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Zusammenfassung

Methan ist ein Treibhausgas, welches die Wirkung von Kohlendioxid bei weitemubertri t. Daher

ist es wichtig, Methanemissionen zu messen. Aktuelle Studien zu natdrlichen Methanemissionen
in der Arktis befassen sich mit der Methanfreisetzung im Auftaubereich des Permafrosts und
der obersten Schicht der darunterliegenden Sedimente und Gesteine, beispielsweise in Feucht-
gebieten. Pingos, die im Permafrost entstandene Erdhdagel mit einem inneren Eiskern sind,
kennen im Gegensatz dazu Methan aus Anreicherungen im Grundwasser unter dem Permafrost
freisetzen. Wahrend der Sommersaison kennen die eishaltigen Bereiche eines Pingos auftauen
und einen See bilden. Wahrend einer Studie in Svalbard im Sommer 2017, wurden Proben aus
einem See eines Pingos entnommen und die enthaltene Methankonzentration gemessen. Auf
dieser Basis wurde der Methan uss in die Atmosphare modelliert. Der saisonale Methan uss
war mit 46.0 gCH, 100 d m 2 heher als der der umliegenden Feuchtgebiete. Daher werden
Pingos \Emissions-Hotspots" in der arktischen Landschaft Spitzbergens genannt. Diese Studie
Zielt darauf ab, die Methankonzentration und den Methan uss von einem See eines Pingos fur
die Sommersaison 2020 und 2021 zu quanti zieren. Dieser See heit Lagoon Pingo West und
erhalt Wasser aus derselben Quelle, wie der nahe gelegene See Lagoon Pingo East, wo die Studie
2017 durchgefahrt wurde. Ich habe an 11 Tagen im Sommer Proben des Seewassers genommen,
wobei die Zeitabstande zwichen den Proben zwischen 3 und 16 Tagen varierten. Die Proben
wurden im Labor hinsichtlich ihres Methangehalts untersucht. Zusatzlich habe ich einen au-
tomatischen Methananalysator verwendet, der die Methankonzentration stendlich gemessen hat.
Der Methan uss wurde mithilfe eines Di usionsmodells berechnet, far das die Ergebnisse der
Proben und des Analysators verwendet wurden. Im August 2021 konnte ich Kammermessungen
durchfahren, die Schatzungen uber den Methan uss ermeglichten. Ich fand in der Nahe des

Zu usses im zentralen Teil des Sees hehere Methankonzentrationen als an den Randern oder am
Ab uss. Ich konnte ein saisonales Muster in der Methankonzentration beobachten, das far die
Positionen und Jahre unterschiedlich war. Alle Daten zeigten jedoch niedrige Methankonzentra-
tionen nach der Schmelzsaison. Der saisonale Mittelwert des Methan usses war 2021 heher als
2020. Das Diusionsmodell auf Basis des Analysators lieferte hehere Ergebnisse als die Kam-
mermessungen. Die Ergebnisse unter Verwendung des Di usionsmodells, die auf den Proben
basierten, waren am niedrigsten. Die Studie zeigte, dass der Methan uss in beiden Jahren
niedriger war als der Methan uss von Lagoon Pingo East in 2017. Der saisonale Methan uss
betrug in 2020 etwa 1.69 gCH 100 d m 2, welches ein Durchschnittswert der Positionen im See
ist, und in 2021 8.17 gCH, 100 d m 2. Die Ergebnisse sind jedoch immer noch heher als mit-
tlere Schatzungen von anderen arktischen Seen. Zukanftige Arbeiten kennten die Zeitabstande,

in denen Proben des Seewassers entnommen werden, verringern, um den saisonalen Verlauf der
Methankonzentration besser zu verstehen. Sie kennten au erdem faglich oder wechentlich die
Freisetzung von methanhaltigen Blasen des Seewassers erfassen, welche zu den Methanemissio-
nen beitragt.



