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Abstract:

Glaciers and ice caps are recogniasdn important component of the global carbon
cycle.Carbon within glacial systems exists in organic and inorganic forms, across
supraglacial, englacial and subglacial realms. It is often difficult to detach cryospheric
carbon cycling from hydrology, with the transfer of carbon between glacial

inventories relying upon meltwater flow€lassical glacial hydrologgnsists of

distributed drainage delivering delayed flomeltwaters throughout the

accumulation season, superseded by quick flow, aerated channelized drainage during
increased ablation. It is @m this template that most existing studies have addressed
the dynamics of carbon within glaciated catchments. However, Icelandic glacial
systems provide an opportunity to investigate the role of sukiglamlcanism in

driving carbordynamics. Hydrochema¢p2 LISNIIA Sa 2F { 't KSAYlF 21 1
meltwatersindicate untraditionafedox conditions, with discharge of reduced,

anoxic meltwaters in Summerhenexpansion of subglacial drainaggersectsthe

Katla geothermal zone. This unique hydrological regime genemtafound effects

upon the solute flux from the glacier, particularly with regard to the carbon budget.
Dissolved inorganic carbon dynamics are dominated by weathering of basaltic
bedrocks andccessorhydrothermal calcitesfuelled bysubglacial geothenal

proton supply. Widespreadasal anoxia duringusnmer facilitatesmethanogenesis
resulting inlarge quantities of methane being discharged from beneath the glacier
(flux range between 9,179 to 251 tonnes per year)viflence suggestsubglacial
microbial acetoclastianethanogenesiss responsiblevith + **C and. D CH, values of

~60: and-320: NI & LIS Qppoteti By labarataiydentification of
YSGKIy23aSySaaa Ay { tKSAYlF2I {dzff &dzo3f OA
the carbon cycle is invekl to serve as the energy source for microbial metabolism.
Such direct measurements of subglacial methane have rarely beervadrat
contemporary ice margins. Trstudytherefore providesan exciting opportunity to
identify methane sourceandcarbon cgling in areas syeécted to subglacial

volcanism ando considerthese withinthe broader context of global carbon

dynamics.
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Preface

This project was undéaken asa joint collaboration between Isoprime UK Ltd and

the Centre for Global Edonovation (CGE), supported by the European Regional
Development Fund (ERDF). In addition to academic investigation, industrial research
was a key component of study, fa&sing on beta testing of scientific instrumentation

on behalf of Isoprime UK Ltd.

Pre market beta testing of the vislGdbtope ratio mass spectrometand
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is still ongoing irseptember2016 A wide range of Environmental samples have

been analysed as part of method development, including glacial sediments used in
this project. Issues with both handire and software were continuously reported

back to Isoprime throughout the testing period help aid product development.

Numerous presentations on product development and instrument specification have
been given at Isoprime Ltd. hosted eveniishin Europe, drawing form the work
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The vislON and ionOS software @éanow been developed to market release. These
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1. Introduction

1.1. Justification of study

Glagers constitutea distinctive component of the terrestrial carbon cycle,
demonstrating an influence upon carbon budgets across a range of spatial an
temporal scalesWithin glacial research there is a notable distinction between the
inorganic carbon syste dominated by hydrochemical weathegiprocesses (Tranter
et al., 1998; Wadham et al., 2010) and an organic cryospheric biome supporting
microbial life (Skidmore et al., 2000; Anesio et al., 2009; Hamilton et al., 2013). It is
the mutual functioning of tese two components across the supraglaaalglacial

and subglacial localesnderpinned by knowledge of glacial thermal regiamel
hydraulics which providethorough understanding of the role of glaciers within the
carbon cycle. Temperate glaciers offee most favourable conditions for

cryospheric carbon cyclidked to water at the base. The accompanystgrt term
seasonal evolution of subglacial hydrological regime determines the drivers of
inorganic weathering reactions, microbiological activityd ultimately dictates

redox status (Wynn et al., 201%}ryospheric carbon dynamics have important
ramifications for wider global carbon cydiwith the potential for glaciers to provide
an important role in regulating climate on short term and longamn (glacial
interglacial) timescales (Smith et al., 2016 longer timescales, glacier advance
and retreat results in the burial and exposure of subglacially stored organic carbon
(Zeng 2003), microbial populations can be incubated and product cagases

trapped beneath the cryospheric cap (Wadham et al., 2012) and long term



weathering dynamics can generate a carbon sink via drawdown of carbon dioxide

(Jacobson et al., 2015; Daval et al., 2009).

However, despite this highlighted importance of géasiin regulating carbon

dynamics, two fundamental processes have yet to be awarded significant attention

in glaciology. These are the importance of redox conditions on carbon cycling
(methane cycling directly relies on anoxia; carbonation reactions dijresy on
connectivity to the atmosphere) and the importance of subglacial volcanism on
regulating carbon output to the surface of the Earth. Glaciers which overlie regions of
active volcanism, as found in Iceland, act as surface caps which regulatddariv

Yol f dSQ 2F OFNb2y NBESFHaS FNRBY GKS RSSLI 9
the way in which glaciers are currently recognised to regulate carbon dynamics with
subglacial anoxia linked to sude geothermal degassing, additional &0urcesand

the limited connectivity with the atmosphere. The prevalence of regions of active
volcanism which are currently glaciated approximates 60% of the Icelandic glacial
area (Bjornsson and Palsson, 20@3) a global scale, interaction between snoeg

and volcanisnduring eruptions has been documented at 40 volcanoes (Tuffen,

2010). Understanding carbon dynamics from glaciers which overlie regions of active
volcanism thereby forms a research topic which has been little addressed, yet holds
potentially lage implications for understanding the contribution of glaciers and ice

sheets to global carbon dynamics.



Here, this thesiaddresgsthe carbon dynamics from an Icelandic glacier,

{ T KSAYlF2I {dzf £ 5 6KAOK TFT2NXa LI &dotordd® (GKS a
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redoxconditions of 8mmer season anoxia associated with heightened geothermal

activity beneath the ice cap (Wynn et al., 2015). This unique model of seasooal red

status is investigated for its ability to drive the weathering of basalt and the release

of carbon from a deep Earth source, whilst also promoting the export of biogenic

methane from beneath the ice shegtacier system.

1.2. Research aims, objectivesid hypotheses

The main research aim of this project can be defined as follows:

To explore carbon cycling at an Icelandic glacier which overlies an active volcanic

system.

CKAAa gAff 0S dzy RSNIIF 1Sy G { " tKSAYlI 2l 1 dz €
cap which straddles the Katla Volcanic system. The following research objectives

define how this aim will be addressed:

1. Bulk meltwater chemistry will be used to identggasonal changes in
hydraulic configuration and provide a backgroundpfirochemistryfor
understanding carbon cycling dynamics (Chapter 4).

2. The impact of subglacial volcanic activity upon carbon geochemistry will be

addressed through identification ofanganic weathering mechanisms, with a



particular focus on the role of basaltic bedrock, hydrothermal calcite and
pCQ (Chapter 5).
3. ldentification of subglacial organic carbon sources will be achieved through
analysis of aqueous DOC concentrations and motcharacteristics (Chapter
6).
4. Aqueous methane generation anklivery to the proglacial zongill be
traced using stable isotopes and interpreted with reference to seasonal
hydrology and redox status (Chapter 7).
5. Furtherinvestigationof the role of sibglacial microbial activity in driving
YSGKIYS ReylYAOa gAff 0S FRRNBaAaSR JAl

subglacial sediments under differing redox states (Chapter 8).

These objectives will enable the hypotheses to be answered:

Hypothesis 1Subglaialvolcanic activity will hava profound impact on total
dissolved inorganic carbon (TDIC) dynamics through inorganic weathering reactions

involving volcanic bedrocks and £Dpply and demand.

Hypothesis2¢ KS NBR2E &Gl (dz&a 2 F |ivdess (WhichisK SA Y I 21 ]
known to vary on a seasonal basis according to geothermal activity) and hydrological

connectivity willinfluencedissolved carbon speciation bulk outflow

Hypothesis 3Dissolved carbon export will include a detectable organic compbne
with distinctive provenance characteristiahichplays a fundamental role in

supporting the biological component of the carbon cycle.



1.3. Outline of thesis structure

To address the outlined aims, objectives and hypotheses, this thesis is mad® up o
chapters which provide an overview of the general research themes, present findings
from fieldwork and laboratory investigations and ultimately provides a holistic
account of carbon cycling at an Icelandic glacier in light of seasonal hydraulic
configuation and geothermal inputs. Chapter 2 presents a summary of existing
literature, further highlighting the importance and relevance of this study. The
methods used in both the field and the laboratory are detailed in chapter 3. Chapter
4 summarises the Bkmeltwater characteristics and meteorological conditions at

{ " tKSAYlI 2l 1dzf £ = Sadl ot andbuidyidghelteyhgladelupon R NI A y
which carbon cycling takes pladaeorganic and organic carbon dynamics are
presented in chapters 5 and 6. Methane reltgomponents of carbon cycling are
presented in chapters 7 and 8, addressing both field based evidence for methane
sources, and laboratory based incubation experiments respectively. Finally,

conclusions and suggestions for further work are presented ipten®.



2. Literature Review: Understanding the significance of carbon in the

global cycle and in glacial environments

2.1. The Global Carbon Cycle

The global carbon cycle is an-gaing exchange of carbon between four main
reservoirs: the atmospheréerrestrial biosphere, oceans and the deep geologic
store. Cycling between reservoirs occurs over both long (endogenic) and short

(exogenic) timescales.

Anthropogenic
fossil fuel
emission

Atmosphere

Plant photosynthesis Volcanic emissions

Plant respiration

ﬂSoil respiration

Phytoplankton
piration/photosynthesis

Figure 2:1: diagram depicting the global carbon cycle, including major sources, sinks

and transfers

2.1.1. The Atmosphericamponent of the Global Carbon Cycle

As a biogeochemical compartment, the atmosphere has a capacity of 805 Gt C
(~0.001% of the total carbon in the global carbon cycle) stored in the inorganic forms
of carbon dioxide, methanand carbon monoxide (Archer, 2010; Post et al. 1990).
The extent of atmospheric carbon has been monitored since 1958 at the Mauna Loa

Observatory (Archer, 2010). Carbon dioxide@&0counts for 0.039% of all the gas



molecules in this reservoir, with ~20of atmospheric Can active annual exchange
with the ocean and terrestrial components. Methane (L prevalent in smaller
amounts, with current atmospheric concentrations of ~1800ppb. Organic carbon is
not contained naturally within this compartmentsteadvolatile organic compounds
are added to the atmosphere by anthropogenic pollutants (Macias and Arbestain,
2010; Falkowski et al., 2000; Hansen et al., 2008).

2.1.2. The Greenhouse Effect

At present, there is an identifiable split between the NatuGreenhouse Effect and

the Enhanced Anthropogenic Greenhouse Effect. A Natural Greenhouse Effect is vital
to maintain the stable Earth temperatures necessary for life. About 98% of the

natural greenhouse effect is caused by water vapour and stratiféoods.

Perturbations caused by anthropogenic carbon release accelerates natural warming
into unnatural bounds. The atmospheric content of,@@s gradually increased since
1750, from about 280 to 400 ppmv (IPCC, 2007; NOAA, 2015). Similarly methane
concerirations have also seen a marked increase from pre industrial values of
722ppb to present day concentrations of 1800pfie highest value in the last

800,000 years (IPCC, 2013).

Physical evidence has found pollutants such as ozongNg® CHand
Chlaofluorocarbons do not condense and precipitate from the atmosphere like

water vapour. Instead these gases persist in the atmosphere enhancing warming via
a series of positive feedbacks. Attention has generally been directed towagds CO
levels, which in @15 reached record Holocene values, howeves @Hbeit in lower
concentrations) provides a largely overlooked greenhouse constituent. Atmospheric
methane is the most reactive trace gas in the atmosphere, with molecule to
molecule comparison shown to b& 4imes more powerful than GQArcher, 2010;
Nisbet, 2002). Whilst methane has a short residence time in the atmosphere (around
10 years) it has the ability to deliver a rapid perturbation in the greenhouse effect
(Archer, 201Q)



2.1.3. Long and short ten sources of C@and CHto the atmosphere

Present day increase of carbon in the atmosphere represents natural fluxes and
FYOGKNRLI2ISYAO OUA@GAGEDd | RAFFSNBYIGAIFIGAZY
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atmosphere involves a rapid turnover in the terrestrial and oceanic components of

the carbon cycle. Superimposed on this natural exogenic cycle is anthropogenic

activity. Direct releases of G@nd CHfrom combustionof fossil fuels, industrial

process and agriculture alongside indirect alteration of the wider carbon cycle

through land clearance, modify the atmospheric inventory. On longer timescales

(myr) carbon cycling is largely controlled by geological fluxes émsogenic

reservoirs, with negligible inputs from orbital processes associated with climate

fluctuations. Volcanic activity has been a significant source since the Earth was

young; today C@nputs are around 130 to 230 megatons annually (Gerlach et al.,

1999).

Most natural carbon sources (both long and short term) are balanced by a natural
sink. For example, carbon is added to the atmosphere by volcanic outgassing,
anaerobic respiration, fermentation processes and soil heterotrophy and removed
from the aimosphere via photosynthesis, rock weathering and oceanic processes. It
is therefore extremely difficult to detach the atmospheric carbon cycle from the

other carbon cycle components. The atmosphere is mainly a transfer mechanism for
different modes of thecarbon cycle to interact, leading to a large holistic carbon

cycle engaging all sources and sinks.

2.1.4. Theoceanic component of the globalatbon cycle

The Oceanic component of the global carbon cycle contains around 38,000 Gt C,
around 50 times morearbon than the atmosphere (Archer, 2010). Within this
component carbon is largely accumulated in the inorganic forms of: dissolved CO
carbonic acid, and carbonate and bicarbonate ions, with other storage in the
dissolved organic carbon and particulateyanic carbon varieties (Post et al., 1990;

8



Archer 2010; Heinze et al., 1991). By nature, the extent of the oceanic carbon pool
renders it a key player in determining atmospheric, @@ely through physical
processes linked to aseagas exchange anddgeochemical processes driven by
alkalinity such as biological pumping and carbonate weathering (Sigman and Boyle,
2000).

2.1.5. The terrestrial component of the global carbopate

Plant biomass and soil organic carbon contain more than 2200 GtC (€ao an
Woodward, 1998). Within the terrestrial portion, the carbon reservoir can be
thought of as a range of carbon pools, each with individual primary production rates
and turnover times (Post et al., 1990). Essentially, ecosystem carbon fluxes are
dominated ly autotrophic and heterotrophic transfers. Autotrophs play a major role
in carbon cycling, with carbon fluxes dominated by the differences between
photosynthesis and plant respiration, otherwise known as net primary productivity
(NPP). In addition to thisieterotrophs cycle carbon via consumption of other
organisms, meaning that the majority of carbon sequestered in the terrestrial

biosphere is in organic form.

Natural carbon transfers from the terrestrial component are mostly via organic
matter degradaion or fluvial outwash. Organic matter which is respired rapidly
transfers to the atmospheric component of the global carbon cycle, whilst carbon
which is accumulated under larger pressure/temperature relationships eventually
enters geological reservoir8dditionally, rivers act as vectors of transport delivering

carbon to the oceanic reservoir.

Traditionally the terrestrial biosphere is viewed as a large land carbon sink with the
potential to restrain atmospheric carbon dioxide accumulation (Arneathl.e2010).
However, the biosphere is also responsible for generation of potent greenhouse

gases such as methane. The organic carbon cycle generates around 90% of



atmospheric methane via biological formation facilitated by microorganisms (Boyd et
al., 2010 Floodgate and Judd, 1992). Microbial formation of methane is frequent in
many subsurface anaerobic settings including permafrost, deep oceans and lake
sediments (Wadham et al., 2012). Whilst carbon dioxide may be regulated by
processes associated with RPmethane engages in rapid, largely unchecked natural
carbon emission from the biosphere, rendering it a key output of terrestrial carbon

cycling.

2.1.6. The geologic component of the global carbortle

In addition to considering the surficial shortie exogenic exchange between

oceans, the terrestrial biosphere and the atmosphere, it is vital to acknowledge
contributions from rocks and geological processes operating over a much longer
timescale. This long term endogenic cycle operates over milliopsasé and

consists largely of the slow exchange between deeply buried rocks and the exogenic
surficial system. Volcanic activity has been a significant carbon source since the Earth
was young. Geogenic g@puts are around 130 to 230 megatons annuallgr{&ch

et al., 1999). In addition to G@egassing, geogenic methane is generated via

thermal breakdown of organic matter or abacterial mantle outgassing can also form
an important carbon emission. A methane contribution from geological activity in
Europealone contributes about 4,000 to 16,000 tgm/(Etiope et al., 2007). On

more contemporary timescales, humans act as a catalyst for this geologic carbon
cycle, by burning organic carbon stored in sedimentary rocks, which would otherwise
oxidise over prologed time periods (Mackenzie and Lerman, 2006; Archer, 2010;
Berner 1999; Berner 2003).

2.2. Cryosphericarbon cycling

Building on the Global Carbon Cycle featured in 2lacigr carbon cyclingrovides a
unique terrestrial reservoirThis section wiladdress the pathways of inorganic and
organic carbon cycling, sources and production in a cryospheric context, plus offer
insight into methane as an underappreciated component of glacial carbon dynamics.

10



Cryospheric carbon cycling requires an undersiagaf the glacial system as a
functioning biome, a concept which has developed since the early millennium.
Previous research up until the 1990s focussed on mdkwater hydrochemistry as

a method to determine water routing through the glacial drainagstaem. Originally,
solutes within bulkmeltwaterswere thought to originate from 4 main inorganic
sources: surface deposition of sea salt, acid aerosols, dissolution of atmosphgric CO
and crustal weathering. However, based on levels of nitrate and siéphat
concentrations in subglacial meltwaters (Wynn et al., 2007, 2006; Tranter et al.,
1994) and budgets of nitrate within an annual cycle (Hodson et al., 2005)
microbiological activity was recognised to play a key role in determining solute
export from glaated catchments. Observation of microbes within glacial sediments
(Sharp et al., 1999; Foght et al., 2004) confirmed the presence of microbial
communities which held the capability of driving chemical reaction mechanisms. This
YFEN] SR | Wt I NhyRralaival sfudids fixat€d byFiddRyanic reactions

and drainage pathways to discussion of organic catalysts (Wynn et al., 2006). As most
microbial reactions require an organic carbon source to fuel the reaction pathway,
this places glaciers firmly witinthe carbon biogeochemical cycleith the need to

addresdboth organic and inorganic counterparts.

2.2.1. The sources andansfersof inorganic carbon in glacial ecosystems

Within the cryospheric carbon cycle inorganic carbon exists sol¥ied form

otherwise known as Totali€solvedinorganicCarbon (TDIC). Chemical weathering is
a major factor in liberation of TDHRQd solutedrom bedrock/mineral sources.

Despite prevalence of cold conditions, rates of chemical weathering in temperate
glaciated cechments are comparable, if not greater than, nglaciated watersheds
(Skidmore et al., 2004). Glaciers exhibit large chemical denudation rates, often 1.2
2.6 times higher than the continental average. This is attributed to high water flux
particularly duing melt seasons, high rock: water ratios and reactive freshly
comminuted glacial flour (Tranter et al., 1993; Wimpenny et al., 20/@atheringin
the subglaciaénvironmentproceeds via two main forms of acid hydrolysis, including

carbonation (which ulises atmospheri€Q to weather both carbonates and

11



silicates) andacid dissolutior{which utilises protons liberated from sulphide
oxidation) Both of these reactionare largely dependent upon drainage system and

redox status.

Aciddissolutionrepresents one of the most important chemical rock weathering
processes in glacial catchments, resulting in large quantities?586&HC@
(Hubbard and Nienow, 1997; Hodgkins, 19R@iswell 1984 This is the direct action
of H' protons to weather rock stiaces. Acidlissolutionof carbonates is shown in

equation la:

FFFR 740 7 F° FRa 7 F R

(Equation 1a taken from Raiswell, 1984)

Carbonation is the process whereby Qi3solved irwater (promoted through the
enhanced solubility of Gan the near freezing temperatures of subglacial waters
(Reynolds and Johnson, 19yRjoduces carbonic acid his allows acid dissolution of
carbonate and silicate rockasoutlined in equations 1brad 19 which liberates
dissolved inorganic carbon. The exact DIC species created via this pathway is

dependent upon pH.

Fr=® ks FF+s 2FP FR. AFR. =% k

(Equation b: carbonation of silicateRR@iswell, 198%

FFFER FFR+a 3 FP FR. T F R

(Equation & carbonation of carbonatefR@iswell, 1984
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An additional weathering mechanism responsible for the liberatiofDdC in glacial
environments is coupled Sulphide Oxidati@arbonate Dissolution (SCD). This is a
two stage reaction whereby Hons gained from sulphide oxidation are used to

dissolve calcium carbonate (equation 2).

T m FF FF F4a 7 =
P Feha 1FEs TRa a7

(Equation 2Raiswell 198)

Bath carbonation reactiongequations 1blc)and sulphide oxidatioequation 2)
rely upon the ingress of atmospheric gaddewever, poduction of sulphuric acid
via oxidation of subglacial sulphidean proceedvithout atmosphericoxygen using

Fe (lll) aslemonstrated in equation 3 below:

Tmdy TET v FEFF
P Tm v FE. 1T E. FFE. 7 Fa

(Equation 3 (Tranter et al., 2002))

In this instance consideratiorf the redox scale is essential in determining solute
acquisition and therefore TDIC supply pathway. Redox refers to the reduction or
oxidation potential of a chemical species to gain or lose electrons (Archer, 2010). The
redox status (Eh) of the subglacsgitem is largely determined by hydrology and has
been observed to fluctuate in line with seasonality (Tranter et al., 2002; Wynn et al.,
2015).In most glacial systems with limited geothermal/volcanic influence Eh is
determined by the relative removal @by weathering versus supply due to

connectivity between glacier surface and béagpically, high Eh conditions are

13



associated with full oxygenation, likely in main channels during periods of high
summer dischargeConversely, low Eis usually found imreas of drainage isolated
from direct ingress of atmospheric gases (Tranter et al., 2002; Wynn et al., 2015).
Where glaciers have an alternative supply ob,&Q. from subglacial
geothermal/volcanic activity or microbial respiration, connectivity to #tmosphere

and Eh do not affect the viability of carbonation weatherikticrobially mediated
chemical weathering reactions such as sulphide oxidation demonstrated in equation
2 utilise oxygen and where this is not replenished, the drainage systemesdriv
towards sub oxic conditions (Tranter et al., 2002). In this environment sulphides can
be oxidised by Fe(lll) as outlined in equtioRBl anoxia is achieved where sources of

organic matter force further microbial action and methanogenesis proceeds.

Once a suitable mechanism for TDIC and solute acquisition is established, pH then
determines the speciation of inorganic carbon produ¢asl indicated in figure 2.2.)
At lower pH values G@ominates TDIC speciation. As pH increasessHefmes

more prevalent and under alkaline conditions £@revails.

80 -

60 -

40 |

20 4

Species Abundance (% of TDIC)

0

Figure 2.2Bjerrum plot depicting changing TB&&ciation as a function of pH
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pCQ can also be used as an indication of the extent and mechanism of weathering
occurring within the subglacialystem. The amount of TDIC present as carbon
dioxide within glacial meltwater is expressed as the partial pressugp{pCQ).

This is defined as the gaseous pressure gfdi¥3olved within a given volume of
water, in accordance withIDf (i 2 y Q Zartidl Preéssug &nd talculated using the

following equation:

o JmpF #o g FF = =lff b

(Equation 4 (Hodgkins et al., 1998)

Where pKCe>* 1.12 and p¥ 6.58 (outlined by Ford and Williams in Hodgkins et al.,
1998)

Where values exceed T3 atmospheres pressures arékely to begreater than
atmospheric and therefore Gvill diffuse out of the water column, into the
atmosphere. Where values are less thar®0pressures are lower than atmospheric
and therefore Cowill diffuse into the watercolumn from the atmosphere. In most
glacial systems, the amount of £found within a glacial meltwater is controlled by

the amount of weathering which occurs within the system and the ambient pH which

determines carbon speciation.

Where abundant protorsupply is used to drive carbonate weathering via acid
hydrolysis and pH is relatively acidic, levels of i@@he water can become high,
exceeding those in the atmosphere and thus causing outgassing,dfdd©the

system. Where carbonation reactions daraie, utilising C&from the atmosphere

to fuel weathering, and pH is high, levels of,@Che water are lower than those in
GKS FdY2aLIKSNBEZ OI dza Ay 3, Ulknkitelyg tRiRissaieal 2 T
component of the global carbon cycle regulgtiexchange at the atmosphere

hydrosphere interface.
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Weathering and solute acquisition as described above may be further complicated by
secondary mineral precipitation, which can play an important role in influencing
chemical fluxes of bulk meltwaters.aathering processes largely assume a
congruent weathering pathway, with no secondary precipitation, therefore solutes in
bulkmelters reflect the chemical composition of the parent rock from which they
were weathered Thomas and Raiswell, 198&pwever, wiere bulk meltwaters are
subject to prolonged rock: water contact times, there is a possibility that mineral
saturation may occurGrompton et al., 2015). Depletion of ions such as Ca or Si may
reflect secondary subglacial precipitation (Thomas and Raisi@s#; Crompton et

al., 2015). In terms of Ca, this may be in the form of G@@&ipitation (Thomas and
Raiswell, 1984), whilst Si concentrations can be modified by non stoichiometric
dissolution rates or adsorption of cations onto mineral/clay surfg@smpton et

al., 2015).Aswith dissolution processes these are influenced by hydraulic pathway
and pH (particularly adsorption). Care needs to be taken when assuming solute is
representative of dissolution processes, particularly where waters flowiraugh

silicate environments diday a deficiency in Si.

2.2.2. The sources and cycling of organic carbon in glacial environments

Alongside the paradigm shift towards an organic influence on hydrochemistry, is
recognition of glaciers as a functioninga# biome. Within this biome active
ecosystems exist on both the glacier surface and at the glacier base. Carbon is cycled
within and between these ecosystems, influencing ionic and isotopic signatures of

proglacial waters.

2.2.2.1. The supraglacial esgstem and organic carbon sources

The physical and chemical properties of the cryosphere alemesystems to exist on

the surface of glaciers and ice sheets. Carbon inputs to these communities are mainly
from surface deposition of organic and inorganicttea Large quantities of debris

are thought to be provided from adjacent ice marginal environments via aeolian
transport, whilst aerosols are often scavenged from the atmosphere by the
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snowpack itself. Organic carbon then interacts with surficial ecesystcontributing

to biogeochemical cycling. Organic matter on the surface may then enter the glacial
hydrological system where glacier drainage pathways act as a vector for carbon
transport into the englacial and subglacial environment. Matter that isesmbtained

into the supraglacial channel networ&mains on the surface and decays in situ

becoming less labile.

2.2.2.2. Cryoconite holes

Surficial cryoconite holes, common to the ablation zone of most glaciers have an
important role in supraglacial hydiagy and biology. Impacts are two folb) they

are a hub for surficial micraé@ carbon and nutrient cycling ar) cryoconite holes

also have an important influence on supraglacial run off. Cryoconite microbial activity
is high, and communities occupyititese ecosystems are responsible for significant
carbon fixation and nutrient cycling, despite the dominance of low temperatures
(Anesio et al., 2009; Sawstrom et al., 2002). During the summgitu primary

production and respiration can be comparaléh that found in nutrient rich soll
ecosystems of warmer regions (Anesio et al., 2009). Processes of photosynthesis and
respiration are dominantwith biogeochemical cycling producing large quantities of
Dissolved Organic Carb@dOChnd Nitrogen. Durig the ablation season when

water supply and nutrient recharge is plentiful, photosynthesgs isajorprocess.
Production fixes inorganic carbon (§@om the atmosphere into organic matter.

During winter when sunlight is at a minimum and freezing caggesses to
photosynthetic organisms net respiration dominates, returnifgal Dissolved

Inorganic CarbonTDIC) to solution along with some Dissolved Organic Carbon (DOC).
Winter freezing also produces secondary carbonates which thaw the following

ablation season (Bagshaw et al., 2007).

Meltwater generated by the formation of cryoconite holes contributes to run off,
particularly in areas such as the McMurdo Dry Valleys where sediment is a necessary

agent of surface melt. In the absence of cryoconiteebateltwater generation
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would be reduced (Fountain et al., 2004). The hydrological connectivity or isolation
of cryoconite holes adds to the importance of biogeochemical cycling in these
ecosystems. Weltonnected cryoconite holes allow transfer of watedasolutes

such as chlorine through the system. Where holes containing biological material
become isolated, photosynthesis alters the chemical composition of the waters. If
these isolated holes become reconnected to the system, sudden transfer of

biologicd material to surface streams occurs (Fountain et al., 2004).

2.2.2.3. Snow algae

Over 110 species of specialized snow algeist wthin the snow itself existThese

survive in extreme conditions such as nutrient depletion, acidity, large osmotic
change caused by melting, stdero temperatures and high levels of UV irradiation
due to the albedo of ice. Optimum growth of snow algae is below 10°C, with
assemblages able to survive up-85°C owing to thick cells walls, 0.2 to 0.3um thick
(Muller et al., D98). Species distribution is dependent upon the preferred conditions
of each alga, with 4 main habitat types: snow environmental specialists found only in
snow; ice environmental specialists found only in ice; generalists adapted to both;
and opportunistswvhich exploit special conditions within snow/ice (Yoshimura et al.,
1997; Takeuchi et al., 2001). In terms of biogeochemical processing snow algae have
the ability to assimilate atmospheric €i@to cell biomass during photosynthesis.
Presence of snow &g also supports carbon and energy transfers through local food
webs. Himalayan Snow Algae has been found to support communities of midges and
copepods, whilst North American snow algae sustain ice worms andntalas
(Takeuchi et al., 2001).

2.2.2.4. he subglacial ecosystem and organic carbon sources

It is now widely accepted that communities of viable microorganisms exist across a
range of subglacial settings (Foght et 2004; Skidmore et al., 2005). The

functioning and distribution of these micr@ communities is ultimately determined
by a range of physical and chemical fact®sysical factors include th@evailing
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properties of the subglacial environment such as lack of light and constant cold
temperatures.Contrastingly, chemical factors $uas,solute composition, carbon
sources, electron acceptors and bedrock lithologgnstrain microbial populations to
exclusive areas of the glacier bednfrozen subglacial sediments are assumed to

harboursignificant and diverse ecosystemuvith high ates of biological activity

OC¢NI YGSNI SG FE®Z wnnpT YIFIOG20a1t SiG | f oz

ecosystemliquid water and carbon substrates are essential. Carbon in a subglacial
setting can result from the following key sourcé&3 n situmicrobial production 2)
surface in wash from té supraglacial environment; 3gtrockcomminution and

weathering and 4) buried organic carbon.

2.2.2.5. In situ microbial production of organic carbon

In situ microbial production creates organic matteKasB N3 A &S 1y 26y | a
(Hodson et al., 2008). In dark subglacial conditions chemoautotrophic and/or
chemolithoautotrophic bacteria play an important role in the provision of organic
carbon substrates at the bed. These species fixgé@erated by resiration of other
microbes and chemical reactions into their biomass (Hodson et al., 2008). Viruses
also play an important role in DOC cycling in dark environments. It was found that in
the Vestfold Hills, Eastern Antarctica ~60% of the carbon suppligettevinter DOC

pool originated from disintegration of bacterial cells by viruses (Hodson et al., 2008).

2.2.2.6. Surface iwash

Surface iawash represents an important transient source of young labile carbon and
nutrients to the subglacial environmentyanobacteriaalgaeand cryoconite debris
representpotentially easily biodegradable carbon sources for microbial functioning.
Additionally, whilst chemoautotrophic species dominate in dark subglacial
environments, photosynthetic microbes are also preserthe system, washed in

from surface surroundings. These are in a constant state of anabiosis, respising CO
and acting as an organic carbon source for local heterotrophic microbial populations.
Once the glacier recedes and the subglacial ecosystereigpesed to the
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atmosphere, these photosynthetic microbes recolonize the proglacesd
(Y I Ol 24k 2007).

2.2.2.7. Burial of organic carbon

The sequentialetreat/advanceof glaciers over time has resulteddh¢ KS Df | OA | f
. dzNA | £ | 2ehd@?00R) SAdivaricément of continental ice sheets and
contemporary valley glaciers buries vegetation and soil carbon accumulated during
the preceding interglacial. These oveden sediments provide allochthous

organic carbon and act as a carbon/energy seuor microbial life (Skidmore et al.,
2000). The type and quality of organic carbon depends upon the surface the glacier
has encroached upon. For example, high numbers of cyanobacteria and algae
present in basal sediments of the Lower Wright Glacieraftica suggests
advancement over a delta surface within the last 30D years. Furthermore,

subglacial discharge from the Greenland Ice Sheet contains dissolved organic matter
from overridden Holocene soils and vegetation alongside organic carbon prdduce

by in situ metabolism (Stibal et al., 2012, Ryu and Jacobson, 2012).

Overiddencarbon is then insulated from contact with the atmosphere and stored
beneath the ice. Known estimates state that around 500Gt of carbon was stored via
this mechanism duringhe Last Glacial Maximum and the subglacial organic carbon
pool during Quaternary glacials was considerably higher than tafyg(2003;

Wadham et al., 2008). Upon deglaciation the buried carbon is exposed and subjected
to decomposition processes resulgin a net flux from the biospheric sink into the

atmosphere.

2.2.2.8.0rganic matter interaction withvolcanism

Geothermal breakdown of organic matter can act as a source of metfaame
inorganic carbon formio the subglacial realm (Wadham et al., 2D1Qarbon
sources of this kind rely upon a very unique situation whereby glaciers overlie active

volcanic systems.

20



2.2.2.9. Bdrock comminution and veathering

Subglacial weathering is an agent of modification of carbon within the subglacial
system. Weatkring of freshly comminuted bedrock, organic matter and sulphides
provides both organic and inorganic sources of carbon (Wadham et al., 2004).
Chemical weathering processes are critical for microbial survival through liberation of
organic carbon langsideNitrogen and Phosphosufrom the bedrock, further

influencing organic carbon cycling (Wadham et al., 2010).

2.3. Methane

Methane dynamics are the result of interactions between organic and inorganic
carbon cycling. Methane can be formed microbially aslggically and upon release
to the atmosphere engages rapidly in inorganic carbon cycling, rendering it an
extremely volatile greenhouse gas. In terms of a molecule to molecule comparison
methane is about 40 times more powerful than carbon dioxide (Ar@@&t0Q; Nisbet,
2002). It is therefore essential to understand the methane component of the global

carbon cycle.

2.3.1. Microbial influence orterrestrial methane cycling

Anaerobic methane production under sedimentary conditions relies on the
synergistiactivities of different microbial communities and favourable physical and
chemical conditionsuch as anoxia, nutrient recharge and suitable carbon substrates
(Wadham et al., 2012; Macdonald, 1990, Archer 2010). Conrad (1989) identifies this
variety as 1jydrolytic and fermenting bacteria 2) hydrogen reducing bacteria 3)
homoacetogenic bacteria 4) methanogenic bacteria. The variable metabolic actions
of these communities results in two maierrestrial pathways of microbial methane
formation: CQ Reduction and Acetate fermentation. Whilst both are thought to

have the capacity to operate over a range of environments, selectivity of microbes
and differing optimal conditions usually leads to a dominance ofr&@fction in

marine settings whilst acetate fermé&ation is more common in freshwater
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environments (Archer, 2010). Farrestrialenvironments where both G@eduction
and acetaé fermentation pathways exist, @hanogenic pathways are seasonally
controlled. In summer time anduringwarmer sediment tempratures acetate
fermentation is the predominant pathway and in winter where sediments are colder

CQ reduction is the main formation procesf®ell, 1988).

2.3.1.1 Acetate fermentation pathway

Within organic matter are complex compounds of carbohyesaproteins and lipids.
Methanogenesis begins with the reduction of organic compounds by fermentative
bacteria to form simpler molecules such as acetate, fatty acids, carboil€eiard

hydrogen gas. Volatilafty acids provide acetogenic bacteria witietenergy to

produce acetate with C£and H as byproducts (Clark and Fritz, 1997).

Methanogens then convert acetate to £&hd CQ (as outlined in equation)5This is
accomplished by the reduction of stable methyl carbon to methane and the

oxidation ofOF Nb 2 E&f OIF Nb2y (G2 Ol Nb2yandild2 EARSZ
during fermentation (Archer, 2010; Floodgate and Judd, 1992).

FAFFFT FT FF

(equationb)
2.3.1.2. CQreduction pathway

Alternatively many species utilise the hydrogen produced during conversion of
complex compounds to simpler molecules to reduce.@issolved inorganicarbon

as CQwill dissociate to form bicarbonate where pH ranges from 6 to 8.
Methanogenic bacteria combine this with hydrogen ions to form methane, water and

hydroxide. The following equations demonstrate this (Clark and Fritz, 1997):

22

N



FE 9 F7 7 F

(equation6a)

1fF 3 A T F F7

(equation6b)

Formate can also be used as a substrate to facilitater€fDction. In this instance
formate is oxidised by methanogens to creasbon doxide and hydrogen as

follows:

TFFFTT FF

(equation j

The CQcreated is then reducetb methane as per equationeb

2.3.1.3. Oxidation of methane

In addition to methane production, bacteria present within sedirtsealso offer
mechanisms by which methane consumption or methanotrophy can occur facilitated
by methanotrophic bacteria. Once anoxic conditions are no longer sustained
oxidation occurs in an aerobic setting via a 3 stage reaction process. Initially,
methane is converted to methanol, then formaldehyde or formate before finally
being transformed into COThis is represented by the following equation from
Cicerone and Oremland (1988):

000 6@ '@ 00 U VYOS O

(equation §

Methane flux to the atmosphere is governed by differences in the processes of
methanogenesis and methanotrophy, which can occur simultaneously in terrestrial

ecosystems (Chan and Parkin, 20@nnually, oxic soils consume between 20 to
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60Tg of methane, providing the ortlgrrestrialbiospheric sink for atmospheric
methane (Holmes et al., 1999; King, 1997).

2.3.2. Geogenic methane production

Methane dynamics arturther complicated bygeogenc contributions. Geogenic
methane production is important for commercial gas production, with ~80% of
natural gas being of geogenic origin (Rice and Claypool, 1981). Geogenesis
encompasses methane from geological stores of the endogenic carbon cycle. This
includes methane formed from organic matter degradation at increased depths
(typically >1km) and temperatures (between 157 and 221°C) and inorganic synthesis
in volcanic and hydrothermal locations (Floodgate and Judd, 1992; Judd et al., 2002;
Stopler et al, 2014).

