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Abstract

Climate change, driven by anthropogenic greenhouse gas emissions, contributes to the melting of ice
sheets, resulting in the rise of the global sea level. This study focuses on Earth's largest ice shelf by
volume, called the Filchner-Ronne Ice Shelf (FRIS) in Antarctica. The FRIS plays an important role in
buttressing the West Antarctic Ice Sheet (WAIS) and producing Antarctic Bottom Water (AABW), which
drives the ocean's thermohaline circulation. Accelerated melting of the FRIS could induce a feedback
loop and by that speed up the collapse of the WAIS. The main aim of this work was quantifying basal
glacial meltwater (GMW) fractions at the FRIS, and detecting variations between locations and over
time. Hydrographic and noble gas data from five different research expeditions to the FRIS in the
Weddell Sea between 1995 and 2021 have been analyzed and compared. Conductivity, temperature,
and depth recordings were used to identify water masses, and helium and neon were used to compute

basal glacial meltwater (GMW) fractions.

Quantification resulted in GMW fractions of up to 1.210.1% for the Filchner Trough and up to 0.7£0.1%
for the Ronne Depression. Furthermore, it was found that the area over which the GMW fractions
could be detected has decreased with increasing distance from the ice shelf front. Yet the GMW
remained detectable along the entire Filchner Trough throughout the time series with unchanged
magnitude. Determining the Surface Super Saturation (3S), a natural background level of noble gases
in seawater is an important part of the GMW calculation. The analysis did show that the 3S value is
highly variable (0.96-4.20%) and can fluctuate by several percentage points within a few years. In

addition, a source of crustal helium was observed and the annual production of sea ice was estimated.

These results demonstrate that GMW fractions from the FRIS have remained consistent over time,
with no evidence of accelerated basal melting. Furthermore, the study introduced a novel method for
accurately determining the 3S value, while accounting for the influence of sea ice formation and crustal
helium input on noble gas concentrations. These findings underscore the value of noble gases as
tracers for GMW and as valuable tools for comparing sea ice production, emphasizing the need for

continued research and monitoring of the Weddell Sea to assess the stability of the FRIS.
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Introduction

1. Introduction

Climate change is one of the most extensive and urgent issues the world is facing today. Caused by
anthropogenic emissions of greenhouse gases into the atmosphere, Earth’s climate and temperatures
undergo long-term changes. These changes are accelerating, have large-scale impacts, and to a certain
extent irreversible consequences. The little time available to react raises the urgency of the topic.
According to the Intergovernmental Panel on Climate Change (IPCC), the world must reduce
greenhouse gas emissions by at least 45% by 2030 and achieve net-zero emissions by 2050 to limit
global warming to 1.5 degrees Celsius above pre-industrial levels (IPCC, 2023). The threshold of 1.5
degrees Celsius was chosen as a compromise between realism and the dire need to minimize the

severe effects of climate change.

As a general term, climate science encompasses many disciplines devoted to investigating and
understanding global warming. Physical oceanography is a major of these disciplines focusing on the
ocean's critical role in regulating Earth's climate system. Acting as a significant heat reservoir, the
ocean absorbs and releases energy, with ocean currents being responsible for its global redistribution
(called global overturning circulation), influencing regional weather patterns and shaping the climate.
The ocean also serves as an important carbon sink of the planet, taking up approximately a quarter of
anthropogenic carbon dioxide emissions (IPCC, 2023). Through observational techniques like
moorings, satellite altimetry, or CTD measurements and investigative techniques like water sampling,
physical oceanographers reveal global temperature and climate trends, enabling scientists to predict
the impacts of a warming environment. The aim of this study is quantifying basal melting utilizing data

gathered with these techniques.

One of the most prominent consequences of global warming is the melting of the polar ice sheets and
the resulting rise of the global sea level. Rising global sea levels endanger ecosystems and human
society (IPCC, 2023). Greenland and Antarctica, are home to the only two ice sheets existing today, the
Greenland Ice Sheet (GrlS) and the Antarctic Ice Sheet (AlS). Additionally, the AIS can be separated into
the East Antarctic and West Antarctic Ice Sheet (EAIS and WAIS respectively). However, the WAIS is a
special case of an ice sheet, as its base is in fact on land, but below sea level and is therefore called a
marine ice sheet. Notably, Greenland and Antarctica are the biggest freshwater reservoirs of the
planet, but they are losing mass (e. g. Janout et al., 2021; Rignot et al., 2019b; The IMBIE team, 2018),
with their melting already accounting for up to 20% of the global sea level rise (Heinemann et al.,
2017). Bamber et al. (2009) estimate that the AIS alone has the potential to raise the global sea level

by 58 meters if it were to melt entirely.
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Melting of these ice sheets will not only affect the sea level but also lead to cold freshwater runoff into
the oceans and consequently to a slight cooling of the water temperatures. This temperature change
by freshwater input is accompanied by a change in salinity and their interplay influences the vertical
stratification of ocean water masses. In cold waters, especially at 2°C and below, this stratification is
determined by salinity instead of temperature (Nycander et al., 2015). If altered, the stratification can
in turn alter the formation of ocean water masses. As the global overturning circulation is based on
these large ocean water masses and their global pathways, their disruption can affect the distribution
of heat around the globe, potentially leading to changes in weather patterns and the overall climate

(Shaw et al., 2023).

Only snow and ice that is on land or locked to land contribute to sea level rise if it melts and finds its
way into the oceans, due to isostasy (sea ice, formed on the open ocean for example, does not
contribute since it is already displacing its mass as water volume). An interesting ice-ocean interface is
the ice shelves, the floating, yet still connected extension of an ice sheet. However, as they are floating
ice shelves also do not directly contribute to sea level rise. Nevertheless, ice shelves play an important
role in controlling the flow speed of glaciers and ice streams. They can become unstable and break
apart, for example, because of substantial mass loss. The result could be a reduced buttressing effect
on ice on land leading to faster ice flow into the ocean and thus to a rising sea level (Bamber et al.,
2009; Shepherd et al., 2012). The area of ice shelves of the GrIS is neglectable compared to those of
the AIS. The latter covers approximately 75% of Antarctica's coastline, spanning an area of roughly
1.561 million square kilometers, which is comparable in size to the complete GrlS (Rignot et al., 2013).
The majority of the Antarctic ice shelf area, roughly two-thirds, is part of the marine WAIS (Andreasen
et al., 2023). These floating ice bodies gain mass by the inflow of ice from glaciers, accumulation of
snow, and the formation of marine ice by freezing of sea water on their undersides. Conversely, they
undergo mass loss through calving icebergs at their outer edges, basal melting, sublimation, and wind-
driven drift on their surfaces (Rignot et al., 2013). Therefore, ice shelves, especially the large Antarctic
ones, are an important matter of science, especially regarding the controversially discussed tipping

points (IPCC, 2023).

1.1 Filchner-Ronne Ice Shelf

At the southern end of the Wedell Sea, on the Antarctic continental shelf is the world’s largest ice shelf
by volume, the Filchner-Ronne Ice Shelf (FRIS) (Fox et al., 1994). Figure 1 gives a geographical overview,
indicating bounding regions and also important geological features (Ronne Depression, Filchner
Depression). Gardner et al. (2018) calculated that the FRIS accounts for roughly 11% of the total ice

discharge from the AIS. The thickness of the ice shelf is more than 1,700 m at the grounding line and
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reduces to 200-400 meters at the Ronne calving front and 400-600 meters at the Filchner calving front
(Bedmap2, Fretwell et al., 2013). Fox et al. (1994) report the area of the FRIS to be 449,220 km?, a third
of the total shelf area in Antarctica, not considering ice rises and ice rumples. Ice rises and rumples are
areas where an ice shelf comes in contact with a seabed feature. In case of rises, the ice then flows
around it, while for ice rumples it also flows across (Matsuoka et al., 2015). An important area where
the ice shelf flow is altered is Berkner Island. Technically, because the ice flows around but not over

Berkner Island, it is an ice rise and therefore also referred to as Berkner Ice Rise.
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Figure 1: Overview of the research area in the Southern Ocean. Enlarged is a cut-out of the FRIS in the Weddell Sea with its
surrounding lands. Important locations are the Filchner Depression shaded and outlined in purple, which extends from the
continental shelf break to the southern end of the embayment, and the Ronne Depression at the western coastline shaded
and outlined in orange. The solid black line represents the ice shelf fronts. The ice shelf area is slightly grey-shaded. Almost
the entire Filchner Ice Shelf is underlain by the Filchner Depression. Map was created with Quantarctica (Matsuoka et al.,
2021)

Reese et al. (2018) pronounced the crucial role of the FRIS in buttressing the WAIS. With models they
showed a significant accelerated flow of grounded ice, contributing to sea level rise should the FRIS
destabilize. Consequently, a collapsing FRIS would further affect water stratification and Antarctic
Bottom Water (AABW) formation. As AABW is one of the key drivers of the world's ocean currents and
thermohaline circulation (Meredith, 2013), it is desirable to investigate the FRIS and the processes
destabilizing it. According to Rignot et al. (2013) and Paolo et al. (2015) basal melting (melting of the

ice shelf from below) has accelerated during the last decades. The former claims basal melting
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accounts for 55£10% of the total mass loss of all Antarctic ice shelves, contrasting the traditional

estimate of 10 to 28%, representing an increase of 0.6 to 6.5 times.