Abstract

Methane is a potent greenhouse gas, with an even stronger climate forcing than carbon dioxide.
Therefore, it is important to measure methane emissions. Recent studies on natural methane
emissions from the Arctic, focused on methane release from the active layer and shallow per-
mafrost, for example in wetlands. In contrast, pingos might act as emission sources for methane
from reservoirs beneath the permafrost. A pingo is a landform in permafrost with an inner
ice-core. Over the summer season, the icy parts of the pingo might thaw and form a lake. A
study in Svalbard in the summer of 2017, measured the methane concentration in samples of
a pingo lake, and modelled the ux of methane to the atmosphere. The seasonal methane ux
amounted to 46.0 gCH, 100 d m 2. As the seasonal ux was higher than those of surrounding
wetlands, pingos were characterized as \emission hotspots” in the Arctic landscape of Svalbard.
This study aims to quantify the methane concentration and methane ux from Lagoon Pingo
West for the summer seasons of 2020 and 2021. Lagoon Pingo West is fed by the same pingo
spring as Lagoon Pingo East, where the study has been conducted in 2017. | used 11 samples
over the summer season taken in irregular time intervals between 3{16 days to monitor the
methane concentration. In addition, | used an automatic methane analyzer that measured the
methane concentration in one-hour steps. The methane ux was calculated using a di usion
model that employed the results of the samples and the analyzer. In August 2021, | could
apply chamber measurements that allowed for estimates of the methane ux. | found higher
methane concentrations near the in ow in the central part of the lake than at the margins or
at the out ow. | could observe a seasonal pattern in methane concentration, that varied with
the positions and years. However, all data showed low methane concentrations after the melt
season. The seasonal mean of the methane ux was higher in 2021 than in 2020. The di usion
model, using the analyzer data yielded higher results than the chamber measurements. The low-
est results were obtained using the di usion model with the data of the samples. The estimates
for the seasonal methane uxes were lower than those of Lagoon Pingo East in 2017. In 2020,
the seasonal ux amounted to 1.69 gCH 100 d m 2 at Lagoon Pingo West, calculated for
the average of the sample positions, and in 2021 it amounted to 8.17 gGH 100 d m 2. The
results show that the methane ux from Lagoon Pingo West is higher than estimates from other
Arctic lakes. In future works, the frequency of sampling could be increased to better understand
the seasonal pattern of the methane concentration. The estimates of methane uxes could be
improved by daily or weekly measurements of the ebullition ux from the lake water.

Keywords : Methane, Climate, Di usion model, Chamber measurements, High Arctic, Open-
system pingo, Svalbard

Abbreviations : CH4 - Methane; CO, - Carbon dioxide; DOY - Day of the year; EC - Electrical
conductivity; LP - Lagoon Pingo; LP East - Lagoon Pingo East; LP West - Lagoon Pingo West;
ORP - Oxidation-reduction-potential; PSU - Practical Salinity Unit; WMS - Web Map Service



1 Introduction

1.1 Motivation

Methane (CH,) is an important greenhouse gas in the Earth's atmosphere, characterized by a
greenhouse forcing 25 times greater than carbon dioxide (C£) on time scales of 100 years (Forster
et al., 2007). The total methane emissions to the atmosphere are estimated to range between
500 and 600 TgCH, y ! (Lecher et al., 2017). However, there are uncertainties to this budget,
which can largely be attributed to natural emissions from permafrost and the sub-permafrost
environment (Kraev et al., 2019), including pingos (Hodson et al., 2019). Pingos are landforms
in permafrost, which can release methane through aquatic di usion during the summer season.
The summer uxes of Lagoon Pingo East (LP East) in Svalbard have been shown to exceed
uxes measured in wetlands in the surrounding landscapes (Hodson et al., 2019). Therefore,
pingos were characterized as \emissions hotspots” (Hodson et al., 2019). The aim of this study
is to quantify the concentration of dissolved methane in Lagoon Pingo West (LP West), and
the methane emissions during the summer seasons of 2020 and 2021, to contribute to a better
understanding of pingos and their potential impact on the climate. As the ecological, economic
and social consequences of climate change become more explicit (Carleton and Hsiang, 2016),
it is crucial to resolve the uncertainty in estimates of methane emissions, including those from
remote regions in the Arctic.

1.2 Geomorphology of Pingos

To understand pingos, it is important to recall the concept of permafrost. Permafrost is de ned
as ground that has a temperature of O C or colder for two or more consecutive years. In the
permafrost regions, the upper layer of soil and sediments typically thaws during the summer
season. This is called the active layer (Heginbottom et al., 2012). Permafrost below the active
layer retards the vertical movement and exchange of water. However, perennially unfrozen zones,
for example at the base of glaciers or under lakes, may allow for groundwater percolation. Pingos
might emerge where groundwater is able to move to the surface (Hornum, 2018).

Pingos consist of a core of massive ice, produced primarily by the injection of water in permafrost.
The expansion of the ice-core leads to the up-doming of surface strata.

The emerging hill can reach a height of up to 70 m (Mackay, 1998). At some pingos, water
collects in small ponds or lakes during the summer season.