In terms of organic matter degradation, large amounts of high quality organic matter
are required for production (Kvenvolden, 1993). Methane production is associated
with organic matter from higher land plants such as trees and leafy vegetdilos
undergoes processes of compaction, burial and diagenetic transformation followed
by thermal dissociation of kerogens where the necessary tempergitessure

depth relationships prevail to form methane. Temperature is a sensitive factor, as
once thetemperature becomes too great the methane produced is destroyed
(Sephton and Hanzen, 2013; Floodgate and Judd, 1992).

Once formed, methane can migrate to the surface where it is either degasses or
becomes trapped as methane hydrates. This is facilithtethe light molecular

structure of methane which provides the greatest buoyancy force compared to other
hydrocarbons. As thenost mobile hydrocarbon methans readily supplied to the

surface where it interacts with the short term carbon cycle.

In some mstances geogenesis also encompasses methane from inorganic substances
often in volcanic or hydrothermal locations, with no living intervention (Floodgate

and Judd, 1992). This includes: high temperature (>100°C) magmatic processes in
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volcanic/geothermabreas and low temperature (<100°C) geater rock reactions.

With the latter having the ability to function at shallow depths (Etiope Shdrwood

[2E € FNE HAMOO® | AIK GSYLISNF GdzNE YIF3IYFGAO
primordial gases of cosmiegigin which have been preserved in the mantle.

Additionally high temperature reactions such as hydrolysis of carbon based minerals
(carbides) and release of@H fluids during magma cooling also act as potential

volcanic inputs. In terms of low temperatisources autonomous inorganic

synthesis occurs (Etiope astherwoodLollar, 2013). This can be represented as

follows:

60 1O 060 (¢0O0

(Equation (Etiope and Klusman, 2002)).

These primitive gases then exploit crustal weaknesses as faults and plate
boundaries to migrate to the surface, and are either released directly to the
atmosphere or stored as methane hydrate dependent upon ambient pressure

temperature relationships.

2.4. Cryospheric methane dynamics

Since subglacial gangs offer the anaerobic and favourable conditions conducive to
bacterial methane productiofas outlined in chapter 2.3.1it is logical to consider
these to be an important location (albeit largely overlooked) for methanogenesis. In
addition, where tle glacier coversreas of volcanic activity, geogenic methane is
another potential input of carbon. Methane generated subglacially is then
constrained beneath the ice mass which acts as a cryospheric cap. Current climate
change is reducing the stability thfis cap, leading to potential evasion of subglacial
methane. Modelling based on the Antarctic Ice Sheet estimates piaiesntnual

release of 0.15 PgC. However thibased on assumptions that 15PgC is present as

methane hydrate beneath 10% of the WestéAntarctic Ice Sheet with a retreat rate
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of 1,000km per year. If movement of methane was rapid with no oxidation this
would exceed annual atmospheric turnover rates of 0.13PgC (Wadham et al., 2012).
Clearly, these cryospheric sources of methane are alerappreciated source of
inorganic carbon, with the potential to rapidly engage with atmospheric cycling and
contribute to the greenhouse effect. Therefore, further parameterisation of

cryospheric methane dynamics is essential.

2.4.1. Microbial methane gnamics in glacial settings

Viable microbes exist in sediments beneath all contemporary types of ice mass,
ranging from small valley glaciers to the Greenland and Antarctic Ice Sheets. Such
bacterial assemblages include aerobic heterotrophs, nitrate redéen reducers,
methanogens and sulphate reducers. These species have been found at
temperatures as low a4 8°c and up to pressures of 80mpa (Wadham et al., 2008;
Wietemeyer and Buffett, 2006). Alongside this the presence of suitable organic
carbon sistrates, redox conditions and liquid water also influence metha

production and consumption.

2.4.1.1. Cryospheric methanogenesis

It is now widely accepted that glaciers are favourable sites for bacterial
methanogenesis (Wadham et al., 2012) providimg three fundamental conditions

for methane production: 1) anoxia 2) liquid water and 3) a suitable carbon substrate
(Stibal et al., 2012; Wadham et al., 2012; Wadham et al., 2008). In subglacial
environments, anoxia results from a combination of excki§actors. Firstly,

subglacial environments are largely out of contact with the atmosphere; secondly,
poor hydrologic connectivity and prolonged residence times of distributed drainage
system leads to sgmant water dwelling in saturated sedimentnd firally,

oxidation of organic carbon and sulphide minerals which is common in these settings
consumes any dissolved oxygen to force conditions towards a low redox status

(Wadham et al., 2008; Stibal et al., 2012). Favourable physical conditions are linked
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to the availability of water and nutrients at the glacier sole. Basal sediments also
proffer organic carbon sources as either surface in wash, overridden soilssitu in

microbial production.

The presence of microbes (in particular methanogens) appeaos indiscriminate

of thermal regime and location with observations made from cold based glaciers

such as Lower Wright Glacier, Antarctica; temperate glaciers such as Russell Glacier,
Alaska and Polythermal glaciers documented by research at John Eaares,Gl

Canada (Stibal et al., 2012; Wadham et al., 2008; Skidmore et al., 2000). It is
O2yOSA@GIo6ftS GKFG GSYLISNIGS FYyR GKS Wgl NXYQ
conducive to microbial life and methanogenesis, due to hydrological configuration

providing recessary liquid water nutrient recharge (Tranter et al., 2005).

2.4.1.2. Cryospheric methanotrophy

Microbial consumption of methane also influences the overall flux of cryospheric
methane to the atmosphere. Methanotrophy has the potential to occur ithlibe
subglacial and proglacial realm. Subglacial channel margin habitats where oxic
conditions prevail, provide favourable conditions for methanotrophs (Dieser, et al.,
2014). In this instancsubglaciallyproduced methane would be galated before
entering the pralacial environment, limiting cryospheric methane flux to the
atmosphere. In addition, the retreat of glaciers worldwide is providing a new, and
under explored potential methane sink, as large areas of previously glaciated terrain
are exposed tahe atmosphere. Recently dglaciatedforefields have the potential

to act as habitats for microbe$he initial stages of deglaciation are dominated by
heterotrophic communities, which decompose allocthonous organic carbon deposits
previously overriddemy periods of advance (Yde et al., 2011; Bardgett et al., 2007).
As time since deglaciation increases, glacier forefields become locations of net
methanotrophy, withatmospherically sourced methane as the substrate to provide

energy for growth. This in ef€t allows areas inhabited by these methane consuming
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microbes to act as methane sinks, facilitating methane drawdown and removal from

the atmosphergBarcena et al., 2010)

2.4.2. Cryospheric geogenesif methane

Geogenic methane formation and linkagegglaciology are less widely researched,
possibly due to the limited locations possessing surface ice masses alongside
geothermal basal activity. Antarctica is one area where large expanses of ice overlie
active geothermal areas. Direct evidence of metaourced from geogenic origins

is shown through the composition of the Larsen B seep, where the hydrocarbon
composition contains considerable amounts of ethane (Niemann et al., 2009).
Additionally Wadham et al. (2012) consider the potential for geogenic
methanogenesis in this region. It is noted that large areas of the West Antarctic Ice
Sheet comprise of sediments reaching several km thickness and a combination of
volcanism and geothermal heat flow. This provides suitable temperature, pressure
and depthdynamics to facilitate geogenic methanogenesis. In addition, absence of
sedimentation beneath the Ice Sheet reduces the downward transfer of pore waters
and sediments thus allowing a potential net upward fluid flow induced by
geothermal heating. Computeradelling of scenarios surrounding this found that
hydrate is produced in this manner throughout the entire gas hydrate stability zone
beneath the ice. If 10% of the West Antarctic Ice Sheet was covering geothermal
hotspots, theoretically 90Pg C of methamgdrate could be produced over 1 million
years (Wadham et al., 2012).

Similarly, geogenésis conceivable in Icelamiie to theextensive history of

Volcanism related to the position of the country on the Mid Atlantic Ridge. Ice caps
cover substantial @rts of the active volcanic zones with ~ 60% of the glacierized area
of the country underlain by operational volcanic systems (Pagli ymduidsson,

2008; Larsen, 2002).
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2.4.3. Potential for the combination of &cterial ard geogenic methaneairces

Rese&ch to date demonstrates evidence for potential bacterial and geogenic sources
of methane beneath ice sheets. Suggested methane dynamics can be observed in
sub- Antarctic methane production. There is an evident split between the East
Antarctic Ice Sheet MS) and the West Antarctic Ice Sheet (WAIS) with the east
displaying bacterial production in frozen bed sectors converting aroud8bo0Pg C

and the west demonstrating a trend towards geothermal activity providing geogenic
production and some tens of Rg(Wadham et al., 2012). The possibility for bacterial
and geogenic source mixing has been greatly overlooked in many Antarctic studies.
However, modelling to show the potential for combined methane sources indicates

the importance of investigation into nieane production in geothermal glacial areas.

Furthermore, geothermal hegiotentially promotesmicrobial turnover. Usually
lower temperatures promote slower bacterial carbon turnover (Wadham et al.,
2008). Amalgamation of geothermal heat and the insntpeffect of the ice causes
basal temperatureseach thepressure melting point promoting the presence of
liquid water and enhancing bacterial conversion of organic matter to methane

(Weitemeyer and Buffett, 2006).

In areas devoid of subglacial geothwl activity, any evidence of methane can be
confidently attributed to microbial processes, however in locations such as Iceland
and Antarctica where subglacial volcanism is present, methane dynamics may be
more complicated. In this situation the best wiaydecipher methane source is

through isotopic analysis.

2.4.4. Detecting methanogenesis, geogenesis and oxidation using stable isotopes of

Carbon and kdrogen.

Stable isotopes of Hydrogen and Carbon offer a unique fingerprinting tool to

determine methame production mechanism and the influence of microbial oxidation.
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Due to differences in production conditioftsacterial and geogenic methane have

contrasting isotopic signatures. Microbially produced gases are shown to be enriched

in *2C and'H compared tanethane produced via thermal breakdown of organic
YEGGSND ¢ceLadlitte 38S23S8SyAaAd YSOKIy&ECcIaSySne
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the isotopic values are attributed to the higher temperatures associated with

hydrocarbon production in geogenic generation and differing pathways linked to

substrate and archaea type in bacterial@kbduction (Whiticar, 1999; Cicerone and
Oremland, 1988; Prinzhofer and Pernaton, 1999; Sowers, 2006; Nisbet 2002).

Isotopes can also distinguish between bacterial production pathways, with differing
signatures for C@eduction and acetate fermentation. This isked to Kinetic

Isotope Effects (KIES). In terms of the, @duction pathway, attributed Kinetic

Isotope Fractionation discriminates again¥E, resulting in separation between £0

and CHresulting in extremely negative values aroundm /s @ L Y Kir@ey (G NI a4 d =
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deuterium differences are due to transfer of methyl during fermentation which is

depleted in deuterium (Whiticar, 1999; Whiticar et al., 1986).

Processes such as fractionatiduring methanotrophy and diffusion alter the initial
isotopic sigature of methane. Where methangch waters discharge into aerobic
environments they can be subject toethanotrophy. Here, methanotrophs

selectively oxidize the lighter isotopes of cartaord hydrogen leaving residual

methane enriched in*C and’H (Barker and Fritz, 1981). This oxidized bacterial
component can give the appearance of geogenically sourced methane, often making
interpretation of methane source difficult (Barker and Fritz81p Similarly, diffusion
processes can alter isotopic signatures. Differences in gaseous concentrations across

the airrwater interface and associated partial pressures promote diffusion into/out of
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the atmosphere (Sebacher et al., 1983). Theoreticalfysidn from methane rich

waters could result in residual aqueous methane enriched in heavier isotopes.

However, this is not a stable process with influences from air velocity, temperature

and two way diffusivity. These complications can often cause camfughen only

dza AY/3 @1 tdzSa a +ty 2NARIAY GNIFOYSNI K26S0S

stable isotopes provides the most robust fingerprinting method available.

2.5. Summary of glacial carbon and linkages to hydrology

Carbon within glacial systenesists in both organic and inorganic forms, across
supraglacial, englacial and subglacial realms. It is often difficult to detach cryospheric
carbon cycling from hydrology, with the transfer of carbon between glacial
inventories relying upon meltwater. Uately, glacial meltwater provides three
important roles linked to glacial carbon dynamics. Firstly, meltwater acts as a vector
of dissolved carbon transport, with most carbon exisiting in dissolved or particulate
form. Supraglacial hydrology is responsifor the inwash of surficial carbon to the
subglacial system, whilst subglacial hydrology is an important component facilitating
chemical reactions which liberate inorganic carbon and mechanims by which organic
carbon is degraded. Secondly, in terms @thane dynamics, redox statisoften

driven by hydraulic configuratioandis a key factor influencing the prevalence of
bacterial methanogenesis or methanotrophy in subglacial settings. Finally, it is glacial
hydrology which ultimately determines thenting and rate that carbon generated

within glacial catchments is transferred to the proglacial environment where it can
engage in subaerial terrestrial carbon cycling. With this is mind it is essential to
understand the basics of glacial hydrology alongsite unigue nature of Icelandic

meltwater outputs in order to fully constrain cryospheric carbon cycling.

2.5.1. Traditional glacial hydrology

Glacial hydrology is widely recognised to operate according to water flow dynamics
in supra glacial, engtaal, subglacial and pralacial zonesLimited mutual exclusivity
between components of the hydrological system leads to variability in drainage

31



configuration across glacier types. Generalised models of glacial drainage applicable

to temperate glaciers suggelighest bulk meltwater flows during summer

accompanied by near cessation during winter, forming a reverse hydrograph. Bulk
YStGgl GSNI Ndzy 2FF A& O2YLINRASR 2F Wldz O]
is the relative influence of these which determmaimany potentialvariations in glacial

hydro-geochemistry (Fountain and Walder, 2010).

Quick flow comprises relatively diluteeltwatersmainly from the supraglacial
environment These route efficiently through moulins and crevasses (Stenborg, 1973)
andrapidly exit the glacier via englacial or subglacial channels (Fountain and Walder,
2010; Rothlisberger, 1972). Delayed flow consists of waters conveyed slowly through
the subglacial system, via cavity draindgeautonomous or interconnected cavities)
(Fountain and Walder, 1998liboutry, 197%or flow in saturated subglacial

sediments The slow velocities lead to increased rock: water contact times promoting

enhanced weathering. This results in a chemically enricheldwater constituent.

Spatial andemporal variations of quick and delayed meltwater flows contribute to
classical drainage theory (Shreve, 1972). This largely hinges upon the prevalence of
delayed flondrainage duing periods of reduced melt araltransition to rapid

channelized drainagduring the ablation seasor©nce established, the channelized
system expandkead wardalongside the retreat of the snow line, forming an
arborescent quick drainage system beneath large areas of the glacier. This dominates
the ablation season until redudedlows and ice creep closure of channels forces a
transition back to the linked cavity system. Increases in dilute quick flow components
during summer typically result in an inverse relationshgpieen chemistry and

discharge due to dilution effects.

Ghlcier hydrology is dominated by classical drainage theories applicable to Alpine
and Arctic Environments. However, the Icelandic glacial drainagensyste been
little studied. Yearound low level ablationcaused byhe dominance of maritime
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conditionsand large fluxes of geothermal heat, result in net ablation in every season
of the year and continuous subgial drainage (Pagli and Sigmundsson, 2008). Given
0KS dzyAljdzS KeRNRf2IAOFE O2yFTAIdzNI GA2Yy | {

hydrological investigation beyond established norms is necessary.

2.5.2. Icelandic glacial hydrology

Icelandic glacidlydrology is characterised by year round drainage attributed to

subglacial geothermal heat sources and continual low elevation (>100m above sea

level) melting of the glacier snout in a maritime setting. This results in the

persistence of subglacial draige throughout the winter season, with the likelihood

of channelized quick flow drainage prevailing beneath the lower ice extent.

Superimposed upon this are periodic rapid release events associated with the build

up and sudden release of meltwater generatgdgeothermal heat transfer. These

Oy oS8 tINBS a0FtS W {(dzf Kf | dzLJa o6 F2NJ SEI YL
(1999)), or smaller scale periodic floods such as those frequently appearing at

YI Gfdz2l 2dzf € 2NJ { ' f KSA Y ad Sunirhet drain&ghl2 dz3 K 2 dzi

seasons (Bjornsson, 1988; Lawler et al., 1996).

The hydrochemistry of the associated meltwater release may also carry a unique
signature dependent upon the prevalence of any geothermal activity beneath the ice
mass. This is particulgmotable at{f ' f K S A Whe&IB$ dizcHarges from the
glacier, particularly during the summer seasbarthermore, dual isotopic analysis of
13| }PRof sulphate dissolved within meltwaters (Wynn et al., 2015) indicate
reverse redox conditions with dischargereduced, anoxic meltwaters in summer,
rather than winter, a process which Lawler et al. (1996) referred to as a cyclical
WagSSLIAYy3a 2dziQ 2F G(GKS 3IS2GKSNXIE T2ySd t N
months is linked to expansion of the subglacial dagim systenhead wardswhere
meltwaters likely intersect the Katla geothermal zone at the time of year when
seismic activity and geothermal processes are at their peak. Two areas of seismic

-

activity have been identified beheli K G KS aéNRIfaa 1dzZf AOS O
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during JulyOctober (Lawler et al1,996; Gudmundsson et al., 1994; Einarsson and
Brandsdattir, 2000), frequently associated with surface melt and seasonal unloading

of the snowpack. Low summertime overburden pressures from snowpack unloading

(3-9m of snowpack melting lead to an estimatezhsonal unloading of 0.003MPa

(Einarrsson and Brandsdattir, 2000) have been deemed sufficient to trigger seismic

and geothermal activity (Pagli and Sigmundssen, 2008), coinciding with drainage

system expansion.

The effects of this unique hydrological neg generate profound effects upon the
solute flux from the glacier, particularly with regard to the carbon budget. Most
notably, this has the potential to exert a powerful influence over subglacial methane
dynamics, forcing widespread seasonal anoxia itteahethanogenesis and

inhibiting methanotrophy. Furthermore, contributions from subglacial geogenesis
are possible. This potentially allows large volumes of meltwater discharging from the
subglacial realm to deliver high quantities of reduced methantaéoproglacial zone,
where it can rapidly engage in atmospheric cycling. Due to the potency of methane
as a greenhouse gas, it is essential to constrain potential reservoirs beneath ice
masses and assess the influence microbial activity has on metharte fhu
atmosphere (Dieser et al., 2014). In order to fully achieve this, it is essential to step
away from traditional drainage regirseof Apine glaciers and consider the quirks of

carbon cycling in areas subjected to subglacial volcanism.

2.6. Synthes

Cryospheric carbon cycling is a unique (and under estimated) terrestrial addition to
the global carbon cycle. This occurs in both inorganic and organic form,
acknowledged by a paradigm shift from hydrochemistry to biogeochemistry. Where
inorganic and aganic components combine with suitable conditipmethane is

formed. Hydrology is a fundamental element in determining carbon dynamics within
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glacial systems. Where hydraulic configuration conforms to classical drainage
theories, cryospheric carbon cyaiimas beerexplored.However, in areas where
distinctive hydraulic configuration prevails, such as Iceland, the accompanying

unique carbon cycling has been little studied. In light of exclusive redox conditions

&
N\

and subglacial geothermal processes operating { ' € KSA Yl 21 {dzZf £ = N
addressed in this study offer a chance for an exclusive insight into the impact these

processes have upon carbon export.
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3. Introduction to Field Site, Field techniques and Laboratory

Methodology

3.1. Introduction

This chapter outlines how two field campaigns were designed and executed during

Summer 2013 and Spring 2014 with the intent to supply information on bulk

meltwaterOK I N} OG SNAAGAOa | yR LINRIf I OALE Reyl Y,
ofcarboncyclid SAGKAY (GKS { ' fKSAYlI2I1 1dzft aeaasSy
components of carbon cycling determined through monitoring of proglacial bulk
meltwatersand evidence of sedimentary carbon dynamics from across the proglacial

forefield, supplemented by labotary analysis.

3.2. Study site @scription

Iceland offers the perfect situation for glaciological investigation with accessible

glacierized catchments and little human influence. Furthermore, enhanced

volcanicity due to the proximity of the miéitlanticridge has created a unique

situation whereby the effects of geothermal, volcanic and glacial processes can
AYGSNI Ot [20FGSR 2y (KS {2dziKSNYy O2lad 2
nond dzZNBAY 3T GSYLISNFYGS 3t OA SNgsituatadwithin SG | f @
a 110knf catchment, of which approximately 71% is glacierized. Total glacier area is
78knfg A GK | YIFEAYdzZYy A0S (KAOlyS&a4d 2F nooYo
~1500m a.s.l to ~100m a.s.l where a relatively mild maritime climate chaiseddy

average annual temperatures of 5°C athualprecipitation in excess of 10,000m

(with large volumes falling as rajmgsults inyear round ablation and continuous

drainage from the glacier snout (Friis, 2011; Wynn et al., 2015).

{ 't KS A ¥slar@outletdgtadier from the Myrdalsjokull ice ddigure 3.1) which
blankets the 100kmKatla volcanic caldera, one of the most active volcanoes in

Iceland (Friis, 2011). The glagioicanic history of Katla and Myrdalsjokull is evident
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inwidespread 8 K RSL}2aAida ONRaa GKS { ftKSAYl 2l ]
bands of ash from the most recent Katla 1918 eruption. Interplay between the

glacier and underlying geothermal areas is also evident in proglacial waters draining

{ "t KSAYIl allddifatld t¢ KS VK S mftivaiel riyeRdvainigithel K S 0 dz
{ "t KSAYI 21 { @=#showrOn figu@erkd¥distotically this has adopted the
O2tt2ljdaAlf yIFYS 2F Cdzf AflFS1dzNJ owailAiAyile NA
often emitted by the iver (Wynn et al., 2015). This has often been attributed to

connectivity between subglacial hydrology and geothermal water flowing from the

vents between Géabunga and Haabunga (Friis, 2011). In support of this, geothermal
components have previously beeatentified in bulkmeltwatersexiting the

{ "t KSAYlF2I {dzZt OFGOKYSYyld o0{A3TBIftRIazys wmqd
BulkmeltwatersA y G KS WI 1dzZ al + { " tKSAYlI&alryRA (GKS
explore complimentary processes of glacial hydro geochemistry and siddgla

volcanism.

CAIdzNBE odmY al LJ RSLIAOUAY3I t20FGA2y 2F {°
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Until 2010, two proglacial channels drainegltwatersF N2 Y { ' f KSA Yl 21 | dz
the east, primarily associated with supraglacial run off anel on the western ice

margin dominated by outflow of subglacial waters (Tepe and Bau, 2014). Since 2010

a proglacial lake has developed dividing the eastern and western proglacial areas. In
addition tomeltwatersRA NS O f & & dzLJLJ A SR okudRa {  t KSA Y
{ "t KSAYlLalyRA fa2 RNIXAya 6+ GSNI TNRY (62
which drains Jokulsargilsjokull, a valley glacier approximately 3km to the north of

{ ' f KS A ¥dsBown idigdre 3.Russell et al, 2010). Secondly, Bijks&( figure
3322Aya GKS WI {dzZ al + { " fKSAYlI&FYRA I LILINR
glacier snout (Guan et al., 2015). This is a-glacial river originating from grassland

G2 GKS ¢Saild 2Adgeal feolbgiisdomihagd iy bzsdltstaoidia

volcanic rocks (Carswell, 1983; Flaathen et al., 2007).

Jokulsargil Gorge

/

Jokulsargil River

N

g

=

Figure 3.2: Photograph taken during Spring 2014 showing flow of Jékulsargil through

a gorge before joining the proglacial lake
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Fjallgilsa Gorge

"4 Fjallgilsa non glacial river

“ .
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Figure 3.3Photograph taken during Sun@m2013 showing Fjallgilsa emerging from
I 32NHS az2dzik 2F GKS { ' f KSAYl 21l 1 dz

al NBAYLFft FftdzOlGdzr G6A2ya 2F { tKSAYlF2F{dA £ |
documented history of dynamic advance and retreat cycles (Friis, 2011).19@8n

the glacier has retreated almost 800m, revealing an extensive proglacéield.

Proglacial geomorphology is dominated by moraine assemblages and glaciofluvial

outwash features resulting from the 1999 Jokulhlaup, which drained via
{"tKSAYlI 2] {dzZ f D

3.3. Meteorological Parameters

¢KS {"fKSAYlI2I 1dzA t OFGOKYSyild SEKAOAGA |
relatively mild temperatures and extensive rainfall due to the close proximity to the
coast. Air temperature and precipitation provide traeiss of heat which influence

surface melting and thus impanteltwater hydrology. Constraining the seasonal
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fluctuations in climate is essential in understanding buttwater characteristics.
Monitoring stations set up by the Icelandic Meteorological €@f{iIMO) and
[ FyOlFAGSN) ! yADGSNEAGE OdzNNByGteée YSIFadaNBE (K

A hydrometric gauging station operated by tleelandic Meteorological OfficéMO)

Ad aAddzZ G6SR 6KSNB GKS W 1dzZ &t tbridges t KSA Y| &
(figure 3.4) Air temperature data (°C) is obtained from hourly intervals and used

within this study to parameterise climate during sampliRginfall counts which

were subsequently converted to mm amounts are obtained every 15 minutes from a

TinyTa rainfall data logger situated onklilhaus, a large moraine ridge to the East

2F { " tKSAYIL2l1dAtZ HnnyY | ®adf o6/ NBgStf X

3.4. Monitoring of Proglacial waters to determine bulkeltwater characteristics

3.4.1. Sampling Locations

Meltwater samplirg was carried out in Summer 2013 from tH&3uly to 239 July

(Day of Year (DOY) 850100 | ONRP&aa GKS { ' 't KSAYLl 2l { dzf f
proglacial waters was undertaken across 18 sampling locations on the Eastern and
Western margins of the pglacial lagoon, along the glacier snout where the ice

YI1Sa 02y GO0 ¢AGK GKS tF322y yR G 20!
(figure 3.4) Glacier surfaceneltwaterswere represented via sampling from transient
supraglacial streams as well as ®apools contained within closing crevasse
RSLINBaaAz2yad LYy FRRAGAZYZ SEGSNYIFf NARISNR

monitored to constrain nofglacial inputs.

Principal lagoon sampling sites (where repeated monitoring took place) were
established at the Upper and Middle Eastern Lagoon and the Middle Western
Lagoon. In addition, two main riverine sites, namely the Mixed Zone and the Bridge,

were also frequently monitored (see figure 3.4). Almost continuous (24 hour) time
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series samplingtookJt  OS | i GKS aAESR %2ySz | YIAyYy -
Solheimasandi downstream of the lagoon outlet, where proglacial waters have fully

mixed. Samples taken here are considered to be representative of bulk outflow from

the proglacial lagoon, includingater from subglacial, supraglacial and external
NADGSNAYS oW 1dzt at NBAf O AyLJziad® CNRBY KSNBX
the glacier within a large channel constrained by steep sided banks consisting of

Y2NI Ay S NARISE | yERentallythdzinkiri chasriel fléwS wided thell & @

N1 road bridge approximately 4km from the glacier snout. Repeated monitoring of

W 1dzf &t NBAf FyR celfft3aatat gl a faz2 dzyRSN
g GSNE 6KAOK R2 y2i RAIFiadvorkuddeakeh dufifgS A Y I 2
Spring 2014 (28Apri17" May 2014) used the same sampling sites with the

addition of subglacial upwelling samples and more extensive lagoon margin sampling

to build upon findings of Summer 20{f&gure 3.5).
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Figure 3.4: Map showing sampling sites established during Summer 2013 for

monitoring of proglaciameltwaters
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Figure 3.5: Map showing extensive sampling sites located across the proglacial

lagoon during Spring 2014

3.4.2. Water dage

Water stage collected by the IMO at thd Kbad bridge gauging station wased as
a proxy for discharge, with variations in wattagereflecting changes in bulk

meltwater output.
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3.4.3. Determination of physical properties of bulkneltwaters

Electrical conductivityEC)temperature and pH were determined in the fieldng a
WTW 340i combination metdWissenschatftliciTechnische Werkstatten GmbH)
compensated for temperature and calibrated daily for pH using buffers of pH 4 and
7. Secadary data from the IMO bridge hydrometric gauging site provided hourly EC
measurements for the extended periods &f dune to 3¥ August 2013 and®1April

to 31°' May 2014.

3.4.4. Collection of Proglacial waters for chemical analysis

Water was colleied from key sampling locations during Summer 2013 and Spring
2014 as outlined in figures 3.4 and 3.5. For analysis of major ions, trace metals,
dissolved organic carbon and fluorescence, water was filtered upon collection to
minimise further reaction witlsuspended sediments using 0.45 micron cellulose
nitrate filters and a pre rinsed Nalgene filter unit and hand pump. Measurements of
EC, pH and water temperature were recorded at the time of sampling. Waters for
major ion and trace metal analysis were theansferred into 60ml pre rinsed

Nalgene bottles and sealed without any air bubbles. Waters for DOC testing were
placed into air tight 40ml amber borosilicate glass vials topped with foil to prevent
contact with vial lids and seals. The remaining wates saved for bicarbonate
titrations. Samples were then stored at cool temperature8(€) (and darkness for
DOC samples) before returning to the UK. Upon arrival in Lancaster these were then

refrigerated at 4°C.

For testing dissolved inorganic carbb@/*°C, samples of proglacial water (10ml)

were directly drawn into a preinsed syringe, filtered through an inline filter capsule

of 0.45um cellulose nitrate and injected into pegacuated and acidified (0.175 ml
concentrated phosphoric acid) 12ml exetaiggleaving a 2ml headspace. Vials were
then stored upside down to prevent ingress or egress of gases and transported back
to the UK. Water samples to test D/H aff®/*°0 ratiosof H,O were collected as
unfiltered 8nl samples in Nalgene bottles primsedthree times with water from the
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sampling site. These were submerged and sealed below the water surface in order to

avoid trapped air.

3.4.5. Dissolved oxygen testing in the field

Dissolved oxygen concentrations were measured in the field using a Win&jer

count titration method with reagents supplied by Hach. Water was collected in a
clear 60ml glass container, rinsed 3 times with water from the sample site. Dissolved
oxygen powder pillows (manganous sulphate and alkaline iegang@e reagent) were
added to the mixture and inverted several times. Sulfamic acid was added, leaving a
residual browniskyellowish hue if oxygen is present (figure 3.6). Titration with

thiosulfate was used to provide dissolved oxygen concentration in mg/L.

Figure 36: In situ sampling for dissolved oxygen during Summer 2013. Photograph

taken after addition of sulfamic acid
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3.4.6. In Situ Bicarbonate analysis

Carbonate analysis was undertaken in the field by digital titration, using a Hach
alkalinity test kit, modeALDT. 25ml of pre filtered water was place into a cleaned
flask and phenolphthalein indicator added. Bromcresol G#elethyl red indicator
was then added to produce a green coloured mixture. 0.16N sulphuric acid was
titrated until the coloured solutiorthanged to light pink representing the end point
of the reaction. Total dissolved inorganic carbon (mg/l HGAas calculated using

the HACH digital multiplier of 0.4.

3.4.7. Collection of waters to monitor agueous methane concentrations

Waters for aqueas methane analysis were collected in pre rinsed 1L clip lock clear
plastic pots. Pots were filled with ~300mlrotltwater and sealed. A 5nfleadspace
sample was immediately withdrawn through a rubber septa and injected into a 3ml
evacuated exetainer. Petwere then left in ambient air temperatures to allow the
headspace to equilibrate with theeltwater sample. After approximately 24 hours,
the headspace gas was withdrawn, comprising a 5 ml and a 20ml aliquot (stored in
pre-evacuated 3ml and 12 ml exetairs) for concentration and isotopic

determination respectively.

Figure 3.7: Aqueous methane sampling pots
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Isotopic sampling of D/H an80/ *°0 H,Oratios was undertaken at the Stable

Isotope Facility of Lancaster University using an Elementar Pyrocube elemental
analyser configured to an Isoprime 100 mass spectrometer, similar to the methods of
Wynn et al (2015). For D/H analyses aliquadt8.3uL were injected and

subsequently reducetb hydrogen over a chromium metal catalyst at a combustion

0 SYLISNI (dzNB PG, anmlysip was undertakénh Mipyrolysis mode

following injection of 0.4pL of sample over glassy carbon chips at a combustion
G§SYLISNF (GdzNB 2 F wmn’p amayse®werezuin i duplicdte ahdy R+
corrected against lab calibration standards relative t8sMOW. Analytical precisions
were quoted as Q,3 for standards and 0.2 for actual samplewith regards to

10 yR M: F2NJo20K &0l yRFNR& |yR &l YLX Sa ¥

3.5.2. Analysis of major ion leemistry

Major anion testing was utilised to provide information on chloride, sulphate, nitrate

YR Ffdz2NARS 02y OSy i NI kettwaters Anblysis wdsK SA Y I 2 |
conducted using a Thermo Fischer Scientific Dio8B&2500 reagent free ion

chromatography system based at Lancaster University. Data were calibrated against
known lab standards where the limits of detection in mg/L (LOD) were 0.016, 0.002,

0.030 and 0.001 for fluoride, chloride, sulphate and nitrate resipely. Internal

check standards and blanks were used to ensure quality control. All data are

reported to within 5% of the internal standard values.

Inductively coupled plasma optical Emission spectroscopyQ@E®) analysis was

conducted at Lancasterriiversity using a Thermo Scientific iCAP 6000 series ICP
spectrometer to test for major cations (EaMd*, K and N&) and Silica in

{ "t KSAYF2I {dzf £ LINBAETI OAFE o GSNE®N2I GSNI &
the original Nalgene collection bottle desorb cations and trace metals from the
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plastic sidewalls. Calibration against lab standards and internal reference materials
allowed comparison b&teen runs. Analytical precisiamthin and betweenruns

ranged from 0.01 to 0.05mg/L based on individioal data.Trace metals were also
analysed, however proved to be at the limit of detection and are therefore not

reported in this thesis.

Major ions were not corrected for potential sea salt contribution, desfhteclose
LINPEAYAGE 2F { ' fKSAYl 21 MQ@HIH (A28 GKBENI {itf S
meltwaters (anging from 1.56 (1SD=0.07) to 3.80 (1SD=0.34) in Spring 2014 and 2.45
(n=2) to 6.24 (1SD= 2.37) in Summer J0a8icate large deviations fre marine

sourcegratio of 0.56 quoted by Wake, 198%¥iven the unique situation of

{ " tKSAYlL 2l 1dAft gAGK O2yySOGAGAGE (2 &adz 3t
evidence of injection of geothermal fluids, inappropriate marine aerosol correction

could mérepresent sources of Nand Cl In addition, similar studies monitoring

{ "t KSAYIl 21 { dzf f odzZf 1| YSthol GSNE O[ I 6f SNI S
component.¢ 5 L'C values were obtained through analysis of exsolved headspace

gases sampled vian Isoprime 100 isotope ratio mass spectromdtefer to chapter

3.54

3.5.3. Dissolved organicarbon analysis

Proglaciameltwater samples were collected during Summer 2013 and Spring 2014
and filtered using the methods outlined in section 3.3.4. Bleswere then acidified
prior to analysis to remove DIC content. Analysis of DOC in Summer 2013 proglacial
waters was undertaken at the Institute for Biodiversity and Ecosystem Dynamics,
based at the University of Amsterdam, Netherlands. This was achiesieg a pre

market IsoTOC total organic carbon analyser adapted from the existing HTC TOC
analyser VarioTOC Cube (Elementar Analysensyteme GmbH), interfaced to an
Isoprime 100 IRMS, using methods outlined by Federherr et al. (2014). Proglacial
waters wereautomatically injected into the combustion system using a 5ml syringe.

Combustion was undertaken using a Platinum (Pt) catalyst on a ceramic carrier
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material at a combustion temperature of 850°C with oxygen pulse. Water, hydrogen

halides and halogens weremoved before DOC concentration was quantified by a
non-dispersive infrared detector (NDIR). Specifically designed separatio® ahd

O, allowed for focussing and gas exchange ultimately resulting in determination of

113Gy0¢ Results were calibrateaainst lab standards and blanks. Attempts to

analyse{l LINAY 3 LINR It OALf ot (SHCusinga&miars h/ 02y O

methods at Isoprime House, Manchester were unsuccessful due to low DOC content.

Fluorescence of glacial waters was conducted ugi@ary Eclipse Luminescence
Spectrophotometer at the University of Birmingham. In line with techniques adopted
by Wynn et al. (unpublished) samples were analysed at 20°C with a voltage of 900V.
Results were standardised against a Raman spectra whichnafsad before each
batch of samples. Limited amounts of Humic and Filkécsubstances were
detected.However, m light of potential microbial degradation of fulvi&e fractions,
analysis was limited to characterisation of hudilke substances fromugnmer 2013.

This was normalised into hurdike fluorescence intensity per mgC by extracting
humic like fluorescence intensity values from a window of emission and excitation
wavelengths associated with humic like substances. Emission was typically between
400.75nm to 459.07nm, whilst excitation ranged from 15.77nm to 29.56nm. This was
then corrected against DOC per mg C.

3.5.4. Dissolved inorganic carbon analysis

Where in field testing of inorganic carbon (TDIC) concentrations as outlined in
chapter 3.4.6vas not possible, carbonate wastimated from charge balance
equations. Balancing the ionic charge in equivalence (géserated via major ion
analysis outlined in chapter 3.5.B8)based on the assumption that net charge of ions
in a solution is 0. Tdrefore, providing all other major ions have been accurately
measured the missing negative charge can be attributed tosHEOGbbard and
Glasser, 2005). Regression against field titrations demonstrated a line of best fit,

which was used to estimate the d@nate content using the following equation:
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Titration unit = gradient x calculated charge balance + intercept
(equation10)

This was then multiplied by the digital multiplier supplied by Hach (0.4) to give an
estimated concentration of HGOn mg/L. Calculated values were found to be in

keeping with known digital titrations.

For isotopic analysis of inorganic carbo®tiners containing headspace £0
exsolved frommeltwater samples were analysed in the Lancaster University stable
isotope fad A (i &3GkdsiNg aimultiflow prep line interfaced to an Isoprime 100
isotope ratio mass spectrometer in continuous flow mode. Results are expressed
relative to VPDB following standardisation to international reference materials
(LSVEC lithium carbaiesand NBS 18 Calcite). Analytical precisions within runs were
0SUGSNI GKI Yy nomnis ahd2R3 /bedwear runs folLRVEL @nd ¢
NBS 18 respectively.

