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Abstract 1 

The physical evolution (metamorphism) of snow is known to affect the chemical composition of 2 

dissolved organic matter (DOM) within it. Here, we present a comprehensive study on the 3 

Dongkemadi glacier in the central Tibetan Plateau by analyzing surface snow/ice samples 4 

collected from May to October 2015. Based on their physical descriptions, these samples were 5 

grouped into four categories, i.e., fresh snow, fine firn, coarse firn, and granular ice that 6 

represented the different stages of snowmelt. The concentrations of dissolved organic carbon 7 

(DOC) decreased from fresh snow (26.8 μmol L
–1

) to fine firn (15.0 μmol L
–1

), then increased 8 

from fine firn to coarse firn (26.1 μmol L
–1

) and granular ice (34.4 μmol L
–1

). This reflected the 9 

dynamic variations in DOC observed during snowmelt. The use of excitation emission matrix 10 

fluorescence with parallel factor analysis (EEM-PARAFAC) identified three protein-like 11 

components (C1, C2 and C4) and one microbial humic-like component (C3), which reflected the 12 

presence of significant amounts of microbially derived DOM in surface snow/ice. The molecular 13 

level compositions of DOM identified using Fourier transform ion cyclotron resonance mass 14 

spectrometry (FT-ICR-MS) also showed the presence of molecules that were newly produced 15 

during snowmelt. These results suggest that snowmelt not only induced a loss of DOM but also 16 

intensified the in situ microbial activities that enriched and modified it. These findings are 17 

important for understanding the evolution of the physical and chemical characteristics of DOM 18 

during the ablation season and can also shed some light on the nature of biogeochemical cycles 19 

in cryospheric regions. 20 

 21 

 22 

 23 

Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-507
Manuscript under review for journal Biogeosciences
Discussion started: 18 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Page 3 

 

1. Introduction 24 

Mountain glaciers are a critical source of fresh water, and their response to climate change can 25 

have an impact on the regional water supply. In addition to playing a role in the hydrological 26 

cycle, glacier melt water also exerts an important influence on the biogeochemical properties of 27 

downstream ecosystems, such as glacial lakes and rivers (Robinson et al., 2016;Singer et al., 28 

2012;Saros et al., 2010). For example, high concentrations of mineral suspensoids in glacial melt 29 

water cause the water in glacier-fed lakes to be highly turbid, which leads to unfavorable 30 

conditions for primary producers, such as planktonic taxa (Sommaruga, 2015). In contrast with 31 

their physical roles, the chemical functions of glacial streams may be even more important  32 

because they can directly influence downstream ecosystems by providing nutrients for biomes. 33 

Hood et al. (2009) observed that the high bioavailability of dissolved organic matter (DOM) in 34 

glacial streams had a high impact on marine microorganisms in the coastal zone. Additionally, 35 

significantly increased chlorophyll levels have been observed around icebergs during the melting 36 

of giant icebergs (Duprat et al., 2016), which suggests that the DOM in icebergs can influence 37 

microbial activities and can have a further impact on the net primary productivity in the ocean 38 

(Wu and Hou, 2017). Due to the high abundances and large degree of chemical diversity of 39 

DOM in global glacial streams (e.g., C, N, P, and S) (Fegel et al., 2016;Hood et al., 2015;Singer 40 

et al., 2012), the biogeochemical effects of glacial melt water have recently attracted much 41 

attention. 42 

The Tibetan Plateau (TP) is referred to as the “Water Tower of Asia”, as it is the source of the 43 

ten largest rivers in Asia, which feed more than 1 billion people. For example, glacial melt water 44 

accounted for 14.6% − 61.11% of the water resources in the rivers of Western China between 45 

1957 and 2005 (Zhang et al., 2010a). Meanwhile, glacier ablation is one of most important 46 
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factors controlling the chemical characteristics of the headwaters of the major Asian rivers in the 47 

TP (Xiang et al., 2009). Recently, Xu et al. (2013) found that contributions of DOM could 48 

account for more than 50% of the dissolved substances in samples collected from glaciers in the 49 

Himalayas. Liu et al. (2016) estimated the storage and annual release rates of dissolved organic 50 

carbon (DOC) in mountain glaciers in Western China and found that they were more efficient to 51 

be released than those observed in the Polar Regions. However, the overall qualities of DOM and 52 

its associated reactivity, which is related to its chemical composition and molecular 53 

characteristics, remain poorly characterized. 54 

Our previous work on the chemical composition of cryoconite (which is a dark-colored, dust-like 55 

material found on the surfaces of glaciers) in the ablation areas of glaciers revealed the presence 56 

of saturated organic matter, such as lipids and proteins, which could have been generated by in 57 

situ microbial activities (Feng et al., 2016). Spencer et al. (2014) estimated the bioavailability of 58 

this saturated organic matter and found that it reached values of up to ~50%. However, the 59 

dynamic evolution of chemical components from fresh snow to ice during the ablation process is 60 

less well characterized.  61 

During ablation, glaciers can undergo leaching effects, in which certain amounts of soluble 62 

matter, such as water-soluble inorganic ions, are lost (Hou and Qin, 1999). However, few studies 63 

have analyzed the leaching effects of DOM during the process of melting. Voisin et al. (2012) 64 

showed the evolution of DOC using various types of snow samples based on their physical 65 

processes in Arctic snowpack. The variability of DOM during ablation could not only cause their 66 

mass concentrations to decrease but could also cause their chemical compositions to evolve due 67 

to in situ chemical processes (Grannas et al., 2014). For example, microbially reworked DOM in 68 

supraglacial deposits exhibits an increase in the number and magnitude of its N-, S-, and P-69 
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containing formulas, which are less oxygenated and more aromatic than the initial DOM (Antony 70 

et al., 2017).  71 

Therefore, the goals of this paper are to (1) examine the compositions and sources of DOM in 72 

snow samples collected from the Dongkemadi (DKMD) glacier in the TP and (2) evaluate the 73 

dynamic nature of the DOM and its molecular compounds observed during snowmelt. 74 

