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Chapter 1 

Introduction 

 

1.1 Antarctica and its role in global system 

Antarctica is a land of extremes and is the southernmost continent on Earth and 

lies almost concentrically around the South Pole (Fig. 1.1). The continent is divided 

into East and West Antarctica by a 3220 km long range of mountains called Trans-

Antarctic Mountains. East Antarctica majorly consists of high ice covered plateau, 

while West Antarctica is consisted of groups of island which are covered and bonded 

together by ice. Antarctica contains approximately 27 × 10
6
 km

3
 of ice (Fretwell et al., 

2013; Lythe et al., 2001), which is about 90% of world’s ice and 70% of world’s fresh 

water. If this ice melted, the sea water level would increase by 58 m (Fretwell et al., 

2013). The ice sheets in the continent are fed by deposition of snow and frosts which 

remains frozen due to continuous low temperature conditions throughout the year. As a 

result of accumulation, snowpack gets compressed and eventually gets transformed into 

solid ice which contains unique records of past climate and atmosphere. Ninety eight 

percent of the continent’s surface is covered by thick ice sheets with an average 

thickness of approximately 2 km (Fretwell et al., 2013). 

Although isolated, Antarctica is connected to the rest of the world through 

oceanic and atmospheric circulations. The continent is encircled by Southern Ocean 

dividing the polar region from the tropical oceans. The Southern Ocean controls the 

natural release of CO2 from the oceans and helps to absorb anthropogenic CO2. The 

Antarctic Circumpolar Currents (ACC), which is the major oceanographic feature of 

the Southern Ocean, plays a  
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Fig. 1.1. Map of Antarctica, showing major geographic regions. Inset shows 

Antarctic continent in the Southern Hemisphere in a polar projection.   

 

significant role in global ocean’s circulation by linking three main ocean basins 

(Atlantic, Pacific and Indian ocean) into one global system by transporting heat and salt 

from one ocean to another. The Southern Ocean currents also play a significant role in 

the global nutrient cycling between oceans and the atmosphere. Global climate system 

is driven by solar radiation, most of which is received by low latitudes subsequently 

creating a large equator to pole temperature difference. Atmospheric and oceanic 
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circulations respond to this temperature gradient by transporting heat polewards 

(Trenberth and Caron, 2001) and therefore, the continent acts as the global heat sink. 

During the winter, due to lack of solar radiation, a strong temperature gradient develops 

which isolates a pool of cold air over the Antarctic region. This pool of cold air 

together with surrounding strong winds (developed around this thermal gradient) forms 

the polar vortex. This vortex plays a significant important role in the global 

atmospheric circulation and the ozone hole formation over the Antarctic region 

(Schoeberl and Hartmann, 1991).  

Due to high elevation, lack of cloud and water vapour in atmosphere, isolation 

from warm maritime air masses, the Antarctic continent experiences very low 

temperature with  -94 °C as the minimum recorded air temperature (Scambos et al., 

2018; Turner et al., 2009a). Fluctuating light levels are observed in the continent with 

continuous light in the summer and continuous darkness during winter. High intensities 

of solar radiations and high albedo are general characteristics of the Antarctic 

meteorological conditions (Dana et al., 1998; Hoinkes, 1960). The climate in the 

continent is extremely dry and is also characterized by strong katabatic winds (Turner 

et al., 2009b). Antarctica and Southern Ocean are critically important parts of the Earth 

system. Since ice is highly reflecting, it helps Antarctica remain cold through the ice 

albedo effect. Further, the large extent of sea ice around Antarctica leads to the 

production of cold and dense water that plunges to the depths, driving the global 

thermohaline circulations. The Southern Ocean takes up nearly 40% of the global 

annual uptake of CO2 from the atmosphere, thus playing a vital role in the global 

carbon cycle. Antarctica, therefore, plays an important role in global climate system 

and is a key component of the Earth system in order to understand present and past 

atmospheric weather and climate processes, oceanic and atmospheric circulation 

patterns as well as complex interactions between wide range of ecosystems. 

1.2. Organic carbon in Antarctic ice sheet and its global significance 

Antarctica contains approximately 5.4 × 10
15

 g C, which is about 91% of the 

global glacial estimate of organic carbon (OC) content (Hood et al., 2015). Although, 
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the glacial OC store is very small compared to OC content in permafrost soils (1600 × 

10
15

 g C), glacial discharge of OC and its rapid transfer to the aquatic systems 

downstream exceeds the potential OC removal from soils. This makes the Antarctic 

glaciers a globally significant hydrological reservoir of OC (Hood et al., 2015). This 

glacial pool of OC also contributes to regional climate warming and glacier melting 

(McConnell et al., 2007) as it absorbs incoming solar radiation (Doherty et al., 2010) 

and decreases the surface albedo (Hansen and Nazarenko, 2004). Considering the 

increased climate warming and subsequent glacial melting, glacial runoff from 

Antarctic ice sheets can liberate about 20% (0.24 × 10
12

 g C per year) of global glacial 

estimate of OC through runoff (Hood et al., 2015). Such significant inputs of glacial 

dissolved organic matter (DOM) and nutrients are believed to impact downstream 

ecological functioning (Hood et al., 2009; Singer et al., 2012). For example, glacial 

DOM entering the aquatic systems is likely to stimulate the heterotrophic activity and 

subsequently contribute to CO2 emissions to the atmosphere (Singer et al., 2012). 

However, the scale of the impact would largely depend on the composition of the 

materials released. Therefore, an improved knowledge of the amount and nature of 

organic matter and nutrients associated with the Antarctic environments are of 

importance for a robust understanding of its impacts on local, regional, and global 

scales.  

1.3 Glacial environments 

Glaciers and ice sheets can be characterized into three different environments: 

supraglacial, subglacial and englacial environments (Hodson et al., 2008). Supraglacial 

environment comprises the surface/top layer of ice which can freely interact with the 

overlying atmosphere and receives solar radiation as well as deposition of dust, 

aerosols and microbial inocula (Stibal et al., 2017). Various supraglacial environments 

include surface snow/ice, debris and stable aqueous environments such as supraglacial 

lakes and cryoconite holes (Fig. 1.2).  
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Fig. 1.2. Photos showing different supraglacial environments in Antarctica – a) 

surface snow, b) cryoconite holes, and c) blue ice. 

 

On the other hand, subglacial environments are those glacial subsystems which lie 

beneath an ice mass and remain in close contact with overlying ice, including the 

cavities and channels beneath the ice that are not influenced by subaerial processes 

(Menzies and Shilts, 2002). Some of these channels can be followed for hundreds of 

kilometres (Remy and Legresy, 2004). Subglacial environments are permenantly dark 

and hence, heterotrophy and chemolithotrophy are the primary viable metabolisms 

occurring in these environments (Miller and Whyte, 2011). Lake Vostok in Antarctcia, 

the largest lake on Earth, is a classic example of subglacial system. Englacial 

environments are those systems which can convey water, nutrients, atmospheric gases 

and biota into the glaciers (Hodson et al., 2008). They include deep, entombed 

environments, but also the vertical walls of crevasses and moulins. Structures in the ice 
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produced by tension, such as crevasses, allow water to penetrate into the ice sheet, 

significantly affecting the glacial processes. These different glacial environments differ 

vastly in terms of their water content, nutrient abundance, redox potential, ionic 

strength, rock-water contact, pressure, solar radiation and pH conditions (Hodson et al., 

2008). In the past decade, carbon cycling on glaciers and ice sheets has received a lot of 

attention as they host microbial communities that interact with their physical and 

chemical environments resulting in distinct processes and feedbacks that impact glacier 

nutrient cycling, albedo, melt rates and regional atmospheric carbon concentrations. 

This doctoral research focus on the biogeochemical cycling within selected supraglacial 

ecosystems. 

1.4 Supraglacial environments and its role in biogeochemical cycling 

Supraglacial systems include surface snow/ice and dynamic flowing 

components like surface runoff, both sheet flow and channelized. Photosynthesis is an 

important and unique feature of the supragacial environments (than englacial and 

subglacial environments) and has a significant feedback on the biological and the 

physical features of the system. Supraglacial ecosystems are rapidly changing as a 

result of climate change causing a retreat of the margins of ice sheet and glaciers and 

expansion of the biologically active ablation areas. They can also significantly impact 

the neighbouring ecosystems (including subglacial and englacial) through meltwater 

percolation and export of OC, microbial communities and nutrients. Present study focus 

on three major supraglacial environments - surface snow, blue ice and cryoconite holes 

(Fig. 1.2). 

1.4.1 Surface snow 

Among various supraglacial features, surface snow has the maximum aerial 

extent over the Antarctic continent. Snow cover is a critical component of the climate 

system as it interacts with the overlying atmosphere over a range of time and space 

(Davies, 1994). Chemical composition of the snowfall depends on the moisture sources 

as well as the trajectory of the air mass through which snow is falling, altitude of the 

location where snowfall occurs and also on the meteorological conditions during 
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snowfall (Davies et al., 1992). For example, in coastal regions of Antarctica, maritime 

air masses are the major source of primary atmospheric aerosol particles such as Na
+
, 

Cl‾, SO4
2
‾ and Mg

2+
 (Traversi et al., 2004). Snowpack undergoes numerous 

metamorphic changes due to melt/freeze cycles, meltwater percolation, water vapor 

movement, and crystal (grain) growth. Apart from affecting the physical and structural 

properties of the snowpack, such processes also affect distribution of chemical species 

(Cragin and McGilvary, 1995). Changes in snow chemistry largely reflect the changes 

in atmospheric chemistry and dynamics resulting from variations in biogeochemical 

cycling (Dibb and Jaffrezo, 1997). In turn, various processes occurring within the snow 

can impact the surrounding atmosphere, surface reflectivity and heat budget. Sunlit 

snow is photochemically active and the photochemical production of a variety of 

chemicals in snow/ice and their subsequent release may significantly impact the 

chemistry of the overlying atmosphere (Grannas et al., 2007). In the remote high 

latitudes, such emissions from the snow can dominate boundary layer chemistry and 

have a higher significance than low latitudes where boundary layers are 

anthropogenically perturbed (Grannas et al., 2007).  

Reduction in snowcover as a result of increased global warming can reduce the 

net emission of trace gases from snow into the atmosphere, while increasing processes 

that occur on the underlying surfaces (Grannas et al., 2007). In addition, changes in 

precipitation rates will affect the atmospheric scavenging processes. Volatile reactive 

species emitted from snow and subsequent photochemical reactions can also contribute 

to depletion of ozone at the polar boundary layer (Simpson et al., 2007). Presence of 

organic matter and deposited dust in snow surface can affect the surface reflectivity. 

This can further reduce the photolysis rates within the snowpack and also affect the fate 

of snowpack products. In addition, Antarctic surface snow harbours variety of 

microbial communities which is as abundant as 10
5
 cells mL

-1
 (Carpenter et al., 2000; 

Michaud et al., 2014) and contains organic carbon with concentration  ranging from 13 

to 900 µg L
-1

 (Antony et al., 2011; Grannas et al., 2004; Legrand et al., 2013; Lyons et 

al., 2007). These values are much lower compared to other environments such as fresh 

water lakes showing TOC concentration as high as 9.5 mg L
-1

 of TOC (Lyons et al., 
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2000) and 10 - 100 times higher bacterial abundance than snow (Säwström et al., 2002; 

Takacs and Priscu, 1998). Compared to this, oceanic water contains higher TOC 

concentration of about 55 µM (Kahler er al., 1997) and bacterial cell density of about 

10
6
 cells mL

-1
 (Graneli et al., 2004). However, carbon fluxes through microbial activity 

within snowpack show that they are important in carbon cycling through production or 

utilization of DOM (Skidmore et al., 2000; Yallop et al., 2012). Furthermore, recent 

data have shown 362 km
3 

of meltwater production per year through surface and sub-

surface melting of snow in Antarctica, which is about 31% of its total area (Liston and 

Winther, 2005). This estimate suggests that snowpack can potentially affect the 

downstream ecosystem by feeding it with DOM, microbial matter and nutrients. 

1.4.2. Blue ice 

Blue ice areas are among the most peculiar phenomena of the Antarctic ice 

sheet (Bintanja, 1999). Most of the Antarctic region consists of large snow-

accumulation areas. However, coastal regions and areas close to exposed land masses 

in Antarctica are marked with areas having negative mass balance and are characterized 

by blue ice regions (Autenboer, 1962; Bintanja et al., 1993, 1997; Liston et al., 1999; 

Orheim and Lucchita, 1988). It is formed when the snow cover is continuously 

removed and polished by strong winds and/or by sublimation. Blue ice area exists in 

the peripheral regions of Antarctica which experiences strongest katabatic winds 

(Bintanja, 1999; Hodson et al., 2013). Blue ice area covers approximately 2% of the 

Antarctic continent (Bintanja et al., 1999; Liston and Winther, 2005; Winther et al., 

2001). Amery Ice Shelf located in East Antarctica encloses the largest blue ice area on 

Earth (Liston and Winther, 2005). Blue ice is characterized by lower albedo of 0.57 

compared to refrozen snow having an albedo of 0.7 (Bintaja et al., 1997; Lenaerts et al., 

2017). Strong winds removing the snow cover and low albedo of the blue ice surface 

causes deep penetration of solar radiation which further results in sub-surface melting 

(Kingslake et al., 2017; Liston et al., 1999). The surface and sub-surface melting of 

blue ice contribute about 15% of total surface and sub-surface melting in the Antarctic 

continent (Hodson et al., 2013; Liston and Winther, 2005). The persistent melt layer 
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within the blue ice increases the runoff which otherwise would have restricted to yearly 

events when air temperatures crosses freezing point (Boggild et al., 1995). 

Translucence of blue ice is particularly important for photosynthesis. Study showing 

deep penetration of photosynthetic active radiation through blue ice to a depth of about 

84 cm (Hodson et al., 2013). Although, biogeochemical studies in blue ice are rare, 

study by Hodson et al. (2013) shows microbial activity in the cryoconite holes engraved 

in the blue ice surface. 

1.4.3. Cryoconite holes 

Cryoconite holes are vertical cylindrical holes found on glacier surfaces and are 

filled with water overlying a thin layer of sediment at the bottom (Fig. 1.3).  

 

Fig. 1.3. Photos showing (a and b) cryoconite hole region in East Antarctica, (c) 

an open cryoconite hole, and (d) cryoconite hole with an ice lid. 
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Cryoconite holes can potentially contribute to about 13% of glacial melt (Fountain et 

al., 2004). They are formed when windblown dust and organic matter of low albedo 

accumulate on the snow surface resulting in the melting of ice beneath it (McIntyre, 

1984; Podgrony and Grenfell, 1996). The depth and diameter of the cryoconite holes 

vary from a few centimetres to nearly one meter (Fountain et al., 2004; McIntyre, 1984; 

Tranter et al., 2004). Development of the depth of the holes enhances in clear weather 

which are dominated by solar radiation (McIntyre, 1984). Apart from the physical 

parameters, resident microbes within the cryoconite holes also enhance melting by 

metabolic energy (Fountain et al., 2004; Gerdel and Drouet, 1960; McIntyre, 1984; 

Steinbock, 1936). They are commonly found in the ablation regions of glaciers 

worldwide (Fountain et al., 2004; Hodson et al., 2013) and are common features in cold 

and polythermal glaciers of polar regions and higher altitudes (Anesio et al., 2007; 

Edwards et al., 2011; Fountain et al., 2004; Säwström et al., 2002; Takeuchi, 2002). 

They are also found in the temperate regions with low melt rates and deficient runoffs 

incapable of washing the sediments off the glacier surface (Anesio et al., 2010).  

Chemical composition of the cryoconite hole majorly reflects the chemistry of 

snowmelt and the debris through which it is formed. However, due to the abundance of 

microorganisms inoculated by the sediments forming the cryoconite holes, they are 

sites for biogeochemical cycling of carbon, nitrogen and other nutrients (Anesio et al., 

2009; Cook, 2016;  Fountain and Tranter, 2008; Hodson et al., 2010; Stibal et al., 2008; 

Säwström et al., 2002; Telling et al., 2014) on otherwise relatively passive glaciers and 

ice sheets. Cryoconite holes harbour larger diversity of microorganisms than snowpack 

(Steinbock, 1936; Säwström et al., 2002; Takeuchi et al., 2000). Higher rates of 

microbial production are observed in cryoconite hole sediments than the overlying 

water (Foremann et al., 2007). Using a conservative average cryoconite hole 

distribution in non-Antarctic glacier regions, Anesio et al. (2009) proposed that the 

cryoconite holes have the potential to fix as much as 64 × 10
9
 g carbon per year. The 

ultimate decay of the cryoconite holes is caused by either shrinkage of the holes via 
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accumulation of ice on the walls of the cryoconite holes or via breaching of water 

through the walls by the growing supraglacial drainage (McIntyre, 1984). Thus, 

cryoconite holes can provide a mechanism for the storage of chemical and microbial 

constituents on the glacier surface and can significantly affect the rate of their transfer 

to the supraglacial or subglacial drainage systems.  

It is evident that the supraglacial ecosystems have a potential role in the carbon 

dynamics. In particular, surface snow and cryoconite holes are more active and diverse 

microbial habitats on the glacier surface sequestering carbon from the atmosphere and 

recycling organic carbon from various sources into more labile carbon substrates. To 

understand the role of these supraglacial environments in biogeochemical cycling and 

its impact on the downstream ecosystem, it is critical to understand the compositional 

characteristics of these ecosystems. However, majority of studies dealing with the 

distribution and sources of biogeochemical species in supraglacials environments were 

focused on inorganic ionic species in surface snow. Studies dealing with cryoconite 

holes are limited to few regions of Antarctica with no or scarce data available in the 

East Antarctic region. There is rarely any study on blue ice, which provides information 

on the biogeochemical characteristics. Additionally, despite the significance of OC in 

the global carbon dynamics, information on the distribution and sources of OC in 

different supraglacial ecosystems are scarce and limited to Arctic, Alpine and few 

regions of Antarctica. Antarctica being a huge continent, such sparse data hinders any 

meaningful inferences on the carbon dynamics of Antarctic cryosphere. Therefore, an 

understanding of the chemical characteristics and biogeochemical cycling of various 

supraglacial environments in Antarctica would be crucial in elucidating their 

contribution to global biogeochemical processes. 

1.4.4. Role of photochemistry and microbial activity in DOM cycling 

Organic carbon on the glaciers is highly reactive and as a result of 

photochemical degradation, it may get completely oxidised to CO2 or get partially 

oxidized (Ward and Cory, 2016). Such processes could alter the chemical composition 

of the DOM before it is exported to downstream. Photochemical activity on OC also 
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produces reactive gas species and free radicals that may impact the oxidative capacity 

of the overlying atmosphere (Grannas et al., 2007). Further, supraglacial DOM is an 

important source of energy for resident microbial communities (Amato et al., 2007; 

Antony et al., 2016), the mineralization of which by heterotrophic bacteria can result in 

an increase in atmospheric CO2 concentrations. Organic carbon produced by 

autotrophic communities is a dominant substrate for microbes in the glaciers (Antony et 

al., 2014; Bhatia et al., 2010). However, microbial activity may also get affected by the 

changes in the intensity of solar radiation (Bagshaw et al., 2016). Photomineralization 

of bioreactive DOM is potentially an important factor determining the net effect of 

irradiation on the bioreactivity of DOM (Obernosterer and Benner, 2004). The source 

of the DOM component may also determine the photoreactivity as well as bioreactivity 

of the DOM (Obernosterer and Benner, 2004). Thus, quantifying the effect of coupled 

‘photo-biological’ activity of DOM is crucial in the understanding of the DOM cycling. 

Such studies are particularly of importance during the summer season due to higher 

temperatures, melting and sunlight. Therefore, in this doctoral study, detailed 

measurements and experiments were carried out to understand the role of selected 

supraglacial ecosystems on biogeochemical cycling and gain insights on how DOM and 

nutrients are transformed through photochemical and microbial activity in Antarctic 

supraglacial environments.  

1.5 Objectives of the study 

Major objectives of the doctoral study are: 

1. To understand the compositional characteristics in spatially distinct and different 

supraglacial environments like cryoconite holes, blue ice and snowpack in 

Antarctica. 

2. To study the carbon cycling associated with cryoconite holes and their significance 

in coastal Antarctica. 

The present study focuses on three geographically different regions within East 

Antarctica, namely Princess Elizabeth Land, Amery Ice Shelf and central Dronning 
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Maud Land. To meet the objectives of the study, chemical characteristics of surface 

snow, blue ice and cryoconite holes from selected areas in East Antarctica were 

studied. Subsequently, in-situ field experiments were conducted to: 1) quantify the rates 

of primary production and bacterial production within snow and cryoconite holes, 2) 

advance the understanding of how photochemistry and biology interact to determine the 

fate of DOM on the glacier surface, and 3) assess the relative importance of photo-

degradation versus microbial degradation in these unique ecosystems. 
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Chapter 2 

Materials and methods 

 

2.1 Study area  

 The present study focus on three geographically different regions within the 

East Antarctica, namely Princess Elizabeth Land (PEL), Amery Ice Shelf (AIS) and 

central Dronning Maud Land (cDML) (Fig. 2.1).  

 

Fig. 2.1. Map showing the selected study areas within the East Antarctica. a) 

central Dronning Maud Land, b) Amery Ice Shelf and c) Princess Elizabeth Land. 

Princess Elizabeth Land lies within 73 to 88 °E longitudes in East Antarctica (Indian 

Ocean Sector) and hosts the Lambert glacier which is the largest glacier basin that feeds 
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the largest ice shelf in East Antarctica, i.e., Amery Ice Shelf. Princess Elizabeth Land is 

bounded at the western end by the Amery Ice Shelf (Indian Ocean sector) which is the 

largest ice shelf in East Antarctica. The Amery Ice Shelf lies within 69 to 75 °E 

longitudes in East Antarctica and extends inland from Pridz bay and MacKenzie bay to 

approximately 320 km inland where, it is fed by Lambert glacier. No exposed mountain 

range is present near the surface snow sampling site. However, cryoconite hole and 

blue ice sampling sites were located 110 km away from coast near a prominent rock 

promontory. Surface snow, blue ice and cryoconite hole samples were collected from 

the PEL region. Cryoconite hole sampling site in the PEL region is located in a valley 

near Thala fjord at South Grovnes peninsula in the Larsemann Hills (LHS). The 

sampling site at LHS is located in a coastal valley surrounded by hills at the northern 

and southern region, an ice wall on the eastern side and the Thala fjord on the western 

side. The open cryoconite holes in this region seem to be hydrologically connected with 

supraglacial streams flowing at the study site. There are no exposed mountain chains 

near the surface snow and blue ice sampling site at PEL.  

Central Dronning Maud Land (cDML) lies within 0 to 20 °E longitudes in East 

Antarctica (Atlantic Ocean Sector) and is located approximately 2000 km from the PEL 

region. The ice sheet in cDML region is separated by approximately 100 km from the 

open ocean by the Nivilsen Shelf. Central Dronning Maud Land hosts the Schirmarcher 

Oasis which is one of the smallest Antarctic oases. Schirmarcher Oasis is 

comparatively an ice free region and is a home of number of exposed hills and several 

lakes. Cryoconite hole samples were collected from the blue ice region immediately 

north of Schirmarcher Oasis that is surrounded by nunataks (exposed land mass). 

2.2 Sampling  

2.2.1 Surface snow  

Surface snow samples were collected along a 180 km coastal-inland transect at 

PEL and a 130 km coastal transect at AIS, East Antarctica (Fig. 2.2). In PEL region, 

beginning at 10 km from coast, eighteen surface snow samples (~10 cm deep) were 

collected at 10 km interval up to 180 km inland in January, 2008 during the 28th Indian 
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Scientific Expedition to Antarctica (ISEA) (Fig. 2.2). The sampling sites were located 

at an elevation between 267 and 2210 m above mean sea level (m a.s.l). In the AIS 

region, starting at 10 km from the coast, thirteen surface snow samples were collected 

at 10 km interval up to 130 km along a transect perpendicular to the coastline covering 

an elevation from near sea level to 62 m a.s.l. Sampling at AIS was carried out in 

January and February, 2014 during the 33rd ISEA (Fig. 2.2). The surface snow samples 

in this study represent the early spring and summer snowfall events as observed from 

the snow accumulation rate obtained from 1 m snow cores collected from the same 

sampling stations in AIS (unpublished data) and PEL (Mahalinganathan et al., 2012).  

Sampling in both the regions was carried out 50 m upwind from the helicopter 

landing site to avoid any contamination. At PEL, surface snow samples were collected 

in pre-cleaned Low Density Polyethylene (LDPE) bags using pre-cleaned 

polypropylene scoop. For storage, sampling bags containing samples were sealed and 

kept at −20 °C in Expanded Polypropylene (EPP) boxes. Organic carbon measurements 

in samples stored in plastic bags may get minor contamination from the material of the 

storage bags. At AIS, surface snow samples for organic carbon measurements were 

collected in air tight, pre-cleaned and combusted (450 °C, 4 h) amber glass bottles 

using sterile teflon scoops. Prior to use, sample collection bottles were cleaned by 

soaking in 0.5% HNO3 solution followed by thorough rinsing in fresh ultrapure water 

and combustion at 450 °C for 4 h. Sample bottles were tightly closed while ensuring 

that no snow grain was stuck to the caps to prevent contamination resulting from 

improper closure of the bottle. The bottles were not opened until analysis to minimise 

atmospheric exchange. Samples for inorganic ion and microbial analysis were collected 

in sterile Whirl-pak bags. All samples were stored and transported at −20 °C in EPP 

boxes. Sub-sampling for various analyses was carried out in clean conditions in a 

laminar flow placed inside a −15 °C cold room. 
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Fig. 2.2. Surface snow sampling transects in a) Amery Ice Shelf and b) Princess 

Elizabeth Land in East Antarctica. 

 

 

 



18 
 

2.2.2 Blue ice  

Blue ice samples (cores of approximately 1 m depth) were collected from LHS 

and AIS using KOVACS Mark IV coring device during the 33rd ISEA, 2013-14 (Fig. 

2.3).  

 

 

Fig. 2.3. Sampling locations of blue ice at a) Amery Ice Shelf and b) Larsemann 

Hills in East Antarctica. 