1.2 Basal Melting

Stanley S. Jacobs introduced the term basal melting in the 1970s and 1980s which has since been
adopted in the scientific community. However, the term is not used uniformly in science and can cover
any process that induces melting on the underside of an ice sheet. As ice shelves float in the ocean,
basal melting in context with ice shelves describes melting due to contact with ocean water above the
melting point. Usually, the surface water temperature in the Southern Ocean close to the ice shelves
is around -1.8° to 0°C and therefore not high enough to melt ice on a large scale. It is the so-called ice-

pump mechanism (Figure 2) that induces basal melting at the deeper sections of the shelves.

When sea ice is formed at the surface the salinity of the seawater increases, causing the water to sink
and forming a water mass known as High Salinity Shelf Water (HSSW). Depending on the formation
region, portions of the HSSW mix with other water masses and ultimately form AABW. Other portions
of the HSSW follow the topography under the ice shelf, eventually reaching its base. Under high
pressure, the water is still above the melting point of the ice and therefore begins to melt the underside
of the ice shelf. Due to the addition of fresh water, the salinity in the seawater decreases and the water
rises along the ice shelf's underside transforming into Ice Shelf Water (ISW) (Figure 2). Subsequently,
ISW may evolve into AABW through further processes as described by Foldvik (1985). A total of 60%
of AABW is formed by these mechanisms (Orsi et al., 2002, 1999).

Coring work and chemical analysis by Oerter et al. (1992) revealed the large extent of basal melting
occurring at the FRIS. Hellmer et al. (2012) and Timmermann & Hellmer (2013) pointed out that
changes in ocean currents and water properties could intensify the inflow of warm water below the
FRIS and consequently enhance basal melting by a factor of up to 4 to 6. This is in line with the overall
prognosticated rates by Rignot et al. (2013) mentioned earlier. However, at present a strong front of
dense and cold waters on the Antarctic continental shelf of the Weddell Sea prevents the inflow of
warm Circumpolar Deep Water (CDW) protecting the ice shelf from an even stronger acceleration of
basal melting (Daae et al., 2020). Nevertheless, as basal melting plays a key role in destabilizing the

largest ice shelf it is important to estimate its amount for future prognosis.
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Figure 2: Ice pump mechanism and exemplary overview of the hydrography on the Filchner-Ronne continental shelf. Sea ice
forms and is pushed away by strong offshore winds. Because of brine rejection (purple), HSSW (orange) is formed. Some HSSW
flows across the continental shelf break and ultimately becomes ABBW (green). Other portions of HSSW follow the topography
of the continental shelf into the ice shelf cavity. Because the HSSW is above the freezing point it induces basal melting and
forms ISW (blue). Parts of the ISW might refreeze, but it mostly follows the underside of the ice shelf until it also flows down
the continental slope and eventually becomes ABBW. WDW enters the shelf, cools because of ambient water masses, and
becomes mWDW. Note, that this scenario is altered to fit the situation at the FRIS. At other ice shelves, WDW might enter
farther onto the continental shelf and into the ice shelf cavity. To highlight the ice pump-related processes, as well as the
characteristic ASF, intermediate water masses are disregarded and not shown) After Center for Coastal Physical
Oceanography (2016).

1.3 Weddell Sea and Filchner-Ronne Specifics

Despite the significance of the processes underneath the ice shelves for AABW formation and global
ocean circulations, accessing the cavity below an ice shelf to evaluate the presence of the water masses
and the relative importance of the processes described above is a difficult and tedious task. Hence,
most water samples are taken in the open ocean, where research vessels can operate with minor
difficulties, despite sea ice cover. Nevertheless, it is necessary to know the bedrock elevation and shelf
ice thickness to assess oceanographic processes in the ice shelf cavity accurately. Both, the
bathymetry, and based on that the hydrography, are crucial to connect water mass properties
observed in front of an ice shelf to the amount of basal melting. Ridges and troughs can block or
channel the movement of dense water, impacting melting patterns. Additionally, the shape of the
cavity beneath the ice shelf influences the formation and outflow of dense ISW. Therefore, accurately

mapping this sub-ice bathymetry is essential for modeling ice shelf-ocean interactions.
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1.3.1 Filchner-Ronne Bathymetry

The FRIS covers roughly half of the continental shelf of the Filchner-Ronne embayment (Bedmap2,
Fretwell et al., 2013) with Figure 3 giving an overview of the bathymetry. The most prominent
bathymetric features are the Ronne Depression and the Filchner Depression (orange and purple
shading respectively in Figure 1; dotted black lines in Figure 3 to not obscure the bathymetry). The
former begins in front of the western end of the Ronne Ice Shelf (RIS), following the coastline of Palmer
Land and Ellsworth Land in an arc shape. The other extends from the continental shelf break to Queen
Elizabeth Land, connecting the open ocean with the deepest part of the Filchner Ice Shelf (FIS) cavity.
It is noteworthy that almost the entire FIS is underlain by the Filchner Depression, whereas the Ronne
Depression underlies only roughly a third of the RIS. From north to south, the sea floor elevation drops
within these depressions with the deepest point, around 2000 meters, located at the southern end of
the Filchner Depression (Rosier et al., 2018). Due to the inability of airborne radar to penetrate the ice,
bathymetric data for the sub-ice bedrock is limited. Ongoing research, such as by Rosier et al. (2018),

aims to improve bathymetric accuracy.
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Figure 3: Schematic of the flow regimes on the continental shelf. The red dashed arrows show the major mWDW inflow,
centrally in front of the RIS and at the coastline of the Coats Land. The thin black line shows the ice shelf front. Orange and
blue arrows indicate the HSSW and ISW flow respectively. The dotted black lines outline the Ronne Depression and Filchner
Depression. The green-shaded area is the Filchner Trough. Figure after Nicholls et al. (2009). Map was created with
Quantarctica (Matsuoka et al., 2021)
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Similar to basal melting, there is no consistency in oceanographic literature about the terms Filchner
Depression and Filchner Trough which are often used interchangeably, disregarding any geological
context. For the remainder of this thesis, Filchner Depression will describe the entire feature from the
continental shelf break towards the deepest elevations below the FIS as described in the paragraph
above. Filchner Trough on the other hand will only refer to the part of the Filchner Depression between
the front of the FIS and the continental shelf break (green shaded area in Figure 3). Although the two
depressions are important for circulation and are extensively illustrated here, the extent shown is only

an assumption based on the bathymetric data from Bedmap?2 (Fretwell et al., 2013).