2. Experimental Details 75 

2.1 Sites and Sampling 76 

This field campaign was carried out on the DKMD glacier in the Tanggula Mountain region, 77 

which is located in the central part of the TP, from May 2015 to October 2015. The glacier is a 78 

typical valley glacier with a length of 2.8 km and an area of 1.767 km
2
. The elevations of the 79 

summit and the terminus of the glacier are 5926 and 5380 m a.s.l., respectively. Due to the rapid 80 

increase in air temperature that has occurred in recent decades, this glacier has experienced 81 

severe ablation (Pu et al., 2008). According to data obtained from the automatic meteorological 82 

station, which is located near the equilibrium line (5600 m a.s.l.) on the glacier, its annual 83 

precipitation is approximately 300 mm and is dominated by summer precipitation from the Asian 84 

monsoon. Surface snow/ice samples were collected along the glacier (at a depth of ~10 cm) from 85 

the lower to higher elevation areas at intervals of ~50 m. At each elevation, two to five parallel 86 

samples were collected from the left, middle, and right sides of the glacier (Figure 1). Sample 87 

collection was carried out once every month from May 2015 to October 2015, and a total of ~36 88 

samples were collected during each collection period. Samples were collected using a stainless 89 

steel scoop, which could easily collect aged snow and ice; they were then placed in acid-cleaned 90 

Teflon bottles. All samples were melted at room temperature and passed through 0.45-µm filters 91 
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at base camp before being transported to the lab. The samples were kept frozen during 92 

transportation using a cooler box and blue ice.  93 

A total of 178 snow/ice samples were processed in this study. These samples were grouped into 94 

four different types of snow/ice samples based on their physical characteristics, i.e., fresh snow, 95 

fine firn, coarse firn, and granular ice, which represent the different stages of snowmelt, from 96 

beginning to end, respectively. The numbers of samples in each category and their distribution 97 

on the glacier during each month are shown in Figure S1. Almost all fresh snow and fine firn 98 

samples were collected in May, with fine firn samples located at lower elevations and fresh snow 99 

samples located at higher elevations. Most of the coarse firn samples were collected in June and 100 

July and were widely distributed over the surface of the glacier, as they were formed from fresh 101 

snow under the influence of increased air temperature. Most of the granular ice samples were 102 

collected in September and October and were formed by further freeze-thaw processes taking 103 

place on coarse snow. A total of 14 samples comprising mixtures of fresh snow and coarse firn 104 

were collected in August, and this type of sample was eliminated from our discussion due to the 105 

mixed signals that were obtained during snowmelt. 106 

2.2 DOC Analysis 107 

Filtered snow/ice samples were melted at room temperature in their capped bottles prior to 108 

undergoing further chemical analysis. A 10-mL aliquot of each melted snow/ice sample was 109 

acidified with 100 µL of 10% hydrochloric acid in order to remove inorganic carbonates; they 110 

were then passed through a Vario EL CN analyzer (Elementar, Hanau, Germany). Non-111 

purgeable organic carbon was then oxidized by combusting the sample at 850°C in a carrier gas 112 

with a controlled O2 concentration; the evolved gases that contained carbon were converted to 113 
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CO2, which was then measured using a non-dispersive infrared analyzer. The system was 114 

calibrated using a potassium hydrogen phthalate standard.  115 

2.3 Absorption measurements 116 

The light absorbances of all melted samples were determined using a UV-visible absorption 117 

spectrophotometer (UV-2410PC, Shimadzu, Japan) with a 1-cm quartz cuvette within a spectrum 118 

of 200-900 nm at 1-nm increments. Blanks of Milli-Q water were used as references. 119 

Absorbance spectra were baseline-corrected by subtracting the mean absorbance for the spectral 120 

range from 690 nm to 700 nm. Optical density values (i.e., absorbance values) were converted to 121 

absorption coefficients by fitting the equation: 122 

                                                (1) 123 

where A(   is the measured absorbance for a wavelength λ, L is the path length of the optical 124 

cell (here, L = 0.01 m), and 2.303 is the common-to-natural logarithm conversion factor. 125 

The DOM spectral slope (S) was obtained from a nonlinear fit over the 240-400 nm wavelength 126 

range using the following equation: 127 

           
                                       (2) 128 

Where      and       are the absorption coefficients at wavelengths of   and 300 nm, 129 

respectively; and S and k are the spectral slope and the estimated background parameter, 130 

respectively. 131 

Note that the sample absorption coefficient      at a given wavelength represents the sum of the 132 

absorption coefficient contributions from all chromophores, including DOM and nitrate, at that 133 

wavelength. To eliminate the interference of nitrate on the absorption properties of DOM, we 134 

estimated the absorption coefficient of the optical absorption of nitrate. The absorption 135 
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coefficient of nitrate at each wavelength,      
    , was determined for each snow sample using 136 

the following equation: 137 

     
          