Three samples from LHS and two samples from AIS region were collected with a 

sampling interval of ~ 25 km between samples at each location (Fig. 2.3). The samples 

were immediately transferred to pre-cleaned LDPE bags, sealed and stored at −20 °C 

until analysis. Sub-sampling was carried out using custom made vertical band saw 

inside −15 °C cold room. Two/three samples were strategically sub-sampled from each 

core and analyzed to ensure repeatability of the measurements in a core. 

2.2.3 Cryoconite holes  

Cryoconite hole samples were collected from LHS, AIS and cDML during the 

33rd ISEA, 2013-14 (Fig. 2.4).  
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Fig. 2.4. Map with the insets showing sampling locations of Cryoconite holes in 

a) central Dronning Maud Land, b) Amery Ice Shelf, and c) Larsemann Hills. 

 

In LHS, sampling was carried out in January during the summer season. Melt-water 

samples from the cryoconite holes for organic carbon analysis were collected in pre-

cleaned and combusted amber glass containers using sterile 50 mL syringes. Melt-water 

samples for microbial measurements and inorganic ion analysis were collected in 

Whirl-pak bags in a similar manner. Cryoconite hole sediment samples were collected 

using a sterile poly-propylene scoop. The cryoconite holes in AIS and cDML were 

collected during February and early March, respectively, and were found to be in the 

frozen state. The frozen cryoconite holes were drilled using a KOVACS Mark IV 

coring device. Samples were immediately transferred to pre-cleaned LDPE bags and 

sealed. Seven cryoconite holes were sampled from each study region. All samples were 

stored and transported at −20 °C in EPP boxes.  

https://www.researchgate.net/figure/Map-of-Iberian-Peninsula-a-with-the-inset-showing-locations-of-Stations-A-B-and-C-off_fig5_274097673
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2.3 Field experiments 

In order to understand carbon and nutrient cycling in surface snow and 

cryoconite holes in the LHS region of East Antarctica, in-situ experiments were carried 

out during the 36th ISEA, 2016-17 (Fig. 2.5). In-situ measurements of primary and 

bacterial production were carried out together with photo-biochemical experiments 

designed to understand the photochemical and microbial processing of dissolved 

organic matter (DOM) and nutrient cycling. To better understand the impact of 

photochemical and microbial processes occurring individually or in concert, an 

experimental system was set up wherein, samples (snow and cryoconite hole water) 

were collected in pre-cleaned, combusted quartz tubes and incubated in the field for 

nearly 30 days under four different conditions as explained in section 2.3.4.  

 

Fig. 2.5. Site locations of the in-situ experiments performed on surface snow and 

cryoconite holes. 

Experiments were also carried out to understand carbon and nutrient cycling in the 

natural cryoconite hole system under light and dark conditions, by monitoring two 

cryoconite holes for 25 days - one exposed to sunlight and the other shaded to limit 
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photochemical activity. The experiments on surface snow were carried out during 

December and January, 2016, while the experiments on cryoconite holes were carried 

out during January and February, 2016 (Fig. 2.6). Samples retrieved from the in-situ 

experiments were safely stored and transported at −20 °C in EPP boxes. Details of the 

in-situ experiments are as follows: 

2.3.1 Primary production 

Primary production or rate of carbon fixation by autotrophs in supraglacial 

samples was determined by tracing the uptake of radioactive 14C-NaHCO3 from the 

dissolved inorganic form to organic carbon (Knap et al, 1996).  

Reagents: 

1. Working solution: 14C-NaHCO3 of radioactive concentration, 5 µCi mL-1. 

2. Sterile ultrapure water: Ultrapure water was autoclaved at 120 °C for 20 min 

followed by cooling and filtration through sterile 0.22 µm nuclepore filter 

membrane (Whatmann). 

3. Trace metal grade HCl solutions: 2 N and 0.5 N 

4. Sterile buffered formalin (37%): Formalin (37%) was buffered using sodium 

tetraborate followed by filter sterilization using 0.22 µm nucleopore membrane.  

5. Ethanolamine 

Setup: 

1. Cleaning: Containers and vials used during the experiment were cleaned by soaking 

them in 0.5 N HCl solution for 24 h followed by thorough rinsing with ultrapure 

water. 

2. Sample collection: 40 mL of surface snow and cryoconite hole water samples were 

collected in pre-cleaned 50 mL polycarbonate tubes and 1 g of cryoconite sediment 

was collected in pre-cleaned 15 mL High Density Polyethylene (HDPE) centrifuge 

tubes. For light incubation, 12 samples were collected in separate clear tubes and 

for dark incubation, 12 samples were collected in separate tubes covered with 

aluminium foil. 
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3. Time zero samples: Time zero samples were prepared by the addition of buffered 

formalin (final concentration, 5%) to kill the microbial cells. Six samples each from 

light and dark incubation setup were used as time zero samples. 

4. Sample inoculation and incubation: The surface snow and cryoconite hole water 

samples were amended with 200 µL of working solution and cryoconite sediment 

samples were amended with 300 µL of working solution. Surface snow samples 

were then incubated for 72 h, while cryoconite water and cryoconite sediment 

samples were incubated for 48 h.  

5. Total DPM (disintegration per minute): For total DPM measurement, an aliquot of 

200 µL of sample inoculated with radioisotope was taken in a scintillation vial and 

spiked with 200 µL ethanolamine to prevent the escape of CO2 to the atmosphere.  

6. Terminating the incubation: To terminate the time zero incubations, samples were 

immediately processed to extract the organic matter using the filtration or 

centrifugation methods as described below. Incubations after 72 h in surface snow 

samples and after 48 h in cryoconite water and cryoconite sediment samples were 

terminated by the addition of 37% buffered formalin (final concentration, 5%) 

followed by extraction of the organic matter using filtration or centrifugation 

method.. 

7. Extraction using filtration method: Maintaining low light conditions, organic matter 

from incubated surface snow and cryoconite hole water samples was extracted by 

filtering the samples through GF/F filter membranes (25 mm) followed by washing 

thoroughly with cold and sterile ultrapure water. The extracted filters were then 

transferred to 20 mL scintillation vials followed by addition of 1 mL, 2N HCl to 

remove the excess dissolved inorganic carbon that remained unutilized. The filters 

were then dried under the fume hood. Radioactivity was measured using a Wallac 

DSA 1409-001 Liquid Scintillation Counter.  

8. Extraction using centrifugation method: Organic matter from the cryoconite 

sediments were extracted by addition of 2 mL, 2N HCl followed by vortexing for 

30 s and drying under the fume hood. Radioactivity was measured using liquid 

scintillation counting technique. 
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Fig. 2.6. In-situ field experiments and lab measurements being carried out at 

Larsemann Hills during 36th Indian Scientific Expedition to Antarctica, 2016-17. 

Primary production rate estimations 

Primary production in surface snow and cryoconite hole samples carried out with 14C-

NaHCO3 solution was estimated using the equation 2.1 (Knap et al., 1996) as: 

Primary productivity rate (µg C L-1 d-1) = ((
SDPM

V
) × (

DIC ×0.20 ×10−3

TDPM
) × (

1.05

T
)  

 
equation 2.1 

        

where, SDPM = Disintegration per minute (DPM) measured in extracted samples 

V = Volume of sample incubated in L 

DIC = Dissolved Inorganic Carbon concentration in the sample in   µg C L-1  

0.20 =Volume of unfiltered sample (14C-NaHCO3 added) used for total DPM 

measurement in mL 
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TDPM = Total DPM measured from 0.20 mL of unfiltered sample (14C-

NaHCO3 amended) spiked with ethanolamine 

1.05 = value used for correction for lower uptake of 14C carbon compared to 

12C  

T = period of incubation in days 

2.3.2 Bacterial production 

Bacterial production or the rate of biomass synthesis by the heterotrophic 

community in the supraglacial environment was estimated by tracing the incorporation 

of methyl-3H-Thymidine into the cold Trichloroacetic acid (TCA)-insoluble cell 

fractions following a small incubation (Knap et al., 1996; Fuhrman and Azam, 1982).  

Reagents: 

1. Stock solution: Methyl-3H-Thymidine of 18000 mCi mmol-1 (specific activity) and 

1 mCi mL-1 (radioactive concentration) was stored in 96% ethanol in refrigerator. 

2. Working solution: An aliquot of radio-labelled reagent was taken in a pre-cleaned 

glass vial and the ethanol was evaporated under the laminar flow. Forty eight 

microlitres of methyl-3H-Thymidine with radioactive concentration of 1 mCi mL-1 

was then taken in another pre-cleaned glass vial and 10 mL of sterile ultrapure 

water was added to obtain a working solution of 4 µM. 

3. Sterile buffered formalin (37%): Formalin (37%) was buffered using sodium 

tetraborate followed by filter sterilisation using sterile 0.22 µm nucleopore 

membrane.  

4. Sterile ultrapure water: Ultrapure water was autoclaved at 120 °C for 20 min 

followed by cooling and filtering through sterile 0.22 µm nuclepore filter 

membrane (Whatmann). 

5. Trichloroacetic acid: 100% (weight/volume) TCA solution was prepared by adding 

100 g TCA (Merck, reagent grade, Emsure) to 100 mL sterile ultrapure water and 

5% (weight/volume) TCA solution was prepared by adding 5 g TCA to 100 mL 

sterile ultrapure water. TCA solutions were stored in refrigerator and used chilled. 
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6. Ethyl acetate 

Setup: 

1. Cleaning: Containers and vials used during the experiment were cleaned by soaking 

them in 0.5 N HCl solution for 24 h followed by thorough rinsing in ultrapure 

water. 

2. Sample collection: 40 mL of surface snow and cryoconite water samples were 

collected in pre-cleaned 50 mL polycarbonate tubes and 2 g of cryoconite sediment 

samples were collected in pre-cleaned 15 mL HDPE centrifuge tubes. For each 

incubation setup, 24 sample tubes were prepared which included 12 control killed 

samples. 

3. Control: Control samples were prepared by killing the microbes by the addition of 

buffered formalin, 37% (final concentration, 5%). For each incubation setup, 12 

control killed samples were prepared. 

4. Time zero samples: Time zero samples were prepared by the addition of buffered 

formalin, 37% (final concentration, 5%) followed by addition of 100% TCA cold 

solution (final concentration, 5%). For each incubation setup, 6 samples and 6 

control killed samples were used as time zero samples. 

5. Sample inoculation and incubation: The surface snow and cryoconite water samples 

were inoculated with 400 µL of working solution to get final concentration of 40 

nM and cryoconite sediment samples were inoculated with 500 µL of working 

solution. The surface snow samples were then incubated for 72 h, while cryoconite 

water and cryoconite sediment samples were incubated for 48 h.  

6. Terminating the incubation: To terminate the time zero incubations, samples were 

immediately processed to extract the precipitated biomass using filtration or 

centrifugation method. Incubations after 72 h in surface snow samples and after 48 

h in cryoconite water and sediment samples were terminated by addition of 37% 

buffered formalin (final concentration, 5%) to kill the microbial cells and 100% 

cold TCA solution (final concentration, 5%) to precipitate the biomass synthesized 

followed by extraction of the precipitated biomass.  
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7. Extraction using filtration method: Termination of the surface snow and cryoconite 

hole water incubations was followed by extraction of the biomass by filtering the 

samples through 0.22 µm cellulose nitrate filter (Whatmann) followed by washing 

with 5 mL, 5% cold TCA solution and cold sterile ultrapure water. The filters were 

then carefully transferred in 20 mL scintillation vials and 1 mL ethyl acetate was 

added to dissolve the filter followed by drying under the fume hood. Radioactivity 

was measured using a Wallac DSA 1409-001 Liquid Scintillation Counter.  

8. Extraction using centrifugation method: Followed by terminating the incubation in 

cryoconite sediments, biomass was extracted by centrifugation at 2000 rpm for 10 

min. The precipitate obtained was washed with 2 mL, 5% cold TCA solution to 

remove the soluble fraction in the samples by vortexing for 1 min followed by 

centrifugation. The precipitate thus obtained was finally washed thrice, each time 

with 5 mL cold and sterile ultrapure water in the similar way. Radioactivity in the 

extracted biomass was counted using liquid scintillation counting technique. 

Bacterial production rate estimations 

Following the extraction, cellulose nitrate filters in the scintillation vials were dissolved 

in 1 mL ethyl acetate followed by drying under fume hood. Radioassay was carried out 

after adding 10 mL scintillation cocktail followed by thorough vortexing for 30 s. 

Hourly rate of radio-labelled Thymidine (Thy) incorporation by sample was estimated 

using equation 2.2 as (Knap et al., 1996; Fuhrman and Azam, 1982): 

Thy incorporation (mole L‾1 h‾1) = DPM × 4.5 × 10‾13 × (
1

SA
) × (

1

v
) × (

1

T
)   

equation 2.2 

 

where, DPM = Disintegration per minute measured in extracted samples 

SA = Specific activity of the methyl-3H-Thymidine inoculated in Ci   

mol‾1 

4.5 × 10 ‾13 = factor used for converting DPM into Ci  
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V = Volume of sample in L 

T = Incubation time in hours 

Thymidine incorporation was converted into bacterial production using conversion 

factors 2 × 1018 cells mol‾1 and 11 × 10-15 g C cell‾1 (Takacs and Priscu, 1998; Takacs 

et al., 2001). 

2.3.3 Radioassay 

Radioassay was carried out by liquid scintillation counting technique using 

Wallac DSA 1409-001 Scintillation Counter equipped with Europium-152 gamma 

source. Prior to radioassay, 10 mL of Cocktail W, a naphthalene based scintillation 

cocktail (Spectrochem) was added in 20 mL HDPE scintillation vial containing the 

extracted samples in filter membrane followed by vortexing for 30 s. Contaminated 

reagents and solutions used during the sample incubation and processing can influence 

the radioactivity measurements carried out on samples. Thus, radioactivity was 

measured in TCA solution, buffered formalin, ethyl acetate, ultrapure water used 

washing and preparing the solutions, scintillation cocktail and the filter membranes and 

was found to be ranging from 10 to 33 dpm. In order to determine the background 

radioactivity in the supraglacial samples, radioactivity was measured in the samples 

without radio-labelled substrate added to it. Throughout the experiment and analysis, 

stringent precautions were taken to avoid any spillage and radioactivity in and around 

the working area was regularly measured using Geiger counter. No spillage occurred 

during the experiment.  

2.3.4 In-situ experiment (Experimental system) 

Surface snow and cryoconite water were collected in pre-cleaned quartz tubes 

using sterile scoops and syringes, respectively. The samples were incubated in field for 

30 days (surface snow) and 25 days (cryoconite hole) in the following conditions: 

1. Only light: To study the effect of only light on DOM and nutrient cycling, microbial 

activity was inhibited in surface snow by adding a biocide, while cryoconite hole 
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samples were filtered using 0.22 µm Omnipore PTFE filters (Merck Biosciences). 

Since, the compound used as the biocide may interfere with the ionic or organic 

carbon measurements, biocides were selected keeping in the mind the nature of the 

analysis to be carried out. Samples for ionic measurements were spiked with 

chloroform (CHCl3) and samples for TOC and DOC measurements were spiked 

with sodium azide (NaN3). Blanks comprised of the fresh ultrapure water and the 

biocide were incubated and analysed in the same way as the samples. Cryoconite 

water samples were filtered using the methodology described in section 2.4.2 to 

avoid any contamination during the filtration. 

2. Microbes in absence of light: To study the effect of microbes alone on the DOM 

concentration and nutrient cycling, samples containing the resident microbes were 

incubated in quartz tubes wrapped with aluminium foil to prevent any penetration 

of light.  

3. Both light and microbes: To study the effect of both light and microbes, quartz 

tubes with surface snow and cryoconite water samples containing the resident 

microbial communities were incubated under ambient light conditions. 

4. Control: Quartz tubes containing surface snow samples spiked with biocide and 

cryoconite water samples filtered through 0.22 µm Omnipore PTFE filters, and 

wrapped with aluminium foil served as the controls.  

Samples retrieved on 0 and 30 day (surface snow) or 25 day (cryoconite hole water) 

were analysed for ionic composition and concentration, total organic carbon (TOC) 

and dissolved organic carbon (DOC) concentration. Samples were incubated in 

triplicates. Flow chart in Fig 2.7 describes the experimental setup. 

2.3.5 In-situ experiment (Natural System) 

In the experimental system, it was challenging to simulate various natural 

environmental conditions such as DOM input, nutrient exchange between the 

cryoconite sediment and the overlying water, concomitant microbial activity, as well as, 

physical conditions such as atmospheric exchange, etc.  Therefore, to better understand 

the DOM and nutrient cycling in these environments in natural conditions, a second 
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experiment was designed where two cryoconite holes subjected to different light 

conditions (i.e. full solar exposure and restricted light exposure) were monitored over a 

period of 25 days. In this experiment, two cryoconite holes of similar dimensions and 

close to each other were chosen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7. Flowchart showing the incubation setup in the experimental system. 

One cryoconite hole was monitored in its natural condition and the other cryoconite 

hole was shaded to inhibit the light penetration. Samples were collected in triplicates 

from both the cryoconite holes at the beginning (0 day) and at the end of the experiment 

Aliquots of Surface snow and Cryoconite hole 

water were collected in quartz tubes. 

 

Light-only 

Surface snow was 

spiked with biocide 

(NaN3/CHCl3). 

Cryoconite water 

samples were filtered 

through 0.22 µm 

PTFE filter. 

Microbe-only 

Surface snow and 

cryoconite hole water 

were maintained in 

dark (wrapped in 

foil). 

 

Light+microbe 

Surface snow 

and cryoconite 

hole samples as 

is. 

 

Control- (no microbe, 

no light) 

Surface snow was 

spiked with biocide 

(NaN3/CHCl3). 

Cryoconite hole water 

samples were filtered 

through 0.22 µm PTFE 

filter. And the samples 

were maintained in 

dark. 

 

Surface snow samples were incubated in the field under ambient conditions for 30 days and cryoconite hole 

water samples were incubated for 25 days. Samples were retrieved in triplicate on 0 day and after 

incubation, and were analysed for organic and major inorganic ions, TOC and DOC. 
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on 25th day. Samples for organic carbon analysis were collected in pre-cleaned and 

combusted glass containers. Samples for inorganic ion analysis were collected in pre-

cleaned Polypropylene (PP) vials. Cryoconite hole sediment samples were collected in 

sterile Whirl-pak bags using sterile PP scoops. Stringent measures were taken while 

sampling to avoid any contamination. Flow chart in Fig 2.8 shows the experimental 

setup in the natural system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8. Flowchart showing the experimental setup in the natural system. 

 

Two 

cryoconite 

holes of 

similar 

dimensions 

and close to 

each other. 

 

 

One cryoconite hole was 

monitored under natural 

condition for 25 days. 

 

 

Other cryoconite hole was 

shaded to inhibit the light 

penetration and was 

monitored for 25 days. 

 

Samples were retrieved on zero day and at the end of 25 days, 

and were analyzed for TOC, DOC and ionic concentrations.   
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2.4 Analytical Methods 

2.4.1 Total Organic Carbon 

Total organic carbon measurements in the supraglacial samples were carried out 

using high sensitivity TOC analyzer (Shimadzu TOC-VCPH). For the TOC 

measurements, non-purgeable organic carbon (NPOC) method was used with the 

sample injection volume of 2 mL. Two millilitres of sample from the sealed vial placed 

in the auto-analyser was drawn into the syringe followed by addition of 2 mL of 2 N 

HCl (Trace metal grade) solution. High purity N2 gas was sparged at a flowrate of 150 

mL min-1 to eliminate the inorganic carbon from the samples. The sample free from 

inorganic carbon was automatically transported to the quartz combustion tube 

containing platinum catalyst and heated to 680 °C. This process converts the remaining 

carbon in the samples which is majorly the organic carbon, to CO2. Carbon dioxide is 

then carried by the carrier gas through a dehumidifier and a halogen scrubber to the 

non-dispersive Infrared Detector (NDIR) cell for detection and quantification.  

Calibration was carried out using the solution of reagent grade potassium 

hydrogen phthalate with concentration ranging from 10 to 500 µg L−1 and the carbon 

concentration in the ultrapure water used for the generation of the calibration curve was 

taken into account. To determine the detection limit, 12 blank samples comprised of 

fresh ultrapure water were analysed and the standard deviation (SD) was determined. 

Detection limit, defined as three times the ratio of SD to the slope of calibration curve 

with intercept zero, was determined to be 10.0 µg L−1. The instrument blank determined 

using the automated blank checking program of the instrument was below detection 

limit (bDL). The carbon contamination from the 2 N HCl solution used for acidifying 

the samples during the analysis was determined by analysing the ultrapure water with 

increasing additions of acid and was found to be bDL. In order to check for possible 

contamination during the sample handling and melting, 3-4 blanks comprising ultrapure 

water were processed in a similar manner as that of samples over the course of a day of 

sample analysis. The blank measurements showed values ranging from bDL to 10 µg 

L−1. Relative standard deviation of the measurements and the instrumental precision 
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based on replicate injections of the standard was better than 10%. Minimum of three 

measurements were recorded for each sample to ensure the repeatability.  

Organic carbon in sediments were analysed in Total Organic Carbon analyzer 

(TOC-V series SSM-5000A from Shimadzu) with NDIR cell for detection and 

quantification. Glucose was used as the carbon standard. Prior to organic carbon 

measurement, each sediment sample was dried, powdered and treated with trace metal 

grade 2N HCl in order to remove inorganic carbon from the sample. Hundred milligram 

of treated sample was placed in a clean ceramic sample boat, which was transferred 

into a 900 °C catalytic (mixture of cobalt oxide and platinum) combustion chamber 

inside the SSM-5000A and oxidized to CO2 in the presence of O2. Carbon dioxide was 

then carried by O2 for detection in the NDIR detector. The analytical precision was 

better than 5%. 

Measurements of organic carbon present in trace level in supraglacial samples 

from remote regions may get influenced by organic gases present in atmosphere, 

storage conditions, as well as photolysis on exposure to light. Therefore, stringent 

precautions were taken beginning from the sample collection to organic carbon 

measurements. Containers and vials made of amber glass were used for sample 

collection, processing and standard preparation. Prior to use, the containers and vials 

were cleaned by soaking in 0.5% HNO3 solution for 24 h followed by thorough rinsing 

in ultrapure water and combustion at 450 °C for 4 h. To avoid any overestimation of 

organic carbon caused by prolonged storage of melted sample, as well as, the 

intervention of organic gases present in the atmosphere, each sample was melted in 

screw tight glass containers inside a class-100 clean room just prior to the analysis 

using the TOC analyser. Contamination caused due to storage of samples in EPP boxes 

was determined by analysing the blanks comprising ultrapure water stored and analysed 

in the same way as the samples and was found to be bDL. In case of samples stored in 

LDPE bags, possible contamination from the material of the bag was estimated by 

analysing the samples from the outer portion touching the material of the bag, as well 

as, the sample from central portion of the bag that was at no time in contact with the 
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material. Organic carbon concentration in the samples from the outer portion was 

higher than sample from central portion by 108 µg L−1 (Antony et al., 2011). Thus, sub-

sampling for OC measurements was carried out from the central portion of the LDPE 

bag in aseptic conditions under the laminar flow placed inside the -15 °C cold room. 

 2.4.2 Dissolved Organic Carbon 

Dissolved Organic Carbon was measured in supraglacial samples using high 

sensitivity TOC analyzer (Shimadzu TOC-VCPH) as described in section 2.4.1. Prior to 

analysis, samples were filtered through pre-cleaned 0.22 µm Omnipore PTFE filter 

(Merck Biosciences) to remove the particulate fraction of organic matter that is majorly 

comprised of microbial cells. The PTFE filters were cleaned by soaking in 10% trace 

metal grade HCl solution followed by thorough rinsing and soaking in fresh ultrapure 

water for 3 days with daily replacement of fresh water and a final rinse with fresh 

ultrapure water. Prior to each sample filtration, 1 L of ultrapure water was passed 

through the filter followed by measurement of background DOC concentration. 

Background DOC concentration ranged from bDL to 11.2 µg L−1. Organic carbon (OC) 

measured in the sample before filtration represents the TOC concentration, while OC 

measured in sample after filtration represented the DOC concentration. Dissolved 

organic carbon concentration of each sample was corrected with respect to the 

background DOC concentration obtained from analysis of blanks.  

2.4.3 Ionic chemistry 

Ionic measurements in the supraglacial samples were carried out using ion 

chromatography placed in a class-100 clean room. Various ions measured in the 

samples included four major carboxylate ions, namely Acetate (Ac‾), Formate (Fo‾), 

Lactate (Lc‾) and Oxalate (Oxy2‾) and the major inorganic ions (Na+, K+, Mg2+, Ca2+, 

NH4
+, CH3SO3‾, Cl‾, SO4

2‾ and NO3‾).  

2.4.3.1 Carboxylate ions 

Carboxylate ions were measured using Dionex ICS 2000, anion exchange Ion 

Chromatography system. Dionex ICS 2000 was equipped with an automated Eluent 
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Generator (EG50) and an electrical conductivity detector (CD25). IonPac AS11-HC (4 

mm) column and IonPac AG11-HC (4 mm) Guard column with an ASRS-ULTRA 

Anion Self Regenerating Suppressor were used for the separation of carboxylate ions. 

Potassium hydroxide (KOH) was used as the eluent. The sample injection volume was 

1 mL. The gradient program reported by Käkölä et al. (2008) for measurements of 

carboxylate ion was optimized in order to measure low concentrations of carboxylate 

ions found in supraglacial ecosystems in the Antarctic region. High purity carboxylate 

ion standard solutions from Inorganic Ventures (IV) with concentrations ranging from 

1 to 20 µg L−1 were used for calibration. Detection limit was determined to be 0.1 µg 

L−1 for Ac‾ and Fo‾, 1.0 µg L−1 for Oxy2‾ and 2.0 µg L−1 for Lc‾. 

Only glass containers and vials were used for preparation of standard solutions 

as well as for the collection and processing of supraglacial samples, in order to prevent 

any possible contamination from plastic material. Prior to use, the glass containers and 

vials were soaked in ultrapure water for 24 h followed by sonication in ultrapure water 

for 30 min at room temperature and combustion at 450 °C for 4 h. However, surface 

snow samples from PEL region (Chapter 3), used for carboxylate ions measurements 

were collected in LDPE bags due to logistic reasons. To estimate the possible 

contamination caused by the plastic material, concentration of carboxylate ions was 

determined in the snow sub-sampled from the outer portion touching the material of the 

bag as well as from central portion of the bag that was never in contact with the 

material of the bag. Carboxylate ion concentration in the outer portion of snow was 

determined to be 2-3 times higher than the central portion of snow. Thus, surface snow 

was sub-sampled from the central portion of the bag for carboxylate ion analysis. 

