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Abstract

In the Norwegian archipelago of Svalbard, 90%-100% of exposed land is underlain by
continuous permafrost. Permafrost is estimated to store over 1600 gigatons of carbon worldwide.
Pingos, features that only exist in permafrost, ventilate methane in much the same manner as
pockmarks can ventilate methane clathrates on the ocean floor. In winter 2019, pingos identified
on satellite imagery were studied in the field via water samples. This was done to better
understand these uncommon periglacial features and of the methane they release.

A database was created using elevation datasets, GIS analysis, winter satellite
photography, and geological data to identify pingos in Svalbard as well as the factors that
influence their formation and behaviour. The spatial distribution of pingos and fault lines
suggests a relationship between fault zones and the formation of pingos, possibly due to the
discontinuity caused by the faults allowing for easier flow of groundwater.

In addition, carbon dioxide and methane had a correlation which is probably associated to
the microbial processes leading to the formation of methane. Deuterium was another important
compound, likely due to the marine sediments within the Holocene marine limit. A predictive
model was then established to show the relationship of carbon dioxide and deuterium with
methane. This model estimates the amount of methane ventilated based on other compounds
measured in pingos. By combining these scientific approaches, this data provides a step forward
in understanding methane reservoirs within permafrost environments, particularly relevant in an

unstable and changing climate.

Keywords: Svalbard; methane ventilation; open system pingos; continuous permafrost; GIS;

Arctic hydrology



Resumo

No arquipélago noruegués de Svalbard, 90% a 100% da terra exposta assenta em
permafrost. Estima-se que o permafrost armazene mais de 1600 gigatoneladas de carbono, em
todo o0 mundo. Pingos sdo morfologias que s6 existem no permafrost e que ventilam metano da
mesma maneira que as pockmarks podem ventilar clatratos de metano no fundo do oceano. No
inverno de 2019, os pingos identificados por imagens de satélite foram estudados no campo,
atraves de amostras de agua. Tal foi feito para melhor se entender as caracteristicas destas

incomuns estruturas periglaciais e o metano que elas libertam.

Foi criada uma base de dados que congrega um conjunto de dados de elevacdo, analise de
SIG, fotografia de satélite de inverno e dados geol6gicos que permitem identificar os pingos. A
distribuicdo espacial dos pingos em relacdo as linhas de falhas parece indicar uma relacéo entre
as zonas de falha e a formacdo de pingos, possivelmente devido as descontinuidades causadas

pelas falhas, permitindo um fluxo mais facil das aguas subterraneas.

Além disso, verificou-se que o didxido de carbono e o metano estdo correlacionados, o
que é provavelmente devido aos processos microbianos que levam a formacédo de metano. O
deutério foi outro composto importante, provavelmente devido aos sedimentos marinhos dentro
do limite marinho do Holocénico. Um modelo preditivo foi entdo estabelecido para mostrar a
relagdo do metano com dioxido de carbono e deutério. Este modelo estima a quantidade de
metano ventilada com base em outros compostos medidos em pingos. Ao combinar varias
abordagens cientificas, estes dados sdo um passo em frente na compreensdo dos reservatdrios de
metano em ambientes de permafrost, particularmente relevantes numa situacdo climatica instavel

e em mudanga.
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Sumario

O permafrost é um estado térmico descrito como solo que permanece abaixo de 0 ° C por
dois ou mais anos. O permafrost esta subjacente a 25% da area total da terra, mas nao foi ainda
adequadamente estudado porque ocorre principalmente em regides polares e alpinas isoladas. No
arquipélago noruegués de Svalbard, 90% a 100% da terra exposta assenta em permafrost, sendo
que 60% da area total de Svalbard se encontra coberta por glaciares. Estima-se que o permafrost
armazene mais de 1600 gigatoneladas de carbono em todo o mundo. Quando o permafrost
derrete, o carbono € libertado na forma de dioxido de carbono ou de metano. O metano é
liberado em quantidades menores que o dioxido de carbono, mas os seus efeitos no aquecimento
da atmosfera sdo 28 vezes mais fortes que os do didxido de carbono. Embora exista um grau
consideravel de investigacdo sobre hidratos de metano emanados no oceano, pouco se sabe sobre

0s reservatorios de metano no permafrost, em terra.

Pingos sdo morfologias que sé ocorrem no permafrost, no Artico e no subartico, e que
ventilam metano da mesma maneira que as pockmarks podem ventilar clatratos de metano no
fundo do oceano. Pingos séo morfologias que se assemelham a colinas e que ocorrem
isoladamente ou em pequenos grupos, em terrenos baixos, como vales ou planicies costeiras. Em
Svalbard, a elevacao isostatica foi superior a subida do nivel méedio do mar. Isso permitiu que
antigas pockmarks marinhas se tornassem pingos através da injecdo de dgua subterranea. As
injecOes de agua subterranea que formam coberturas de gelo (icings) sdo geralmente ricas em
metano proveniente de reservatérios em profundidade, de sub-permafrost. A agua € originaria
dos glaciares de Svalbard e também podem formar coberturas de gelo nas moreias terminais dos
glaciares. As coberturas de gelo associadas a pingos apresentaram as maiores taxas de emissdo
de metano e, portanto, foram o foco deste trabalho. Os pingos e hidrologia associada foram
pouco estudados, particularmente em regides de Svalbard que ndo séo facilmente acessiveis. No
inverno de 2019, os pingos foram estudados através de imagens de satélite e amostragem de
agua, no campo. Tal foi efetuado para melhor entender as caracteristicas destas incomuns
estruturas periglaciais e 0 metano que elas libertam. Dados suplementares recolhidos nos anos de
2015-2017 foram utilizados para estimar a emissdao de metano e sua relacdo com a libertacéo de

outros compostos.



Foram identificados 98 pingos em Svalbard, encontrados apenas nas ilhas de Spitsbergen
e Edgegya. Spitsbergen é a unica ilha com coberturas de gelo em agua subterranea associadas a
pingos. A maioria das coberturas de gelo ocorre na peninsula de Nordenskidld Land, no centro
de Spitsbergen, e, assim, esses pingos foram o foco deste trabalho. A distribui¢éo espacial dos
pingos e de linhas de falha parece indicar uma relacdo entre as zonas de falha e a formacéo de
pingos, possivelmente devido a descontinuidade nas rochas, facilitando o fluxo das aguas
subterraneas. Apenas vinte e cinco pingos na ilha de Spitsbergen estavam localizados a mais de
dez quilometros da falha mais proxima e 33,7% dos pingos em Spitsbergen estavam a um
quilémetro ou menos da falha mais proxima. Muitos desses pingos aparecem alinhados de forma

paralela as linhas de falha que ocorrem nos vales e ao lado delas.

Um modelo preditivo foi estabelecido para estimar a quantidade de metano ventilada, tendo por
base outros compostos medidos em pingos que estdo dentro do Holocénico. Foi ainda criado um
banco de dados usando conjuntos de dados de elevacédo, analise em SIG, fotografia de satélite de
inverno e dados geoldgicos. O objetivo foi identificar os pingos em Svalbard, bem como os
fatores que influenciam a sua formacao e o seu comportamento. As coberturas de gelo associadas
a pingos eram mais abundantes na peninsula de Nordenskidld Land, no centro de Spitsbergen.
Em Svalbard, as maiores quantidades de metano libertado, identificadas até agora, estdo no vale
de Adventdalen, perto da povoacao de Longyearbyen. O metano libertado nas coberturas de gelo
associadas a pingos atingiu 59% neste vale.

Além disso, verificou-se que o dioxido de carbono e o metano estdo correlacionados,
provavelmente devido aos processos microbianos que levam a formacéo de metano. O deutério
também esta intimamente relacionado com o metano, provavelmente em associacao com 0s
sedimentos marinhos localizados dentro do limite marinho do Holocénico. O metano nos pingos
é de origem biogénica devido a decomposicdo de materiais organicos. A ventilacdo de metano
ocorre a taxas muito mais altas no inverno do que no verdo. Tal decorre do degelo no verdo que
dilui a &gua e das bactérias metanogénicas estarem inativas no inverno, permitindo maior
libertacdo de metano. Num clima em mudanca, é importante entender o comportamento e a
quantidade de libertacdo de metano no Artico. Mais investigacio de campo deve ser feita em
pingos em Svalbard, particularmente em outras areas de Spitsbergen que logisticamente ndo séo

faceis de alcangar. O metano € um dos principais gases de estufa, e 0 aumento da sua libertagéo

xi



pode ser prejudicial para o Artico. O IPCC considerou Svalbard como um ambiente climatico
sensivel e em grande risco de aquecimento devido a um feedback positivo e a amplificagéo polar
do efeito climéatico. Ao combinar as abordagens cientificas descritas, espera-se que estes dados
sejam um passo importante na compreensao dos reservatorios de metano em ambientes de

permafrost, particularmente relevantes em situacdes de instabilidade e mudanca climatica.
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1. Introduction

There have been many studies on submarine methane hydrate ventilation, but little
research has been published on this phenomenon occurring on land (Stotler et al, 2010).
Understanding the dissociation of methane hydrates is vital for recognizing the impact of these
features on both the ocean and the atmosphere. The Arctic has stored a vast quantity of methane
in permafrost because low annual temperatures prevent the decay of organic matter. Permafrost
alone is estimated to contain 720 gigatons of organic carbon globally (Zimov et al, 2006).
Svalbard, an archipelago that is part of the Norwegian Arctic, is 60% glaciated with its
remaining land area underlain by continuous permafrost. Since the end of the Little Ice Age in
the early 20" century and with global climate change in recent decades, Svalbard has seen an
increase in annual temperatures (Norwegian Meteorological Institute, 2011). This increase in
temperature is most pronounced in winter. With a low mean annual precipitation, cold winter
temperatures are necessary for the preservation of sea ice, permafrost and glaciers. In the
summer of 2012, a record minimum of sea ice was reached in Svalbard (Nordli et al, 2014;
Metfies et al, 2016). The loss of sea ice, thinning of glaciers, and thaw of permafrost would have

local as well as global consequences.

Svalbard, Norway is an excellent place to study the behaviour of methane because it is a
unique environment even when compared to other regions in the High Arctic. It is surrounded by
shallow seas that contain methane hydrates. Methane is kept from disassociating due to low
temperatures and high pressure. Because of isostatic rebound that has occurred since the end of
the Last Glacial Maximum, uplift of Svalbard has outpaced rising sea levels (Ingélfsson, 2011).
Isostatic uplift better enables methane to ventilate to the atmosphere (Wallmann et al, 2018). In
coastal waters surrounding Svalbard, the dissociation of methane clathrates could occur more
frequently if bottom water temperatures are increased. On land, methane ventilation can be
facilitated by unique periglacial structures known as pingos (figure 1.1). These are conical, ice-
cored hills that can only exist in continuous permafrost. The remnants of pingos can be indicators
of past periglacial environments. Most studies have been completed on the island of Spitsbergen,
the largest island in Svalbard. Because it is the only island that has permanent human

settlements, it is the most accessible region for research.



Figure 1.1. Lagoon Pingo in Spitsbergen, Svalbard with two snowmobiles for scale. Photograph taken by Craig
Hammock in March 2019.

Recent studies suggest that pingos on coastlines form because of the occurrence of
pockmarks occurring in shallow bays, fjords, estuaries, and other bodies of water (Hodson et al,
2019). Open-system pingos in parts of Svalbard that were once below the marine limit are
thought to originate from former pockmarks. Pockmarks are particularly well-preserved in
glacio-marine sediments (Portnov et al, 2016). Pingos presently exist in many parts of coastal
Spitsbergen that were recovered from the sea due to isostatic uplift and the reduction of glacial
ice. These features release a small amount of methane each year. Although a significant amount
of this methane is consumed by methanotrophic bacteria in the sediment in summer, these
bacteria are inactive in winter and so methane emissions are significantly increased during this
season (Hodson et al, in review). Future research should consider how much methane is being
added to the atmosphere by these features (Marin-Moreno et al, 2013). Although many papers
have been written on the release of methane by pockmarks and pingos in the ocean (e.g. Paull et
al, 2007; Forwick et al, 2009; Riedel et al, 2018), relatively little attention has been given to
these features on land. In light of warming temperatures and increased global attention on the
Acrctic, it would be educative to research how methane seepage on land will contribute to the

overall volume of carbon in the atmosphere.