         
                           (3) 138 

Where      
     is the molar absorptivity of    

  at   and [   
 ] is the molar concentration of 139 

   
  in the melted snow sample. We adopted the      

     values (220-350 nm) measured in 140 

the lab in a previous study (Beine et al., 2011), and the values of     
   used here were measured 141 

using ion chromatography in our lab. 142 

The average specific UV absorbance at 254 nm (SUVA254), which is an indicator of the 143 

aromaticity and chemical reactivity of DOM, was calculated by dividing the average absorptivity 144 

at  =254 nm by the average concentration of DOC, in units of L mg C
–1

M
–1 

(Weishaar et al., 145 

2003). 146 

2.4 Three-dimensional fluorescence measurements 147 

All fluorescence spectra measurements were made using a HitachiF-7000 fluorescence 148 

spectrometer (Hitachi High-Technologies, Tokyo, Japan) with a 700-voltage xenon lamp 149 

following the method of Zhang et al. (2010b). The excitation wavelength (Ex) ranged from 200 150 

to 450 nm, using an interval of 5 nm, while the emission wavelength (Em) ranged from 250 to 151 

600 nm, using an interval of 2 nm. Both the Ex and the Em slit widths were set at 5 nm. The scan 152 

speed was 2400 nm min
–1

.  153 

The Raman scatter of the water was calibrated by subtracting the daily excitation emission 154 

matrix (EEM) fluorescence values of the Milli-Q water blanks (Zhou et al., 2015). The Rayleigh 155 

scatter effects were eliminated by excluding any emission measurements made at wavelengths 156 

that were ≤ excitation wavelength + 15 nm, or at wavelengths that were ≥ 2 × excitation 157 

wavelength - 20 nm, followed by replacing the values in the two triangular regions of the EEMs 158 
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with zeros (Zhang et al., 2010b;Zhou et al., 2015). To correct for inner filter effects, the approach 159 

described by Zhou et al. (2015) was applied, in which absorbance measurements were made 160 

using a 4-cm quartz cuvette on a Shimadzu UV-2450PC spectrophotometer with Milli-Q water 161 

as a reference. To remove instrument-dependent intensity effects, we present our results on a 162 

unified scale of Raman units following the method of Lawaetz and Stedmon (2009). Unreliable 163 

instrument measurements were eliminated by deleting excitation wavelengths of 200-225 nm and 164 

emission wavelengths between 250-299 and 550-600 nm (Zhou et al., 2016). 165 

2.5 PARAFAC modeling 166 

PARAFAC statistically decomposes complex mixtures of DOM fluorophores into individual 167 

components without making any assumptions about their spectral shapes or their number. The 168 

combination of EEMs and PARAFAC has been widely applied to characterize DOM in aquatic 169 

environments and in glacier research (Barker et al., 2009). Each component identified using 170 

PARAFAC has a unique excitation and emission spectrum, and each component may comprise a 171 

single fluorophore or a group of similar fluorophores. PARAFAC separates the data signal into a 172 

set of three linear terms and a residual array.  173 

In this study, this analysis was carried out using MATLAB 12a with PARAFAC using the 174 

drEEM toolbox (ver. 0.2.0), according to the method proposed by Murphy et al. (2013). The 175 

dataset used for PARAFAC modeling was composed of 127 snow/ice samples and an EEM 176 

matrix of excitation wavelengths ranging from 230 to 450 nm and emission wavelengths ranging 177 

from 300 to 550 nm. The results were decomposed into a four-component result that explained 178 

more than 97.8% of the EEM variables.  179 

A series of optical parameters, including the fluorescence index (FI), biological index (BIX), and 180 

humification index (HIX), were obtained from the EEMs. The FI is calculated as the ratio of the 181 
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emission intensity at 470 nm to that at 520 nm, both of which are obtained from excitation at 370 182 

nm (Cory and McKnight, 2005). A value of FI of 1.4 or less indicates that the DOM is of 183 

terrestrial origin; a value of FI of 1.9 or higher indicates that the DOM represents microbe-184 

derived material (Birdwell and Engel, 2010). The BIX is calculated as the ratio of the emission 185 

intensities at 380 and 430 nm, both of which are obtained from excitation at 310 nm (Fellman et 186 

al., 2010). Values of BIX falling in the range of 0.8−1.0 are characteristic of freshly produced 187 

DOM of biological or microbial origin, whereas values below ∼0.6 indicate that little 188 

autochthonous organic matter is present (Birdwell and Engel, 2010). A modified HIX is 189 

calculated using the area under an emission spectrum (acquired using excitation at 254 nm) 190 

between 435 and 480 nm and dividing it by the area under the spectrum between 300 and 345 nm 191 

plus the area under the spectrum between 435 and 480 nm; these values were used to compare 192 

the humification levels of different DOM samples (Birdwell and Engel, 2010). 193 

2.6 ESI-FT-ICR-MS Analysis 194 

Four samples with different snow/ice physical characteristics were analyzed using ESI-FT-ICR-195 

MS. Prior to this analysis, these samples were prepared using PPL (Agilent Bond Elut-PPL 196 

cartridges, 500 mg, 6 mL) solid phase extraction (SPE) cartridges to concentrate the DOM and 197 

remove inorganic salts. The details of the SPE method using PPL cartridges were described in 198 

our previous study (Feng et al., 2016). Briefly, the prepacked PPL cartridges were first 199 

conditioned with approximately 20 mL of LC-MS grade methanoland3 column volumes of 200 

acidified ultrapure water (pH =2, LC-MS grade HCl). Approximately 150 mL of each sample 201 

was acidified to a pH of 2 (using 0.1 M LC-MS grade HCl) and extracted through the PPL 202 

cartridges with a flow rate of less than 1 mL/min. After undergoing extraction, the cartridges 203 

were dried and then eluted with ~10 mL of methanol. Eluted samples were blow-dried with N2 to 204 

Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-507
Manuscript under review for journal Biogeosciences
Discussion started: 18 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Page 11 

 