Measurements of various organic compounds present at trace levels in remote 

supraglacial environments may get influenced by contamination resulting from organic 

gases present in the atmosphere and by photolysis on exposure to light. Therefore, to 

prevent any analytical error, the chromatographic standards were analyzed on a daily 

basis throughout the period of analysis. The analytical precision estimated from the 

daily scrutiny of standards was better than 10% and each sample was analyzed in 

triplicate to ensure the repeatability of measurements. To prevent any light induced 
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transformation of carboxylate ions leading to error, amber glass containers and vials 

were used.  

In order to estimate the possible contamination during the sample handling and 

melting, 4–6 blanks comprising ultrapure water were processed in a similar manner as 

that of the samples over the course of a day of sample analysis. The blank 

measurements showed values ranging from bDL to 6 µg L−1 for Ac‾, Fo‾, Lc‾ and 

Oxy2‾. The respective daily blank values were subtracted from the sample values. 

Contamination caused during storage of samples in EPP boxes was estimated by 

measuring the carboxylate ion content in ultrapure water that was stored and analyzed 

in the similar way as the samples. The storage bottle blank values of the carboxylate 

ions were found to be below detection limit.  

2.4.3.2 Inorganic ions 

Inorganic anions (CH3SO3‾, Cl‾, SO4
2‾ and NO3‾) were measured using Dionex 

ICS 2000 as described for carboxylate ion analysis in section 2.4.3.1. Cations (Na+, K+, 

Mg2+, Ca2+ and NH4
+) were measured using Dionex DX-2500, cation exchange ion 

chromatography system equipped with DS 6 Conductivity Detector and CSRS-ULTRA 

Cation Self Regenerating Suppressor. IonPac CS17 column (4 mm) and IonPac CG17 

Guard column (4 mm) were used for separation of the cations. Methanesulfonic acid 

(CH3SO3H) was used as eluent and the sample injection volume was 0.1 mL. 

Calibration was carried out using high-purity standards from Inorganic Ventures. 

Detection limits achieved were 2 µg L−1 (CH3SO3‾), 5 µg L−1 (Na+, K+, NH4
+, SO4

2‾, 

NO3‾ and Cl‾) and 8 μg L−1 (Ca2+ and Mg2+). Analytical precision for all the ions was 

found to be better than 10%. 

2.4.4 Mineralogy of cryoconite sediment samples 

  Qualitative analysis of minerals in cryoconite sediment samples was carried 

out using X-ray Diffraction method. Prior to analysis, samples were powdered in an 

agate mortar and pestle. The diffraction studies were done from 3 to 75 °2θ using a 
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Rigaku UltimaIV powder diffractometer with CuKα radiation with a scanning speed of 

1.2 °2θ/min. Silicon was used as the internal standard.  

2.4.5 Bacterial cell abundance and microbial morphology 

  Bacterial cell abundance was determined by epifluorescence microscopy     

method using Nikon Ti-U Eclipse at 1000× magnification. Frozen supraglacial samples 

were melted in class-100 clean room. Immediately after melting, 5 mL of melted 

sample was stained by adding 4',6-Diamidino-2-phenylindole (DAPY) to a final 

concentration of 5 μg mL−1 and incubated for 5 min. Sample was filtered through a 

brown 0.22 μm isopore polycarbonate track-etched membrane filter (Millipore) 

followed by counting under the microscope. Staining and filtration were carried out 

under clean conditions inside a laminar flow hood. The number of cells was counted in 

20 random fields. Bacterial cell abundance was calculated using equation 2.3 as: 

Bacterial cell abundance (cell mL-1) = (
AF

Ag
) × 

N

V
    equation 2.3 

where,  AF = area of filter occupied by sample (78.57 mm2) 

 Ag = Area of grid in field of view (10-2 mm2) 

 N = Average number of cells viewed  

V = Volume of sample filtered (5 mL) 

Controls comprising filtered ultrapure water were processed and observed under 

microscope in the similar manner as the samples. Bacterial cell abundance in controls 

was found to be 0 cell mL-1. 

Scanning electron microscopy was carried out using JEOL JSM-6360 Scanning 

Electron Microscope. Frozen supraglacial samples were melted in a clean room and 40-

50 mL of the melted samples were concentrated onto sterile 0.22 μm nuclepore 

(Whatmann) filters in aseptic conditions. After air drying, dried filter papers were 

firmly fixed onto metal stub using conductive adhesive, and platinum coated using 
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JEOL JFC-1600 auto fine coater. The cellular morphology was observed under the 

Scanning Electron Microscope.  

2.4.6 Dust particles 

Dust particle concentration in the surface snow samples was measured using 

Multisizer 4 Coulter Counter (Beckman Coulter) placed in a class-100 clean room. 

Analysis of dust particles of size between 1 and 25 µm diameter was carried out using a 

50 μm diameter aperture. Size calibration was carried out using polystyrene latex beads 

of 5 μm radius and a precision better than 5% was obtained. Particle mass concentration 

was determined using equation 2.4 as: 

Particle mass (μg L-1) = 2.6 × Volume of particle × 10-3   equation 2.4 

where, the value 2.6 denotes average particulate density of the terrestrial dust, assuming 

most of the wind-blown soil dust density ranged between 2.5 and 2.7 g cm-3 (Sugimae, 

1984). 
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Chapter 3 

Glaciochemistry of surface snow and blue ice in coastal Antarctica 

 

3.1 Introduction 

Antarctic snow and ice serves as an archive providing information on aerosol 

sources, global atmospheric processes and long range transport and deposition (De 

Angelis et al., 2012; Erbland et al., 2013; Legrand and Mayewski, 1997; Li et al., 2015; 

Mahalinganathan et al., 2016; Udisti et al., 1998). It is also an important site for 

biogeochemical processes involving various inorganic, as well as, organic species 

(Couch et al., 2000; Dibb and Arsenault, 2002; Grannas et al., 2004; Swanson et al., 

2002). Various studies in Antarctica have provided information on spatial and temporal 

variation in the chemical composition (inorganic and organic species) of snow and ice 

(Antony et al., 2014; Bertler et al., 2005; Mahalingathan et al., 2012, 2016). Sea spray, 

crustal components and secondary aerosols impact the ionic budget of Antarctic snow. 

The major ionic species in snow such as Na+, K+, Ca2+, Mg2+, Cl‾, SO4
2‾ and 

NO3‾ determine the ionic balance of the surface snow (Legrand, 1987). Few ionic 

species like Na+, K+, Ca2+ and Mg2+ can have a marine, as well as, crustal source 

(Thamban et al., 2010). Chloride ion is mainly originated from sea spray, but can also 

be deposited as HCl in snow (Benassai et al., 2005). Sulphate ion in snow can have 

inputs from volcanic eruption and anthropogenic sources, in addition to the well known 

contribution from sea spray (Legrand and Pasteur 1998; Udisti et al., 1999). Nitrate ion 

has multiple sources in Antarctic environment and predominantly results from 

atmospheric oxidation of nitrogen oxides, photo-dissociation of N2 and via 

sedimentation from polar stratospheric clouds (Legrand and Delmas, 1986; Legrand 

and Mayewski, 1997, Rothlisberger et al., 2000). Carboxylic acids like acetic acid 
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(HAc) and formic acid (HFo) are the dominant organic species in the global 

troposphere (Keene and Galloway, 1988; Talbot et al., 1988) due to high polarity, water 

solubility and low molecular weight (Chebbi and Carlier, 1996). Carboxylic acids also 

add to the free acidity of the atmosphere (Galloway et al., 1982; Legrand and De 

Angelis, 1995). Earlier studies on carboxylic acids were majorly focused on the 

atmospheric budgets of these acids. Globally, carboxylate ions are derived from various 

natural sources such as emissions from soil and vegetation (Keene and Galloway, 1988) 

and anthropogenic sources like biomass burning (Paulot et al., 2011; Talbot et al., 

1988), while secondary sources include photochemical processes (Atkinson, 2007). 

Photochemical sources include ozonolysis of isoprene (majorly emitted from 

vegetation) producing HFo in the atmosphere (Jacob and Wofsy, 1988; Legrand and De 

Angelis, 1996; Souza and Carvalho, 2001). In Antarctica, year round atmospheric 

monitoring of HFo and HAc suggest photo-oxidation of low-molecular weight alkenes 

by ozone, reactions of peroxy acetyl radical with peroxyl radicals and oxidation of 

formaldehyde (and acetaldehyde) by hydroxyl radical (
∙
OH) as the major sources of 

these acids (Legrand et al., 2004, 2012). Studies on carboxylate ion composition within 

snow/ice are limited and show low concentrations (Legrand and Saigne, 1988; Legrand 

et al., 2013; Udisti et al., 1991) which suggest poor preservation (De Angelis and 

Legrand, 1995) and inefficient incorporation of the acids within snow. Sources of 

carboxylate ions such as acetate (Ac‾) and formate (Fo‾) within snow include long 

range transport of anthropogenic emissions (Udisti et al., 1998) and marine emissions 

(Li et al., 2015). In addition, there is some evidence that photochemical production 

within the snowpack can also affect the composition of carboxylate ions (Dibb and 

Arsenault, 2002). Apart from being involved in photochemical processes, they are also 

important organic substrates for micro-organisms residing in surface snow (Amato et 

al., 2007; Antony et al., 2016). 

Understanding the sources and sinks of these ions in the Antarctic snow can 

significantly help in understanding their role in biogeochemical cycling in these 

environments. However, spatial studies are imperative for an improved understanding 
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of the distribution, sources and transformation processes of both inorganic and organic 

constituents in snow, and their influence on biogeochemical processes. In addition, due 

to enhanced melting of the glaciers and subsequent drainage across the ice sheets and 

runoff to the open ocean, Antarctic snow can potentially influence the downstream 

ecosystem by feeding it with glacial microbes, organic matter and nutrients. Another 

environment that is of significance, but highly understudied are blue ice regions that are 

formed when snow cover is removed by strong winds and/or sublimation (Hodson et 

al., 2013). Surface albedo plays an important role in surface melting in Antarctica 

(Lenarets et al., 2017). Low albedo blue ice facilitates melting by increasing the 

absorption of solar radiation and significantly contributing to the meltwater drainage 

systems in Antarctica (Kingslake et al., 2017; Liston et al., 1999). Due to the surface 

and sub-surface melting during the warming season and subsequent freezing in the 

winter season (Liston et al., 1999), blue ice undergoes a freeze thaw cycle. Studies 

suggest that blue ice areas provide a habitat for microbial life, supporting both 

heterotrophic and photosynthetic activities (Hodson et al., 2013). However, studies on 

the composition of inorganic and organic components and the impact of such habitats 

on biogeochemical processes are severely limited. Therefore, an understanding of the 

chemical composition of snow and ice would be crucial in elucidating their contribution 

to supraglacial biogeochemical processes. 

In this chapter, spatial trend of ionic species (Na+, Ca2+, Mg2+, K+, NH4
+, Cl‾, 

SO4
2‾, NO3‾, CH3SO3‾, Ac‾ and Fo‾) in 18 surface snow samples collected along a 180 

km coastal-inland transect in Princess Elizabeth Land (PEL) and 13 samples along a 

130 km coastal transect in Amery Ice Shelf (AIS) have been presented along with their 

possible sources and implications for snow chemistry. An attempt has also been made 

to understand the chemical composition of blue ice in Larsemann Hills (LHS) (3 cores) 

and AIS (2 cores), in East Antarctica.  
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3.2 Results 

3.2.1 Surface Snow 

3.2.1.1 Princess Elizabeth Land (PEL) 

Major inorganic ion (Na+, Ca2+, Mg2+, K+, NH4
+, Cl‾, SO4

2‾, NO3‾ and 

CH3SO3‾) concentrations in the 180 km coastal-inland transect are as given in Table 

3.1. Majority of the ions except NO3‾ and Ca2+ showed a significant decreasing trend (n 

= 18; p<0.05) with increasing distance from the coast (Fig. 3.1). 

 

Table 3.1. Major ion (Na+, Ca2+, Mg2+, K+, NH4
+, Cl‾, SO4

2‾, NO3‾, CH3SO3‾) and 

H+ concentrations in surface snow samples at Princess Elizabeth Land. 

Distance from 

coast (km) 
Na+ Ca2+ Mg2+ K+ NH4

+ Cl‾ SO4
2‾ NO3‾ CH3SO4‾ H+ 

 
µg L-1 µeq L-1 

10 650 284 26 38 86 1026 144 56 33 -17.3* 

20 348 23 36 18 17 439 217 58 33 -2.6 

30 176 22 13 20 14 356 154 77 25 4 

40 163 29 12 42 7 472 125 73 3 6.4 

50 173 23 15 19 14 357 99 51 10 1.8 

60 110 13 9 10 4 227 71 54 7 2.2 

70 125 25 11 26 5 216 77 61 5 0.4 

80 92 17 8 10 4 207 67 87 13 2.9 

90 123 24 12 17 14 262 90 117 8 2.7 

100 65 17 6 11 13 144 51 72 18 1.5 

110 53 7 2 11 5 109 33 39 4 1.2 

120 64 6 5 4 9 140 63 66 5 2.4 

130 47 6 2 6 4 107 47 81 4 2.5 

140 73 18 5 8 4 157 55 107 6 2.5 

150 66 14 5 10 11 143 50 128 6 3 

160 36 21 2 4 4 81 46 82 7 1.9 

170 53 22 4 6 4 118 52 132 4 3.3 

180 44 12 2 7 22 103 74 131 9 2.6 

*Negative values of H+ represent alkalinity (or HCO3‾ concentration). 
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Fig. 3.1. Spatial trend of major ions and carboxylate ions in Princess Elizabeth 

Land. 

 



43 
 

At PEL, the inorganic ion composition was dominated by Cl‾ (30%), followed 

by Na+ (23%), SO4
2‾ (9%), NO3‾ (8%), Ca2+ (5%) and other ions (3%). Concentration 

of sea salt Na+ (ssNa+), a conservative proxy for sea spray in coastal Antarctica 

(Traversi et al., 2004), was estimated using equation 3.1 (Röthlisberger et al., 2002): 

ssNa+ =  
[Rt × Na+ − Ca2+]

[Rt − Rm]
       equation 3.1 

where, Rt (average ratio of Ca2+/Na+ in crustal system) is assumed to be 1.78 and Rm 

(average ratio of Ca2+/Na+ in marine system) is assumed to be 0.038. In PEL, ssNa+ (24 

- 501 μg L‾1, mean - 121 μg L‾1) contributed to 89% of the total Na+ (36 - 650 μg L‾1, 

mean - 137 μg L‾1). In addition, ssNa+ showed a strong negative correlation (n = 18; 

p<0.001) with the increasing distance from the sea coast, suggesting a strong marine 

contribution to the snow chemistry at PEL. Concentration of non sea salt Ca2+ 

(nssCa2+), a proxy for mineral dust (Ruth et al., 2008), was estimated using equation 

3.2 (Röthlisberger et al., 2002): 

nssCa2+ = Ca2+  ̶  (Ca2+/ Na+)sea water × Na+     equation 3.2 

where, (Ca2+/ Na+)sea water is the ratio of Ca2+ and Na+ in sea water and is assumed to be 

0.038 (Chester, 2003). The nssCa2+ (3 - 59 μg L‾1) contributed to 77% of the total Ca2+ 

concentration (6 - 284 μg L‾1), indicating a significant contribution from crustal 

sources. Acidity (or alkalinity) in the samples was estimated using the ionic balance 

equation (equation 3.3) as:  

H+ = (Cl‾+SO42‾+NO3‾+CH3SO3‾+Ac‾+Fo‾)    ̶(Na++K++Ca2++ Mg2++NH4+) 

equation 3.3 

Estimation of H+ concentration showed that the majority of the samples were acidic 

except for two coastal samples (10 and 20 km) which were alkaline in nature (HCO3‾: 

17.3 and 2.6 µeq L‾1, Table 3.1). Total organic carbon (TOC) concentration in the 

surface snow samples ranged from 88±6 to 271±3 µg L‾1 (Antony et al., 2011, Table 

3.2).  
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Table 3.2. Concentrations of Ac‾, Fo‾ and total organic carbon (TOC) in surface 

snow samples at Princess Elizabeth Land and Amery Ice Shelf. 

Distance from 

Coast (km) 

Princess Elizabeth Land Amery Ice Shelf 

Ac‾  Fo‾ TOC* Ac‾ Fo‾ TOC 

 µg L-1 

10 bDL** 1.38±1.04 115±5 bDL 0.61±0.08 96.0±2.8 

20 bDL bDL 158±4 1.88±0.61 6.66±0.09 54.0±2.3 

30 21.47±0.61 bDL 156±5 15.23±0.84 21.00±0.31 26.7±1.1 

40 17.47±2.00 1.56±0.27 164±9 bDL bDL 56.7±1.1 

50 bDL bDL 207±9 0.29±1.07 3.24±0.21 bDL 

60 2.60±1.51 0.20±0.00 128±8 4.04±0.06 7.11±0.07 52.4±1.4 

70 7.40±0.87 1.82±0.12 137±7 3.93±0.93 6.21±0.03 50.5±0.9 

80 7.67±0.83 bDL 166±5 5.96±0.11 8.36±0.04 51.8±2.4 

90 9.67±1.17 1.17±0.11 123±15 bDL 0.14±0.06 15.7±0.5 

100 6.79±0.41 3.12±0.11 202±4 bDL 0.74±0.07 49.2±2.3 

110 3.09±0.24 3.19±0.04 88±6 bDL 0.69±0.11 117.6±2.9 

120 3.30±0.14 2.95±0.08 210±15 1.05±0.19 2.52±0.06 110.6±1.8 

130 4.60±0.20 2.23±0.15 271±3 bDL 5.43±0.04 65.5±0.2 

140 bDL bDL 158±15 . . . 

150 39.20±1.20 bDL 171±11 . . . 

160 21.47±0.00 1.36±0.07 158±4 . . . 

170 42.93±0.00 2.48±0.96 214±8 . . . 

180 bDL 1.31±0.11 269±6 . . . 

*TOC concentration at PEL is from Antony et al., 2011; **below detection limit. 

The concentration of carboxylate ions, Ac‾ and Fo‾, along the 180 km coastal-inland 

transect ranged from below detection limit (bDL) to 42.93±0.00 µg L‾1 (mean, 14.4 µg 

L‾1) and bDL to 3.19±0.04 µg L‾1 (mean, 1.90 µg L‾1), respectively (Table 3.2). 

Acetate concentration varied widely along the 180 km transect, while Fo‾ exhibited a 

narrow range over the entire transect. In the coastal region (10 - 50 km) of the 180 km 

transect, Ac‾ concentration varied significantly from bDL to 21.47±0.61 µg L‾1 (mean, 

19.47 µg L‾1). In the inland region from 50 to 130 km, Ac‾ concentration showed only 

a narrow variation ranging between 2.60±1.51 and 9.67±1.17 µg L‾1 (mean, 5.64 µg 

L‾1), while beyond 130 km, a wide variation in Ac‾ concentrations ranging from bDL to 

42.93±0.00 µg L‾1 (mean, 34.53 µg L‾1) was observed. 
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3.2.1.2 Amery Ice Shelf (AIS) 

Major inorganic ion (Na+, Ca2+, Mg2+, K+, NH4
+, Cl‾, SO4

2‾ and NO3‾) 

concentrations in the surface snow samples are given in Table 3.3.  

Table 3.3. Major ion (Na+, Ca2+, Mg2+, K+, NH4
+, Cl‾, SO4

2‾, NO3‾) and H+ 

concentrations in surface snow samples at Amery Ice Shelf. 

Distance from 

coast (km) Na+ Ca2+ Mg2+ K+ NH4
+ Cl‾ SO4

2‾ NO3‾ H+ 

 
µg L-1 µeq L-1 

10 150 17 7 8 13 291 29 6 0.1 

20 523 35 72 30 bDL* 646 167 13 -9.2** 

30 239 24 52 13 bDL 467 162 17 1.3 

40 85 9 11 3 10 141 28 9 -1 

50 134 16 25 5 12 231 53 13 -1.6 

60 578 56 165 31 bDL 753 302 18 -14.5 

70 254 26 58 12 16 393 90 15 -4.9 

80 85 14 19 4 7 151 55 14 -0.5 

90 292 12 18 5 bDL 430 36 5 -2.4 

100 117 17 23 10 bDL 240 48 12 -0.2 

110 118 20 21 7 10 238 47 12 -0.8 

120 59 20 5 5 5 119 15 6 -0.6 

130 77 17 11 7 15 162 25 9 -0.8 

*below detection limit; **Negative values of H+ represent alkalinity (or HCO3‾ concentration). 

Along the coastal transect, all the ions except NO3‾ showed a slight decreasing trend 

with the increasing distance from the coast (Fig. 3.2). Sea salt Na+ (49 - 514 µg L‾1, 

mean - 201 µg L‾1) contributed to >94% of the total Na+ (59 - 523 µg L‾1, mean - 208 

µg L‾1) indicating high sea spray influence along the coastal transect of AIS. Non sea 

salt Ca2+ (1 - 34 µg L‾1, mean - 14 µg L‾1) contributed to 64% of the total Ca2+ (9 - 56 

µg L‾1, mean - 22 µg L‾1) indicating a substantial crustal influence to the study region. 

This concurs with the high dust concentrations ranging between 10 - 48 mg L‾1 in the 

snow samples. Ionic balance shows the dominance of Cl‾ (36%) followed by Na+ 

(32%), Mg2+ (10%), SO4
2‾ (6%) and Ca2+ (5%). Estimation of H+ concentration showed 

that majority of the samples were alkaline except for the samples at 10 and 30 km 

which were acidic (H+: 0.1 and 1.3 µeq L‾1 respectively, Table 3.3). 
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Fig. 3.2. Spatial trend of major ions and carboxylate ions in Amery Ice Shelf. 

 

The concentration of Ac‾ and Fo‾ along the 130 km coastal transect at AIS ranged from 

bDL to 15.23±0.84 μg L‾1 (mean, 4.63 µg L‾1) and bDL to 21.00±0.31 μg L‾1 (mean, 
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5.23 µg L‾1), respectively (Table 3.2). Both the carboxylate ions showed a slight 

decrease with increasing distance. Total organic carbon concentration ranged from bDL 

to 117.6±2.9 µg L‾1 (mean, 57.83 µg L‾1) (Table 3.2). Microbial cell densities in the 

AIS samples ranged between 0.16 × 104 and 10.34 × 104 cells mL‾1. Microscopic 

examination revealed the presence of bacteria and diatom frustules (Fig. 3.3). 

 

 

Fig.3.3. Microscopy images of diatom frustules (a, b), bacteria (cocci) (c, d) and 

rod shaped bacteria (e, f) found in the surface snow samples from Amery Ice Shelf. 

3.2.2 Blue ice 

Concentration of major ions (Na+, K+, Ca2+, Mg2+, Cl‾, SO4
2‾ and NO3‾), 

carboxylate ions (Ac‾ and Fo‾) and TOC, in the blue ice samples from LHS and AIS 

are as given in Table 3.4. Two/three sub-samples from each core were analyzed to 

ensure repeatability of the measurements in a core. To understand the trend of ionic 

composition in blue ice, ion concentrations in blue ice were compared to annual snow 

deposits (1 m depth) from the same study regions by estimating the enrichment factor 

(EF) of the ions using equation 3.4 as: 

EF(i) = C(i)Blue Ice/C(i)Snow Deposit      equation 3.4 
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where, C(i)Blue Ice and C(i)Snow Deposit are the ion concentrations in blue ice and snow 

deposit, respectively. Estimated EFs of the ions are as given in Table 3.5. Total cell 

density in the blue ice samples ranged from 0.46 × 104 to 0.90 × 104 cells mL‾1. 

Table 3.4. Major ion (Na+, K+, Mg2+, Ca2+, Cl‾, SO4
2‾ and NO3‾), carboxylate ion 

(Ac‾ and Fo‾) and TOC concentration in the blue ice samples from Larsemann Hills 

and Amery Ice Shelf. 

Sample ID Na+ K+ Mg2+ Ca2+ Cl‾ SO4
2‾ NO3‾ Ac‾ Fo‾ TOC 

 
µg L-1 

Larsemann 

Hills        
   

BI 1-1 979 33 38 374 257 43 181 5.78±0.10 13.76±0.44 46.0 

BI 1-2 961 93 55 905 295 54 302 13.67±0.33 10.24±0.12 289.4 

BI 1-3 1518 62 37 366 402 73 204 10.56±0.45 17.34±0.33 71.6 

BI 4-1 1031 21 16 197 65 12 233 22.67±0.56 20.35±0.67 81.0 

BI 4-2 1069 11 20 281 89 17 145 13.53±0.10 19.80±0.28 85.4 

BI 7-1 3818 19 36 317 
101

9 
38 125 9.22±0.22 10.45±0.85 49.5 

BI 7-2 3382 23 91 422 800 26 71 15.01±0.44 17.25±0.12 78.3 

BI 7-3 1198 51 88 340 488 123 191 14.58±0.01 5.54±0.03 45.6 

Amery Ice 

Shelf        
   

BI8-1 834 11 50 107 567 104 337 11.23±0.25 9.58±0.83 78.3 

BI8-2 638 23 91 122 483 98 382 10.34±0.54 9.34±0.65 108.0 

BI10-1 374 8 40 68 467 60 144 3.58±0.72 10.98±0.35 107.3 

BI10-2 547 31 29 116 615 63 66 6.54±0.03 10.01±0.26 135.5 

 

3.3 Discussion 

3.3.1 Ionic balance 

Majority of the surface snow samples in the PEL transect were found to be 

acidic (H+: 0.4 - 6.4 µeq L‾1), except for two samples at 10 and 20 km (HCO3‾: 17.3 

and 2.6 µeq L‾1) which were alkaline. In contrast, majority of the samples at AIS were 

alkaline (HCO3‾: 0.2 - 14.5 µeq L‾1), except for two samples at 10 and 30 km, which 

were estimated to be acidic (H+: 0.1 and 1.3 µeq L‾1). The ions, SO4
2‾, Cl‾ and NO3‾ 

that are associated with the inorganic acids H2SO4, HCl and HNO3 respectively, 
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determine the acidity (or alkalinity) of snow (Delmas and Gravenhorst, 1982; Legrand, 

1987).  

