen et al., 2014; Cwiertny et al., 2008); in all cases, the net change in molecular composition 
following photodegradation is toward aliphatic enrichment (Chen et  al.,  2014; Waggoner et  al.,  2015, 2017). 
This corroborates that a substantial portion of the molecular composition observed in glacier ecosystems could 
be formed through photodegradation of allochthonous OM sources, explaining the close similarity in molecular 
formulae between photodegraded leachates and the glacier runoff samples examined here.

To further assess this similarity between post-irradiation leachates and the core glacier signature further, we 
compared the percent overlap of molecular formulae present between the core glacier signature and each post-ir-
radiation leachate. There was substantial overlap in the molecular formulae present after photodegradation with 
the core glacier signature (median of 84%, range of 76%–95%; Figures 7 and S3). Importantly, photodegrada-
tion produced 36% of the aliphatic molecular formulae present in the core glacier signature (range 4.5%–79%), 
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totaling a median overlap of 74% (range 47%–89%) of the aliphatic formulae in the core glacier signature with 
photodegraded endmembers (Figure S3). Both similarity metrics (i.e., Bray Curtis and % overlap) yielded differ-
ent results, suggesting different endmembers are most alike the core glacier signature (Figures 7, S2,  and S3). 
This disparity was unsurprising given that Bray Curtis considers all molecular formulae across endmembers and 
the glacial samples, whereas the percentage overlap confines the comparison to only those formulae present in 
the core glacier signature. Considering this, together with the assessments having been based only on presence/
absence of different molecular formulae rather than RA, and that glacier DOM is likely a mixture of different 
allochthonous and autochthonous OM sources which may vary, and in proportions thereof, between different re-
gions and glacier ecosystems (i.e., our six endmember sources may not encompass the full range of OM available 
to glacier surfaces; Fellman, Hood, Raymond, Stubbins, & Spencer, 2015; Lawson, Bhatia, et al., 2014; Singer 
et al., 2012; Smith et al., 2018), it is inappropriate to stipulate which of the endmembers examined here is solely 
most like DOM in glacier runoff. Nonetheless, the dramatic shifts in molecular composition and remarkable 
similarity in molecular formulae between post-irradiation leachates, and supraglacial and bulk runoff samples 
highlights that photodegradation may be responsible for the production of a substantial portion of the composi-
tionally distinct DOM seen in glacier runoff.

3.5.  The Role of Photochemistry in the Formation of Glacial DOM Molecular Properties

Our findings suggest that photochemical reactions may represent a pathway for the transformation of alloch-
thonous, aromatic-rich OM sources toward the aliphatic and protein-rich composition observed for glacier 
DOM (Antony et al., 2014; Bhatia et al., 2010; Lawson, Bhatia, et al., 2014; Singer et al., 2012; Spencer, Guo, 
et al., 2014; Stubbins, Hood, et al., 2012). However, further research is required to assess the importance of this 
mechanism under more environmentally relevant conditions and in relation to other glacier biogeochemical pro-
cesses. Although our experiments were conducted in the aqueous phase, photodegradation of OM within solid 
ice or snow, and in the atmosphere (i.e., bound to aerosols, in aqueous phase or on ice crystal surfaces) has also 
been shown to be extensive, and despite the chemical degradation pathways being diverse (especially during 
atmospheric transport, e.g., due to direct photolysis and indirect photooxidation), photochemical reactions across 
these environments have been shown to breakdown aromatic organic molecules (Antony et al., 2018; Domine 
et al., 2013; George et al., 2015; Kahan & Donaldson, 2007; Romonosky et al., 2015) as observed in this study. 
Differences in chemical pathways between these environments and phases may result in variances in the DOM 
chemistry and thus the observed photoproduced and photoresistant compounds, compared to those seen here 

Figure 7.  (a) Dendrogram showing results of Bray-Curtis dissimilarity index, sample clustering based on the ward method. Dissimilarity was calculated based on the 
presence and absence of individual formulae identified by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS; samples with more common 
formulae are listed on branches closer together). (b) Combined van Krevelen diagram for all endmember leachates, showing common molecular formulae that are 
present across four or more endmember leachates, which are categorized as either photoresistant or produced, and are present in the core glacier signature. Colors 
represent the dominant photodegradation category. Gray: in most endmember leachates, the molecular formula is categorized as photoresistant. Blue: the majority 
categorize formula as photoproduced. Green: same number of samples have molecular formula categorized as photoproduced as resistant.



Journal of Geophysical Research: Biogeosciences

HOLT ET AL.

10.1029/2021JG006516

14 of 18

under aqueous conditions. Assessing the major site of transformation, differences in photochemical reactions 
between phases and rates of reaction possible in transit to, and on, the glacier surface was beyond the scope of 
this study. That said, our data suggest that a large proportion of observed glacier DOM molecular signatures 
could result from photodegradation of allochthonous, aromatic-rich OM. Additionally, the similarity between the 
composition of DOM of pre-irradiation UD, and more broadly DOM in precipitation and WSOM from aerosols, 
with that in our supra- and subglacial runoff samples suggests that much of the transformation of allochthonous 
OM may occur during atmospheric transport (Fellman, Hood, Raymond, Stubbins, & Spencer, 2015; Gurganus 
et al., 2015; Li et al., 2018; Spencer, Guo, et al., 2014; Spencer, Vermilyea, et al., 2014; Wozniak et al., 2008).