1.3.2 Weddell Sea Hydrography

The overall circulation pattern around Antarctica is cyclonic (clockwise), known as the
Antarctic Circumpolar Current (ACC). The ACC is primarily composed of cool and fresh
Antarctic Surface Water (ASW) above a relatively warm (0-2°C) and salty core of
Circumpolar Deep Water (CDW). Below the CDW is the AABW, the densest water mass in the global
ocean circulation. In the eastern regions of the Weddell Basin, the CDW enters a large-scale ocean
circulation called the Weddell Gyre (Ryan et al., 2016). The gyre also rotates cyclonically and governs
the general directions of water flow in the Weddell Sea. Within the gyre the CDW becomes cooler (0-
0.8°C) and less saline, forming Warm Deep Water (WDW). WDW is also considered the Weddell Sea
derivate of the CDW and occupies the intermediate layer (200-1200m) (Daae et al., 2020). The
Antarctic Slope Front (ASF), an oceanographic feature of the Antarctic shelf break, acts as a natural
barrier, protecting the shelf regions from the WDW. At the ASF cool, dense waters flow from the
embayment over the shelf break, and due to their density prevent the inflow of other water masses.
During the Antarctic winter, the surface temperature cools the ASW down to the freezing point,
forming a water mass called Winter Water (WW). Partial mixing of the WW with the underlying WDW,
results in an intermediate water mass, referred to as modified Warm Deep Water (mWDW)
(Foster and Carmack, 1976). Despite the ASF, mWDW was observed on the Filchner-Ronne
embayment, entering at two locations: one shallow continental shelf along the coast of the Coats Land
and centrally via the Ronne continental shelf break (dashed red arrows in Figure 3, respectively). While
the central inflow of mMWDW in front of the RIS is well documented (Foldvik et al., 2001; Gammelsrgd
et al., 1994), the inflow in front of the Filchner Ice Shelf (FIS) is highly variable (Ryan, 2016; Ryan, 2020;
Darelius, 2016). Overall, the influence of MWDW on the FRIS is debated (Janout et al. 2021). The cool
and dense water masses flowing down the continental shelf mix with WDW and form Weddell Sea
Deep Water (WSDW). By further mixing with the very dense HSSW, WSDW becomes Weddell Sea
Bottom Water (WSBW). WSBW, the coldest and densest water of the Weddell Sea, ultimately becomes
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AABW as it leaves the Weddell Gyre. Therefore, the dense water masses of the continental shelf (HSSW

and ISW) and their formation (ice-pump, Figure 2) are essential for the AABW formation.

1.3.3 Filchner-Ronne Hydrography

The Weddell Sea is characterized by robust catabatic winds and extensive permanent sea ice cover.
During austral winter strong winds push newly formed sea ice away from the FRIS exposing the
seawater to the atmosphere and enabling new sea ice formation (Paul et al., 2015). This setup makes

it the “sea ice factory” of the Southern Ocean, but it also renders the FRIS susceptible to basal melting.

Because of brine rejection during sea ice formation, HSSW forms from WW. From here, the HSSW is
assumed to evolve in two general ways, ultimately forming AABW. Gill (1973) was the first to propose
that some HSSW does not enter the ice shelf cavity. Foster and Carmack (1976) developed this idea
further and concluded that the HSSW mixes with other water masses and directly evolves into AABW.
Other parts of the HSSW follow the topography under the ice shelf, eventually reaching its base (ice-
pump Figure 2). Subsequently, the ISW that forms as a result of basal melting evolves to ABBW too,

after crossing the continental shelf break and entering the Weddell Gyre (Foldvik, 1985).

The HSSW establishes distinct circulation patterns on the continental shelf (Figure 3) (Nicholls &
@sterhus, 2004; Nicholls et al., 2009). Below the RIS, the HSSW flows southward along the eastern
flank of Berkner Island and within the Ronne Depression. Below the FIS, it follows the eastern flank of
the Filchner Depression into the cavity of the FIS, then moves northward, and eventually merges with
HSSW from below the Ronne Ice Shelf at the southwestern tip of Berkner Island. During this circulation,
the HSSW is partially converted to ISW. The ISW exits the ice shelf cavity via the Filchner Trough
towards the continental slope, and around the eastern flank of Berkner Island flowing above the
HSWW because of its lower density compared to the HSSW (blue arrows within the Filchner Trough in
Figure 3). In the north, the ISW flows down the continental slope eventually evolving to AABW (Foldvik,
1985). Therefore, the formation of ISW from HSSW and its subsequent export as AABW are critical
processes in global ocean circulation and climate. Additionally, there are two outflows of ISW at the
Ronne Depression. One is at the eastern flank (Nicholls, 2004), and one is newly detected at the
western flank of the depression (Janout et al.,2021) (blue arrows within the Ronne Depression in Figure
3). However, Janout et al. (2021) pointed out, that the ISW flowing out of the Ronne Depression is
quickly mixing with ambient water masses and is unlikely to make its way to the continental shelf break
and thus contrasts the conditions at the FIS. The ISW is the water mass in which the basal meltwater

can be detected.
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1.4 State-of-the-art in Assessing Basal Melting of Ice Shelves

Regardless of the global importance of the Weddell Sea and the FRIS in particular, the measurement
coverage of hydrographic and bathymetric data is sparse, because of its inaccessibility. This, together
with the complex structure below the shelves, makes it generally difficult to assess the types of melting
of ice shelves. Multiple authors report methods to estimate the mass loss of ice shelves: remote
sensing techniques, sometimes supported by models (Hellmer, 2004; Paolo et al., 2015; Rignot et al.,
2013; Schodlok et al., 2016; Timmermann & Hellmer, 2013); heat and salt observations together with
numerical models (Jacobs et al., 2011; Nicholls et al., 2001, 2006; Nicholls & Makinson, 1998; Nicholls
& @sterhus, 2004; Nicholls et al., 2009); phase-sensitive radar systems, pRES (Corr et al., 2002).

A promising approach for investigating basal melting of ice shelves involves analyzing the
concentrations of helium and neon in the seawater (e. g. Hohmann, 2002; Huhn 2008; Schlosser, 1986).
Helium and neon have a stable concentration and ratio to each other in the atmosphere. When it
snows, both gases are trapped within the snow cover on land, resulting in gas concentrations within
the snow corresponding to those of the atmosphere (e.g., Hohmann, 2002; Huhn 2008; Schlosser,
1986). Over time, the snow compacts to firn and further to ice, effectively trapping the helium and
neon within the ice sheet. The influence of gravity, mass, and topography guides the ice flow toward
the ocean, where it eventually becomes part of the ice shelf. As the ice melts, helium and neon are
released and dissolve in the seawater. However, unlike at the ocean's surface where the gases would
equilibrate with the atmosphere instantaneously, below the ice shelf, the hydrostatic pressure causes

helium and neon to dissolve completely in the water.

As a result of this process, there is an excess of helium and neon in the water compared to surface
water. Loose & Jenkins (2014) call this excess a saturation anomaly. The saturation anomaly describes
the observed gas content regarding the expected gas content if the solubility is in equilibrium. The
authors state the anomaly is as high as 1280% for helium and 890% for neon. By analyzing the excess
of helium and neon relative to their equilibrium state, researchers can quantify the fraction of basal
Glacial Meltwater (GMW), offering valuable insights into the extent of basal melting occurring beneath
the ice shelves and its further pathways. While basal melting, as described earlier, refers to melt
generated by contact with seawater above the freezing point, GMW also includes melt generated on
the continent by processes beneath the ice sheet. The ability to trace the pathways of the GMW is a
major advantage of this method compared to satellite data or modelling. Over the last decades, the
mass loss of FRIS has increased significantly (Paolo et al., 2015; The IMBIE team, 2018). Huhn et al.
(2018) used water samples from directly below the FIS for the first time and reported a maximum of
3.6% GMW at the ice shelf base and inferred a mass loss because of basal melting of 177 £ 95 Gt/y.

However, the mean GMW fractions underneath the FIS calculated by Huhn et al. (2018) was 1.3%. This
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is consistent with findings by Janout et al. (2021) who did not have access to samples from below the

FIS and reported GMW fractions up to 1% directly in front of the FIS.

1.5 Objectives and Research Question

Processes in the Weddell Sea, particularly beneath the FRIS, the largest ice shelf on Earth, are major
producers of AABW. As one of the driving forces of global ocean circulation AABW, in turn, has a
significant impact on the climate. If the FRIS becomes unstable, as some authors have suggested, it
could have severe consequences. Therefore, monitoring the FRIS in the Weddell Sea is essential to

assess its impact on the entire climate system.