Table 3.5. Enrichment factor of Na+, K+, Mg2+, Ca2+, Cl‾, SO4
2‾ and NO3‾ in blue 

ice samples from Larsemann Hills and Amery Ice Shelf. 

 
EF 

Sample ID Na+ K+ Mg2+ Ca2+ Cl‾ SO4
2‾ NO3‾ 

Larsemann 

Hills        

BI 1-1 3.4 1.9 1.1 8.1 0.4 0.3 1.3 

BI 1-2 3.3 5.2 1.5 19.7 0.5 0.4 2.2 

BI 1-3 5.3 3.5 1.0 8.0 0.7 0.5 1.5 

BI 4-1 3.6 1.2 0.4 4.3 0.1 0.1 1.7 

BI 4-2 3.7 0.6 0.6 6.1 0.1 0.1 1.0 

BI 7-1 13.2 1.1 1.0 6.9 1.7 0.3 0.9 

BI 7-2 11.7 1.3 2.5 9.2 1.3 0.2 0.5 

BI 7-3 4.1 2.8 2.4 7.4 0.8 0.9 1.4 

Amery Ice 

Shelf        

BI 8-1 0.4 0.1 0.3 2.3 0.9 0.9 3.2 

BI 8-2 0.3 0.2 0.5 2.6 0.8 0.8 3.6 

BI 10-1 0.2 0.1 0.2 1.5 0.7 0.5 1.4 

BI 10-2 0.2 0.2 0.2 2.5 1.0 0.5 0.6 

 

In Antarctic surface snow, apart from the contribution of the sea salt aerosols to 

the total SO4
2‾ concentration (Rankin et al., 2000), oxidation of SO2 originated from 

biogenic, anthropogenic and volcanic emissions in the atmosphere contributes to the 

nssSO4
2‾ content in the form of H2SO4 (Legrand and Pasteur,1998). However, in the 

remote marine atmosphere of Antarctica, oxidation of dimethyl sulphide (DMS) 

(sourced from marine biogenic emissions) leads to production of H2SO4 together with 

methanesulphonic acid (CH3SO3H) and is considered the major source of nssSO4
2‾ 

(Legrand and Pasteur, 1998; Udisti et al., 1999). In coastal Antarctica, nssSO4
2‾ was 

estimated using equation 3.5 (Maupetit and Delmas, 1992):  

nssSO42‾ =  SO42‾    ̶  (SO42‾/ Na+)sea water × Na+     equation 3.5 
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where, (SO4
2‾/ Na+)sea water is the ratio of SO4

2‾ and Na+ in seawater and is assumed to 

be 0.252 (Chester, 2003). At PEL, nssSO4
2‾ (23 - 130 µg L‾1, mean - 54 µg L‾1) was 

found to contribute to 67% of the total SO4
2‾ concentration (33 - 216 µg L‾1, mean - 84 

µg L‾1), indicating its possible contribution to the acidity of surface snow at PEL. 

However, interaction between H2SO4 and salts like NaCl leading to the neutralisation 

of the acid is a well known process occurring in the Antarctic atmosphere (Legrand and 

Delmas, 1988). At PEL, significant correlation observed between SO4
2‾ and major 

cations (Na+, Mg2+, Ca2+ and K+) (n = 18; p<0.01) suggests the presence of SO4
2‾ as 

salts of these cations (Na+, Mg2+, Ca2+ and K+) in the surface snow. In addition, 

estimations from ionic balance revealed that SO4
2‾ contributes to only 8.5% of the total 

ion concentration in the surface snow samples. Of this, only 1.5% contributes to the 

acidity of snow, while the rest is present in the form of salts of NH4
+ (3.0%), Na+ 

(2.2%), Mg2+ (1.5%) and Ca2+ (0.1%).  

Similarly, in addition to a major sea salt aerosol contribution to Cl‾ in coastal 

Antarctica (Thamban et al., 2010), an additional source of Cl‾ in the form of HCl 

results from the interaction between NaCl and HNO3/H2SO4 (Benassai et al., 2005; 

Udisti et al., 1999), which can contribute to the acidity of snow. Concentration of 

excess Cl‾ derived from such non sea-salt sources was estimated using equation 3.6 

(Legrand and Delmas, 1988):  

Excess Cl‾ = Cl‾   ̶  (Cl‾/Na+)sea water× Na+       equation 3.6 

where, (Cl‾/Na+)sea water is the ratio of Cl‾ and Na+ in sea water and is assumed to be 1.8 

(Chester, 2003). In the surface snow samples at PEL, Cl‾/Na+ ratio ranged from 1.3 to 

2.9 (mean, 2.1, Table 3.6), where values > 1.8 suggest an additional source of Cl‾. The 

excess Cl‾ (39 - 280 µg L‾1, mean - 98 µg L‾1) comprised 42% of the total Cl‾ 

concentration indicating that it can appreciably contribute to the acidity of surface 

snow. However, only a small deviation of Cl‾/Na+ (mean, 2.1, Table 3.6) from the sea 

salt ratio of 1.8 in the snow samples suggest that only a small fraction of Cl‾ contributes 

to the acidity in surface snow. This is also corroborated by the ionic balance 

estimations showing that Cl‾ contributes to 30% of the total ionic concentration of 
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which only 3.6% contributes to the acidity in snow and the rest is present in form of 

salts of Na+ (19%), Ca2+ (5.2%), K+ (1.7%) and Mg2+ (1.5%). This is further supported 

by the strong correlation (n = 18; p<0.005) observed between the cations (Na+, Mg2+, 

Ca2+ and K+) and Cl‾. 

Unlike nssSO4
2‾ and excess Cl‾, NO3‾ is thought to have multiple sources in the 

Antarctic environment. In Antarctic snow, it predominantly results from stratospheric 

and tropospheric transport of HNO3 and subsequent deposition in the surface snow 

(Michalski et al., 2005). Nitrate concentrations ranged from 39 to 132 μg L-1 in the 

snowpack and did not show any systematic trend with changes in distance from the 

coast. Due to multiple sources of NO3‾ in snow, its distribution does not show any 

relation with the proximity to the ocean, elevation or with other ions (Bertler et al., 

2005). But certain studies have observed higher NO3‾ concentration in the interior 

regions of Antarctica (Erbland et al., 2013, 2015). Similarly, the inland region at PEL 

in this study was characterized by relatively higher values of NO3‾ (Table 3.1, Fig. 

3.1). Nitrate concentration at PEL ranged between 39 and 132 μg L‾1. No significant 

correlation was observed between the cations (Na+, Mg2+, Ca2+ and K+) and NO3‾, 

which indicates weak or insignificant interaction between the dust minerals and NO3‾. 

Thus, it is suggested that NO3‾ which comprises 8% of the total ion concentration is 

majorly present in the form of HNO3 and significantly contributes to the total acidity of 

surface snow. An exception is the coastal sample at 10 km which was highly alkaline 

(HCO3‾: 17.3 μeq L‾1), possibly due to the proximity to the sea and absence of 

nssSO4
2‾. In addition, the high dust and nssCa2+ (77% of total Ca2+) concentrations in 

this sample indicate the possibility that salts like Ca(NO3)2 could be formed 

(Mahalinganathan et al., 2016), thereby neutralising HNO3 (Gibson et al., 2006).  
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Table 3.6. Cl‾/Na+ ratio in the surface snow samples at Princess Elizabeth Land 

and Amery Ice Shelf. 

Distance from coast 

(km) 
Cl‾/Na+ 

 
Princess Elizabeth Land Amery Ice Shelf 

10 1.6 1.9 

20 1.3 1.2 

30 2 2 

40 2.9 1.7 

50 2.1 1.7 

60 2.1 1.3 

70 1.7 1.5 

80 2.2 1.8 

90 2.1 1.5 

100 2.2 2 

110 2 2 

120 2.2 2 

130 2.3 2.1 

140 2.2 . 

150 2.2 . 

160 2.3 . 

170 2.2 . 

180 2.3 . 

 

In AIS, majority of the samples were alkaline possibly due to the proximity to 

the sea. Sea salt Na+ concentrations (49 - 514 μg L‾1, mean - 201 μg L‾1) comprised 

94% of the total Na+ indicating high sea spray influence over the coastal transect. This 

is supported by Cl‾/Na+ of ~1.8 for these samples demonstrating a dominant marine 

source for Cl‾ (Table 3.6). Further, high concentrations of ssSO4
2‾ (12 - 141 μg L‾1, 

mean - 47 μg L‾1), constituting 62% of the total SO4
2‾, also indicates a substantial 

marine influence. High dust inputs (nssCa2+: 1 - 34 μg L‾1, mean - 14 μg L‾1) 

comprising 64% of total Ca2+  suggest that the interaction between dust minerals and 

the anions (nssSO4
2‾, excess Cl‾ and NO3‾) could result in the neutralization of the 

acids, thereby contributing to the  alkalinity of snow. This is further supported by the 
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strong correlation (n = 13; p<0.001) observed between the anions (nssSO4
2‾, excess Cl‾ 

and NO3‾) and the cations (Na+, Ca2+, Mg2+ and K+).  

In the case of blue ice, ionic composition was dominated by Na+ (36%), Ca2+ 

(10%) and Cl‾ (11%) followed by K+, Mg2+, SO4
2‾, Ac‾, Fo‾ and NO3‾. Ionic 

concentration measured in the blue ice samples varied significantly from the annual 

snow deposits and surface snow samples from the same regions (Table 3.7). A 

previous study carried out in the Vestfold Hills region reports the ionic concentration of 

glacier ice collected from a blue ice area (Hodson et al., 2013). Concentration of Na+ 

and Ca2+ obtained in this study are consistent with the blue ice studied in the Vestfold 

Hills region, while Cl‾ and SO4
2‾ concentrations were lower and NO3‾ concentration 

was higher in this study compared to the Vestfold Hills values (Table 3.7). Dominance 

of Ca2+ (11%) over Cl‾ (5%) was observed in LHS, while Cl‾ (22%) dominated Ca2+ 

(7%) in AIS. Few ions such as Na+ and Ca2+ were present in higher concentrations in 

LHS than AIS which may be attributed to coastal influence of sea salt aerosol 

deposition. Enrichment factor of ions estimated with respect to annual snow deposit 

concentrations showed significant enrichment of Na+ (mean EF, 6.0) and Ca2+ (mean 

EF, 8.7), while Cl‾ (mean EF, 0.7) and SO4
2‾ (mean EF, 0.3) were depleted (Table 3.5). 

However, no significant difference was observed in Mg2+ (mean EF, 1.3), K+ (mean EF, 

2.2) and NO3‾ (mean EF, 2.2). On the other hand, in AIS, all the ions except Ca2+ (mean 

EF, 2.2) and NO3‾ (mean EF, 2.2), showed depletion. Surface and subglacial melting in 

the blue ice region and subsequent drainage of the melt water and associated ions (Bell 

et al., 2017; Kingslake et al., 2017; Liston et al., 1999) may result in a depletion of ions 

as observed in few blue ice samples in this study. On the other hand, proximity of blue 

ice region to the nunataks (exposed land mass) may result in high dust concentration in 

some samples and therefore, result in enrichment of dust associated ions such as Na+ 

and Ca2+ through dissolution of dust minerals. Freeze thaw cycles associated with the 

blue ice may also result into the accumulation and enrichment of ions as observed for 

few ions (Ca2+, Na+ and NO3‾) in this study. 
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Table 3.7. Ion (Na+, K+, Mg2+, Ca2+, Cl‾, SO4
2‾, NO3‾, Ac‾ and Fo‾) and TOC 

concentration in blue ice, annual snow deposits and surface snow from different regions 

in Antarctica.  

Samples Na+ Ca2+ Cl‾ SO4
2‾ NO3‾ TOC Ac‾ Fo‾ 

 
µg L-1 

Larsemann Hills 
        

Blue ice 598 103 533 81 232 107.3 7.92 9.98 

Snow deposit 289 46 613 141 140 . . . 

Surface snow 137 33 530 84 82 172 5.64 1.90 

Amery Ice Shelf 
        

Blue ice 1745 400 427 48 181 93.4 22.50 15.59 

Snow deposit 2199 280 641 121 107 170.6 15.16 6.94 

Surface snow 208 22 328 81 11 57.8 3.79 2.86 

Vestfold Hills 

(Hodson et al., 2013)         

Glacier ice 631 567 1048 203 50 . . . 

 

3.3.2 Carboxylate ions  

3.3.2.1 Atmospheric deposition of carboxylic acids on surface snow 

Carboxylate ion (Ac‾ and Fo‾) concentrations obtained in this study are 

consistent with the data for surface snow (mean, 10.07±5.87 μg L‾1) along a ~1200 km 

transect from Zongshan station to Dome A in East Antarctica (Li et al., 2015) and with 

that measured in snow and ice from various remote sites worldwide (Table 3.8).  

 

 

 

 

 



55 
 

Table 3.8. Concentrations of Fo‾ and Ac‾ observed in snow and ice from glaciers 

worldwide. 

Sampling site 
Fo‾  

(μg L-1) 

Ac‾  

(μg L-1) 
Sample Reference 

Princess Elizabeth Land 

(East Antarctica) 

Amery Ice Shelf 

(East Antarctica) 

Concordia  

(central Antarctica) 

1.90 

 

5.23 

 

1.15 

14.44 

 

4.63 

 

2.25 

Surface  

Snow 

Surface  

Snow 

Snow  

(annual) 

This study 

 

This study 

 

Legrand et al.  

(2013) 

Summit 

(central Greenland) 

9.20 18.01 Snow  

(summer) 

Legrand and  

Mayewski 

(1997) 

Summit 

(central Greenland) 

10.7±1.7 9.3±1.4 Ice core (1310 m, 

Holocene) 

Legrand and  

de Angelis 

(1995) 

Mt Blanc  

(French Alps) 

187.93 20.16 Snow  

(summer) 

Legrand et al.  

(2013) 

Col du Dôme 

 (French Alps) 

. 30.6 Firn core  

(summer) 

Maupetit and  

Delmas (1994) 

Northern Victoria Land 

(East Antarctica) 

16.9± 15.9 17.4± 13 Firn core 

(22 m, 63 yr) 

Udisti et al.  

(1998) 

Lambert glacier  

(East Antarctica) 

2.93±1.72 10.07±5.8

7 

Snow  

(summer) 

Li et al.  

(2015) 

Central East Antarctic 

Plateau  

0.22±0.14 0.32 ± 0.2

4 

Ice core  

(Holocene) 

De Angelis et al.  

(2012) 

Dronning Maud Land 

(East Antarctica)  

0.55±0.24 0.86±0.67 Ice core  

(Holocene) 

De Angelis et al.  

(2012) 

Berkner Island 

(West Antarctica) 

0.1 ± 0.08 0.11 ± 

0.09 

Ice core De Angelis et al.  

(2012) 

Talos Dome 

(East Antarctica) 

0.3 ±0.33 1.2 ±1.6 

 

Ice core De Angelis et al.  

(2012) 

Vostok (Central East 

Antarctica) 

0.16 ±0.07 0.16 ±0.16 Ice core De Angelis et al.  

(2012) 

Glacier de la Girose 

(French Alps) 

40.02 31.80 Snow 

 (early spring) 

Maupetit and  

Delmas (1994) 

South Pole 2.30 - 13.81 3.6 – 15.6 Snow  

(annual) 

Dibb and  

Arsenault (2002) 

  

In remote areas like Antarctica, natural sources of carboxylic acids such as biomass 

burning are likely to contribute through long range atmospheric transport (Udisti et al., 

1998). Previous studies have shown long range transport of terrestrial organic matter 

and biomass burning emissions to the PEL region of Antarctica (Antony et al., 2014; 
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Hu et al., 2013), indicating that long range transport of carboxylic acids to this region is 

possible. Enhanced concentrations of Ac− over Fo− documented in non-polar ice core 

records have been attributed to atmospheric transport of anthropogenic emissions, 

particularly coal combustion, to the glaciers (Lee et al., 2003). In addition, 

anthropogenic inputs like vehicular and biomass burning have been found to contribute 

to higher concentrations of HAc over HFo in Antarctic snow (Udisti et al, 1998). Thus, 

the higher concentration of Ac‾ over Fo‾ observed in both the study regions could 

possibly be attributed to long range transport of anthropogenic emissions to PEL and 

AIS. 

Direct marine emissions and atmospheric oxidation of compounds emitted from 

the marine environment are also considered as important sources of carboxylic acids 

(Legrand and De Angelis, 1996). For instance, in Dumont d’Urville, Legrand et al. 

(2004) observed enhanced HAc mixing ratios in marine air masses (630 pptV) 

compared to katabatic air masses (168 pptV). A recent study carried out over a ~1200 

km coastal - inland transect in East Antarctica found that marine emissions governed 

the Ac‾ and Fo‾ supply up to 600 km from the coast, while different sources and 

mechanisms were responsible for their deposition in the rest of the transect (Li et al., 

2015). Although in the present study, Ac‾ and Fo‾ did not show any correlation with 

ssNa+, an indirect marine contribution cannot be eliminated, as a previous study in the 

same region has shown that the ocean is an important source of dissolved organic 

matter (DOM) to these sites and that a number of compounds detected in the snow 

samples are from secondary processing of biogenic organic matter in the atmosphere 

(Antony et al., 2014). 

A major sink of HAc and HFo derived from long range atmospheric transport or 

secondary sources in the atmosphere is considered to be wet and dry deposition 

(Chebbi and Carlier, 1996; Paulot et al., 2011; Talbot et al., 1988). The incorporation 

and preservation of Fo− and to a lower extent Ac− in snow is favoured by lower acidity 

(Legrand and De Angelis, 1995, 1996). Thus, considering atmospheric deposition and 

subsequent uptake as a major source of carboxylate ions in the surface snow samples, a 
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negative correlation between acidity and carboxylate ions could be expected. On the 

contrary, Fo− and Ac− concentrations were relatively high in highly acidic samples and 

low in weakly acidic or highly alkaline samples in both the transects. Variations in both 

Fo− and Ac− concentrations in the surface snow seem to be unrelated to the acidity of 

snow. Thus, snowpack concentrations of Ac− and Fo− may have additional sources 

other than direct atmospheric deposition of these species. 

3.3.2.2 Snowpack production of carboxylate ions 

A previous study on carboxylic acids (HAc and HFo) conducted in Greenland 

and South Pole, observed higher mixing ratios in firn air (5 - 7 times) than in ambient 

air indicating that atmospheric deposition of these acids alone cannot give rise to such 

high concentrations of carboxylic acids (Dibb and Arsenault, 2002). Dibb and 

Arsenault (2002) further suggests that photo-oxidation of various organic compounds 

such as carbonyls and alkenes can produce monocarboxylic acids within the snowpack. 

In the atmosphere, alkenes and carbonyls are known to produce carboxylic acids via 

∙
OH and O3 oxidation (Jacob, 1986; Legrand and Saigne, 1988; Sanhueza et al., 1996). 

Furthermore, such precursors are known to be produced within the snowpack. For 

example, in a previous study carried out in Arctic, higher mixing ratios of alkenes such 

as ethene and propene were obtained in firn air than the ambient which is attributed to 

photochemical production of the alkenes within the snowpack (Bottenheim et al., 2002; 

Swanson et al., 2002). Similarly, studies carried out in Arctic and South Pole report 

higher mixing ratios of carbonyl compounds such as formaldehyde (HCHO) in firn air 

than ambient air. The positive flux of the carbonyl compounds from the snow surface 

indicates photochemical production of carbonyl compounds within the snowpack via 

O3 and 
∙
OH oxidation (Couch et al., 2000; Hutterli et al., 2004; Sumner and Shepson, 

1999).  

In the present study, significant concentrations of organic carbon were 

measured in the surface snow samples at AIS (mean, 57.8 µg L‾1) and PEL (172.0 µg 

L‾1, Antony et al., 2011). Molecular characterization of this organic matter indicates 

that it is comprised of materials derived from microbial biomass, as well as, lignin-like, 
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tannin-like and unsaturated hydrocarbon compounds (Antony et al., 2014). Photo-

degradation of complex organic compounds such as lignin can contribute to the 

production of low-molecular weight organic compounds (Gold et al., 1983; Grannas et 

al., 2004; Opsahl and Benner, 1998) that are precursors of carboxylate ions. In addition, 

some microbes can also degrade lignin and generate 
∙
OH (Frick and Crawford, 1983) 

which in turn could contribute to in-situ production of monocarboxylic acids through 

∙
OH oxidation of organic compounds within the snowpack (Anastasio et al., 2007). 

This together with the fact that microbes identified in these samples are capable of 

degrading lignin-like molecules (Antony et al., 2016) indicate that snowpack microbes 

could potentially impact the concentration of monocarboxylic acids.  

Rate of photochemical production of HAc and HFo vary with the availability of 

reactants/hydrocarbons (Souza and Carvalho, 2001). Hydroxyl radical is considered a 

vital photochemical reactor capable of oxidizing complex organic carbon compounds to 

produce simpler compounds like mono-carboxylic acids (Anastasio et al., 2007) and 

results from multiple sources in the snowpack. Within the snowpack, 90% of 
∙
OH 

production was found to be occurring from hydrogen peroxide (H2O2) and NO3
− within 

the top 10 cm of snowpack (Anastasio et al., 2007). In Antarctic sea ice, King et al. 

(2005) determined higher depth integrated production rate of 
∙
OH from NO3

− (0.06 - 2 

μmol m‾2 h‾1) as compared to H2O2 (0.01 - 0.3 μmol m‾2 h‾1) suggesting that photolysis 

of NO3
− is an efficient pathway for production of 

∙
OH and could result in an oxidizing 

environment within the ice. Additionally, significant production of 
∙
OH from NO3‾ 

under acidic conditions has been observed in earlier studies (Bock and Jacobi, 2010; 

Boxe and Saiz-Lopez, 2008; Jacobi et al., 2006). 

Ionic balance estimation in the surface snow samples from PEL showed acidic 

conditions in the surface snow where NO3‾ was the major contributor to the surface 

snow acidity. Thus, NO3‾ can appreciably undergo photolysis producing an oxidising 

environment within the snowpack via formation of 
∙
OH, which can further oxidize the 
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organic matter to produce carboxylic acids. In addition, strong correlation observed 

between NO3‾ and Ac‾ also indicate the possibility of Ac‾ production through 
∙
OH 

oxidation of organic matter. This trend is concurrent with the multiple year round 

observations made in Dumont d’Urville indicating that 
∙
OH oxidation is an efficient 

pathway for the production of Ac‾ (Legrand et al., 2004). Considering this production 

pathway, higher Ac‾ in the interior region of PEL transect is concordant with the high 

NO3‾ concentration in these samples. In contrast, majority of samples in the AIS, were 

alkaline. Strong correlation of NO3
− with nssCa2+ and other cations (n =13; p<0.05) 

indicates non-availability of NO3
− for photolysis and subsequent production of 

∙
OH at 

AIS. Correspondingly, Ac− concentrations in the coastal section of the ice shelf were 

found to be low in AIS compared to PEL.  

On the other hand, negative correlation between Fo− and NO3
− probably 

indicates that sources other than 
∙
OH oxidation of organic matter could be dominant in 

the case of Fo−. Higher Fo− concentrations were observed in AIS compared to PEL. 

Previous studies show that Fo− (and Ac− to a lower extent) is majorly produced from 

ozonolysis of alkenes (Legrand et al., 2004; Souza and Carvalho, 2001). Although their 

possible contribution could not be directly/ definitively determined in this study, 

oxidation of alkenes by O3 and other peroxy radicals could be a possible source of HAc 

and HFo in the snowpack. 

3.3.2.3 Post depositional changes of carboxylate ions within snowpack 

Studies suggest that mineral dust containing Ca2+ may interact with organic ions 

and stabilize the organic ions against photochemical decomposition (Müller-Tautges et 

al., 2016). Experimental studies have shown irreversible uptake of Ac‾ and Fo‾ by 

calcerious aerosols to form calcium acetate (Ca(Ac)2) and calcium formate (Ca(Fo)2) 

respectively (Al-Hosney et al., 2005; Prince et al., 2008). Similarly, irreversible uptake 

of Ac− by other mineral particles such as SiO2 (Prince et al., 2008; Usher et al., 2003) 

can lead to the stability of the acids which would subsequently prevent desorption of 
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Ac− from snow surface. In both the study regions, high dust concentration and 

significant fraction of nssCa2+ comprising 77% (PEL) and 64% (AIS) of the total Ca2+ 

indicate the possibility of strong interaction between carboxylate ions and mineral dust 

particles which would further prevent their desorption. 

In addition, microbial activity can significantly affect the carboxylate ion 

concentrations in snow. Experimental studies have shown significant degradation of 

carboxylic acids such as Ac‾, Fo‾, Oxy2‾ and Succ2‾ in cloud water via photochemical 

as well as microbial activity (Vaïtilingom et al., 2011). Diverse and active 

microorganisms have been recovered from snow in Antarctica (Carpenter et al., 2000; 

Lopatina et al., 2013; Michaud et al., 2014; Yan et al., 2012), including snow samples 

in the study region (Antony et al., 2016). Among the several available organic 

compounds, carboxylic acids are one of the carbon sources for microorganisms in 

snow. Resident microbial communities in snow have been shown to be capable of 

utilizing a wide diversity of carboxylic acids including Ac− and Fo− (Amato et al., 

2007; Antony et al., 2016). Therefore, biological activity may also influence the budget 

of the carboxylic acids in snow. 