To date, microbial production and metabolism of OM has been suggested as the primary reason for the aliphat-
ic-rich DOM composition in glacial runoff (Bhatia et al., 2010; Lawson, Bhatia, et al., 2014). This is because 
microbial activity has been shown to be extensive in some glacier ecosystems, and microbial productivity has 
been positively correlated with the concentration of biolabile DOM species in supraglacial runoff (Musilova 
et  al.,  2017; Smith et  al.,  2017; Wadham et  al.,  2004; Zhou, Zhou, Hu, et  al.,  2019). Here, we demonstrate 
that photochemical alteration of allochthonous OM could account for the distinct molecular signature of glacier 
DOM. Given that some of these allochthonous inputs include aged OM sources, such as fossil fuel combustion 
byproducts, the photodegradation pathway could also account for the aged signature reported for glacier DOC 
(Aiken et  al.,  2014; Andrews et  al.,  2018; Bhatia et  al.,  2013; Fellman, Hood, Raymond, Stubbins, & Spen-
cer, 2015; Hood et al., 2009; Spencer, Guo, et al., 2014). Dependent on glacier DOC age (749–10,824 years), 
and assuming derivation from only modern OM or a 14C dead fossil fuel source, across glacier ecosystems and 
regions it is estimated that 9%–73% of glacier DOC could originate from fossil fuels combustion byproducts, pro-
ducing its distinct molecular fingerprint (Fellman, Hood, Raymond, Stubbins, & Spencer, 2015; Spencer, Guo, 
et al., 2014; Stubbins, Hood, et al., 2012). Therefore, we do not suggest that microbial autochthonous production 
and metabolism does not contribute aliphatic and protein-like DOM to the glacier DOM pool, since glacier DOM 
is likely a mixture of different OM sources. Rather, our results suggest that photodegradation may have the ability 
to produce a proportion of glacier DOM derived from aromatic allochthonous sources.

Glacier-derived DOM is highly bioavailable and ancient (Hood et al., 2009; Singer et al., 2012; Spencer, Guo, 
et  al.,  2014; Zhou, Zhou, Hu, et  al.,  2019). It remains to be determined whether the sources of OM studied 
here are bioavailable post-irradiation. Nevertheless, many of the molecular formulae present after photodegrad-
ation have H/C ratios greater than the “molecular lability boundary” (≥1.5 H/C; Table 1, Figure 5c, D'Andrilli 
et al., 2015). Thus, it appears likely that photodegradation may increase the biolability of the endmembers used in 
this study. Photodegradation of aromatic DOM has been shown to stimulate bacterial production in other aquatic 
environments (Lindell et al., 1995; Moran & Zepp, 1997). Similarly, snow pack analysis has shown that photo-
degradation enhances the bioavailability of organic nitrogen and phosphorus (Antony et al., 2018). Potentially 
biolabile, aliphatic molecular formulae are observed across all the endmember sources we studied, regardless of 
the age of the carbon source (Figures 5c and S1). Many of these molecular formulae (up to 89%) are present in 
the core glacier signature (Figures 7 and S3). Thus, photodegradation of aged sources, such as DPM (14C dead), 
together with fractions of proglacial soil and UD, could explain the ancient, yet highly bioavailable, component 
of DOM observed across glacial ecosystems. Anthropogenic aerosols have been cited as the source of ancient, bi-
olabile carbon to glacier surfaces and outflows (Fellman, Hood, Raymond, Stubbins, & Spencer, 2015; Spencer, 
Guo, et al., 2014; Stubbins, Hood, et al., 2012). In this study, we highlight a mechanism that may account for the 
concurrent aliphatic and protein-rich DOM composition.

Results from this study suggest that photochemical transformations of allochthonous OM may mediate the com-
position of DOM found in glacier ecosystems. Further research is required to understand the relative importance 
of this mechanism in relation to other biogeochemical processes at play on the ice surface and at the glacier bed; 
this includes quantifying the rates and magnitudes of photodegradation possible in transit to, and on, glacier sur-
faces. However, given the intense ultraviolet conditions of atmospheric transit and on ice surfaces, photochemical 
alteration of DOM has the potential to be significant. These results underscore the complexity in deciphering 
the origin of OM to glacier ecosystems: the remote nature, long atmospheric transport distance, together with 
the high intensities of ultraviolet light (both in atmospheric transport and in supraglacial environments), could 
lead to seemingly homogenous, aliphatic-enriched molecular signatures regardless of DOM source. As such, we 
encourage photodegradation processes be considered when assessing glacier DOM source.
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