~1 mL and were then immediately stored in a freezer (4°C). A procedural blank using Milli-Q 205 

water was also obtained following the procedure described above to determine if any potential 206 

contamination occurred during the sample preprocessing.    207 

The mass spectrometry analyses of these samples were performed using a SolariX XR FT-ICR-208 

MS (Bruker Daltonik GmbH, Bremen, Germany) equipped with a 9.4 T refrigerated actively 209 

shielded superconducting magnet (Bruker Biospin, Wissembourg, France) and a Paracell 210 

analyzer cell. The samples were ionized in both negative and positive ion modes using the ESI 211 

ion source (Bruker Daltonik GmbH, Bremen, Germany). Ions were accumulated in the hexapole 212 

for 1 s before being transferred to the ICR cell. The mass detection range was set to m/z 150 – 213 

800. A 4 M word size was selected for the time domain signal acquisition. A total of 100 214 

continuous FI-ICR transients were accumulated to enhance the signal-to-noise ratio and the 215 

dynamic range. The procedural blanks were processed and analyzed following the same 216 

procedure to detect any possible contamination. A typical mass-resolving power (m/Δm50%, in 217 

which Δm50% is the magnitude of the full width of the mass spectral peak at its half-maximum 218 

peak height) of >400 000 was achieved at m/z 400 with an absolute mass error of <0.5 ppm. 219 

2.7 Molecular Formula Assignment 220 

Molecular formulas were assigned to all ions with signal-to-noise ratios of greater than 10 with a 221 

mass tolerance of ±1.5 ppm using custom software. We only analyzed the data obtained in 222 

positive mode because the data obtained in negative mode were disturbed by Cl
−
. Molecular 223 

formulas with their maximum numbers of atoms were defined as: 30 
12

C, 60 
1
H, 20 

16
O, 3 

14
N, 1 224 

32
S, 1 

13
C, 1 

18
O and 1 

34
S. Identified formulas containing isotopomers (i.e., 

13
C, 

18
O or 

34
S) were 225 

not considered. For the chemical formula CcHhOoNnSs, the DBE was calculated using the 226 
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following equation: DBE = (2c+2-h+n)/2. The details of this data processing method have 227 

previously been described (Jiang et al., 2014;Quan et al., 2013). 228 

To identify the biomolecular class to which each molecular compound belonged, a van Krevelen 229 

diagram was used, in which elemental H/C ratios were plotted against elemental O/C ratios. Here, 230 

we follow the protocols that have been proposed by many authors (Grannas et al., 231 

2006;Hockaday et al., 2009;Ide et al., 2017). Each molecular compound was divided into seven 232 

biomolecular classes based on a series of ranges of O/C and H/C values. The seven classes are 233 

defined as (1) lipids (0 ≤ O/C < 0.3, 1.5 < H/C < 2.4), (2) proteins (0.3 ≤ O/C ≤ 0.67, 1.5 < H/C < 234 

2.4), (3) carbohydrates/amino sugars (0.67 < O/C < 1.2, 1.5 < H/C < 2.4), (4) unsaturated 235 

hydrocarbons (0 < O/C < 0.1, 0.7 ≤ H/C ≤ 1.5), (5) lignins/CRAM (0.1 ≤ O/C ≤ 0.67, 0.7 ≤ H/C 236 

≤ 1.5), (6) tannins (0.67 < O/C < 1.2, 0.5 ≤ H/C ≤ 1.5), and (7) condensed aromatics (0 < O/C ≤ 237 

0.67, 0.2 ≤ H/C < 0.7). 238 

3. RESULTS  239 

3.1 DOC Concentrations and UV-Visible Absorbance of Snow/Ice Samples 240 

The DOC concentrations of each sample along with their elevations are shown in Supporting 241 

Information Figure S1. The DOC concentrations of these samples ranged in 1.1 – 189 µmol L
–1

; 242 

their monthly mean values are presented in Figure 2a, in which their maximum values were 243 

observed in September (59.6 µmol L
–1

), followed by August (35.7 µmol L
–1

), October (26.4 244 

µmol L
–1

), May (22.8 µmol L
–1

), June (19.8 µmol L
–1

), and July (18.6 µmol L
–1

). The median 245 

values of the DOC concentrations measured in each month followed the same trend (not shown). 246 

The variations in the chemical contents of the snow/ice samples are consistent with the variations 247 

in their UV-Vis absorbance spectra (Figure 2b). The sum of the absorbance between 190-500 nm 248 

in each monthly average spectrum varied evidently; the maximum value of 896 was measured in 249 
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September, followed by May (887), October (731), August (462), June (450) and July (444). The 250 

average absorbance spectra observed during each month exhibited significant absorbance 251 

between 190–250 nm; however, the samples collected during September and October also 252 

showed some absorbance between 250–400 nm, thus suggesting that different chemical 253 

compositions were present during these months.  254 

The average DOC concentration of fresh snow was 26.8 µmol L
–1

, which decreased to 15 µmol 255 

L
–1

 for fine firn; these concentrations then gradually increased for coarse firn (26.2 µmol L
–1

) 256 

and granular ice (34.4 µmol L
–1

) (Figure 3a). The standard deviations of the DOC mass 257 

concentrations in each snow category were less than those observed in the monthly average snow 258 

samples (±16.9 µmol L
–1

 vs. ±17.7 µmol L
–1

) (Figure 3a). In addition, the median values of the 259 

DOC concentrations for each category were 25.4 µmol L
–1

 for fresh snow, 16 µmol L
–1 

for fine 260 

firn, 24 µmol L
–1

 for coarse firn and 24.6 µmol L
–1 

for granular ice. 261 

The average absorption coefficient of each category of samples was high for short wavelengths 262 

and decreased sharply above 240 nm (Figure 3b). The total absorption coefficient of each 263 

category showed obvious differences in its characteristics between 240–400 nm, between which 264 

the granular ice samples showed their most significant peak. Considering the potential light 265 

absorption of nitrate, we estimated the contributions of nitrate based on its measured 266 

concentrations using a laboratory-generated standard absorption spectrum (Beine et al., 2011). 267 