3.5.5. Analysis of aqueous methane concentrations

Methane concentrations were analysed usirapie ionisation detection on a gas
chromatograph situated in the Centre for Ecology and Hydrology (CEH) Lancaster. A

three point calibration was obtained using standard gas mixtures of 1, 10 and

500ppm methane in air. Final aqueous concentrations were deatezd through

| SYyNEQa LRSFf DFa [Fg3X gKSNBoe (GKS | Y2dzi
proportional to its partial pressure in the gas phase (Sander, 2015). The

concentration of methane in water 4§ is related to the concentration of gas
measure in the headspace ¢ YR GKS RAYSyaarzyfSaa | SyN
Constant (59 through the following equation:

0 0 §O)

(Equation 11taken from Sander, 2015)
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using the following equation:

O O Y'Y

(Equation 12taken from Sander, 2015)

2 KSNB w A& | SyNeQa 3l & Gd)ardTisyhéd o6 Sl dzh JI £ S
temperature in Kelvin (K). Thétof methane at a standard temperature of 298K
(25°C) is 0.000014 molfra.

Solubility of gases increases with decreasing temperatures. Sexelgvaters are at

much lower temperatures, calculating the concentration of aqueous methane using

the standard temperature of 298K would lead to significant underestimation of
YSGKIYS O2yO0SyiNlGAzyad LyadSl RandKS | Sy Ne
were recalculated for a temperature of 275.15K (0°C) based on the temperature
dependence between the two, using 298K as a reference temperature. A derivative

2F GKS @Fy Wi | 2FF Sljdza GA2y ¢l a dziAft AasSR
(intemal energy inrela A 2y (2 LINB A& & dz2NE |ARvhichavasdzY ST RSy
guoted as 13,180J/mol (Naghibi et al., 1986). This was factored into equation 3

alongside a standard temperature {Tof 298K and a desired temperature (T) of
HTodmMpY FYR (KS | &gMBIdtKSsfallod2y adl yid owo

oY 0 Ag@Bb— :

Vi ¢ a0
Y Y

P
v

(Equation B, taken from Sander, 2015
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This provided an adapted“Fvalue which could be applied to equati@é in order to
recalculate “for 273.15K. Aquaus methane concentrations were then calculated
using equation 1 and converted to mg/L using the molar mass of methane (16.4g

mol™?).

3.5.6. Isotopic analysis of aqueous methane

LazdzLh O FoslwhsicdndudtedBi2HeIStable Isotope Factiaged at CEH
Lancaster, using a Gilson TraceGas preconcentrator linked to an Isoprime IRMS.

Results were calibrated against reference gases (10, 100 and 500ppm methane in

air). Due to l&v methane concentrations, supgéacial and external riverine samples

were omitted from isotopic analysiBrecision of analysis for both samples and

a0l yRIFENRa ¢ a LbBAEHSING @ Ky thépoA:& F2NI 415 gl
Davies Stable Isotope Facility using a Thermo Scientific PreCon concentration system
interfaced to a Thermo Scientific Delta V plus isotope ratio mass spectrometer.

Reported isotopic values were calibratega@nst a pure reference gas standard with

a known isotopicvalueefap T ®': gAGK | AdFYRFNR RSQOALI (A

AAAAA ~

Ozttt SOGSR RdzNAY3I GKS {LINAY3I niimd yRASHBR &S

36yl feara 2F LINRPIE I Gkt aSRAYSyda a4 {f

3.6.1. Sediment collection

Extensive sediment sampling on the eastern progldoraffield, glacier snout and a

limited number of westerriorefield samples was undertaken duringr8mer 2013 to
investigate soil organic carbon content and for igmtoanalysis to identify potential

carbon sources in proglacial sediments. In total, 50 samples were collected including

37 from a sampling grid between the proglad@kfield to the east of the lagoon

FYR WI 1dz &l + { ' f KSAY lfagelaydRBArdIn the wes®rNR Y (K S
proglacial area. The 10 aglacier samples can be further divided into samples

consisting of surficial ash (4 samplesd perceived subglacial sedimef(fs

samples). Glacier sampling sites were selected based on points afsptesith the
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majority of sites situated on the lower glacier snout. Ashes were sampled from melt
out cones, debris stripes and directly from a higher altitude band of exposed Katla
1918 ash. Clays were predominantly sampled from crevasse traces andplass,
where subglacial material had been squeezed up from the bed of the glacier by

differential ice flow velocities as shown in image 3.9.

CA3JdzZNBE odyY 5So6NR&a /2yS O2yaradAiay3da 2F | &

glacier, Summer 2013
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Figure 3.9: Subglacial sediments sampled from a crevasse during Summer 2013.

Angle is looking vertically down into the crevasse.

During spring 2014 supraglacial sediment sampling continued from crevasske

thrust planes in order to obtain additional subglacial clays. During this season larger
amounts of sediment appeared to be present, likely linked to winter advande

cooler, drer conditions leading to less surface mieit erodingsediments away.

These were stored in plastic 100ml bottles to better ensure preservation of moisture

and ensure suitability for later incubation experiments.
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Figure 3.10: SubglacidBRA YSy (ia al YLX SR FNRBY I {KNHz i
glacier snout, Spring 2014

3.6.2. Static chamber methods to monitor proglacial methane flux

Static chamber methods were employed to test methane fluxes across the

{ "t KSAYIl 21 { dzf @ring.SN@n @i 2013 Ankdl Sprirlg RO34. Md’t sampling
occurred on the eastern proglaciarefield due to accessibility. Two transects were
studied as outlined in figure 3.12. The first a north to south transect was based on
distance from the glacier in ordeo fparameterise influence of changing sediment
age on methane flux. The second was a west to east transect based on increasing
distance from the proglacial lagoon aiming to parameterise the influence of changing
moisture conditions on methane flux. One sgaimple from the western proglacial
forefield was also undertaken close to Fjallgilsd where vegetation cover was more
extensive. Chambers measuring 10cm height by 15cm diameter were buried
approximately 3cm into the soil leaving a headspace of 683 8crh41L equivalent.
Surrounding sediments were pushed against the chambers to ensure full closure

from the atmosphere. Samples of 5ml were drawn off using a needle and syringe at
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15 minute (for chambers operated for 45 minutes) and 45 minute (for long t&n 1
minute experimentsjntervals through a butyl rubber septa and stored in 3ml-pre
evacuated exetainers. Unlestherwisestated, three static chambers were deployed

at each site (as shown in figure 3.11).

Figure 3.11: Static Chamber samgladjacent to the proglacial lagoon Summer 2013
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Figure 3.12: Map showing locations of static chamber sites Summer 2013.

Due to little change in the proglaci@refield, sites from transect 1 were also
sampled during Spring 2014 alordgsithe addition of the red point which represents
a long term individual sampling poin total of 36 replicates were done during
Summer 2013 whilst 10 replicates waampled during Spring 2014
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3.6.3. Laboratory analysis of proglacial sediments

Sedinents collected from the proglacial area in Summer 2013 and Spring 2014 were
G§SAGSR F2NJ G201t OF Nosgyatu@ Rgugtyyldy wat yeightR R A § A
of sediment was placed into tin boats and air dried in a drying cabinet at

approximately 3€40°C for 24 hours. These were then transferred into an agate

pestle and mortar and ground to homogenise. The samples were then split into two.

One portion was stored a in 1.5ml Eppendorf micro centrifuge tube awaiting

weighing prior to sampling for total Gaon content. The second portion was

acidified using 10% ultrpure hydrochloric acid solution. These were subsequently

rinsed, dried and stored in 1.5ml Eppendorf micro centrifuge tubes awaiting

weighing for isotopic analysis.

Where field filtration of wéer samples yielded enough sediment on the filter papers,
GKS&aS 6SNB al @S RChnflRis addBOGDrtentSHach Fil@rihaper
was dried and the sediment removed prior to homogenisation and analysis. Filter
papers were analysed as blanks tosare no contamination occurred during sample

processing.

3.6.4. Determination of total Carborand+ *3C isotopic signaturs of proglacial

sediments

Proglacial sediments were tested on an Elementar Vario Micro Cube Elemental
Analysellinked to a VislOIgrototype mass spectrometer at the University of
LancasterApproximately 10mg of each sedimg@tbsolute mass of sediment was
dependentupon percentage carbon contentlas weighed into tin boats and placed
into an auto sampler. Analysis was undertakemgsiatalytic combustion at a
temperature of 1200°C.L & 2 ( 2 LIA O 5C yias Lirilertakan ugircombined
C/N modewith a zero dilution setting and a carbon trap set at 488mples were run
in three batches and calibrated against known lab standards (corn and low carbon

substrate) to provide consistey between runslnternal precisions based on
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3.6.5. Sediment Incubations

3.6.5.1. Preliminary testing

Two types of sediment were visually identified during Spring 20t brown and

grey. XRD analysis has shown almost identical chemical compositiorsef the

sediments, therefore colour veathought to represent iron oxidation state. The light

grey sediment woul be typically associated with #ainder anoxic conditions and

oxidized F& prevalent within the brown sediment.

Sediments collected from the glacier surface and proglacial forefield were incubated

to test for the production/ consumption of methan@rdiminary testing of various

incubation conditions (temperature, headspace, substrate, and slurry) took place

prior to the main investigation to determine a suitable sampling teghe, as

outlined in table 3.1.

Sediments Tested Headspace Temperatures| Saturation Tested
Conditions Tested
Tested
Subglacial sediment
collected Summer 2013| N, headspace 4°C Slurry
(methanogenesis 15°C Non slurry

Fe&* enriched grey
subglacial sediment
collected Spring 2014

Fe* enriched brown
subglacial sediment
collected Spring 2014

Eastern glacier forefield
sediment collected Sprg
2014

CH enriched
headspace
(methanotrophy)

Compressed air
(ambient)

Table 3.1: Parameters tested during preliminary incubation experiments
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Field sediments were added i®0mIWheaton bottes, slurried with deonised

water, sealed using rubber septa caps and incubated at set temperatures. Headspace
gases were added prior to sealing the incubation chambers to investigate either
methanogenesis (headspace gasz}, Nr methanotrophy (headspaayas = ChHl

Sample extraction by syringe at set time intervals enabled rates of
production/consumption to be monitored respectivelyitial incubations revealed

limited microbial methanogenesis/ methanotrophy at 4°C, regardless of headspace
compositionor substrate type. At 15°C Grey*Fslurried substrate demonstrated
evidence of methanogenesis under aphi¢adspace, whilst under a methane

enriched atmosphere, brown Feslurried sediments exhibited methanotrophy.

These constitute the range finder eximents outlined inAppendix4.

Figure 3.12: Example of slurried wheatons used for inclubation experiments

3.6.5.2. Testing for Methanogenesis

Fe* enriched grey subglacial sediment was allocated for methanogenesis testing
using the laboratoryacilities at CEH Lancaster. Approximately 5g wet weight of
glacial sediment A was placed into a 100ml autoclaved clear glass Wheaton jar and

slurried with 20ml of deionised water, which had been flushed with nitrogen.
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Wheatons were then also flushed witfitrogen for 2 minutes before being

immediately sealed with a butyl rubber stopper and crimp cap. An additional 20ml of
nitrogen was added to each Wheaton to establish a positive pressure. A control
experiment was set up under the same conditions, buhwaitt the addition of any
sediment. Samples were then placed on a gyratory shaker and incubated in the dark
at 15°C for 49 days. 1ml headspace concentrations were measured immediately after
closureusing GC analydisen at regular intervals, initially thisas every 7 days for

the first 21 days then every 14 days for the remainder of the sample period.

3.6.5.3. Testing for Methanotrophy

Approximately 10g wet weight of the Eenriched brown subglacial sediment was
placed into a 100ml autoclaved clear gld@heaton Jar and slurried with 20ml of
deionised water. Wheatons were flushed with compressed air for two minutes
before being immediately closed and sealed with a butyl rubber stopper and crimp
cap. Additional methane was added to the headspace aftesuctoto create a
150ppm methane enriched headspace. Alongside this a control experiment was
created. This followed the same steps although no sediment was added. Samples
were then placed on a gyratory shaker and incubated in the dark at 15°C for 167
hours A 1ml sample was immediately withdrawn from each Wheaton and analysed
for methane concentratioy GC analysi$n addition to each sample removed for
determination of methane concentration, an isotopic sample was extracted and
injected into a pre evacuad 3ml exetainer. Samplgnof methane concentration and

113CCH isotopes then continued over regular time intervals for 7 days.

Samples fot **CCH analysis were taken from Wheatons one, three and four

(control) and tested at the CEH Lancaster Stable Isotope Facility using a TraceGas
preconcentrator linkedo an Isoprime IRMS as outlined in section 3.4.6.

Measurements of **CCH, proved consistenbetween incubation chambers,
GKSNBEF2NBE (KS NBYFAYAYy3a &l YL S&aafTUBRY 2 KS|

Davies, California. This was undertaken using a Theamrat#ic PreCon
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concentration system interfaced to a Thermo Scientific Delta V plus IRMS also

discussed in chapted.5.6.
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Run-off Characteristics

4.1. Introduction to glacial hydrology

Glacial hydrology refers to the passageratwater via three distinct pathways:
supraglacial, englacial and subglacial, before emergence in the proglacial zone.
Variability in drainage configuration is dictated by glacier type (temperate, polar or
polythermal) and seasonality. Generalised models of glacial drainage applicable to
temperate glaciers, suggest highest bulk meltwater flows during summer,
accompanied by near cessation during winter, forming a reverse hydrograph. The
majority of thisbulk meltw G SNJ Aa O2YLINAASR 2F WljdzA O] Tt
components. Quick flow comprises relatively dilute supraglacetwaters which

route efficiently through moulins and crevasses and rapidly exit the glacier via
englagal or subglacial channels. lantrast, delayed flow consists of solute rich
waters sourced from supraglacial and subglacial melt, conveyed slowly through
subglacial cavity drainage. Spatial and temporal variations in these modes of
subglacial drainage constitute a classical drainagerthaghereby delayed cavity
hydrology thought to dominate the accumulation season is superseded by rapid
channelized drainage during periods of increased ablation. Due to changing rock:
water contact this typically results in an inverse relationship betweegmistry and

discharge. From this, classical glacier hydrogeochemistry is born.

However, the Icelandic glacial drainage system exhibits differences from this classical
model, due to year round low altitude ablation and the influence of subglacial

geothermal activity. The Icelandic Institute of Earth Sciences have documented low

level ablation from ablation stakes positioned 200m and 220m a.s.l. on the

{ "t KSAYlI2] 1dzff ay2dzi aAyOS {LNAY3I-unmod h
9m have been recordedn addition to ~3m of ablation during the winter. This year

round ablation provides sufficient meltwater to maintain continual glacial discharge.

Furthermore, previous investigation of bulk meltwater discharge and solute load
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highlights a seasonal maxinrageothermal constituents coincident with summer

season drainage (Lawler et dl996; Wynn et al., 2015)hksical and chemical

OKIF NI OGSNR&AGAOE 2F odzZ ]l YStldéla@SNE SEAGAY
presentedto develop & understanding of the hyadrgeochemical dynamics at this

unique location. This then serves as a platform on which subsequent chapters build

an understandig of the glacial carbon cycle. Methods utilised to obtain

meterological data are outlined in section Jvihilst collection andanalysis of

meltwaters can be found in section 3.4.

4.2. Results of physical and chemical analyses

4.2.1. Annual glacier ruroff characteristics

Secondary data of uncalibrated relative wastage absolute water temperature, air
temperature and EC waxbtained at hourly intervals from a hydrometric gauging

station operated by the Icelandic Meteorological Office (IMO) where the Jokulsa a

{ fKSAYlFalyRA LI aasSa BeteySkmditiateiskepresbran NP I R
culmination of water from a varietgf sources. Glacial sources from both the surface

FYyR o6Fl&aS8S 2F G(GKS 3t OASNIFYR SEGSNYyLt 61+ 0GS
LINEIEFOALE fF1S® ¢KAA A& RNIAYSR o0& (KS W
celftftarftat nlY R2 dkiE@EsNBBWNYN igudRY4 afd3BEKSA Y 2
chapter 3.3.1 (sampling site locations)). Estimation of river discharge has proved
problematic due to poor results from salt dilution gauging and accessibility issues

prevented using the velocitgurface area techniqu The IMO Bridge gauging station

uses pressureensors to monitor water stagdhis has been used as an estimate of

seasonal differences in river discharge. Whilst this does not take into account

deepening of the river bed during periods of high flowbaaiding of waters in

multiple channels observed during summer, it can offer a best estimate of changes in

discharge in the main channel and relationships to other meltwater characteristics.
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Bulk meltwaters for the period September 2012 to September 2efléct a
seasonal fluctuation between increased wastageduring summer and lower water

stage observed during winter months (as shown in figure 4.1, below). A notable

FSIGdzNB 2F | yydzrf KeRNRf23& G { €t KSAYIl 2l

winter with no seasonal cessation of meltwater production. In keeping with this
greater waer stage waobserved during @nmer sampling with values ranging from
414.5cm to 454.14cm and an average of 433.77cm (1SD= 10.54). Spring early
ablationseasonwater stages are reduced ranging from 384.30cm to 411.59cm with
an average of 394.85cm (1SD= 5.69).
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03/09/2014

04/07/2014

04/05/2014

Summer 2013 Spring 2014
Sampling Season Sampling Season
{ " i
a
01/01/2013  03/03/2013  03/05/2013  03/07/2013 02/09/2013 02/11/2013 02/01/2014  04/03/2014
Date 2012-2014

01/11/2012

01/09/2012
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o

[Tp) = =t
{w2) aBeis Ja1epn Apjaam a8elany

300

Figure 4.1 Average watestagebased on weekly data collected at the Icelandic
Meteorological Office Bridge Gauging Station from Septemb&? #0 September
2014

Error bars represent weekly maximum and minimum values
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4.2.2. Meteorological Conditions

a2yiKte FANJ GSYLISNY GdzNBa FyR G20l f

4.2. Annual air temperatures based on recordings taken from the IMO bridge

gauging station range frori2.19°C to 19.81°C with an average of 5.96°C (1SD=
3.41). Total pecipitation over this period wag705mm (excluding April where data

was unavailable). Highest average monthly air temperatureie recorded in July

with an average of 11.78°C (Minimum= 5.91°C; Maxn= 19.81°C). Rainfall

exhibiteda distinct peak in Augtisvith a total of587.3mm. Lowest rainfall occured

in February with 52.9mm recorded.
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Figure 4.2: Annual monthly rainfall and average temperatures from August 2013 to

July 2014excluding rainfall data for April 2014)

Error Bars depict maximumd minimum values

Figures 4.3 and 4.4 present temperature and rainfall data from Summer and Spring

study periods respectively. Increased air temperatures and precipitatene noted

during Summer with peak air temperatures of 13.39°C and precipitatido up

34.7mm over a 24 hour period. During Spring conditiamese relatively cooler and
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drier. Temperatures rangkfrom 3.32°Go 9.11°C whilst precipitation vgaminimal,

with peak values of 18.2mm.

amesadwa) Apeq afesaay

Date

Summer 2013 Study Period
from 11/07/2013 onwards

() jepurey o)

Figure 4.3: Average daily temperatwaed total rainfall for Summer 2013

Error bars depict daily maximum and minimum values
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Error bars depict daily maximum and minimum values

Figure 4.4: Average daily temperature and rainfall for Spring 2014



Prevailing meteorological cditions area driving force foproglacial discharge.

Icelandic glacier melt is thought to be highly correlated to air temperature and sea
adzNF I OS GSYLISNI GdzNBE oW KlFyySaazy SiG It o
precipitationfalls over glacial regionsjeaning this could also playrole in hydre

glacial dynamics. Precipitation and temperatures are shown to be higher in the South

2T LOStflIYRZ UKSNBT2NBE (GKS az2dziKkSNIe Ozl ad
linkages between mass balance and climate, ultimately influenciegete and

timing of discharge exiting the catchment. Time series data from Spring 2014
revealedsynchronicity between air temperature and average daily watage after

lag of 12 daysis accounted for (figure 4.5) as exhibited byasitive linear R

relationship of 0.9 (figure 4.6).
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Figure 4.6: Bplot of air temperature and watestageduring Spring 2014

12

During Summer, relationships between average daily temperature and \stitge

are not as strong as indicated in figures 4.7 and 4.8 with’aalBe of 0.04 This is

potentially indicative of other factors such as subglacial meltwatscldirge

influencing summer bulkneltwater output.
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Figure 4.7: Air temperature and watstageduring Summer 2013

Error bars depict daily minimum and maximum values
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Figure 4.8: Bplot of air temperature and watestageduring Summer 2013

Energy balance modellingi  { ' f K $ds Wendfied]indziming shortwave

radiation as a key energy source, with lesser amounts attributable to turbulent fluxes

and precipitation (Thompson, Unpublished Maters Thesis). A study uneéertak

during the balance year of 2092015, indicates that precipitation adds yearly

I SNIF 3Sa 2F HOM: YR moddgr (2 GKS 2SN ff
elevations of 211 and 219m respectively (Thompson, Unpublished Masters Thesis).

This is mostlyhrough generation of enhanced surface ice melt linked to heat fluxes,
reduction in albedo andhanges tesurface roughness caused by rainfall. Spring is
characterised by prevalence of drier conditions, however (as indicated in figure 4.9)
during Summer nicreased frequency of peak rainfall events periodically influences

water stage.
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Figure 4.9: Time series of Summer 2013 total daihfall and average daily water

stage

Error bardepictdaily maximum and minimum watetage
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4.2.3. Water Temperature

Seasonal fluctuations in water temperatungere linked to the variable influence of

water sources and changes in air temperature. Subglacial and supraglacial waters
F2N)Y G662 YIAY 61 GSN a2dzNOSa FNRY { ' f KSAYL
riverine inputs of external catchment origin kiilsargil and Fjallgil&) deliver waters
AYRSLISYRSY(d 2F { ' f KSA Yadigue tahderdtur®ran@ek & 2 dzZNX
with subglacial upwellings displaying the lowest average temperatures ofG.00

(1SD= 0.08) and extra glacial inputs being relatively warraaching maximum

upper values of 5.2C in Jkulgargil during Spring and 5.80 in Fjallgisduring

Summer. An East/West split wavident across the proglacial lagoon, with lowest

average Spring temperatures observed across the Eastern Lagoon and highest

average temperatures prevailing at West sites. During Summer, this sveeversed

with cooler average temperatures at Western sites. This temperature pattern within

the proglacial lake likely reflectetthe variable influence of subglacial discharge and

water from J kulsirgil, both of which dominate the western side of the lake and

which vary in importance beteen the summer/spring seasons.
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Average Water Temperature (°C)
1 standard deviation (1SD) in parentheses

Site Spring 2014 Summer 2013
: 2.83(1.34) 1.19(0.31)
Mixed Zone | \jin= 1.50 Max=5.68=17 | Min= 0.70 Max= 2.08=13
3.43(0.78) 2.55(0.56)
Bridge
Min= 280 Max=4.5=7 Min= 1.90 Max= 3.20=4
Subglacial 0.00(0.08)
upwellings Min=-0.10 Max= 0.10=6 Not Sampled
1.14(0.73) 2.53(0.21)

Eastern Lagoon

Min= 0.20 Max= 2.60=20

Min= 2.30 Max =2.80=3

Western Lagoon 3.32(1.40) 1.68(1.01)
g Min= 1.80 Max= 6.16=6 Min=0.70 Max= 4.4=13
0.75(0.65) 1.42(0.36)
Edge of Ice Sites
Min= 0.1 Max= 2.4=11 Min= 1.00 Max= 1.86=5
2.15(...) 0.30(0.17)

Supraglacial sites

Min= 0.10 Max= 4.206=2

Min= 0.10 Max= 0.508=5

Fiallailsé 3.80(0.85) 4.95(...)
jallg Min= 3.20 Max= 5.00=3 | Min=4.1 Max= 5.80=2
. 4.17(0.76) 3.20(...)
W laz at Min= 3.40 Max=5.201=3 | Min= 3.20 Max= 4.30=2
¢l ofS nomY ! SNIF IS 461 G§SNI GSYLISNI (GdzNBa |

4.2.4. SpatialpH distribution.

Table4.2 reflects the averageariabilityin pH between water sources at

[

f KSAYIl 21 {dztf £ @

[ 2 savSrafoundinL\dstkrs/ etanatiigsromJl

g fd

subglacial sources, ranging from 6.30 to 6.98, with an average of 6.66 (1SD= 0.25). In

contrast, highest average pH valugsre found in Jokulsargil waters, with average
values of 7.91 (1SD= 0.13) and 7(@52)for gpring and summer respectively. In

addition, Supraglacial and external catchment waters from Fjallgilsa also exhibit
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Mixed Zone values demonstrateseasonal fluctuations pH with average values of
7.31 (1SD= 0.38) and 6.52 (1SD= 0.16) for Spring and Summer respeatiwety. D
Spring variability in pH vgagreater with values ranging from 6.89 to 8.51.

Average pH

1 standard deviation (1SD) in parentheses

Site Spring 2014 Summer 2013
: 7.31(0.38) 6.52(0.16)
Mixed Zone | \jin— 6.89 Max= 8.56=18| Min= 6.32 Max= 6.86=13
7.57(0.11) 6.97(0.14)
Bridge
Min=7.44 Max=7.76=7| Min=6.77 Max= 7.18=4
Subglacial 6.66(0.25)
upwellings Min= 6.30 Max= 6.98=6 Not Sampled
7.55(0.59) 6.76(0.31)

Eastern Lagoor
Min= 5.84 Max= 8.56=20| Min=6.28 Max= 7.40=13

7.18(0.26) 6.75(0.27)

Western Lagoor
Min= 6.89 Max= 7.7i=6 Min= 6.51 Max= 7.18-3

7.35(0.57) 6.73(0.32)

Edge of Ice Site)
Min=6.35 Max= 8.66=12| Min=6.21 Max=7.16=5

7.51(...) 7.54(0.47)

Supraglacial sitq . 2 5oMax= 7.88=2 | Min= 6.87 Max= 8.38=10

= allails 7.26(0.48) 7.416 X 0
Jalg Min= 6.68 Max= 7.86=3 | Min=7.20 Max= 7.68=2
W1 dz & 7.91(0.13) 7.75...)

Min=7.74 Max= 8.0:=3| Min=7.67 Max= 7.82=2

¢ ofS nouwyY LI QI ftdzSa | ONraa GKS

Spatial variability in meltwater pH is illustrated throuiggures 4.10 and 4.11. Dugn
Sring 2014 lowest pH values weassociated with the influence of subglacial

upwelling water, as well as localised areas along the glacier snout. In addition to this,
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low pH valuesvere also evident at the Lower Eastern Lagoon where pH values range
from 5.84 to 7.18 (average of 6.67, 1SD= 0.50 n=4). Areas of higher pHwalees
found close to inputs from Jokulsargil and at the Upper Eastern Lagoon linked to
supraglacial run off. During Summer 2013 reduced pH values méwaailoss the
proglacial lagon. Areas of lowest pH, below 6afere found at a localised point

along the glacier margin and around the lagoon outlet. Localised increases are
associated with inputs from Bulsirgil and potential areas of surface run off along

the ice margin.

N
SN o Ar -|A- Jokulsrgil
\‘:9:.' W Al >
%) )2 ¢
_'.l 3 >
; A
"J u‘
+. QY Western Lagoon
e
4
Average pH
Ml ccones
B s751t07.00 Sélheimajékull
B 7.001t07.25 Glacier
[ 7.251t07.50
[] 7-501t07.75
[:] 7.751 t0 8.00
N
L
: e e e [ ] [ ]
40 Eastern Lagoon
Proglacial lake not sampled
Fjallgilsa 0 Upwellings 1 and 2
o Mixed Zone
X B sand and Gravel Banks
e Key Sampling Sites
(]
Jokulsa a Solheimasandi ¢ 0 300 Metres
3km to N1 road bridge [ o ey

CAIdzNE nodmnanyY al L) 2F LI RA&AGNAROGdzGAZ2Y | ONJI
Spring 2014.

Lagoon and Riverine spatial distribution shown encompasses data averaged from 116
pH measurements taken across 22 sampling locations (excluding Fjallgilségbe

DOY 11437 (2014)
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sl Western Lagoon ,
faiemge pr TR
Solheimajokull
Bl . gclow6.50 Glacier
Bl 650t0675 H-
B 5751tc7.00
B 7.001to7.25
7.251t07.50
] 7501te7.75
[ ] 7.751t08.00
\ Eastern Lagoon
|
!'.
Fjallgilsa { Proglacial Lake not sampled
[0 MixedZone
e Key Sampling Sites
Jokulsa a Sélheimasandi 0 300 Metres
3km to N1 road bridge I T T T
CAIdz2NBE nommY al Ll 2F LI RAAGNAOdzIAZ2Y
Summer 2013

Lagoon and Riverine spatial distribution shown encompasses data averaged from 37

pH measurements taken across 13 sangplotations between DOY 1283 (2013)
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4.2.5. Electrical Conductivity Characteristics

Electrical Conductivity (EC) is widely used as a surrogate for Total Dissolved Solids
giving a rough measure of total cations/anions. Waters emanating from subglacial
upwellings exhibred the greatest EC values ranging from 122uS/cm to 166 pS/cm,
with an average of 145 uS/cm (1SD=17.27). Lowest EC values for both seasons
found in supraglacial samples with averages of 8 uS/cm (n=2) and 7 uS/cm
(1SD=7.17) for Spring @Bsummer respectively. Seasonal variatiasevident at

the Mixed zone, wheréower EC valuesere associated with summer sampling.
Similar trends also occed in Jokulséargil and Fjallgilsa waters. Supraglacial waters

showed consistency in € values regaitess of season.
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Average Electrical Conductivity uS/cm

1 standard deviation (1SD) in parentheses

Eastern Lagoon

Min= 53 Max= 16n=20

Site Spring 2014 Summer 2013
: 134(14.24) 107(17.05)
Mixed Zone | \jin= 108 Max= 158=18| Min= 80 Max= 135=13
126(11.46) 96 (11.28)
Bridge
Min= 106 Max= 138=7 | Min=85 Max= 114=4
Subglacial 145(17.27)
upwellings Min= 122 Max= 166=6 Not Sampled
98 (27.05) 66 (40.30)

Min= 14 Max= 12&=12

Western Lagoon

138(15.90)

Min= 110 Max= 15%=6

112(11.00)

Min= 97 Max= 122=3

Edge of Ice Site

107(37.08)

Min= 31 Max= 150=13

69(22.50)
Min= 36 Max= 93=5

Supraglacial site . 8 ("')_ _ . ! (7'1_7) _
Min= 4 Max= 1h=2 Min= 2 Max= 22=10
Fallgilsa - 6774 (lslg?i 88=3 | Min= 3gzlv$;>2= 45=2
Wl dzt &t - 917o ﬁ/l(gfzgil‘m:S Min= 526 ?/l(ék): 7n=2
Table4¥ 9f SOGNAROIT O2yRdzO0GA DA (e

Figure 4.12 depicts BCA a G NRA 6 dzi A 2y |

ONR & a

idKS

O«

[
Spring sampling. Highest EC valwese associated with close proximity to subgial

f KSAYI

water sources. This revealeash East/West split in lagoon values, whereby western

lagoon sites exhibitd greater EC values. Localised areas of lowv&i@ found close

to the glacier snout proximal to the discharge of supraglacial streams into the lake.

As indicated in figure 4.13 EC decrehdaring Summer. Similarly, there waa East/
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West split with highesEC values at Western Lagoon sites and prevailing low EC a

the Upper Eastern Lagoon. ECsvpredominantly low along the glacier ice margin.

~

Average ECin pS/em

Below 45.00
45.01 10 60.00
60.01t0 75.00

75.01 10 90.00
90.01 to 105.00

105.01 t0 120.00
120.01 t0 135.00
135.01 t0 150.00

| (BT

e

Jokulsargil

Western Lagoon

Solheimajskull
Glacdier

Eastern Lagoon

a9
Proglacial iake not sampled
Flaligilsd O subglacial upwellings 1 and 2

0 Mixed Zone
fre=] Sand and gravel banks
[ ] Key sampling sites

Jokulss & Sélheimasandi 0 300 meters

3km to N1 road bridge bttt bt

CAddzNBE ndmMHY al Ll 2F 9/ RA&UNRMOGzl A 2
2014

Lagoon and Riverine spatial distribution shown encompasses data averaged from 116

EC measurements taken across 22 sampling locations (excluding Fjallgilsa) between

DOY 11437 (2014)

y
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(o]
5
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o
3

[ ]
Below 45.00

45.01 t0 60.00 .
60.01 to 75.00 & :-.::'1:'{.: G
75.01 t0 90.00 :
90.01 to 105.00

105.01 to 120.00
120.01 to 135.00
135.01 to 150.00 . B

| (BT |

Eastern Lagoon

Fjallgilsa \ D

Progiacial lagoon not sampled
[ ] a Mixed Zone

P Key sampling sites

Jokulsd a Sélheimasandi

3km to N1 road bridge 0 300 Meters

L i ¢ --0-9-4

CA3IdzZNBE nodémoY al Ll 2F 9/ RA&AGNROGdzGAZ2Y | ONJ
Summer 2013

Lagoon andiverine spatial distribution shown encompasses data averaged from 37
EC measurements taken across 13 samplingitota(excluding Fjallgilsd) between

DOY 18503 (2013)
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Discharge is a potential factor influencing EC via dilution effects. Figures 4.14 and
4.15 present time series of average daily wategefrom the IMO Bridge gauging
station alongside EC valuesoeded at the Mixed zone. Durir8pring an inverse
pattern existedwith high EC concentrations corresponding to periods of relatively
lower water stage. A kplot of average watestageand ECfigure4.16) supports this

displaying a negativeon linearrelationship with an Rvalue of 0.59

This negative relationshipebween EC and discharge persistatbughout the
summer season, albeit demonstrating a weaker relationship: (43 as shown in

figure 4.17) than in Spring.
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Figure 4.14: Time series of average watigeand EC during Spring 2014
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Figure 4.15: Time series of average watageand EC during Summer 2013
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Figure 4.16: Bplot of average watestageand EC during Spring 20
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4 .3. Geochemical Parameters

Hydro-glaciology provides physical observations of bulk meltwater characteristics

from small scale daily fluctuations to seasonal and annealds. Hbwever, physical

observation is not sufficient in addressing origins of bulk meltwater run off. Classical
3S20KSYAAUGNE fAY1ISR (2 Az2yh! o gz@REOBFOS | YR
can offer greater insight into contrasting water sources and theirortgnce to bulk

meltwater outflow (Fairchild et al., 1999). The measure ofé&ffectsa rough

estimate of total dissolved solids. Rivers in glaciated catchments usually contain high
concentrations of dissolved ions and suspended sediments. These aretratly

obtained from mechanical weathering at the bed, aerosol deposition at the surface

FYR Ay (GKS dzyAljdzS OF&asS 2F { ftKSAYlI2I {dzZ f =
to geothermal vents. Quick flow waters are ionically dilute whilst delayed diadv

waters routed extensively through the subglacial realm are chemically enriched

(refer to chapter 2.5.1). Therefore, consideration of major ion chemistry can help
O2yaluNIYAYy QOFNARFOAfAGE 2F 41 GSN) 42dzNOSa

4.3.1. Major lon Chemistry of I 4§ SNJ { 2dzNDOSa 4 { ' f KSAYlF 2l ]«

4.3.1.1. Subglacial waters

In line with elevated EC measurements, subglacial upwellings monitored during
spring 2014 provide a concentratedhigh abundance ion sourgas indicated in
appendix 2) Relative catiomnd Sabundances weras follows: N&> C&">Si> Mg’
> K, with observed concentrations ranging from 581480l (1SD= 56.04) to 30.93
umol (1SD= 2.01) n=6 for Nand K respectvely. This exceedechtion
concentrations observed for supraglacial and externadrine waters, indicating
cation acquisition from the subglacial realneightened anion concentrations we
also evident, with relative abundances of HCOCI> S& >F> NQ’, ranging from
1048.89umol (1SD= 145.47) to 0.56no0l (1SD= 0.72) fdHCQ and NQ

respectively. In addition to this low dissolved oxygen concentrations (5 and 6mg/L for
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upwellings 1 and 2 respectively) indicdien acquisition in aub-oxic or potentially

anoxic (low oxygen) weathering environment.

4.3.1.2. Supraglaal waters

Supraglacial waters provide a relatively dilute source component. Springdbapeh
cationand Siconcentrations were in the ordeC&" >Na >Mg’* >K'>Si whilst anions
demonstratel relative abundances of HGOCI>F > S@* >NQ. Summer
supraglacial samples were obtained from three notable sources: free flowing
supraglacial streams situated at low altitudes on the glacier snout; stagnant
supraglaciameltwater pools also located on the glacier snout and a larger high
altitude stream flowig out from Katla 1918 ash deposits with a murky brown
appearance. Highest catimoncentrations during summer wegssociated with
stagnant pooling water, wtst the lowest concentrations werfleund in free flowing
supraglacial sites across the glaciernécross all supraglacial sampling sites,
HCQ wasshown to be the dominant anion with NGnd Fdemonstrating the

lowest abundanced-or more information refer to appendix 2.

4.3.1.3. Waters of external catchment origin

Jokulsargil and Fjallgilséd A 9SNJ 61 G SNE AYRSLISYRSyid 2F Gf
therefore geochemistry reflects this. Seasonal consistency of most relativm catd
anion abundances prevailed both rivers, despite reduced summer ionic

concentrations.

Cationand Sconcentrations forwW | dzf weere NeB-£&" >Si>M§" >K for both
Spring and @mmer (as outlined in appendix 2Jhe dominaoe of Ndin Jokulsargil
waters wa particularly evident during Spring where high values (53amMal)
account for 66% of the totaldse cations. &ative anion concentrations were in the
order: HCQ >CI> S@>F>NQ. Anion concentrationsvere dominated by HCO

and Clwhich constitutel ~97% of the total bulk anion load in Spring and Summer.

90



SQ% demonstratel little seasonal chage with values of 10.58mol (1SD=2.17) and

13.66umolin Spring and Summer respectively.

Relative catiorand Si concentrations for FjallgilsaneeNd > Si > Mg > C&" > K.