The main goal of this research topic was to research pingos on Svalbard and the quantity
of methane they ventilate to the atmosphere. To accomplish this, the active emission of methane
was examined on Spitsbergen, Svalbard, Norway. Factors such as electroconductivity, PH, and
other chemicals were also measured. Using GIS, the concentration and distribution of features

that may be associated with methane release were characterized. Pingos were the main focus of



the study as well as associated groundwater icings. The amount of gaseous methane released
from these icings in 2019 was quantified and compared to results on four major pingos
researched in central Spitsbergen from 2015-2017. Component analyses and multiple regression
were two statistical methods used to identify compounds associated with methane. Throughout
geologic history, freeze-thaw cycles in permafrost and methane ventilation have occurred as part
of natural cycles. However, in a warming climate this natural process is changing and needs to be
studied. Understanding these processes in the past and in the present is necessary to comprehend

the future behaviour of methane ventilation in a warming climate.



2. Study Area
2.1 Geography

Svalbard is an archipelago measuring about 63 000 km?. It is international territory that is
administrated by Norway, located between latitudes 74° to 81° N and from longitudes 10° to 35°
E. Located in the Arctic Circle, the closest landmass is Greenland to the west. The islands are
located between the Barents Sea to the east, the Greenland Sea to the west, the Norwegian Sea to
the south, and the Arctic Ocean to the north (figure 2.1). In most parts of the world, soil,
vegetation, and anthropogenic activities have made geological formations indistinct to the naked
eye. However, Svalbard acts as a natural archive of the earth’s geological history. There are
relatively few animals and plants found on the island because of the extreme climate (Rgnning,
1996). Winter lasts from October to May and summer from June to September. Often, snow and
ice from winter will persist into the month of June. There has been very little human
development due to historically limited human habitation. Svalbard has never had an indigenous

human population.

Apart from humans and domestic dogs, there are only three terrestrial mammals-
Svalbard reindeer (Rangifer tarandus platyrhynchus), southern vole (Microtus levis), and the
Arctic fox (Vulpes lagopus). The coasts have a multitude of marine mammals including polar
bears, walruses, seals, and many species of migratory whales and dolphins. Svalbard is also the
breeding ground of many migratory seabirds such as the Arctic tern and black-legged kittiwake.
Because of the polar latitude, the growing season for plants in Svalbard is only a few weeks long.
Permafrost beneath the surface of the soil prevents roots from growing very deep. Consequently,
plants on Svalbard are rarely higher than 10 cm in height. The biome of Svalbard’s largest island,
Spitsbergen, is designated as an Arctic tundra, and so many Arctic plants such as Saxifraga sp.,

Salix sp., Potentilla sp., and Ranunculus sp. are found throughout the island (Rgnning, 1996).
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Figure 2.1. The Arctic Ocean and its marginal seas (Piepenburg, 2005). Svalbard is located within the confines of
the black box.

2.2 Geology

The islands of Svalbard have a basement complex of igneous and metamorphic rocks as
well as sedimentary covers deposited from the Devonian to the Permian periods (Hjelle, 1993).
Svalbard also has a great deal of unconsolidated deposits from the erosion of glaciers
(Norwegian Polar Institute, 2015). Presently, 60% of the islands are covered in glacial ice and
polythermal glaciers. The landforms of Svalbard have been affected by multiple glacial periods
that have eroded valleys and deposited sediments that influence its environment today (Benn and
Evans, 2014). Furthermore, Svalbard is geologically unique because of how well-preserved its
stratified sedimentary layers are (figure 2.2). Because the islands were below sea level for much
of history, deposition has occurred in nearly perfect stratified columns. Today, this stratification
is plainly visible because of the lack of vegetation on the island. The bedrock lies open and
exposed, revealing the ancient basement from the Precambrian period all the way to the

unconsolidated sediment of the Quaternary period (Hjelle, 1993).
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Figure 2.2. Svalbard’s geologic regions (Bgggild et al, 2007).

This case study will mainly focus on the island of Spitsbergen, the largest of the islands
that make up Svalbard. Spitsbergen contains all of the permanent inhabitants of Svalbard, with
the capital, Longyearbyen, located roughly in its geographical center (figure 2.3). The area
around Longyearbyen is mainly comprised of coastal lowlands and glacial valleys. Glaciers have
greatly impacted the geology and environment on Spitsbergen. These glaciers are cold-based,
meaning they are frozen to their beds, or polythermal, meaning they contain both temperate ice
at 0°C and cold ice below 0°C (Benn and Evans, 2014). Glaciers nourish groundwaters near the
coast and create the valleys found throughout Spitsbergen. This thesis will focus on the central
area of Spitsbergen, which is called Nordenskiold Land. This is a peninsula with the settlements
of Longyearbyen, Barentsburg, and Sveagruva. Nordenskidld Land has tertiary lithology, and is

mainly composed of sandstone and shale with many coal deposits. Human habitation has mainly



existed in this area due to the coal fields that have been mined since the early 20" century, so
data on this region dates back to the early 1900s. Coastal valleys at low elevation on
Nordenskiold Land are of interest because they are where most pingos (see description below)

occur on the island.

N

A

Kviteya

Nordaustlandet

Kong Karls Land

Ny Alesund

Prins Pyramiden
Karls

Forland Barentsoya

Lonayearbyen

Spitsbergen

Baren\sburg

Sveagruva
Edgeoya

Hopen

60 km

Figure 2.3. The Svalbard archipelago with settlements on the island of Spitsbergen (Norwegian Polar Institute,
2016). Nordenskiold Land on Spitsbergen is the peninsula found within the boundaries of the black box.
2.3 Historical Glaciation and Climate

In Svalbard, there is a direct link between climate patterns and the mass balance of ice

sheets and glaciers. Svalbard was entirely covered by an ice sheet during the Weichselian



glaciation in the Quaternary period, the last glaciation in northern Europe. The ice sheet covering
Svalbard and its shelf area was known as the Svalbard-Barents ice sheet (figure 2.4), and it
depressed the entire archipelago. The ice sheet began declining around 15 000 years ago via
iceberg calving, but a fraction of the ice sheet persisted until about 11 000 years ago when rapid
deglaciation followed the Younger Dryas glacial readvancement (Matsuoka et al, 2004). Since
the reduction of the ice sheet at the end of the glaciation, Svalbard has been subject to isostatic
rebound. During the past 11 000 years, Svalbard has risen approximately 130 meters due to
isostasy and continues to rise (Ingélfsson, 2011). Shells can be found on former marine terraces
on Svalbard’s coastline as evidence that they were once submerged. Although glaciation in the
Holocene is at a lesser extent than during the Last Glacial Maximum (LGM), Svalbard’s current
landscape is largely shaped by the actions of glaciers. The ice sheets eroded fjords and wide U-
shaped valleys, particularly in the northern and eastern regions. Svalbard’s very thin soil cover
was mostly formed during the Quaternary period from erosion and glaciation (Hjelle, 1993). The
coastal plains, marine terraces, and other regions that now form part of the Holocene marine

limit have saline sediments.

Z >
\
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Svalbard-Barents
N Sea Ice Sheet

Figure 2.4. The Svalbard-Barents ice sheet during the LGM with ice streams denoted by arrows (Ingélfsson, 2011).

Data on glaciers worldwide was limited prior to the 19" century, but Svalbard even more
so due to its geographic isolation. No measurements were taken until official scientific

expeditions were mounted beginning in the late 19" century. Temperature was observed
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extensively in western Spitsbergen starting in 1898 and was compiled into a composite series
extending between 1898 and 2012 (Nordli et al, 2014). However, these observations are not
continuous. The data will often have gaps from the moving of stations and settlements in the
early 20" century as well as events such as World War I1. Although this data is not complete; it
is vital for understanding the behaviour of glaciers during the Little Ice Age. The Little Ice Age
(LIA) was a climate phenomenon that greatly affected Northern Europe as well as the High
Arctic (Hjelle, 1993). The LIA ended approximately before 1918, resulting in slightly warmer
temperatures throughout northern Europe and Svalbard. This coincided with an observed
reduction in the mass balance of glaciers throughout Svalbard over the past century (Hambrey et
al, 2005). It can therefore be argued that climate patterns are among the most important factors in
glacier mass balance. In a glacier-dominated landscape such as Svalbard, receding glaciers can
have many effects. These include terrestrial erosion rates and changes to the sediment loads
added to the surrounding fjords. In turn, benthic communities in the fjords of Svalbard can be

affected, changing the dynamics of marine ecosystems (Lgnne and Lysa, 2005).

2.4 Current Climate Trends

For the purpose of this research paper, climate data from Longyearbyen was used.
Longyearbyen is found on the western coast of Spitsbergen. The town is defined as having an ET
(tundra) climate using the Képpen Climate Classification System (Eckerstorfer and Christiansen,
2011) because the warmest month on average is between 0°C and 10°C. However, it is important
to note that temperatures widely vary across Spitsbergen due to the variation in elevation,
proximity to the sea, and oceanic currents (Nordli et al, 2014). Although designated as a polar
climate due to its high latitude, Svalbard sees warmer average temperatures than other places at
similar latitude such as northern Russia and Greenland (Christiansen et al, 2013). This moderate
climate is due to the West Spitsbergen Current that brings warm water from the North Atlantic
(Nordli et al, 2014). The seas around western Spitsbergen are navigable and ice-free year-round,
particularly when compared to other polar regions. Conversely, the East Spitsbergen Current
originates from the Arctic Ocean and brings very cold water. The eastern coast of Spitsbergen is
thus much colder and ice-covered than the western side (Aagaard et al, 1987). Because cold and
warm air meet at Spitsbergen, this creates very high wind speeds in the winter. Precipitation falls
year-round but in small amounts, averaging about 177 mm per year (Norwegian Meteorological

Institute, 2011). Svalbard also has the phenomenon of polar days and polar nights. From
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November to February, the sun does not rise, and from May to August, the sun does not set
(figure 2.5). As a region in the High Arctic, Svalbard is very sensitive to climatic changes such
as the phenomenon of polar amplification. This climate sensitivity was highlighted in the IPCC’s
fifth report (Aas et al, 2016).
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Figure 2.5. Historical average annual temperatures in Longyearbyen and hours of sunlight received. This figure was
created using data from the Norwegian Meteorological Institute (2011).

Warming in the Arctic has become a recognized issue worldwide. Svalbard is sensitive to
climate differences due to polar amplification. Changes in the net radiation balance produce
larger changes in temperature near the poles than in tropical or temperate latitudes (figure 2.6).
The result is that the present warming of the Arctic is estimated to be twice that of the global
average. Reduced sea-ice cover leads to less albedo, creating a positive feedback of increased
warming. Furthermore, moist and warm air masses are carried northward towards the Arctic
(Voiland, 2013). This can increase precipitation, mostly in the form of rain rather than snow. As
a result, increased warming is most pronounced in the winter season. Temperatures can increase
by as much as 10°C in the winter while only increasing by 1°C in the summer. As a polar desert,
Svalbard has little annual precipitation. An increase in rain rather than snow cannot maintain
glaciers and snow cover (Hansen et al, 2014).
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Warmer temperatures recorded in the past thirty years are the likely cause of glacier
recession in Svalbard, and continued warming climate trends will most likely exacerbate the loss
of mass balance. Moholdt et al (2010) found that small glaciers in Svalbard, particularly those at
low elevations, have experienced the highest loss of mass balance. This effect is most
pronounced in western Spitsbergen, which overall has warmer temperatures than the east.
Glaciers rely on accumulation from winter precipitation in order to maintain a positive mass
balance. Although precipitation will increase, this will be in the form of rain and not snow.
Without enough accumulation to recover their mass in winter, it is likely that glaciers will
experience increased recession rates. Increased recession will affect the hydrology and drainage
of Svalbard, which in turn will influence permafrost (van Pelt et al, 2016). The Arctic has natural
climate variability and anomalies that occur outside of climate change. It is important to research
these natural fluctuations to provide a more comprehensive understanding of how the Arctic

environment will respond to a warming climate.