The average contribution of nitrate to the total absorbance in each category was less than 10%; 268 

therefore, we only show an average spectrum of nitrate in Figure 3b. The SUVA254 values 269 

obtained for each sample category were 4.41 for fresh snow, 4.36 for fine firn, 4.01 for coarse 270 

firn, and 4.91 for granular ice; these values suggest that there are relatively high abundances of 271 

aromatic components in this component. The values of the spectral slope between 240–400 nm 272 
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(S240-400) for each category were 26.3 μm
–1

 for fresh snow, 25.4 μm
-1

 for fine firn, 16.44 μm
–1

 for 273 

coarse firn, and 12.55 μm
–1

 for granular ice, which suggests that the molecular weight of the 274 

DOM increased during each melting stage (Murphy et al., 2006). 275 

3.2 Fluorescent DOM components 276 

The spectral characteristics of each of the identified components are shown as functions of their 277 

excitation and emission wavelengths and fluorescence intensity, which are expressed in QSU 278 

units, in Figure 4. The four identified components include three protein-like components (C1, C2 279 

and C4) and a humic-like component (C3) (Table 1). The fluorescent loading patterns of the four 280 

modeled components can be matched to fluorophores described by other authors (Table S1), as is 281 

described in the Supporting Information section. 282 

The relative contributions of C1 and C2 account for an average value of approximately 80% of 283 

the total DOM fluorescence in each category of samples (Figure 5), which suggests that they 284 

record an important microbial origin. The relative abundance of C1 decreased with increasing 285 

degrees of snow melt, as it gradually decreased from 44% in fine firn to 35% in granular ice; in 286 

contrast, the relative abundances of C2 and C3 increased from 38% in fine firn to 44% in 287 

granular ice and from 12% in fresh snow to 14% in granular ice, respectively (Figure 5). 288 

3.3 FT-ICR-MS Analysis of DOM Compositions in Each Snow Category 289 

The van Krevelen diagrams (H:C vs O:C) constructed for each category of samples revealed a 290 

high degree of molecular diversity in terms of their DOM compositions, ranging from fresh snow 291 

to granular ice (Figure 6). The assigned molecular compounds are mainly concentrated in three 292 

biomolecular classes, i.e., lipids (29.2% – 42%), proteins (33% – 40.3%), and lignins (19% – 293 

27%). Different chemical classes in each category of samples exhibited clear trends (Table 3). 294 

The relative contributions of proteins and lignins generally increased from 33% to 40.3% and 295 
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from 19% to 27%, respectively, from fine firn to granular ice. The relative contributions of lipids 296 

(from 42% to 29.2%), unsaturated hydrocarbon content (from 3% to 1.7%), and condensed 297 

aromatics (from 1% to 0.5%) all exhibited decreasing trends (Table 3). Notably, the fractions of 298 

protein and lignin classes in fresh snow were higher than those in fine firn. In addition, 299 

differences in the chemical compositions of DOM were observed in different categories of 300 

samples. The average molecular mass of the assigned DOM gradually increased from fine firn 301 

(376) to granular ice (396) (Table 3), and the assigned molecular number increased from 2469 to 302 

3933 (Table 4). The relative mass content of carbon (Cm) in each average formula of the 303 

molecular classes decreased in lipids, unsaturated hydrocarbons, and condensed aromatics, thus 304 

reflecting the chemical process of the addition of other elements in these components (Table S2). 305 

The van Krevelen plots were also colored based on the presence of different molecular classes, 306 

i.e., CHO, CHN, and CHON (Figure 6). The contributions of these classes in the four categories 307 

of snow samples are shown in Table 4. We found that the contributions of CHO molecules 308 

decreased from 77.3% to 71.7% from fine firn to granular ice, while those of CHON molecules 309 

increased from 22.2% to 28.2%. Therefore, the ratio between CHON and CHO increased 310 

significantly, from 0.287 to 0.393, from fine firn to granular ice. We also calculated the 311 

percentages of molecules with low C/N ratios (≤20) in each category of samples; these values 312 

increased from 10 to 17.7% from fresh snow to granular ice.  313 

We further analyzed the effects of snow melting on DOM compositions by directly comparing 314 

the unique and overlapping assigned molecular compounds in the four snow categories of 315 

samples using a simple Venn diagram (Figure 7). Most (1836) of the identified molecular 316 

components in these four categories overlapped, thus indicating that this DOM has a high degree 317 

of similarity. However, granular ice exhibits the most unique molecular components (461), 318 
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followed by coarse firn (225), fine firn (163) and fresh snow (153), which suggests that the 319 

process of snowmelt significantly alters the composition of DOM.  320 

4. DISCUSSION 321 

4.1 The effect of snow melting on the chemical content of DOM in snow/ice 322 

The concentrations of DOC in snow/ice could be related to their chemical compositions during 323 

their original deposition as well as to post-depositional processes, which could have redistributed 324 

and modified their chemical compositions and mass concentration. The monthly average DOC 325 

concentrations during summer (June, July, and August) were all at the low range of their values, 326 

suggesting that the snowmelt could have lost DOC. In contrast, most of the samples collected 327 

during May comprised fresh snow that had not yet melted, with no loss or modification of their 328 

chemical contents, such that their concentrations were higher than those observed during June 329 

and July. Quantitatively, DOC concentrations decreased from 26.8 µmol L
–1

 in the fresh snow 330 

samples to 15 µmol L
–1

 in the fine firn samples. This indicates that approximately 44% of the 331 

compounds were lost during the first stage of snowmelt. Measurements of DOC performed in the 332 

stream at the end of the DKMD indicated that the mass concentrations of DOC observed during 333 