Large Spring quantities of Neompared to other ions accoued for 62% @ the total

base cation load in Spring and 60.76% in Summer. Relative Anicentations

were HC@ >CI> S@>F>NQ  HCQ was the dominant anion in Spring and Summer
with values of 386.7@moland 224.2%mol respectively. Cl waalso present in large
amounts, with average Spring values of 205.73 (1SD= 10.47) being the highest CI
O2y OSYuUNI GA2ya I Op&yhdal atek Seafonafityfesefiertéda | | dzt
by lower summertime anion concentrations, with the exception 0f’S€hich

dispays peak &lues during Summer.

4.3.1.4. Mixed Zone

aAlESR %2yS Ol fdSa NBLNB&aSyid (GKS odzZ 1 2dzi ¥
lagoon. This is a combination of subglacial, supraglacial and Jokulsargil waters which
are well mixed upon exiting the lagoon. Mixeah2 relative catiorand Si

abundarces for both Spring and Summer reaas follows: N&> C4"> Si > Mg > K.

Na’ was the dominant cation with average values of 561820l (1SD= 49.49) and
424.23umol (1SD= 84.88) for Spring and Summer respectively. ixoroe of N&

over both seasons aliga with high absolute Naabundances found in subglacial
waters, and ould notbe accounted for by Naoncentrationsn supraglacial run off

or inputs from Jokulséargil."Kvas almost continuous over both seasons witleeage
concentrations of 29.98mol (1SD= 2.49) and 26480l (1SD= 5.06) for Spring and
Summer respectivelfrefer to appendix 2)Relative anion abundances for both

seasons are HGO: Cl>SQ* >F> NQ". HCQ@ was the dominant anion for both

Spring ad Simmer with average concentrations of 892 @mol (1SD= 103.18) and
642.52umol (1SD= 108.11). Again, higltemcentrations wee in line with elevated

levels found irsubglacial waters. Seasonality sueflected by lower summertime
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concentrations of majr anions, withithe exception o8Q%, which demonstrated

peak values during summer almost 3 tintee values observed during Spring.

4.4. Water isotopic analyses of oxygen and deuterium

Isotopic ratios of D/H ant’O/*°0 can offer further insight intwater source. During
Spring 2014 isotopic datarf proglacial sampling sites wepdotted alongside D and

1180 values from the Global Meteoric Water Line (GMWL) and Local Meteoric Water
Line (LMWL) taken from Regkik. Subglacial upwellings weshown to plot at the

lighter end of the isotopic spectruaiisplayedwith 1 **0 values belowd.3: and{D
values below65: . In contrast, supraglacial waters dispgaya heavier isotopic

range above9.0: . Proglacial waters mainly pted between the two end members

suggesting a mixing of water sources.
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GMWL= Global meteoric water line

LMWL= Local meteoric water line (taken from Reykjavik)

For Summer 2013 supraglacially sourced waters displagnongst the heaviest

isotopic signatures, again abov&f): . In comparison, Mied Zone and Middle

Western Lagoon samples exhddgitlighter isotopic signatures (summertime 2013
subglacial upwelling site not accessed directly for sampling). The majority of samples
appeaedto plot beneath the GMWL and LMWL suggesting a localisedheneiat

waslikely associated with summertime evaporative processes.
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GMWL= Global meteoric water line

LMWL= Local meteoric water line (taken from Reykjavik)

1180 andEC data for Spring 2014 reflectedieochemical partitioning between

a2dzNDSa | of 1iAKSalie 19V dzt@fo sigstures vy fBund A I K G S ¢
AY &adzo 3t OALf 61 GSNARZ ¢ KJOfvalugs wiedngvatdrs | Y RN
of supraglacial origin. Lagoon samples f@dtbetween these wo sources. An east

west split wa evident withwestern lagoon waters showing comparable geochemical

signatures to upwelling waters, whilst eastern lagoon samples transiitmvalues
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closer to those demonstrated by supraglacial @at Proximity to source appeared

key to determining Spring hydigeodhemistry.
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Figure 4.20: BLJt 2 (%0 ar#l EC Spring 2014

{ dzY Y $@and EC values are presented below (Figure 4.21). Similarly to Spring,
supraglacial sites represesdl f 26 9/ | yR NB soturdeAHHBeEtEC K S @)
valueswdB | 002 Y LI y A'isigratdrestatitti Kiddeaestern lagoon

and the Mixed Zone. Since western lagoon sites have displayed geochemical

parameters similar to water of subglacial origin this could be indicative of subglacial

flows directed along the western lagoon during suerm
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4 5. Discussion

A50M® 2 0SNJ 42dz2NOS OKIF NI OGSNRAaAGAOaE G { ' tF

Icelandic glacial hydrology possesses a unigue annual cycle linked to seasonal

evolution of the glacial drainage network. During winteonths (NovembeApril)

Icelandic discharge is relatively reduced, ranging from 50 to #@0mith little
GFNAFGA2Y OYNRAGYIFYYyaR GGANI SO Ff®Z mdpc O
associated with alpine glaciers is not always evident in Idelaith year round

RN AYylF3S 2FGSy 20aSNWSR® ¢KAa Aa tA{1Ste |
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the low elevation of each glacier snout. Observations of glacier extents below 100m
a.s.l. show continuous negative mass balances, even during wintethethereby
contributing to a continual supply of low elevatiomeltwater (Bj rnsson and

Palsson, 2008).

During &mmer, heightened snow and ice melt causes peak flow, with up to fivefold
AYONBIFasSa Ay 3t OAFfT NAGSNI RAAZOKEF NBHS 6 YN
bank full discharge at the Bridge gauging station isvexted to be 100n¥s with

peaks occurring in late July (Lawler et al., 1996). Observations of river stage taken

FNRY { ' tKSAYlI 2l {dzA&f Rd2NAYy3I (KAA addzReée O2A
bulk meltwater fluctuations. Low river stage with little 1&tron is shown to prevail

during Spring CLApril-31% May 2014) with average watetageof 396.16cm (1SD=

8.48). During Summer {Dune31% August 2013) greater average wattageof

435.96 (1SD= 15.32) are observed, accompanied by greater variabiliaterstage

Air temperature seems to be a major forcing factor for springtime supraglacial melt,

with positive relationships between air temperature and waseage(R= 0.40).

During Summer, increased volumes of rainfall as precipitation exerdgieri

influence upon water stage measured at the Bridge. Precipitation contributions to

glacial melt are low (observed average summertime energy fluxes of 2.0% and 1.9%

for melt at 211m and 219m respectively (Thosop, unpublished Masters Theksis

suggestig that periodic rainfall influence associated wittsupraglacial runoff and

overland flows. Overall this leads to a switching between increases in discharge

driven by increased air temperatures and increased discharge during cooler periods

driven by inceased rainfall.

LdzfE 1 2dz0Ft 26 FNRY (K Sacpmbindi®@uof dubglitial, dzf £  OF § C
supraglacial and external riverine inputs. The contribution and relative importance of

each of these sources varies seasonally. Subglacial waters are an important
componentof K S { ' f KS A Yiglacialputtfef. BakmbgerMaFonshow

subglacial waterbadlow average temperatures, low average pH and high average
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EC values. In additipgeochemical analysis indicat®é? Y LJ- NI 0 A'@®Sf & f A 3K
signatures suggesting a highiitle source for these waters. This can account for

large quantities of basally derived ions suggesting extensive transit through a

subglacial weathering environment. Seasonal fluctuations in subglacial water delivery

have the potential to influence bulk eftwater quality and quantity, inferring the

essential role glaciers have on hydrological outputs in Iceland.

Supraglacial run off also provides another glacier derived source of meltwater.
Supraglacial waters flowing over the glacier represér reldively pure component

with low average EC values, pH close to neutral and fluctuating average

temperatures linked to seasonal air temperatures (range from 0.30°C (1SD= 0.17) in
Summer to 2.15°C in Spring). During summer large volumes of surface ice melt

leaded to water pooling in old crevasse traces. These stagnant supraglacial waters
exhibited slightly elevated average EC levels, likely linked to in situ acquisition of ions

GA L & dzNF | O Fo andlysié iefledtlioyisisient heavier values for

supragla&ial sites during Summer. Thissweonsistent with a lower altitude source. In
thisindi  yOS (KS KSI @gAfe ONBOGlIaaSR yladNBE 27
2yte t20tAaSR A0S YStiG OFy FSSRPOadaNFI OS

signature to one of a localised isotopically heavy source.

Glacial inputs are notthe onlydeNOS 2 F g+ GSNJ G2 (GKS { ' f KSA)
¢KS { tKSAYlI2I 1dzAf OFGOKYSYd dzlJ 462 GKS . N
of approximately 110k of which only 78km(or 71%) is glacierised (Lawler et al.,

1996). In addition to glacial inpytaon-glacial rivers such as Jokulséargil and Fjallgilsa

Ffaz2 O2yGNARO6dziS (G2 odzZ | ¢ lciitchiNant2)okilsddpli & T NP
provideda relatively warm water source, with elevated pH levels and-mrandje EC

values reflecting acquisition afns from in situ riverine and subaerial weathering

within the Jokulséargil catchment. lons may be supplied by high altitude melting of
Jokulsargilsjokull, however given thghSf S@F A2y G(GKA& & | YAYyA

analysis shows a seasonal transitio? K S ¥azsigiSatides during Summer,
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LRGSYGdALtfte NBTFESOGAYy3a 26 | faAG2RS asSl az
values of summer precipitation. Jokulsargil waters are shown to provide a physically
YR OKSYAOLIff& RAaA&ainaokul. 32 dzZNOS 2F g G§SNJI

celrtftartat Aa FYy20KSN) y2y 3t OALf NAROBSNRAY
Fjallgilsa enters the Bulsaa Solheimasandi approximately 4km from the glacier

snout, therefore does not contribute to hydiynamics within the proglaciédgoon

or at the Mixed Zone but has the potential to influence total bulk meltwater outputs

at the Bridge. Like Rulsargil, Fjallgilais also distinct from the kulsaa

Slheimasandi. Fjallgilsa watewgere relatively warm withpH values close to neutra

EC wa lower than Jkulsargil, and low in comparison to values recorded in the

LINR 3 | OA L £t Povaldeywes simitar thlJkdsS dildnith evident

seasonaliy demonstrated through lightergBing time signatures and heavier

QUmmer values.

Subglacial, supraglacial and external Jokulsargil waters converge in the proglacial
lagoon, which has developed from two proglacial channels in 2009 into the extensive
lagoon present today (Wynn et al., 2015). Prevalence of an East/West division in EC
and! ®h k 48and to a lesser extent pH, gaularly during Spring suggested
proximity to water source is vital in shaping lagoon hydrogeochemistry. Western
hydrogeochemical characteristics shdmany similarities with subglacial waters.

Here it is likelyhat inflow of cold, dense water frotie subglacial portal maintained
integrity as a plume and routes along western lake margins (Carrivick and Tweed,
2013). Contrastingly, Eastern sites (particularly the ugaestern lagoon) displayed
resemblance to supglacial flows, likely reflecting contributions from glacier run off.
These spatial distributions emulate previous proglacial riverine morphology, where
the Eastern River was dominated by waters displaying characteristics similar to
supraglacial flows, wlst the Western River consisted siibglacidoutflow (Tepe and

Bau, 2014). The degree of mixing in the interior of the proglacial lagoon is unknown,
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Mixed Zone representativefdhe culmination of sources to the proglacial lagoon.

45bH P 9@2ftdziAzy 2F (GKS { '  ft KSAYlF 2l {dzZ £ RNJIJ 7

cycle

Field evidence indicatek A4St a2yl tf RS@St2LIYSyd 2F GKS |
drainage system with a restrictexhrly Spring subglacial drainage systwhch

developedinto an extensive Summer hydraulic cmyufration. Initial $ring hydrology
demonstrateda prevalence of increased EC, pH and water temperature across the
proglacial lagoon. In contrast water emergingm subglacial upwellings exhibited
characteristics associated with low velocity passage through a subglacial weathering
environment: increased EC particularly linked to heightened acquisition of basally

derived ions such as €aNa"and HC@ and reductons in water temperaturepH

values were unusually low. y | R RO EL® lyies of subglacial watevgere

FY2zy3ad G0KS ftA3IKGSAaG aArayl §dzZNBa I ONR&daa UK
isotopically distinct nature of these reflects fractionation driven by altitude effects,
GKSNBoe Aazi2omodlf asSavKISNBAIINET SNBY GAL Tt e
' aO0SYRAY 3 | ANFOHGswrdture énched i yha lightéfQH,0

isotope. Isotopic distinction found in subglacial waters cdadereflected a higher

altitude source of waterlikely met from above the snowline. These physically

distinct characteristics refleetl the early season development of the drainage

system; where newlgstablished subglacial plumes didt have the sufficient

meltwater volume to exert considerable influence assdthe entire proglacial area.

Instead, proxinty to subglacial sources becaraalefinitive factor in determining

water hydrogeochemistry with localised reduots in pH alongside increasé«

close to areas of upwelling water. Linkages betweaiter stageand air

temperature, irdicatedthat early Spring meltwater outflow weadominated by

surficial melt. Reinforcing that at this stage subglacial upwelling weaasr

superseded by continual localised supraglacial melt drainage beneath the lower

reaches ofhe glacier tongue.
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This wa in contrast with @mmer season hydrological configuration where extensive
channelized subglacial drage rapidly conveyenheltwaters with limited rock:

water contact timesyhich reduced ion acquisition and resultedan oveall

reduction in EC across the lagoon. A breakdown in the relationship between air
temperatue and waterstagedemonstratedother factors influencing meltwater
generation. This can be somewhat accounted for by precipitation events, however
overall energy hlance modelling has shown these to have limited impact on
meltwater drainage inthe Joklls + { ' €t KSAYlF al yRA O6¢K2YLAZ2Y?
Thesis). Instead, notable increases in wataigecan be attributed to basal melting
and release of subglacially stored water during hydraulic expansion. This supplies
large volumes of subglacial meltwaterthe proglacial lagoon via multiple subglacial

openings beneath the lake surface.

FA&SR dzll2y (GKAa AG O2dAZ R 6S GK2dzAKG GKI G
theory with respect to the drainage systemAlpine glaciers. However,
{ ' f KSA Yrbgkatid rdeltviaters exhitet some distinctive peculiarities.
Indicators of anoxia iBummer subglacial meltwaters (this study and Wynnlet a
2015) alongside reduction pH sugge®d seasonal connectivity to subglacial
geothermal areas, with the potgial to perturb hydrogeochemistry (explored in
Chapter 5)In addition previous identification o216 NB R2 E ®@gdsniidza 2 F
adzYYSNIJ aSt azy 4| lbeSnsjdkull Ribglakisl fregirdwail dddS with
ideas of classical drainage theory where waters would flow at low pressures in well
aerated summer channels (Wynn et al., 2015). Without invplkixtensive cavity
drainage throughout the duration of the summer, the only possible cause of summer
season anoxia must be associated with the injection of hydrothermally altered
waters.Furthermore existinganalysis of blk meltwater components supportea
leakage of geothermal fluids into subglacial drainage facilitated by hydraulic
configuration during the melt season. Increases i8,F6@ alongside decreases in
pH have been linked to major geothermal fluid injections caused by seismic
disturbance (awler et al., 1996; Wynn et al., 2015). This geothermally perturbed
aeaidsSy O2yGNAodziSa G2 GKS odz 1 YStdasol GSNJ
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and likely has an extensive impact on glacial carbon cycling via unique reversed
seasonal redox condins and exclusive glacier hydrolegyicano interactionsThe
remainder of this thesis will now explore carbon cycling and hydrological system

behaviour in light of this adapted model of glacial drainage.

4.6. Summary

1. Meteorological conditions prevalemt i { ' f K Svaretépeseitatibyf
colder, drier conditions during Spring and warmer, wetter conditions during
Summer. This influendedischarge dynamics, with Spring runoff associated
with temperature induced melt. The Summer breakdown in temperature
forced meltwater generationauld notfully be accounted for by periodic

precipitation events, suggesting other factors influencing meltwater outflow.

2. ¢KSNBE IINBE GKNBS ARSYUGATASR az2dz2NOSa 27
Subglacially conveyed watersoprded a high EC source dominated by
crustally derived chemical species providing evidence of salaglehemical
weathering. This wa&iaccompanied by low pH, low temperature and light
isotopic signatures indicative of a higher altitude snowmelt sourceorty,
supraglacial sources providevaters with low EC, low temperatures, neutral
pH and heavier isotopic signatures from localised ice melt on the glacier
snout. Finally, waters of external sourggginssuch as Fjallgilsa and
Jokulsargil delivexd waters with a midrange EC indicative of sub aerial and in

channel weathering, higher temperatures and neutral pH.

3. These three sources contribute to drainage and bulk outputs from the
{ "t KSAYlF2!] {dzft OF GOKYSY (@ lindpart8ndeS NJ (0 K S
of each source varieseasonally and spatially according to the development

of the subglacial drainage network.

4, During early Spring, subglacial drainagas poorly developed and proglacial

meltwater is dominated by continual low level melt.
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Summertime observations of lower pH, lower temperatures and prevalence
2F t A%DK,0SgNatures across the proglacial lagdofered great

inputs of subglacial waters. Bhvas linked to seasonal head ward expansion
of the arborescent drainage system. Hydrochemical indicators such as
increased S§3 (Lawler et al., 1996) and decreased pH, alongside evidence of
summer seasonraoxia (Wynn et al., 2015) suggestegdraulic expansion

into zones of geothermal activity and subsequent release of geothermally

altered waters.

Unique redox status and geothermal perturbations resulting from subglacial
volcanism, likely exert a signifidainfluence on carbon cycling within the
{ tKSAYlF 21 1dzAf OFGOKYSydGsz RAOGIGSR

expansion which will be further explored
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5. Sources, Supply and Dynamics of Total Dissolved Inorganic Carbon at
{ "t KSAYLl 2l | dzf f

5.1. htroduction

Weathering mechanisms offer the potential to liberate large quantities of total
dissolved inorganic carbon (TDIC) from bedrock, fundamentally contributing to global
carbon cycling. Basalt in particular provides a major source of dissolved golut

both glacial and nowglacial rivers (Georg et al., 2007). Basalt weathering may
disproportionately contribute to long term carbon cycling. Basalt contains calcium
bearing silicate minerals such as calcic plagioclase feldspars, which are susceptible to
rapid dissolution. Weathering of these primary silicate minerals consumes protons,
usually supplied by atmospher@Q and releases cations, driving increased pH and
alkalinity (Daval et al., 2009). This constitutes a large carbon sink through the
drawdown of atmospheric COBased upon this, it can be thought that basalts

provide a key feedback loop in regulating atmosph&g (Jacobson et al., 2015;

Georg et al., 2007). Basaltic terrain encompasses only around 4.6% of the continental
silicate surfacer@a, yet may constitute around 30 to 35% of the glab&)

consumption flux (Dessert et al., 2003; Duval et al., 2009; Jacobson et al., 2015).

The nature of Icelandic basalt weathering is more complex. Icelandic basalt also

contains secondary @aearingminerals such as Icelandic Spar, produced during

hydrothermal alteration processes (Jacobson et al., 2015)CTthencapsulated

during hydrothermal calcite formation originates from the mantle, which upon

liberation supplies a neatmosphericCQ source.Ultimately, this has the potential

to perturb the perceived capability of basalt weathering @@ sink (Jacobson et

al,2015)! OARAO YR o0lalfadAO NROl& R2YAYIL UGS GF
1983). However, the chemical composition of glaciak iméltwaters at

{ " tKSAYlF2I] {dzft NBGSIFfa OFNb2ylFiS t2F RSR Y
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al., 1996) Whilst thissource of TDIC 4§t ' f K S A Yids greviowy heeattributed
to the dissolution ofvolcanicCQ beneath the glacier(Lawler et &, 1996) more
recentlythe geochemistry of Icelandic rivers has been found to reféawixing of
TDIC sourcesom weathering of basakilicate mineraland hydrothermal calcites,
with the majority of TDIGh Icelandic rivers originating from hydrotheal calcite

sources (Jacobson et al., 2015).

Recognition of a carbonate component present wittiie{ ' t K S A gdoldgy | dzf f
(Gristwood, unpublished masters thesis) now highlights the importance of
KERNRUKSNYIFE OFtOAGS Fa + ¢5L/ &a2dz2NOS (2
complexities of subglacial geothermal degassing and meltwater interacteonsféer

I dzyAljdzS 6SIFGKSNAY3 A0Sy NA2 gKSNBoe { fK
which mantle derivedCQ is transported to the proglacial realm, where it exchanges

with the atmosphere. In order to fully explore this distinctive mode of subdlacia

carbon cycling, this chapter presents major ion data alongside concentrations and
Aaz2i21L3Sa 2F OFNb2y &aLISOASaAa gAGKAY GKS WI
(using the methods outlined in sections 3.4 and 3/)alysis will be used to

provenance t’s &2 dzNOS> adzllll & FyR GNIYyaFSNI 2F ¢5
hydrothermal calcite and subglacial geothermal activity in contributing to the carbon
dynamics a{ ' f K S A Will f8r ] fixfus of this chapter.

5.2. Results: mjor ion analysis to igntify potential sources of TDIC in the
{ "t KSAYlL 2l {dzf t &adzo3tl OALFLf NBIfY

Solute acquisition in the subglacial realm of temperate and polythermal glaciers is
most commonly associated with chemical weathering of freshly comminuted rock
flour supplied by basarosion. This provides subglacial waters with a unique
chemical composition dominated by crustally derived ions. The analysis of the
relative abundances (ratios) of these ions can help elucidate if TDIC is of primary

silicate mineral or hydrothermal cateiorigin.
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5.2.1. Ratios of C&" Si as an indicator of TDIC origin

In order to evaluate the dissolution of basalts during chemical weathering and
therefore attempt to distinguish between TDIC sources, it is commonplace to begin
with the relative abundaces of C&: Si, as silica and calcium are the most abundant
cations in basalt. Additionally, mobilities of silica and calcium during weathering are
similar, therefore constant G4 Si ratios in bulk meltwaters are representative of a
consistent basaltimineral source. Any large perturbations in the8&i ratio may

be indicative of periodic contributions from areas draining rocks which are not purely
basaltic e.g. containing a hydrothermal calcite component, particularly if ratios
increase due to Gaenrichment of waters. Furthermore, if silicate weathering is low,

then Si concentrationsupplied by dissolutiowill be low (Yde et al., 2012).

This may be complicated by secondary mineral precipitation (Crompton et al., 2015).
Precipitationof Si carbe associated with adsorption of Si onto theface d clay

LI NOAOf Sad | 26SOSNE GKAA YIAppeydxk8d oS | LI A
indicates consistent inteseasonal Si fluxes between subglacial, proglacial and-extra
glacialwaters, despite differing weathering conditiorfaurthermore, adsorption of
cations onto mineral surfaces is amplified by increasing pH (Crompton et al., 2015).
Unusually low pH values found in subglacial waters (springtime average of 6.66,
standard devition 0.25) woultherefore be a limiting factor affectinghineral

precipitation Given that Icelandic basalts are known to contain disseminated calcites
(Jacobson et al., 2015) and a carbonate component has been identified at

{ "t KSAYIl 2l | dzft t = cdJSindlioszakive larde sttEibutadyfo (i K S

changes irC&" and not redutions in Si due tenineralprecipitation.

During Spring 2014 average?€&i molar ratios for glacial meltwaters raugeom

1.69 (1SD= 0.13) at the Mixed Zone to 1qQi6&)in supraglacial waters. Average

C&™ Si molar ratios in Summer 2013 raddgem 1.42 (1SD= 0.18) at the Bridge to

1.93 (1SD=0.04) at Western Lagoon sites. With exception of the Mixed Zone, average

Summer ratiosvere slightly lower, largely caused by decreases ifi @aundance
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(Appendix2). Given that Silica and Calcium exhibit Emabundances and mobilities
within basaltic minerals, ratios of 1:1 can be expectecctorgruentsilicate mineral
weathering in line with the composition of the weathering product. Ratios greater
than 1 wee indicative of greater Gaacquisition, refécting non basaltic &
sources. Standard deviation values indick$easonal overlap between Spring and
Summer, reinforcing the potential for a consistent source of silica draining from a

basaltic rich terrain, with additional calcium inputs.

AverageCa™: Si Molar Ratio
1 dandarddeviation (1SD) is in
parentheses
Location Spring 2014 Summer 2013
Mixed Zone 1.69 (0.13n=14 1.69 (0.25n=12
Bridge 2.04 (0.53n=6 1.42 (0.18n=4
Subglacial upwellings 2.09 (0.36n=6 Not sampled
Eastern Lagoon 2.08 (0.31n=16 1.75 (0.43n=10
Western Lagoon 2.61 (0.17n=6 1.93 (0.04n=3
Edge of Ice Sites 2.05 (0.60n=7 1.91 (0.47n=4
Supraglacial sites MAdcp=20X mM>dc m=4 X
W {dzf at NBA{ 1.00(0.28n=6 0.81 (0.38n=4

Table5.1: C&": Si Molar ratios for Spring 2014 waters in comparison to Summer

2013.

5.2.2. Using C&": Mg’ ratios to identify basalt mineral anchydrothermal calcite

weathering

Ca%": M¢f* ratios offer an indication as to whether solutes are obtained through
weathering of primary basaltic minerals or trace carbonates contained within as

hydrothermal calcites. G& Mg™* molar ratios of basaltic rocks have been found to
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range from 09-3 (Georg et al., 2007). Highest ratios are representative of inputs
from hydrothermal calcites which are enriched irfGalative to Md". Lower ratios
have been associated with weathering of primary minerals such as plagioclase and
olivine found withih mafic basalts. These tend to be compositionally rich iA*sigd

C&*which weather congruently (Georg et al., 2007).

{ "t KSAYLIl 21 | dzf fall abtioefufper ¥r8l bf the CGaiVeNdEtios outlined

above, suggesting a potential hydrothermal dalsource. During Spring, average

glacial meltwater Cd: M¢?* ratios rangel from 2.02 (1SD=0.06) at the Mixed Zone to

8.83 in supraglacial aters. Subglacial waters supportad average value of 2.13

(1SD= 0.13). During Summer, average:Gag™ ratioswere mostly higherAverage

Cca" Md**rangedfrom 3.19 (1SD= 0.18) at the Bridge to 4.42 (1SD= 2.70) in

ddzLINT 3€ I OALf gk GSNER® W {ddrnsisteNfoivdr ratioy’ R C2 | f

over both seasons.

Average C&: Mg’ molar ratio
1 standard deviation (19> in
parentheses
Location Spring 2014 Summer 2013
Mixed Zone 2.02 (0.060=14 | 3.41 (0.19n=12
Bridge 2.56 (0.52n=6 | 3.19 (0.18n=4
Subglacial upwellings| 2.13 (0.13n=6 Not sampled
Eastern Lagoon 2.98 (0.23n=16 | 3.49 (0.83n=10
Western Lagoon 2.98 (0.11n=6 | 3.27 (0.02n=3
Edge of Ice Sites 2.48 (0.55n=7 | 3.59 (0.21n=4
Supraglacial sites y @y on=2 X 4.42 (2.70) n=4
W 1dzf at NBA{ 1.21(0.23n=6 | 1.55 (0.29n=4

Table 5.2C&" Mg?* molar ratios of bulk meltwaters in the proglacial zone
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Figure5.1demonstrates two distinct water types when plotted as ghit of C&"

and Md* concentration. Most data ploted along a positive linear trend representing
mixing between a low concentration supraglacial end member and high
concentrations of Gdand Md* found in western proglacial lagoon waters (Rlue

of 0.96). A second cluster of data compdsvaters with higher Mg concentrations
Thesewere subglacial water, Mixed Zone samples and some Bridge and Edge of Ice
samples. These still dispkya positive linear relationship between €and Md"* (R
value of 0.71) however average ratios of @dg®* were lower, likely indicating a

slightly greater input of solutes associated with weathering of basaltic minerals.
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Figure5.1: C&*and Md* concentrations for Spring 20tdacial meltvaters
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Figure 5.2 shows th&&*and Md* concentations in Summer also demonstrate

mixing between a dilute supraglacial emgmber and lagoon waters enriched in“Ca

and Md*. This can be expressed by a linear trerfe: R90) similar to that displayed

for the main bulk of lagoon waters during Spring.
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Figure5.2: C&*and Mdf* concentrations for Summer 2048acial meltvaters

5.2.3 Using C&"Na' ratios to exploresilicate, hydrothermal calcite and potential

volcanic volatile componergof TDIC

The abundance of N@an offer insight intsilicate weathering and potential volcanic

components. Glacial and naglacial rivers draining basaltic terrain havé @’

molar ratios ranging from 0.2 to 3.9, linked to the abundance and mobility of these

cations within basalt (Dessert et al., 2008).terms of a rock weathering based
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source, molar G&Na' ratios <1 are indicative of the silicate mineral end member,

whilst >1 inferhydrothermal calcite dissolutio(Oliva et al., 2003).

CE&"*Na'NI GA2a | i Werettkh8 bweéteBd ol quredfC&"Na' ratios for

rivers in basaltic catchments. During Spring, glacial meltwater ratios ddnya

0.34 (1SD =0.02) at the Mixed Zone to A1®82)at supraglacial sites. External

g GSNAR FTNRBY W {dzf &t NHlow ratloy/oRO2T(ESD£ G.0B)A f & 1
During Summer, glacial meltwater:&la’ molar ratioswere slightlyhigher, ranging

from 0.50 (1SD= 0.07) at the Bridge to 2.56 (1SD=1.08) in supraglacial waters. Again
consistently low ratiosvere2 6 a SNIWSR Ay W { tzthafirsdBAE | Yy R
instance, lonC&":Na' ratios appear to be indicative of pure silicate mineral

weathering from the surrounding basaltic terralinked to dissolution of basaltic

glass and the acidic nature of basal#wever, ratios o€&":Si andCa&*":Mg?* only
supportedthis conclusion for the streams of external catchment origin. All other

melt streams within thd ' f K S A ¢dtcBrheht dpfpdaed to support an additional
source ofC&" (likely sourced from dissolution of hydrothermal calcite), at odds with
this lowC&":Na' ratio. This ratio within thd ' f K S A Ynkltatrehnoehuist

therefore represent a mixed swmce origin, with high concentrations bfa’, likely

obtained from geothermal activity masking the hig* sourced from hydrothermal
calcite. In mntrast, supraglacial ratios1demonstrate differing subaerial weathering
processespotentially with a geater input ofC&* from a hydrothermal calcite

dissolution source

111

P
o



Average C&: Na molar ratio
1 standard deviation (1SD) is in

parentheses
Location Spring 2014 Summer 2013
Mixed Zone 0.34 (0.02n=14 | 0.60 (0.09n=12
Bridge 0.45 (0.10n=6 0.50 (0.07n=4

Subglacial upwellingg 0.39 (0.03n=6 Not sampled
Eastern Lagoon 0.42 (0.06n=16 | 0.81 (0.29n=10
Western Lagoon 0.53 (0.03n=6 0.63 (0.00n=3
Edge of Ice Sites 0.40 (0.09n=7 0.65 (0.14n=4
Qupraglacial sites H®n nn=2 X| 2.56 (1.08n=4

Jokulsargil and Fjallgily 0.27 (0.00n=6 0.33 (0.04n=4

Table5.3: C&£*Na" molar ratios of bulk miéwaters in the proglaciatone

Concentrations of Gaand N4 during Spring (figre 5.3 reflecied a mixing between

low concentration supraglacial samples and high concentration western lagoon
samples. Water emanating from subglacial upwellings, Mixed Zone and some Edge of
Ice sanples ploted away from the main positive trengkflecting the lowerratios of

C&*Na'in these environments.
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Figure5.3: C& and N& concentrations for Spring 2014 waters

Linear trend does not include rivers of external catchmegtrgras these do not
NBELINBaSyd ¢SIFOGKSNAY3I Ay GKS { f KSAY

Similarly during Summer, supraglacial sites once again exttibitv concentrations

of C&"and N4. Highest abundancesere associated with Mixed Zone, Bridge and
Middle Eastrn Lagoon Samples. Upper Eastern Lagoon valueseshionic

similarity to supraglacial waters, perhaps indicating localised surficial run off. This
demonstrates a division between sites dominated by subglacial waters and those

influenced by supraglacidbivs.
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Figure5.4: C& and Nd concentrations for Summer 2013 waters

Linear trend does not include rivers of external catchment origin, as these do not
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5.2.4. Summary ofinitial investigationof¢ 5L/ &2 dz2NOSa |d { f KSA

Given the basaltic volcanic geologyloK S { ' €t KSA Yl 21 { dzf £ NXB3,

offer a widespread source of TDIC.

C&" Si ratios indicatedcquisition of Cd in excess of Si, suggestiny a

additionalnon-basaltic source of Gito glacial meltwaters.

Cca" Md** ratios ploted at the upper encbf the rangeassociated with
weathering of basait rocks Since Caand Md" contained within primary
basaltic minerals weather congruently, this relative enrichment éfi€a
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likely indicative of a hydrothermal calcite source of T&iftained withinthe

basalt rocks

4, Molar ratios of C&: Na were at the lower end of the observed range for
weathering in basaltic terrains, proposing a primary basaltic mineral source

for all waters other than those of supraglacial origin.

5.3.Chemical Weathering Mecmasmsof TDIGsupplyl & { ' ft KSA Yl 21 1 dzf f

lonic analysis has shown the potential for primary minerals within basaltic bedrock
(including ahydrothermal calcitecomponent)to act assources of TDIC to the

{ ' fni@jBkull system. Bplots of major ions has shovandivision between dilute
supraglacial waters and more ionically enriched waters conveyed via subglacial
drainage. This suggests that large scale TDIC acquisition occurs in the subglacial
realm, facilitated by widespread subglacial weatheriHgre, atios ofcationsto

TDIC acquired during weatherimgll be used tooffer an insight into dominant

weathering mechanismsupporting thepathways of TDIC acquisitioiefined above

5.3.1. Investigatingthe presence ohydrothermal calciteweathering in the

catchment

In environments dominated by a carbonate bedrock componédrd,relationship
between C&+Mgf* and TDIGhould be present as a 1:1 ratibhis is based on the
assumption of Sharp et al. (1995) that weathering of carbonate minerpfdiss all
crustally sourcedc&+Md’*" and all crustally derived TDIC, as expressed in the

following equation taken from Wynn et al. (2006):

— + 2+
DlC(hydronsis/acid dissolutic)n— Cg crustal T |V|9 crustal

Data presented in figur.5demonstratel a linear relationship étween CA"+Mg*
to TDIC (R= 0.57). Supraglacial sites demonstratedestCa&*+Mg’* and TDIC
values, and subglacial upwellings, Mixed Zone and Bridge sites eghitgthighest

Ca&"+Md** and TDICzoncentrations Evidently siteswhich conveyedneltwater of
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subglacial origin evidenddhe greatest degree afock: watercontact with
weatheringcomponents The linear 1:1 trend betwee@a&+Mg’* and TDIC

represents pure carbonate weathering, however the strong deviation of

{ 't KS A Wates frpndzhid indicate greater amounts of TDIC are acquired than
carbonate weathering can account for. Therefore, the additional TDIC source cannot
be of a pue carbonate (hydrothermal calciteyigin, supportingadditional sources,
potentially basaltic minerals, volcanic fluids or oxidation of organic matter where

redox conditions allow.

y=0.31x+48.47
R*=0.57
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Figure 5.5Biplot of TDIC and combined®a Mdf* concentations for Spring 2014

Linear trend does not include rivers of external catchment origin, as these do not

A

NELINS&ASYd 6SIFOGKSNAYy3I Ay GKS { fKSAY

Summertime Cd+ Md*and TDI®alues also represeatl a linear positive
relationship (Rvalue of 0.82). Agairupraglacial waters tththe lowest CA+Mcf

and TDIC values. Waters which have beeaweged subglacially hadgher
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cd&*+Md*" and TDI€oncentrations. A linear intercept of 23.69, accompanied by an

evident deviance m the 1:1 trend line, i
Cd&"and Md".
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Figure 5.6Biplot of TDIC and combined*Ca M¢* concentrations for Summer 2013

Linear trend does not include riverfsexternal catchment origin, as these do not

NB LINB &Sy

Additional basaltic TDIC components can be estimated using provenance calculations

Sl UOKSNRY3

Ay GKS [

outlined in Hodson et al (2000) whereby 1.58 times the amount of Beltwaters

can offer an estimate of the relative percentage of TDIC supplied from weathering of

Silicates (BasaltHowever, this is onhie basis that weathering here widse same as

the global average and all solute is representative of dissolutiomandubject to

secondary precipitationThe remaining percentage TDIC (calculated by difference)

could besourced from weathering of hydrothermal calcites within the catchment.
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Calculation of TDIC sourced from hydrothermal calcites can be undertakendrased
the assumption that G&Mgf*: TDIG= 1. This allowebdudget closure in slight excess
of measured TDIC noentrations and likely reflectetthe additional source of

Cd*and Md" released during basalt silicate weathering. Percentage contributions
indicaedthat TDI Ay { 't KSA YI 2 largely supp¥es byiwgathariSg\N.A
of hydrothermal calcite (appramately 70 % of TDIC load), with approximately 30 %

Q\

obtained from weathering of basalt minerals (as shown in table 5.4). The

percentages from each TD$Gurcedid vary depending upon the environme

through which the waters hadeen routed apart fromFjallgilséand Jokulsargil

waters which consistently displayed the lowest contribution from a carbonate

weathering component.