Temperature Anomaly (" C)
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Figure 2.6. Global temperature anomalies from 2000-2009 compared to the global annual mean in the past 50 years.

This was created with GISS surface analysis (Voiland, 2013).
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3. Literature Review
3.1 Glaciers

A glacier is a persistent body of dense ice formed over centuries of snow accumulation
that is massive enough to flow under its own weight. Glaciers are a major component of the
physical geography and hydrology of Svalbard. Glaciers are not understood as a physical object
but more as a system. They gain and lose water and debris. They contribute to the volume of
oceans via eustatic sea level rise as well as the atmosphere. Glaciers have an ablation zone,
which is defined as the part of the glacier that experiences melting, breakage, and evaporation.
Conversely, the accumulation zone is where snow and ice gather. These gains and losses are
collectively referred to as the mass balance (Benn and Evans, 2014). Glaciers have historically
formed where the accumulation of snow and ice could match or exceed the loss of snow and ice.
This naturally means that glaciers are associated with regions of high latitude as well as high
altitude where air density and a low solar angle result in low average temperatures and high snow
accumulation. They are irrevocably linked with eustatic sea level rise due to their ability to store
enormous volumes of ice (Ingdlfsson, 2011). Glaciers have eroded the many fjords and valleys
found throughout Spitsbergen. The islands of Spitsbergen, Kvitgya, and Nordaustlandet are
almost entirely glaciated. The few areas that are seasonally ice-free have evidence of past glacier
activity such as moraines. Glaciers have shaped the geomorphology of Svalbard by scouring out
massive channels and glacial valleys and by depositing sediment and till. Spitsbergen has valley

glaciers as well as ice caps, which are areas of ice smaller than 50 000 km? (Pélli et al, 2003).

There are three main classifications of glaciers- temperate, cold, and polythermal (Benn
and Evans, 2014). Temperate glaciers are defined by being relatively warm, usually at or near
0°C. They require high precipitation to combat melting rates in summer. Cold-based glaciers
have temperatures that are significantly lower than 0°C and are generally frozen to their beds.
The type of glaciers found on Svalbard cold-based and polythermal. A polythermal glacier is the
most common type of glacier geographically and contains a mixture of temperatures. Different
parts of the glacier are below or at the melting point. The temperature of a glacier determines
whether or not there is liquid water at the bed and if meltwaters can access or exit the glacier
interior without refreezing (Wadham et al, 1998). Spitsbergen has polythermal glaciers which

behave in a specific manner due to the polar marine climate. In spring, temperate ice is created in
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the accumulation zone when meltwater is refrozen. In the ablation zone, freezing temperatures in
winter create a near-surface layer of cold ice. The glaciers found on Spitsbergen have cold as

well as temperate ice (Hodson and Ferguson, 1999).

Many of Spitsbergen’s coastal areas were once submerged beneath the Arctic Ocean.
These areas have now lifted above sea level due to the phenomenon of isostatic rebound. The
weight of an ice sheet can depress the earth’s crust beneath it. During the Last Glacial Maximum
(LGM), the massive weight of glaciers deformed the asthenosphere below Spitsbergen. Many
lakes, such as Varfluesjgen in the north of Spitsbergen, were once marine environments. The
shells of prehistoric marine fauna found in these freshwater lakes strongly supports this theory
(Rothe et al, 2018). During the LGM, Svalbard was connected with the rest of Europe because of
the Scandinavian Ice Sheet. Over the past 8000 years, isostatic rebound in Svalbard has outpaced
eustatic sea level rise (Wallmann, 2018). Isostatic rebound rates are not uniform in Svalbard
(Bondevik et al, 1995).

3.2 Pingos

A pingo is a type of periglacial feature that consists of a core of massive ice with layers
of sand and gravel (Yoshikawa, 1993). It appears as a mound or hill that can be ten to forty
meters in height and may have a cratered top containing liquid water in summer. Although
pingos can be conical, they often have oblong, irregular shapes (Liestgl, 1996). Pingos are
traditionally classified into two different forms- open-system, or hydraulic, and closed-system, or
hydrostatic. Hydraulic pingos are generally found in continuous permafrost while hydrostatic
pingos are features of discontinuous permafrost (Burr et al, 2009). Open-system pingos are the
most common type of pingo on Svalbard. Hydraulic pingos develop when groundwater that is
under artesian pressure reaches the surface (Muller, 1959). In general, they occur as isolated
features or as small groups within the same locality. They generally form in areas with
topographic relief, such as lower hillslopes, alluvial fans, or valley bottoms. Groundwater
seepages causes icings to form on their domes or at their flanks, which are most visible in late
winter (French, 2007).

On Svalbard, many of the larger pingos are related to geologic faults that facilitate the
transport of ice melt from glaciers (Liestgl, 1976). This theory is corroborated by studies done on

pingos in China (Burr et al, 2009). A discontinuity in the bedrock allows for better transport of
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groundwater (figure 3.1). The presence of groundwater can influence the formation of permafrost
features such as pingos. Hydraulic pingos grow from ice injection of groundwater from artesian
pressure, and three variables are very important to maintain their form. Pingos that are cut off
from a supply of groundwater will eventually collapse, such as pingos in Reindalen, Svalbard.
Water pressure, which is determined by conditions external to the pingo, overburden strength,
and rate of freezing, which depends upon temperature (Yoshikawa and Harada, 1995). Since all
three may change independent of the others, this balance will rarely be maintained for the total
growth period of a pingo. This is likely why pingos are not common permafrost features.

Pingo

major fault

associated minor fault

Figure 3.1. Schematic of a pingo in Kunlun Mountain, China, located near South Kunlun Fault and its associated
minor fault line (Burr et al, 2009).

3.3 Permafrost

On land, pingo growth is associated with the aggradation of permafrost. Permafrost refers
to a thermal state when a feature remains at or under 0°C for two years or more (Osterkamp,
2005). Permafrost can contain ice, but it is not defined by the presence of ice because it can
occur in ground that does not contain any water. The presence of permafrost influences the
population diversity of flora and fauna in Arctic and sub-Arctic environments as well as greatly
impacting carbon storage and hydrology. Permafrost makes up a significant part of the physical
geography of Svalbard as well as Russia, Canada, China, Mongolia, Alaska, and some parts of
Antarctica. Permafrost can exist underneath the ocean and can also be found at high altitudes,
such as in the Andes Mountains (Hong et al, 2017). There are four types of permafrost
distribution- continuous, discontinuous, sporadic, and isolated. This defines areas that are nearly
or completely underlain by permafrost (90%-100%), widespread regions underlain by permafrost
(50%-90%), partial coverage (10%-50%), and areas where permafrost only exists in isolated
patches (0%-10%) (Brown et al, 1997). Svalbard is underlain by continuous permafrost, as seen
in figure 3.1.
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Permafrost is well-known for storing high amounts of organic carbon. This is mainly due
to the low decomposition rates of organic matter in cold environments. Several studies have
described permafrost as a cryosphere cap that prevents or inhibits carbon emissions (Shakhova et
al, 2007; Anthony et al, 2012). When permafrost thaw occurs, this organic matter can decompose
very quickly and more carbon is added to the atmosphere. Permafrost thaw can also cause issues
such as subsidence, which is when the ground collapses because of the loss of volume associated
with melting. Frost heave is a similar occurrence that causes ground to expand by up to 9% when
water freezes. Permafrost was first described and studied by engineers attempting to reduce the

effects of thaw subsidence and frost heave on infrastructure (French, 2007).

Permafrost is a vital component of Arctic geomorphology and hydrochemistry.
Permafrost does not exist directly at the surface, where the top layer of soil experiences thawing
and freezing cycles associated with seasonality. This layer is known as the active layer, and this
is where processes such as microbial activity can occur. Beneath the active layer is a transient
layer which is in some years part of the active layer and in some years part of the underlying
permafrost (van Everdingen, 1998). Groundwater movement in permafrost can be restricted to
the active layer, where seasonal thawing and freezing occur. It can also be restricted to sub-
permafrost, unfrozen ground beneath permafrost that can contain deep aquifers (Haldorsen et al,
2010). Within permafrost, there can be unfrozen pockets referred to as taliks. In continuous
permafrost, taliks can be created from local heat sources or form following a change in the
ground’s thermal regime (Ling et al, 2012). Finally, sediments that are saline can be unfrozen
below 0°C due to salt water’s lower freezing point. In Svalbard, isostatic uplift has exceeded
rising sea levels. This means that much of Svalbard’s land area was submerged during the Last
Glacial Maximum approximately 11 000 years ago and thus contains salty sediments (Elverhgi et
al, 1995).
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Figure 3.2. Permafrost distribution in the circumpolar north. Image by Philippe Rekacewicz. Data was used from the
International Permafrost Association, 1998. Available on the National Snow and Ice Data Center website

(nsidc.org).

3.4 Arctic Hydrology

Permafrost is an important component of Arctic hydrology. Although the presence of
permafrost does not necessarily inhibit the movement of groundwater, it is an important factor in
water storage as well as responsible for reducing reaction and dissolution rates. Carbon dioxide,
calcites, dolomites, gypsum, and siderites are more soluble at lower temperatures (Woo, 2012).
The composition of groundwater largely depends on its origin as well as residence time. For
instance, siderites are often found in shale and sandstone, which are a vital part of the tertiary
geology of Nordenskidld Land. Groundwater springs can be saline, brackish, or iron-enriched
and acidic. Evidence of groundwater flow in winter can be seen in the form of groundwater

icings. Groundwater icings are most visible in late winter (figure 3.2), when the active layer has
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been frozen for months and air temperatures are not yet sufficient for melting to occur (Anthony
et al, 2012).

Figure 3.3. An example of an icing in Adventdalen, Spitsbergen, Svalbard with person for scale. Photograph taken
by Emma Ciric in April 2019.

3.5 Methane Ventilation

Pingos are unique to continuous permafrost environments, but are not common
structures. They require certain hydrological, elevational, and geomorphological conditions in
order to form. Pingo-like features that are associated with the decomposition of methane
clathrates have been studied on the ocean floor (e.g. Frederick and Buffett, 2014; Berndt et al,
2014; Forwick et al, 2009). Rather than being driven by ice accumulation, the sediment in places
like the Beaufort Sea has been expanded and moved by gases. The warming effect of methane
per unit mass is 28 times higher than that of carbon dioxide (Mau et al, 2017). Methane
clathrates, used synonymously with methane hydrates, are substances formed when methane gas
is forced into a solid form by a combination of high pressure and low temperatures. Methane
clathrates are crystalline and can have the same appearance as ice (Portnov et al, 2016). An
increase in temperature or decrease in pressure can cause rapid ventilation of methane through

the water column and into the atmosphere.
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The dissociation of methane hydrates in submarine sediments can be an indication of past
climate change. Because the stability of a methane clathrate relies on temperature and pressure,
dissociation can be used to study previous variations in ocean conditions (Marin-Moreno et al,
2013). Because so little is known about methane hydrates in the present, this information could
be used for present implications of methane affecting the Arctic carbon budget (Westbrook et al,
2009). In Russia, several studies have been done on the link between subsea permafrost and
methane hydrates (Serov et al, 2015; Portnov et al, 2013; Portnov et al, 2014). This is because
permafrost can act as a seal for methane, one that either traps methane entirely or limits its
release. The thaw of coastal and subsea permafrost throughout Svalbard is very likely to affect
the natural emissions of methane. Permafrost-associated methane hydrate deposits are found at
shallow depths within the sediments of Arctic continental shelves. Frederick and Buffett (2014)
found that taliks can provide an escape for methane when dissociation occurs. This temperature
anomaly can occur due to hydrological, geochemical, or thermal conditions. On Spitsbergen,

taliks have been found beneath open-system pingos (Riedel et al, 2018).