 

3.3.2.4 Blue ice 

Carboxylate ions (Ac−, mean: 11.39 µg L−1; Fo−, mean: 12.89 µg L−1) did not 

show any specific trend in the blue ice samples (Table 3.4). TOC concentration in the 

blue ice samples from LHS (93.4 µg L−1) and AIS (107.3 µg L−1) were found to be 

consistent with concentrations observed in surface snow and annual snow deposits 

(Table 3.7). A previous study has reported that the penetration of photosynthetically 

active radiation within blue ice provides a conductive environment for photosynthetic 

activity (Hodson et al., 2013). Microbial cells (0.46 × 104 - 0.90 × 104 cells mL‾1) were 

documented in the blue ice samples from LHS and AIS in this study.  However, due to 

the severely limited data on microbial communities and organic and inorganic 

constituents in blue ice, the impacts of melt water discharge from blue ice areas to 

downstream environments is not known. 
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Chapter 4 

Chemical characteristics of cryoconite holes in coastal Antarctica 

 

4.1 Introduction 

Cryoconite holes are cylindrical depressions found on glacier surfaces and are 

filled with water overlying a thin layer of sediment. They are formed when windblown 

dust and organic matter gets accumulated on glacier surface and due to lower albedo, 

the ice beneath starts melting forming a cylindrical hole (McIntyre, 1984; Podgrony 

and Grenfell, 1996). They are common in ablation regions (Fountain et al., 2004; 

Hodson et al., 2013) and in temperate regions with low melt rates and deficient runoffs 

incapable of washing the sediments off the glacier surface (Anesio et al., 2010). 

Depending on air temperature, cryoconite holes can remain open to atmosphere or 

develop an ice lid. Open cryoconite holes allow for atmospheric exchange of gases, 

while closed cryoconite holes remain isolated to the atmosphere (Foreman et al., 2007; 

Stibal and Tranter, 2007). Further, depending on the hydrological connectivity with any 

nearby stream, other cryoconite holes or channels below the ice surface, cryoconite 

holes can be differentiated into hydrologically connected and hydrologically isolated 

holes. Decay of cryoconite holes occur through shrinkage caused by accumulation of 

ice on the walls of the cryoconite hole, as well as, by the intrusion of water through the 

walls in the events of increased meltwater drainage (McIntyre, 1984). In the 

hydrologically connected cryoconite holes, there is significant exchange of water, 

microbes and chemical components with each other and the surrounding area 

(MacDonnell and Fitzsimons, 2012). Contrastingly, there is an accumulation of 

chemical constituents due to the dissolution of debris, as well as, due to the 

photochemically and biologically driven reactions in the hydrologically isolated 

cryoconite holes (Fountain et al., 2004; Telling et al., 2014). Cryoconite holes cover 

upto 0.1 – 10% of the glacier surface (Anesio et al., 2010) and are significant 
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contributors to regional carbon cycling (Bagshaw et al., 2016). Due to the high 

abundance and diversity of microorganisms inoculated by the sediments forming the 

cryoconite hole, these environments are important sites for biogeochemical cycling of 

carbon, nitrogen and other nutrients on otherwise relatively passive glaciers and ice 

sheets (Anesio et al., 2009; Cook, 2016; Fountain and Tranter, 2008; Hodson et al., 

2010; Stibal et al., 2008; Säwström et al., 2002; Telling et al., 2014). Cryoconite holes 

can store chemical and microbial constituents on the glacier surface until they decay 

and contribute to the transfer of nutrients, carbon and microbes to the supraglacial or 

subglacial drainage systems. Given the significance of cryoconite holes in 

biogeochemical cycling on the glacier surface (Anesio et al., 2009) and potential to 

impact downstream ecosystems through exchange of chemical (Foreman et al., 2004; 

Fountain et al., 2004; Tranter et al., 2005) and microbial constituents (Stanish et al., 

2013; Yallop and Anesio, 2010), characterizing the chemical composition of cryoconite 

holes and understanding their hydrology is of importance.  

In this chapter, trends in the distribution of inorganic ions (Na
+
, Ca

2+
, Mg

2+
, K

+
, 

Cl‾, SO4
2
‾, NO3‾ and F‾), organic ions (Ac‾, Fo‾, Oxy

2
‾ and Lc‾), total organic carbon 

(TOC) and dissolved inorganic carbon (DIC) in cryoconite hole samples collected from 

Larsemann Hills (LHS, 7 samples), central Dronning Maud Land (cDML, 7 samples) 

and Amery Ice Shelf (AIS, 7 samples), together with their possible sources have been 

discussed. 

4.2 Results 

4.2.1 Larsemann Hills (LHS) 

The major ions detected in the seven cryoconite hole water samples were: Na
+
 

(705 - 4198 µg L‾
1
), K

+
 (17 - 313 µg L‾

1
), Mg

2+
 (87 - 715 µg L‾

1
), Ca

2+
 (99 - 1692 µg 

L‾
1
),

 
Cl‾ (105 - 1531 µg L‾

1
), SO4

2
‾ (98 - 458 µg L‾

1
), NO3‾ (below detection limit 

(bDL) - 158 µg L‾
1
), F‾ (2 - 21 µg L‾

1
), Ac‾ (4.75±0.45 - 27.83±1.25 µg L‾

1
), Fo‾ 

(2.42±0.08 - 13.25±0.04 µg L‾
1
), Lc‾ (1.72±0.04 - 18.31±0.87 µg L‾

1
) and Oxy

2
‾ 

(16.57±5.62 - 41.10±1.70 µg L‾
1
) (Table 4.1 and 4.2). Dissolved inorganic carbon 
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represented as HCO3‾ was estimated using the ionic balance equation (equation 4.1) 

as:  

HCO3‾ = (Na++Ca2++Mg2++K+       Cl‾+SO42‾+NO3‾+F‾+Ac‾+Fo‾+Lc‾+  Oxy2‾) 

equation 4.1 

The DIC concentration ranged between 44 and 268 µeq L‾
1
 (mean, 112 µeq L‾

1
) (Table 

4.1). Total organic carbon concentration ranged from 7.1±2.7 to 167.5±2.5 µg L‾
1
 

(mean, 62.3 µg L‾
1
) (Table 4.2). Ionic concentration in the cryoconite holes can be 

significantly affected by the hydrological connectivity/isolation of the holes (Bagshaw 

et al., 2016; Tranter et al., 2004). Therefore, to understand the sources/sinks of the ions 

within the cryoconite holes, enrichment factor (EF) was estimated using equation 4.2 

as: 

 EF(i)  = (Ci)cryoconite hole/(Ci)snow      equation 4.2 

 where, (Ci)cryoconite hole  and (Ci)snow are the concentration of ions in the cryoconite holes 

and surface snow, respectively. Enrichment factors for the major ions ranged from 0.0 - 

0.3 for Cl‾ (mean,  0.1), 0.0 - 0.2 for Na
+
 (mean,  0.1), 0.0 - 0.4 for K

+
 (mean,  0.1), 0.2 

- 1.3 for Mg
2+

 (mean,  0.5), 0.3 - 4.4 for Ca
2+

 (mean,  1.1), 0.1 - 0.4 for SO4
2
‾ (mean,  

0.2), 0.0 - 0.8 for NO3‾ (mean,  0.3) and 0.0 - 0.4 for TOC (mean,  0.2) (Table 4.3). 

EF(i)>1 represents the enrichment of ion (i) mainly due to the accumulation of the ion 

“i” during isolation and aging of the cryoconite hole (Telling et al., 2014). Conversely, 

EF(i)<1 indicates water exchange with other melt-water implying that the cryoconite 

hole is hydrologically connected. The abundance of microbial cells in the cryoconite 

hole water ranged from 0.47 × 10
4
 - 11.8 × 10

4
 cells mL‾

1
. In the cryoconite sediments, 

TOC concentration ranged from 0.4 to 1.8 mg C g‾
1
. X-Ray diffraction analysis showed 

the presence of major minerals like quartz, orthoclase, plagioclase, feldspar, biotite, 

spinel and magnetite in the cryoconite sediments. 
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Table 4.1. Major ion (Na
+
, K

+
, Mg

2+
, Ca

2+
, Cl‾, SO4

2
‾, NO3‾ and F‾) and dissolved 

inorganic carbon (DIC) concentrations in the cryoconite holes from Larsemann Hills, 

central Dronning Maud Land and Amery Ice Shelf. 

Sample ID Na
+ 

K
+ 

Mg
2+ 

Ca
2+ 

Cl
- 

SO4
2- 

NO3
- 

F
- 

DIC 

 
µg L

-1
 µeq L

-1
 

Larsemann Hills 
        

 

LHS C1 2550 55 102 142 974 120 48 4 96 

LHS C2 2324 54 141 110 955 160 58 2 88 

LHS C3 3724 313 715 1692 1129 458 158 21 268 

LHS C4 705 17 203 280 105 98 35 6 55 

LHS C6 902 28 117 326 152 199 bDL* 7 56 

LHS C8 1060 26 87 99 370 119 48 3 44 

LHS C10 4198 89 411 253 1531 457 90 20 175 

Central Dronning 

Maud Land         
 

MIS C6 1839 20 41 379 71 120 107 16 95 

MIS C8 785 38 44 356 47 112 94 9 49 

MIS C9 850 14 38 368 77 66 182 56 49 

MIS C16 732 6 24 139 66 79 19 bDL 35 

MIS C18 718 5 11 52 53 63 38 29 29 

MIS C19 1124 426 113 1890 120 28 24 55 156 

MIS C20 1148 10 24 135 78 58 61 8 54 

Amery Ice Shelf 
        

 

AIS C1 6669 190 1056 603 2359 636 27 5 331 

AIS C2 2035 40 211 234 727 256 52 4 92 

AIS C3 1271 22 93 149 310 66 77 5 58 

AIS C4 1135 22 49 240 224 97 36 8 56 

AIS C5 1007 27 28 77 259 64 42 7 40 

AIS C6 823 14 22 184 96 46 41 4 42 

AIS C7 1241 15 45 215 211 115 93 5 59 

* below Detection Limit 

 

4.2.2 Central Dronning Maud Land (cDML) 

The major ions detected in the seven cryoconite hole water samples were: Na
+
 

(718 - 1839 µg L‾
1
), K

+
 (5 - 426 µg L‾

1
), Mg

2+
 (11 - 113 µg L‾

1
), Ca

2+
 (52 - 1890 µg 

L‾
1
), Cl‾ (47 - 120 µg L‾

1
), SO4

2
‾ (28 - 120 µg L‾

1
), NO3‾ (19 - 182 µg L‾

1
), F‾ (bDL - 

55 µg L‾
1
), Ac‾ (0.57 - 22.67±0.94 µg L‾

1
), Fo‾ (0.86 - 11.53±0.04 µg L‾

1
), Lc‾ 
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(3.15±1.00 - 10.94±0.44 µg L‾
1
) and Oxy

2
‾ (bDL - 54.48±18.28 µg L‾

1
) (Table 4.1 and 

4.2). DIC concentration ranged from 29 - 156 µeq L
-1 

(mean, 67 µeq L
-1

) (Table 4.1), 

while TOC concentration ranged between 140.3±3.4 and 1213.5±6.3 µgL‾
1 

(mean, 

498.7 µg L‾
1
) (Table 4.2). Total cell density ranged from 0.07 × 10

4
 - 1.62 × 10

4
 cells 

mL‾
1
. Enrichment factors ranged from 0.1 - 0.3  for Cl‾ (mean,  0.2), 3.6 - 9.2 for Na

+ 

(mean, 5.2), 0.2 - 19.3 for K
+
 (mean,  3.4), 0.8 - 8.1 for Mg

2+
 (mean,  3.0), 4.0 - 55.6 for 

Ca
2+

 (mean,  13.9), 0.2 - 0.7 for SO4
2
‾ (mean,  0.4), 0.1 - 1.3 for NO3‾ (mean,  0.5) and 

0.9 - 9.1 for TOC (mean,  3.7) (Table 4.3).  

4.2.3 Amery Ice Shelf (AIS) 

Major ions detected in the seven cryoconite holes from Amery Ice Shelf were: 

Na
+
 (823 - 6669 µg L‾

1
), K

+
 (14 - 190 µg L‾

1
), Mg

2+
 (22 - 1056  µg L‾

1
), Ca

2+
 (77 - 603 

µg L‾
1
), Cl‾ (96 - 2359 µg L‾

1
), SO4

2
‾ (46 - 636 µg L‾

1
), NO3‾ (27 - 93 µg L‾

1
), F‾ (4 - 8 

µg L‾
1
), Ac‾ (1.56±0.28 - 26.38±1.02 µg L‾

1
), Fo‾ (2.03±0.57 - 30.69±0.10 µg L‾

1
), Lc‾ 

(3.43±0.42 - 6.56±0.92 µg L‾
1
) and Oxy

2
‾ (bDL - 41.19±4.24 µg L‾

1
) (Table 4.1 and 

4.2). DIC concentration ranged between 40 and 331 µeq L‾
1
 (mean, 97 µeq L

-1
) (Table 

4.1) and TOC concentration ranged between 141.3±5.0 and 996.1±10.6 µgL‾
1
 (mean, 

581.4 µg L‾
1
) (Table 4.2). Cell density ranged from 0.13 × 10

4 
- 9.57 × 10

4
 cells mL‾

1
. 

Enrichment factor of the major ions were: 0.6 - 14.7 for Cl‾ (mean,  3.7), 10.7 - 86.6 for 

Na
+
 (mean,  26.3), 2.0 - 27.2 for K

+
 (mean,  6.7), 2.0 - 96.0 for Mg

2+
 (mean,  19.5), 4.5 

- 35.5 for Ca
2+

 (mean,  14.3), 2.7 - 37.4 for SO4
2
‾ (mean,  10.8), 3.0 - 10.3 for NO3‾ 

(mean,  5.9) and 1.9 - 15.2 for TOC (mean,  8.8) (Table 4.3). 
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Table 4.2. Carboxylate ion (Ac‾, Fo‾, Lc‾ and Oxy
2
‾) and total organic carbon 

(TOC) concentrations in the cryoconite holes. 

Sample ID Ac‾ Fo‾ Lc‾ Oxy
2
‾ TOC 

 
µg L

-1
 

Larsemann Hills 
    

 

LHS C1 4.75±0.45 10.75±0.09 9.90±0.54 25.09±0.58 7.2±2.7 

LHS C2 7.79±0.36 6.56±0.17 1.72±0.04 18.14±3.85 113.3±2.3 

LHS C3 21.29±1.51 2.42±0.08 18.31±0.87 16.57±5.62 167.5±2.5 

LHS C4 6.94±2.74 9.17±0.39 11.04 31.14±5.11 21.5±0.3 

LHS C6 6.17±0.38 4.72±0.06 12.51±0.25 23.38±8.14 25.0±1.8 

LHS C8 8.33±0.4 6.58±0.05 2.87±0.09 26.67±2.00 35.5±1.8 

LHS C10 27.83±1.25 13.25±0.04 7.51±1.62 41.10±1.70 66.3±0.4 

Central Dronning 

Maud Land     

 

MIS C6 3.18 2.70 10.94±0.44 7.28±5.76 564.7±5.7 

MIS C8 22.67±0.94 11.53±0.04 5.84±1.40 54.48±18.28 140.3±3.4 

MIS C9 3.41 6.35 11.34 11.21 1213.5±6.3 

MIS C16 18.71±0.07 11.44±0.63 3.15±1.00 48.29±16.42 170.4±0.9 

MIS C18 14.29±0.36 11±0.02 4.15±0.35 30.90±0.93 614.4±8.4 

MIS C19 0.8±0.21 1.51±0.11 6.53±0.20 bDL* 364.7±18.9 

MIS C20 0.57 0.86 5.73 bDL 422.9±14.5 

Amery Ice Shelf 
    

 

AIS C1 26.38±1.02 30.69±0.04 5.69±0.40 15.19±3.77 141.3±5.0 

AIS C2 3.35±0.37 8.12±1.0 6.33±0.92 bDL 996.1±10.6 

AIS C3 20.62±2.28 16.58±1.34 3.43±0.42 41.19±4.24 161.0±5.9 

AIS C4 4.44±1.03 4.49±1.25 7.19 28.67±3.82 872.8±5.3 

AIS C5 3.48±1.14 4.92±2.08 5.69 16.19±10.42 626.8±15.3 

AIS C6 1.56±0.28 2.03±0.57 6.28±0.55 9.42±5.05 501.9±5.1 

AIS C7 2.29±0.57 2.42±0.30 6.56±0.92 bDL 769.8±4.9 

*below Detection Limit  
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Table 4.3. Enrichment factor (EF) of Na
+
, K

+
, Mg

2+
, Ca

2+
, SO4

2
‾, NO3‾, TOC and 

Cl‾ in the cryoconite holes. 

    

EF 

    

 

(Na
+
) (K

+
) (Mg

2+
) (Ca

2+
) (SO4

2-
) (NO3

-
) (TOC) (Cl

-
) 

Larsemann Hills 

        LHS C1 0.2 0.1 0.2 0.4 0.1 0.3 0.0 0.2 

LHS C2 0.1 0.1 0.3 0.3 0.1 0.3 0.3 0.2 

LHS C3 0.2 0.4 1.3 4.4 0.4 0.8 0.4 0.2 

LHS C4 0.0 0.0 0.4 0.7 0.1 0.2 0.1 0.0 

LHS C6 0.1 0.0 0.2 0.9 0.2 0.0 0.1 0.0 

LHS C8 0.1 0.0 0.2 0.3 0.1 0.3 0.1 0.1 

LHS C10 0.2 0.1 0.8 0.7 0.4 0.5 0.2 0.3 

CentralDronning 

Maud Land 

        MIS C6 9.2 0.9 2.9 11.1 0.7 0.7 4.2 0.2 

MIS C8 3.9 1.7 3.1 10.5 0.6 0.7 4.4 0.1 

MIS C9 4.3 0.6 2.7 10.8 0.4 1.3 0.9 0.2 

MIS C16 3.7 0.3 1.7 4.1 0.4 0.1 9.1 0.2 

MIS C18 3.6 0.2 0.8 1.5 0.3 0.3 1.1 0.1 

MIS C19 5.6 19.3 8.1 55.6 0.2 0.2 2.7 0.3 

MIS C20 5.8 0.4 1.7 4.0 0.3 0.4 3.2 0.2 

Amery Ice Shelf 

        AIS C1 86.6 27.2 96.0 35.5 37.4 3.0 1.9 14.7 

AIS C2 26.4 5.7 19.2 13.7 15.0 5.8 15.2 4.5 

AIS C3 16.5 3.2 8.5 8.8 3.9 8.6 2.2 1.9 

AIS C4 14.7 3.2 4.4 14.1 5.7 4.0 13.3 1.4 

AIS C5 13.1 3.9 2.6 4.5 3.8 4.7 9.6 1.6 

AIS C6 10.7 2.0 2.0 10.8 2.7 4.6 7.7 0.6 

AIS C7 16.1 2.1 4.1 12.6 6.8 10.3 11.8 1.3 

 

4.3 Discussion 

4.3.1 Hydrological connectivity within cryoconite holes 

Chloride ion (Cl‾) behaves as a relatively conservative tracer ion in nearly all 

hydrological streams with high sea salt input of Cl‾ (Gooseff et al., 2004; Svensson et 

al., 2012; Zellweger, 1994). Similarly, Cl‾ in cryoconite holes, which is primarily 

sourced from sea salt aerosols present in the snowmelt, is considered to behave 

conservatively as long as they are hydrologically isolated and is only affected by the 
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deepening and aging of the holes (Fountain et al., 2004). In the present study, the 

calculated enrichment factor indicate a depletion of Cl‾ in LHS (mean EF, 0.1) and 

cDML (mean EF, 0.2), indicating the possibility of hydrological connectivity which 

results in the dilution of Cl‾ within the cryoconite holes. In order to confirm the 

hydrological connectivity at LHS, age of the cryoconite holes was estimated using 

equation 4.3 (Fountain et al., 2004) as: 

 Δt = [ Mt /(a × i)) – h] / (dz/dt)      equation 4.3  

where, Δt indicates the elapsed time (or age of the cryoconite holes), “Mt” is the 

amount of Cl‾ concentration in the hole at time “t”, “a” is the cross-sectional area of the 

cryoconite hole, “i” is the Cl‾ concentration in the surrounding ice, “h” represents the 

depth of the cryoconite hole and “dz/dt” represents the melt rate of the ice which is 

assumed to be equal to the ablation rate of the ice surface. The estimated value of Δt>0 

indicates the age of isolation of the cryoconite holes, while Δt<0 indicates the exchange 

of water with meltwater (Fountain et al., 2004). The average value of ablation rate 

“dz/dt” determined for this region in LHS was 1.8 cm a
-1

 (Mohd. Yunus Shah, personal 

communication). In LHS, the obtained Δt<0 for the cryoconite hole samples indicates 

the hydrological connectivity of the cryoconite holes with the nearby streams. 

Hydrological connectivity of the cryoconite holes in LHS also explains the depletion 

observed in the estimated enrichment factors of other ions (Na
+
, Ca

2+
, Mg

2+
, K

+
, SO4

2
‾ 

and NO3‾) and TOC (Table 4.3). These results corroborate the field observations on 

water exchange between the cryoconite holes and the surrounding streams during the 

sampling.  

While no obvious conduits were visible at cDML and AIS, during the 

cryoconite hole sampling, hydrological connectivity between the cryoconite holes 

through melt water channels and/or fractures cannot be ruled out. Previous studies have 

reported annual occurrence of surface melting at cDML during the warming season 

(Boggild et al., 1995). The observed depletion of Cl‾ (mean EF, 0.2) at cDML indicates 

a dilution of the ion within the cryoconite holes. On the other hand, enrichment 

observed for mineral associated ions like Na
+
 (EF: 3.6 - 9.2, mean - 5.2); K

+
 (EF: 0.2 - 
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19.3, mean - 3.4); Mg
2+

 (EF: 0.8 - 8.1, mean - 3.0) and Ca
2+ 

(EF: 1.5 – 55.6, mean - 

13.9) suggests the interaction between the cryoconite hole water and the underlying 

sediment (Table 4.3). This further suggests a limited and slow rate of water exchange 

between the cryoconite holes and the surface meltwater allowing the cryoconite 

sediment to interact with the overlying water, thereby influencing the ionic 

concentration.  

 At AIS, enrichment of Cl‾ (mean EF, 3.7) observed in the cryoconite holes from 

AIS suggests hydrological isolation of the holes leading to an accumulation of the 

conservative tracer ion. This is corroborated by the strong positive correlation (r
2
>0.9) 

between EF(Cl‾) and EF(Na
+
, Ca

2+
, Mg

2+
, K

+
 and SO4

2
‾) suggesting that similar ion 

accumulation trend was followed by other ions within the cryoconite holes possibly due 

to the hydrological isolation. In addition, significant correlation (p<0.001) was 

observed between Na
+
, Ca

2+
, Mg

2+
, K

+ 
and SO4

2
‾ together with a higher enrichment 

(EF) of ions (Na
+
, Ca

2+
, Mg

2+
, K

+
 and SO4

2
‾) than EF(Cl‾). This suggests that the 

cryoconite debris are possibly composed of minerals consisting these ions and the 

dissolution of such mineral material results into ion enrichment in the overlying water.  

Apart from the major ions, higher concentration of TOC was also observed in 

the cryoconite hole water samples from cDML and AIS. Previous studies in Taylor 

Valley, Antarctica observed an increase in organic carbon concentration with the 

deepening and aging of the isolated cryoconite holes which is attributed to the 

increased biomass within the cryoconite sediments during the isolation (Bagshaw et al., 

2007, 2013). Thus, in the present study, higher organic carbon concentration in the 

cryoconite holes than surface snow, as well as, the significant TOC enrichment 

observed in the cryoconite holes at AIS (EF: 1.9 - 15.2, mean - 8.8) and cDML (EF: 0.9 

- 9.1, mean - 3.7) are possibly a result of dissolution of the organic matter from the 

cryoconite debris. However, apart from sediment dissolution, microbial synthesis of 

organic matter could also contribute to the higher TOC concentration in cryoconite 

holes, as observed in previous studies (Anesio et al., 2009, 2010). 
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4.3.2 Ionic concentration trend and possible sources 

Ionic concentrations obtained in the cryoconite holes from the three study 

regions are consistent with few previous studies carried out in Antarctica (Table 4.4).  

Table 4.4. Ionic concentration of various ions in cryoconite holes from different 

regions of Antarctica. 

Study Area Na
+ 

K
+ 

Mg
2+ 

Ca
2+ 

Cl
- 

SO4
2- 

NO3
- 

DIC References 

 
µeqL‾

1
 

 

Larsemann Hills 96 2 21 21 21 5 1 111 this study 

Central Dronning  

Maud Land 
45 2 4 24 2 2 1 67 this study 

Amery Ice Shelf 88 1 18 12 17 4 1 96 this study 

Commonwealth 

glacier 
138 21 101 203 187 57 6 212 

Bagshaw et al., 

2013 

Canada Glacier 57 16 50 231 92 51 7 202 
Bagshaw et al., 

2013 

Taylor Valley 19 4 23 56 19 18 2 64 
Bagshaw et al., 

2013 

McMurdo  

Dry Valley 
65 12 41 84 123 . 9 . 

MacDonell et al., 

2016 

McMurdo  

Dry Valley 
24 6 6 83 27 6 2 242 

Telling et al., 

2014 

Canada Glacier 57 16 50 2 92 51 4 202 
Bagshaw et al., 

2011 

Mc Murdo  

Dry Valleys 
. . . 230 106 63 24 150 

Tranter et al., 

2004 

 

Ionic composition in the cryoconite hole water samples from all three regions was 

dominated by Na
+
. At LHS, the dominance of Na

+
 in cryoconite holes is similar to the 

trend shown in surface snow samples at the coast (Antony et al., 2011). This similarity 

could be due to the hydrological connectivity of the cryoconite holes preventing longer 

interaction between cryoconite water and sediments within the holes which further 

leads to Na
+
 depletion (Table 4.3). In contrast, surface snow samples at cDML and AIS 

were dominated by Cl‾ followed by Na
+
. Previous studies have observed higher 

enrichment of Na
+
 over Cl‾ within the isolated cryoconite holes due to mineral 

dissolution from the cryoconite hole sediments (Bagshaw et al., 2007; Telling et al., 

2014; Tranter et al., 2004). Similarly, in a previous study carried out on meltwater 
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streams in dry valleys of Antarctica, an increase in the concentration of ions like Na
+
 

and K
+
 was considered to be a result of sediment dissolution (Gooseff et al., 2004). 