Pingos can be divided into two types. The rst is known as the closed-system (Porsild, 1938;
Maller, 1959), or hydrostatic pingo (Mackay, 1979). There are numerous examples of this type,
for example in the Mackenzie Delta in Canada. The formation of this type of pingo is associated
with the drainage of a lake. Downwards freezing of the sediments results in the expulsion of
pore water. Above the previously saturated sediments, the expelled water collects and refreezes,
isolated from the surface through the active layer (Porsild, 1938; Mackay, 1998).

The other class is the open-system pingo or hydraulic pingo. There are many examples in
the ice-free regions of Greenland, in the mountain regions of northern Russia, and in Sval-
bard (Heginbottom et al., 2012). Open-system pingos develop when intrapermafrost or sub-
permafrost groundwater reaches the surface due to artesian pressure (French, 2007; Worsley and
Gurney, 1996). There are three groups of open-system pingos, based on their position in the
landscape (Yoshikawa and Harada, 1995): (a) those above geological faults; (b) those at the foot
of polythermal glaciers; (c) those occurring in recently emerged coastal lowlands.

Pingos of group (a) are fed by groundwater which migrates through geological faults to the
surface. However, it is not known how the artesian pressure is generated for this group of
pingos (Hornum, 2018). Pingos of group (b) form at the foot of glaciers, where meltwater from
the base of the glacier is able to percolate into aquifers below the permafrost.



As a consequence, the pressure in the groundwater body increases and induces the formation of
pingo springs at a low point in the topography (Liest |, 1977).

Recent research focused on the formation of open-system pingos of group (c) (Hornum et al.,
2020). The formation is induced through a negative shift in the surface energy balance, typically
after isostatic rebound. Isostatic rebound is the rise of land masses that were depressed by the
huge weight of ice sheets during the last ice age (NSIDC, 2022). As permafrost aggrades, water
freezes in the pore space and hence expands. From a certain depth downwards, the lithostatic
pressure inhibits ground heave, and the ice expansion induces an overpressure on the sub-
permafrost groundwater. As a consequence, groundwater might ow to the surface and form a
pingo, as depicted in Figure 1. The formation of a pingo of group (c) resembles the closed-system
type. However, the time-scales of the formation are much longer and the sediments from where
the pore water is expelled are not enclosed in permafrost (Hornum et al., 2020).

Figure 1: Pingo formation in near shore areas, by Hornum et al. (2020): (a) No permafrost is present. Mean Annual
Air Temperature (MAAT) = To; (b, ¢) Permafrost expansion due to a decrease of the MAAT. Pressure is induced at

the freezing front, groundwater is forced to the surface where a pingo forms; (d) Permafrost expansion has stagnated,
the pingo might become inactive.

1.3 Methane in Pingos

Methane, in pingos with active springs, might originate from the sub-permafrost environment
and be transported to the surface with the upwelling water (Hodson et al., 2019).

The two dominant processes that generate methane beneath the permafrost are: methane pro-
duction by methanogenic microorganisms, known as \biogenic" methane; and methane produc-
tion during the breakdown of larger organic molecules under elevated temperatures and pressure,
termed \thermogenic" methane (Walter Anthony et al., 2012; Stolper et al., 2015).

Both biogenic and thermogenic methane, of di erent ages, could be trapped in form of clathrates

in zones of cold temperatures and high pressure, several hundred meters deep beneath pin-
gos (Betlem et al., 2018). Clathrates are ice-like crystalline solids composed of water and
gas (Sloan and Koh, 2007). They potentially act as reservoirs for methane that could be grad-
ually dissolved in liquid groundwater while it ows upwards to the pingo spring (Jacobsen,
2020).

There are two main pathways for methane release from lakes and ponds forming in the Arctic:
Ebullition and di usion of dissolved methane (Thompson et al., 2016; Burke et al., 2019; Jammet

et al., 2017). Both could be relevant for lakes of pingos. Ebullition refers to the rapid release of
bubbles containing a high concentration of methane (Peltola et al., 2017). In contrast, di usion

is a continuous process, that describes the release of dissolved methane from the lake's surface.
Di usion is thought to be more sensitive to oxidation (Thompson et al., 2016). Oxidation depicts

a removal process of methane, whereby the methane is utilized as a carbon and energy source
by methanotrophic microorganisms (Jiang et al., 2010).



1.4 Hypotheses

1. Reviewing relevant literature sources, there are no measurements of the spatial variability
across the surface area of pingo lakes. According to eld observations, LP West has no in ow
from the shore areas. At the central part of the lake, it was possible to discern a point source of
gas bubbling from the ground. Therefore, | expect the water to enter the lake primarily through
a vent at the bottom of the lake. As the water might contain already methane when it enters
the lake, | assumed that the methane concentration is the highest in the waters near the vent.
At the surface, the concentration would then be in the central part near the in ow higher than
at the outer parts.