It has been shown in previous studies (Hodson et al, 2019; Portnov et al, 2016) that
significant contributions to methane in the atmosphere can be made by methane reservoirs
located in or below sub-permafrost ground water. In Nordenskidld Land, methane can escape via
open-system pingos. The creation of open-system pingos has been linked to isostatic uplift and
permafrost aggradation as a result of ice sheet retreat since the Last Glacial Maximum. Open-
system pingos can also originate from pockmarks on the ocean floor, which act as a conduit for
methane escape much like pingos do on land. Pockmarks have similarly been associated with the
retreat of the ice sheets since the LGM (Crémiere et al, 2016).

3.6 Microbes as a Source of Methane

Strong evidence supports microbiological activity as a major source of methane in
Svalbard. Compounds converted into hydrogen and carbon dioxide and then reduced to methane
are an indicator of microbiological activities. Studies (Mdiller et al, 2018; Mackelprang et al,
2011; Wagner and Lieber, 2010) have shown that Adventdalen in particular has such a large
amount of methane due to particularly high rates of anaerobic microbiological activity. These
bacteria form methane in a process known as methanogenesis. Methanogenic archaebacteria

belonging to the families Methanobacteriaceae, Methanomicrobiaceae, Methanosarcinaceae,
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and Methanosaetaceae (Wagner and Lieber, 2010) have been identified in Arctic permafrost
environments. Adventdalen has been the valley that has been studied most in Svalbard, due to its
proximity to the capital of Longyearbyen and thus ease of access. It is possible that
methanogenic archaea are the source of methane that is emitted in other valleys such as
Reindalen and Grgndalen. As these microbes are most active during the thaw, it can be estimated
that their activity will increase if temperatures warm. However, little is known on the current

population and the density of existing methanogenic archaea in Svalbard.
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4. Materials and Methods

4.1 Cartography

Using topographic maps of Svalbard provided by the Norwegian Polar Institute (2016),
pingos were identified throughout Svalbard to create a database. Pingos are visible on satellite
imagery as singular or grouped craters or hills on lowland terrain. A map of all pingos found in
coastal lowlands across Svalbard was created using QGIS and Sentinel satellite imagery
provided by the Norwegian Polar Institute (2016). Lowlands are parts of Svalbard that are light
brown in maps (figure 2.1), generally in the form of valleys and coastal plains. Pingos were
located using topographic maps. Icings were located using winter satellite imagery. Icings that
appear in late winter are indicative of pressurized groundwater. These icings can be associated

with mountain springs, glaciers, or pingos.

Although pingo icings were located across the island of Spitsbergen, the geographic
focus was on the peninsula of Nordenski6ld Land on the island of Spitsbergen because of the
quantity of pingos and ease of access for field work. Icings of mountain spring and glacial origin
were denoted on Nordenskitld Land. In addition to locating icings, fault zones were mapped
across all of Svalbard. Faults occur frequently and in large clusters across Spitsbergen,
particularly in areas associated with pingos. The distance between pingos and the nearest fault

line was measured to find an association between the two features.

It is hypothesized that thicker marine infill at the Holocene marine limit allows for less
groundwater passage because of low permeability. Essentially, groundwater is forced out the
sides of the valley where the marine infill is thinner (Rathe et al, 2015). Based on this
hypothesis, pingos should be found at the valley margins in the Holocene marine limit and closer
to the center outside of this limit. To achieve this, distance was measured between the pingo and
the center of the valley. This distance was then divided by the total width of the valley in order to
obtain a 0-1 index for proximity of the pingos to the valley center, with 0 being near the margins

and 1 being at the center.
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4.2 Sampling in the Field

Field work was completed from March to May 2019 with visits to wide glacial valleys on
Nordenskiold Land. Data collection was completed over three months. Field sites were chosen
based on the locations of icings found on satellite imagery. Many of these sites have been
sampled in previous studies (Hodson et al, 2019). The purpose of these visits was to make
observations of the presence of pingos previously identified on satellite imagery, or other
features with methane seepages such as pro-glacial groundwater icings. Well-known, active
pingos that have been well documented in literature (Yoshikawa and Harada, 1995; Liestal,
1977) were visited as well as new icings. Snowmobiles and boats were used to reach the field
sites as well as for transferring materials back to the University Centre in Svalbard. Camping
supplies in case of emergency always accompanied the snowmobiles. The following factors were
measured: gaseous methane, carbon dioxide, oxygen, electroconductivity, PH, and oxidative-

reductive potential.

The purpose of sampling in valleys in Spitsbergen was to check for methane evasion
using a headspace methane detector. Sites were selected based on the presence of groundwater
icings. Icings were located using winter satellite imagery from the Norwegian Polar Institute
(2016) with a resolution of 1:15 000. A Panasonic power drill was used to pervade the ice and
allow the liquid water to escape. Water that was not pressurized and did not rapidly spout from
the core was not measured, as this indicated standing water that was not near the source. Three
syringes were filled with water directly from the drilled core and passed into a flow cell. The
flow cell was heated to prevent freezing and had four membrane detectors to analyze pH,
electrical conductivity, oxidation-reduction potential, and dissolved O (figure 4.1). The
detectors were read using a Hach HQ40 multimeter. OxyGuard and Pro Oceanus laser detectors
(figure 4.2) were used to measure free carbon dioxide and gaseous methane concentration as x%
of total gases, respectively. One measurement for each substance was made per station. This
information was entered into a field laptop. The elevation, geographical area, geological area,
and associated groundwater icings were described and annotated in a notebook. Using the
measured data, the distribution of methane concentration throughout Nordenski6ld Land was
mapped and compared to known sites.
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Figure 4.1. Water from a groundwater icing being passed through membrane detectors. Photograph taken by Emma
Ciric in May 2019.

Figure 4.2. A Pro Oceanus laser detector measuring methane parts per million at a glacial spring near Foxfonna

Glacier, Svalbard. Photograph taken by Emma Ciric in July 2019.
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4.3 Statistical Analysis

Mass spectrometry was intended to be completed on water samples taken in winter 2019,
but these results were not possible due to mechanical failure. In order to supplement this, data
was obtained from previous sampling done in four pingo sites in Adventdalen, Nordenskiold
Land, Spitsbergen (Hodson et al, in review). These pingo sites release very high quantities of
methane and thus data from the years 2015 to 2017 has been used to conduct statistical analysis.
Measurements from 2015-2017 refer to aqueous methane expressed as mg/l while the samples
collected in 2019 (within this thesis) refer to gaseous methane and are expressed as x% of the

total measured gases.

Using data from the above-mentioned paper, SPSS was used to conduct a factor analysis
of correlations between various substances detected in the water at four different sites in
Adventdalen between the years 2015 and 2017. The factor analysis was done on winter
samplings from Lagoon Pingo, Farstehytta Pingo, Innerhytta Pingo, and River Pingo. The
variables used were: methane, carbon dioxide, ammonium, silicate, bicarbonate, chloride,
sulfate, sodium, potassium, magnesium, calcium, strontium, iron, manganese, and total dissolved
solids. Microsoft Excel was used to form a linear regression for methane at these four sites to
identify what components can be used as explanatory variables for methane. Methane was used
as the dependent variable with deuterium and carbon dioxide used as independent variables

against it.
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5. Results
5.1 Spatial Distribution of Pingos

A total of 98 pingos were found on two islands in Svalbard. The vast majority (92) are on
Spitsbergen, the largest island in the archipelago. There were 6 pingos found on the island of
Edgegya. Of the 92 pingos on Spitsbergen, 60 are located on the peninsula of Nordenskidld Land
located at the center of the island (figure 5.1).

N

0 50 100 km

. IIV
ot @ Nma\.w@% % o
g 2

of i

Figure 5.1. Location of all identified (98) pingos (purple circles) at Svalbard. The largest cluster is located on

Nordenski6ld Land, in the center of Spitsbergen.
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Groundwater icings visible in the winter can have multiple sources such as mountain
springs, glaciers, and pingos. Figure 5.2 shows the locations of pingo-associated icings across all
of Svalbard. Pingo icings are mainly confined to the peninsula of Nordenskidld Land in central
Spitsbergen. No pingo icings were found on any other islands.
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Figure 5.2. Location of pingo-associated icings on Svalbard.

Pingo clusters are found in multiple areas of Svalbard, but only the ones in Nordenski6ld
Land have visible groundwater recharge. In Nordenskiold Land, there are many groundwater

icings visible in winter that are not associated with pingos. These icings are typically of
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mountain spring or glacial origin. Figure 5.3 shows the locations of all icings derived from

pingos, mountain springs, and glaciers on Nordenskiéld Land in central Spitsbergen.

» Pingo Icings
Glacial Icings
@ Spring Icings

0 10 20 km

Figure 5.3. Groundwater icings on Nordenski6ld Land. The colour-coding distinguishes what features are associated

with the icings.

Pingos are features that only occur at low elevations (figure 5.4). Of the 98 pingos, 67 are
located on flood plains or valley bottoms that are at or below 100 meters above sea level. Only

one pingo was found above 200 meters, in a valley bottom 213 meters in elevation.

26



30

25

S 20
£
o
© 15
[17]
0
£ 1
5
0 L
IR N ) T A TG 02 ST A S N S - AP \ PR AN
O @ e w6 e M e o
\ \C \ \';0 \»\,'L \‘&‘3 W \qp

Elevation (m)

Figure 5.4. Pingo elevations throughout the archipelago of Svalbard.

5.2 Methane in Nordenskidld Land

River Pingo, Innerhytta, Farstehytta, and Lagoon Pingo in Adventdalen (figure 5.5) were
the four pingos that were the focus of studies from 2015 to 2017 (Hodson et al, in review). In this
paper, aqueous methane was reported in mg/l while. The Lagoon pingo had 59% gaseous
methane, River pingo had 7%, and Innerhytta pingo had 15% when sampled in winter 2019.

Farstehytta pingo was not sampled in 2019 because there was no visible icing.

Innerhytta
o

o

L

Figure 5.5. The locations of the four pingos sampled between 2015 and 2017 (red circles) in Adventdalen Valley,

Nordenskidld Land, Spitsbergen by Hodson et al (in review).
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A total of 20 sites in Nordenskiold Land were identified and chosen for measurement
based on the presence of groundwater. All locations chosen were valleys that had known pingos,

terminal glacier moraines, or both (figure 5.6).
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Figure 5.6. The locations of winter sites in Nordenskidld Land visited in 2019.

Methane was the focus of the compound analysis (figure 5.7). A map was created to
show the spatial distribution of different amounts of methane throughout Nordenskiéld Land.
Values ranged from 0% to 59% gaseous methane in pingo icings. By far, the highest amounts of
methane were in the valley of Adventdalen. Other valleys such as Reindalen and Grgndalen had
pingo icings with up to 6% gaseous methane, but most sites with methane in Adventdalen
exceeded 10%. Furthermore, only two glacial icings in Nordenskidld Land had any traces of

methane. Both of these values were under 4%.
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Figure 5.7. Gaseous methane expressed as a percentage of the total gases at sites throughout Nordenskidld Land.

One measurement was made at each site during a sampling period from March to May of 2019.

Of the other components analyzed in winter 2019, free oxygen had the most visible
correlation with gaseous methane. Sites that had free oxygen often correlated with low levels of
methane (figure 5.8). In the valley of Trodalen, a site had already been drilled prior to study in

March of 2019. The water within had equilibrated and become enriched with oxygen, and no
methane was detected.
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Figure 5.8. Based on data collected in winter 2019 from Nordenskiold Land, high methane release from icings is

generally associated with low oxygen release.