The primary objective of this research is to quantify the basal Glacial Meltwater (GMW) originating
from the Filchner-Ronne Ice Shelf (FRIS) and to explore its distribution using noble gas tracers,
specifically helium and neon. This study seeks to address key research questions: What are the major
challenges of applying this method to a broad variety of samples? Are there significant variations in
GMW fractions from the FRIS over time and geographically? A novel approach is employed to assess
background gas saturation levels, which is critical for accurate GMW quantification. The research also
assesses how factors like sea ice formation and crustal helium influence GMW values. Additionally, the
potential of noble gases as tracers for the amount of sea ice formation will be investigated. Ultimately,
the study aims to contribute to a better understanding of the stability of the ice shelf and its potential

impact on global sea levels and ocean circulation.
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2.  Methodology

2.1 Data Collection

The data utilized in this study were obtained from water samples collected during five separate
research cruises conducted aboard the German research vessel (RV) Polarstern. The cruises took place
in austral summer from 1995 to 2021. Hydrography and tracer data are published on, or in the case of
the latest cruise submitted to the PANGAEA data repository. One set of tracer data is an exception and
has been obtained from personal communication with Dr. O. Huhn, IUP Bremen. For better readability,
cruise names, dates, and citations are given in Table 1. Subsequently, in this work, the data will be
referred to by the respective year the cruise ended in, e. g., 1995, 2014, 2016, 2018, and 2021. Figure
4 depicts the sampling locations relative to the corresponding cruises. Furthermore, Figure 4 shows

how the data was grouped and the position of plotting transects, both will be discussed in the results

section.
Cruise Name Date Hydrography Tracer Data
ANT XII/3 05.03.1995 - 19.03.1995 Schroder et al., 2010 Roether et al., 2017
10.1594/PANGAEA.742581 | 10.1594/PANGAEA.883832
ANT XXIX/9 | 20.12.2013 - 23.02.2014 Schroder et al., 2014 Huhn et al., 2017
10.1594/PANGAEA.833299 | 10.1594/PANGAEA.883799
PS 96 06.12.2015 - 14.02.2016 Schroder et al., 2016 Personal Communication
10.1594/PANGAEA.859040
PS111 19.01.2018 - 14.03.2018 Janout et al., 2019 Huhn et al., 2021a
10.1594/PANGAEA.897280 | 10.1594/PANGAEA.930718
PS 124 03.02.2021 - 30.03.2021 Tippenhauer et al., 2023 Submitted
10.1594/PANGAEA.961780

Table 1: Cruise names, dates, and citations of the published hydrography and tracer data.

All expeditions primarily focused on the West Antarctic region, specifically the Weddell Sea
surrounding the Filchner-Ronne Ice Shelf. During each cruise water samples were collected from tightly
spaced locations and depths to facilitate subsequent analysis. The aim was to get as close to the ice
shelf front as possible and take samples in transects along the front and in a parallel fashion at
increasing distances from the front. It was, however, not always possible to reach the ice shelf front,

as the dense sea ice cover in this region limited the southward advancement of the vessel.
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2.2 Sampling and Laboratory Analysis

The water samples were taken with sampling bottles mounted to a CTD-Rosette. Salinity and
temperature were determined on-site by personnel of the Alfred Wegener Institute, Bremerhaven,
Germany. In the lab of the Institute of Environmental Physics Bremen (IUP), Germany, the samples
were analyzed for parameters such as helium and neon concentrations and others. The water
measurements are calibrated to an air standard manufactured by IUP personnel operating the lab
(Sultenful et al., 2009). The measurement accuracy of the noble-gas mass-spectrometer at the IUP is
<0.5%. When measuring helium and neon concentrations, multiple isotopes are recorded. These are
3He and “*He for helium, **Ne and 2*Ne for neon. However, for this analysis, only the total
concentrations are utilized. Specific isotopes are therefore not denoted, and "He" and "Ne" are used

to represent the entire helium and neon concentrations, respectively.

Water Depth [m]
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® 1995
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2014

Ronne Front
Filchner Front
[ Filchner Central
[ ] Filchner Sill

Figure 4: Overview of all sampling sites in the research area of the five cruises. Given are also the regions the data is grouped
in and the transects used for depth-over-distance plots as described in the results section. In this figure, all sampling locations
are shown, including those where no helium or neon was sampled. Map was created with Quantarctica (Matsuoka et al.,
2021)
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2.3 Excess of Helium and Neon

The solubility of helium and neon in water is extremely low compared to other gases, e.g., O, or Ar.
According to Weiss (1971), the solubility of the gases ranges from 1.5-2.2nmol/kg for helium
and 5.8-10.0nmol/kg for neon, both under atmospheric conditions and in equilibrium. This is the
maximum theoretical amount of helium and neon that can dissolve in water when the water and
atmosphere are in equilibrium, considering specific temperature and salinity conditions, and is called
the equilibrium value. Both, the salinity and the temperature of the water affect the solubility of the

gases in an inversely proportional way, explaining the given ranges.

However, there are mechanisms for adding helium and neon to the seawater, therefore their
concentrations can be off the equilibrium value. This excess of helium and neon will be expressed in
percent as AHe and ANe respectively. Equation 1 depicts the calculation of AHe and ANe with AGas
being the respective element. The observed helium and neon concentrations are denoted as Gasobs
(accuracy <0.5%), whereas Gaseq is the equilibrium value as a function of temperature and salinity
according to Weiss (1971). This means, that if there were no mechanism for adding helium and neon

to the seawater, AGas would be zero according to Equation 1.

AGas % = <(M> - 1) * 100 with Gaseq = f(T,S) Equation 1

Gaseq

Note, that loss of helium and neon can only happen by equilibration of oversaturated water with the

atmosphere.

2.4 Basal Glacial Meltwater Calculation from Helium and Neon

To assess the amount of GMW, the helium and neon data have to be adjusted for enrichments that
can be reliably quantified and do not originate from melted ice. Rhein et al. (2018) implemented a

method to calculate GMW fractions from helium and neon concentrations.

In the first step, all samples are adjusted for a natural oversaturation of helium and neon (Loose &
Jenkins, 2014). This oversaturation is the result of a process called bubble injection. Breaking waves
inject air containing helium and neon into the water, leading to a local background of excess gases. For
the remainder of the study, this background excess will be called Surface SuperSaturation (3S) and has
to be subtracted. The 3S is determined by averaging the helium and neon values of samples taken at
the surface of the water column. Ideally, to avoid interference with already GMW-enriched water,

sampling locations several hundred kilometers away from the shelf ice front should be chosen to
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obtain the 3S. However, there are not always suitable locations, or amount of data to determine the

3S reliably.

Huhn et al. (2021b) and Rhein et al. (2018) reported 3S values of 5.0% for helium and 4.1% for neon
observed in the Fram Strait in the Arctic Ocean. In a preparatory project for this master thesis,
however, it became evident that using the 3S literature values yields meaningless results. The reasons
are the temporal (multiple years) and the spatial (Arctic vs. Antarctic) variations of the ocean

properties.

Nevertheless, because of the lack of available data and the necessity of a 3S value, | assume that
vertical mixing does not suffice to transport GMW-enriched water from great depths very close to the
surface. This is supported by the highly negative 83He ratio of the used surface samples. At the sea
floor, hydrothermal vents can release 3He into the water, enriching the water above the equilibrium
value. This is usually the case for CDW in the Southern Ocean. As WDW (the Weddell Sea deviation of
CDW) enters the continental shelf, positive §He should be observed at the sea surface if sufficient
upwelling occurs. However, the 63He ratio of the used samples is negative and close to the ratio
expected in Antarctic surface water (-1.8), leading to the conclusion that neither WDW nor GMW were
upwelled to the surface. Therefore, even values obtained close to the ice shelf front should be

unaffected by helium enrichment from basal melting.

Neon on the contrary can be affected by sea ice formation (see paragraph on additional sources) and
values taken at the surface may bear a signal of this process, especially close to the ice shelf front as
this is the primary sea ice formation zone (Paul et al., 2015). Yet, this problem can be tackled by
considering Loose & Jenkins (2014) who simulated the process of bubble injection to represent its
effect on the saturation of noble gases in seawater beyond the atmospheric equilibrium. Their
simulation showed that AHe is 1.32 times greater than ANe, with saturation excesses of 11.6% and
8.8%, respectively. The important information from their approach is the ratio of the excesses, which

can be used to derive a 3S value for neon based on the 3S value of helium.