Spatial variability: The position at the in ow measures a higher concentration of dissolved
methane than the other positions.

2. Literature about the seasonal variability of the methane concentration in lakes of pingos is
rare. During a study in 2017, the methane concentration was tracked at LP East, which is a
lake that belongs to the same pingo as LP West. The methane concentrations showed a seasonal
pattern with roughly three phases: a decreasing phase, a stagnating phase, and an increasing
phase. The decrease was attributed to the in ow of meltwater, which diluted the methane-
rich in ow from the ground (Hodson et al., 2019). After a period of stagnation, the methane
concentration began to increase in August. However, the timing was uncertain as many values
were interpolated. The observations led to the question of whether LP West could show a similar
seasonal pattern in methane concentration.

Seasonal variability: The concentration of dissolved methane shows a seasonality, with three
phases: a decreasing phase, a stagnating phase, and an increasing phase.

3. The methane ux has been solely estimated for LP East in 2017 (Hodson et al., 2019).
There is no knowledge about the consistency of the uxes over multiple years. The formation
mechanism at LP is based on permafrost expansion, which is a process on time scales of decades
or even centuries, see Section 2.1. The methane found in LP West potentially originates from the
sub-permafrost environment and is transported in dissolved form with the groundwater to the
surface. There is none, or only insigni cant methane production by microbes over the summer,
which could be dependent on annual variations such as the climate. Therefore, | assume a
constant methane ux with regard to two years at LP West.

Annual variability: The seasonal methane ux is of a similar order in 2020 and 2021.

4. To estimate the methane ux of LP East, Hodson et al. used a di usion model in 2019.
The methane concentration used in the di usion model was obtained through manual sampling.
lopez Bellido et al. compared di erent di usion models and chamber measurements at one lake
over the summer seasons of 2009. They found higher results for the chamber measurements.
Methodic variability: The methane uxes dier between the employed methods. The chamber
measurements show higher uxes than the di usion model, using data from sampling or from an
analyzer.

In order to test these hypotheses, | measured the concentration of dissolved methane, using two
di erent methods: manual sampling and continuous measurements with an automatic methane
analyzer in 2020 and 2021.

| estimated the methane ux using a di usion model for 2020 and 2021. The di usion model is
based on the data of the concentration of dissolved methane. In addition, | measured environ-
mental variables of the lake, such as the water temperature and the electrical conductivity, and
weather data such as the wind speed and the air pressure. These data were as well implemented
into the di usion model.



2 Methods

2.1 Site Description

LP West is a lake that belongs to an open-system pingo, called Lagoon Pingo (LP). LP is located
in the valley of Adventdalen at 78°14'26.8"N 15°45'01.1"E on the archipelago of Svalbard in the
High Arctic, as shown in the left panel of Figure 2. According to the Keppen climate system,
the climate in Svalbard is classi ed as polar tundra climate *. The mean annual temperature
was -5.90 C during the period of observation 1971-2000 at Svalbard Airport, around 4 km
West of LP (Hanssen-Bauer et al., 2019). The permafrost at LP has an estimated depth of 22.8
m (Yoshikawa and Harada, 1995). LP West is located at the foot of the mountain Hiorthfjellet,
as shown in the right panel of Figure 2. In the Southwest, there is a shallow lagoon, called
Moskuslaguna, which is adjacent to the fjord Adventfjorden. The lagoon is separated from the
lake through a ridge (Yoshikawa and Harada, 1995; Hodson et al., 2019).

Figure 2: Left: Location of LP West in Adventfjorden on Svalbard in the high Arctic, data were downloaded from NPI
(1990). Right: Terrain at LP West with the elevation of Hiorthfjellet in the background, view to the Northeast, July
2021.

From October to June, LP West is covered by ice. In the other half of the year, it features a lake
of a roughly oval shape. According to eld observation, there is only one in ow at LP West,
which is assumed to be at the bottom of the central part of the lake. There is one out ow,
located in the South. The lake has shallow banks of around 50 cm and an estimated depth of 2
m. It has a surface area of around 1475 ) based on graphic examinations (NPI, 2022b).

The area around LP West has a chaotic topography with a series of mounds, spanning around
500 m in length and 200 m in width. Less than 150 m eastwards of LP West, there is LP East,
see the left panel of Figure 3. LP East is smaller than LP West, with a surface of around 300
m2. During summer, it shows a drastic drop in water storage. In the right panel of Figure 3 the
water level of LP East at its lowest is shown.

Temperature of the warmest month greater than 0 C but less than 10 C (Arn eld, 2020).
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