5.3 Elements of Pingo Formation

No pingos were found further than 20.4 km away from the nearest fault line on the island
of Spitsbergen (figure 5.9). Of the 92 pingos on the island, only 25 were farther than 10 km from
the nearest fault line. 31 pingos were one kilometer or less from the nearest fault line. Mean
distance was 5.45 km while median distance was 2.98 km. The mean distance is greater than the
median distance, which results in data that is positively skewed (figure 5.10). The island of
Edgegya was not included in the analysis or in figure 5.10 because no data on fault lines was
found east of Svalbard. Faults exist with high density in Spitsbergen, and in regions such as
Andrée Land (figure 5.11) pingos follow the normal fault lines along several valleys. Only one
pingo icing was found in Andrée Land. In regions such as Wedel Jarlsberg Land (figure 5.12)

and Nordenski6ld Land (figure 5.13), pingo icings were found near reverse fault lines.
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- Normal Faults
Reverse Faults

Figure 5.9. Known and assumed normal fault lines on Svalbard (red lines) and reverse fault lines (blue lines) relative

to the position of pingos (purple circles) and pingo icings (blue circles) on Edgegya and Spitsbergen.

31



35

30

w

g 25

1=

& 20

o

E 15

3

g

E 10

5

0 0 0 0.0 0
SRR ITSSTI AN
O A B e o A G Y Y Y Y N N N N N N
\\—\-\—\-\—\—\-\—Q‘Q‘W‘W‘”)‘V“")‘(O"\‘QD‘O)‘Q‘

AR RN AR AN

Distance to Nearest Fault (km)

Figure 5.10. Distance of pingos on Spitsbergen to the nearest fault in kilometers. The island of Edgegya was not

included due to the fact that there is no geological data east of the island.

Figure 5.11. In Andrée Land, pingos (purple circles) are closely aligned with or nearby normal fault lines in red.
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Figure 5.12. Relationship between pingos (purple circles) and pingo icings (blue circles) relative to normal faults

(red lines) and reverse faults (blue lines) in Wedel Jarlsberg Land, Spitsbergen.
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Figure 5.13. Relationship between pingos (purple circles) and pingo icings (blue circles) relative to normal faults

(red lines) and reverse faults (blue lines) in Nordenskidld Land, Spitsbergen.

Pingos being found at the valley margins closer to the marine limit and at the center of
the valleys father from the marine limit only occurred in a few regions (figure 5.14). The
distribution of pingos across the valleys is slightly bimodal, but the peaks are not distinct enough
to be significant (figure 5.15).
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Figure 5.14. Example of four pingo groups in valleys on Svalbard and their proximities to the valley center. On the

index, 0 is the valley margins while 1 is the exact center of the valley.
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Figure 5.15. Index of pingos relative to their position in the valleys, with 0 being as close as possible to the sides of

the valley and 1 being as close as possible to the center of the valley.

5.4 Relationship Between Methane and Other Compounds

Principal component analysis was used to reduce the dimensions of the 2015-2017
dataset (Hodson et al, in review) and facilitate interpretation of the dominant factors linked to
methane. The SPSS analysis of winter data sampled between 2015 and 2017 permitted the
identification of four major components that justify correlations between different substances in

the groundwater. Four factors were retained on the basis of their eigenvalues being greater than
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1. As a consequence, four components were retained that described x% of the total variance in
the dataset. Each major component justifies the relationship between certain elements and
compounds (table 5.1). In component 1, carbon dioxide and methane appear to be closely
correlated with values of 0.72 and 0.70, respectively. In component 2, total dissolved solids are
strongly associated with sodium and with bicarbonate. Component 3 explains the association
between ammonium and strontium, while the fourth and final component is largely responsible
for manganese. Component 1 explained 38.7% of the variance, while component 2 explained
29.0% of the variance. Component 3 justified 14.7% of variance, and component 4 was 10.4% of

variance. In total, 92.8% of the variance was cumulatively justified by the four components.

Table 5.1. Component analysis of the measured chemical elements, compounds, and total dissolved solids (TDS)

from four pingos in Adventdalen, Spitsbergen, Svalbard.

Substance Component
1 2 3 4
CH4|.70 25 50 .35
co2|.72 43 -07 41
NH4 | -27 12 86 .34
Si|-64 -18 -63 .28
HCO3 |-24 92 -21 -07
Cl-{93 .05 .26 -03
SO4 -89 40 .00 .08
Na|.39 91 -02 -.09
K|-96 .20 .07 -01
Mg |-72 63 -04 .01
Ca|.44 B84 -22 .04
Sr|.59 -08 -72 .26
Fe|.69 -23 -29 -38
Mn|.05 25 20 -.92
TDS|.07 .98 -09 -.02

Deuterium (D) and carbon dioxide (CO2) were found to be the most statistically
significant when compared against methane (figure 5.16, figure 5.17). The p-values were all very
small (table 5.2), indicating that the test was statistically significant. When a multiple regression
was done in Microsoft Excel, they accounted for 91.0% of the variance of methane. Originally
8180 was used instead of deuterium because it is generally associated with methanogenesis, but
3180 only justified 87% of the variance of methane. Thus, deuterium was used. The R-squared
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value of deuterium and carbon dioxide was 0.910 and the adjusted R-squared value was 0.902.
This means that very few variables were not significant. Using this regression, an equation was

proposed to estimate methane based on the proportions of carbon dioxide and of deuterium.

Table 5.2. Regression statistics with methane used as the dependent variable and with carbon dioxide and deuterium
as the independent variables. All values are significant as they have significance levels lower than 0.05.

Standard
Coefficients Error t Stat P-value
Multiple Regression Intercept 195.1 24.58 7.939 6.70E-08
Carbon Dioxide 0.019 0.004 4583 1.45E-04
Deuterium 1.758 0.226 7.759 9.75E-08

Methane (mg/l)
-94.0

0.00 10.00 20.00 30.00 40.00 @ 50.00
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-106.0 y =0.3383x-110.46

R*=0.824

Deuterium (% vs VSMOW)

-108.0
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Figure 5.16. Relationship between deuterium and methane based on data from Hodson et al (in review). The

methane described here is aqueous methane expressed as mg/l. Significance was 3.78E-10.
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Figure 5.17. Relationship between carbon dioxide and methane based on data from Hodson et al (in review). The

methane described here is aqueous methane expressed as mg/l. Significance was 7.19E-07.

Using the linear regression equation y = a + bx and the coefficients of the intercept, carbon
dioxide, and deuterium, the following equation was created as a predictive model for methane
concentration based on levels of deuterium and carbon dioxide. The expression yp, is the
concentration of dissolved methane in water in mg/l. The variable x,, is the concentration of
dissolved carbon dioxide in water in mg/l, and x;, is a percentage of deuterium compared to
VSMOW (Vienna Standard Mean Ocean Water).

YcHa = 1951 + 0.0lngoz + 1758xD
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6. Discussion

6.1 Physical Geography of Pingos on Svalbard

Pingos in Svalbard are only found in terrain that is not glaciated and low in elevation.
The highest pingo on the archipelago was found at 213 meters above sea level. Of the 98 pingos,
67 of them were found below 100 meters in elevation. Pingos rely on regular injections of
groundwater to exist and thus cannot be found on steep slopes or at high elevations. Pingos that
are cut off from groundwater supply cannot develop and are considered inactive (Liestal, 1996).
Furthermore, they cannot exist where there are ice caps or glaciers. Because nearly two-thirds of
Svalbard is glaciated, there is a limited amount of land area for pingos to form. All pingos found
on the islands of Spitsbergen and Edgegya are in flood plains or valley bottoms that are
seasonally free of any ice. Pressurized groundwater stems from high hydraulic potential because
the water originates in upland areas. This is why pingos typically form in lowlands surrounded

by topographic relief (French, 2007).

Studies on Svalbard’s pingos (Liestal, 1977; Burr et al, 2009) hypothesize that they form
via injection of ice from groundwater accumulating beneath glaciers’ terminal moraines and
flowing towards the coast. This is made possible by unfrozen pockets within the permafrost,
particularly in regions where the sediment is salty and thus capable of remaining unfrozen at
0°C. It can thus be inferred that pingo icings and glacial icings in the same region have the same
source of groundwater, and that they would share similar characteristics. Such a relation can be
seen in the pingos of Adventdalen and Foxfonna glacier, a glacier whose terminal moraine is in
Adventdalen (Burr et al, 2009).

Methane amounts are likely impacted by glacial hydrology on Spitsbergen. Further
sampling on glacial icings should be undertaken. However, in this analysis, only one glacial
icing had confirmed methane in winter of 2019. Therefore, pingo icings and pingos will be
focused on as confirmed sources of methane ventilation. The glacial spring measured in
Foxfonna had gaseous methane at 3.1%. The pingos located further down the valley of this
glacier have very high levels of methane. Similarly, the glacial icings of Tungebreen and
Tavlebreen had no methane at all. These icings are located above the valley of Grgndalen (figure

5.6), which only had one pingo icing where methane was detected.
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Although pingos are limited by elevation and by topography, geology may also influence
their formation. Based on the geographical distribution, pingos have formed in geology of
varying origins. They only occur in tertiary, Triassic, Jurassic, Cretaceous, Devonian,
Neoproterozoic, and Mesoproterozoic lithology on Svalbard. Pingos are not found in calcareous
Carboniferous or Permian rocks. This is because the rate of water discharge is so high that it is
impossible for icings to form (Hjelle, 1993). Nordenskidld Land is chiefly composed of tertiary
bedrock, with sandstone and shale rock types and many coal deposits. Shale is impermeable but
porous, and sandstone is highly permeable, which facilitates the transport of groundwater. This
would expedite the formation of pingos. It can therefore be implied that the hydrology and
structure of pingos are influenced by lithology. Conversely, it is also possible that pingos can
form in other stratigraphic regions, but have simply been limited because of Svalbard’s
mountainous terrain and the fact that it is 60% covered by glaciers and ice caps (figure 2.2).
Andrée Land in particular has so many fault lines that is possible that their presence will

facilitate the formation of pingos in the future.

A GIS spatial distribution was created for pingos and fault lines on Svalbard (figure 5.9).
This is because other studies (Burr et al, 2009; Yoshikawa and Harada, 1995; Yoshikawa et al,
1996) have found pingos in Asia that develop along minor faults. The formation of Asian pingos
may be comparable to the ones in Svalbard. In the GIS spatial analysis, 33.7% of all pingos on
Spitsbergen were located within 1 kilometer of the nearest fault line. Many of these pingos such
as the ones in Andrée Land (figure 5.11) occurred parallel to the fault lines in or alongside the
valleys. Weakness in bedrock allows for more efficient travel of groundwater, which would
facilitate the growth of pingos. This theory cannot be hypothesized for the island of Edgegya due
to the lack of data on fault lines east of the Svalbard archipelago. In the future, more pingos
should be visited in the field, particularly the far north of Spitsbergen in Andrée Land as well the
south-central coast of Wedel Jarlsberg Land. More data should be collected on minor fault lines

on Svalbard to consider if their presence facilitates or prevents the flow of groundwater.

Only one pingo icing was found in Andrée Land, which is notable because Andrée Land
only has normal (and assumed normal) fault lines. In Nordenskidld Land and Wedel Jarlsberg
Land, many pingo icings were found. These regions also had reverse fault lines. Predominantly,

pingo icings occur near reverse fault lines. There may be a link between pingos and
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compressional tectonics that are responsible for reverse faulting and easier transport of
geothermal heat and groundwater. Extensional tectonics resulting in normal faulting and
transverse faults were only associated with one pingo icing. This might mean that the most active
pingos systems at present are associated with particular tectonic settings. Reasons for this are
unclear. Furthermore, data on fault lines in Svalbard is not complete, particularly underneath

glaciers and in inaccessible regions such as the north of Spitsbergen.