Rock promontories near the cryoconite hole sites in AIS and in the Schrimacher Oasis 

at cDML are found to be comprised of Na
+ 

containing minerals such as plagioclase 

feldspar (Joshi and Pant, 1995; Malton et al., 1992; Mikhalsky et al., 2001; Sengupta, 

1986; Ravich and Kamanev, 1975). Thus, eolian deposition of these sediments on 

surface snow could influence the sediment composition in the cryoconite holes in these 

study regions. The dissolution of such minerals in sediment particles within the 

cryoconite holes could result in higher enrichment of Na
+
 over Cl‾ in both the regions 

(Table 4.3). In addition to plagioclase feldspar, NaCl in the sediments can also 

influence the Na
+
 concentration in the overlying water. The cDML and AIS regions, 

which recieve high sea salt inputs from marine sea-spray (Antony et al., 2011; Samui et 

al., 2017), could have significant contribution of NaCl in the cryoconite sediments, 

thereby resulting in an enrichment of Na
+
 in the cryoconite water. 

Calcium (Ca
2+

) ion enrichment factors in cryoconite holes at cDML (mean EF, 

13.9) and AIS (mean EF, 14.3) exhibited a similar trend as that of Na
+ 

(Table 4.3), 

suggesting possible dissolution of minerals like plagioclase feldspar rich in Ca
2+

 (Joshi 

and Pant, 1995; Malton et al., 1992; Mikhalsky et al., 2001; Ravich and Kamanev, 

1975; Sengupta, 1986). Additionally, presence of CaCO3 in the promontories at cDML 

(Bauer and Fitzner, 2003; Sengupta, 1986) and AIS (Malton et al., 1992) supports its 

possible presence in the cryoconite sediments, thereby contributing to the enrichment of 

Ca
2+ 

in the overlying water. Possible presence of minerals like gypsum containing Ca
2+ 

and SO4
2
‾ at AIS is also indicated by a significant correlation (p < 0.001) between these 

ions. The presence of such minerals could also contribute to the enrichment of Ca
2+ 

in 

the cryoconite hole. 

Sulphate enrichment observed in cryoconite holes and lakes in previous studies 

is attributed to the dissolution of evaporite minerals like gypsum (Bagshaw et al., 2013; 

Lyons et al., 2003; Tranter et al., 2004). Similarly, in the isolated cryoconite holes at 

AIS, dissolution or oxidation of sulphur rich minerals (like gypsum) may have resulted 

in higher enrichment of SO4
2
‾ (mean EF, 10.8) than Cl‾ enrichment (mean EF, 3.7). In 
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contrast, SO4
2
‾ in cDML was found to be depleted (mean EF, 0.4) (Table 4.3). 

Depletion of SO4
2
‾ was also accompanied by depletion in Cl‾ indicating the possibility 

of dilution during the melt season. In earlier studies, lower concentration of SO4
2
‾ in 

some frozen holes compared to other cryoconite holes was attributed to lower initial 

concentration of minerals rich in sulphur in the cryoconite sediments (Bagshaw et al., 

2007). Similarly, in cDML, lower initial concentration of sulphur rich minerals in the 

sediments may result in depletion of SO4
2
‾. This is also supported by a weak correlation 

between SO4
2
‾ and the cations (Na

+
, Ca

2+
, Mg

2+
 and K

+
). However, limited information 

on sediment composition at this site precludes any inferences on the depletion of SO4
2
‾ 

at cDML. Similar to Na
+
 and Ca

2+
, significant enrichment of Mg

2+
 and K

+
 were 

observed at both AIS and cDML. This is most likely a result of dissolution of Mg
2+

 and 

K
+
 containing sediment minerals like biotite, feldspar, corderite, and spinel commonly 

present near the cryoconite hole sites in the AIS (Malton et al., 1992; Mikhalsky et al., 

2001) and cDML (Musta and Tahir, 2012; Sengupta, 1986). However, at LHS, higher 

Mg
2+

 contribution to the total ionic concentration is possibly a result of Mg
2+

 salts 

resulting from the stream water intrusion. 

Enrichment of NO3‾ observed in AIS (mean EF, 5.9) may be attributed to 

microbial activity occurring within the cryoconite holes as observed in previous studies 

in Antarctica (Bagshaw et al., 2013) and Svalbard (Hodson et al., 2008) where, NO3‾ 

enrichment was attributed to nitrification processes occurring in these environments 

(Porazinska et al., 2004). On the other hand, a depletion of NO3‾ was observed in 

cDML (mean EF, 0.5). Earlier studies have suggested that NO3‾ depletion is majorly a 

result of microbial uptake (Tranter et al., 2004). In contrast, NO3‾ depletion in cDML is 

possibly a result of local drainage via near-surface channels during the melt season 

which is also consistent with the depletion observed in SO4
2
‾ and Cl‾. Similarly, at 

LHS, observed depletion in SO4
2
‾ and NO3‾ could be attributed to the hydrological 

connectivity and ensuing dilution of cryoconite hole water.  

On the other hand, organic ion (Ac‾, Fo‾, Lc‾ and Oxy
2
‾) concentrations in the 

cryoconite holes did not show any significant variation between the three study regions. 
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Unlike the major inorganic ions, concentration of organic ions seem to be influenced by 

biogeochemical processes occurring within the cryoconite holes instead of the 

accumulation/discharge of the ions due to hydrological connectivity. Laboratory 

experiments show that microbial communities within the cryoconite holes in this study 

are capable of metabolizing carboxylate ions such as Ac‾, Fo‾, Lc‾ and Oxy
2
‾ (Sanyal et 

al., 2018). Further, as discussed in chapter 5, in-situ photo-biochemical processes also 

influence carboxylate ion concentrations within the cryoconite holes. 

4.3.3  Influence of Microbial activity 

Dissolved inorganic carbon concentrations estimated in the three study regions 

were: LHS - 44 to 268 µeq L‾
1
 (mean, 112 µeq L‾

1
); cDML - 29 to 156 µeq L

-1
 (mean, 

67 µeq L
-1

) and AIS - 40 to 331 µeq L‾
1
 (mean, 97 µeq L

-1
) (Table 4.1). In a previous 

study, a significant fraction of the carbon (60 - 76%) in the cryoconite holes was found 

to be present as DIC (Bagshaw et al., 2013). Likewise, in the present study, 

concentration of DIC (HCO3‾: 1742 - 20197 µg L‾
1
) is significantly higher compared to 

the TOC concentration (7 - 1214 µg L‾
1
) in all the samples.  

In spite of a considerable difference in the ion concentration in the three study 

regions, DIC concentration was found to be comparable between the sites. Previous 

studies suggest that due to pH increase and CaCO3 saturation during the process of 

photosynthesis, dissolution and hydrolysis of CaCO3 result in an increase in DIC 

concentrations (Tranter et al., 2004). Also, release of CO2 during heterotrophic 

microbial activity within the cryoconite holes cause weathering of carbonate and 

silicate minerals, thereby increasing the concentration of ions such as Ca
2+

, K
+
 and 

Mg
2+

 (Bagshaw et al., 2016). Several other studies from the Arctic (Anesio et al., 2010; 

Hodson et al., 2010), Antarctic (Anesio et al., 2010; Foreman et al., 2007; Telling et al., 

2014) and Alpine (Anesio et al., 2010) regions have reported microbial activity within 

the cryoconite holes. The cryoconite hole samples in this study have been found to 

harbour diverse heterotrophic bacteria and eukarya that are metabolically active (Sanyal 

et al., 2018), and can significantly influence the chemical composition within the 

cryoconite holes. These findings are corroborated by other studies which show that 
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microbial activity in cryoconite holes can appreciably affect the nutrient cycling within 

the holes (Anesio et al., 2009; Bagshaw et al., 2016). Thus, in spite of isolation and 

resulting accumulation of the ions in isolated holes, charge balance is most likely 

preserved due to the continued heterotrophic activity within the cryoconite holes.  
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Chapter 5 

Biogeochemical cycling in surface snow and cryoconite holes 

 

5.1 Introduction 

Carbon cycling on glaciers and ice sheets, has received a lot of attention over 

the past decade because they harbour microbial communities that interact with their 

physical and chemical environment resulting in distinct processes and feedbacks that 

impacts glacier nutrient availability, glacier albedo and melt rates, as well as, regional 

atmospheric carbon concentrations. Snow and cryoconite holes are particularly active 

and diverse microbial habitats on the glacier surface in which carbon is both fixed and 

respired (Hodson et al, 2010), akin to “factories that sequester organic carbon from the 

atmosphere and recycle recalcitrant organic carbon from various sources into more 

labile carbon substrates” (Stibal et al., 2012). Carbon fixed on glacier surfaces can be 

redistributed to other supraglacial zones and downstream environments through melt 

water streams thereby seeding and providing nutrients/energy sources for downstream 

ecosystems (Foreman et al., 2004; Hood et al., 2015). 

Limited studies around the globe have recorded a wide range of rates of 

carbon uptake and release on glaciers and ice sheets (Anesio et al., 2012) reflecting 

differences in the geographical locations studied, carbon and energy sources, and 

physical factors. Whether a supraglacial environment is a net sink or source of 

carbon, can be inferred depending on the balance between the activities of primary 

producers, which convert carbon dioxide into organic carbon and rates of community 

respiration, that is, the conversion of organic carbon into carbon dioxide (Stibal et 

al., 2012). Thus, a common approach to understand the DOM cycling on the glacier 

surface has been to study DOM processing or CO2 production from microbial 

respiration of labile DOM. However, recent research on DOM degradation highlights 

http://en.wikipedia.org/wiki/Albedo
https://www.nature.com/articles/ngeo1611#t1
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the importance of photo-degradation (Kieber et al., 1999; Larsen et al., 2007; Ward and 

Cory, 2016) and the interactions between photochemistry and biology in DOM cycling 

(Cory et al., 2013; Moran and Zepp, 1997). 

Photo-degradation by sunlight could result in complete oxidation of DOM to 

CO2 or partial oxidation of DOM resulting in altered chemical composition (Cory et al., 

2007, 2010; Larsen et al., 2007; Stubbins et al., 2010). Because exposure to sunlight 

can have a direct, harmful effect on microbial cells (Bagshaw et al., 2016) and also alter 

the chemical composition of DOM which in turn influence microbial activity and 

community composition (Bertilsson and Tranvik, 1998; Cory et al., 2010, 2013; 

Tranvik and Bertilsson, 2001; Ward et al., 2016; Wetzel et al., 1995), it follows that 

photochemical activity is likely a critical, control on microbial DOM uptake and thus, 

DOM fate. Thus measuring the coupled ‘photo-biological’ degradation of DOM is 

critical to understand the DOM cycling. 

The present study aims to: 1) quantify the rates of primary production and 

bacterial production within the Antarctic snow and cryoconite holes, 2) advance the 

understanding of how photochemistry and biology interact to determine the fate of 

DOM on the glacier surface, and 3) assess the relative importance of photo-degradation 

versus microbial degradation. In order to address these, we present results from two in-

situ field experiments conducted during the austral summer to test the combined effects 

of microbes and solar radiation on DOM and nutrient cycling. In the first experiment 

(experimental system), surface snow and cryoconite hole water samples collected in 

quartz tubes were incubated in the field (for approximately 30 days) under light and 

dark (wrapped in aluminium foil) conditions, both in the presence and absence (biocide 

amended/passed through 0.2 μm filter) of microbes. In the second experiment (natural 

system), two cryoconite holes, located adjacent to each other and of similar dimension 

and hydrological characteristics, were subjected to different light conditions, i.e. one 

was left as is and the other was shaded to restrict light penetration, but allowed gas 

exchange with the atmosphere. 
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The experimental system (Fig. 5.1) was designed to understand the effect of 

light and/or microbes acting individually or in concert, on DOM cycling through 

incubations where, 1) quartz tubes with snow/cryoconite hole water samples containing 

resident microbial communities were wrapped in aluminium foil to prevent penetration 

of light in order to study  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1. Schematic of the incubation setup in the experimental system. 

the effect of microbes alone on DOM degradation and nutrient cycling, 2) quartz tubes 

with snow/cryoconite hole water samples spiked with a biocide/filtered through 0.2 μm 

PTFE filter to eliminate microbial activity and exposed to ambient light conditions to 

study the effect of light alone on DOM degradation and nutrient cycling, 3) 

snow/cryoconite hole water samples containing natural microbial assemblages 

Aliquots of surface snow and cryoconite hole water 

were collected in quartz tubes. 

 

Samples were subjected to four different treatments:  

1) Microbe-only-Samples were incubated  in dark (wrapped in foil) 

2) Light-only-Surface snow samples were spiked with biocide/cryoconite 

hole water was filtered through 0.22 µm PTFE filter. 

3) Light+microbe-Samples were incubated as is. 

4) Control-Surface snow samples were spiked with biocide/cryoconite hole 

water was filtered through 0.22 µm PTFE filter. Incubation was carried 

out in dark. 

 

Surface snow samples were incubated 

for 30 days and cryoconite hole samples 

were incubated for 25 days. Samples 

were retrieved on 0 day and after 

incubation, and were analyzed for 

organic ions, major inorganic ions, TOC 

and DOC.  
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incubated in the field under ambient light conditions to study the effect of light and 

microbes, and 4) sterile snow (biocide treated)/cryoconite hole water (0.2 μm filtered) 

were incubated in the field under dark conditions to serve as the control. All 

incubations were carried out in triplicate. 

Because the simulation of the natural environmental conditions (such as new 

DOM inputs, gas exchange, concomitant autotrophic production) and physical 

conditions (such as precipitation, wind, hydrological connectivity, etc.), in the 

experimental set up is challenging,  the second experiment was conducted where 

cryoconite holes in the natural environment (Fig. 5.2) subjected to different light 

conditions (sunlight-exposed and shaded) and were monitored over a period of 25 days 

in order to obtain a more representative understanding of how DOM is cycled in these 

environments. Samples retrived after incubations (experimental and natural system) 

were analyzed for major inorganic ions, carboxylate ions and dissolved organic carbon 

(DOC). 

5.2 Results 

5.2.1 Carbon fluxes 

Primary production rates in two surface snow samples were 0.15±0.04 and 

0.23±0.01 µgC L
-1

 h
-1

 as determined from in-situ incubations of 72 h duration using 

14
C-NaHCO3. Primary production measurements in the cryoconite hole water and 

sediment samples from in-situ incubations of 48 h duration ranged from 0.13±0.06 to 

0.47±0.08 µgC L
-1

 d
-1 

and 0.15±0.01 to 1.05±0.43 µgC g
-1

 d
-1

, respectively (Table 5.1). 

Bacterial production rates were measured using methyl-
3
H-Thymidine incorporation 

through the heterotrophic bacterial community. Bacterial production rates were non-

detectable in surface snow samples. Bacterial production in six cryoconite hole water 

samples ranged between 4.70±0.23 and 35.35±1.25 ngC L
-1 

d
-1

, while in cryoconite 

hole sediments, it ranged from 0.42±0.19 to 3.63±5.49 ngC g
-1

 d
-1

 (Table 5.1). 
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Fig. 5.2. Schematic of the incubation setup in the natural system. 

 

Major ion (Na
+
, K

+
, Ca

2+
, Mg

2+
, Cl

‾
, SO4

2‾
 and NO3

‾
) and carboxylate ions (Ac

‾
, 

Fo
‾
, Oxy

2‾
) concentrations in the surface snow and cryoconite hole samples are as given 

in Table 5.1. Dissolved inorganic carbon (HCO3
‾
) concentrations estimated by using 

equation 5.1 are as given in Table 5.1. 

HCO3‾ = (Na++Ca2++Mg2++K+        Cl‾+SO42‾+NO3‾+Ac‾+Fo‾+Oxy2‾)  equation 5.1 

Mean total organic carbon (TOC) concentrations in the surface snow samples 

was 17.6±7.9 µg L‾
1
, while DOC was below detection limit (bDL). In cryoconite hole 

samples, TOC concentration ranged from 52.3±1.0 to 132.8±2.9 µg L
-1

, while DOC 

concentrations ranged from 13.2±1.4 to 129.7±0.5 µg L
-1

. Total organic carbon 

concentration in the cryoconite sediments ranged from 0.9 to 2.8 mgC g
-1

. 

 

 

 

Two 

cryoconite 

holes of 

similar 

dimensions 

and close to 

each other. 

 

a) Sunlight exposed- Cryoconite hole kept as is for 

light penetration.  

b) Shaded- Cryoconite hole was shaded to inhibit 

the light penetration. 

Both the cryoconite holes were monitored for 25 

days. Samples were retrieved on zero day and on 

25
th

 days in triplicates for ionic, TOC and DOC 

measurements.  
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Table 5.1. Rates of primary and bacterial production in surface snow and 

cryoconite holes together with their chemical composition. Concentration of ions, DOC 

and TOC are represented in µg L
-1

 and DIC concentration is represented in µeq L
-1

. 

System Snow Cryoconite hole 

 
A B A B C D E F 

Primary 

Production  
 

 
 

      water  

(µgC L
-1

 d
-1

) 

0.15± 

0.04 

0.23± 

0.01 

0.24± 

0.05 

0.35± 

0.02 

0.25± 

0.08 

0.31± 

0.05 

0.13± 

0.06 

0.47± 

0.08 

         sediment  

(µgC g
-1

 d
-1

) . . 

1.02± 

0.02 

0.77± 

0.32 

0.15± 

0.01 

0.33± 

0.03 

0.55± 

0.34 

1.05± 

0.43 

 

Bacterial 

Production 

        water  

(ngC L
-1

 d
-1

) nd* nd 

11.00± 

0.46 

35.35± 

1.25 

4.70± 

0.23 

7.54± 

1.35 

27.15± 

0.88 

30.64± 

2.00 

         sediment  

(ngC g
-1

 d
-1

) . . 

1.14± 

0.37 

1.88± 

0.38 

0.42± 

0.19 

0.44± 

0.13 

3.63± 

5.49 

1.22± 

0.27 

Ac
-
  1.74 2.48 1.04 2.7 1.93 0.89 3.37 4.19 

Fo
- 
 2 2.48 3.62 4.4 7.5 4.5 5.26 4.21 

Oxy
2- 

 7.66 8.92 6.19 6.68 8.07 6.93 6.2 5.33 

Na
+ 

 755 383 1268 1868 884 1327 620 1933 

K
+ 

 46 39 67 107 97 373 81 114 

Mg
2+ 

 59 228 167 139 167 215 139 58 

Ca
2+ 

 86 133 239 149 191 211 171 120 

Cl
- 
 270 97 532 736 411 566 268 433 

NO3
- 
 29 15 29 34 38 37 34 25 

SO4
2- 

 42 33 186 242 178 285 118 246 

DIC  2082 2408 3855 4665 2939 4455 2341 4870 

DOC  bDL** bDL 13.2 45.6 51 61.7 24.3 129.7 

TOC  11.1 24.8 52.3 60.1 70.8 81.2 92 132.8 

*not detected; **below detection limit  
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5.2.2 Nutrient cycling 

5.2.2.1 Experimental system 

In control, accumulation of Ac‾ (27 times), Fo‾ (42 times), Oxy
2
‾ (19 times) and 

DOC (3 times) were observed at the end of incubation in surface snow samples. In 

cryoconite hole water samples, large accumulation of Ac‾ (102 times) and Fo‾ (64 

times) were observed, while Oxy
2
‾ (0.6 times) and DOC (0.5 times) concentrations 

decreased.  

Under the influence of microbial activity, DOC concentrations declined to 

below detection limit (<10 μg L
-1

) at the end of the incubation, while an overall 

increase in carboxylate ion concentration were observed in the surface snow samples at 

the end of the incubation, with an increase in Ac‾ by 3 times, Fo‾ by 8 times and Oxy
2
‾ 

by 2 times. Similarly, in cryoconite hole water samples, a small decrease in DOC (0.9 

times) and an accumulation in carboxylate ions was observed with an increase in Ac‾ 

by 25 times, Fo‾ by 8 times and Oxy
2
‾ by 2 times.  

Incubations carried out in the presence of light alone showed a decrease in DOC 

(0.6 times) and an increase in Oxy
2
‾ (11.1 times) concentrations in surface snow at the 

end of the experiment. Changes in Ac‾ and Fo‾
 
could not be observed

 
in surface snow 

due to some technical issues during the sample analysis. In cryoconite hole water 

samples, light mediated reactions resulted in an increase in Ac‾ (68 times) and Fo‾ (39 

times), while a decrease in Oxy
2
‾
 
(0.6 times) and DOC (0.9 times) concentrations were 

observed.  

Under the influence of both light and microbes, DOC concentration at the end 

of the incubation depleted by 0.6 times, while carboxylate ion concentrations increased 

by 3 times for Ac‾, 4 times for Fo‾ and 2 times for Oxy
2
‾ in surface snow. In cryoconite 

hole water samples, accumulation was observed in Ac‾ (65 times), Fo‾ (171 times), 

Oxy
2
‾ (3 times) and DOC concentrations (1.1 times).  

Changes in inorganic ion concentration showed large variations in surface snow 

and cryoconite hole water samples. In control incubation in the surface snow samples, 
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an increase in inorganic ion concentration (2 to 35 times) was observed. In other 

treatments, depletion in Na
+
, K

+
, Mg

2+
, Ca

2+
, Cl‾ was observed at the end of incubation 

except an increase in K
+
 and Ca

2+
 in microbe-only treatment. Sulphate showed an 

increase ranging from 2 to 7 times and NO3‾ showed an increase ranging from 2 to 14 

times at the end of experiment in surface snow. In cryoconite hole water, Na
+
, Mg

2+
 

and Ca
2+ 

showed an average depletion of 0.8 times, while K
+
, Cl‾, SO4

2
‾ and NO3‾ 

showed an average increase of 1.3 times in control treatment. In the other treatments, 

Na
+
, K

+
, Mg

2+
, Ca

2+
, Cl‾ and SO4

2
‾ showed an average depletion by 0.5 times except an 

increase observed in K
+
 concentration (3 times) in light+microbe treatment and an 

average increase of 3 times observed in K
+
, Mg

2+
, Ca

2+
 concentration in microbe-only 

treatment. Sulphate showed no change in microbe-only treatment, while NO3‾ showed 

an average increase of 3 times in all the treatments.  

5.2.2.2 Natural System 

In the natural system, an accumulation of Ac‾
 
(1.7 times), Fo‾ (1.1 times) and 

Oxy
2
‾ (1.2 times) was observed in the cryoconite hole that are exposed to direct 

sunlight when compared to the initial sample. In the shaded cryoconite hole, a decrease 

in Ac‾ (0.2 times) and an increase in Oxy
2
‾
 
(2.0 times) were observed, while Fo‾ 

concentration remained same. Dissolved organic carbon concentrations increased in 

both sunlight exposed (9.3 times) and shaded (5.6 times) cryoconite holes, with a 

higher increase in the sunlight exposed cryoconite hole. Total organic carbon 

concentration in the cryoconite sediments in sunlight-exposed cryoconite hole 

increased by 1.2 times and by 1.4 times in shaded cryoconite hole. 

In sunlight exposed cryoconite hole, significant accumulation of Mg
2+

 (14 

times) and Ca
2+

 (7 times) was observed, while decrease was observed in Na
+
, K

+
 and 

NO3‾. Change in SO4
2
‾
 
could not be studied due to technical issues.

 
In shaded 

cryoconite hole, slight increase was observed in K
+
 (1.2 times), Mg

2+
 (1.8 times) and 

Ca
2+

 (1.1 times) and decrease was observed in Na
+
 and NO3‾. Sulphate did not show 

any change in the shaded cryoconite hole. 
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5.3 Discussion 

5.3.1 Carbon flux 

Primary production rates measured in surface snow (0.19±0.05 µgC L
-1

 d
-1

) and 

cryoconite hole water samples (0.29±0.11 µgC L
-1

 d
-1

) were comparable, while 

significantly higher (1110 times) primary productivity rates were observed in the 

cryoconite sediments (321.96±211.91 mgC m
-3

 d
-1

) (Fig. 5.3, Table 5.1). Bacterial 

production in the sediments (0.53±0.28 mgC m
-3 

d
-1

) was observed to be 26 times 

higher compared to overlying cryoconite water (19.40±12.07 ngC L
-1

 d
-1

) (Fig 5.3). 

Bacterial production in snow was not detectable (most likely due to insufficient 

incubation period). Studies reporting bacterial production in surface snow are scarce 

except, a study by Carpenter et al. (2000) reported low rates of bacterial production 

measured at South Pole (reported as thymidine incorporation, 0.13 pmol L
-1

 h
-1

).  

 

Fig. 5.3. Mean primary and bacterial production in cryoconite hole water (6 

samples), cryoconite hole sediment (6 samples), and surface snow (2 samples). 

Overall, the rate of DOC utilization by heterotrophic bacterial activity was lower than 

the rate of DOC generated during primary production. Higher rates of primary and 

bacterial production in the cryoconite sediments than the overlying water are consistent 
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with that of previous studies (Anesio et al., 2010). The rates of primary and bacterial 

production in Larsemann Hills were at the lower end of the range documented for the 

cryoconite hole water samples from other regions of Antarctica (Hodson et al., 2010; 

Telling et al., 2014). 

On comparing the primary production rates in Larsemann Hills to non-Antarctic 

regions, a large difference was observed with 70 to 550 times higher production rates in 

the non-Antarctic glaciers (Table 5.2). Bacterial production rates in Larsemann Hills 

on the other hand, showed some similarities with non-Antarctic regions with few 

exceptions (Table 5.3). In this study, primary productivity rates between different 

cryoconite holes in the Larsemann Hills region varied widely (Table 5.1). The potential 

primary production in cryoconite holes over the period of 25 days is estimated to be 16 

µgC g
-1

 of wet debris. This is 10 times lower than the TOC content of the debris (161 

µgC g
-1 

debris). This simple calculation and comparison suggests that bulk of the 

organic carbon present in the debris may not be produced in-situ and are likely derived 

from other sources. For instance, viral lysis is believed to be an important contributor to 

the total DOC pool in various environments (Fuhrman and Suttle, 1993; Hodson et al., 

2008; Wilhelm and Suttle, 1998). Other sources include marine emissions and long 

range transport of aerosols.  

5.3.2 Nutrient cycling - experimental system 

5.3.2.1 Microbially driven changes 

In surface snow, DOC concentrations declined to below detection limit (<10 μg 

L
-1

) at the end of the incubation in the microbe-only treatment, while in the control 

treatment, DOC concentration showed a 2.8 times increase (Fig. 5.4). The significant 

decrease in DOC concentration in the microbe-only treatment suggests that bulk of the 

DOC in snow is bio- available and utilized by microbes even though some DOC might 

be abiotically produced as observed in the control treatment. 
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Table 5.2. Comparison of primary production in surface snow and cryoconite holes 

obtained in this study with that of previous studies. 