June and July were higher than observed in other months (unpublished data). This phenomenon 334 

was also observed for some organic contaminants in snowpack in a remote alpine area, in which 335 

their concentrations were also high in early melt water (Lafrenière et al., 2006). Grannas et al. 336 

(2013) summarized the elution behavior of snowpack for different types of contaminants; Water-337 

soluble species are released quickly in early melt water, which can be explained by the 338 

percolation of melt water flowing down from the snowpack, which dissolves the ions excluded 339 

from the ice matrix that are present within a liquid-like layer at the snow-grain surface. 340 
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From fine firn to granular ice samples, the DOC increased from 15 µmol L
–1

 to 34.4 µmol L
–1

, 341 

respectively, suggesting that the enrichment of DOM occurred during snowmelt. The process of 342 

snowmelt is dominated by repeated melting and freezing processes which can cause the 343 

coarsening of the snow grain (Wakahama, 1968). In addition, due to the erosion of debris that 344 

occurs on the mountain around the glacier caused by melted snowpack, a certain amount of 345 

mineral dust can be transported to the surface of the glacier during the melt season. The 346 

enrichment of mineral nutrients and aqueous conditions on the surface of the glacier represent 347 

favorable conditions for the growth of biota, which could originate from an Aeolian biome. 348 

Cryoconite granules, comprising both mineral and biological material, could thus eventually 349 

form. These processes from the beginning of snow melt to form of cryoconite granules can last 350 

for more than 5 months in the TP. However, the enrichment or reduction of DOM in cryoconite 351 

is balanced by the production and consumption of DOM from microbial activities. Bagshaw et al. 352 

(2016) suggested that DOM in cryoconite is consumed (i.e., net heterotrophy) during the first 353 

few days, while DOM is produced (i.e., net autotrophy) after a period of approximately 20-40 354 

days. The chemical content produced from cryoconite is diversity and significant, and many 355 

studies have focused on the potential biogeochemical effects of microbial metabolism due to the 356 

production of nutrients during this process (Bagshaw et al., 2016;Feng et al., 2016;Fountain et al., 357 

2004;MacDonell et al., 2016). 358 

4.2 The chemical composition, sources, and evolution of DOM in snow/ice 359 

The EEM results showed that the DOM was generally dominated by protein-like (C1, C2 and C4) 360 

and humic-like components (C3). The relative abundance of the three protein-like components 361 

(C1, C2 and C4) accounted for more than 85% of the total DOM fluorescence in each category 362 

of samples, while the humic-like component accounted for the remaining 15% (Figure 6). This 363 
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finding is consistent with that of another study, which recorded relatively low ratios of humic- to 364 

protein-like fluorescence in different types of snow/ice samples from seven glaciers in the 365 

Canadian Arctic, Norway, and Antarctica (Dubnick et al., 2010). The high contribution of 366 

protein-like material in the snow/ice samples indicates the important contribution of microbially 367 

derived DOM. This conclusion is also supported by their lower HIX (0.27–0.37) and higher BIX 368 

(0.71–0.8) values (Table 2), which differ from those found in samples from Lake Taihu (in 369 

which the values of HIX ranged from 0.47 to 2.19 and those of BIX ranged from 0.83-1.15) 370 

(Zhou et al., 2015) and even differ from those of cryoconite samples from the same glacier (in 371 

which the values of HIX ranged from 1.11 to 1.37 and those of BIX ranged from 0.65 to 0.93) 372 

(Feng et al., 2016), thus indicating the relatively fresh nature of DOM in snow/ice samples. The 373 

results of FT-ICR-MS analysis further showed that the predominance of microbial products 374 

(including lipids and proteins) contributed to more than half of the identified molecular species 375 

(Table 4). A small fraction of terrestrial components, including tannins and lignins/CRAM 376 

molecules, was also observed. Other studies that have used FT-ICR-MS reported similar DOM 377 

components from surface snow and glaciers in the Antarctic (Antony et al., 2014), and 378 

Greenland (Bhatia et al., 2010). More intense microbial signals were observed in snow/ice 379 

compared with that in cryoconite samples (Table 3).   380 

In addition to the in-situ production of DOM, a mixture of terrestrial and microbially derived 381 

organic material may be expected from an array of different sources, such as suspended soil and 382 

dust particles, biogenic emissions, and organic substances generated by atmospheric processes. 383 

Mixed chemical compositions were found not only in granular ice samples but also in fresh snow 384 

samples, which were mainly composed of atmospheric aerosols from within and outside of 385 

clouds. These mixed chemical characteristics were also seen in other studies of fog water (Zhao 386 
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et al., 2013) and ambient aerosols (Mazzoleni et al., 2012) in other remote areas. This suggests 387 

that the aerosols in this remote area of the TP mostly originated from natural sources. Numerous 388 

studies have suggested that primary biological aerosol particles (PBAPs), including bacteria, 389 

spores and pollen, may be important for atmospheric processes, including those involved in the 390 

formation of clouds and precipitation (Després et al., 2012). Biological aerosols could be more 391 

abundant during summer due to more favorable air temperature and humidity conditions (Toprak 392 

and Schnaiter, 2013), which could be the source of the microbially derived components 393 