Table 2 shows an overview of the §3He values, the 3S values for helium, and neon, and their standard
deviations for each year retrieved from the respective data set. Table 2 also indicates the neon value
derived from helium based on the description above. The derived 3S values for neon are lower than
the measured values for each dataset. These differences suggest that the non-derived 3S values come
from samples enriched with neon because of sea ice formation. Therefore, deriving a 3S value for neon
is a reasonable approach, as it prevents excessively high 3S values and, consequently, an
underestimation of GMW fractions. Hence, for the final GMW calculation, the derived 3S values were

used.
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Year 3S He [%] SD He 3SNe [%] | SDNe | Nederived [%] | 63He [%] | SD &°He
1995 0.96 1.20 0.83 0.85 0.73 -1.32 0.33
2014 3.88 1.38 3.55 1.11 2.94 -1.76 0.91
2016 4.05 0.94 4.03 1.72 3.07 -1.49 1.52
2018 4.20 1.33 4.42 1.48 3.18 -1.60 1.75
2021 1.24 0.70 1.42 1.18 0.94 -1.50 1.01

Table 2: Overview of the 3S values for helium and neon, the §3He ratios, their standard deviations (SD), and the derived neon
3S value.

The next step is subtracting the individual equilibrium value, calculated by the solubility function after
Weiss (1971), from all samples. Any further excess of He and Ne concentrations beyond the 3S value
and the equilibrium solution serve as indicators of GMW, where helium and neon were dissolved into
the melt water because of hydrostatic pressure. Pure meltwater would contain 1280% more He and
890% more Ne than expected in an equilibrium state (Loose & Jenkins, 2014). Consequently, fractions
of GMW would result in proportional fractions of excess helium and neon. However, this does not
consider additional sources of helium and neon that cannot easily be quantified and addressed (see
next paragraph). Equation 2 presents how GMW (%) was computed. Pure GMW is added and denoted
as PMW in the equation to infer the correct fractions. According to Loose & Jenkins (2014), PMW has
a helium and neon concentration of 25.7 nmol/kg and 90.1 nmol/kg, respectively.

3S

Gasops—Gaseqg*(1+
GMW % = <<( ob Bseq( (3?0))) * 100) with Gaseq = f(T, S) Equation 2

(PMW—Gaseq*1+(m))

When calculating GMW an uncertainty of <0.05% is induced by the measurement accuracy of <0.5%,
yet, the largest uncertainty in this calculation is caused by the standard deviation of the 3S value (Table
2). To account for the annual variability of the 3S value the standard deviation was conservatively
estimated by averaging over all years (SD = 1.1), resulting in an error margin of the GMW calculation
of £0.08%. The uncertainties from the concentration measurement and 3S standard deviation are
combined in quadrature and yield a total uncertainty of £0.1% (rounded up from 0.094% to be on the

safe side).

2.5 Additional Helium and Neon Sources

The influence of an additional helium or neon source can be made visible by calculating A(He/Ne).

Equation 3 shows how A(He/Ne) was calculated from Heqss and Neoss and the equilibrium values Heeq
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and Neeq. The determining part is the ratio of the observed ratio and the equilibrium ratio of the gases.
The same measurement uncertainties described in the previous paragraph apply, resulting in an error

margin of £0.7% for A(He/Ne).

H
A (N_Z) % = ((Heobs/Neobs) /(Heeq/Neeq) — 1) * 100 Equation 3

Significant positive values (above 2%) of A(He/Ne) reflect a source that only contributes additional
helium and negative values indicate the presence of sources that only contribute additional neon

(Huhn et al., 2021b). Values between 0% and 2% cannot confidently be attributed.

A common source for additional helium is a-decay of uranium and thorium. This creates *He in the
crust below the ice sheet and can accumulate in the lower part of the ice sheet, up to 300m (Craig &
Scarsi, 1997). When this lower part of the ice sheet melts, either on land by geothermal heat and
friction or by basal melting in contact with seawater, the additional helium dissolves in the seawater,

too.

When significantly more neon is added A(He/Ne) becomes negative (Equation 3). The only other
possible source of neon is sea ice formation (besides basal melting, which affects helium in the same
fashion as neon and would therefore not alter A(He/Ne)). Helium gets incorporated into the ice lattice
during sea ice formation while neon is partly rejected, similar to sea salt. The result is a higher
concentration of neon compared to that of helium (Hahm et al., 2004). Because of this circumstance,

the neon 3S value should be derived from helium and not be based on surface measurements of neon.
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3. Results

3.1 Grouping

As shown in Figure 4 in the methods section, the sampling sites were grouped into four regions,
labelled as follows: (1) Ronne Front, (2) Filchner Front, (3) Filchner Central, and (4) Filchner Sill,
accounting for the spatial variations of the sampling sites and to ensure a more comprehensive
representation. The regions were chosen so they encompass the majority of samples, which are mostly
taken in transects relatively parallel to the ice shelf front (roughly in east-west direction). This is
because the ice shelf front is the closest a research vessel can get to the ice shelf base, where basal
melting occurs. Additionally, as described in the introduction, sea ice formation, which affects neon
concentrations, predominantly takes place in front of the ice shelf. The general direction of in and
outflow of water in front of the ice shelf is south and northward respectively (Figure 3), resulting in a
dilution of the signature of basal melting with increasing distance from the ice shelf front. Dilution
happens because of mixing with other water masses and entrainment of ambient water, indicated by
trace element concentrations. Therefore, parallel transects to detect and display spatial variations are
most meaningful. Nevertheless, the transect directly at the ice shelf front was split into two regions,
because they resemble two very different regimes (Ronne Front and Filchner Front). It has to be noted
that only the 1995 and the 2018 cruises made it to both ice shelf fronts, and the 2014 cruise to parts
of the FIS front. Helium and neon concentrations, however, were not sampled at the FIS front in 1995.
On all cruises, plenty of samples were collected close to the continental shelf break. Region (4) was
specifically chosen to exclude all samples taken on the continental shelf slope or the Weddell Basin.
This exclusion was necessary because tracing GMW in these areas would primarily assess currents and

flow directions within the Weddell Gyre, which falls outside the scope of this work.

For the final GMW illustration samples between regions (2) and (3) are neglected because they are
either taken in a north-south direction (2016), are not sufficient for an east-west section (2021), or are
redundant as already longer, more representative east-west profiles exist in their vicinity (2014 and
2018). This is the reason, for example, why the temperature vs. salinity analysis will show Filchner

Front samples from 1995, but those do not appear in the GMW analysis.

3.2 Data Assessment

The data was assessed beforehand, to exclude biased or irrelevant samples. The excluded data
encompass samples not in the declared regions, where helium and neon were not sampled, and
outliers, where helium and neon concentrations make unreasonable jumps within a depth profile.

These outliers were identified with two methods, the IQR (see appendix for an explanation) test and
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the Cooks Distance (see appendix for an explanation) test. As both tests are prone to distortion by
extreme outliers, those data points identified by the test were manually evaluated and then judged.
In total, the lower and the upper 0.5% of the data were classified as outliers. Even though some data
was excluded, because of the reasons named above, Figure 4 still illustrates all sampling locations for
transparency. Furthermore, in the salinity temperature analysis, samples that have not been measured
for helium and neon are still included, and for the AHe and ANe analysis samples are still included that

were neglected for GMW analysis. Therefore, even though there might

3.3 Temperature and Salinity Classification

Figure 5 illustrates absolute salinity vs. potential temperature to identify water masses in the study
region. Most of the samples from the Ronne Front, particularly from the western end, were identified
as HSSW ( Figure 5, panels a and d). This makes sense, as the majority of sea ice production happens
in this area, raising salinity levels (Paul et al. 2015). Also, it is logical that the HSSW samples primarily
appeared in the datasets from 1995 and 2018, as the western end of the Ronne Ice Front was only

reached during those years.

Many samples from regions (2), (3), and (4), which cover the Filchner Trough, show properties of ISW.
This is reasonable, as most ISW leaves via the Filchner Trough towards the continental shelf break. A
substantial part of the samples is indicated as WW. The majority of these WW samples (25-40% of each
data set) are from the upper 400m, representing the general source water of the HSSW as described
in the introduction. The remaining samples are a product of mixing between water masses, including
water masses not indicated in the plot e.g., ASW as a less saline member and CDW as a warmer

member.