Study Area Sample type Primary production Reference 

Larsemann 

Hills Surface snow 0.19±0.05 (0.15 - 0.23) µgC L
-1

 d
-1

 This study 

 

Cryoconite hole water 0.29±0.11 (0.13 - 0.47) µgC L
-1

 d
-1

 This study 

 

Cryoconite hole sediment 0.64±0.42 (0.15 – 1.05) µgC g
-1

 d
-1

 This study 

Svalbard Cryoconite hole water 79.8±75.9 (5.38 - 234) µgC L
-1

 d
-1

 Anesio et al., 2009 

  

87.5±56 (24.8 - 158) µgC L
-1

 d
-1

 

 

 

Cryoconite hole sediment 353±248 (72.2 - 756) µgC g
-1

 d
-1

 Anesio et al., 2009 

  

48±35.9 (11.2-125) µgC g
-1

 d
-1

 

 

  

208±106 (101 - 368) µgC g
-1

 d
-1

 

 Greenland Cryoconite hole water 53.5±59.7 (7.97 - 183) µgC L
-1

 d
-1

 Anesio et al., 2009 

 

Cryoconite hole sediment 115±56.3 (35.5 - 205) µgC g
-1

 d
-1

 

 Alpines Cryoconite hole sediment 147±78.3 (2.83 - 205.9) µgC g
-1

 d
-1

 Anesio et al., 2009 

Dry Valleys Cryoconite hole 0.3 µgC g
-1

 d
-1

 Telling et al., 2014 

Dry Valleys Cryoconite hole 0.4 - 1.4 µgC g
-1

 d
-1

 Hodson et al., 2010 

Vestfold Cryoconite hole 2 µgC g
-1

 d
-1

 Hodson et al., 2013 

 

Table 5.3. Rates of bacterial production in surface snow and cryoconite holes 

obtained in this study with that of previous studies. 

 

Study Area Sample type Bacterial production Reference 

Larsemann 

Hills Cryoconite hole water 0.81±0.50 (0.20 – 1.47) ngC L
-1

 h
-1

 Present study 

 

Cryoconite hole sediment 0.04±0.02 (0.02 - 0.08) ngC g
-1

 h
-1

 

 Arctic Cryoconite hole water 3.26±2.62 (0.5 - 7.44) ngC L
-1

 h
-1

 Anesio et al., 2010 

 

Cryoconite hole water 5.27±1.75 (2.88 - 7.9) ngC L
-1

 h
-1

 

 

 

Cryoconite hole sediment 8.62±6.4 (2.06 - 21.6) ngC g
-1

 h
-1

 

 

 

Cryoconite hole sediment 39.7±17.9 (16.9 - 70.3) ngC g
-1

 h
-1

 

 Alpines Cryoconite hole water 16.7±15.8 (1.2 - 43) ngC L
-1

 h
-1

 Anesio et al., 2010 

 

Cryoconite hole water 0.05±0.02 (0.03 - 0.07) ngC L
-1

 h
-1

 

 

 

Cryoconite hole sediment 24.6±21.4 (6 - 67) ngC g
-1

 h
-1

 

 

 

Cryoconite hole sediment 0.13±0.14 (0.02 - 0.38) ngC g
-1

 h
-1

 

 Dry Valleys Cryoconite hole water 0.22±0.31 (0.02 - 0.78) ngC L
-1

 h
-1

 Anesio et al., 2010 

 

Cryoconite hole water 0.04±0.02 (0.01 - 0.06) ngC L
-1

 h
-1

 

 

 

Cryoconite hole sediment 11.2±4.11 (8.62 - 19.4) ngC g
-1

 h
-1

 

 

 

Cryoconite hole sediment 23.4±11.8 (9.2 - 37.1) ngC g
-1

 h
-1

 

 Dry Valleys Cryoconite hole 2.4±1.6 ngC g
-1

 h
-1

 Telling et al., 2014 
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In cryoconite holes, a decrease in DOC concentration was observed in the microbe-only 

and control treatment following incubation (Fig. 5.4). However, the decrease in DOC in 

the microbe-only treatment was much lower than that in the control suggesting that the 

observed decline in concentrations in the microbial incubation cannot be ascertained 

due to microbial activity. This is contrary to that observed in a previous study where 

55% (Antony et al., 2017) of the DOC in supraglacial environment was found to be 

bioavailable.  

 

Fig. 5.4. Changes in Ac‾, Fo‾, Oxy
2
‾ and DOC in microbe-only treatment over a 

period of 30 days in surface snow and 25 days in cryoconite holes in experimental 

system. Negative values represent utilization/degradation and positive values represent 

production/accumulation. 

A possible explanation for the relatively low decline in DOC concentrations in 

cryoconite hole water despite the presence of microbes (approximately 11.0 cells ml
-1

) 

and possible microbial uptake of DOC is the presence of viral communities. Previous 

studies have shown that viruses are abundant in cryoconite holes and play an important 
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role in controlling bacterial mortality and hence, the cycling of carbon and nutrients in 

these environments through the release of cellular lysates (Anesio et al., 2007, 2010; 

Bellas et al., 2013; Hodson et al., 2008; Säwström et al., 2007; Williams et al., 2016).  

Carboxylate ion concentrations following incubation of surface snow in the 

microbe-only treatment were found to be 2 to 8 times higher (Fo‾) than that in the 

initial sample (Fig. 5.4). Carboxylate ion concentrations in the control treatment 

however, showed higher (19 to 43 times) increases from the initial concentration 

following the incubation (Fig. 5.4). Accumulation of carboxylate ions at the end of the 

control incubation suggests possibility of abiotic production of these carboxylate ions 

in dark. Such abiotic production of carboxylate ions are also expected to occur in the 

microbe-only treatment resulting in similar increases in concentrations as in the control. 

However, the lower carboxylate ion accumulation in the presence of microbes indicates 

that these abiotically generated carboxylate ions are possibly bioavailable, and are 

utilized by the microbial community. Previous studies have also demonstrated the 

degradation of carboxylate ions by supraglacial microbial communities (Amato et al., 

2007; Sanyal et al., 2018; Vaïtilingom et al., 2011), which supports the observed 

degradation of carboxylate ions in this work. Similarly, in cryoconite hole water, lower 

accumulation of Ac‾ (25 times) and Fo‾ (8 times) was observed in the microbe-only 

treatment than control treatment (Ac‾, 102 times; Fo‾, 64 times) indicating microbial 

uptake of Ac‾ and Fo‾ (Fig. 5.4). In the case of Oxy
2
‾, an increase in concentration (1.5 

times) was observed in the microbe-only treatment, whereas, a depletion (0.6 times) 

was observed in the control treatment (Fig. 5.4). It is not clear why an opposing trend 

of Oxy
2
‾ increase was observed in the microbe-only treatment compared to the control 

where, Oxy
2
‾ concentrations were found to decrease. However, there is evidence that 

microbes are capable of producing oxalic acids (Frey et al., 2010; Nataka and He, 

2010), and that such an ability is beneficial in the acquisition of nutrients (Dutton and 

Evans, 1996; Gharieb, 2000; Munir et al., 2001; Shimada et al., 1994).  

 In surface snow, an increase in SO4
2
‾ (2 times) and NO3‾

 
(3 times) 

concentrations was observed in the microbe-only treatment (Table 5.4). However, 
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higher accumulation of SO4
2
‾ (3 times) and NO3‾

 
(14 times) concentrations were 

observed in control treatment indicating abiotic production (Table 5.4). The lower 

accumulation of NO3‾ (3 times) in the microbe-only treatment compared to that of the 

control may be attributed to microbial transformation or uptake of the NO3‾ (Carpenter 

and Dunhem, 1985; Cochlan, 1989) that is abiotically produced. This is supported by 

the presence of denitrifying bacteria and associated denitrification processes 

documented in the snowpacks (Larose et al., 2013). Similarly, lower accumulation of 

SO4
2
‾
 
in the microbe-only

 
treatment compared to that of the control may be attributed to 

microbial uptake of SO4
2
‾ (Hodson et al., 2005, 2008; Mikucki and Priscu, 2007) by 

resident microbial communities in snow. In cryoconite hole water, NO3‾
 
 showed higher 

accumulation in the microbe-only treatment (1.6 times) compared to the control (1.3 

times) (Table 5.4) suggesting microbial production of NO3‾. Earlier studies have 

identified nitrification to result in accumulation of NO3‾
 
in cryoconite holes (Telling et 

al., 2014). In addition, mineralization of organic nitrogen to NH4
+
 followed by 

nitrification is also attributed to accumulation of NO3‾
 
(Hodson et al., 2008; Wynn et 

al., 2007). Rock weathering-derived NH4
+
,
 
liberated during sediment dissolution is also 

considered as a potential source of NH4
+ 

for nitrification (Wynn et al., 2007). Thus, 

accumulation of NO3‾ in cryoconite hole water may be attributed to mineralization of 

organic nitrogen followed by nitrification. Differences observed in the NO3‾ cycling 

between surface snow and cryoconite hole water is most likely a result of differences in 

microbial communities and activity in the cryoconite holes and the surrounding surface 

snow. In cryoconite hole water, SO4
2
‾
 
concentrations following incubation remained 

nearly similar to that of the initial concentration in microbe-only treatment, while an 

accumulation was shown in control treatment (Table 5.4).  

5.3.2.2 Light driven changes 

In surface snow, light mediated activities resulted in a decrease in DOC 

concentration from 50 to 30 μg L
-1 

while the control showed a 3 times increase from 50 

to 139 μg L
-1 

(Fig. 5.5). This shows an overall decrease in DOC content in surface 

snow in presence of the light which is consistent with that of other studies which show 
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that DOC can be partially or fully photo-oxidized to CO2 (Ward and Cory, 2016). Study 

of CO2 records in ice cores also suggests that simpler organic compounds (like HCHO 

and HFo) undergo oxidation with potential oxidants such as hydrogen peroxide (H2O2) 

to produce CO2 (Peel, 1992; Tschumi and Stauffer, 2000). In cryoconite hole water, 

although a similar trend of decline in DOC concentrations in the light-only treatment 

was observed, the extent of DOC decrease was much lower than that in the control 

(Fig. 5.5). Therefore, no conclusions can be drawn on light mediated degradation of 

DOC in cryoconite hole water.  

 

Fig. 5.5. Changes in Ac‾, Fo‾, Oxy
2
‾ and DOC in light-only treatment over a 

period of 30 days in surface snow and 25 days in cryoconite holes in experimental 

system. Negative values represent utilization/degradation and positive values represent 

production/accumulation. 

Light mediated activities resulted in a 11 times increase in Oxy
2
‾ concentrations 

in surface snow, while the control surface snow incubation showed a 19 times increase 

in Oxy
2
‾ values (Fig. 5.5). The increase in Oxy

2
‾ concentrations in both treatments 



90 
 

suggests abiotic production of Oxy
2
‾ under both light and dark conditions. However, a 

lower increase in concentrations in the light-only treatment compared to the control 

indicates that photochemical production may be occurring at rates lower than that of 

abiotic dark production of Oxy
2
‾ or that photochemical degradation of Oxy

2
‾ may be 

occurring together with abiotic production. This is supported by previous study 

reporting photochemical decomposition of Oxy
2
‾ (Vaïtilingom et al., 2011). Changes in 

Ac‾ and Fo‾ could not be detected in snow samples due to technical issues during the 

sample analysis. In cryoconite hole water, accumulation of Ac‾
 
(68 times) and Fo‾ (39 

times) were observed in light-only treatment, while in the control incubation, a higher 

accumulation of these ions (Ac‾, 102 times and Fo‾, 64 times) were observed (Fig. 5.5). 

Lower accumulation of Fo‾ and Ac‾
 
in light-only treatment than control suggests that 

production of these ions may be slightly inhibited in the presence of light or that 

photochemical degradation of Fo‾ and Ac‾
 

could be occurring concurrently. 

Photochemical degradation of Fo‾ has been previously demonstrated (Vaïtilingom et 

al., 2011). Oxalate
 
concentrations on the other hand were found to be lower than initial 

in both light-only and control treatments with nearly similar extent of decline (Fig. 5.5) 

Higher accumulation of SO4
2
‾ (7 times) was observed in the light-only 

treatment than control incubation (3.3 times) (Table 5.4). Photochemical oxidation of 

sulphide present in the dust particles on surface snow might explain the accumulation 

of SO4
2
‾
 
in presence of light as observed in previous studies (Toom-Sauntry and Barrie, 

2002). Nitrate was found to accumulate in both light-only and control treatments 

indicating, photochemical and dark abiotic production of NO3‾ respectively. While the 

mechanism of NO3‾ production in the dark is not clear, photochemical production of 

NO3‾ has been reported in snowpacks (Dibb et al., 2002; Honrath et al., 2000). In 

cryoconite hole, NO3‾ showed higher accumulation (3 times) in presence of light than 

the control (1.3 times) (Table 5.4). This is attributed to photochemical mineralization 

of organic nitrogen compounds to NH4
+
 (Bushaw-Newton and Moran, 1999; Wilhelm 

and Suttle, 1998; Wynn et al., 2007) followed by photochemical nitrification, that is 

oxidation of NH4
+
 to NO3‾ (Zobell, 1933). In the case of SO4

2
‾, a minor depletion

 
(0.8 

times) was observed in the light-only treatment, while a minor accumulation (1.2 times) 
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was observed in the control treatment (Table 5.4). The depletion of SO4
2
‾
 
in presence 

of light is not clear.  

5.3.2.3 Combined effect of light and microbes 

Dissolved organic carbon concentration in the light+microbe incubation of 

snow was found to be lower than the initial, while that in the control, it was found to be 

higher. The low DOC concentration under the combined influence of light and 

microbes is suggestive of photochemical and microbial degradation of organic carbon 

(Fig. 5.6). On the other hand, in cryoconite hole, a slight increase in DOC 

concentrations in the light+microbe treatment (Fig. 5.6) indicates light stimulated 

microbial production of DOC which is supported by the presence of cyanobacteria and 

algae (Fig. 5.7), as well as, the high primary production rates observed in cryoconite 

holes in the present study (Table 5.1 and Fig. 5.3). It is not clear why DOC 

concentrations in the control were lower than initial over the same time period.   

In the incubations with snow, an increase in the concentration of carboxylate 

ions was observed in both light+microbe and control treatments indicating that 

carboxylate ions are produced in the presence of light and/or microbes, as well as, 

abiotically in the dark. A 2 to 4 times increase in Ac‾, Fo‾ and Oxy
2
‾ were observed in 

the light+microbe treatment, while higher increase in concentrations of Ac‾ (27 times), 

Fo‾ (42 times) and Oxy
2
‾ (19 times) were observed in the control (Fig. 5.6). This 

suggests that carboxylate ion production in the presence of light and microbes occurs to 

a lower extent than that in the dark. A lower extent of increase in carboxylate ion 

concentrations in the light+microbe treatment compared to that in the light-only and 

microbe-only indicates an inhibitory effect of light on microbial activity or vice versa. 
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Fig. 5.6. Changes in Ac‾, Fo‾, Oxy
2
‾ and DOC in light+microbe treatment over a 

period of 30 days in surface snow and 25 days in cryoconite holes in experimental 

system. Negative values represent utilization/degradation and positive values represent 

production/accumulation. 

A similar trend of lower accumulation of Ac‾ (65 times) in the light+microbe 

treatment than control (102 times) was observed in the cryoconite hole water. However, 

in cryoconite hole, higher accumulation of Fo‾ (171 times) and Oxy
2
‾ (3 times) in 

light+microbe treatment than control (Fo‾, 64 times; Oxy
2
‾, 0.6 times) (Fig. 5.6) 

indicates production of carboxylate ions driven by microbial and/or photochemical 

activity. It is not clear why opposing trends in Fo‾ and Oxy
2
‾ concentrations are 

observed in snow and cryoconite holes under the combined influence of light and 

microbes. Several studies have shown that organic compounds on the glacier surface 

can act as important precursors for the photochemical production of carboxylic acids 

(Dibb and Arsenault, 2002; Legrand et al., 2004). DOC produced by the primary 

producers in snow and cryoconite holes could provide some of the organic precursors 
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for the formation of carboxylate ions. However, the nature of carboxylate ions 

generated would depend on the concentration and types of organic carbon precursors 

(Souza and Carvalho, 2001). Therefore, differences in photosynthetic activity and in the 

nature of organic material present in snow and cryoconite holes could possibly 

contribute to differences in the nature and concentration of carboxylate ions observed in 

snow and cryoconite holes.   

 

 

Fig. 5.7. Microscopy images of the cryoconite water samples showing 

cyanobacteria (a and b) and algae (c). 

 

In surface snow, higher accumulation of NO3‾ in the light-only (2.6 times) and 

microbe-only (13.5 times) treatments compared to the light+microbe treatment (2.3 

times) (Table 5.4) suggests that photochemical and microbial activity occurring 

independantly had a higher influence on surface snow NO3‾
 
concentrations compared to 

the combined effect of light and microbes. In contrast, in cryoconite hole water, a 

higher accumulation in NO3‾ concentrations (4.0 times) in the light+microbe incubation 

compared to that in control (1.3 times), the light-only (2.6 times) and microbe-only (1.6 

times) (Table 5.4) incubation suggest that photochemical production of NO3‾
 
occurring 
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concomitantly
 
with sunlight stimulated microbial production of NO3‾

 
(nitrification) 

influence cryoconite hole NO3‾ concentrations to a greater extent than these processes 

occurring individually. 

 

Table 5.4. Concentration of major inorganic ions (Na
+
, K

+
, Mg

2+
, Ca

2+
, Cl‾, SO4

2
‾ 

and NO3‾) on 0 day and 30
th

 day in surface snow, and on 0 day and 25
th

 day in 

cryoconite hole water. 

 

Na
+
 K

+
 Mg

2+
 Ca

2+
 Cl‾ SO4

2
‾ NO3‾ 

 

µg L
-1

 

Surface Snow 

       Microbe-only treatment 

       0 day 4932 179 813 912 792 118 30 

30 day 3766 204 630 1289 650 215 80 

Light-only treatment 

       0 day 1713 88 234 526 336 38 21 

30 day nd* nd nd nd nd 255 284 

Light+microbe treatment 

       0 day 4932 179 813 912 792 118 30 

30 day 2799 169 180 680 468 359 69 

Control 

       0 day 1713 88 234 526 336 38 21 

30 day 2544 557 541 1943 11770 126 300 

Cryoconite hole water 

       Microbe-only treatment 

       0 day 7587 198 1246 1204 1068 378 19 

25 day 5917 574 683 1855 964 366 30 

Light-only treatment 

       0 day 7632 224 949 1187 1079 384 17 

25 day 3661 133 398 658 681 293 44 

Light+microbe treatment 

       0 day 7587 198 1246 1204 1068 378 19 

25 day 980 606 154 820 243 122 78 

Control 

       0 day 7632 224 949 1187 1079 384 17 

25 day 6432 366 842 926 1148 468 23 

*Not detected 
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5.3.2.4 Overview of carbon and nutrient cycling in the experimental system 

Changes in DOC concentrations in each of the incubation treatments showed 

similar trends of depletion in surface snow and cryoconite hole water samples except a 

slight accumulation observed in light+microbe treatment in the cryoconite hole water 

(Fig. 5.6). Decrease in DOC concentrations in Antarctic surface snow following 

microbial (Antony et al., 2017) and/or photochemical activity has been previously 

observed (unpublished data). The highest depletion in DOC concentration in the surface 

snow samples was observed in microbe-only treatment where DOC concentration 

dropped to below detection limit at the end of the incubation. Decrease in DOC 

concentrations occurred to a lower extent (0.6 times) in both light-only and 

light+microbe treatments. This shows that light independant microbial activity plays an 

important role in DOC degradation in surface snow compared to that of photo-

degradation. A lower depletion of DOC in the light+microbe treatment compared to the 

microbe-only treatment may be a result of either inhibitory effect of light on microbial 

activity or light induced DOC production (primary production) occurring 

concommitanly with microbial degradation resulting in higher DOC concentrations in 

the light+microbe treatment. A similar trend is observed in the cryoconite hole water 

wherein, there is an increase in DOC concentrations in the light+microbe treatment (1.6 

times) in comparison to the light-only and microbe-only treatment indicating light 

stimulated microbial production of DOC, that is primary production. Thus, light could 

have an inhibitory effect on heterotrophic microbial activity and a positive effect on 

autotrophic microbial activity. The net effect of these two processes will determine the 

fate of DOC in these environments.   

The lower depletion of DOC concentration in the cryoconite hole than surface 

snow could be due to differences in the concentration and composition of initial DOM, 

as well as, differences in microbial abundance, diversity and activity. For example, a 

previous study has shown that cryoconite hole organic matter is highly bio-available 

and readily utilized by heterotrophic microbial communities (Sanyal et al., 2018). Thus, 

microbial processing of the high initial organic matter load in the cryoconite hole water 
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(150 and 162.2 µg L
-1

)
 
compared to surface snow samples (11 to 50 µg L

-1
)
 
could result 

in higher accumulation of inorganic nutrients in the cryoconite hole water. In the 

light+microbe treatment, this increase in inorganic nutrient concentrations would 

stimulate phytoplankton growth and therefore, photosynthetic activity, consequently 

increasing the DOC concentration in the sample despite the simultaneous decrease in 

DOC due to heterotrophic activity. This is supported by significantly higher inorganic 

nutrient concentrations in cryoconite hole water samples compared to the surface snow 

samples, likely resulting in an increase in phytoplankton biomass and activity towards 

the end of the experiment.   

In general, following incubation, carboxylate ion concentrations were found to 

be higher than initial in the snow samples in all treatments. However, lower 

accumulation in light-only, microbe-only and light+microbe treatments than control are 

attributed to concurrent photochemical and/or microbial degradation of these organic 

species in surface snow as has been shown in several studies (Vaïtilingom et al., 2011). 

In contrast, carboxylate ion concentrations in the cryoconite hole water showed varying 

trends in concentrations in the different treatments. This is attributed to variability in 

microbial community composition and organic matter sources that are reactive 

precursors to carboxylic acids in cryoconite holes.  

 Following incubation, lower accumulation of NO3‾ concentrations were 

observed in surface snow in all treatments than control incubation (Table 5.4). The 

increase in NO3‾ concentrations in the control treatment indicates abiotic production of 

NO3‾. The much lower extent of NO3‾ increase in the light and microbe treatments 

occurring individually and in combination suggests that despite abiotic production of 

NO3‾,  photochemical decomposition (Dibb et al., 2002; Honrath et al., 2000), and/or  

microbial uptake (Carpenter and Dunhem, 1985; Cochlan, 1989) of NO3‾
 
may be 

simultaneously occurring. While, in cryoconite hole water, higher accumulation of 

NO3‾ was observed in all treatments compared to the control incubation suggesting 

photochemical and/or microbial production of NO3‾
 
in the light and microbe treatments. 

Sulphate showed accumulation in surface snow in all treatments (Table 5.4). Higher 
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accumulation of SO4
2
‾ in light-only treatment in surface snow is attributed to sulphide 

oxidation as observed in previous studies reporting the presence of reduced sulphur 

compounds in snow overridden with dust which can undergo oxidation to SO4
2
‾
 

(Hasnain and Thayyen, 1999; Hodson et al., 2010; Mikucki and Priscu, 2007; Sharp et 

al., 1999). Since the snow samples in this study had significant dust inputs from 

surrounding nunataks (exposed land mass), it is possible that these samples have 

associated reduced sulphur species which undergo photochemical and/or microbial 

oxidation resulting in high SO4
2
‾ in these samples following incubation when compared 

to the initial sample. The higher accumulation of sulphate observed in the light-only 

treatment (4.4 times) compared to the microbe-only treatment (1.1 times) indicates that 

photochemical processes may play a more important role than microbial processes.  

In surface snow, depletion of inorganic ions (Na
+
, K

+
, Mg

2+
, Ca

2+
 and Cl‾) were 

observed in all the treatments except an increase observed in K
+
 and Ca

2+
 

concentrations in microbe-only treatment (Table 5.4). In cryoconite hole water, 

depletion was observed in the concentrations of Na
+
, K

+
, Mg

2+
, Ca

2+
 and Cl‾ in the 

light-only treatment. Whereas, in light+microbe treatment in cryoconite water, 

depletion in Na
+
, Mg

2+
, Ca

2+
 and Cl‾, while an accumulation in K

+ 
concentrations was 

observed. Similarly, in microbe-only treatment in cryoconite water, depletion of Na
+
 

and Cl‾ was observed and an accumulation of K
+
, Mg

2+
 and Ca

2+
 was observed (Table 

5.4). Heterotrophic activity has been identified to reduce the pH within the cryoconite 

holes via generation of CO2 (Tranter et al., 2004; Telling et al., 2014). In turn, 

reduction in pH causes a dissolution of salts and minerals like carbonates and silicates, 

thereby resulting in an increase in ion concentrations such as Ca
2+

, Mg
2+

 and K
+ 

(Bagshaw et al., 2016; Telling et al., 2014; Tranter et al., 2004). In the cryoconite hole 

water, accumulation of Ca
2+ 

(1.5 times), Mg
2+

 (3.5 times) and K
+ 

(2.9 times) in 

light+microbe and accumulation of K
+ 

(3.1 times) in microbe-only treatment is credited 

to the heterotrophic activity occurring in the cryoconite hole water (Table 5.4). 

Similarly, in surface snow, accumulation of K
+ 

(1.1) and Ca
2+ 

(1.4) in microbe-only 

treatment is attributed to heterotrophic activity (Table 5.4). Depletion observed in the 

inorganic ions in both surface snow and cryoconite holes is not clear. However, an ion 
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imbalance caused by significant changes in carboxylate ions, as well as, in NO3‾ and 

SO4
2
‾ may cause depletion in inorganic ions.  

5.3.3 Nutrient cycling - Natural System 

Dissolved organic carbon was found to accumulate in both sunlight-exposed  

and shaded cryoconite holes. Higher accumulation in the sunlight-exposed (9.3 times) 

than shaded (5.6 times) cryoconite hole is attributed to the enhanced primary 

production in the sunlight-exposed cryoconite hole (Fig 5.8). Taking into account the 

in-situ primary productivity rates measured in the cryoconite hole and the DOC 

accumulation in the sunlight-exposed cryoconite hole, 15% of DOC accumulation in 

the cryoconite water is contributed by the primary production. Similarly, considering 

the accumulation observed in sediment in the sunlight-exposed cryoconite hole (0.16 

mg C g
-1

), 10% of TOC accumulation is contributed by the primary production. This 

indicates that a significant fraction of DOC in the cryoconite holes is contributed by 

sources other than primary production.  