The hypothesis that pingos will form closer to the sides of the basin while upper valley
pingos tend will form closer to the center of the valley was tested. In several valleys such as
Reindalen, Adventdalen, and VVogtdalen, the distribution of pingos followed this physical
arrangement (figure 5.14). This is not true in all cases, and the distribution of pingos along the
width of the valleys had a bimodal distribution (figure 5.15). It is possible that marine sediments
within the Holocene marine limit causes pingos to preferentially develop near the sides. Research

should be conducted on pock marks in fjords to consider their distributions.

On Svalbard, pingos are only located on the islands of Edgegya and Spitsbergen. Two-
thirds of these pingos are located in Nordenskidld Land. Furthermore, although there is a
significant concentration of pingos on the northern coast of Spitsbergen and on Edgegya, no
observable icings exist near them. This may suggest that the pingos are inactive, like the ones
found in upper Reindalen on Nordenskidld Land that have begun to collapse. Groundwater icings
were only found near fourteen pingos across Svalbard. These icings were only found on
Spitsbergen, not Edgegya. Furthermore, only four pingos with associated icings were not on the
peninsula of Nordenski6ld Land. Because these icings appear even in late winter, mean annual
air temperature and precipitation are likely not relevant to their formation. Nordenskiold Land is
also host to several major fault lines, such as the Billefjorden Fault Zone. Measuring the full

effects of fault zones on near-surface hydrogeology remain very challenging (Bense et al, 2013).

Fault zones are capable of being hydraulic conduits connecting shallow and deep
geological environments, as well as creating barriers to prevent flow. These features presumably
would affect the formation of pingos. In Svalbard, excess groundwater near pingos is generally
found near reverse faults, possibly indicating that compressional tectonics facilitate groundwater
movement. Furthermore, it does not appear that pingos are found at the valley margins in lower

valleys and closer to the center in upper valleys due to thick marine infill in the Holocene marine
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limit. Based on the observed distribution (figure 5.14), there does not appear to be a specific
reason thus far for widthwise formation of pingos across valleys. There are likely multiple
factors influencing whether pingos form along the margins of valleys or near the center of
valleys. Such factors may include regional lithology, porosity or weakness of bedrock, presence

of terminal glacier moraines, or other variations in valley topography.

6.2 Compounds Associated with Methane

The principal components analysis showed that four major components justify the
relationships between compounds and elements associated to methane (section 5.4). This factor
analysis was conducted using winter data and not summer data because more methane is released
in the winter (October to May) than in the summer (June to September). This is because the
influx of water from summer melt dilutes the fluids (Hodson et al, 2019). It is estimated that

methane ventilates in winter at a rate 2.5 times higher than in summer (Shakhov et al, 2010).

Furthermore, field sites were more difficult to access during the melt season and so more
sampling was completed in March to May of 2019 when there was still snow and ice on the
ground. In the first component, it is evident that methane and carbon dioxide were closely
correlated (table 5.1). This is an expected outcome because both compounds are products of
microbiological activity. Other artifacts of component 1 include high chloride loading and a
negative sulfate loading. The former suggests the presence of marine pore waters. This is
expected from the sediment infill in the lower valley, as it was submerged during the Last
Glacial Maximum. The latter suggests sulfate removal processes such as sulfate reduction since
this occurs at redox conditions similar to those conducive to methanogenesis (Purdy et al, 2003).
Therefore, factor 1 appears to show a strong link between methanogenesis, the presence of

marine pore water, and other low redox processes within marine sediments.

The second component shows that total dissolved solids are dominated by sodium and
bicarbonate. It can be assumed that sodium is present due to marine sediments, but the sodium to
chloride ratios exceed those of standard ocean water. Sodium concentrations are significantly
higher than chloride due to the release of sodium by weathering. In central Spitsbergen, sodium
ions not supplied by marine pore waters are released by albite weathering, which is driven by
sulfide oxidation (Yde et al, 2008). Sulfide oxidation produces iron oxy-hydroxides, and these

were frequently observed in upper Adventdalen. Furthermore, the cation composition is not
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dominated by magnesium, calcium, or potassium. The likely explanation is that they have

replaced sodium via ion exchange processes.

Apart from component 1, only component 3 indicates an association with methane. The
strongest loading of this component is from ammonium, suggesting perhaps a link with the
diagenesis of organic matter in the sediments. As organic matter matures, N is released in its
reduced form as NH4" in clay environments. High ammonium concentration has been found to
be associated with hydrocarbons in sandstone environments in the United States (Williams et al,
1992) and thus this may be applicable to Svalbard as well. Component 4 had a strong loading
from manganese. Manganese is a primary electron acceptor for organic matter oxidation in
anaerobic sedimentary environments. The reduction of manganese is correlated with the growth
of methanogenic bacteria (Myers and Nealson, 1988). Methane-producing archaebacteria have
been coupled with manganese, iron, nitrate, and sulfate reduction in submarine permafrost on the
Siberian shelf (Winkel et al, 2018). It is therefore possible that manganese may be important for

the growth of methanogenic bacteria in Svalbard.

Methane has a positive linear correlation with deuterium and excess carbon dioxide.
These can both be considered key predictive variables. Originally 6180 was run with carbon
dioxide and not deuterium, because 5180 is generally associated with methanogenesis (Jahren et
al, 2004). 6180 is a function of the water in which it forms, and thus is an excellent indicator of
historical water temperatures. The production of methane by archaebacteria, or methanogenesis,
is a process involving isotopic fractionation (Kietédvéinen and Purkamo, 2015). However, the
multiple regression test showed that deuterium predicted the variance of methane much better
than 3180 did. 91.0% of the variance in methane can be predicted with deuterium and carbon
dioxide in a multiple regression model while it was only 87% when 8180 was run. Carbon
dioxide is integral because its association with methane means that microbiological activity is
relevant. Deuterium is a key variable because it is an abundant isotope in ocean water and can be
used to trace the geographical source of water (Goncharuk, 2013). Deuterium is negative
compared to the VSMOW standard, indicating it is depleted in comparison to seawater and
therefore behaves differently than standard seawater. Pingos in the lower part of Adventdalen are
located within the Holocene marine limit, and have salty sediments that are enriched with

deuterium.
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The benefits of being able to use deuterium and carbon dioxide to predict methane
removes the costly process of analyzing water samples using a mass spectrometer. It also
removes the time-consuming process of converting gaseous methane into aqueous methane.
Aqueous methane cannot be measured directly because it would destroy the delicate membrane

of a traditional detector.

6.3 Limitations

The limitations of this study include mechanical failure, lack of summer data, one site
being previously drilled, and lack of fault data east of Svalbard. Compounds and stable isotopes
for the Adventdalen sites from the years 2018 and 2019 would have been valuable for the
statistical analysis completed for this paper, but this data cannot be represented due to
mechanical error. Furthermore, the factor analysis and linear regression were only done for the
winter seasons of 2015-2017. Although less methane is released in the summer due to microbial
activity, there is less data from fewer days because it is logistically very difficult to reach the
sites in the summer months. Of the data collected in winter 2019, it is possible that the site of
Trodalen was compromised. In Trodalen, 4.1% gaseous methane was measured. However, this
site had been drilled the previous day and the water within had equilibrated. It is therefore
possible that the actual methane amount was originally higher. For this reason, multiple methane
measurements were not taken in drilled sites because the water equilibrated shortly after
becoming exposed. Springs that are naturally exposed can have multiple measurements, but the
sites visited in 2019 were kept pressurized when sealed and so further measurements would not
have been accurate. Multiple measurements at these sites would have been informative, but it

was not possible to perform them.

Finally, the lack of fault data east of Svalbard meant that the island of Edgegya could not
be included in the theory that pingos preferentially develop near major fault lines. The predictive
model is built within the marine limit, and therefore may not be effective when analyzing data
outside of the marine limit. This is due to a lack of deuterium in sediments that were not
submerged during the Last Glacial Maximum. However, at present there is not enough data
collected on pingos outside of the marine limit in Svalbard. This model likely would not work on

glacial icings on Svalbard because of a similar lack of data.
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7. Conclusion

Permafrost underlies 90%-100% of Svalbard’s land area. Furthermore, an estimated 60%
of the archipelago is covered by glaciers. Permafrost worldwide contains approximately
1672 gigatons of carbon, which is roughly equivalent to the total contained within plants and the
atmosphere (Mackelprang et al, 2011). When permafrost thaws, carbon is released into the
atmosphere. Although most of this is released in the form of carbon dioxide, significant amounts
are released as methane, which has a greenhouse warming effect 28 times higher than that of
carbon dioxide (Mau et al, 2017). Methane hydrates are stored at low temperatures and at high
pressures on the ocean floor as well as in sub-permafrost reservoirs on land in polar regions.
Methane is also created by reduction from anaerobic microorganisms in permafrost
environments. In the High Arctic Norwegian archipelago of Svalbard, permafrost features known
as pingos contain up to 59% gaseous methane (figure 5.7). On land that has been isostatically
uplifted, it is believed that pingos form from once-submerged pockmarks that ventilate methane.
Pingos are not common features in permafrost environments, as they require specific conditions
in order to form and to maintain their unusual structures. It is estimated that there are 11 000 in

the world.

Pingos in Svalbard were analyzed using a combination of observations made in the field,
water sampling, statistical analysis, and GIS analysis. An exhaustive list was created for each
pingo in Svalbard and factors identified such as distance to nearest fault line, elevation, and
presence of groundwater icings. In the field, pingos in Nordenski6ld Land were visited and their
late-winter groundwater icings sampled. The varying amounts of methane were mapped to
consider the spatial distribution of methane in Nordenskidld Land. Much research in Svalbard
has been completed on this peninsula due to ease of access, but there is little information on
pingos or icings across the rest of Svalbard. Ninety-eight pingos were identified on the islands of
Edgegya and Spitsbergen on Svalbard. The pingos on the central peninsula of Nordenskidld
Land on Spitsbergen have been studied the most. Many of these pingos ventilate large amounts
of methane, but not all. Little is understood about the formation of these pingos or what factors
influence their hydrology. Several studies have posited that pingos form alongside (or near)
major fault zones (Mackay, 1987; Yoshikawa et al, 2003), a fact that is corroborated by 33.7% of

all pingos on Spitsbergen being found within one kilometer of a major fault line.
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Predicting where methane can be found and its amount released would be vital in
understanding methane reservoirs across the rest of Spitsbergen. A predictive model was created
for methane ventilation from pingos in Adventdalen within the Holocene marine limit. The
equation  ycps = 195.1 4+ 0.019x.0, + 1.758x, likely cannot be used for pingos located
higher up valleys, as there would be little to no deuterium present in these sediments. In the
future, more pingos should be visited in the field, particularly sites that are not part of
Nordenskiold Land. Notable sites would be the far north of Spitsbergen in Andrée Land as well
the south-central coast of Wedel Jarlsberg Land. Both of these regions have pingos with
associated groundwater icings that should be measured for methane. Furthermore, more data
should be collected on minor fault lines on Svalbard to consider if their presence facilitates or
prevents the flow of groundwater. Finally, research should be conducted on pockmarks in the

fjords of Svalbard, to be compared and contrasted with ventilation on-land.

Despite the limitations, satisfactory data was collected for the purpose of this research
paper. The intentions of this thesis were to understand and quantify the amount of methane
released from pingos in Svalbard in the year 2019. By creating a database of pingos in Svalbard
and analyzing the factors affecting them, perhaps more can be understood about the field of
Arctic hydrology. With changing climate patterns, it is important to understand and predict the
behaviour of methane in the Arctic. Svalbard has several sources of methane ventilation such as
pingos. The IPCC has declared Svalbard a region that is climatically very sensitive due to risk
factors such as less albedo from less cover of snow and sea ice as well as polar amplification
(Aas et al, 2016). If a better understanding of the source and behaviour of methane ventilation is
developed, it could provide insights on what the consequences of a warming climate would be
for Svalbard and other regions in the High Arctic. Developing information on how pingos form
and what factors lead to higher rates of methane ventilation could assist in mitigating the effects

of greenhouse gases in a sensitive region of the world.
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9. Appendix

Table 0.1. The locations and parameters measured at icings in Nordenskidld Land.