3.4 Helium and Neon Excess Distribution

An overview of the spatial and temporal distribution of AHe and ANe with increasing water depth is
presented in Figure 6. When comparing the different years, it is striking that AHe and ANe are on
average 3 percentage points lower each in 1995 (Figure 6, panels a and b) and 2021 (Figure 6, panels j
and k). This matches the lower 3S value given in Table 2 and hints at the same magnitude of helium

and neon excess beyond the 3S value and atmospheric equilibrium over the whole time series.
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Figure 5: Absolute salinity vs. potential temperature for all years. Coloring is according to Figure 4, where the regions were
given. Red is Ronne Front, purple is Filchner Front, green is Filchner Central, and blue is Filchner Sill. The ellipses indicate water
masses.
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Figure 6: Overview of the observed AHe and ANe for all years. Coloring is according to Figure 4, where the regions were given.
Red is Ronne Front (1), purple is Filchner Front (2), green is Filchner Central (3) and blue is Filchner Sill (4).
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Furthermore, the data show a general trend throughout all the years of increasing AHe and ANe with

increasing depth. This observation aligns with the fact that ISW, which is formed by basal melting, is

typically not found at the surface. Presumably, the ISW is likely also the reason the highest excesses

throughout the datasets can be found in the region (2) because the main outflow of ISW from the FRIS

cavity occurs through the Filchner Trough. With increasing distance from the ice shelf cavity dilution

by mixing with other non-GMW enriched water masses takes place, resulting in lower AHe and ANe in

regions (3) and (4). Due to scarce data this is, however, only supported by data from 2014 (Figure 6,

panel c and d) and 2018 (Figure 6, panel g and h).

Another interesting feature is the high ANe values observed in 2018 in region (1) (Figure 6, panel h).

High ANe values can be a result of sea ice formation, which is likely in region (1), and in line with the

high salinities illustrated in Figure 5 (panel d). However, there are high salinities observed in region (1)

in 1995, too (Figure 5, panel a), but with moderate ANe (Figure 6, panel b) and therefore no indications

for sea ice formations, leaving this for discussion.
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3.5 Basal Glacial Meltwater Fractions

The data points were projected onto a line to display the GMW fractions in a depth-over-distance plot.
As previously mentioned, these lines are shown in Figure 4 in the methods section and are referred to
as transects. A linear interpolation method was used between each data point to visualize the GMW
distribution. The calculations were based on helium and neon individually and then the higher one was
discarded to avoid overestimating GMW fractions by crustal helium or neon from sea ice formation.
The bathymetry was derived from the International Bathymetric Chart of the Southern Ocean (IBCSO
(Dorsch et al, 2022) DEM. It is important to note that the first transect, located closest to the ice shelf
front, will comprise two regions, (1) and (2), whereas the other two only cover one region each, (3)
and (4), respectively. Incorporating regions (1) and (2) into one transect was for a more practical
representation of the depth-over-distance plot, without losing the distinctive differences based on

their geographic location.

Figure 7-9 depict the distribution of GMW fractions across the different locations and years in the study
area. High GMW fractions were observed in 2018 at the FIS front in depths of 500 — 1000 m with a
maximum of 1.2% around 600 m (Figure 7, panel c). This is to be expected because this is where the
ISW, not yet diluted, emerges from under the ice shelf. As described by Janout et al. (2021) the main
pathway of the ISW is alongside the western flank of the Filcher Trough above the HSSW which is well
visible in the figure, as the maximum of GMW is around 600 m and not at the sea floor. Because of an
unfortunate lack of data, these relations are not visible in the other data sets. Yet, the area represented
in the 1995 and 2014 data sets indicates the same order of magnitude of GMW fractions (Figure 7,
panels a and b). If it had been possible to take samples directly in front of the FIS in the other years,
the same ISW core might have been observed. However, Janout et al. (2021) reported different
origination modes for the water flowing out from the FIS and hereby a possible different localization

of the ISW core.

In the central region of the 2018 data set, there are two local maxima (0.8%) at both, the western and
eastern flank of the Filchner Trough (Figure 8, panel c). This could be the continuation of the previously
illustrated ISW core (Figure 7, panel c). Possibly the same continuation of the ISW at the western flank
of the trough could be present in the 2016 data but cannot be displayed because of the lack of samples
(depicted by missing black dots in Figure 8 and a resulting interpolation over a long distance). The other

years lack even more data points to conclude about the central region.
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Figure 7: lllustrating GMW fractions in a depth-over-distance plot along transect 1 closest to the ice shelf front. This transect
covers regions (1) and (2). The transparent area at the 500 km mark indicates Berkner Island. Region (1) Ronne Front is from
zero to 500 km mark, region (2) Filchner Front from 500 km to 760 km. The color scale indicates the amount of GMW in %.
Very prominent are the two ISW cores in the Filchner Trough in 2018, with the maximum observed value of 1.2% at a depth
of approximately 600 meters (panel c). The ISW outflow in the Ronne Depression is also well indicated, both in 1995 and 2018
(panels a and c). Panel b shows that ISW was also observed in 2014, even though only half the Filchner Trough was sampled.
Black dots indicate data points from samples.

Region 4, Filchner Sill is the only one that was sampled in all five years. Notably, the GMW fractions
show the same magnitude across all years (Figure 9, all panels). The maximum is found in the 2018
dataset, reaching 0.8% (Figure 9, panel d). While the area with elevated GMW values has decreased
considerably compared to the FIS Front, the magnitude has only slightly. The other years show similarly
high values but in different locations. In 2021, the elevated values appear to be more widespread with
two maxima, however, this might be due to missing data (as indicated by the absence of black points
in Figure 9, panel a), leading to inaccurate interpolation. The consistent magnitude of GMW fractions,
even far from the ice shelf, suggests continuous and relatively stable meltwater volumes, although the

exact path of ISW is not traceable in every dataset.
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Figure 8: lllustrating GMW fractions in a depth-over-distance plot along transect 2. This transect covers region (3). The color
scale indicates the amount of GMW in %. The ISW is especially prominent in 2018 (panel b) but is also visible in 2016 (panel a).
In 1995 and 2021, the data is not sufficient to depict the ISW. In 2016 there is a big gap in data points, which might have
caused inaccurate interpolation (panel b). Black dots indicate data points from samples.

In front of the RIS GMW fractions are moderate with the maximum at 0.7% visible in 1995 and 2018 at
the 20-40 and 120-140 km mark (Figure 7, panels a and c). This suits the findings of Janout et al. (2021)
who report indications of two ISW outflows in the Ronen Depression. At the 280 km mark seems to be
a local minimum visible in both 1995 and 2018. A possible reason for this could be the inflow of mWDW
as indicated in Figure 3. Similar to the Filchner Central Region in 2016, the density of sampling stations
at the RIS Front in 1995 was low. Consequently, interpolation here was done over greater
distances(>100 km), reducing the resolution. However, this is less of an issue in this case, as the

changes, unlike those in the Filchner Trough, do not occur over such narrow geographic scales.
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Figure 9: lllustrating GMW fractions in a depth-over-distance plot along transect 3 closest to the continental shelf break. This
transect covers region (4). The color scale indicates the amount of GMW in %. The ISW is clearly visible in all years.
Interestingly, in 2021 there are two local maxima (panel e). This is a feature unique to the 2018 data so far (Figure 7, panel c).
Panel c indicates a possible outlier, as GMW fractions are below -0.2% here. Black dots indicate data points from samples.
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Generally, GMW fractions are near zero at the surface in all regions and data sets. This is a logical
consequence of the calculation method. The assumption was that no GMW was present in the upper
20 meters and the observed helium excess was used to determine the 3S value, which was then
subtracted. Therefore, the result is zero GMW in the upper 20 meters. However, as the 3S value is an
average applied to all samples, some surface samples show GMW fractions from -0.1- 0.1%. Except
close to the continental shelf break in the 2016 data set, no results are below -0.2% (Figure 9, panel c).
This strong negative value could be an outlier not identified by statistical methods before or the 3S
value for 2016 is too high. Except for this global minimum, the overall positive results seem reasonable,

as the seawater cannot contain less than zero percent meltwater.

3.6 Additional Helium and Neon Sources

Ideally, if there were no other sources of helium and neon, the calculated GMW should be the same
for both gases. However, there were differences throughout all sets with a maximum of up to 0.3
percentage points suggesting the presence of additional sources. To tackle this problem, only the lower
result of the GMW calculation of either helium or neon was used for each data point, as mentioned
above. Nevertheless, these additional sources can affect the GMW and indications for it can be found

in the data.