Spring2014 Summer2013
Site %TDC from %TDIC from %TDIC from %TDIC from
Silicate Carbonate Silicate Carbonate
Weathering Weathering Weathering Weathering
(Basalt) (Basalt)
Mixed Zone 23.92(1.24) 76.08(1.24) 26.79(2.69) 73.21(2.69)
Min= 21.62 Min= 74.79 Min=21.88 Min=69.30
Max= 25.21 Max= 78.38 Max= 30.70 Max= 78.12
n=13 n=13 n=12 n=12
Bridge 22.43(3.76) 77.57(3.76) 29.93(2.36) 70.07 (2.36)
Min=17.43 Min=72.55 Min= 26.85 Min=67.51
Max= 27.4=6 | Max=82.5h=6 | Max= 32.5(h=4 | Max= 73.15=4
Subglacial 20.80(2.83) 79.20(2.83)
Upwellings Min= 16.20 Min=77.13 Not Sampled
Max= 22.8/h=6 | Max= 83.8(h=6
Edge of Ice 22.13(3.15) 77.87(3.15) 25.15(4.00) 74.85(3.96)
Sites Min= 15.36 Min= 75.04 Min= 18.94 Min=70.13
Max= 24.9=7 | Max= 84.6h=7 | Max= 29.8h=4 | Max= 81.06=4
Eastern 22.37(2.33) 77.63(2.33) 26.49(3.88) 73.51(3.88)
Lagoon Min= 18.28 Min= 73.59 Min= 19.96 Min= 67.00
Max= 26.41 Max= 81.72 Max= 33.00 Max= 80.04
n=16 n=16 n=10 n=10
Western 18.51(0.87) 81.49(0.87) 23.86(0.40) 76.14(0.40)
Lagoon Min= 16.89 Min= 80.60 Min= 23.30 Min=75.76
Max= 19.4h=6 | Max=83.11n=6 | Max= 24.24=3 | Max= 76.7(h=3
Fjallgilsa 35.16(0.24) 64.84(0.24) 48.29(-) Min= 51.71(-) Min=
Min= 34.82 Min= 64.64 47.80 Max= 52.20 Max=
Max= 35.36=3 | Max= 65.1"h=3 48.80n=2 51.20n=2
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Joklsérgil 26.75(0.34) 73. 25(0.34) 32.80(-) Min= 68.87(-) Min=
Min= 26.27 Min= 72.97 29.50 Max= 67.2 Max= 70.5
Max= 27.0n=3 | Max= 73.73=3 31.13n=2 n=2
Supraglacial| 1.46(-) Min=0 98.53(-) 28.38(4.32 71.62(4.32)
Sites Max= 2.9=2 Min= 97.07 Min=2.22 Max5  Min=65.63
Max= 10(n=2 34.38n=4 Max= 77.7&=4

Table 5.4: Spring 2014 and Summer 2013 percentage contributions from silicate and

carbonate weathering

A detailed outline of the data generating these percentages (in equivalent units) an

the adaptation of equations from Hodson et al (2000) can be found in Ap@&ndix

5.3.2. The relative importance of weathering visulphide oxidationand

carbonation

Relationships between TDIC and,Ssfer insight into weathering mechanisn

supplyingS L/ G2 { ' mdtBaterdlde DR &Sy G(KS LI NI y3S
(pH = 6.410.3), mosfTDIGwill exist as HCand potentially some as GO The C

Ratio of Brown et al. (1996) investigates weathering pathway via the following
relationship betweerHCQ and S@ where units of concentration are in

equivalents

HCQ / (HCG@ + S&) (equation 14

A ratio of 1 signifies weathering by carbonation reactiursderstood more widely
to represent a source of protons from any soe other than sulphide oxidation)
whilst a ratio of 0.5 indicates SCD weathering processes (Brown, 2002; Brown et
al., 1996).

The S Ratio (also known as Sulphate Mass Fraction or SMF) used by Tranter et al.

(1997) is indicative of weathering via-8D through the following relationship
SQ?/ (SQ*+ HC@) (equation B)
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A ratio of 0.5where units of concentration are in equivalentsjlicates weathering
proceeds via S@D whilst a ratio of 0 is associated witfotons from alternate

sources fotentially carbonation of carbonates and silicates)

S ratios for Spring and Summer are close to 0, demonstratingatQudsition cannot

be accounted for solely through SCD, but infers acquisition of TDIC via alternative
proton sourcesinter seasonkdifferences highlight a slight summertime increase in S
ratios, particularly in proglacial Waters. Supraglacial and external sources

demonstrde consistency between seasons.

S Ratio (Tranter et al, 1997)
also known as SMF
0.5= S&D
O=Carbonation

Site Spring Summer
Proglacial Waters 0.02 (1SD=0.0142 | 0.08 (1SD= 0.06)=29
Subglacial Waters 0.02 (1SD=0.00)=6 Not Sampled

External Riverine Inputs 0.02 (1SD=0.00)=6 | 0.03 (1SD= 0.00)=4

Supraglacial Inputs 0.01 ¢)n=2 0.01 (1SD= 0.00~4

Table 5.5S ratios for Spring and Sumn{enits of concentration are equivalents)

These low S ratio values support theexrtion that the majority of TDI& acquired

by processes other than SOD. Whilst traditionally assumed to represent

WOI NB2YyFGA2YyQ NBFOGA2YA O00GKS RMNdsaR24Y
source of protons forock weathering, in Iceland, the soge of protons to drive
weathering could be associated with drawdown of atmospherig, Gabglacial

emission of volcanic GQor protons supplied through dissolution of acidic gases
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from subglacial geothermal field&/hen displayed as a-piot of TDIC an&Q’
concentration thidimited role of S@CD as a proton source for TDIC production
manifests itself as a positive linear relationshwith alargepositive intercept.

During Spring, #alues of 0.60 reflect a transition from low TDIC ang SO
concentraion supraglacially sourced waters to relatively higher acquisition at the
Mixed Zone. Waters emanating from subglacial sources plot slightly off this trend,

with highest TDIC values but not the highest 8Gncentrations.
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Figure 5.7 Biplot of TDIC and S®&concentrations for Spring 2014

The red oval outlines subglacial waters, whilst the purple oval represents supraglacial
waters

Large increases in $@uring summer are the main driver of increased S ratios in
proglacial waters. Differeces in S@Q concentration result in two main clusters of

data, outlined by black and red ovals (Fg5.8. The majority of data has $0
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values sub 80mol, placing it within the black cluster. Here, lowest concentrations of
TDIC and SCare found in spraglacial sources whilst highest TDIC and elevatqd SO
concentrations are present in proglacial lagoon and river samples. A weak correlation
exists between these waters represented by &v&ue of 0.48, consistent with a

mixing trend between high rockvater contact and low rock: water contact sources.

A large positive intercept of 237.24 represents a source/supply of TDIC independent
of SQ. Samples within the red cluster also exhibit a positive relationship between
TDIC and SQR valueof 0.88. However, a lower intercept and greater $O

concentrations indicate a periodic influence of sulphide oxidation.
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Figure 5.8Biplot of TDIC and $Oconcentrations for Summer 2013

Supraglacial samples are incorporated in both linear trevesl|
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1. Relationships between TDIC and'GaMd " indicate that hydrothermal
OLt OAGS RAZazfdziAzy OFyyzi az2tsta | 002

proglacial waters.

2. Low S ratios and solute partitioning indicates that large quantities of TDIC are
supplied from hydrothermal calcite weathering with an additional329%6

from silicate sources.

3. Low S ratios suggest D plays a minimal role in the supply of protons for
weathering. Alternative proton sources utilise the drawdown of atmospheric
CQ, volcanic C@njected subglacially, or the dissolution of acidic gases

effusing from subglacial geothermal zones.

4, Based on findings so far TDIC is supplied from basaltic bedootzining
both silicate and hydrothermal calcite mineral$ie contribution of both
minerals to the TDIC pool is approximately: 70 % hydrothermal calcite and 30
% silicate weatherindt isweathered in the subglacial realatilisingprotons
supplied from sarces other than S@D The remainder of this chapter will
attempt to reconcile the potential proton sources and use stable isotopes to

support these preliminary findings.

5.4. pCQas an indicator of subglacial weathering at IBeimajokull

Previous evidence (sectioBs21 to 5.3.3) has suggested production of dissolved
inorganic carbon from basaltic bedrock or accessory hydrothermal calcite by
mechanisms other than SOD. This could be due to carbonation reactions, with CO
obtained from atmospheric, geothermal or even microbial origin, or direct acid

hydrolysis utilising a proton source obtained from low pH geothermal waters.

The partial pressure of meltwat€&Q (pCQ) reflects the rate at whiclCQ diffuses

in/out of a soltion in relation to the chemical weathering environment. When
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compared to atmospheric equilibrium (£§atmosphere$pCQ can offer insight into
weathering dynamics. Deviation from atmospheieQ values indicates
disequilibrium between weathering rasegas exchangand proton supplypCQ
conditions above atmospheraxquilibrium valuesndicates that proton supply
exceeds the rate of consumption a@) diffuses out of solution, making the river a
net source ofCQ. WherepCQ values are lower than atospheric the demand for
protons exceed€Q diffusion and meltwaters become a net sink@® (Singh et al.,
2012).

pPCQ @I f dzSa | i {erdmissHiylalovesatmipstiefiequilibriumindicating

the potential forCQ release from meltwaters in the proglacial zone. Spring
subglacial waters exhilgt highestpCQ values with an average of 1§*(1SD= 0.23)
accompanied ¥ large TDIC concentrations. Little connectivity to the atmosphere can
be expected during early Spring subglacial drainage, inferring a subglacial proton
source. Spraglacially sourced waters varigdpCQ despite having consistent TDIC

concentrations.
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Figure5.9: Relationship between pG@nd TDIC concentrations during Spring.

The dashed line represents atmospheric pCO

SummertimepCQ values werggreater than those observed in Spring, likely due to
the lower pH of summer dischge. Highest values above 1@tmospheres weren
keeping withpCQ values observed in Spring subglacial upwelling waters.
Supraglacial sites and waters of external catchment origin exlibitar
atmospheric or sub atmosphenxCQ values. Where TDIC cmentrations increass,
indicative of subglacial drainageCQ values increade and meltwaters beame a net

source ofCQ.
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Figure5.10:Relationship between pG@nd TDIC concentrations during Summer.

The dashed line represents atmospbgrCQ

5.4.2. Summary of investigation gdCQ @ tf dzSa Ay {  f KSAYIl 21 { dzf f

1. pCQ values of waters conveyed subglacially are abb¥&°® atmospheres
suggesting proton supply exceedprbton consumption during subglacial

weathering hence tle low pH values observed in subglacial waters

2. This disequilibrium prevaileid waters with high TDIC concentrations. Since
ionic analysis atsindicatedhigh solute concentration€hapter 4and
therefore high weathering rates in the subglacial realxgess protons must

originate from a subglacial source.
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5.5.1. Isotopes as Confirmation of TDIC Source and Supply Processes at
{ ftKSAYIl 21 { dzf f

Investigation of TDIC sources and supply mechanisms has suggested a hydrothermal
calcite source alongside contributions frdrasaltic minerals weathered via

carbonation(or proton sources other than SOD)in the subglacial realm.

Confirmation of these sources and processes can be investigated using isotopic

methods. Environmental isotopes offer a unique tracer of TDIC soutean be

dza SR (G2 RAAGAYy3IdZAaK 0SGoeSSy ¢5L/ SyR YSYo

system.

CaCQ@of accessory hydrothermal carbonates can offer a TDIC source, however
Ay@SaaAaardiazy G { ftKSAYlF 2l 1 dzt fenthina f AYAGS
RAAONBGS tfSAaG20SyS 1 @ dzyAla oAGKAY (K
reference to potential accessory calcite. Furthermore, carbonate charged waters

KIS LINBGA2dzate 0SSy ARSYGATFTASR G { fKSA
linked to geothermal degassing (Lawler et al., 1996). However constant background
carbonate has been overlooked. Rocks containing carbonate inclusions are abundant

I ONRPaa (GKS { ' ftKSAYIF2I 1dzff LINRI{IWCOAET E | NBI
-7.61: to+3.3%: with an average 0f0.90: (1SD=2.53, n=27). Carbonate

inclusions have been proven to be in the form of calcite, based on Thermo

Gravimetric Analysis (TGa&)alysigGristwood, unpublished MSc dissertation).

18Cocd £ dzS & | Oéldapkull pibdaSial réafsHowedalues ranging from
-6.85t0-n dnpr HGAGK adzLINF 3fFOALE o6 GSNB SEGSYR
] 2YLI NR &2y 2 7F3¥GpevhleSty offerdhovdehnvironmental isotopic

signatures is presented in figukelld [ A FHAA @Y+ GdzNBa 4 { ' K

(N>

were associated with supraglacial water sources, with seasonal averagesiof c::

and-c dy p:r OmM{ 5l HdPmp L &spebtivelyl TNdclbskly alighRd { dzY Y SN
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with TDIC from atmospheri€Q originsand known calcitezalues Waters emanating
from subglacial sources and progidagoon and river waters had®Grpicvalues
which closely align with signatures found within hydrothermdtitas from the

{ 't KSA Yorefeld. Indmfdition these also fé within the istopic range of
Icelandic rift basalts, further supporting a basaltic source containing accessory
hydrothermal calcites. From isotopic analysis, geothermal supply of TDIC from
Icelandic geothermal fluids cannot be ruled out, however analysis of TDIC {sgeen

contributions (Chapter 3.1) indicatedTDIC can be accounted for by rock

weathering.

Salheimajgkull supraglacial water Summer 2013

Salheimajdkull supraglacizl water Spring 2014
Salheimajakull subglacial water Spring 2014

Salheimajékull praglacial river Summer 2013

Selheimajdkull proglacial river Spring 2014
Solheimajékull proglacial lake Summer 2013
Salhei majMe Spring 2014
Czlcite values from rocks collected across the Sélheimajikull forefield-
patential hydrothermzl caleites (Gristwood, unpublished WMSc Dissartztion).

§*%(y,,; observed in waters doze to Heklz Magma Chamber
(¥jartansdattir, 2005). =

Rift Bazalts in lceland |Kjartansdottir, 2015).
Mantle (Kjartansdattir, 2015).

Icelandic geothermal fluids (Kjzrtansdattir, 2015).

== Carbonate dizsolution

(Wadham et al., 2004)- Carbonate rocks

Atmospheric 00, == [Brunetetal,
(Dizs et al., 2005; Wadham et 2., 2004). 2005; Wadham
etal., 2004).
Calcite Values (Horton et al., 2012)

Subglzcizl microbial DIC signature
Haut Glacier &' Arolla
{Tranter et 2l., 2002)

-15 -13 -11 9 - 5 -3 -1

=

w
wn

BBCe (%)  Solheimajdkull proglacial mel
water TDIC isotopic range

Fgure5.1Y O2 YLJ N& & 2 y & EFande tokri@niisgtope Valueffrdm +

glacial studies

¢CKSNBE INB GKNBS YIAYy AyLdzia 2F 6FGSNI G2 0

supraglacial and waters of external origin. Each dis@ajistinctive isotopic
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signature and varying TDIC conceattons. Supraglacial waters h#tk lowest TDIC
concentrations and the lightest average isotopic signaturepabt c:: A Y -{ LINA Yy 3
cCPyps: OM{5TH®PMP O A Y ubfaz¥ ButsId the systehatiedr NR & 2 y
highest DIC concentrations and also dispdynid-ranget **Grpicaverage values of

0 ®H HSD=0.22). External inputsvarled/ ¢ 5L/ O2y &Svaludd G A2y | )
W {dzf &t NAAf G6KAOK KIFa KSI Rg!l (eSidddogichlly AAy a ¥
light1 BGpevalues ofn ©n 13': A Y -¢ ©INK'Y A V. Fjdlgida Yolich is of

a high grassland origin alsodheelatively low TDIC concentrations and heavier

18¥Gpevalues ofH ®p et Ay {LINAY 3 YR buHOmMH: Ay { dzy"

TDIC values within the proglacial lagoon demonstiae East/West split with higher
TDIGconcentrations at western sampling sites. Averadi€icvalues dichot follow

such a clear split, with variability between sites and seasons. Lagoon outputs
measured at the Mixed Zone indicaktencreases in TDIC concentrations and
enrichment int *Grpcin comparison to lagoon values. Further enrichmenas

evident as water exits the catchment via the Jokulsa & Sdélheimasandi, with heaviest
1 BGrpievalues recorded at the Bridge site.mntrast, TDIC concentrations dit

exhibit significant downstrea changes.
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Site Season TDIC |iMOL) 18G5
Mixed Zone Spring 2014 | 892.07 (107.080=14/-1.22 (0.33n= 1(
Summer 2013 642.52 (108.11p=12| -2.54 (0.21n=7
Bridge Spring 2014 | 863.15 (30.66h=6 -0.5(...) n=2
Summer 2013 627.47 (101.05p=4| -0.45(...) n=2
Subglacial Spring 2014 | 1048.89 (145.47)=6 -3.22 (0.22n=6
upwellings Summer 2013 Not Sampled
Edge of Ice Siteq Spring 2014 | 665.86 (201.16)=7 | -2.99 (0.54n=6
Summer 2013 484.64 (90.94n=4 | -3.96 (0.17n=4
Upper Eastern | Spring 2014 | 545.42 (115.21p=10] -3.68 (0.52n=5
Lagoon Summer 2013 197.30 (171.73)=5 | -3.33 (0.33n=3
Middle Eastern | Spring 2014 | 691.61 (95.53)=4 | -2.22 (0.53n=4
Lagoon Summer 2019 627.94 (132.49)=4 | -2.97(...) n=2
Lower Eastern | Spring 2014 | 694.89 (46.35)=2 | -2.76(...) n=2
Lagoon Summer 2013  555.6(...) n=1 Not Sampled
Upper Western | Spring 2014 | 834.74 (167.189=3 | -3.73(...) n=2
Lagoon Summer 2013 648.05(...) n=2 -1.9(..)n=1
Middle Western | Spring 2014 | 742.96 (13.650=3 | -2.22 (0.50n=3
Lagoon Summer 2013 639.76(...) n=1 -2.6(...)n=1
Fiallgilsa Spring 2014 | 386.78 (56.01p=3 | -2.56(...) n=2
Summer 201y 224.25(..)n=2 | -2.12(...) n=2
Jokullsérgil Spring 2014 | 622.78 (136.250=3 | -4.07(...) n=2
Summer201d 455.95(..)n=2 | -6.7(..)n=2
o Spring 2014 134.39(..)n=2 | -5.76(...) n=2
Supraglacial Siteq
Summer 2014 70.42 (27.14n=4 | -6.85(2.15n=3
Table5.5Y ¢ 5L PCpkiyaRe 210548 | ONRaa GKS { '  t KSAYIl 2

2014 and Summer 2013

BiLJ 2 (i ¥GpRafd TDIC concentration reflext a transition from supraglacial
waters with low TDIC valseand lighter isotopic signatures close to atmospheric, to
KAIKSaid ¢5L/ 02y O0Sy i KCifotopey ia walteys Rero¥szhie S
proglacial lagoon and river. Subglacial waters demonstratslight deviation from
KA & NBY RECgdsignéturés acdmipadibd by high TDIC values. These
G2 SYR YSYOSNE I NB LAG2GIt ASCod KS OKI NI C

signatures evident at the Mixed Zone and Briaggre likely a product of

SY NA

fractionation. Laboratory experiments demonstrate addic fractionation during the

initial stages otalcitedissolution, albeit limited to a 2 per mille enrichment'ic
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over 24 hours (Gristwood, unpublished MSc Dissertation). Similarly Skidmore et al.
(2004) note that carbon fractionation results in aitial enrichment of?C until
equilibrium is achieved. Comparatively lighter isotopic signatures observed in
subglacial waters, alongside above atmosphp@¢€) values maysuggest early stage
carbonate dissolution, where all protons are not utilised aqdilibrium is not
acheved. The geatest enrichment at the Bridge could be representative of the

completion of in stream carbonate reactions and isotopic equilibrium.

1 o
o o
o
° On
- a
o A
3 ©%0
° A
o
[~} A o
X 5
8
&
w
-7
-9
-11
0 200 400 600 800 1000 1200 1400
TDIC (pmOL)
o Mixed Zone O Bridge
¢ Subglacial Upwellings o Upper Eastern Lagoon
o Middle Eastern Lagoon A Lower Eastern Lagoon
o Upper Western Lagoon O Middle Western Lagoon
Edge of Ice Sites < Fjallgilsa
A Jokulsargil © Supraglacial Sites

Figure5.12 BiLJf 2 (°Gradnd TDIC concentratiaturing Spring 204

Subglacial upwelling waters are within the black oval
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Similaty, during Summer 2013 a split svabserved between high and low TDIC
concentrations, accompanied lisotopicS Y NA OKY Sy (i B@uy a i NBIl Y
signatures exhibéd greater fluctuations than S$jmg, with a large variability in

supraglacial samples. Upper Eastern Lagoon meltwaters demortstrétg p,cand

TDIC concentrations similar to those observed in supraglacial waters, reflecting a

heightened importance of these sources during periods témresive surface ruoff.
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Figure 5.13BiLJt 2 ({**Gig@nd TDIC concentratiaturing Summer 2013

The broad range of isotopic values within the proglacial lagoon encomptssse

discharging from the subglacial upwelling and those €08rR ¥ NB Y W | dzf &t NE
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However, supraglacial*Crpicvalues wasutside the range of those in the lagoon,
indicating this source of TDIC to be of minimal impagazin lagoon signatures. There
was progressive enrichment of *Grpicsignatures asneltwaters were conveyed

through the catchment between lagoon and Bridge sampling sites.

Bridge
-0.50%o
n=2

am Mixed Zone
-1.22%e

(150=0.33)
n=10
Western Eastern
Edge of Ice Lagoon Lagoon Sites Fjallgilsa

Sites Sites -2.98%.
_am Subg\ac_lal 2.98%, -2.82%0 (15D=0.81)
, Upwellings {15D=0.54] {15D=0.96) n=11
i n=6 n=s
o 4.00 Jokulsargil

-4.07%0
n=2

Supraglacial Sites
-5.76%
.00 n=2

-7.00
Location

Subglacial upwellings = -3.21%. (15D=0.23) n=6
Fiallgilsd= -2.56%0 n=2

Figure5.14Y |/ K| ylﬁcé{j:— A y | O NBhairaajokuKfBogldcial foreland

during Spring 2014

During Summer, supraglacial sites exibia far larger range of**Grpcvalues, but
remained isotopically distinct from lagoon waters. The range of proglacial lagoon
values refleatd an East/West split between isotopic signatures with heavié¥Ep,c
values found at Wstern sites. Additionally, lighter Eastern Lagaites displagd
similarities to Edge dte Sites. Values found at the Mixeshg represenéd a mix of
East and WSst lagoon values. Siicant downstream enrichment vgaapparent at
the Bridge sampling site consistent with the spring season. Rivemdaflacial

origin appear to have limited influence upon downstreafiCrpicvalues.
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-0.44%- n=2
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-6.85%0
(15D=2.15)
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Fjallgilsa= -2.12%a n=2
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Figure 515Y / K| y'20&c&'s & y I O NBhaimajokuKgBogldcial foreland
during Summer 2013

550H @ { d2Y PEoEY @F5dGA 3L GA2Y 2F { t KSAYIl 2l | dz

1. 1BCock yEEf&aAa 2F { ' fKSippyrtsgniafurdstwhich liey St (G 6 |
within the range of carbon isotope values measured within hydrothermal
Ot OAGSa TF2dzyR | ONR & aforéfiglE Geochdmic& A YI 21 { d
andisotopic evidences therefore consistentvith hydrothermal calcites
beingakeyda 2 dzNOS 2F ¢5L/ + a4 { "  ft KSAYl 2l 1dz £ &

2. Low TDIC abundance in supraglacial waters and isotopic values enric¢i@d in
generate little impact on “*Grpicsignatures in bulk proglacial meltwatetsut
likely originate from kinetic fractionation during tlearly stages of calcite

dissolution, and/or dissolution of atmospheric £d@supraglacial waters

3. 113Grpicenrichments are evident downstream with heaviest values observed
at the Bridge despite little change in TDIC concentration, likely a result of
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isotopic equilibriumbeing approached during carbonate dissolutampCQ

change

560 5Aa0dzaairzy 2F ¢5L/ &a2dz2NOSa 4 { tKSAYI

560M® LRSYGAFeAYy3d LRAISYOGAlIt az2dzaNOSa 2F ¢51

High TDIC concentrations dominate tledige load ofmeltwatera | G { " €t KSA Y 21
This is not uncommon in Iceland, where rivers drain areas of geologically godng
easily weathered volcanic rocks (Flaathen et al., 2009). The geology of Southern
Iceland is dominated by basalts and acidic&olc rocks providing silioas mineral

inputs of major ionsas well as acting as a potential rock source of TDIC (Carswell,
1983; Gislasson et al., 1996; Flaathen et al., 2009). However, basaltic minerals are
not the only source of TDIC to glacial meltera. Hydrothermal calcitenclusions

within basaltic bedrock, and in some cases almost pure hydrothermal calcite rocks
are common in Iceland. These are formed by hydrothermal alteration of basaltic
flows within large volcanic centres such as the Katlahggoal system which
NEaARSa 0SySI (K afssof, R032ADvid t@high stikility &nd ik & G 2
dissolution rates, leaching of disseminated calcite can provide an important TDIC
source (Brown, 2002; Nowak and Hodson, 20E8gn at trace amounts,

hydrothermal calcite inclusions can dominate water chemistry, for example at

Fjallsj kull, Vatnaj kull, where calcite dissolution provides much of the bulk solute

load, despite abundance below@inthe subglacial host rock (Georg et al., 2007).

Despitef A YAUSR NBLR2NIAY3I 2F OFNb2ylFGSa Ay (K¢
geochemicahndisotopic evidence points towards adpthermal calcite TDIC

source.This is supported byigh ratios of C&" Si and C& Mg indicatingelevated

acquisitionof C&" which cannot be accounted for by weathering of primary basaltic

minerals. Mobilities and abundances ofCand Si during basaltic mineral

weathering are similar therefore, weathering of a purely basaltic mineral component

G { ' f KSAY lexpdctedd yield éhstant dvérine €aSi concentrations
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with a ratio of 1, or potentially less for silica rich basalts. Higft Samolar ratios
predominantly above 2 in Spring demonstrata@n basalt mineratontribution of

C&". Furthermore, dumg the summer season, €Mg®" molar ratios in meltwaters
FNRY { tKSAYlI 21l 1dzZff FTNBljdSyite SEOSSR
pure basalt (0.2, 3) (Georg et al., 2007). Basaltic minerals such as Plagioclase and
Olivine are rich in both sand Md’* which have been shown to weather

congruently (Georg et al., 2007) therefore, elevated molar ratios again reflect
increased acquisition of €aGiven that this is not matched by increases irfMg

once again this cannot be accounted for by a basaltimary mineral source.

Potential sources of additional €in riverine run off could be linked to atmospheric
deposition or sourced from trace amounts of hydrothermal calcite within the
subglacial realm (Georg et al., 2007; White, 1999). An atmogpBéi’ sourceis
unlikely to account for the concentrations observed in the glacial meltwaters,
therefore hydrothermal calcites, which are typically enriched if*@elative to Md¢*
and Sgeochemically represent the most likely contribut@iis is notinheard of in
glacial settings with hydrothermal calcite contributions observed as the source of
increased C& Md’* ratios at Kangelussuag, @mand (Wimpenny et al., 2010). This
is further supported by estimation of carbonate and silicate souns#s) equations
from Hodson et al (2000)hese indicate thdarge amounts of proglacial bulk
meltwater TDIC (typically around 75%) are shown to originate from carbonigtely
subglacial hydrothermal calciteghis is an essential component of carbon dyrem
Fd { ' f KS ydvoth@ra] adetitésdre magmatic in origin, meaning that
dissolution of these minerals can ultimately supply mantle derived TDIC to the

atmosphere (Weise et al., 2008; Jacobson et al., 2015).

However, despit€&™:Si andC&™: M¢f* ratios being indicative of a hydrothermal
calcite source, molar ratios @™ Na& fall within the range (0.2 to 3.9) quoted for
rivers drainingoasaltic terrain(Dessert et al., 2003jost meltwater sources at

{ 't KSA ¥up@itQgtMat ratios <lindicative of silicate mineral weathering
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Elevated Naconcentrationghereby appear to be masking this additional source of
Cd"and theC&™": Na' ratio is nota true end member signal, batmixture of

element sourcesPrevious evidence has pointed tavds geothermal fluids as a

source of NaA Yy G KS { ' dydteALeledt 41.d¥D96). Given that

geothermal fluids contain large quantities of Narelation to C&" (Georg et al

2007) low molar ratios could reflect an additional supply of solutesperentially
someTDIC from subgl&él geothermal system$treams of external catchment origin
do not have any geothermal or hydrothermal calcite input and this is clearly reflected

through a pure silicate weathering geochemical signal in all ion ratios studied.

Isotopicratios further sypport a hydrothermal calcite source of TDIC*Grpic

Aa2G2LIA0O @I tdzSa 20aSNIBSR Ay { 't KSAYIl 2l { dz
0K2aS F2dzyR Ay KeRNRBUKSNXIf OFftOAGSa O2ff
forefield(-T ®c m'30 BRp:: 0 ® ¢ KS Y2ad FSIFraAaoftsS a0SylIl N
sources, dominated by hydrothermal calcite contributiomishin weatherable

basaltic bedrocksThis is in keeping with previo@s isotopic geochemistry of

Icelandic waters which has identified mixing of both basaltic mineral and

hydrothermal calcite sowes (Jacobson et al., 2015). The relative contribution of

each of these sources is likely a function of weathering rates governed by rock water
contact times and hydrological configuration, further complicated by geothermal

inputs which offer the potentialo drive a unique subglacial weathering regime.

5.7.2. Identifying weathering Pathwaysf TDIC Supply

Classical drainage theories outline associations between dominant hydraulic
configuration and prevailing weathering mechanism. Conventional systems
demonstrate a dominance of weathering by -80 processes during winter and early
spring when the subglacial hydraulic network is restricted to a distributed cavity
system These cavities are isolated from the atmosphere, allowing little ingress of
atmospherc CQ and usually promoting weathering via €D pathways with

protons sourced from sulphide oxidation and above atmosph®Zi® values
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(Brown, 2002; Wadham et al., 1996). Seasonal evolution of the subglacial drainage
network to a discrete channelized $gm well connected to the atmosphere
encourages the dominance of carbonation reaction mechanisms for driving TDIC
supply.pCQ values reflect this connectivity to the atmosphere, with values expected

to be in equilibrium with or lower than atmosphep€Q.

However, $ 2 OKSYA Ol f S@ARSYy OS T NRlwatdrs'istaiko8ds Y I 21 |
with traditional drainage theories and thus presents a unique TDIC source and supply
scenario.The winter subglacial system is partially connected to the atmosphere and
locally sourced, whereas the summer system expands head wards and supports an
anoxic regne fuelled by geothermal fluid inpuf8Vynn et al., 2015)IDIC source
attribution suggests appramately 70% of inorganic carbon is sourced from
hydrothermal calcite gsolution with the remaining 30 % gained from silicate
weathering. SECD does not serve as a proton source to fuel these weathering
mechanisms and the low oxygen redox status of the waters suggesis @@ being
supplied from the atmosphere&onnectivy to geothermal systems can attempt to
reconcile these discrepancies with subgla€ié} supplied by volcanic/geothermal
activity in the Myrdalsjokull basin potentially acting as proton source for weathering
via carbonation as well asfeasiblesupply oftotal dissolved carbonate (Brown,

2002). The Katla subglacial volcanic system is sensitive to pressure changes
associated with seasonal unloading of the snow pack and subsequent stress
readjustments. This results in a wdlhcumented volcanic history cheaterised by
increased summer volcanism (Albino et al., 2010). Expansion of the summer
arborescent drainage system allows access to these ardasrefised geothermal
activity, as previously recognised highpCQ anoxic waters containing

geothermally deived products, such as;8, S@, pH and total dissolved carbonate
(Lawler et al. 1996; Brown, 2002; Wynn et al., 2015). Enhanced supgmsptbiermal
protons drives vigorous weathering across large areas of the glacier bed, further
enhancingpCQ levelsand maintaining high rates of TDIC supply. Complimentary
isotopic analysis and geochemical evidence sup@ohgdrothermal calcite source

with potential overlap witht **Gipicsignatures observed in Icelandic geothermal
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fluids (Kjartansdttir, 2015). Therére based upon thisTDIC is likely predominantly
sourced from hydrothermal accessory calcite contained within basalts at

{ " f KSA Y| pbtdntaf fér ecomdAryi géothermal inputs.

Weathering of TDIC sources is not solely constrained to the suflgleaim.

Downstream isotopic enrichment of3Grpidin the J kulsaa Slheimasandi river

system provides evidence of proglacial riverine weathering and evolution of TDIC
characteristics. During Spring and Summer average isotopic values of TDIC recorded
at the Bridge monitoring sitare enriched compared to the rest of the catchment,
whilst there is no change in downstrearancentration.Thisdownstream

enrichmentin TDIC isotopess likely associated with isotopic equilibrium being
approached during carb@te dissolution of suspended sediments, and hyporheic
exchange (Skidmore et al., 2004). THacest 1*Grpcvalues close to those associated
with weathering ofcatchment hydrothermal calciteSimilar **Grpicisotopic values
between Spring and Summer suggest this is a process that happens across seasons,
regardless of subglacial hydrology, weatheringchranism or potential geothermal
inputs. Ultimately, TDIC leaving the catchment is not representative of processes
occurring subglacially. As the majority of past geochemical analysis of bulk meltwater
output is recorded at the Bridge site (e.g. Lawlealet 1996; Sigvaldasson, 1963), it is
guestionable how accurately this portrays carbon dynamics within the subglacial
environment. Basalt mineral weathering, and particularly the dissolution of
hydrothermal calcites is essential to the global carbon ciddeobson et al., 2015). In
Iceland magma is considered to be the oGI® source in geothermal systems and
therefore weathering of basalt acts as a mechanism by which mantle deti@edan
interact with the atmosphere (Weise et al., 2008). This meansrtigtwaters in the

{ "t KSAYlF2I {dzf £ LINRBAETI OALFE aeauasSy KI @S

unrecognisednantle derivedcarbon source to the atmosphere.

5.8. Overall summary of TDIC findings

1. Major ion chemistry accompanied by*Crpcisotopic signatures indites the

potential for subglacial TDIC to be sourced from basaltic primary mineral
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components as well as disseminated hydrothermal calcites supplied via
carbonation mechanismghis is supported by equations adapted from
Hodson et al (2000) showing a lar@eound 75%) component of TDIC in
proglacial bulkmeltwaters is derived from carbonates, with the remainder

from silicateslikely subglacial hydrothermal calcites contained within basalt.

Discrepancies arise between traditional theories associated wab@eal
KeERNRBf23& FyR FTAYRAY3Aa-CDrecHanism&shdund | 21 1 d
dominate early season distributed drainage networks, where contact with the
atmosphere is limitedCarbonation reactionshould prevail in the well

oxygenated discrete chametized system associated with summertime

RN} AYylF3S O2yFAIdzNI GA2yd al 22NJ A2y OKSY

reverse trend.

ProglaciapCQ values are above atmospherquilibriumduring both
seasonsValues are particularly high during summer. Thiggests large
guantities of free protons in the subglacial realm. This raises issues as to the
proton source for carbonation, as potentially this could indicate a-non

atmospheric source a€Q.

¢5L/ a2dz2NOS FyR &adzllLi & |G {tharisknfld YI 21 { d
rock/mineral weathering. Subglacial geothermal activity also influences TDIC
ReEYlFYAOad /@0t AO0FE WagSSLIAYy3a 2dziQ 27F
during summer and interactions between hydrology and geothermal proton

sources could drivearbonation supply pathways and incregseQ.

1 13CTD.Cs.ignatures also demonstrate downstreawolutionof carbonates,
providing a bulk **Grpicsignature at the Bridge monitoring site that does not

necessarily reflect the true TDIC dynamics existingeh#h the glacier.

In conclusion, TDIC is reliant upon weathering of hydrothermal calcites with
contributions from primary silicate minerals, both contained within the basalt
bedrock of the catchment. A unique weathering regime prevails, driven by a

subghcial geothermal proton supply.
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6. Provenance and Fate of Dissolved Organic Carbon within the
{ "t KSAYlF 2l 1dzft {eadsSy

6.1. Introduction to dissolved organic carbon and the glacial ecosystem

Glacial environments have been shown to support viable microbial ecosystems. This
ranges from supmlacial communities existing in cryoconite holes and within the
snowpack, to subglacial communities adapted to survive in both oxic and anoxic
areas across the glacier bed (Tranter et al., 2005; Stibal et al., 2010). Previous studies
have provided evidencef viable methanogens in basal sediments of Antarctica, the
Canadian Arctic and Greenland, inferring the presence of a suitable organic carbon
substrate to enable methane production (Boyd et al., 2010; Wadham et al., 2008).
This subglacial organic carb@@C) can be sourced from the supraglacial and

subglacial environment. Supraglacial carbon originates from a variety of inputs
including in situ production in cryoconite holes, aeolian dust deposition and surface

in wash from glacier margins. If hydraulanoectivity allows, supraglacial organic

carbon can be transported as Dissolved Organic Carbon (DOC) or Particulate Organic
Carbon (POC) via moulins and crevasses to the subglacial drainage system where it
can be a notable source of organic carbon for satigl microbial metabolism. In

addition to supraglacial organic carbon, the subglacial realm acquires carbon from in
situ microbial metabolism, and overridden soils, ancient vegetation and bedrock via a
process known as the glacial burial hypothesis (&agk al., 2006; Lafreniére and

Sharp, 2004Zeng 2003).

Carbon sequestered in the subglacial realm catrévesformed and released to
proglacial waters (Singer et al., 2012). Microbes play a vital role in the transformation
of glacial organic carbon tbugh mechanisms of production and consumption
(Dubnick et al., 2010). Processes such as methanogenesis utilise organic carbon
providing a potential source of methane and carbon dioxide to the atmosphere.
Additionally carbon dioxide generated is a sourtaadity for weathering which will

affect solute budgets (Barker et al., 2006).
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Ultimately glacial drainage dictates transport of DOC from supragladad#glacial
sources to the prglacial environment. Recycling of ancient carbon within the
subglacidmicrobial community can export organic carbon which has a unique glacial
signature, distinct from terrestrial riverine export (Bhatia, 2013). Typically
concentrations of DOC are low, usually less than 2ppm, however even in low
amounts this could have iptications for downstream microbial life (Barker et al.,
2009; Singer et al., 2011). Dissolved organic matter and in particular DOC is an
important component of carbon cycling and energy budgets in stream and lake
ecosystems, as well as supplying a sowfoerganic carbon to the oceans (Smart et

al., 1976). However, in spite of the importance of this organic contribution,

investigation of DOC dynamics from glaciated terrain is lacking.

Concentrations and stable isotope analysis of DOC can provide a&lofdymation

on the origin, transfer and transformation of organic matter within glacial systems
(Federherr et al., 2014Abundance of DOC can provide information on glacier

carbon release, although to fully constrain DOC cycling in a glacial environment
including provenance, fate and bioavailability of glacial organic carbon pools
additional analytical techniques to parameterise organic matter are necessary (Wynn
et al., unpublished; Bhatia et al., 2010). Concentration of DOC and its fluorescent
properties can bridge the gap between DOC export, and OC sources (Lafreniére and
Sharp, 2004)This chapter aims to identify and attempt to parameterise organic

c ND2y &2 dzNOS A via BOC{conéertratibng,lisdtopic dabrécteristics and
fluorescent propertiesGiven that chapters 4 and 5 have indicated low subglacial
NER2E O2yRAGAZYyAE 0 { fKSAYlI 21 1dZ s ARSYI

precursorfor exploring potential methanogenesis under anoxic conditions.