Site Name Longitude (N) Latitude (E) Elevation (m) CO2 (mg/L) PH

Lagoon East 78°14'22.0" N 15°45'17.3" E 4 74 1.8
Lagoon West ~ 78°1427.1" N 15°45'06.6" E 2 106 7.8
DGPN 78°15'28.9" N 16°23'47.4" E 200 231 45
Innerhytta 78°1121.1"N 16°20'38.5" E 75 241 7.1
GDP-1 77°59'44.3" N 14°4024.2" E 45 1 89
GDP-2 77°59'47.7" N 14°40'15.3"E 42 0 73
Tungebreen 77°57'56.1" N 14°56'35.8" E 162 0 78
Tavlebreen 77°59'04.8" N 15°10'16.5" E 167 9 84
Trodalen 78°04'12.2" N 15°14'25.5" E 47 11 9
BLT-1 North 78°10'37.1" N 16°00'02.3" E 24 30 6.9
BLT-2 South  78°10'05.9" N 15°5920.3" E 44 33 7
BLT-3 South 78°10'03.0" N 15°59'13.4" E 54 36 7
Fox-2 78°09'51.0" N 16°06'06.3" E 91 11 74
RP-E 78°11'37.7" N 16°28'19.6" E 94 234 51
RP-W 78°11'39.7" N 16°26'16.9" E 77 236 6
NP-1 78°03'11.4" N 16°33'349" E 161 NM 6.3
NP-2 78°03'07.7"N 16°33'18.8"E 161 NM 8
Fox-1 78°09'38.5" N 16°06'16.5" E 221 0 79
Reindalen-P 78°03'16.2" N 16°33'22.2" E 161 NM 7.8
Kalvdalen-1 77°55'32.5" N 15°11'51.5"E 91 191 4.17
Kalvdalen-2 77°55'32.3" N 15°11'51.5"E 87 176 3.59
Rypefjellbreen  77°53'50.9" N 15°18'10.8" E 34 4 7093
Lake 1 77°53'47.5" N 15°34'242" E 10 7.12
Lake 2 77°53'53.8" N 15°36'53.5" E 16 5.46
Lake 3 77°54'31.4" N 15°35'16.7" E 32 588
Roystoppdalen  77°5724.0" N 16°07'21.4" E 96 57 5.89
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Table 0.1 continued.

Conductivity 02 OP
Site Name Longitude (N) Latitude (E) (mS/cm) (mg/L) (MV) CH4 (%)
Lagoon East 78°14'22.0" N 15°45'17.3"E 8 0.56 -360 30.51
Lagoon West ~ 78°14'27.1" N 15°45'06.6"E 9 0.62 -183 59.04
DGPN 78°15'28.9" N 16°23'474"E 224 0.84 1.45 0.105
Innerhytta 78°1121.1" N 16°20'38.5"E  9.31 0.84 -91 15.21
GDP-1 77°59'44.3" N 14°40242"E  1.993 0 -283 2.20
GDP-2 77°59'47.7" N 14°40'15.3"E  2.44 1.12 -110 0
Tungebreen 77°57'56.1" N 14°56'35.8"E  0.243 15.6 60.3 0
Tavlebreen 77°59'04.8" N 15°10'16.5"E  0.055 5.05 60.3 0
Trodalen 78°04'12.2" N 15°1425.5"E  1.604 3.61 -61 4.10
BLT-1 North  78°10'37.1"N 16°00'02.3"E  2.146 15 152.8 0
BLT-2 South  78°10'05.9" N 15°59'20.3"E 3.2 16.4 173 0
BLT-3 South  78°10'03.0" N 15°59'13.4"E  1.202 8.7 171 0
Fox-2 78°09'51.0" N 16°06'06.3"E  0.81 13.04 167.5 0
RP-E 78°11'37.7" N 16°28'19.6"E  23.7 1.3 122.3 0.50
RP-W 78°11'39.7" N 16°26'16.9"E  21.7 0.18 -51.8 7.10
NP-1 78°03'11.4" N 16°33'349"E  0.857 1.33 73.3 0
NP-2 78°03'07.7"N 16°33'18.8"E  0.013 7.31 56.2 0
Fox-1 78°09'38.5" N 16°06'16.5"E 611 0 -110 3.10
Reindalen-P 78°03'16.2" N 16°33222"E  0.82 3.44 82.9 NM
Kalvdalen-1 77°55'32.5" N 15°11'51.5"E 73 2 160 0
Kalvdalen-2 77°55'32.3" N I5°11'51.5"E  5.98 0.32 260 0
Rypefjelloreen  77°53'50.9" N 15°18'10.8"E  3.64 0.35 -397 2.70
Lake 1 77°53'47.5" N 15°34242"E  1.66 9.31 163 0.20
Lake 2 77°53'53.8" N 15°36'53.5"E  1.76 16.21 140 0.10
Lake 3 77°54'31.4" N 15°35'16.7"E  1.97 1954 231 0.10
Rgystoppdalen  77°57'24.0" N 16°07214"E  1.49 1.2 -270 4.80
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Table 0.2. Data taken from River Pingo, Innerhytta Pingos, Farstehytta Pingo, and Lagoon Pingo from years 2015 to
2017 (Hodson et al, in review).

Sample ID d13C-CH4 pH 02 ORP CH4 CO2 dO-H20  dH-H20 NH4

RP 21/04/17 5443 NM 111 1338 478 126.08 -15.4 -110.8  1.61
RP 15/04/17 55.02 7.32 BD -641 6.12 119.93 -14.9 -1086 1.87
RP 17/03/17 BD 815 BD -251 061 97.17 -15.1 -109.2  0.82
RP 19/03/17 BD 722 218 1131 097 98.88 -15.3 -1085 0.65
RP 16/4/16 5557 721 031 -191.8 32.36 313.87 -13.84 995 276
RP 12/4/16 5153 7.06 017  -12.1 24.86 420.20 -14.0 -100.8  2.07
RP 12/4/15 -55.80 7.61 068  -749 2015 161.97 -13.9 -99.8  1.86
IH 23/09/17 53.81 NM BD BD 1691 797.56 -13.47 9749 BD
IH 19/04/17 559 7.6 077  -354 2502 352.18 -13.7 99.2 237
IH 15/04/17 561 7.11 BD -1185 BD BD -13.6 -98.9 247
IH 17/03/17 -55.65 6.81 03  -67.4 27.64 309.46 -13.6 99.4 247
IH 21/4/16 5779 6.89 043 -189 29.85 799.09 -13.97 -100.4  2.22
IH 12/4/16 5175 7.07 023  -20.7 41.26 560.96 -13.5 976 251
IH 22/4/15 4972 6.88 022  -20.7 42.73 870.09 -13.3 952 2.33
FHP 3/10/17 6416 7.1 01  -381 1185 641.26 -14.45  -103.78 0.90
FHP 13/9/17 6474 NM BD BD 1651 770.35 -14.41 1034 0.71
FHP 5/9/17 5854 9.81 021 -1359 13.26 582.67 -14.3 -101.7  0.62
FHP 19/4/17 4817 735 111 -1952 1532 294.17 -14.4 -1065 1.06
FHP 15/4/17 523 7.34 BD -180.3 15.14 251.76 -15.0 -106.0 1.37
FHP 16/3/17 5402 735 034 -140.1 14.02 207.64 -14.8 -105.3  0.76
FHP 21/4/16 67.38 7.31 049 238 18.08 368.41 -14.58 -1043  1.18
FHP 12/4/16 5527 7.2 0.3 199 14.10 448.18 -14.7 1046 1.14
FHP 9/4/16 5611 7.21 031 -191.8 1661 416.95 -14.7 -1045 0.97
FHP 10/5/15 67.12 781 0.9 202 13.35 464.11 -15.7 1112 112
FHP 23/4/14 BD 725 06 -212.2 3567 733.02 -14.4 -101.6 BD
LP 21/10/17 BD 7.69 BD  -536 7.6 209.88 1471 -103.16 161
LP 28/9/17 7067 NM 013  -346 599 110.33 1449  -101.53 2.43
LP 24/8/17 69.79 7.7 013 -2427 613 174.78 1435  -101.75 1.77
LP 6/8/17 BD 7.69 02 -3129 541 147.14 1491  -105.08 1.41
LP 19/4/17 5561 7.07 244  -229.1 95 7339 -15.1 -1075 2.38
LP 15/4/17 -48.31 8.05 BD  -202.2 6.3 6249 -15.2 -108.0 228
LP 16/3/17 6195 771 171 -1809 9631 7429 -15.5 -107.7 223
LP 10/4/16 66.81 7.94 048 -206.7 14.48 162.38 -15.2 -106.4 2.62
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Table 0.2 continued.

Sample ID Si HCO3 CI PO4 SO4 Na K Mg Ca
RP 21/04/17 3.08 2288 1563.301 BD 2878.1 10169  7.89 517.7 459.3
RP 15/04/17 3.03 2806  1523.9 BD 19471 9162  6.89 352.8 380.7
RP 17/03/17 291  305.4 775.1 BD 36658 562.5  6.30 537.4 533.9
RP 19/03/17 2.85 2357 779.9 BD 3509.2 538.8 596 494.6 480.2
RP 16/4/16 275 2699.1 15427 0.044  40.1 19108 499 138 316
RP 12/4/16 2.74 27661  1509.1 0.030  43.2 19769 495 130 30.7
RP 12/4/15 2.02 37111 14490 0.043 243 22685 692 201 326
IH 23/09/17 BD 34168  1549.2  0.00 47 22337 102 154 26.0
IH 19/04/17 2.86 19967  1529.3  0.00 0.0 16931 414 1272 19.27
IH 15/04/17 2.84 20226 14937  0.00 0.0 16825  4.13 11.73 1841
IH 17/03/17 2.88 20429 15155  0.00 1.4 17030 448 1232 1892
IH 21/4/16 2.85 39307 13826  0.08  38.6 23074  3.70 20.63 39.99
IH 12/4/16 2.80 3989.2 14069 001 145 23346 354 20.19 39.61
IH 22/4/15 BD 38748 14857 002  17.4 23609 530 17.74 28.12
FHP 3/10/17 345 36152  1083.2 BD 9.9 20139 104 134 203
FHP 13/9/17 2.98 35867  1064.7 BD 9.1 1994.3 9.9 132 199
FHP 5/9/17 3.54  3401.0 985.4 BD 8.5 1870.8 53 144 204
FHP 19/4/17 3.92 24302 11048 BD  11.3 15845 589 1336 20.43
FHP 15/4/17 4 23935  1126.0 BD 121 1580.3  7.41 1516 20.13
FHP 16/3/17 3.72 23633  1066.6 BD 156 15359 543 1368 21.05
FHP 21/4/16 3.82 41781  1058.1 0.027 485 21924 554 2157 40.65
FHP 12/4/16 3.90 41290  1099.2 0.053 637 22064 576 2152 41.97
FHP 9/4/16 3.86 38704 10957 0.070  59.3 21058 569 21.60 40.88
FHP 10/5/15 249 45424 10713 0.082 361 23361 1059 23.81 30.81
FHP 23/4/14 BD 75625  1025.8 BD 317 34299 11.999 2575 39.58
LP 21/10/17 269 3671.1 2411 22731 920 15037 2696 2523 11.63
LP 28/9/17 2.69 37200 5240 2.8187  99.4 16949 3538 2943 11.16
LP 24/8/17 261 3766.2 674.1 25521 1192 18060  28.1 384 12.8
LP 6/8/17 2.90 3910.0 1752 17534 1012 15680  18.9 228 10.2
LP 19/4/17 3.94 35413 391.6 2914 1207 15590 254 281 129
LP 15/4/17 416 34821 4178 3.443 1282 15541 263 293 133
LP 16/3/17 3.97 23410 3959 2544 1145 11279 197 210 9.2
LP 10/4/16 421 52512 5412 1488 2477 22566  39.2 632 382

58



Table 0.2 continued.