3.6.1 Crustal Helium

The amount of crustal helium contributed can be estimated and illustrated with a scatter plot of AHe
vs. ANe (Figure 10). It should be noted that in Figure 10, the respective 3S values have not yet been
subtracted from AHe and ANe, to avoid distorting the effects of crustal helium and sea ice formation.
For this reason, some samples fall into a range with higher GMW fractions than shown in Figure 7-9.
When the only source of helium and neon enrichment is melting, the data would scatter along a
straight line from the origin to 1280% AHe and 890% ANe. In the crust below the ice sheet, a-decay
can increase the amount of *He in the ice up to 4.5 times compared to pure meltwater (Craig & Scarsi,
1997; Jean-Baptiste et al., 2001). With 10% of GMW enriched by this level of crustal helium, the line
shifts to 1728% He and 890% Ne.
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Figure 10: AHe vs. ANe for all years. The orange arrow points towards enrichment by crustal helium and the blue indicates sea
ice formation. The black line indicates pure meltwater. The dashed black line depicts a combination of 90% pure GMW plus
10% crustal helium-enriched GMW with 4.5 times higher helium than pure GMW. The black dots denote steps of 0.5%. Only
samples in front of the FIS in the 2018 (panel d) data set plot toward crustal He enrichment, while most others point towards

sea ice formation.

It is primarily the samples from 2018, collected directly at the front of the FIS, that show a source of

crustal helium, some of them close to the line of 10% enriched GMW (Figure 10, panel d). This is not

surprising, as crustal helium can only be detected where meltwater is present. Since the 2018 samples

from the FIS front show the presence of ISW most clearly and thus GMW, it logically follows that they

also show a signal of crustal helium

The hypothesis that the Filchner Trough is the primary outflow pathway for the ISW and that there is

a source of crustal helium is supported by Figure 11. This figure shows A(He/Ne) along the same

transects and regions as Figure 7 for GMW. The strong positive signals (above 2%) in the Filchner
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Trough (regions (2), (3), and (4)) indicate the presence of additional crustal helium (Figure 11-13). The
maximum A(He/Ne) of up to 8% in the 2018 dataset (Figure 11, panel c) corresponds to the location of
the GMW maximum (at 600 meters above the eastern flank). Since crustal helium enrichment is only
detectable where GMW is present, and a crustal helium source is evident, the same geographic and
temporal patterns observed for GMW fractions apply. This suggests a continuation of the crustal
helium signal in the Filchner Central region in both 2016 and 2018, which can be seen in Figure 12,
panels b and c, respectively). In other datasets, crustal helium enrichment is less pronounced than in
2018 (Figure 11-13 with A(He/Ne) barely above 2%) and is difficult to quantify (Figure 10, panels a, b,
¢, and e, with samples close to the pure meltwater line). However, since a crustal helium signal is
observed in the Filchner Sill region each year, even if just slightly above 2% A(He/Ne) (Figure 14), it is
reasonable to assume it would also be detectable throughout the entire Filchner Trough. Yet, changes
in melting location, rate, or meltwater pathway could have affected the amount and detection of

crustal helium, highlighting the importance of comprehensive spatial and temporal sampling coverage.

3.6.2 Sea Ice Formation

Detecting a source of crustal helium and quantifying its contribution is relatively straightforward.
However, assessing sea ice formation presents more challenges. The primary indicators for sea ice
formation are ANe and salinity. Similar to crustal helium, AHe/ANe and A(He/Ne) plots can help identify
samples affected by sea ice formation. Unfortunately, results vary across different indicators,
complicating the drawing of clear conclusions. Additionally, only the residual water from which the ice
was formed is observed, adding to the challenge. This residual water can be transported and observed
at greater depths and distances from the formation zone. The following paragraph attempts to
combine the different indicators for the various datasets and locations to assess the influence of sea
ice formation on the samples. However, accurately estimating the amount of sea ice is more complex

and will be elaborated on in detail in the discussion section.

The majority of the 2016 samples, along with the Filchner Sill and Ronne Front samples from 2018,
indicate sea ice formation, as they plot clearly below the pure meltwater line in Figure 10 (panels ¢
and d). While samples from the other years also plot below this line, they remain close to it, making it

difficult to attribute these results solely to sea ice formation Figure 10 (panels a, b, and e).

In Figure 11-13, values below 0% A(He/Ne) suggest residual water from sea ice formation. This is most
clearly observed in samples from the Ronne Front and the Filchner Sill in 2018 (Figure 11, panel c, and
Figure 13, panel d), as well as from Filchner Central in 2016 (Figure 12, panel b). Notably, the large area

of negative A(He/Ne) (up to -2%) at the Ronne front in 2018 is a unique feature of the entire time series
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(Figure 11, panel c). Extensive areas with values below 0% A(He/Ne) are not evident in the other

datasets, which is somewhat consistent with plotting close to the pure meltwater line in Figure 10.

The analysis of salinity and sample identifications from Figure 5 adds another layer of complexity. The
2018 Ronne Front samples were identified as HSSW (high salinity due to brine rejection), which is
consistent with sea ice formation indicators (Figure 5, panel d). However, the 1995 Ronne Front

samples, also classified as HSSW, do not match other indicators (Figure 5, panel a).
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Figure 11: lllustrating A(He/Ne) in a depth-over-distance plot along transect 1 closest to the ice shelf front. This transect covers
regions (1) and (2). The transparent area at the 500 km mark indicates Berkner Island. Region (1) Ronne Front is from zero to
500 km mark, region (2) Filchner Front from 500 km to 760 km. The global minimum of A(He/Ne) is seen in 2018 (panel c) and
covers a large area. A clear influence of crustal helium is seen in 2018 (panel c), supporting the presence of ISW). Black dots
indicate data points from samples.

Samples from 2014, 2016, and 2021 present additional complexities. Specifically, none of the 2014 and
2016 samples were classified as HSSW (Figure 5, panels b and c). While some 2021 samples show HSSW
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characteristics (Figure 5, panel e), 2014 and 2021 samples are close to the pure meltwater line in Figure
10 (panels b and e), but 2016 samples are not (panel c). Additionally, 2014 samples do not show
significant negative A(He/Ne) in Figure 11-13, whereas 2016 samples show noticeable negative values,

and 2021 samples display only minor negative values.
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Figure 12: lllustrating A(He/Ne) in a depth-over-distance plot along transect 2. This transect covers region (3). The continuation
of the crustal helium source can be seen in 2018 (panel c) indicated by values above 2% A(He/Ne). In 2016 there is a big gap
in data points, which might have caused inaccurate interpolation (panel b). Black dots indicate data points from samples.
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Figure 13: lllustrating A(He/Ne) in a depth-over-distance plot along transect 3 closest to the continental shelf break. This
transect covers region (4). Residual water from sea ice formation is indicated in 2018 (panel d). In all other years, a signal of
crustal helium enrichment is visible, indicated by values above 2% A(He/Ne). Black dots indicate data points from samples.
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4. Discussion

The following section discusses the main findings and the associated challenges. One of the most
significant factors is the determination of the 3S value and how it should be managed. This includes
not only the physical processes influencing the 3S value but also potential deviations caused by the
instruments used. The 3S value is closely linked to the calculation of GMW fractions as well as sea ice

formation. Therefore, the discussion will follow this structure.

4.1 Surface Super Saturation 3S

The accurate quantification of GMW fractions in oceanographic studies using noble gases, specifically
helium and neon requires, that all interfering factors that could alter their concentration be excluded
before attributing the concentrations to pure GMW. Both gases have well-defined solubilities under
atmospheric conditions (Weiss, 1971), allowing for the accurate estimation of equilibrium states.
However, the natural background, influenced by dynamic oceanic processes such as bubble injection
is challenging. Bubble injection occurs when breaking waves trap and dissolve small gas bubbles in the
water, producing excess helium and neon that can mistakenly be attributed to GMW. Furthermore,
errors of measurement and calibration have to be considered. Therefore, correcting these effects is

crucial to receive meaningful results.