 

Fig. 5.8. Changes in DOC concentration in sunlight exposed and shaded 

cryoconite hole. 
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The results from this study concur with previous findings from an Arctic glacier which 

show that microbial primary production contributes to only a small fraction of the DOC 

on the glacier surface and that most of the organic carbon in the cryoconite hole most 

likely comes from allochthonous sources (Stibal et al., 2008) such as marine emissions 

and long range transports of aerosols. Various studies on viral induced bacterial lysis 

suggest that disintegration of bacteria can increase the DOC pool in the environment 

(Hodson et al., 2008; Wilhelm and Suttle, 1998). In the present study, an increase in 

DOC/TOC ratio from initial to final day was observed in both sunlight-exposed (initial, 

0.09; final, 0.86) and shaded (initial, 0.39; final, 0.95) cryoconite hole. This shows that 

by the end of the experiment, an average of 90% of organic carbon was consisted of the 

DOC fraction in both sunlight exposed and shaded cryoconite holes compared to only 

9% (sunlight-exposed hole) and 35% (shaded hole) of DOC observed in the initial 

sample. This trend supports the idea that viral induced microbial lysis could possibly 

contribute to some of the DOC content in the cryoconite holes.  

Accumulation of DOC (9.3 times) in the sunlight-exposed cryoconite hole in the 

natural system, where concomittant photochemical and microbial activity occurs, was 

consistent with the trend observed in  the light+microbe treatment in the experimental 

system (1.1 times). Higher accumulation of DOC observed in the natural system is 

attributed to: 1) Concomitant influx of atmospheric CO2 which can be utilised by 

microbes for production of DOC, and 2) Interaction of sediments and the overlying 

water resulting in dissolution of organic matter from the sediments. Similarly, 

accumulation of DOC in the shaded cryoconite hole (5.6 times) in the natural system 

where photochemical activity is restricted and only microbial activity occurs, was 

consistent with the lower DOC accumulation observed in the microbe-only treatment 

(0.9 times) than control (0.5 times) in the experimental system. 

Accumulation in Ac‾ (1.7 times) was observed in sunlight-exposed cryoconite 

hole, while depletion (0.3 times) was observed in shaded cryoconite hole (Fig. 5.9). 

The observed increase in Ac‾
 
in the sunlight-exposed cryoconite hole is most likely 
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attributed to photochemical degradation of DOM as has been observed in several 

studies (Backlund, 1996; Brinkmann et al., 2003) resulting in production of Ac‾ (Dibb 

and Arsenault, 2002, Legrand et al., 2004). Similarly, in the experimental system, 

higher accumulation of Ac‾ was observed in light+microbe treatment than microbe-

only treatment suggesting production of Ac‾ via photo-degradation of DOM. The 

decrease observed in shaded cryoconite hole is attributed to microbial uptake of Ac‾. 

Similarly, an increase in Fo‾ concentration was observed in the sunlight-exposed 

cryoconite hole in natural system (Fig. 5.9) and is consistent with the trend observed in 

light+microbe treatment in the experimental system (Fig. 5.6), thereby suggesting a 

production of Fo‾ via photochemical degradation of organic matter. In the shaded 

cryoconite hole, Fo‾
 
concentration remained unchanged (Fig. 5.9).  

In the natural system, accumulation of Oxy
2
‾
 
(1.2 times) in the sunlight-exposed 

cryoconite hole (Fig. 5.9) where concomitant microbial and photochemical activity 

occurs is consistent with the trend observed in the light+microbe treatment in the 

experimental system (2.8 times) (Fig. 5.6) suggesting accumulation of Oxy
2
‾
 

in 

environment during the melt season. Similarly, a small increase in Oxy
2
‾
 
in shaded 

cryoconite hole in natural system (2.0 times) (Fig. 5.9) is consistent with accumulation 

in the microbe-only treatment (1.5 times) in the experimental system (Fig. 5.4) which 

indicates microbial production of Oxy
2
‾
 
in dark. Higher accumulation of Oxy

2
‾ in 

shaded cryoconite hole than sunlight exposed cryoconite holes suggests photochemical 

degradation of Oxy
2
‾. In contrast, in the experimental system, higher accumulation of 

Oxy
2
‾
 
in light+microbe treatment (2.8 times) than microbe-only treatment (1.5 times) 

was observed. The opposing trend observed in both the systems is not clear. However, 

it is suggested that variability in microbial community composition and organic matter 

sources that are reactive precursors to carboxylic acids are important factors 

determining the final composition and concentration of carboxylate ions. 
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Fig. 5.9. Changes in Ac‾, Fo‾ and Oxy
2
‾ in sunlight exposed and shaded 

cryoconite hole. 

Reduction in NO3‾
 

was observed in both sunlight-exposed and shaded 

cryoconite holes with higher depletion in sunlight-exposed cryoconite hole (13.1 times) 

than shaded cryoconite hole (2.3 times) (Table 5.5), which is attributable to the 

photochemical decomposition of NO3‾
 
in sunlight-exposed cryoconite hole. In contrast, 

accumulation of NO3‾
 
was observed in the cryoconite hole water in the experimental 

system in both light+microbe treatment and microbe-only treatment with higher 

accumulation observed in light+microbe treatment. The opposing trend is attributed to 

higher dissolved organic nitrogen (DON) concentration in the experimental system (10 

µg L
-1

) compared to natural system (bDL), which through mineralization followed by 
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nitrification may contribute to higher NO3
‾
 content in the sample. This NO3‾

 
production 

compensates any reduction in its content caused by photochemical decomposition.  

Accumulation of Mg
2+

 and Ca
2+

 were observed in sunlight-exposed cryoconite 

hole, while accumulation of K
+
, Mg

2+
 and Ca

2+
 were observed in shaded cryoconite 

hole (Table 5.5). The accumulation of these cations is attributed to dissolution of 

minerals such as silicates and carbonates as a result of heterotrophic activity reducing 

the pH of the cryoconite hole water. Higher accumulation of Mg
2+

 (14.2 times) and 

Ca
2+

 (7.3 times) in sunlight-exposed cryoconite hole than shaded cryoconite hole 

(Mg
2+

, 1.3 times; Ca
2+

, 1.1 times) may be attributed to changes in pH and ionic balance 

due to: 1) higher extent of heterotrophic activity and respiration of DOC generated 

through primary production (Cory et al., 2013, 2018), and 2) CO2 produced through 

photochemical degradation of DOM (Ward and Cory, 2016).  

 

Table 5.5. Inorganic ion concentrations in sunlight-exposed and shaded cryoconite 

holes on 0 and 25 day. 

 
Na

+
 K

+
 Mg

2+
 Ca

2+
 Cl

-
 SO4

2-
 NO3

-
 

 
µg L

-1
 

Sunlight exposed  

cryoconite hole 

     0 day 4268 157 20 29 nd* nd 1750 

25 day 1448 80 279 217 230 14 134 

Shaded  

cryoconite hole 

     0 day 1771 59 121 313 nd 14 897 

25 day 1342 70 213 351 750 15 391 
 

                    * Not detected 

       
Results obtained from the study of DOM and nutrient cycling in snow and 

cryoconite holes through in-situ incubations in an experimental and/or natural set up 

indicate that photochemical and/or microbial processes result in a continuous exchange 

of nutrients, CO2, and DOC, thereby playing an important role in the final composition 

and concentration of DOC and nutrients in these environments. The experimental 

system provided a focused view to understand the effect of light and/or microbes acting 
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individually or in concert, on DOM cycling, while the natural system provides a snap 

shot of DOM cycling in the natural environment. Thus, both the sampling strategies 

need to be implemented together to understand the variation in DOC and nutrient 

cycling due to microbial and/or photochemical activities. 

5.3.4 Overview of nutrient cycling in the environment 

An accumulation of organic carbon was observed in the cryoconite holes in this 

study over the melt season. DOC inputs from in-situ primary production appears to be a 

small but an important contributor to the organic carbon pool in these cryoconite holes 

resulting in about 2.5% of TOC accumulation in cryoconite sediments and about 15% 

of the DOC accumulation in cryoconite water. Thus, a large fraction of organic matter 

in cryoconite holes may be derived largely from allochthonous sources as has been 

demonstrated in previous studies (Stibal et al., 2008). In addition, viral lysis of 

bacterial cells could also contribute to the release of cellular contents and DOC from 

bacterial cells, thereby impacting DOC concentrations in these environments. Higher 

DOC accumulation in the sunlight-exposed cryoconite hole compared to shaded hole is 

attributed to the light induced production of DOC, i.e. primary production. 

Carboxylate ions which constitute an important fraction of the DOC pool 

appears to accumulate in cryoconite hole meltwater as by-products of photochemical 

decomposition of organic matter. Under dark conditions, microbial uptake/degradation 

seems to deplete the pool of carboxylate ions. Among the major carboxylate ions, Ac‾ 

and Fo‾ are more readily utilized by microbes, while Oxy
2
‾ appears to be produced 

during microbial activity. Photochemical production of Ac‾, Fo‾
 
and Oxy

2
‾
 
appears to 

compensate for any loss due to photochemical decomposition of these ions.  

Depletion in NO3‾ in the natural system appears to be due to microbial uptake 

and photochemical decomposition together with atmospheric exchange. However, 

accumulation trend of NO3‾
 
observed in the experimental system is most likely 

attributed to higher DON concentrations observed in the experimental system which in 

turn contributes to high NO3‾
 
concentrations through mineralization of DON to NH4

+
, 

followed by nitrification.  
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Apart from direct impact of microbial activity or photochemical activity on the 

nutrient content, these activities may indirectly cause various changes in the major ion 

concentrations. For instance, accumulation of K
+
, Ca

2+
, and Mg

2+
 have been observed 

in the samples resulting from dissolution of silicates and carbonates which in turn could 

be triggered by reduction of pH caused by heterotrophic activity. Similarly, generation 

of CO2 during photochemical decomposition of DOM may also cause dissolution of 

salts and minerals comprising silicates and carbonates due to reduction in pH. In 

addition, various changes in concentration of ions such as carboxylate and NO3‾ may 

affect the concentration of other ions in order to compensate the ion imbalance.   

Overall, in the present study, both photochemical and microbial activies seem to 

control the nutrient cycling. Although, it is difficult to elucidate the individual effects 

of each activity, but the behavioural trend of the nutrients due to each of the activities 

could be determined. In addition to photochemical and microbial activties, initial 

inoculums of various nutrients and atmospheric exchange of gases also seem to play a 

determining role in the final chemical composition. A schematic diagram showing the 

DOM cycling in the supraglacial environments in glaciers and ice sheets as depicted 

from this study is given in Fig. 5.10. 
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Fig. 5.10. Schematic diagram depicting dissolved organic matter (DOM) cycling in 

supraglacial environments (like snow and cryoconite holes) of glaciers and ice sheets. 

Source of DOM (indicated with purple colour) include photosynthesis, microbial lysis 

and allochthonous sources (like marine emissions and long range transportation of 

aerosols). The DOM (purple) is further consumed by microbes such as heterotrophic 

organisms. Photochemical activity on this DOM (purple) may produce DOM (indicated 

with blue colour) with different composition. Additionally, microbial activity also 

causes transformation in the DOM composition before getting transported to 

downstream. Involvement of nutrients and atmospheric gases in these processes are 

represented in the diagram. Cryoconite hole sediments contributing to the DOM cycling 

is also depicted. 
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Chapter 6 

Summary and conclusions 

 

Antarctic ice sheet, which hosts about 90% of world’s ice, contains a globally 

relevant pool of dissolved organic matter (DOM) and therefore, can significantly affect 

the downstream ecological functioning as a result of the ongoing climate warming. The 

glaciers and ice sheets harbor a wide range of microbial communities that interact 

with their physical and chemical environments resulting in distinct processes and 

feedbacks that impact nutrient cycling, surface albedo, melt rates and regional 

atmospheric carbon concentrations. However, studies dealing with biogeochemical 

cycling and information on the sources and distribution of OC within these supraglacial 

environments are scarce and limited. Additionally, changes observed in the 

composition and concentration of DOM and nutrients due to various complex 

environmental processes is still not well understood. Therefore, this doctoral research 

was aimed to: 1) understand the characteristics of different supraglacial ecosystems; 2) 

gain insights into how DOM and nutrients are transformed through photochemical and 

microbial activity in supraglacial environments.  

To meet these goals, biogeochemical characteristics were studied in surface 

snow, cryoconite holes and blue ice samples from three geographically distinct study 

areas within the East Antarctica. Surface snow samples were systematically collected 

along a 180 km coastal-inland transect at Princess Elizabeth Land (PEL) (18 samples) 

and along a 130 km coastal transect at Amery Ice Shelf (AIS) (13 samples). Cryoconite 

holes were sampled from AIS (7 samples), central Dronning Maud Land (cDML) (7 

samples) and Larsemann Hills (LHS) which lies within the PEL region (7 samples). 

Blue ice samples were collected from LHS (3 samples) and AIS (2 samples). 

Biogeochemical parameters studied in these ecosystems include major inorganic ions, 

carboxylate ions, total organic carbon (TOC), dissolved organic carbon (DOC), 

bacterial cell density, microbial morphology, mineralogy of cryoconite hole sediments, 
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dust concentration (surface snow), primary production and bacterial production. More 

importantly, in-situ field experiments were carried out together with laboratory 

measurements to understand the DOM and nutrient cycling through photochemical and 

microbial activity in these selected environments. In-situ experiments consisted of an 

experimental system and a natural system. In the experimental system, surface snow 

and cryoconite hole water samples collected in quartz tubes were incubated in the field 

for approximately 30 days under light and dark conditions, both in the presence and 

absence of microbes. In the natural system, two adjacent cryoconite holes in the natural 

system subjected to different sunlight conditions (light-exposed and shaded), were 

monitored over a period of 25 days in order to better understand how DOM is cycled in 

these environments. Salient findings of this study are: 

 Surface snow chemistry at both PEL and AIS is significantly influenced by sea 

spray as demonstrated by sea salt (ss)Na
+ 

contribution (89% in PEL and 94% in 

AIS) to total Na
+
 concentration. Significant crustal input in surface snow was 

demonstrated by non sea salt (nss)Ca
2+

 contribution (77% in PEL and 64% in AIS) 

to total Ca
2+

 concentration. Ionic balance estimations showed that majority of 

surface snow samples in the PEL region were acidic, while at AIS, majority of 

surface snow samples were alkaline. Acidity in the surface snow samples was 

majorly contributed by NO3‾ (which contributes to 8% of the ionic composition and 

was majorly present in form of HNO3 in the samples) followed by SO4
2
‾ and Cl‾. 

Alkalinity in the surface snow samples at AIS is attributed to the interaction of 

anions (SO4
2
‾, Cl‾ and NO3‾) with the salts and dust minerals leading to 

neutralization of acids.  

 Total organic carbon concentration at PEL ranged from 88±6 to 269±6 µg L
-1

 and at 

AIS, it ranged from below detection limit (bDL) to 117.6±2.9 µg L
-1

. Acetate 

concentration measured in surface snow ranged from bDL to 42.93±0.00 µg L
-1

 and 

15.23±0.84 µg L
-1

 at PEL and AIS, respectively. Formate concentration ranged 

from bDL to 3.19±0.04 µg L
-1

 and 21.00±0.31 µg L
-1

 at PEL and AIS, respectively. 

Carboxylate ion concentration in surface snow at PEL and AIS was consistent with 
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data reported in a previous study in East Antarctica. Microbial cell densities in the 

AIS samples ranged between 0.16 × 10
4
 and 10.34 × 10

4
 cells mL

-1
.  

 Major sources of carboxylate ions (Ac‾ and Fo‾) include marine aerosols and long 

range transport. Additionally, photochemical activity within snowpack is found to 

be a significant source of these ions. It is suggested that photochemical production 

of Ac‾ occurs via photolysis of NO3‾ producing hydroxyl radical (˙OH) which 

further oxidizes the organic matter to produce carboxylate ions. Oxidation of 

organic matter with ˙OH could not explain the spatial trend of Fo‾ in this study, 

suggesting that other sources could be dominant for Fo‾ content in surface snow.  

 In blue ice, average TOC concentration was 93.4 µg L
-1 

at LHS and 107.3 µg L
-1 

at 

AIS. Bacterial cell density ranged from 0.46 × 10
4
 and 0.94 × 10

4
 cells mL

-1
. 

Studies providing the chemical composition and TOC concentration in blue ice are 

limited or not available. This work therefore provides a valuable data on blue ice 

chemistry. 

 This study presents chemical characteristics of cryoconite holes from the regions in 

the East Antarctica, where there is limited or no data available. Total organic 

carbon concentration in cryoconite hole water ranged from 7.2±2.7 to 1213.5±6.3 

µg L
-1

, while in cryoconite hole sediments, TOC concentration ranged from 0.4 to 

1.8 mg C g‾
1
. Bacterial cell density ranged from 0.07 × 10

4
 and 11.8 × 10

4
 cells mL

-

1
. 

 In cryoconite hole samples, Cl‾ concentration and Cl‾ enrichment factor [EF(Cl‾)] 

was used as the proxy to determine the hydrological isolation/connectivity of the 

cryoconite holes. Cryoconite holes at LHS were found to be hydrologically 

connected [EF(Cl‾)<1] and cryoconite holes at AIS were isolated [EF(Cl‾)>1]. 

Depletion occurs in major ions and TOC concentration in the hydrologically 

connected cryoconite holes at LHS. This depletion is attributed to flushing of the 

ions and organic matter from the cryoconite holes via the interconnected streams 

and melt water channels. In contrast, major ions and TOC in the isolated cryoconite 

holes at AIS were enriched by 7 to 26 times. This accumulation is attributed to the 

dissolution of salts, minerals and DOM resulting from the interaction between 
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sediment and overlying water in a cryoconite hole during the period of isolation. In 

addition, microbial activity also contributes to the TOC enrichment in a cryoconite 

hole. Cryoconite holes at cDML were partially connected as revealed from 

depletion of Cl‾ and accumulation of other major ions and TOC. At cDML, 

variations observed in the enrichment trend shown by Cl‾ and other ions (and TOC) 

are attributed to increased interaction between sediments and the overlying water 

within a cryoconite hole due to limited and slower rate of water exchange. It is 

further inferred from the study that isolated holes store an abundance of nutrients 

and carbon compared to connected holes which may further affect the extent of 

microbial activity within the holes and also their impact on nutrient and carbon 

transport to the downstream environments.   

 Primary production rates (measured using
 14

C-NaHCO3) in two surface snow 

samples were 0.15±0.04 and 0.23±0.01 µgC L
-1 

d
-1

. Primary production in 

cryoconite hole water and sediment samples ranged from 0.13±0.06 to 0.47±0.08 

µgC L
-1 

d
-1 

and 0.15±0.01 to 1.05±0.43 µgC g
-1 

d
-1

, respectively. Primary 

production measured in surface snow and cryoconite hole water samples were 

comparable, while the rates were approximately 1110 times higher in the cryoconite 

sediments. Between different cryoconite holes in the LHS, primary production rates 

varied widely. Primary production rates measured in LHS were at the lower end of 

the range documented for the cryoconite hole water samples from other regions of 

Antarctica. Rates reported for non-Antarctic regions are approximately 70 to 550 

times higher than that measured at LHS.  

 Bacterial production rates (measured using methyl-
3
H-Thymidine) in cryoconite 

hole water and sediment samples ranged from 4.70±0.23 to 35.35±1.25 ngC L
-1 

d
-1

 

and 0.42±0.19 to 3.63±5.49 ngC g
-1

 d
-1

, respectively. Bacterial production rates in 

the sediment samples were 26 times higher compared to the overlying water. 

Bacterial production rates measured at LHS were at the lower end of the range 

documented for the cryoconite hole water samples from other regions of Antarctica. 

Rates measured at LHS showed few similarities with non-Antarctic regions. 
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 Primary production contributed to 15% of DOC accumulation in cryoconite hole 

water and 10% in cryoconite hole sediments. Thus, significant amount of DOC in 

cryoconite holes is probably derived from allochthonous sources. Additionally, it is 

suggested that bacterial lysis may contribute to the DOC concentration within the 

cryoconite holes. 

 Microbial and photochemical degradation of DOC in surface snow and cryoconite 

hole water was inferred from the decrease in DOC concentration following different 

incubations (light-only, microbe-only and light+microbe treatment) in experimental 

system. Higher depletion of DOC occurs in light independent microbial activity 

than photochemical activity (occurring individually). In light+microbe treatment, 

lowest depletion of DOC in surface snow and an accumulation of DOC in 

cryoconite holes is attributed to inhibitory effect of light on microbial activity and 

primary production occurring concomitantly with microbial degradation. Lower 

depletion of DOC concentration in the cryoconite hole than surface snow is 

attributed to the higher concentration of initial DOM and nutrients in cryoconite 

hole, as well as, differences in microbial abundance, diversity and activity. It is 

suggested that higher inorganic nutrient and DOC concentrations in cryoconite hole 

water samples compared to the surface snow sample, likely result in an increase in 

phytoplankton biomass and activity towards the end of the experiment.  

 Higher accumulation of DOC was observed in the natural system than experimental 

system due to the concomitant input of CO2 required for primary production and the 

interaction between the cryoconite hole water and the underlying sediment. Further, 

higher accumulation of DOC occurs in presence of sunlight than dark conditions as 

a result of primary production. This was supported by higher accumulation of DOC 

observed in sunlight-exposed cryoconite hole (9.3 times) than shaded cryoconite 

hole (5.6 times). 

 Among the carboxylate ions, Ac‾ and Fo‾
 
are readily utilized by microbes, while 

Oxy
2
‾ production occurs due to microbial activity under dark conditions. In 

presence of sunlight, photochemical production of Ac‾, Fo‾
 
and Oxy

2
‾
 
compensates 

for any loss due to photochemical decomposition of these ions. Additionally, it is 
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suggested that variability in microbial community composition and organic matter 

sources that are reactive precursors to carboxylic acids are important factors 

determining the final composition and concentration of carboxylate ions. 

 Depletion of NO3‾ in the natural system, appears to be due to microbial uptake and 

photochemical decomposition together with atmospheric exchange. However, 

accumulation trend of NO3‾
 
observed in the experimental system may be attributed 

to higher DON concentrations observed in the experimental system which in turn 

contributes to high NO3‾
 
concentrations through mineralization of DON to NH4

+
, 

followed by nitrification.  

 Apart from the direct impact on the nutrient concentrations, the microbial and/or 

photochemical activities may indirectly cause various changes in the ionic 

concentrations. For instance, heterotrophic activity reduces pH in the system, which 

further causes dissolution of silicates and carbonates, and results in accumulation of 

K
+
, Ca

2+
, and Mg

2+
. Similarly, generation of CO2 during photochemical 

decomposition of DOM may also results in accumulation of ions.  

Perspectives and future scope of study 

This study shows that supraglacial ecosystems such as surface snow, cryoconite 

holes and blue ice are potential sites of important biogeochemical cycling as they hold a 

significant pool of nutrients and organic carbon that is constantly engaged in complex 

environmental processes. Surface snow chemistry in the coastal regions of Antarctica is 

significantly influenced by sea spray. Microbes observed in these supraglacial 

ecosystems include cyanobacteria, algae, cocci, rod shaped bacteria and diatoms. 

Allochthonous sources of the organic carbon include marine emissions and long range 

transport of aerosols. Cryoconite holes, in particular the isolated holes, contain 7 to 26 

times higher concentration of ions and TOC as compared to surrounding surface snow. 

Additionally, cryoconite hole sediments contain much higher concentration of TOC as 

compared to the overlying water in the cryoconite holes. Thus, cryoconite holes provide 

a natural mechanism for the storage of chemical and microbial constituents on the 

glacier surface and can significantly affect the rate of their transfer to the supraglacial 
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or subglacial drainage systems. Primary production contributes about 15% to the DOC 

content in the cryoconite hole water and about 10% to the cryoconite hole sediment. 

Bacterial lysis is a likely source of organic carbon in cryoconite holes.  

This study provides critical information on how photochemistry and biology 

interact to determine the fate of DOM and nutrient cycling in supraglacial 

environments. Depletion in the concentration of supraglacial DOM is attributed to 

microbial as well as photochemical degradation. Light independent microbial 

degradation leads to higher depletion in the DOC concentration as compared to 

photochemical degradation. Furthermore, accumulation in DOC in light+microbe 

treatment in the experimental system suggests that light possibly has an inhibitory 

effect on heterotrophic activity and a positive effect on autotrophic activity. Higher 

accumulation of DOC in cryoconite holes in a natural system as compared to 

experimental system is attributed to: 1) Concomitant input of atmospheric CO2, which 

can be utilised by microbes for production of DOC, and 2) Interaction of sediments and 

the overlying water resulting in dissolution of organic matter from the sediments. 

Overall, both photochemical and microbial activities seem to control the nutrient 

cycling. Additionally, apart from microbial and photochemical activities, initial 

inoculums of various nutrients and atmospheric exchange of gases also play a 

determining role in the final chemical composition of DOM and nutrients.  

Present study provides valuable information on the biogeochemical cycling in 

different supraglacial ecosystems in the Antarctic ice sheet. However, to understand the 

global impact of the supraglacial ecosystems to the environment, a more detailed work 

is still required. Biogeochemical parameters and rates of microbial production in 

supraglacial ecosystems may differ due to geographical location, carbon sources and 

various physical parameters. Furthermore, biogeochemical cycling in Antarctic ice 

sheet is more significant during the summer season due to higher temperature 

conditions, photochemical activity and melting. Thus, experiments, aiming to 

quantitatively determine the change in DOM composition before it is exported to the 

aquatic system downstream, needs to be conducted in different regions of the continent. 
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This would help to better understand the impact of glacial melting on downstream 

ecological functioning. Additionally, environmental processes involving DOM also 

results in production of gaseous species which may impact the chemical characteristics 

of the overlying atmosphere. Therefore, experiments need to be carried out to 

characterise and quantify the production of gaseous species during DOM cycling. 
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