(including lipids and proteins) in fresh snow. Secondary organic aerosols, which are produced by 394 

the oxidation of volatile organic compounds emitted from biogenic and anthropogenic sources, 395 

are thought to be important in aerosol compositions, especially in remote areas. However, the 396 

chemical compositions of our fresh snow samples did not appear to show this characteristic. One 397 

possible reason for this is that secondary organic aerosols are commonly observed in fine 398 

particles (less than 1 µm in diameter), while PBAPs are found in coarser particles (1 – 20 µm) 399 

(Huffman et al., 2010), which dominant the mass fraction.  400 

Although protein-like material was dominant in all samples, the chemical compositions of the 401 

granular ice were also different than those of fresh snow. The fact that the absorbance observed 402 

at 250 – 500 nm was higher in granular ice than it was in fresh snow reflects the higher 403 

aromaticity of the DOM. The variation in the S240-400 values of DOM gradually decreased from 404 

fresh snow to granular ice, thus implying that the molecular weight of the DOM increased during 405 

the snowmelt process. These results suggest the presence of microbially transformed and newly 406 

produced DOM in the glacier samples by other chemical processes (Mcneill et al., 2012). A 407 

diverse assemblage of bacteria, archaea, and eukarya in the snow pack could produce one or 408 

more enzymes (including lipase, protease, amylase, β-galactosidase, cellulase, and lignin-409 
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modifying enzyme) that could utilize the DOM (Antony et al., 2016) and produce microbially 410 

derived organic material, i.e., by microbial metabolism. The higher contributions from tyrosine-411 

like (Figure 4) and nitrogen-containing compounds in granular ice recorded compared with fresh 412 

snow (Table 4) suggest microbial production. The relatively higher abundances of the molecules 413 

gradually changing from high DBE- to zero DBE-containing molecules during snowmelt, 414 

accompanied by increased oxygen content (Figure 8), suggests the occurrence of oxidation 415 

process. 416 

5. Conclusions 417 

The DOC concentrations of snow/ice samples in the DKMD glacier ranged in 1.1 – 189 µmol L
˗1

, 418 

and their monthly mean values reached a maximum in September (59.6 µmol L
–1

) and a 419 

minimum in July (18.6 µmol L
–1

). The average value for fresh snow was 26.8 µmol L
–1

, which 420 

decreased to 15 µmol L
–1

 for fine firn and gradually increased for coarse firn (26.2 µmol L
–1

) and 421 

granular ice (34.4 µmol L
–1

). This suggests that the percolation from fresh snow to fine firn on 422 

the glacier results in the significant loss of DOM (~44%), while the DOM is dramatically 423 

enriched (~129%) from fine firn to granular ice. The EEMs, combined with PARAFAC 424 

modeling, revealed three protein-like components (C1, C2 and C4) and one humic-like 425 

component (C3). The FT-ICR-MS results showed that the molecular composition of the DOM 426 

mainly included lipids (29.2% – 42%), proteins (33% –40.3%), and lignins (19% – 27%). The 427 

relative abundance of C1 gradually decreased with increasing degrees of snow melt, from 44% 428 

(fine firn) to 35% (granular ice), while the relative abundances of C2 and C3 showed increasing 429 

trends, increasing from 38% (fine firn) to 44% (granular ice) and from 12% (fresh snow) to 14% 430 

(granular ice), respectively. The relative contributions of proteins and lignins generally increased 431 

from 33% to 40.3% and from 19% to 27%, respectively, from fine firn to granular ice. While the 432 
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relative contributions of lipids (from 42% to 29.2%), unsaturated hydrocarbon content (from 3% 433 

to 1.7%), and condensed aromatics (from 1% to 0.5%) all exhibited decreasing trends. These 434 

results thus provide strong evidence for the microbial source of the DOM on the surface of the 435 

TP glacier during snowmelt. Consequently, against the background of global warming, the DOM 436 

released from the glacier will feed the downstream ecosystem, where it will also likely have 437 

increased biogeochemical effects. 438 
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Tables and Figures  614 

Table 1. Description of the four-component PARAFAC model. Wavelengths in parentheses 615 

represent secondary peaks. 616 

Component 

number 

Excitation 

maxima nm 

Emission 

maxima nm 
Description 

C1 
＜230 

285 
322 

Protein-like (tryosine-like or tyrosine-like), 

Peak T or Peak B 

C2 270 308 Protein-like (tyrosine-like), Peak B 

C3 ＜230 424 Humic-like, Peak M 

C4 
240 

340 Protein-like (tryptophan-like), Peak T 

290 
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Table 2. Fluorescence Indices (FIs), Humification Indices (HIXs), and Biological Indices (BIXs) 618 

for DOMs extracted from the snow/ice samples in this study and from cryoconite samples in the 619 

TGL [Feng et al., 2016]. 620 

Sample type FI HIX BIX 

Surface snow samples 
   

Fresh snow 2.47 ± 0.32 0.27 ± 0.04 0.71±0.08 

Fine firn 2.15 ± 0.38 0.31 ± 0.12 0.8 ± 0.12 

Coarse firn 2.14 ± 0.32 0.3 ± 0.16 0.77 ± 0.15 

Granular ice 2.02 ± 0.25 0.37 ± 0.24 0.74 ± 0.19 

Cryoconite samples 
   

TGL2 3.17 1.32 0.65 

TGL3 3.12 1.11 0.93 
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Table 3. Average m/z, number and distribution of van Krevelen chemical classes from the FT-622 

ICR-MS analyses of the dissolved organic matter (DOM) components of the fresh snow, fine firn, 623 

coarse firn, granular ice and cryoconite samples [Feng et al., 2016]. 624 

Sampling site 
Mean 

mass 
lipids (%) protein (%) 

carbohydrates 

(%) 

unsaturated 

hydrocarbons 

(%) 

lignins and 

tannins (%) 

condensed 

aromatics 

(%) 