620 wSadz Gay 5h/ O2yOSYyiNIdA2ya | ONRPaA&a (K

¢KS {"ftKSAYlF2I 1dzf £ LINRPIEFOALFE | NBF NBOSAC
sources. The catchment itsédf 71% glacierized, meaning a large proportion of DOC

is glacially derived from supraglacial and subglacial water routing. In addition to this,
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to DOC dynamicsintfe’ t KSA Yl 21 {dzZ f LINR3IET | OALFf | NBI @
sources during Summer 2013 is presented in table 6.1. Subglacial upwelling waters

were not directly sampled during this period as summertime expansion of the

subglacial drainage system resultsnjection of waters below the lake surface.

Extensive summer melt reseld in large volumes of water on the glacier surface.

Therefore, supraglacial watevgere partitioned into free flowing efficient surface

channels and stagnant water pools. Furthermaemmer rainfall events resei in

localised overland flows delivering DOC from the progléaiefield. Such flows

were identified on both eastern and western margins, however DOC data reported
wasapplicable to a western overland surface flow. Ovedlamputs presentd the

highest DOC concentrations at 0.91mg/L. Lowest DOC source abundaees

F2dzy R Ay W 1 dzft at NBAf ldydRce@ratibns 6f8.650E+1 6 KA OK
and 0.64mg/L respectively.
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Shl/

Average Dissolved

Site Organic Carbon (DO(
mg/L
. 0.73 (0.15) Min=0.49
Mixed Zone Max= 0.9=4
. 0.53 (-) Min=0.50
Bridge Max=0.551=2

Eastern Lagoon Sites

Upper Eastern Lagoon

0.59 (-) Min=0.49

Max= 0.681=2
. 0.64 (-) Min=-0.40
Middle Eastern Lagoon| Max= -0.87h=2
Lower Eastern Lagoon 0.64 (-) ;m=1

Western Lagoon Sites

Upper Western Lagoon 0.66 (-)n=1
Middle Western Lagoor] 0.67n=1
Edge of Ice Sites
Edge of Ice Site 3 0.62 (-)n=1
Supraglacial Sites
Free Flowing 0.75 (-)n=1

Supraglacial Site

Stagnant Supraglacial

0.68 (-) Min=0.65

Sites Max= 0.7h=2
External Inputs
e 0.64 (-) Min=0.63
Fallgilsa Max=0.72n=2
« .65 (-) Min=10.58
W 1 dz at NH AqMaxz 0.71h=2
Overland Input 0.91(-)n=1

Standard devi

RAAONROdzIAZ2Y AY {
in figure 6.1 (DOC distribution map). Average DOC concentrationsd &oge

Table 6.1DOC cncentration data for Summer 2013

ations are in brackets

f KSAYIl 21 { dz ¢
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0.53mg/L at the Bridge olgt to 0.73 (1SD= 0.19) at the Mixed Zone, reflecting low

differentiation between sampling locations. Localised low DOC concentratiere

observed at the Upper Eastern Lagoon site in close proximity to the glacier margin

with average values of 0.59mg/ALSD= 0.19). Low DOC concentrations predalil

across the proglacial lagoon with a limited range of DOC abundance observed at

{ "t KSAYlF 2l 1dzZ f @
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Low DOC concentrations such as those demonstrated in Su2®iérbulk
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glacial locations are presented in table 6.2. Sub 1ppm concentrations evident at

{ ' f KS Aldre @ keppilz§ with DOC abundances observed across the Gulf of

Alaska and glacier fed Alpine Lakes. The 0.53mg/L and 0.73mg/L range of values
203ASNWSR Ay { tKSAYlF2I {dzAf LINRBITIOALFE YSt
Mendenhall and Sheridaragierized catchments where DOC abundanges 0.7

FYR nocY3aIk|[ NBaALISOGA@Ste o1 22R SG It ®X Hn
abundance across the proglacial area is high in comparison to Alpine glacier fed lakes

at 0.39mg/L (Sommaruga et al., 199B)is reinforces that DOC in glacial

environments is low with litte range.

Dissolved
Study Location Organic Carbon

(mg/L)

Lafreniere and Sharp (2004] Glacial Stream | 0.35 (0.15n=17

Sommaruga et al (1999)

Study of 57 Alpine mountain| Glcier Fed Lake 0.39
lakes
Mendenhall
Hood et al (2009) Catchment 55% 0.7
Gulf of Alaska Drainage Bas| 9lacier cover
incorporating 11 coastal Sheridan
watersheds Catchment 64% 0.6

glacier cover

Table 6.2: DOCcondeNI G A2y & Fd { €t KSAYF2l {ddt Ay

Locations
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this tight isobpic range, there waevidence of smallariatiors between proglacial

waters. Overland waters exhileid amongst the heaviest isotopic values-atn ®y di;: ®
Jokulsargil and Fjallgilsa dispayighter isotopic signatures with values-of m ® p H::

and-m M ®n 13'r NB a LIS OF ALONEE = {10 KsiRes daNdgaifidm «

MAdy dgi: 0 GKS [ 208WOOHA GISNYG RS BBy RIGZ 2 Sa&
Two isotopic trends became apparent. Firstly, theres\aa east/west division in

1 13Gyocsignature, with lighter isotopic values prélmag along the western lagoon

margin and heavier values along teast. Superimposed onto this wadransition

0261 NR& “gS&clsaopiSsihatures with increasing distance from the glacier
Ff2y3 GKS SIadsSNYy Pozadg L ISAaNBAY P tKSAYLEL
within the isotopic range exhibited by C4 photosynthetic pathw@ys to-19:

according to O'leary and Osmond, 1980) L y  O2G/aaN&isiqiraglacial

sediments indicateé C3 carbon source with a range-efdo @ T p=is n & &(Psta

reported in Appendi’). Suspended sediments found in Spring upwelling waters and

at Edge of Ice site 3 during Summer, exlithlt ¥ I NJ Y2 NRCsgnaNk FK SR ¢
MO dcy=c bR Of 2aSNJ G2 GKIFIG 2F 5h/ T2dzy R A
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I JSNI®AS5h/
Site
1 Standard Deviation (1SD) in parentheses
Mixed Zone -11.40(0.15)Min =-11.55 Max=11.16n=4
Bridge -10.91(...)Min=-10.98 Max=10.83n=2
Eastern Lagoon Sites
Upper Eastern Lagoon -11.47(...)Min=-11.83 Max=11.11n=2
Middle Eastern Lagoon -10.97(...)Min=-11.10 Max=10.85n=2
Lower Eastern Lagoon -10.89(...)n=1
Western Lagoon Sites
Upper Western Lagoon -11.17(...) n=1
Middle Western Lagoon -11.72(...) n=1
Edge of Ice Sites
Edge of Ice Site -11.70(...)n=1
Supraglacial Sites
Free Flowing Supraglacial Sit -11.37(...) n=1
Stagnant Supraglacial Sites -11.36(...)Min=-11.38 Max=11.35n=2
External Inputs
Fjallgilsa -11.47(...)Min=-11.53 Max=11.40n=2
W 1dzt at NB 111.52(...)Min=-11.59 Max=11.45n=2
Overland Input 110.89(.) n=1

¢loftS cPdoch HESHNRABLOL AATY I GdzNBa F ONR&a (K

area Summer 2013
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Relationships between*Gyocand DOC abutance are presented in figure 6.Phe
main cluster of datdell within the red oval, demonstrating a weak negative linear
trend represented by an®alue of 0.31. In this instancthe lowest DOC

abundances correspordi (i 2 K S ¥@bssmidures. As DOC concentration
increaselX “@yocisotopes transitiord towards lighter values. Within this main
cluster of data, rivers of external catchment origin gredpogether, as do

supraglacial samples shown by the blue envelope. Larges shibDOC abundance and
isotopic signaturavere observed at the Mixed Zone, representing the variable inputs

from all other upstream sources.

10
10.2
10,4

-10.6
-10.8

y=-1.30% - 10.51
11 R*=10,31

8¢ DOC (%)

11.2

11.4

11.8

-12
i} (i8] 0.2 0.3 0.4 0.5 G 0.7 0.8 0.9 1

DOC Concentration (mgfL)

O Mied Tone & Bridge

Olipper Eastern Lagoon O Middle Eastern Lagoon

& Lower Eastern Lagoon O Upper Wisttern Lagoon
DOmiddie Western Lagoon Edge of Ice 3

A Free Flowing Supraglacial Site & Stagnant Supraglacial Sites
AlGkulsargil O Fyallgilsd

1D Crverland Input

Figure 6.2BiLJf 2 (PG3dBotopic signature and DOC concentration for Summer
2013
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6.4 Disdzi aAz2zy 2F 5h/ O2yOSYyuGNrdGdAz2zya FyR Aazi:

5h/ FodzyRFyOS G { '  tKSAYlF2I1 1dzf RSY2yaiNT
notable clustering of supraglacial and external catchment sites. However, low
concentrations observedat & KSA Yl 21 1 dzf £ | NBS y20G dzyO02YY2
catchments. The presence of a glacier within a watershed alters DOC abundance

dynamics with a negative relationship between glacier coverage and DOC

concentration observed (Hood et al., 2009). The Mendasirdnd Sheridan

catchments which are 55 and 64% glacierized demonstrate DOC concentrations of

0.70 and 0.64mg/L respectively (Hood et al., 2009). This is comparable to average

{ "t KSAYF2I {dzf £ LINBIAEI OALFE 6FGSNI5h/ O2yO0S
0.19) to 0.53mg/L (1SD=0.21) from a catchment which is 71 % glacierized.

1 3Cisotopes of DOC can provide additional information on OC sources and supply

across the proglacial area. Plant derived organic carbon can be termed C3 or C4,
dependentuponphd® a8y G KSGAO LI GKglt & 6hQ[ SINE | YR
LI Fyda RA a&atavalués o @ w3 & A1l K20ko-oNJ:y BIXKAZ B G / n
plants average aroundi o ®p:': g A (0 K ( d6da-0kt o6h gESENRBFI YR
haY2yRI Yohgignattest NBY { ' ft KSAYIl 21 {dzZff | NB FAl
isotopic boundaries of C4 plant derived organic matter sources. However, Iceland is
dominated by C3 vegetation and carbon isotopes found within proglacial sediments
corroborate this. Sediments obtained frosubglacial upwelling water during Spring

Hamn RSYZQallebldtiSde y:': AYRAOFGAY I GKIG GKS
0SySIFGK GKS 3t I OA'&NdrghndBratterfanddikeld eidsedike R A Y
source of the DOC.

Investigation of DOC abundancedaisotopic characteristics during Summer 2013
2FFSNIAYAAIAKG Ayid2 5h/ RAAGNRAROdAzOAZ2Y | YR R
Y RGeDl f dzSa SEKAOAG | GA3IKG NI yIS®oct | NI A G
values and corresponding low/higher aamtrations of DOC exists suggesting

possible mixing between heavy and light isotopic end member components.
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However, data is limited to the Summer 2013 season only and the absence of a
sampled subglacial end member means true parameterisation of DOGesaatrc

{ T KSAYLl 21 | d&hé next stageNSta itvekligatse Sutréscent
propertiesof DOCto help elucidate potentiasources and linkages to hydraulic

connectivity over summer and spring seasons.

6.5. Initial summary of DOC concentrationnal isotopic findings

1. Summer DOC concentrations range from 0.91mg/L to 0.53mg/L. Supraglacial
and external catchment waters display similar DOC concentrations with

proglacial waters on the whole encompassing lower DOC values.

2. 118Gyocvalues range froml0.89to-Mm M T H': = &dz33S&aGA GBS 2F |
Contemporary proglacial sediments contain organic matter of C3 origin,
although sediments transferred from beneath the glacier suspended in the
subglacial waters are much heavier in isotopic compositionli&ety

represent a large proportion of the organic matter in subglacial discharge.

3. I yS3ALGABS NBfI A2y &KAL ¥Chisigndthy 5h/ O2
exists suggestive of a tamomponent end member mixing between

isotopically heavy and light sources of DOC.

660 Cf d2NBAOSYyOS LINBLISNIASA 2F odz {1 YStihgl

The fluaescent properties of Humic and Fuhiice fractions of DOC in proglacial
meltwaters carhelp build on existing understanding of DOC dynamics and offer
greater insight into the ultimate source of organic matter. DOC is dominated by
humic acid and fulviike substances which comprise 50 to 70% of the total
fluorescing DOConcentration (Hood et al., 2003; Lafreniére and Sharp, 2004). The
fluorescent properties of humic and fulvi&e fractions can be used to elucidate

organic matter preenance and fate@oss the prglacial environment. Fluorescence
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of organic compounds is a type of luminescence caused by irradiation of fluorescing
species (fluorophores). When fluorophores transition from an excited to a lower
energy state the relaxing molecules providleofescence characteristics related to

the molecular structure of the DOC within the sample (Barker et al., 2006). The
variable dominance of humic and fulvic acids thereby affects the fluorescence of DOC

in glacial waters (Smart et al., 1976).

Fulvic Emsion peaks can be used to identify microbial and terrestrial sources of
fulviclike materials. Shorter (lower) wavelengths are indicative of fulvic materials
from microbial biopolymers and longer (higher) wavelengths are associated with
terrestrial sourcegBarker et al., 2006). However, distinguishing DOC source using
fulvic emission peak is often complicated by issues of microbial degradation and
structural changes, which have the potential to alter fluorescent properties of this
fraction. Humielike organic matter is generally considered to be more recalcitrant,
yet still diagnostic of source, enabling its use in characterising glacial organic matter
sources (Wynn et al., unpublished). The relationship between hiikeic

fluorescence intensity and DOC aloiance can be displayed in terms of hutike
fluorescence intensity per mg C. It is thought that approaching fluorescence analysis
using this biomarker can elucidate between the age and source of organic matter
(Wynn et al., unpublished). Recalcitrankl @rganic carbon released from

weathering of bedrock and suspended sediment exhibits lower hlikac

fluorescence intensity per mg C, whilst young, labile organic carbon from microbial/
necromass sources displays greater fluorescence intensity. It gittston between

these two carbon pools that constitutes traditional glacial DOC concepts.

6.8. Resultshumict A 1S Tt d2NBaoOSyO0S LISNI Y3a / 27F odz

Fluorescence of glacial waters was condudt@ibwing methods outlined in chapter
3.5.3.Average humidike fluorescence per mg C is displayed in table 6.4. Average
values rangd from 26.62 (1SD= 4.77) in supraglacial sites to 89.£2)(at the

Bridge. Variability washown aross the proglacial lagoon wheEastern lagoon sites
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demonstratedhigh average fluorescence per mg C values of 75.01 (1SD= 14.85)
comparedto lower average valueof 41.36 (n=1) found &Vestern sites. fie Edge of
Ice site exhibitedhe lowest average humilike fluorescence per mg C at 35.15 in
glacial meltwater samples, inferring localised influence of supraglacial run off.
Waters of external catchment origglisplayedsimilar humielike fluorescence per mg
C with averages of 32.57 (n=1) and 31.50 (n=1) for Jokulsargil and Fjallgilsa

respectively.

_ _ Average humidike fluorescence per mg C
Sampling Location
1 Standard Deviation (1SD) is in parenthe

87.10(12.88)
Min= 31.12 Max=206.38=4

Mixed Zone

89.126 X 0
Min= 73.81 Max= 104.44=2

Bridge

75.01(14.85)
Min= 69.01 Max= 95.871=4

Eastern Lagoon

41.360 X 0
Min= 25.86 Max= 56.87=2

Western Lagoon

Edge of Ice Sites 35.150 X0 VYT ™

26.62(4.77)
Min= 21.02 Max= 32.66=3

Supraglacial Sites

_ 32.576 X 0
Jokulsargil
Min= 30.29 Max= 34.88=2
31.500 X 0
Fjallgilsa
Min= 25.91 Max= 37.08=2
Overland Flows 68.770 X0 Yy T ™

Table 6.4Average humidike fluorescence per mg C for Summer 2013
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The Humidike fluoresence intensity per mg C is plotted against Dissolved Organic
carbon data for 2013 in figur@ 3. Glacial meltwaters mainly clusegtwithin the

red oval represented by arf Ralue of 0.41 (including the outlying Western Lagoon
and the Edge of Ice sitestbexcluding the outlined Mixed Zone site). Known DOC
sourceswereidentified and represented by blue and green envelopes. Supraglacial
and waters of external source origin (Jokulsargil and Fjallgilsa) which eldistignin

the blue envelope displag low humic fluorescence intensity per mg C indicative of
an older more recalcitrant carbon source. In contrast, the overland inpuninvihe
green envelope, displayesdightly higher humic fluorescence per mg C indicating a
younger more labile carbon sourde.order to achieve the negative linear trend
observed there must be a three way source mixing with an additional low DOC
source with elevated humilike fluorescence per mg C. Based upon previously
ARSYGAFTASR ¢ GSNJ a2 dzbdu§ito bé Ratefs ofistb@akiaf I 2 1 | dzt
origin. This would infer a youngbié subglacial carbon sourderoximty to DOC
source clearly impartedn influence on DOC abundance and fluorescent properties
with one Western Lagoon site showing similarity to DOC fr@kunldargil and the

Edge of Ice Site plotting amongst the identified supraglacial source envelope.
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Figure 6.3: Bplot of humielike fluorescence per mg C against DOC concentration for

Summer 2013

lylfeara 27T NBHC oD ankhurtike flio@scen& $af mg C
are presented in figure 6.4. The majority of proglacial meltwater samplesglot
along a positive linear trajectory with af ®alue of 0.39 (with exception of the
Mixed Zor outlier which $ excluded). Isotopic mixing wavident between lighter
isotopic values with low humic fluorescence intensity per mg C demonstrated in
supraglacial and external catchment waters and heavier isotopic signatures in
overland flows with incrased humic fluorescence intensity per mg C. Overland
inputs can be discounted as having a large infleemit isotopic composition and
fluorescence pemg C due to their limited discharge and ephemeral nature. This
leaves a high humilike fluorescence pamg C end member of approximately m > =
which could be of summer subglacial origin. However, in the absence of this
subglacial end member and Spring season data, only crude assumptions of DOC

source contribution can be made.

155



250

(]
£
[
5 200
(=8
=
>
c
g 150
=
Q
(8]
o
o
g 100 o
o o
= O iy
iE) o ° o
I= 50 S - NONETI
E ARy } y = 53.66x + 656.44
- v = s | o R?=0.39
0
-11.8 -11.6 -11.4 -11.2 -11 -10.8 -10.6
813C DOC (%o)

0 Mixed Zone 0 Bridge

o Eastern Lagoon o Western Lagoon

A Supraglacial sites ¢ Jokulsargil

A Fjallgilsa o Qverland flow

Figure 6.4: Bplot of humicf A 1 S Tt dz2 NB & O S y* G fot Smthelr 3 /
2013

6.9. Discussion ohumic-like fluorescence per mg C of bulk meltwaters at
{ fKSAYIl 2l { dz f

Discernible seasonal disparities in the fluorescence properties of DOC are not
uncommon in glaail catchments. On a seasonal basis evolution of subglacial
drainage dynamics, changes in supraglacial melt rates and differences in discharge
are likely factors contributing to variability of fluorescence characteristics, linked to
mobilisation and transfieof dissolved organic matter from different pools (Barker et

al., 2009). Current models of glacial carbon dynamics outline two major pools of DOC
to the hydrological system: supraglacial and subglacial. Firstly, supraglacial carbon
pools are traditionallyegarded as a source of predominantly young organic carbon,
derived from fixation ofCQ during photosynthesis and necromass existing within the

supraglacial biome. This can be directly transferred to proglacial meltwaters via
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direct supraglacial run ofgr where seasonal hydraulic coupling allows it be
transferred to the bed (Tranter et al., 2005). Once entering the subglacial realm
supraglacially sourced waters engage with older more recalcitrant carbon pools from
underlying bedrock and glacially oveldien soils providing a mixed meltwater DOC
(Wynn et al., unpublished). This has been shown to be in operation at an Arctic
Glacier (Midtre Lovenbreen; Wynn et al. unpublished) where division exists between
supraglacial samples with greater fluorescencemsity and samples taken from
subglacial/ proglacial riverine environments with organic matter content of lower

fluorescence intensity.

This traditional concept of young supraglacial carbon pools and hydraulic coupling
liberating carbon from older, moreecalcitrant subglacial carbon sources largely

hinges on three main assumptions: 1) that the ultimate source of glacial meltwater is

of supraglacial origin, 2) that there is seasonal snowpack cover supporting

supraglacial microbial life and 3) that bedroglacially overridden carbon are the

dominant sources of subglacial DOC. This classical interpretation of organic carbon

cycling largely overlooks Icelandic glaciers, where basal melting from geothermal

heat sources and hydraulic connectivity to geotheramhes interacts with

hydrochemistry, coupled with continual low level ablation preventing the persistence

2F I AdzNFAOALFE ay2¢LI O1® 'd { 't KSAYLl 2l 1 dz
dynamics is evident. Here, hurdike fluorescence intensity per mgr€veals an

older, more recalcitrant supraglacial DOC origin and the potential for a younger,

subglacial DOC component with greater fluorescence intensity. This is likely a
consequence of a unique hydraulic configuration supporting reverse redox

conditonsh ¢ KS f2¢ RSAOSYyd 2F GKS { ftKSAYlI2I |c
mild maritime climate supports continual low level ablation. This strips the glacier

snout of snow cover, revealing large areas of dead ice, and inhibiting young carbon
production via nicrobial ecosystem functioning. This is particularly notable during

the summer when sampling was undertaken. Exposure of large debris cones

consisting of volcanic ash and bedrock dust liberated by onshore winds from the

large proglaciaforefield ensure darge amount of crustally derived material is
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available for weathering. Supraglacial waters also bear close similarities to Jokulsargil
and Fjallgilsa, in terms of DOC abundance, isotopes and fluorescent properties,
indicating a common DOC source. It isréfore likely a bedrock component

dominates the release of a recalcitrant DOC from the supraglacial environment.

Biplots of humielike fluorescence per mg C and DOC abundance (mg/L) reveal a

missing high fluorescence low mg/L concentration sourcector@ance with

LINSQ@A2dza {y26ft SR3IS 2F gl GSNJ a2dzNOSa | ONR a
outlined in Chapter 4) this is postulated to be a subglacial DOC source. It is believed

that reverse redox conditions facilitated by summertime hydraulic connegtigit

geothermal zones provides a precursor for microbial activity, such as

methanogenesis under low redox conditions. Such anoxic conditions are in keeping

with findings at John Evans Glacier, where release of DOC from sub oxic linked cavity
drainage als@xhibited a strongly microbial signature (Barker et al., 2006). Therefore,
Ftdz2NBAOSYyOS aArayl §dzNFa RdzZNAy3I GKS { ' f KSA
are likely linked to microbial processing of subglacial organic materials under

reducing conditionstahe glacier bed (Lafreaie and Sharp, 2004; Barker et al.,

2006; Bhatia et al., 2010).

hgdSNI £t AdG OFry 0SS RSUSNYAYSR GKIG 5h/ Aa
comparable to DOC concentrations quoted for other glacial catchments. In terms of
humiclike fluorescence per mg C a reverse model of organic carbon cycling is
LINBaSYyGSRX fI NHSteé& AyTtdzsSYyOSR o0& dzyAljdzS K
and reverse seasonal redox status. However on the basis of incomplete evidence,

only limitedcy Of dza A2y a 2y GKS LINR@GSYlFyOS IyR Tl

meltwaters can be made.
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6.11 Summary of humidike fluorescence per mg C analysis

1. 5h/ S@GARSYyd FONRAaa GKS { " ft KSAYl 2l | dz f
fluorescence per mg C.

2. Comparisn against DOC abundance suggests an unidentified end member
component not acknowledged through the data obtained. Based on the
negative linear relationship displayed this must be a low concentration DOC
source with high humitike fluorescence intensitygy mg C.

3.t NEBO@A2dza {y26fSR3IS 2F 41 GSNJ a2dzNOSa | C
suggest this missing end member to be a subglacial DOC origin.

4.2 A0K GKAA AY YAYRIZ YeBudésugdesh SudEnertimé { ' £ K S
reversal in traditional glacial organic carbmodels, with older more
recalcitrant organic carbon found in supraglacial waters and younger, more
labile organic carbon in the subglacial realm.

5. This is likely governed by unique modes of glacial hydrology operating at
{ "t KSAYIl 2l | df t & fualeddbyheay Raitkx@ahsidn df y 2 E A
subglacial drainage into geothermal zones during summer allows subglacial
microbial activity under low redox conditions. This is accompanied by
continual low level ablation inhibiting supraglacial ecosystem functiomind,
an abundance of crustally derived surface material determining a recalcitrant

surface input of low fluorescence per mg DOC.

6.12h @SN £t {dzYYFINE 2F 5h/ ReylFrYAOa |0 {  fF¢

1. 5h/ Aa SOARSYG Ay t2¢ | Y2dzylstrating { f KS
sub-1ppm DOC abundance. Supraglacial and external catchment waters
exhibit higher DOC concentrations, whilst DOC (mg/L) in proglacial lagoon
samples is reduced, inferring a low DOC end member component which
cannot be identified through the databtained. Comparison of humiike
fluorescence per mg C and DOC concentration further supports this additional
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source. Based on previous investigation it is thought that subglacial waters
are likely to constitute a low DOC end member.

If thisiscorrect, K Sy { "t KSAYIl 21 1dzZAf RSY2yaidN) GdSa
cycling with surficial inputs dominated by old, recalcitrant carbon contrasted
with young, labile subglacial carbon, a reversal of traditional concepts of
glacial carbon dynamics. This is likely linkeéxclusive hydraulic

configuration and reverse redox conditions in the subglacial realm, where
summertime connectivity to geothermal zones provides ideal conditions for
low redox microbial functioning. Ultimately, when combined with potential
labile orgamc carbon substrates, it is feasible to consider this a location
conducive to methanogenesis.

Attempts to parameterise the source and supply of this DOC have been made
however, in the absence of Spring concentration and isotope data estimates

of annualcharacteristics of DOC are tentative.
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7.1. Introduction

Methane is an inorganic constituent of the glacier carbon cycle. Within the natural
environment methane is generated by biological and geothermal presegsctive
methanogens have been found to inhabit alpine subglacial sediments (Boyd et al.,
2010). However, tangible data surrounding in situ methane release from
contemporary ice margins is lacking. Icelandic glaciers offer the ideal situation to
study mehanisms of methane formation, as they overlie both organic rich sediments
and active volcanic zonesquiding opportunity for methanogenesis via bacterial and
3S2t23A0 YSIyad { " tKSAYI2l {dzZt Aa |y 2dzif
which is situated over the Katla Volcanic system. Previous discharge chemistry has
indicated the influence of geotheral activity in the subglacial drainage system
(Lawler et al., 1996), signifying the potential for geogenic methane production.
Overlying ice then acts as a cryospheric cap, incubating methane from the
atmosphere. The lonterm presence and stability of thoverlying cap plays a key

role in regulating the release of methane for past, present and future climatic
scenariosThis chapter willdentify the presence of methane discharging from the
subglacial environment, and use stable isotopes to attributdnpatys of formation.

The significance of this source is discussed in the context of global glacier

distribution.

720 wSadz Gay !1jdzS2dza YSOUKFIYyS Ay { ' ftKSAY!Il 2l

7.2.1. Methane concentration distribution across the proglacial area

Methaneconcentrations were obtained through methods outlined in sections 3.47
and 3.55. Understandintipe distribution of methane concentrations across the
proglacial area is essential to identify areas of methane production/supply within the
{ " £ KSA Yl 2nl Metziné codcéniraiidivas not evenly distributed across the

proglacial area. Instead, concentratioras dependent upon location and seasonality
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as well as additional factors such as oxidation and diffusion. Water within the

{ "t KSAYIl 21 1 dzf & from kthie€rkali Srigidis: SD@agi&cial run off,

ddzo 3t F OAlLt RN}IAYIF3S | yR &aAiSa 2F SEGSNYI ¢
Initial Summer 2013 sampling establisHexy locations where methane in water was
monitored, these included the threé | Ay & G SNJ adzLJL)t ASa G2 { f
above and key locations around the proglacial lagoon, the edge of the glacier and the

W 1dzf al + {s5fKSAYI&FYRA® {dzoaSljdzSyid SEGSY
provided further monitoring of these sites andditional locations to provide

O2y OSYuUNY GA2Y RFEGIF FTNRY o ariasSa I ONraa

displayed in figures 7.1 and 7.2 (aqueous methane distribution maps below).

Supraglacial waters demonstrat@egligible amounts of methane irresgtive of
season or location on the glacieburing Spring, concentrations rargyjgom

0.60ppm to 0.89ppm with an average of 0.p0p (1SD= 0.14). Concentrationsree
also low during Summer ranging from 0.28ppm to 0.34ppm. Similarly, sites of
external catciment origin also displad amongst thdowest methane
concentrationsW | dzf &+ NB A fed agerajeSriethandrvaldes.dif 0.61ppm
(1SD= 0.04) and 0.34ppm (n=2) for Spring and Summer respectively. Similarly,
Fjallgilsa waters displag comparable methane concentrations of 0.61ppm (1SD=
0.02) and 0.28ppm (n=2) for SpringdaBummerGiven that these are open channel
systems, operating under oxic conditions it is not surprising methane concentrations
were low, and therefore these can be discredited as potential methane sources.
Subglacialvaters provideal the only significansupply of methane entering the
proglacial lake. During Spring 2014, water was found to be emanating from two

locations on the ice frontal marginspf' £t KSA Yl 21 {dzf t @ aSiKIyS

O«

these upwellings rangkfrom 28.14ppm to 46.05ppm and 26.06 to 48.37ppm for
Upwellings 1 and 2 respectively. From this it can be said that methane oridimate

the subglacial realm.
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During Spring, low averageetane concentrations prevad across many areas of
the proglacial lagoon, xerethe majority of sites displad average values below
S5ppm, however, methane concentrations across the proglacial lagoon during Spring
were not homogeneous. Instead spatialawpsis figure 7.J identifieda division
between Eastern and Western Sampling Sites, whereby highest methane
concentrations occued at western lagoon sites whilst lower concentrations
occured on the east. Proximity to water source clearly influethtiee dispersal of
methane & this time. Most notably, the Upper Westeradioon site hd an average
methane concentration of 12.10ppm (n=2) whilst, low average methane
concentrations of D2ppm (1SD= 0.27) wefound at the upper eastern lagoon in
close proximly to areas of supraglacial run off. Lowest averaglues of 0.60ppm
(1SD= 0.03) we found at western site O, which is an area of water in close
LINPEAYAGE (G2 6KSNB W {dzZ at NBAAf 22Aya

gravel spit.
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Average Methane Concentration (ppm)
Label on Map
1 standard deviation (1SD) is in parenthest
Eastern Lagoon
b 1.03 (0.24) Min= 0.84 Max= 1.36 n=3
c 2.06 (0.70) Min= 0.97 Max= 2.93 n=3
e 5.47 (2.54) Min= 1.93 Ma»8:50 n=4
f 2.36 (1.41) Min= 0.96 Max= 4.69 n=4
h 4.35 (2.08) Min= 1.41 Max= 5.95 n=3
[ 3.46 (1.56) Min= 1.56 Max=5.39 n=3
j 4.01(...)n=1
Western Lagoon
0 0.60 (0.03) Min= 0.57 Max= 0.63 n=3
q 4.17 (2.17) Min= 1.14 Max= 6.10 n=3
S 4.26(...)n=1
J kulsa River

k 2.13 (1.63) Min= 0.94 Max=4.94 n=4
I 3.19(...)n=1
m 3.88(...)n=1
t 5.71 (2.64) Min= 3.83 Max= 9.45 n=3

Edge of Ice Samples
1 2.99 (1.46) Min= 1.04 Max= 4.55 n=4
2 3.09 (0.90) Min= 2.30 Max= 4.54 n=4
5 2.22 (1.45) Min= 0.82 Max=24 n=4
7 1.10 (0.46) Min= 0.74 Max= 1.75 n=3

Table 7.1: Additional average methane concentrations to support Spring sampling

sites displayed in figure 7.1
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Higher methane concentrations prevadlacross the proglacial lagoon during
Summer 2013. Direcseasonal comparison, showedl5 fold increase in average
Summer methane concentrations at the Mixed Zone in comparison to Spring 2014.
Notable localised methane hotspots exdtat various locations, including the Mixed
Zone where methae concentrations reaad as high as 46.26ppm. Subglacial
upwelling water was not apparent at this timé year, although likely emergeidom
beneath the lake water level as indicated by high concentrations of methane
(3941ppm) at the Edge of Ice siteAdditional localised lgh methane
concentrations wee also evident at the middle and lower eastern lagoon and
eastern site K, downstream of the Mixed Zone. Argfdsigh methane
concentrations wee comparable to Spring subglacial samples. Low proglag@bta
methane concentratios weae associated with inputs of supraglacial run off at the
Upper Eastern Lagoon with an average concemrabf 7.34ppm (1SD= 3.41) and
Edge of Ice site 6 with a measured concentration of 7.73ppm. Additionally,
downstream decrases in methane concentiiah were evident with comparatively

lower values recorded at the Bridge site.
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meltwaters

Mixed Zone and Bridge sampling locations are represemtatioulk outflow in the

WI {dzf al + {  ftKSAYlIalyRAZ FyR 02y aSldsSyife
from all identified proglacial sources. Methane delivery from external and

supraglacial watera/as low, therefore methane must be associated with water

supplied from the subglacial system.§lacial inputs to the lake variezh a

seasonal and inter seasonal time scale. Time series of metlemoewtrations from

these sites wee plotted to identify injection of subglacially sourced methane (Figure
7.3).

During Spring Mixed Zone and Bridge locations sltbew average methane
concentrations of 2.14ppm (1SD= 1.01) and 2.30ppm (1SD= 2.37) respectively. From
DOY 128 onwards thergere notable increases in methane concentrations at the
Mixed Zone, reachinggak values of 4.34ppm on DOY 133. Similartyeased

methane concentrations we also observed at the Bridge with peak values of
6.92ppm also evident on DOY 133.
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Figure 7.3: Time series data of daily methane concentrations afliked Zone and

Bridge during Spring 2014

This transition to highemethane concentrations coincidesiith release of subglacial
waters(as shown in figure 7.4providing a high concentration source of methane to
the proglacial area. Subglacial methaneuesl increase from the onset of the
upwelling€bpening, with peak values of 46.05ppm and 48.37ppm on DOY 130 for
upwellings 1 and 2 respectivel@®nce the subglacial portal hagen fully established

methane supply remagd elevated for therest of the sudy period.
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Figure 7.4: Time series data of daily methane concentrations at the Mixed Zone and

Bridge, alongside concentrations from subglacial waters

733Using™Ck 15 A&az2iG21L3548 (G2 ARSyiGATe

Analysis of methaneoncentrationsidentified spatial and seasonal trends in

YSGKIYyS

methane distribution across the proglacial area. Whilst this can provide information

on potential methane sources e.g. subglacialvepings, and associated dispersal

patterns, the actual origin of methane cannot be established through concentration

data alone. Stable Isotopes of Carbon and Hydrdgsrobtained through methods

outlined in section 3.56)rovide natural tracers of methee formation mechanisms

and subsequent chemical and physical fate in the proglacial sy3teene are two

possible origins of natural methane within the' f K S A $yist@m: hedefsurface

microbial gas produced by methanogens present within subglacial substrates and

geogenic methane supplied by the Katla subglacial volcanic system. Each production

pathway offers a unique isotopic fingerprint. In Geogenethane generatiomigher

4 SYLISNI (i dzNB &
50to-H N

| 4a20AF SR 6A0GK KEGCNROI ND2Y

| GHR ~-275 to-m n E(Whiticar et al., 1986)Microbially
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produced gases are enrichediC and'l ¢ AC®Hatound-50to-c n :: | YR 1 5
CHaround-250to-oy ' @ LF FNI OQUA2YyIGA2Y R2Sa y2i 3
(methanotrophy), stable isotopes should be able to distinguish between methane of

a biogenic or geogenic origin.

Extensive momoring during Spring establisbe range of isotopic signatuseacross

the proglacial area which ateINB & Sy i SR A3¢ CHi Ay=TRdzNIBA strdis (16 !
linear correlation eisted between the two isotopes (Rialue=0.80). Lightest*C/

1 BCHvalueswere associated with water eanating from subglacial sources with

113CCH, values ranging frorr69.54 to-p p Py y:'4 5| pfdlues ranging from

322.6t0-0 H N ®o:': ® dskbilaciallietha@eSnithin the realm of bacterial

methane formation. Western Lagoon sampling sites also dieflightt *Ck  CH

values compared to other proglacial lagoon locations. Heaviééx  CHvalues

were found at the Edge of Ice site@°*CCH=-T dco | yR <5 I nrncM®PM
well beyond the bounds ahicrobialor geogenic methane sourcddost proglacial

lagoon sites plded between these two values. Sites of External Catchment Origin
represenedan additiond & 2 dzZNDS Ay (KS {ystenk QidttiMgofe | | dzf f
the main linear trend with average values-46.2 andm ny ®y:1:“CERINJ R 1 5
CH respectively. Whilst these sites offer an external input of water to the

{ 't K S alPgystenh, fsotopic influence wdimited due to the very low

concentrations present in these streams.
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Figure 7.5: Bplot of t '*CCH | y R 4, i8otopes compared to biogenic and

geogenic source signatures

Mixed Zone values exhibéd a large isotopic range betweer*CCH, =-17.93 and
' YR 15 -229 dndeSnity {0 gISISG G Ay 3 € |

isotopic realm of anicrobial methane source. Further investigation of Mixed Zone

nc oo y:: NESt &

time series data of dby isotopic signatures reflectealtemporal shift towards lighter

{BCCHE YR 15 A & 2whizhlaaindidedhitt thizSperiing of subglacial

upwellings.
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Figure 7.6: Bplot of { ®*CCH | y R 4, iSotopeb pre/post injection of subglacial

waters

Establishment of subglacial upwellingas thought tohavetriggered a transition to
lighter isotopic signatures at the Mixed Zone, with an evident split betwpre and
post upwelling isotopes. Upon further analysis of isotopic signatures across the
proglacial area, it besmeclear hat this temporal partitioning waalso evident
across the majority of proglacial lagoon sites. Pre upweliti; CHlisotopicvalues
outlined in the darker blue box, piedt between-T1 ®c o:':-0o Y R KAt a i
values transitioed towards a lighter signaturehich rangedrom -35.58 to-

p oy M : ®@values algoldemonstratea similar trend, with all pre upwelling
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the exception of the Edge of Ice Site 5 and 2 Upper Eastern Lagoon Sites).

values dove-Mmp c P 3 @

7.4.4 Seasonal isotopic trendsomparison to Summer 2013 data

Methane isotopic values for Summer 204 compared to the Spring 2014 season

in Table 7.2. Data for both pre and post emergence of the 2014 subglacial drainage
are presented. Summer season signatusese consistently isotopically enriched in

12C compared to those from the Spring season &ede most closely aligned with

those waters present after the opening of the subglacial portal around DOY 129.