Sl Sl Sl Sl

Sample ID Sr Fe Mn TDS pCO2 calcite gypsum Fe(OH)3 siderite
RP 21/04/17  5956.2 880.3 5155.5 6799.5 -1.99  -0.08 -0.03 -1.42 -0.62
RP 15/04/17  5450.5 786.8  3836.7 5456.2 -2.03 0.13 -0.19 -1.02 -0.4
RP 17/03/17  6429.9 449.0 62319 6516.9 -2.85 1.03 0.12 1.14 0.11
RP 19/03/17  6386.9 577.0 6540.6 6148.4 -201  -0.02 0.08 -1.49 -0.75
RP 16/4/16 27454 914.5 77.6 7269.8 -0.90 0.03 -2.77 -1.63 0.23
RP 12/4/16 1837.7 718.1 67.4 7454.5 -0.74  -0.12 -2.76 -2.18 -0.02
RP 12/4/15 1181.7 732.1 582.9 8948.7 -1.17 0.53 -3.04 -0.66 0.53
IH 23/09/17 3005.6 535.8 38.1 8606.6 -0.59 -041 -4.06 -2.56 -0.18
IH 19/04/17 3012.3 476.3 6.4 6071.3 -0.98 -0.5 BD -1.96 -0.13
IH 15/04/17 3192.2 492.3 5.4 6059.4 -0.92 -0.58 BD -2.1 -0.16
IH 17/03/17 2977.7 499.5 8.0 6132.6 -0.62  -0.86 -4.58 -2.99 -0.45
IH 21/4/16 3282.2 443.1 5.9 9239.6 -043  -0.35 -3.04 -3.01 -0.36
IH 12/4/16 3054.1 408.3 6.5 9337.6 -06 -0.18 -3.48 -2.52 -0.21
IH 22/4/15 1930.3 581.2 4.4 9295.7 -042  -0.43 -3.45 -2.92 -0.25
FHP 3/10/17  3709.9 186.0 15.4 8162.0 -0.67 -0.16 -3.59 -2.73 -0.53
FHP 13/9/17  3281.8 971.6 16.3 8090.4 -0.72  -0.12 -3.63 -1.87 0.24
FHP 5/9/17 4229.3 14.38 BD 7614.6 -0.92 0.06 -3.63 BD BD
FHP 19/4/17  4231.7 1008.9 63.1 6125.9 -1.08  -0.03 -3.45 -1.13 0.41
FHP 15/4/17  4013.7 998.9 71.6 6093.6 -1.08  -0.05 -3.42 -1.16 0.39
FHP 16/3/17  3934.3 988.4 82.8 5949.7 -1.09  -0.02 -3.29 -1.13 0.4
FHP 21/4/16  4377.3 651.4 41.9 9135.8 -0.82 0.38 -2.65 -1.62 0.22
FHP 12/4/16  4236.6 576.3 72.7 9148.6 -0.71 0.28 -2.51 -1.99 0.07
FHP 9/4/16 4572.6 425.5 67.8 8681.5 -0.75 0.26 -2.54 -2.07 -0.06
FHP 10/5/15  2446.3 739.2 127.8 8060.3 -1.29 0.77 -2.93 -0.15 0.73
FHP 23/4/14 BD 333.8 11.4  12130.8 BD BD BD BD BD

LP 21/10/17  1188.8 333 34.9 6950.8 -1.24 0.2 -2.82 -0.76 0.28
LP 28/9/17 11443 252 23.6 7518.1 -1.24 0.18 -2.84 -0.89 0.15
LP 24/8/17 1456.1 25 16.0 7870.9 -1.24 0.23 -2.72 -1.9 -0.85
LP 6/8/17 1291.4 24 0.5 7291.6 -1.22 0.17 -2.85 -1.93 -0.86
LP 19/4/17 1639.8 145 325 7025.9 -0.64  -0.38 -2.66 -2.93 -0.66
LP 15/4/17 1493.0 65 51.8 6978.0 -1.63 0.58 -2.64 -0.45 -0.15
LP 16/3/17 992.0 101 25.8 4940.3 -145  -0.01 -2.73 -1.07 -0.26
LP 10/4/16 13125 205 120.9  10394.2 -1.36 1.02 -2.04 -0.39 0.28
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Table 0.3. A list of the 98 pingos found on Spitsbergen and Edgegya.

Distance from

Elevation  Location Distance from Nearest Fault

Region Valley (m) from Center  Ocean (km) Line (km)

Nordenskiold Land  Reindalen 39 0.01 3.2 19.8
Nordenskidld Land  Reindalen 40 0.11 2.73 19.4
Nordenskiold Land  Reindalen 61 0.06 2.96 19
Nordenskiold Land  Reindalen 13 0.13 0.97 18.7
Nordenskidld Land  Reindalen 8 0.19 0.36 18.9
Nordenskiold Land  Reindalen 122 0.53 26.4 11.05
Nordenskiold Land  Reindalen 161 0.18 34.4 5.89
Nordenskiold Land  Reindalen 138 0.46 35.1 4,94
Nordenskidld Land  Reindalen 136 0.52 35.2 4.8
Nordenskiold Land  Reindalen 133 0.64 35.5 4,57
Nordenskiold Land  Reindalen 153 0.87 37.7 2.86
Nordenskiold Land  Reindalen 136 0.81 39.4 1.14
Nordenskiold Land  Reindalen 163 0.28 40.2 0.35
Nordenskiold Land  Reindalen 156 0.57 41.7 0.86
Nordenskiold Land  Reindalen 168 0.52 41.8 0.92
Nordenskidld Land  Reindalen 182 0.64 41.9 0.96
Nordenskiold Land  Reindalen 180 0.65 45.3 4.87
Nordenskiold Land  Reindalen 100 0.04 18 20.4
Nordenskidld Land  Vassdalen 73 0.72 2.65 13.1
Nordenskiold Land  Grendalen 43 0.63 7.75 10.3
Nordenskiold Land  Grgndalen 44 0.65 8.88 11
Nordenskiold Land  Grendalen 56 0.72 9.01 11.1
Nordenskiold Land  Grendalen 59 0.65 9.22 11.3
Nordenskiold Land  Grgndalen 60 0.27 9.57 11.9
Nordenskiold Land  Grendalen 71 0.18 9.89 12.4
Nordenskidld Land  Hollendardalen 66 0.52 5.74 10.5
Nordenskiold Land  Adventdalen 2 0.2 0.05 10.6
Nordenskiold Land  Adventdalen 4 0.2 0.05 10.7
Nordenskiold Land  Adventdalen 23 0.27 2.51 11.2
Nordenskiold Land  Adventdalen 31 0.11 5.28 8.62
Nordenskidld Land  Adventdalen 81 0.65 14.3 0.48
Nordenskidld Land  Adventdalen 162 0.66 24.4 1.01
Nordenskiold Land  Adventdalen 77 0.91 19.3 0.79
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Table 0.3 continued.

Distance from

Location Distance from Nearest Fault

Region Valley Elevation (m) from Center  Ocean (km) Line (km)

Nordenskiold Land  Eskerdalen 83 0.6 124 3.78
Nordenskidld Land  Eskerdalen 94 0.32 12.4 3.58
Nordenskiodld Land  Eskerdalen 101 0.26 124 341
Nordenskiold Land  Eskerdalen 109 0.19 124 3.1
Nordenskiold Land  Eskerdalen 79 0.47 15.2 3.32
Nordenskiold Land  Eskerdalen 89 0.56 15.2 2.82
Nordenskidld Land ~ Trehggddalen 102 0.95 15.8 3.84
Nordenskiold Land  Brentskaret 139 0.87 26.1 0.45
Nordenskidld Land  Brentskaret 149 0.27 24.7 1.05
Nordenskidld Land  De Geerdalen 198 0.86 10.6 0.48
Nordenskidld Land  De Geerdalen 213 0.85 11 0.66
Nordenskiold Land ~ Vendomdalen 70 0.76 21.9 134
Nordenskidld Land  Vendomdalen 76 0.45 21 10.6
Nordenskidld Land  Fulmardalen 107 0.95 31.1 7.96
Nordenskiold Land  Agardhdalen 21 0.91 6.14 0.21
Nordenskidld Land  Kjellstromdalen 10 0.83 13.7 114
Nordenskiold Land  Kjellstromdalen 39 0.5 18.8 14.8
Nordenskidld Land  Kjellstrémdalen 29 0.6 18.8 15
Nordenskidld Land  Kjellstromdalen 59 0.4 20.2 14.2
Nordenskiold Land  Kjellstromdalen 68 0.19 20.6 13.6
Nordenskidld Land  Lundstrémdalen 97 0.57 14.9 7.08
Nordenskiold Land  Lundstrémdalen 35 0.78 11.8 7.98
Nordenskidld Land  Skutdalen 122 0.91 17.2 11.8
Nordenskiold Land  Aurdalen 40 0.97 7.16 3.65
Nordenskiold Land  Aurdalen 42 0.77 7.06 3.67
Nordenskiold Land  Aurdalen 38 0.61 7.05 3.65
Nordenskiold Land  Berzeliusdalen 23 0.85 4.12 3.56
Oscar Il Land Kaffigyra 38 0.71 3.25 0.15
Haakon VII Land Watneliegyra 3 0.3 0.48 0.28
Haakon VII Land Watneliegyra 12 0.89 5 0.88
Haakon VII Land Kronprinshallet 39 0.68 0.94 1.02
Haakon VII Land Kronprinshallet 45 0.62 1.04 0.88
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Table 0.3 continued.

Distance from

Elevation Location Distance from Nearest Fault

Region Valley (m) from Center ~ Ocean (km) Line (km)

Wedel Jarlsberg Land  Chamberlindalen 20 0.86 241 1.3
Wedel Jarlsberg Land ~ Chamberlindalen 15 0.79 3 11
Wedel Jarlsberg Land  Chamberlindalen 18 0.9 3.9 0.67
Wedel Jarlsberg Land  Dunderdalen 45 0.24 9.05 1.55
Wedel Jarlsherg Land  Dunderdalen 37 0.21 11.2 0.77
Andrée Land Vogtdalen 1 0.65 3.14 1.95
Andrée Land Vogtdalen 10 0.41 4.21 2.02
Andrée Land Vogtdalen 34 0.98 6.62 1.78
Andrée Land Vogtdalen 46 0.97 7.27 1.95
Andrée Land Vatnedalen 79 0.96 6.11 0.76
Andrée Land Forkdalen 49 0.44 25 0.17
Andrée Land Forkdalen 62 0.31 2.37 0.09
Andrée Land Mgydalen 137 0.52 6.65 0.47
Andrée Land Purpurdalen 35 0.64 1.8 0.69
Andrée Land Woodfjorddalen 7 0.83 3.72 4,53
Andrée Land Woodfjorddalen 1 0.74 4.14 4.9
Andrée Land Woodfjorddalen 18 0.13 5.15 5.48
Andrée Land Woodfjorddalen 10 0.45 14.4 7.85
Andrée Land Pirseusdalen 110 0.23 10.6 7.6
Andrée Land Stjgrdalen 120 0.49 7.23 1.07
Andrée Land Stjgrdalen 129 0.34 7.33 1.03
Andrée Land Stjgrdalen 159 0.26 7.33 0.74
Andrée Land Stjgrdalen 163 0.42 9.25 0.88
Andrée Land Stjgrdalen 159 0.5 9.25 111
Andrée Land Junkerdalen 106 0.67 7.3 3.7
Andrée Land Verdalen 43 0.23 1.46 3.21
Olav V Land Ebbadalen 30 0.79 4 7.4
Edgegya Raddedalen 59 0.93 11.3 76.5
Edgegya Smelledalen 45 0.71 10.1 80.2
Edgegya Smelledalen 43 0.85 11.2 83.4
Edgegya Raundalen 58 0.84 111 90.1
Edgegya Atndalen 106 0.42 10.9 80.1
Edgegya Tydalen 109 0.92 12 86.3
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