Fresh snow 391 921 (31.3%) 1147(39%) 44 (1.5%) 52 (1.8%) 760 (25.8%) 19 (0.6%) 

Fine firn 376 1034 (42%) 821 (33%) 41 (2%) 70 (3%) 477 (19%) 26 (1%) 

Coarse firn 392 1116 (32%) 1371 (39.1%) 29 (0.8%) 78 (2.2%) 890 (25.4%) 18 (0.5%) 

Granular ice 396 1147 (29.2%) 1586 (40.3%) 55 (1.4%) 67 (1.7%) 1061 (27%) 17 (0.4%) 

TGL2 417 470 (31.5%) 418 (28%) 76 (5.1%) 140 (9.4%) 358 (24%) 31 (2%) 

TGL3 400 378 (28%)  370 (27.4%)  67 (4.9%) 129 (9.5%) 362 (26.8%) 46 (3.4%) 
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Table 4. Dissolved organic carbon (DOC) and number and percentage of elemental formulas 626 

assigned to the CHO, CHON, and CHN groups in snow/ice sample and cryoconite samples 627 

[Feng et al., 2016]. 628 

Sample 

type 

DOC 

(µmol/L) 
Total CHO (%) CHN (%) CHON (%) 

C/N≤20 

(%) 
CHON:CHO 

Fresh snow 26.8 ± 10.8 2943 2224 (75.5%) 0 (0%) 721 (24.5%) 295 (10%) 0.324 

Fine firn 15 ± 6 2469 1909 (77.3%) 13(0.5%) 547 (22.2%) 359 (14.5%) 0.287 

Coarse firn 26.1 ± 16 3502 2538 (72.4%) 5 (0.2%) 959 (27.4%) 570 (16.3%) 0.378 

Granular ice 34.4 ± 34.9 3933 2820 (71.7%) 4 (0.1%) 1109 (28.2%) 696 (17.7%) 0.393 

TGL2 2.71×103 1493 880 (59%) 41(2.7%) 572 (38.3%) 365 (24.4%) 0.65 

TGL3 3.29×103 1352 858 (63.4%) 59(4.4%) 435 (32.2%) 343 (25.4%) 0.507 
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Figure 1. Map showing the locations of glaciers in the Tibetan Plateau and the distribution of 630 

snow/ice samples collected on the Dongkemadi (DKMD) glacier. 631 

 632 

Figure 2. (a) Average mass concentrations and (b) UV-Vis absorbance spectra of dissolved 633 

organic carbon (DOC) in snow/ice samples from each month. 634 

 635 

Figure 3. (a) Average mass concentrations and (b) UV-Vis absorbance spectra of dissolved 636 

organic carbon (DOC) in each category of snow/ice sample. 637 

 638 

Figure 4. Excitation-emission matrices (EEMs) for the four-component PARAFAC model. 639 

 640 

Figure 5. The average relative contributions of the four components identified by the PARAFAC 641 

model for all fresh snow samples, fine firn samples, coarse firn samples and granular ice samples. 642 

 643 

Figure 6. Van Krevelen diagrams for the mass spectra of samples of (a) fresh snow, (b) fine firn, 644 

(c)coarse firn, and (d) granular ice. The regions in the plots indicate the different classes of 645 

biomolecular compounds. The size of the marker indicates the relative intensity of each peak. 646 

 647 

Figure 7. Four-way Venn diagram showing the overlap in molecular formulas between the fresh 648 

snow, fine firn, coarse firn and granular ice. The numbers within the diagram are the numbers of 649 

m/z molecular formulas that are unique to each type of sample. 650 

 651 

Figure 8. Iso-abundance plots of DBE versus carbon numbers for all DOM components, colored 652 

according to the number content of oxygen for (a) fresh snow, (b) fine firn, (c) coarse firn, and (d) 653 

granular ice. 654 

Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-507
Manuscript under review for journal Biogeosciences
Discussion started: 18 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Page 31 

 

 655 

Figure 1. Map showing the locations of glaciers in the Tibetan Plateau and the distribution of 656 
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 658 

Figure 2. (a) Average mass concentrations and (b) UV-Vis absorbance spectra of dissolved 659 

organic carbon (DOC) in snow/ice samples from each month. 660 
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 661 

Figure 3. (a) Average mass concentrations and (b) UV-Vis absorbance spectra of dissolved 662 

organic carbon (DOC) in each category of snow/ice sample.  663 
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 664 

 665 

Figure 4. Excitation-emission matrices (EEMs) for the four-component PARAFAC model. 666 
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 668 

Figure 5. The average relative contributions of the four components identified by the PARAFAC 669 

model for all fresh snow samples, fine firn samples, coarse firn samples and granular ice samples. 670 
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 672 

 673 

Figure 6. Van Krevelen diagrams for the mass spectra of samples of (a) fresh snow, (b) fine firn, 674 

(c) coarse firn, and (d) granular ice. The regions in the plots indicate the different classes of 675 

biomolecular compounds. The size of the marker indicates the relative intensity of each peak. 676 
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 677 

Figure 7. Four-way Venn diagram showing the overlap in molecular formulas between the fresh 678 

snow, fine firn, coarse firn and granular ice. The numbers within the diagram are the numbers of 679 

m/z molecular formulas that are unique to each type of sample. 680 

  681 

Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-507
Manuscript under review for journal Biogeosciences
Discussion started: 18 December 2017
c© Author(s) 2017. CC BY 4.0 License.



Page 38 

 

 682 

Figure 8.Iso-abundance plots of DBE versus carbon numbers for all DOM components, colored 683 

according to the number content of oxygen for(a) fresh snow, (b) fine firn, (c) coarse firn, and (d) 684 

granular ice. 685 
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