Site Sprlng 2014 pre Sprlng 2014 po_st Summer 2013
subglacial upwelling|subglacial upwelling
Mixed Zone -23.72(4.52) n=8 | -41.01(4.57) n=5 | -49.92(7.31) n=8
Upper Eastem | ,5 94(9.95)n=4 | -37.10(.)n=2 | -51.36(2.55) n=4
Lagoon
Middle Eastern| 31 27292y n=3 | -47.84(.)n=1 |-49.53(10.70) n=4
Lagoon
Eastern Site K B _ _
(River) -30.54(...)n=2 -44.36(...)n=1 -58.61(...)n=1
Bridge -34.41(..)n=1 -38.65(...)n=2 -49.55 (...)n=2
UpperWestermn | 54 35( yn=1 4957(.)n=1 | -56.45(.)n=1
Lagoon
Middle Westem| 54 54( yn=1 51.61(..)n=1 | -56.76(.)n=1
Lagoon
Edge of Ice Site -28.81(...)n=1 Not sampled -56.53 (...)n=1
Subglacial Not Sampled | -59.66(0.15)n=4 | Not Sampled
upwellings
¢lofS TodHY { S| aTL\CHisoto@dY: W NAaz2y 27F

Standard deviations are in parenthesis
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7.4.5. Relationships between concentration and isotopic Signature

The relationship between methane concentrationglasotopes (Figure 7.7) depicted

an asymptoic relationship during Spring 2014. High concentration, isotopically light
methanewhich emanatedrom the subglacial upwelling formexhe end member of

the plot, whilst sites enriched ifC clusteed at much lower concentrations. €h

proglacial lagoon daonstrateda clear division between Eastern and Western

Isotopic Values. > CCH,values on the Eastern Edge of the Lagoon stbaw
concentrations and relatively heavy isotopic signatures, wthilsse on the Western
Lagoon haanuch higher concentrations and a lighter isotopic composition. Sites of
external catchment originlpkulsargil and Fjallgilsdemonstratel slightly different

methane characteristics witlowest CH concentrations (0.58ppm and 0.59ppm) and
mid-range isotopic signatured around-n p:': ® 5 S & LIAsbuBce &RigiFsRHRNB v U
consistency in methane concehtrii A 2 y ¥C Chys®opic signaturein Fjallgilsa

and Jokulsargil weastriking. From this it could be inferred that these parameters are
typical of nondf I OA L f &a0GNBFYa Ay GKS {  ft KSAYl 2l | d:

demonstrating the distinct methane dynamidisplayed in subglacial waters.
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Figure 7.7: BLJt 2 (*C £Hfisotopic signature and GHtoncentration for Spring
2014

/| 2YLI NA&azy 27F { Powalyedandhethine fodréntt&idtds 1

reflecteddistinct seasonality acss the protacial area. The Summer systemswva

swamped by waters containing high concentrations of isotopically light methémee. T
majority of Summer data plottedelow-n p:': YR | 062@S 02y OSy (NI

with no distinct relation between isotopic signae and concentration apparent.
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7.4.6. Determining the flux of methane exiting the glacial catchment

¢2 LIXFOS G4KS NBtSIFHaS 2F YSUKIYyS FNRY { K
inventory,attempts were maddo calculate an annual flux based on meltwater

discharge and concentrations contained within the bulk meltwater channel. Such a
cdculation was difficult to achieve accurately due to poor constraints on the

meltwater discharge at thigte, limited temporal variability in aqueous methane

concentration measurements and poor constraints on the rate of methane

outgassing betweethe point of emergence at subglacial upwellingth@ point of

measurement at the Mixed Zone sampling sBasedon thisan approach to

calculate a range of methane flesusing minimum and maximum dischasgnd
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methane concentrationsias employed{ ' f KSA Y| 21 jmoderite SEKA 6 A (i

discharges all year round as shown in figure 7.9. Yearly (Januanpb2@g&ber

2014) differencesn average monthly water stage w®6.7cm and 73cm for 2013

and 2014 respectively. Previous studies state that winter diggsafor October to

April average around 10 s (Lawler et al., 2003). This ¢orroborated by individual
discharge measurements of 1*st observed on 36 November 1988 (Lawler et

al., 1992). The majority of discharge occurs in the summer monthstyypical

summer melt season flows ranging from 20 to 3bsth(Lawler et al., 2003). Peak run
off occurs in late July with peak flows around DOY 200, however discharge peaks of
90 nt s*have been observed in early August (Lawler et al., 2003; Lawdér 4092).
Bankful discharges are around 108 sioccupying a channel width of about 25m

and depth of 2.5m (Lawler et al., 2003; Lawler et al., 1996; Lawler et al., 1991).
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alongside previously known water discharge parameters

Figure 7.9: Average monthly watstage from January 2013 to December 2014



Methane concentrations pea&kl in waters exiting the doglacial drainage system
which was active between April to September. Prior to the subglacial drainage
sygem opening, methane wastill apparent in the meltwaters, albeit at lower
concentrations. The Mixed Zone svtaken to be representative of bulk meltwaters
exiting the proglacial lagoon, therefore Mixed Zone waters prior to subglacial
upwelling injectionwere thought to represent wintertime drainage conditions.
Therefore, concentrations from the Mixed Zone prior to DOY 129, erage value

of 1.44ppm (1SD=0.33) nweeused to estimate wintertime methane flux.

Calculations based on an average discharge ofi’l§" from October to April and an
average methane concentration of 1.44ppm render a winterime methane flux of 264

tonnes(as outlined in appendix Based on the following equation:

T m oY <O Wi g
oi 6 HoEGRED NI QY p QOGO
YQ0EROOO® YT I

"YQwé & @DiIQE §@i Q¢ Q
[ QOERODO®D &€ 60 & OOT O CRTMO QE G Q¢ Q

a €0 DIQE @I Q¢ Q
[ QO¢& DI §@I "QEXDHD "GP DO d QO

0D N0E MWWINQE @i QEA € U VDINQE @I QeEPOTTT T
D Qe @' LDIQE @i QPR T 6 "QOE NDIME @I Qe Q
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Using a lower discharge estimate of 28 s (equation A) and an average discharge
of 50 n? s* from May to Septéquation B) alongside average summertime methane
concentrations of 33.72ppm from the Mixed Zone produces a summertime methane

flux ranging from 8915 to 22288 tonnbased on the following equation

YQOE € RRI6 G aRNI QEQ
[ BHQVHQANO K £ 60 d GOV ORTM 6 d A RNI Q& Q

@ £0QRiI6EaRNI QUEIMbEE QRIOGa RN QEXDBD "QQ

0Q0t WRI6GGaRPNI QEQN € 0V Qi6 aa DI Qépn i1

DQEe @ XX U QI6aaRNI Qéc ¢ & Qo8 R0 & a NI Q€ Q

0" Q& COBMH L Q1 HIORE Q1§ D G & d MO QoG & Q

0€¢0QIOIDRELEXEVIGMI 6 a aPNI Qe Q
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7.3. Discussion

7.3.1. Sources of methane as indicated by isotopic evidence

Subglacial waters have been shown to deliver large quantities of methane to the

proglacial area. Isotopic investigation of potentab i K yvS &2 &&00HS & dza A y -
I ¥ R CH iSotopes obtaied from Spring samples indicatéitht proglacial isotopic

signatures encompassd both biogenicand geogenic ranges. There is the possbility

that both originswere actively supplying methane to theilsglacial drainage system,

or that isotopic shifts away from the biogenic end member could be due to

fractionation. Potential methane generation mechanisms and oxidation fate of
YSGKFIYS gAGKAY { alfivi&eésiwitthed beledplofechdldn? 3t | OA

7.3.1.1 Biogenic Methane Sources

Water emanating from subglacial sources during Spring 2014 contributes one
Aaz20G2LA 0O Sy R “BvSowmiing pibt2As idén®iediin figure.s, these

subglacial upwellings had an isotopic signature associatédmethane of a

microbial2 NA A Yy = ¢ RAikvalued 8ENIpDS$::+ o m{ 51 ndmpoL | yF
15 -@Fo d1:: OomM{ 5l ndcpvd aAONROAIT YSGKIyYyS
methane production pathway. Two primary metabolic pathways for bacterial
methanogenesis have been identified: reduction of carbon dioxide{@Bl +8€ A

CH +2H0) and fermentation of acetate (conversion of methyl groups tg CH

represented by: C4€O0OW, CH, +CQ) both with differing isotopic signals (Whiticar,

1999; Whiticaretam by c 0 @ Ly (i R3E GHkM Y53 AH&ay20I2 LIAKDS @l f dzS
associated with the suglacial upwellings fall into the range of methanogenesis via

GKS ' OSGIId8S FTSN¥YSyidlidazy LI GKsl &ECYSRAIGSR
values-60to-p /:'s | y-AR0 to+bp ;¢ 10 terrestrial and freshwater

environments the acetoclastic reaction accounts for 70% of methane production

compared to 30% generated via the £&duction pathway (McCalley et al., 2014;
Valentine et al., 2004).
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Acetoclastic production pathways invel microbial transformation of organic
monomers into fatty acid compounds, facilitated by homoacetogenic bacteria. This
precursory stage of methane production generates the necessary carbon and energy
sources to drive methanogenic fermentation processé® dombination of high
agueous methane concentrations and an isotopic signature indicative of bacterial
intervention in subglacial upwelling waters, suggests enhanced methane production
mediated by synergy between homoacetogenic bacteria and methanogehs in
FYy2EAO { ' ft KSAYlL 21 {dzf tf &dzo3fl OAlLf NBIf YD
methane which is of biogenic origimany sites display isotopic signatures which fall
beyond the microbial isotopic range. Such isotopic enrichment likely reflects the
process of methane oxidation (methanotrophy) under aerobic conditions and

associated fractionation along the trajectory depicted in figure 7.6.

7.3.1.2. Potential geogenic methane sources

Given the dominance of a microbial methane source emanating froredterthe
glacier in the subglacial meltwaters, it would seem appropriate to suggest that the
heavy methane isotopes found within the proglacial meltwater area are associated
with fractionation during methanotrophic methane oxidation. However, geogenic
sources of methane support an isotopic signature which overlaps with a
methanotrophic source (Figure 7.5). Interactions between the Katla subglacial
volcanic systenand meltwater in the proglacial area are not uncommon at

{ "t KSA®I @K $ dzZWi | dzaddlhastbeef préviuSIyi sYidwn to convey
geothermally derived ions and has been assigned the local name Fulilaekur (foul
smelling river) linked to the sulphurous odour emitted, mostly during Summer
(Lawler et al., 1996). Similar Sulphurous smells areraleased at Kverkkull

Stream, Northern Vatnakull and Skafta Meltwater River North West Vatriajl|

and linked to meltwater exchange with areas of geothermal activity (Fenn and
Ashwell, 1985; Lawler et al., 1996). The nature of subglacial volcanism at

{ ' f KS A ¥ffer® thq wue situation whereby methane of geogenic origin

cannot be conclusively ruled out.
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7.3.2. Hydraulic configuration as a driving factor of methane source

Synchronicity between subglacial water delivery and increasesarobid methane

concentration show hydrology to be a major contributing factor to methane

ReEYylFYAOA G {  tKSAYI2I 1dzf £ ® | 2 gB@DHNE LINBC

methane during the late Spring 2014 and Summer 2013 persatsodds with
classicaglacier hydrology conceptsraditionally, during the accumulation season

low meltwater fluxes to the glacier bed promotes distributed drainage in a linked
cavity networkor saturation and slow fow through subglacial sedimeigslation

from the atmosphere ppmotes widespread anoxia allowing chemical reduction of
nitrates (Wynn et al., 2007; Ansari et al., 2014), sulphates (Wadham et al., 2004) and
the potential for methane formation by bacterial means (Skidmore et al., 2000).
Wh2NXIfQ | 6f | (iak@ayjhagé \Bould rsyilt irdosiniizihd dor@itions, as
oxic meltwaters flood the subglacial system foraotmgnnelizatiorand transfer of

waters in partially filled conduits undeariable pressureConditions at

{ " tKSAYlI 2l {dzt f R2 ichdl drdlnagé Eordepis. Linve meih&ng a S
concentrations prior to the delivery of subglacial waters, and high summertime
methane concentrations during the prevalence ofrsuertime anoxic conditions

(Wynn et al., 201psuggesh reversal of classiceddox condtions. Bulk meltwater

characteristics, TDIC concentrations and solute flux indicate a three stage seasonal

G N

RSOSt2LIYSyld 2F GKS RNIAYylF3AS 4G4 { tKSAYLl 2l

the subglacial hydraulic network will be explored as a potentiaiedof methane

dynamics.

Bulk meltwaters continually exit the proglacial lagoon via Joku&all@eimasandi

AYLX @8Ay3 &SIFNJI NRdzyR RNIAYlF3ISd ¢KS RSaOSyl

low elevations combined with the mild maritime climate favouearround surface

melt on the lower reaches of the glacier, supporting the maintenance of a localised
channelized drainage configuration well connected to the atmosphere. This system
will convey relatively low volumes of meltwater sourced from both lowai®n

surface melt and from subglacial cavity seepage continuously throughout the winter.

Low methane concentrations exhibited during early Spring, are likely supplied from
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cavity seepage into the localised channel system and oxidized by methanotrophic
microbial assemblages which are thriving in the well aerated channel margins (Dieser
Si ItdX wamnood { dzOK Y S i KFQhRignARdsIgrévaléntD O 2 dzy i

prior to subglacial upwelling opening.

As the subglacial portal opens, large quansitegmicrobialmethane are delivered

from anoxic areas of the bed. This extensive injection of subglacial water with a light
isotopic signature, mixes with existing proglacial lagoon water, overwhelming
previous isotopic signatures and imparting a wideggréransition to lighter

isotopes. Once the subglacial drainage system has been established, expansion
occurs throughout the summetLate Spring isotopic signatures are comparable to

{ dzY Y $ciaHisotopes indicating a prevalent sourcericrobialmethane across
these two seasons. In addition, high concentrations of methane overwhelm the
proglacial area during Summelight isotopic methane signatures with little

evidence of oxidation during the late spring and Summer, are in keeping with
findings linkel to low sulphur redox conditions during Summer seasons (Wynn et al.,
2015) suggesting dominance of widespread anoxia. Two potential processes are
driving Summertime anoxia: drainage of water stored in linked cavities or release of
reduced gases from geathmal zones which generate anoxic meltwaters by utilising

any dissolved oxygen content.

Initial Spring expansion of the drainage system could lead to incorporation of anoxic
methane rich waters from isolated linked cavities that have persisted duringapart
winter shut down. Anoxia could then be maintained by widespread constant purging
of anoxic areas of sediment and pockets of water across the glacier bed in line with
subglacial drainage expansion (Wynn et al., 2006). However, this would require large
scale continual linked cavity drainage to maintain widespread basal anoxia.
Alternatively, release of reduced gases from geothermal zones offer another solution
to summertime anoxia. Expansion of the subglacial drainage systachwards

likely intersectghe Katla geothermal zone at the time of year when seismic activity
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and geothermal processes are at their peak. Two areas of seismic activity have been

identified beneath the Myrdalsjokull ice cap: one in the South East and another in

the South Westnotlf NJ FNRY { 't KSAYlF 21 1dzfEf o[ 6f SNJ Si

highly seasonal in South West Myrdalsjokull, with activity peaking during July

hOG20SNJ 6[F 6t SNI SO I fdX mMddpc T DdzEYdzyRaazy

2000), frequently associatiewith surface melt and seasonal unloading of the
snowpack. Low summertime overburden pressures from snowpack unloadfrg (3

of snowpack melting leads to an estimated seasonal unloading of 0.003MPa
(Enarrsson and Brandsdattir, 20pBave been deemed sitdfent to trigger seismic

and geothermal activity (Pagli and @igndssen, 2008), aociding with drainage
a2aiSY SELIyairzyd {AyOS {  f K &altwatedis | dzf f
able to percolate into the crust below via faults, dykes and fissueaching areas of
geothermal activity (Lawler et al., 1996; Einarrsson and Brandsdéttir, 2000) providing
the opportunity for reduced geothermal gases to utilise any dissolved oxygen

content in meltwaters and transport these constituents towards the iglasnout

dzy RSNJ O2yRAGAR2Yy & 2F | y2EAlL® ¢KAa O0&dftAld
been previously recorded imeltwaterRA & OKIF NHS FTNRBY { f KSAYl 21

hydrochemical perturbations associated with this process recur each summer,
providing pulsesf chemically enriched subglacial water (Lawler et al., 1996). Supply
of water from geothermal areas would promote widespread anoxia across the
subglacial area, even where channelized drainage prevails. This summer season
anoxia enables the continued prodtion of biogenic methane and transport from

beneath the ice mass.

Anoxia driven by geothermal zones could also be accompanied by geogenic methane
release, accounting for enriched isotopic signatures across the proglacial lagoon.
However, methane isotdp signatures of subglacial waters remain firmly in the
biogenic range, likely precluding this possibility. The only way to distinguish between
the biogenic and geogenic sources in a definitive fashion, would be to analyse the
clumped isotopic compositioof methane, addressintfG?H bonding structures

which vary in abundance according to temperature.
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7.3.3. Methane flux comparisons

Flux estimations have provided annual methane fluxes of between 9,179 and 22,551
tonnes of Chl based upon summer dischargef20 and 50 s respectively.

t 208y dAlf Fyydzat YSOGKIYS FfdzE FNRY { fKSA
estimates of 10,000 tonnes per year for total european geothermal and volcanic
systemgqEtiope et al., 2007)n comparison total annual rtfgane flux for Grimsvotn,

Krafla and Askja volcanoes in Iceland equates to 440 tonnes,oftCHThe

estimated total of methane emissions from all parameterised Icelandic geothermal

systems is approximately 1,300 tonnesuGi* (Etiope etal., 2007 F { ' t KSA Y| 21
methane flux estimations prove to be accurate, the lower methane emission
SAGAYFGS FTNRY { tKSAYlI 21 {dzAt ft2yS A& GSy
methane emission. This clearly highlights the importance of subglacial microbial
methanogenesis, and that under such ungiue conditions, brought about by hrdraulic
configuration and geothermal connectivity, glaciers offer an ideal scenario to

generate and release large quantities of methane to the atmosphere.

7.4. Summary

1. There argwo possible origins of natural methane withinthe' £ KSA Y I 21 { dz
Proglacial system: bacterial and geogenic.

2. Subglacial waters measured during Spring 2014 contain high average
concentrations of bacterial methane produced via the acetate fermentation
pathway (average of 0.574 (1 SD = 0.128 ppm).

3. Isotopic data from the proglacial area indicates that opening of the subglacial
upwellings is crucial in the supply of bacterial methane and once established
becomes a dominant source of methane to the proglacisiesy. Summer
113CCHisotopes support methane from a bacterial source indicating
expansion of subglacial upwellings in line with development of seasonal

channelised drainage.
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Methane isotopes from subglacial upwellings show little oxidation pointing
towards widespread anoxia across the subglacial realm.

Seasonal release of reduced gases from geothermal areas drives widespread
anoxia in a channelised drainage system as supported by the work of Lawler
et al. (1996) and Wynn et al. (2015).

133Ck  CHplots indicate oxidation of methane within the Proglacial Lake
with relatively heavy isotopic signatures observed in early Spring. Since hydro
chemical evidence cannot provide support for a distinct geogenic end
member it is most likely that the relationshigtweent™®Cl y R + 5 A a |
methanotrophy fractionation trajectory of a dominant subglacial bacterial
source.

Methane flux estimates range fro8i79 to 22,551 tonnes of GHbased

upon Summer discharges 20 and 50 mis*respectively. Lower estimates

are inexcess of total postulated Icelandic geothermal emissions.
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subglacial substrates

8.1. Introduction

/ dZNNBy i NBaSINOK ARSY(iGAFASa RA&AOKINBRS 27
is dharacterised by low methane concentrations in early Spring and a transition to

higher concentrations of bacterially sourced methane concurrent with delivery of
subglacial waters. Maximum methane concentrations of 48.37ppm measured in
subglacial upwellingare accompanied bmethaneisotopic signatures 669.54 to-

p Dy y:'=322.6fdD H n P o: °CEHRINY R CH, iespectively. This indicates

high concentrations of bacterial methane originating in anoxic areas of the

{ "t KSAYIl 21 {dzZt £ &dihading fioinlbdneatiidBhe dlatieb, metRaneS
interaction with the atmosphere is regulated by the coeval processes of

methanogenesis and methanotrophy. Aqueous methane represents one aspect of
methane dynamics gt ' f KSA Y I 21 | dzf fogaciflsazbniehitdofek £ | YR L
additional constraints on methane sources and sinks within the catchmimis

thesis will nowpresent in situ static chamber analysis of methane dynamics across

0§KS { 't KSAYI ®@refieldzaldngsidéN@vard incQoatlort of bal

sediments, in order to elucidate areas of methanogenesis and methanotrophy.

yoOHd 9YLI 28YSYyld 2F Ay &airiddz adlFdAaAodO OKI Yo SN

methane dynamics

Proglacial methane dynamics were monitored in situ during Summer 2013 amg) Spri

2014 using static chamber methodatlined in sections 3.6,2n an attempt to

St dzOARFGS ¢ KSGKSNI ( Ki@efildistaikeBeh 0fhe | 1 dzf £ LINE 3
methanogenesis or net methanotrophy. In some cases, glémiefields have been
demonstrated toswitch from a zone of net methane production to one of net

methane consumption in the wake of ice recession (Barcena et al., 2010). The glacial

foreland is therefore generally accepted to be an area of importance to the methane
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biogeochemical cycle, althigh precise dynamics depend upon site specific

conditions.

8.2.1 Results from static chamber analysis

Figure 8.1 provides examples of methane dynamics observed through in situ static
chamber analysis, during Summer 2013 and Spring 2014. Littkgioatn methane
concentration wa observed over the given time periods, a pattern applicable to all
static chamber observations. Whilst Spring proglacial sediments exthtogher
methane concentrations ~7ppm, again litttariation in overall headspace wa
observed. Longer term employment of the static chamber method during &prin
2014 (figure8.2) also reflected that methane variabilitysviaw even over extended

time periods.
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CH, in chamber (ppm)

0 5 10 15 20 25 30 35 40 45 50
Time (minutes)

—=—FEastern Sediment Site A DOY 136 Spring 2014
—e—Eastern Sediment Site A DOY 195 Summer 2013

——Western Sediment Site DOY 203 Summer 2013

Figure 8.1: Methane headspace concentrations faticstzhamber analysis during

Spring 2014 and Summer 2013 at selected Eastern and Western sites.

Methane in chamber headspace value is an average taken from the deployment of
three static chambers at each site. The standard deviation between these three

chambers, portrayed as vertical error bars is often too small to distinguish.
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Figure 8.2.: Methane headspace concentrations for static chamber analysis at the

long term eastern sediment site, DOY 136, Spring 2014

Data from all static chambeneasurements for Summer 2013 (additional data can be
found in appendix6) was converted into fluxes and presented in table 8.1. Negative
fluxes represeread methane consumption, whilst positive fluxes repressht

methane production. Again, in keeping witme seriedata of methane change

fluxes wee small. Duringummer, the most negative flux wabserved close to the
glacier attastan Sediment Be A, whilst the highst flux wa at Eastern Sediment

Ste D, perhaps inferring a slight change in methageaimics with proximity to the
glacier. However, on the whole fluxes during sumnvere extremely low and there
was no reliable evidence to suggest that the sediments in the proglacial area
contribute to the methane cycling. Based upon this the sole soofoeethane b

the meltwater streams emanateflom the subglacial upwelling.
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Average change in

Methane
- methane
Site . flux per hour
concentration over (ppm)
45 minutes (ppm) PP
q -0.084 (0.254)
Eastern Sediment
Site A Min=-0.442 -0.112
Max=0.10=3
q -0.012 (0.290)
EasternSediment
Site B Min=-0.308 -0.016
Max=0.466n=3
: 0.012 (0.290)
Fastern > %d'mem Min=0.308 0.016
Max=0.46n=8
- 0.168 (0.204)
EaSteé?tsgdlmem Min=0.012 0.224
Max=0.584=5
q -0.030 (0.048)
Eastern Sediment
Site E Min=0.113 -0.040
Max=0.023h=6
- 0.089 (0.286)
Fastern Sediment | Min=0.163 0.119
Max=0.692h=6
q nomMmmMo O
Western Sediment
Site Min=0.106 0.139
Max=0.12=2

analysis during Summer 2013

Table 8.1.: Average methane fluxes calculated from time of closure for statieh
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8.2.2 Summary of static chamber analyses

1. Staic chamber analysis demonstratétle variation in methane headspace

concentrations.

2. Methane flux across the proglaciakefield was minimal, perhaps there wa
some sggestion of methanotrophy in sediments closest to the glacier where
net methane flix is negative, however values kgetoo low to decipher any

dominant trend.

3. Unlike many proglacidbrefields which become net sources or sinks of
YSGKF Yy ST &S Rimajakyl doznot Bhidw gny nbtéb& participation

in methane cycling.

ydod LYy GAGNR SELISNAYSyida (2 RSGSNXYAYS

dynamics

Subglacial sediments were extracted from crevasse thrust planes along the

{ " f KSAYI &bnpush &ccomiinte@vithSnethods outlined ¥y O (i 21K 1 1
(2005)and explained in section 3.6.1t is believed that these sediments have been
transferred from the bed of the glacier to the surface as thrusts play an important
role in the recycling fobasal debris (Hambrey, 1994). Thrust faults, or shear planes
are the product of strong compression in the ice, potentially where ice slows at the
snout or encounters a basal object. Two types of sediment were visually identified
during Spring 20Hight brown and grey. XRD analysis has shown almost identical
chemical composition of thee sediments, therefore colour wahought to represent
iron oxidation state. The light grey sediment would be typically associated with Fe

under anoxic conditions and inbzed F&" prevalent within the brown sediment.

Following rangdinder experimentgoutlined in section 3.6.5.1.a suite of
incubations at optimised conditions were undertaken to investigate rates of methane
production and consumption in each sediméwype (for main methodology please

refer to section 3.6.5)
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8.3.1.Results from Methanogenesis Incubations

Average Methane concentrations determined via replicates of gas measurements

from headspaces of Wheatons A, B and @gdale a controlled experimémvere as

follows:
Wheaton A Control
: Average Methan{ Wheaton B Wheaton C ontro
Time . Experiment
: Concentration |Average Methan{Average Methan
Since T .. | Average Methan
. Concentration i Concentation in .
Closure in ppm Concentration in
ppm (Standard| ppm (Standard
(Days) - - ppm (Standard
(Standard deviation) deviation) deviation)
deviation)
o 0-000 (0.00n=3 | 0.000 (0.00n=3 | 0.000 (0.00n=3 | 0.000 (0.00) N=3
7 0.405 (0.25p=3 | 0.421 ¢)n=2 0.215 ¢n=2 | 0.000 (0.00Nn=3
14 0.931 ¢)n=2 0.470 ¢) n=1 0.631 ¢)n=2 0.122 ) n=2
21 0.626 (0.04n=3| 0.484 ()n=2 | 0.606 (0.04n=3| 0.150 (0.03n=3
35 1.202¢n=2 | 1.030 (0.10p=3| 1.000 (0.09n=3 | 0.054 (0.09Nn=3
49 1.700 (0.33n=3 | 1.176 (0.09n=3 | 1.580 (018)n=3| 0.016 ¢)n=2

Table 8.2 Average methane concentrations in headspaces for all methanogenesis

incubation experiments

1 standard deviation (1SD) is in parentheses.
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Table 8.3Final methane concentrations corrected against the control experiment

Final methane

control

ppm corrected again

Wheaton Al Wheaton B| Wheaton C

1.684

1.160 1.564

All Wheatons containing Beenriched (grey) sediment demonstrated the production

of methane over a 49 day period, with final headspace concentratiofs/6ppm,

1.18ppm and 1.58ppm recorded during the incubation period for Wheatons A, B and

C respectivsl (figure 8.4). Methanogenesis wérst detected tays after closure

and continuedo be produced throughout the incubation period. In contrast,

methane concentrations in the control sample remadlow ranging from 0 to

0.15ppm indicating that methane detected in Wheatons containing sediment was

linked to microbial activity.

CH, Concentration (ppm)

2.5 -

—=—Wheaton A

—==\Wheaton C

Number of Days

—=—Wheaton B

=e—Methanogenesis Control

Figure 8.4: Time series of methane concentrations in Wheatons A, @ éongside

the control experiment
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Methane concentratiorwasconverted into methane produced per gram of dry

weight incubation sediment, per hour. Thgsthen compared to other incubation

studies. Investigation of moisture content revealed a ~32%dbssass during

drying, therefore sediment dry weight is calculated &8% of the original wet

weight.

Wheaton Sediment in Wheaton Sediment in Wheaton Dr
Wet Weight (g) Weight (g)
A 10.01 6.81
B 9.95 6.77
C 9.99 6.79

Table 8.4Dry weights of sedients used in methanogenesis incubations

Total methane
produced over

Wheaton sample period Dry Welght CH per g per hr |CH per g per hi
i Sediment (ppm) (Femtomoles)
corrected againsi
control (ppm)
A 1.684 6.81 0.0002 2.1x10
1.160 6.77 0.0001 1.4x10°
C 1.564 6.79 0.00@ 1.9x 16
Average (1S 1.469 (0.22) 6.79 (0.02) 0.00@ (>0) 1.8 x 16

Table 8.5Methane produced per g of dry weightFenriched (grey) sediment per

hour
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8.3.2. Discussion of findings from methanogenesis experiments

Methanogens are fermentative archaea bacteria that metabolize organic matter

under selective environmental conditions (Whiticar, 1999). Microbial

methanogenesis accounts for 90% of atmospheric methane (Boyd et al., 2010).

However, methanogenic activity in thelsglacial realm is an important, but largely

overlooked component of the global carbon cycle (Boyd et al., 2010; Wadham et al.,

2008). Incubations of Subglacial Sediment A demonstrate replicable methanogenesis

over a 49 day period, indicating active methah8 y & oSy SF 0K { f KSAYI ¢
in line with other studies which have identified viable methanogens in basal

sediments of Antarctica, the Canadian Arctic and Greenland (Boyd et al., 2010;

Wadham et al., 2008).

Slow initial production rates observéa the incubations and low overall methane
headspace concentrations, are by no means indicative of a sluggish or small scale
methanogenic community. Slow methane production in the initial stages of
incubation are characteristic of methane production patlyend adjustment of
microbes to ambient conditions from a state of dormancy (Sudimoto and Wada,
1993; Stibal et al., 2012). Incubations of subglacial sediments from the Canadian High
Arctic, Antarctic and Greenland demonstrate long lag periods of up tal2g®

before significant amounts of Gldre observed (Stibal et al., 2012). Additionally, low
initial methane production has been demonstrated elsewhere, with incubation of
Japanese paddy soils exhibiting low methane concentrations during the first several
days of incubation. This was succeeded by rapid methane production and attributed

to precursor reactions such as acetate formation (Sudimoto and Wada, 1993).

Scaled up calculations of methanogenesis per gram of dry weight sediment per hour
revealstheWNHzS YSGKIFy23SyAO0 LRISYdGAlLt 2F { f KSA
values of 1.8x1%(as indicated in table 8.6.). Previous incubation studies have

highlighted elevated rates of methanogenesis in the Canadian Arctic and Antarctic
sediments with rate®f 10°-10° fmol CH g* h™* and 16- 10* fmol CH g* h*
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respectively (Wadham et al., 2012). This is contrasted with lower methanogenesis
production values of 3 fmol CHg* h*and 951 fmol CHg™ h™ demonstrated in

Greenland sediments and at Robsan Glacier, Canada (Boyd et al., 2010; Wadham

SG tft®dX HamHO® ' fOAYIFGSte (GKAA adzaasSadga
contains sediments which are capable of producing methane at rates which surpass

those found inother subglacial environmés.

Sediment Study Fmol Methane per gran
of dry weight sediment
per hour
{ 't KSA ¥é& enrichettf This study Average of 1.8x10
sediment (grey)
Robertson Glacier Canada| Boyd et al. (2010) 9-51
Greenland Boyd et al. (2010) 9-93
Antarctic Sedimets Wadham et al. (2014 10° 10°
Canadian Arctic Sediments|Wadham et al. (2012 107-10°

Table8.&¢ / 2YLI NRA&A2Y 2F YSUKFIYyS LINRPRdAzOUGAZY

subglacial F& enriched (grey) to other studies

Elevated methanogenesis rates (calculai®f fmol Cig*h™o | G { ' €t KSA YLl 21 -
likely due to a combination of favourable conditions. These include a combination of
widespread anoxia; organic carbon substrate, from overridden sediments and

nutrient recharge supplied by presence of watettas pressure melting point (Stibal

et al., 2012). Anoxia prevails across the subglacial realm during late spring and

throughout summer, facilitated by linkages between subglacial drainage and areas of

geothermal activity (Wynn et al., 2015). This createmique situation whereby
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summertime anoxia coincides with peak water flows through the subglacial system.
As nutrient recharge from meltwaters is an important factor in methanogenesis, the
rare combination of these two factors could explain exceptionailrane production

NI 6S&8 Ay { ' fKSAYl2I 1dAf &adzo3fttOAlf &SR
{ " tKSAYlI 21 {dzZf ONBIGS 'y SEOf dzaA @S &

>
> <
D

I d
methanogenesis. Optimum methane production rates from Arctic wetland sediments

were shown to be around 30°C (Blake et al., 2015). Elevation above extremely low
temperatures at the glacier bed could be enhancing methanogenic potential at

{ " tKSAYlI2] 1dzf ft @ CAylLftex 2NAIFYAO OFNb2y K
meltwaters as DOCh& combination of these factors, some of which are unique to

{ tKSAYlF 21l 1dAZt OFly @AYRAOFIGS KAIK aollfSR

84LY@SadAalGA2y 2F t20SyGAlt aSiKlFy2(iNRLK

Sediments

Methane flux to the atmosphere #ot solely a function of methanogenesis. Instead
methanotrophy also regulates methane dynamics. As incubations have revealed
FOGAGS YSOKIy23Sya 2LISNIIGAYy3T 6AGKAY { ' fKS
expected that viable methanotrophic communitiaso exist. Range finder

experiments Appendix 4 of the F&" enriched (brown) subglacial sediment indicated

methane consumption within enriched headspaces. Further testing of rates of
methanotrophy(as outlined in section 3.6.5.3ahd isotopic fractionon can

LINE GARS Ayardakid Ayidz GKS FLGS 2¥cIDYSGKIyS
field data which are thought to indicate oxidation of bacterially sourced methane (as
identified in figure 7.5 Chapter 7.3.3).
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8.4.1.Results: methane headsre concentrations during methanotrophy

experiments

Average Methane concentrations determined via replicates of gas measurements

from headspaces of Wheatons One, Two and Three alongside a ¢eatrol

experimentwere as follows:

Average Methane Concentratits in ppm (1SD)
Time sincg
Control
closure | Wheaton One | Wheaton Two | Wheaton Threeg )
Experiment
(hours)
0 145.35 ) n=2 147.56 ) n=2 [150.53 (2.38n=3150.40 (5.24n=3
15 147.10 (4.90n=3(148.25 (1.31h=3 156.88 ) n=2 | 150.28 {) n=2
4 150.19 ) n=2 |149.35 (1.21p=3| 155.78 ) n=2 | 156.53 {) n=2
24 139.22 (1.72n=3(143.46 (1.06h=3 142.68 {) n=2 [156.15 (2.50n=3
48 120.72 (1.04np=3| 119.25¢)n=2 [119.73 (0.62n=3 148.78 {) n=2
72 94.27 )n=2 | 99.62 (6.99n=3196.27 (1.77n=3|139.30 (562)n=3
95 76.19 n=2 | 76.10 (1.26n=3(84.14 (2.91n=3|137.35 (3.55n=3
167 37.41 ¢n=2 |39.32(0.73n=3140.27 (0.45n=3| 123.77 ) n=2

Table 8.7: Presentation of average methane concentrations during methanotrophy

experiments

Thiswasthen presented as a change in methane concentration based upon

comparison to methane headspace at initial closure as follows:
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Change in methane concentration (ppm)
Ti(r:?()esiirr;ce Wheaton | Wheaton | Wheaton Con.trol
(hours) One Two Three | Experiment
0 0 0 0 0
1.5 1.74 0.7 6.35 -0.14
4 4.84 1.79 5.25 6.13
24 -6.13 -4.09 -7.84 5.74
48 -24.63 -28.31 -30.9 -1.64
72 -51.0¢ -47.94 -52.25 -11.1
95 -69.16 -71.45 -66.34 -13.05
167 -107.9¢ -108.24 -110.26 -26.643

Table 8.8: Change in methane headspace conceoriafrom closure

When corrected against methane depletion iretbontrol headspace this rendered
total average consumption values of 81.31ppm, 81.61ppm and 83.63ppm for

Wheatons one, two and three respectively.

Wheaton | Wheaton | Wheaton Control
One Two Three | Experiment

Methane Headspace

Reduction (ppm) 107.94 | 108.24 | 110.26 26.63

Corrected against contr

) 81.31 81.61 83.63
experiment

Table 8.9: Presentation of average methane concentrations during methanotrophy

experiments corrected against the ¢ experiment
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Incubations of F& enriched (brown) subglacial sediment demonstchieethane
consumption whiclwasreplicated across all three Wheatons. Initial average

methane onsumption (figure 8.5) exhibitea period of stabilisation within the fits

four hours of closure. This wgdollowed by decline in headspace concentrations from
24 hours onwards. Once methanotrophgd commenced, consumption contindeat

a steady rate across all three Wheatons as indicated by headspace reductions (table
8.8).Cmtrol values displagd a differing behaviour, demonstrating trends observed

in Wheatons One, Two and Threeneeepresentative of methanotrophic activity.

200
180
160

140 T

120

100

CH, Average (ppm)

80

60

40

0 T T T T T T T T
0 20 40 60 80 100 120 140 160

Time Elapsed (Hours)

===\Wheaton One ===\Nheaton Two

—=—Wheaton Three =—e=Control

Figure8.5: Time series of methane consumption in Wheatons one, two and three

alongside the control experiment

Average percentage of methane headspace consumed corrected against changes in
the control experiment headspace is displayedigure 8.6. Consumptionegan

within 24 hours with around 5% of methane consumed in this early period. At the
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end of the 167 hour study period an average of 55% (1SD=0.26) of the methane

headspace hdibeen consumed.

100 -

90 -

80 -

70 -

60 -

50 +

experiment

40 -

30 -

20 -

10 -

% methane consumed corrected against control

o
o

0 50 100 150

Time (hours)

Figure 8.6: Time series of average methane consumptiooss all three Wheatons

corrected against the control experiment

Methane concentratiorwasconverted into methane consumed per gram of dry
weight incubation sediment, per hour. Thss thencompared to other incubation
studies. Investigation of moiste content revealed a ~36% loss of mass during
drying, therefore sediment dry weight is calculated as ~64% obtiggnal wet

weight, as follows:

Wheaton Sediment in Wheaton |Sediment in Wheatol
Wet Weight (g) Dry Weight (g)
One 5.01 3.21
Two 497 3.18
Three 4.99 3.21

Table 8.10Dry weights of Féenriched (brown) subglacial sediment used in

methanotrophy incubations
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Methane consumption per gram 6% enriched (brown) subglacial sedimaer

hour can then be calculated as follows:

Total methane
consumed ovel
sample period| Dry Weight|CH, per g per hf CH, per g per hr
Wheaton .
corrected Sediment (ppm) (Femtomoles)
against control
(ppm)
One 81.31 3.21 0.1517 9.5x 10
Two 81.61 3.18 0.153% 9.6x 10
Three 83.63 3.21 0.1560 9.8x 10
Aleesrg?e 82.18 (1.26) | 3.20 (0.01)| 0.154 (0.002) 9.61 x 10

Table 8.11Methane consumed per gram of dry weightFeariched (brown)

subglacial sediment per hour

8.4.2. Results: isotopic fractionation as a result ofethanotrophy

Oxidation of methane by me#notrophic bacteria has the capacity to alter the
isotopic composition of the residual methane. During methanogenic consumption,
the light isotope™°C is selectively oxidised more rapidly than the heavier isotdpe
leaving a reidualCH, signal enrichedh the heavier isotope. The resulting isotopic
signal is often very similar to that @H, produced by geogenic means (Coleman et
al. 1981; Cicerone and Oremland, 1988; Whiticar, 1999).

L a2 2 }338@H (Wheatons One and Three) an® CH, (Wheaton o) were
tested to analyse for fractionation as methanotrophy progresses. A positive
NBf I (A 2y & KEChHvals an 8nte\elapsediasevident, whereby as the
Ay Odzo | (A 2 y PAON® théldriamifyy Aeadspace displayedtransition to
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heavB NJ @I f dZ8CCHyvaldds gL X631 and-13.66: were observed for
2PSNJ 1KS

Wheatons One and Three representing increases of:29.8id 290 3 :

incubation period.

Time since | Wheaton One|Wheaton Thred ! @S NI 8 Galue
closure (hours L13¢ L 130 WheatonsnOr;e and Threg
0 -43.20 -43.10 -43.15
1.5 n/a n/a n/a
4 -42.77 -42.95 -42.86
24 -40.63 -40.64 -40.64
48 -36.72 -37.22 -36.97
72 -33.28 -34.07 -33.68
95 -29.26 -29.20 -29.23
167 -13.63 -13.68 -13.66

¢l ofS vy omHCwalledddd \Wheatdds One and Three

Progression towardkseavier isotopt signatures with time elapsed walso observed

int5

@t dzS a

FTNRY

2 KSFG2Yy

¢-¥62.3p werg recoriled f &

at the start of the sampling perib As incubation time progresséidere was a

transition towards heavier vaf &

HCodnm:

GAGK | FAYI €
AYONBI aSo
Time since closure (hourd 2 KS I (i 2y
0 -163.28
4 -164.86
24 -148.76
48 -123.19
72 -94.45
95 -52.94
167 +100.27
¢rofS yomoY hoaSNBSR 15

@t dzS a
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Presefii G A 2y 2 T2dioHy § Ra § BAsK@asiresfuriiedemonstrated

this transition towards heavier isotopegas a function of time. This evolution of the
1¥%Csignavad y 20 20aSNBSR Ay (KS 82 yHiyN®Ht+ 5| Y LX
isotopic signatures wee driven by processes occurring in the active subglacial

sediments.

0 - r 150
- 100
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-15 - 50
220 -
225 -
- -50

6D Value %o

-30

Average 6 13C Value %o

=35 L -100

-40 |
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Time Elapsed (Hours)

—&— Average & '3C Value Wheatons One and Three n=2
=i-Control Sample & 13C Value

=2=Wheaton Two 5D

Figure 8.7 Time series of averagéC and actual 5CH, isotopic enrichment during

methanotrophy incubations

ABiLX 2 ("CEZHI R 1 5 @I ddz8&Y WYRRAI S GKIR S5 A Y
gl t dzSa RNAOGSY o0& YSUOKFIY2iNRLIKAO | OGAGAGE
fractionation trajectory displayed during incubatiofithe Fe* enriched (brown)

subglacia(R valueof 0.99 and gradient of 9.00) waomparable to that

demonstrated by incubation of methanotrophic communities by Coleman et al.

GMpy MO P LY (GKAE AyallBScOBthereasdh SGSNE mm:  C
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FOO2YLI yeAy I FNI OiA 2V I ignatyres2whichyequatenS A RSy

a linearfractionation gradienpf 8.5 (Coleman et al., 1981).

150 - y=9.00x + 216.48
2 —
o R*=0.99
2 100
=
£
@ 50 4
o
=
= Coleman et al. y = 8.5x+ 395
2 0 - (1981) Fraction RZ=1
ca, trajectory of Jo)
=
g 50 - methanogen / This
o incubation A study
S 100 - incubated at@/
[a] 26°C
[72)
g -150 - /
>
e
[,
2 200 c/
(o]

-250

-80 -70 -60 -50 -10 -30 -20 -10 0

Average §'3C CH, Value %o Wheatons One and Three

HMSample 0 (0 hours) M Sample 2 (4 hours)

ESample 3 (24 hours) [ Sample 4 (48 hours)
Sample 5 (70 hours) Sample 6 (95 hours)
Sample 7 (167 hours) O Coleman Fractionation Test

Figure8.8§ CNJ QG A 2y | (X2 yl yiRIsi@s8tudas Auxdy in@uBation
2F { tKSAYlF2l {dzAf &dzo3fl OAl fuotdddRA YSy i
Coleman et al. (1981)

Evdence of microbial isotopic fractionation demonstrated during incubation

experiments providd linkages to isotopic variance observed in proglacial waters.

¢ KS Sy NROKYSY (imabhliH frogl&ciflivatersiveashowh ts Be 8.67

(R = 0.99). This &s in keeping with previous fractionation displayed by Coleman et

Ff® o6mMdbpymO FYR FNRY Reydiritoed @raveysubglacial{ ' f KSAY
sedimentg KSNB NBf | (W3S yOK, hvabEsIesultgt inigradients of

8.5 and 9.00 respectivebAs demonstrated in figure 8.80oth agueous methane and
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methanotrophy insediment incubations encompassesbtopic signatures typically

associated with geogenic methane before reaching final isotopic values beyond the

realm of either methae source. Thiturther supportedthe idea that methane at

{ " tKSAYlFI2] {dzff A& 2F | déufing g&@idiad 2 NA IAY

methanotrophy, rather than a mixing of biogenic and geogenic sources.

200

100

-200

-300

-400

Isotopic enrichment observed

7] during Methanotrophy incubations
y=9.00x + 216.48 o
Heavily enriched R®=0.99
1 methanebeyond <~ — ~ T T T T \
biogenic/geogenic |sotopic
sources I signatures of
| aqueous methane
) I y=867x+180.95
| R?=0.98
]
[
|
= Isotopic bounds of : Isotopic bounds
biogenic methane I of geogenic
methane
____________ /
7 |
|
L )
T ==== T T T T T 1
-70 60 -50 -40 30 20 -10 0
613C CH, %o

OAgueous methane isotopes (main cluster of data used to produce trendline)

O Agueous methane outliers (excluded from trendline)

Olsotopic signatures observed during methanotrophy experiments

Figure 8.9: BLJf 2 (¥ 2 F y R ,sigBatured bserved in methanotrophy

incubations and proglacial agueous methane
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8.5. Discussion of methanotrophy observed during subglacial sediment incubations

Coeval processes of methanogenesis and methanotrophy govern the net flux of

methane to the atmosphereMethane oxidising bacteria (methanotrophs) are

widespread, occurring in both freshwater and marine environments, acting as a
WYSGKFEYS FTAEGSNDR NBRdAzZOAY3I YSOiKIFIyS NBfSIFas
2002). Globally, methanotrophs represent a stk of Chlby consuming

approximately 20 to 60Tg of Gpler year (Barcena et al., 2011; Coleman et al. 1981).

G { "t KSAYlF2I {dzft £t AyOdzmlt A2y 2F adzn3fl OA
methane consumption in excess of production¥bl CH g* h™ for

methanogenesis compared )’ fmol CH g h™ for methanotrophy. Accelerated
O2yadzvYLIiA2y Ay { &xxdedsbtheBdniirozinéntalstGdied, 161S vy (i a
example, Chan and Parkin (2001) quote highest ratd€%fmol CH g™ hr™ for lowa

agrialltural soils. This indicates that methanotrophs are not only viable in

{ " tKSAYlI 21l {dzf t adzo3fl OAlf aSRAYSydasz odz
methane consumptionHowever, the relative importance of methane production

and consumptionaf ' f KSAYIl 21 {dzff A& RSLISYRSYy(l dzlRy
subglacial sediment and access to the prevailing conditions necessary to drive each

microbial reaction.

Incubation of methanotrophic microbes has also demonstrated the potential to
achieve isotopisignatures enriched iffC and D beyond the envelepf expected
values from @iogenic orgeogenic source. Methanotrophs preferentially incorporate
lighter isotopes into cellular biomass leaving a residual gas that is sympathetically
enriched in*>C /D (Bvert et al., 1999; Chantqr2005). Therefore, if a microbially
produced methane migrated to an oxic environment and was subjected to partial
oxidation by methanotrophs then the residual gas could have a carbon isotopic
signature similar to methane of geegic origin (Coleman et al., 1981). Field
observations of aqueous methane concentrations indicate large quantities of
bacterially produced methane exiting the subglacial system, which is thought to
fractionate along an oxidation trajectory. Incubation ef¥enriched brown

ddzo 3t OAl £ ASRAYSY Ol BLIIB NDET dzBAaRBXA KA G N
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fractionation trajectory in line with other methanotrophy experiments (Coleman et

al., 1981). In addition, lab based oxidation experiments account favyhisotopic

AAIY I GdzNB & CETRBE H YRNISGBEO 2 6. & SNIBSR Ay LINRIf |
with final isotopic signatures displayed during lab incubations reagHii@y-

13.66: I Y R + 53 bTikigiprodides evidence that methanotrophic activity is

adive within the field environment and further suggests the methane isotopic

signatures which plot away from a biogenic source to be associated with

methanotrophy rather than geogenic sources.

The interconnected relationship between methanogenesis ancharebtrophy has a

Fdzy RI YSyidlt NBEtS Ay YSUOKIFIyYyS ReyoweverQa gA K
FljdzS§2dza YSOKFIYyS O2yOSYyiNIGA2ya FT2dzyR Ay |
great seasonality, inferring periodic changes in the variable rates of metharege

and methanotrophy. Seasonal hydraulic configuration and connectivity to

geothermal hotspots determines the relative functioning of methanogenesis and
methanotrophy. Prevalence of summer seasonal anoxia drives methanogenesis and
supresses methanotroph resulting in large scale transport of bacterial methane to

the proglacial zone. Conversely during Spring low methane concentrations prevail.

Here, methanogenesis is restricted to localised pockets of anoxia, within the linked

cavity network. Once thesareas of methane production drain into the continual

channelized drainage system beneath the lower reaches of the glacier snout,

methane is rapidly oxidised (Dieser et al., 2014) resulting in the transfer of low

jdzt yGAGASE 2F YSiRKRayGEignatvel Fhisfullfy Sy NA OKSR ¢
demonstrateshow redox conditions are essential in the maintenance and delivery of

methane to the proglacial zone.

Once waters transfer to the proglacial lagoon they are subjected to oxic conditions
and methanotrophy processedominate Waters which are closest to subglacial
inputs for example the Upper Western Lagoon site which demonstratactabial

isotopic signature across Spring and Summer seasons experience little oxidation.
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Conversely, waters which are most distalnfrgubglacial bacterial inputs (e.g. Upper
Eastern Lagoon Sites) experience the greatest oxidation of methane as they have
dwelled in the proglacial area the longest. This provides evidence for active aqueous
methane cycling with production under anoxic gldrcial conditions and

consumption in oxic proglacial settings.

8.5. Summary

A x4 A X

1. {dzo3tFOALt aSRAYSyida O02it SOGSR TNRY O

demonstratle replicableevidence fomethanogenesis and methanotrophy.

2. Methanogenesis waobservedver a 49 day period iRe&* enriched (grey)

subglacial sediment.

3. Methanogenesis suppaet a production rate of.0*fmol CH g h%. This
demonstratedelevated levels of methanogenesis compared to other

published incubation experiments.

4. Subglacial methasgenesis can therefore account for th@crobialmethane
AAAYl GdzNE 20aSNBVSR Ay { tKSAYl 2l 1dAft a

5. Rapid methanotrophy is observedfie* enriched (brown) subglacial
sediment with 70:90% of the methane headspace consumed within 167

hours.

6. Methanotrophy suppored a consumption rate o£0°fmol CH g™ hr, which

was rapid compared to other published methanotrophy incubations.

7. Methanatrophscausell & @& YLI G KS G A Y & yorfisQdpir Sy i 2 F
signatures. This proceeded a fractionation tajectory defined by a gradient
of 9.0 in lab incubations, close to a trajectory of 8.5 observed by Coleman et
al. (1981).
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10.

An observed aqueous methane fractionation gradient of 8.7 indicates the
likelihood hat methane in bulk meltwaters vgaof microbiabrigin and
subjected to extensive oxidation, as opposed to a mixing between microbial

and geogenic sources.

Processes of methagenesis and methanotrophy occured{in’ finf@jSkull
subglacial sediment$ethanotrophic rates observed e’ enriched brown
subglacial sedimergxceed production rates frofie’* enriched grey
subglacial sedimentThis could suggest that methanotrophy should be the
dominant process. However, rates of methanogenesis and methanotrophy
are governed by the distribution of sedimentedox stateand hydraulic

configuration.

In addition to this, hydraulic configuration and geothermal linkages are
pivotal in determining the relative contribution of each process. Extensive
summertime drainage and connectivity to geothermal hot spotsyotes
widespread anoxia, which supports extensive methanogenesis and inhibits

methanotrophy in the subglacial realm. This provides evidence of a unique

YSGKIYS Oedtay3d aeadsSy d { tKSAYI2I1d
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9. Summary and suggestions for further research

This studyhas presented the first comprehensive parameterisation of carbon
dynamics at a glaciated catchment fuelled by subglacial volcanic activity. Field and
laboratory investigations have indicated that subglacial hydraulic configuration and
geothermal activitympart a unique signature on carbon cycle dynamics, providing

notable distinction from nofvolcanic glaciated catchments.

pemd h@SNIff aedyikKSaara 2F OFNb2y Reyl YAOa

Glaciervolcano interactions have resulted in the distinctive subglageology

SOGARSYyG 4 {"tKSAYlI2l {dzZ £t d ! OARAO YR o0t a
GKS { "t KSAYlI 2l 1dzff | NBF o0/ FTNAgSEtZ mMpyoo a
tephras which provide a readily weathered basaltic TDIC source beneath thergla

Inorganic geochemical parameters includingreasedI' DIC levels also infer an

additional TDIC source originating from hydrothermal calcites deposited as an

accessory component within the basak#timately, the combination of subglacial

volcanism ad glaciology set the geologic template for a unique mode of carbon

cycling Where suitable hydrological and physical conditions prevail, subglacial

weathering can act as a release mechanism and vector by which mantle déeved

is released to the atmosyere.

Glacier hydraulics and subglacial volcanism have shown a unique coeval relationship
leading to the identification of exclusive Winter/early Spring and Summer season
configurations. The conceptual model shown in figure 9.1 (adapted from Wynn et al.,

2015) highlights the relationship between hydrological evolution, subglacial

volcanism and carbon dynamics. Building upon findings from Wynn et al. (204.5)
studyproposessA Y S NBE S &dzo 3t | OALt NBR2ZE O2YRAGAZ2VY:
subglacialrolcanism, with this unique situation facilitating distinctive carbon

dynamics.
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During Winter/early Spring (prior to the injection of subglacial upwelling water) a
dual hydrological configuration exists. Continual low level ablation promotes year
round subglacial drainage, likely as a discrete channelized system restricted to the
lower reaches of the glacier snout. Conversely a distributed linked cavity system
persists under the remainder of the glacier where surface melt is not sufficient to
promote channelized drainage (i.e. above the snow line). Water discharging from the
subglacial environment during this early season configuration comprises an
overwhelming component which has been sourced at low elevation and transported
through a permanently estatsihed channelized system under atmospheric
conditions. Leakage from the distributed system is minimal and carbon species
representative of low redox status (for example methane) are rapidly oxidised upon
entering the channelized system. These cavitiesifaigltemporary storage of water
with increased rock: water contact times, promoting great TDIC acquisition. Isolation
from the atmosphere alongside ion S ratio analyses indicative of weathering via
carbonation of carbonates and silicates, suggests weathatriven by geothermally
sourced protons. Additionally, where anoxia prevails, localised methane production
is possible. However, where cavities are drained by small channels, meltwaters are
transferred into the oxic channelized system beneath the gtastieut. Here,

changes in redox conditions likely promote rapid methanotrophy of subglacial
methane (Dieser et al., 2014) resulting in he&@&:n4isotopic signatures observed
during early Spring. Winter/early Spring carbon dynamics are therefore dondinate
by TDIC acquisition from subglacial weathering under atmospheric conditions,

alongside low concentrations of partially oxidised methane.

Summer season carbon and hydraulic modes are dominated by unique inverse redox
conditions. Periodic increases indad water pressure and head ward expansion of
channelized drainage allows connectivity with areas of subglacial geothermal activity
beneath Myrdalsj kull resulting in the discharge of confined geothermal waters
charged with reduced gases (Wynn et al., 20THhese waters swamp the subglacial

drainage system, forcing widespread anoxia before ultimately upwelling at the
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glacier snout. Inorganic carbon dynamics rely heavily upon this unique seasonal
quirk, with subglacially sourcegdQ (likely from geothermalluids) a major proton

source for weathering, accounting for elevated TDIC concentrations during summer.
DOC characteristics are also influenced by summertime anoxia. The presence of
subglacial organic carbon alongside widespread summertime anoxia tasilita
microbial functioning under low redox conditions, as indicated by the seasonal
release of methane rich subglacial waters. Methane discharged from the subglacial
system has an isotopic signature indicative of a bacterial (acetoclastic) source subject
to little oxidation. In this instance low redox conditions are pivotal for preserving
methane via inhibition of methanotrophic activity. Hydrology then acts as a vector to
allow delivery of methane to the proglacial zone, where it then rapidly engages with

the atmosphere.
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Figure 9.1: Schematic of Winter/Sprimgdraulic configuratiomlongside edox status

and carbon dynamics

Adapted from Wynn et a{2015)
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Figure 9.2: Schematic of Summer hydrawitfiguration alongside redox status and

carbon dynamics

Adapted from Wynn et a{2015)
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¢tKS aSlhazylf Y2RSa 2F 2NHIYAO YR Ay2NHLIY
have been outlined. Redox status determined by hydraulic connectivity to
geothermalzoneS ESNIia | YIFI 22NJ Ay Tt dzSy0S 2y O Nb 2
system and provides the necessary conditions for methane production. As high

latitude warming continues, increases in surficial melt, reductions in ice overburden
pressures facilitating enhanceglcanism and extension of summer season drainage,
NEBadzZ Gda Ay GKS LRGSYGAIFIf FT2NJ FRFELGA2YyAE Ay
increased methane release. It is therefore essential to understand the broader

significance of the unique modes ofrban cycling observed in this study.

PPHDP . NPl RSNJ aAIYAFAOFYOS 2F OFNb2y ReylyY
¢ KS&aS dzyAljdzS FTAYRAY3IEA 20aSNBSR G { ' fKSAY
furtheringunderstandingof glaciology and carbon cycling, particwan areas such

as Iceland, where glaciers and volcanoegxist. However, implications of findings

extend beyond this study, encompassing the wider dynamics of basalt weathering,

repercussions of subglacial methane release and conflicts of classicalgkai

theories.

Unique findings linked to basalt weathering impart a wider significance for the global
OFNb2y OeoOftSo .lalftid NBLNBaSyta 2yte p:r 2
surface (Jacobson et al., 2015) yet accounts for large quantitieko6 9 I NI K Q &
subsurface. This is particularly notable in Iceland where basalt compromists980

of the bedrock (Gislason et al., 1996) but also applicable to Hawaii (Ziegler et al.,

2005) and other volcanic Islands (Louvat andghd, 1997).

Basalt wedtering (and the weathering of Ca bearing minerals in basalt) is regarded
to have a disproportionately large effect on the long term carbon cycle, acting as a
sink for atmospheri€Q (Jacobson, et al., 2015; Georg et al., 2007). However, this is

based on e assumption that protons used for weathering originate through the

219



drawdown of atmospheri€Q® ! 0 { ' f KSAYlF 21 {dzZ €t 2 OF Nb2Yy I |
hydrothermal calcites contained within as accessory minerals uses protons sourced

from subglaciaCQ emissions in the absence of any atmospheric CO2 drawdown.

This allows basaltic weathering in this location to act as a vector by which mantle
derivedCQ is liberated from the bedrock and delivered by subglacial hydrology to

the proglacial environment wheri has the potential to exchange with the

atmosphere. Many other areas in Iceland exhibit similar glasxdgano interactions,

including other outlet glaciers of fidalsj kull (K € dz2 {1 dzZ f Fy R 9y if dz2
+ Gyl e (ddZt ODNAYaAaZ2Gyo06lRYRdIZHV2A0 6KENBdzDt &
silicates and hydrothermal calcites via protons sourced from a mantle origin could

also proceed in a similar manner. Beyond this Iceland offers the potential to act as an
analogue for other locations where glasiolcanisms present such as Western

Antarctica and areas of historical glasiolcanism in Canada.

This study has also provided the first in situ evidence of extensive subglacial methane
formation and release, which is essential in order to parameterise futurdame
inventories.Tentative annual methane flux estimations place potential emission

FNRY (GKS {  tKSAYlI2Il 1dzEt OFGOKYSyYyd FdG Mt d
discharges 020n’s* and 50nis’respectively. These estimates indicate that

significantmeK | y S Fft dzE O2dz R RSNRGS FNBY (KS { f
total Icelandic geothermal emissions, which have been quantified as 1,300 tonnes

per year (Etiope et al., 2007). If this is a process occuring across Iceland, or beyond,

then reconsideratin of methane inventories is essential, particularly in light of

climate induced glacial recession.

Finally, this study has highlighted the importance of understanding redox dynamics in
glaciers and shown how subglacial volcanism has the potentialeo@éssical
biogeochemicatheories. Previously, redox was only thought to be lowered to
reduced status when water was stored for long periods of time (for example cavity

drainage). Whilst this provoked geochemical interest linked to weathering
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mechanisns and postulation of microbial significance, traditional water storage
redox conditions have limited impact on nutrient dynamics. Instead inverse
conditions fuelled by geothermal/ hydraulic connectivity exhibited during this study,
holds huge implicationolr nutrient dynamics and volatile release. Unique modes of
carbon and nutrient cycling have large ramifications for further work linketieo
cryosphere Furthermore, volatile release and the geochemical signature this imparts
on subglacial meltwaters & vital method of monitoring subglacial volcanic activity
and potentially predicting imminent eruptions and/or outwash floods. Better
understanding of hydrochemical dynamics in light of redox conditions can offer
increased accuracy in volcanic predictiordaheds light on a new aspect of the

glacial ecosystem.

9.3. Suggestions for further research

¢tKAa addzRe Kla KAIKEAIKGSR GKFG dzyAljdzS OF
the pivotal and most exciting findings is the discharge of methane thensubglacial

realm. However in order to fully elucidate methane dynamics with the scope to
SEGSYR (KS &aiGdzRé 0 Se@2yR-bésediinkeStigationatothezt f = 7
age, origin and release mechanisms of methane in this environment is necessary

Whilst conclusions can be made based upon the findings of this study, this is based

on a limited set of Spring season isotopes to help provenence methane to source,

gAOK (KS [Ic@fardhy shidme? seasen5Furthermore, data has been

collected ove short field seasons, under conditions of spatially restricted sampling

and limited laboratory investigations. In light of this, future research should

incorporate extensive determination of agueous methane concentrations over

prolonged campaigns, includi autumn and winter sampling to capture changes in

subglacial drainage. This can be undertaken at established sampling sites, but should

also include consideration of methods to sample the proglacial lake interior.

Further methods to expand the undersiding of methane dynamics at
{ "t KSAYlI2] 1dzff aK2dz R Ay Of dzZRS FdzNI KSNJ &l
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to distinguish between microbial/ geogenic methane. Clumped isotopes of methane
are especially important as they can reveal formation tempemtmd therefore
differentiate between methane origin. This can be supported by use of noble gases
(He-Xe) to elucidate between supraglacial and subglacial sources of meltwaters

aswell as indicate the strength of the geothermal field beneath the glacier.

In situ methane analysis needs to be supplemented with extensive in vitro analysis
with additional incubation experiments across a range of temperatures and
headspace conditions, for differing sediment types. This could be supplemented with
characterisatio of methane production via RNA assays and carbon 14 dating to

parameterise the nature of microbial methane production.

Beyond methane focussed research, there are two main areas in which further

research is necessary: DOC analysis and riverine disamaagirements. DOC

investigation has been limited to concentration, isotopic and fluorescence properties

of Summer season samples. In order to fully parameterise DOC characteristics

further research is necessary, incorporating extensive sampling overeaywaf
4Slaz2yad CAdNIKSNY2NBEX RAAOKFNABS YSI adaNBYS
FYR GKS W {dzt at t+ {s5ftKSAYlLalyRA N8 ySOSa
meltwater contributions and calculate accurate methane, TDIC, DOC and ionic fluxes

based on observed discharge measurements.

9.4. Summary

This study offers the first attempt to parameterise cryospheric carbon cycling at an
Icelandic glacier subject to intense subglacial geothermal activity. Research has
highlighted an exclusive subglacs#hlation of reverse redox arising from hydraulic
connectivity to geothermal zones as highlighted in hypothesis 2 (Chapter 1.2). This
facilitates unique modes of carbon/ methane cycling with potential implications for

subglacial meltwaters to be vector$ carbon release to the atmosphere. Firstly,
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subglacial volcanism has a profound impact upon inorganic carbon chemistry via

supply of protons for weathering of hydrothermally altered basalts, releasing mantle

derived TDIC (hypothesis 1). In addition, lmmeentrations of dissolved organic

OFNb2y | NB LINBAaSyld meltwatersyhich wHerkKcBnmbiied2 | | dzf €
with unique reverse redox induced by geothermal activity, facilitates a biological

community of methanogens and methanotrophs (hypothesisr8ohclusion, this

dlddzRe NBOSFHfa GKIFG | dzyAljdzS Y2RS 2F OF Nb 2

influenced by the subglacial active volcanic system.
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Appendix

Appendix 1. Basic meltwater geochemical parameters averaggdnalividual

sampling sites for Spring 2014 and Summer 2013
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Appendix 2. Bulk meltwater average cation and anion abundances for Spring 2014

and Summer 2013

Spring 2014 (standard deviations are in parentheses)

P=u("") 6EVET [g=U("") 200 fe=u(") €2T fe=u(") 29°0T [g=u("") TGS |2=u("")80°T p=u("")2L'9T |2=u(""") 209 k=u("")66'T f=u("") 9r'vEJouS [eloe|beidns
g=u e=u e=u g=u g=u e=u e=u g=u e=u e=u
) ) . ) ) ) . ) ) : ) ) . ) ) ) ) ) ) ) [16.resinor
G2'9eT) 82229 [ (92°0)59°0 |(2T°2) 85°0T [28°8T) GE'S6T |(P°0) €9°€T [(62°2) T¥'OTT |5S0¥) Zv°'GeS | (28'8) 6186 |(85°2) 8T'TE [2°TT) 96°0FT
g=u g=u g=u g=u g=u €=u e=u g=u e=u e=u
es|ib|jel4
(T0°95) 82'98¢ |(20°0) 2100 | (6G°0) ¥¥'6 |L+°0T) €2°502 | (6T°0) 288 [¢9°ST) ¥2'02T |52 62) £2°'S2E [(8T°2T) 2£'88 |(S2'€) 92°¢e [(T2'8) TL'98
e=u e=u e=u e=u e=u e=u e=u e=u e=u e=u uoobeT
(GoeT) 96°2y. | (TT'0) TT°0 [|(€22) SO¥T [£9°9T) ££'29T ((L9°T) SL°0T |6¥°2T) TE'OTT |#6'TL) 9T'69G |(£8°2) €8°TOT |(0S°€) 05°'82 [56'82) LL 2O | UISISM 3IPPIN
e=u e=u e=u e=u e=u e=u e=u e=u e=u e=u Coomml_
BT°/9T) 2v. 'vE8| (8T°0) 250 |(82'2) S9°9T [r1°92) 90°8ST [(20°2) T8'ET [67°02) 02 ¥TT [TT°06) 26°0.S [(G6°CT) Tv'66 |(G2't) 26'8Z [BO'SS) 66°262 | uIa1sap Jaddn
e\ e e | P | [N | | - | I S | [N uooben
P=u(""") 68769 [g=u(""") 02'0 §=u("") 8" ¥T¢=u(""") 6£°€ZT §=U("") 0S'TT f=u(""") 22’66 4=u("") 82" 28r f=u("") 89:08 §=u(") 08'cZd=u("") £8'1SZ T —
7=u =u =u 7=u 7=u 7=u =u =u =u =u COODMI_
(€5°56) T9'T69 | (LT0) €20 |(LT2)SL¥T |62'82) 99°VET |(EV'T) 72T |26°0T) S8°00T |0t '#9) £€9°G0S [(£6°0T) S'9. |(OT'€) TZ'€Z |LS8E) Z8'9€Z | uisiseq s|ppIN
oT=u oT=u oT=u oT=u oT=u oT=u oT=u oT=u oT=u oT=u uoobeT
TZ'STT) 2v'SvS | (21°0) 8T°0 |(28°€) ZveT [16°92) 2v'90T |(€8°T) TSTT |¥8'ST) L0°08 JLT°€L) 29°€6¢E |25 vT) ¥82S |(66°€) 92'8T [z 2€) €0°TST | wisises jaddn
/=u /=U /=u /=u /=U /=U /=u (55'99T) /=U /=U /=U |
) ) . ) ) ) ) . ) } ) ) ; ) ) . ) ) . [aus 99| Jo abp3
/¥°SPT) 98°699 | (2€0) 82°0 |(ev'S) €Z°€T [S6°8Y) v¥'6TT [(L0°E) 0STT [(€8°9€) 5288 syveyr  |(90'62) 9T'TL |(TE'6) 69°€C [0°LE) V29T
9=u 9=u 9=u 9=u 9=u 9=u o=u 9=u o=u o9=u sbuljjlamdn
7°GT) 68'870T| (22°0) 95°0 |(66°T) ¥S9T [2v°€T) €9°SST |(TZ'S) E7°0T [2€¥T) G8°80T |#0°9S) 6%7°T8S |09°+T) 6/°SOT |(T0'2) £6°0S [¥8°9T) 09°€2Z| [ee|bgns
o=u o=u o=u o=u o=u o=u o=u o=u o=u o=u
) } . . ) ) ) ) ) : ) ) ) . ) ) . ) ) ) abpug
(99°02) 5T°€98 | (2€0) 20 [(LL°T)66¥T [6L72) 9€'89T [(89°2) £L2°2T [T9¥T) 20°22T |[ET'SE) Ev'evs| (8L 1) T'S6 |(6€°€) 0562 [00°9Y) EV'Zie
= = yT=uU = = = ¥T=u = = =
2uO0Z paxiIN
80°/0T) 90°268 | (87°0) ¥9°0 |(#8'T) 6¥°6T [£6°2T) 0L°0ST (V2 T) 62 VT |9 TT) LG'ETT |9 1S) 2€°T195|(05°2) 0676 |(85°2) 86°6¢ [BT'OT) 8 06T
olaL ON olS 10 E IS EN DN A B0 als

250



Summer 2013 (standard deviations argarentheses)
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Appendix 3. Relevant ionic abundances used for calculation of %TDIC from

carbonates and silicates
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Appendix4. Incubation range finder experiments

Headspace concentrations of preliminary range finder experiments conducted May
2014 at Lancaster University. Experiments were set up using methods outlined in
chapter 3.5.5.1. Incubation temperature was set at 15°C, using a slurry of substrate
and deionised water.
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Compressed Air Heaplace
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Nitrogen headspace
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Appendix 5. Presentation of proglacial sediment’Cisotopic signatures

Average! **Cisotopic signatures of proglacial sediments collected during Summer

2013. 1 standard deviation is in parenthesis.

Sedimant I S NIPA S6:'r 0

-26.85(1.19)
Min=-29.75 Max=24.78
Eastern proglacial sediments n=32

-26.32(1.24)
Min=-28.21 Max=25.022
Western proglacial sediment: n=4

-27.65(0.69)
Min=-28.65 Max=26.68
Supraglacial clay n=5

-27.09(-)
Min=-27.57 Max=26.61
Supraglacial ash n=2
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Appendix 6. Average methane flux from proglacial sediment static chambers

Average Methane Flux in ppm (standard deviation)

Site Flux after 15 | Flux after 30| Flux after 45 Total Average Flu
Minutes Minutes Minutes 9
-0.092 (0.153 -0.084 (0.254
Eastern Sedimel OMO:f' (()Oé15973) Min=-0.308| Min=-0.442 |-0.087 (0.204) Min3
Site A in=-5. Max=0.020 | Max=0.109 0.442 Max=0.109
Max=0.053n=3
n=3 n=3
0.147 (0.327)] -0.012 (0.290
Eastern Sedimel -?\h?r??.c()oéézll) Min=-0.338 | Min=-0.308 |-0.049 (0.081) Min
Site B = Max=0.801 Max=0.466 0.261 Max=0.011
Max=0.002n=3 _ _
n=3 n=3
.147 (0.327 .012 (0.2
. 0.048 (0.237) 0.1 _ (0.3273 0.0 _(0 ) 5057 (0.293)
Eastern Sedimef i Min=-0.338| Min=-0.308 i
Site C Min=-0.338 | \1ax=0.801]| Max=0.466 Min=-0.338
Max=0.579n=8 e - Max=0.801
n=7 n=8
0.050 (0.133)] 0.168 (0.204
. 0.050 (0.133) . _( . _( ) 0.113 (0.170)
Eastern Sedimef i Min=-0.104 Min=0.012 )
Site D Min=-0.104 | \/\ov=0.286 | Max=0.584 Min=-0.118
Max=0.286n=5 ' ) Max=0.584
n=5 n=5
-0.004 (0.059 -0.030 (0.048
Eastern Sedime; OM?sféolcé%O) Min=-0.099 | Min=-0.113 [-0.029 (0.059) Min4
Site E T Max=0.088 | Max=0.023 0.166 Max=0.088
Max=0.017n=6
n=6 n=6
12 42 . 2
. 0.319 (0.650) 0 . ?(0 9 00.8? (0.286) 0.178 (0.489)
Eastern Sedimel i Min=-0.133 Min=-0.163 .
Site F Min=-0.003 \\v=1.077 | Max=0.692 Min=-0.163
Max=1.76n=6 o T Max=1.769
n=6 n=6
117 (0.07 113 (-
0.085 (0.049) 0.1 _(OO 6 o _3() 0.104 (0.058)
Western : Min=0.015 Min=0.106 .
Sediment Site | MN=0-019 |\ i=0.200 | Max=0.120 Min=0.015
Max=0.1381=3 n':3' n_:é Max=0.200
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Appendix 7: Rough Calculations of Aqueous Methane Flux

7 W OgpY < OF <V <c fagrmm>
pi O Q0E REMNAT Qg P ORI
YQOEROOO® YT MM
"YQOE E ROIQE @I QUPT NI P OQODIpPYoPp QYT
G €000 Q@I QEQYOo P @UARED "G m d QhipPop QYNNI

0Q0E WOIQE @i QEQWopoyYmpmIMI TP YPOP QYNNI

7 ogey < OF iepiae| guuagOfmel
pi O Ow odAYQH 0 Q& CPU'B D Wi
"WE EQHAOO PeT T

YQOéE RRIOaaRDI QU T TTPULEOWIPpOCP WG T

Based on an average Mixed Zone methane measurement of 33.72ppm

Discharge at 20cumedsquation A Discharge at 50cumedsquation B
m? over summer period= 13219200 x 2(m® over summer period= 13219200 x 5(
= 264384000 = 660960000
Litres over summer period=%w 1000  Litresover summer period= firx 1000
= 264384000000 =660960000000

Methane (mg) = 33.72 x 26438400000(Methane (mg) = 33.72 x 66096000000(
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=8.91 x 1
Tonnes= 8.91 x 16 1000000000
= 8915.03 Summer methane at

20cumecs

Equation C

Add winter methane flux of 263.76

Total annual methane flux =9178.79

tonnes

=2.23x 18
Tonnes=2.22 x 1 1000000000
=22287.57 Summer methane at

50cumecs

Equation D

Add winte methane flux of 263.76

Total annual methane flux = 22551.33

tonnes
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