4.1.1 Challenges in Determining the 3S Value

The natural background level of noble gases, referred to as 3S, is affected by turbulent processes at
the ocean surface, and assuming uniformity across larger regions (e.g., the whole Weddell Sea), or
multiple years can lead to inaccuracies. This makes it necessary to determine the 3S from samples
taken in spatial and temporal proximity to other samples that are analyzed for their GMW content.
Due to the turbulent nature of oceanic processes, the determination of 3S should be based on a large
number of samples collected from various stations at sufficient distances from the ice shelf front. This
distance is necessary to avoid attributing helium and neon to the 3S value, which is in fact induced by
GMW. In sufficient distance, the GMW baring water would have mixed enough with ambient water or
other water masses and any detected helium and neon is induced by atmospheric equilibrium or
bubble injection. In addition to the distance from the ice shelf, the water depth is important to
realistically determine the 3S value. Samples from the upper twenty meters are ideal, as they are most
likely to either resemble equilibrium with the atmosphere or the influence of bubble injection as result

of the current air-ocean conditions.



Nevertheless, time, resources, and available sample containers often limit the number of samples that
can be collected, especially in regions where sampling close to the ice shelf front is most desirable and
therefore prioritized. Therefore, when lacking enough samples at a suitable distance to the ice shelf
front, determining the 3S value can be approached differently. If samples are taken at the surface,
close to the ice shelf front and GMW is present there, it would have been transported from deeper
layers via upwelling of ISW. ISW is the main GMW-bearing water mass and has a higher density than
WDW (or mWDW), the Weddell Sea derivate of CDW. Hence, the upwelling of ISW to the surface would
also upwell a significant amount of CDW derivate. As briefly described in the methods, CDW is
characterized by an excess of *He from hydrothermal vents and its 63He should be significantly higher
than -1.8%. Antarctic surface samples though should be in equilibrium with the atmosphere and have
a negative 63He of -1.8%. The conclusion is that if the surface samples show negative 53He close to -
1.8% contamination with GMW can be excluded, as neither CDW (or mMWDW in this case) nor ISW have
been upwelled. Therefore, surface samples independently of their proximity to the ice shelf front are
sufficient to determine whether helium and neon concentrations are influenced by upwelling or solely
by bubble injection. Note, that this concept does only hold for helium-based 3S calculation. In the
upper 20 meters, neon may be influenced by sea ice formation, independent of the proximity to the
ice shelf. As a result, the 3S value for neon should always be derived based on the correlation given by

Loose & Jenkins (2014), as described in the methods.

The relationships discussed above apply to all samples used to calculate the 3S values in this study. For
example, samples from the upper 20 meters of water, irrespective of their proximity to the ice shelf,
were considered based on the assumption that surface water is generally unaffected by GMW

(showing &8°He ratios in the order of -1.8%).

4.1.2 Natural Variability and Methodological Robustness

The data suggest a multi-annual variability in the 3S value (Table 2) with a maximum difference as high
as 0.06 nmol/kg helium between 2018 (max) and 1995 (min). This leads to the question: Is the observed
variability of the 3S value due to actual changes induced by bubble injection or measurement or

calibration inaccuracies over time?

For comparison other data sets from 1990, 1991, 1992, 1996, 1998, 2004, 2006, 2008, 2010, and 2013
were looked at too, and reveal a significant variation in 3S values, with differences of up to 3
percentage points between years (Figure 14). Most of this data originates from the Weddell Sea too,
but not from the vicinity of the FRIS (FRIS samples are highlighted in orange). For this reason, they

were not analyzed in detail, as they do not fit the scope of this work, but give an overview of the




variability of the calculated 3S value. In those data, a broader range of 0.5% to 4.6% for helium could
be calculated. Despite these variations, a pattern is evident, with values clustering around 1-2% or 4%,
with a margin of £0.5%. On the contrary, identifying a temporal variability pattern based on the data
shown in Figure 14 seems unfeasible. All data shown in Figure 14 are from austral summer (except
from 2006 data which was obtained during winter season). Hence a seasonal variability can hardly
explain the variability in the 3S values. Further, clear jumps in the height of the 3S values, even from
those not taken near the FRIS, indicate that a geographical dependence on the 3S value is rather

unlikely.

3S values for helium from 1990-2021
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Figure 14: 3S values for helium from samples in fifteen different expeditions. Orange dots represent the data analyzed in detail
in this work and, therefore, take in the vicinity of the FRIS. There is a prominent variability over the entire recorded period,
hence the variability is most likely not connected to geographical differences.

The trace gas measurements were conducted at IUP Bremen, with data spanning nearly three decades.
Over this period, the calibration standards used in analyses were self-made (and cross-calibrated to a
historic super-standard) (Stltenful et al., 2009), which introduces potential variations due to changes
in instrumentation or standard production processes. Factors such as decreasing pressure in gas
cylinders as they empty could affect the actual amount of gas extracted, contributing to measurement
uncertainties. To address these challenges, the 3S value was individually determined for each data set
in this study, instead of applying a single literature value across multiple datasets (as done in Mareike

Berghald, 2021). Two scenarios are possible for the calculated variability of the 3S value:

Scenario 1: The natural background changes within a few years. The measurement method is either
robust and resembles the annual changes accurately, or it introduces systematic deviations due to

miss-calculated standards, though these deviations are not large enough to obscure the variability.



Scenario 2: The natural background is relatively stable over decades. In this case, the measurement

method introduces a high order of systematic deviations, resulting in apparent annual changes.

Given the history of this method (Schlosser, 1986), the constant operation at the IUP since 1989
(Sultenful et al., 2009), and the overall robustness of mass spectrometry, it is highly doubtable that
measurement-induced uncertainties are of such a distorting order, as depicted in scenario 2.

Therefore, an annual variability in the natural background is a realistic case.

4.1.3 Implications on GMW Fractions

Whereas the variability of the natural background can be regarded as proven, the calculated 3S value
might still be affected by small systematic measurement errors. However, all samples from a
corresponding year were analyzed during the same respective measurement run. Hence, it can be
assumed that the same order of uncertainties was applied to all samples within a given set respectively.
During the GMW calculation process, the 3S value is subtracted and hereby a potential systematic
measurement error too. Therefore, the results of the GMW calculation are compensated for
measurement-induced uncertainties and uncertainties of the 3S value. This makes the results of the
GMW analysis meaningful, as consistent results over time indicate a reliable method despite natural
variability and methodological uncertainties, given the 3S value is determined for each data set

individually.

Nevertheless, the approach of the individual 3S value raises questions about its applicability to all
samples from a given year, regardless of the depth at which they were collected. This issue arises
because of the transit times of water beneath the ice shelf. Nicholls & @sterhus (2004) suggest that
the fastest pathway of HSSW under the FRIS takes 2 years, with indirect routes taking up to 6 years.
Janout et al. (2021) confirm these findings. If a 3S value is determined based on surface samples from
a particular year and then applied to ISW samples taken in the same year, the fractions of GMW could
be over- or underestimated. Upon closer examination, this becomes a critical issue, as no ISW sample
will reflect the conditions of surface samples from the same year because of the different formation
times. However, no significant negative results have been computed, except for the Filchner Sill Region
in 2016, which might be because of undetected outliers. This shows, that the chosen 3S values have
not been overestimated. Yet, they could have been underestimated resulting in too high GMW
fractions. Still, the consistency of the results throughout the entire time series strongly supports the

stability of the meltwater fractions over the years.

This is conflicting and highlights the importance of a constant, if not annual monitoring of the Weddell

Sea and a uniform method in determining the 3S value. Furthermore, multiple authors (Deike and



Melville, 2018; Kanwisher, 1963; Woolf, 1997) describe how bubble injection controls the uptake of
less soluble gases in seawater and highlight the role of wind forcing. Historical wind data in
combination with the data presented in Figure 14 could pose useful results regarding spatial and
temporal patterns of the natural background. Therefore, a detailed assessment of the 3S value is linked
to an in-depth study of wind conditions in the Weddell Sea, which at least goes beyond the scope of

this work.

4.2 Basal Glacial Meltwater

In this work, the primary focus is on the quantification of GMW over a multi-decadal time series. ISW
is less saline and colder, compared to its HSSW source, induced by the addition of GMW. Consequently,
large-scale analysis of GMW fractions should focus on the ISW outflow zones. As previously described,
ISW is observed at two sites, the Filchner Trough and the Ronne Depression (Figure 3). Initial
observations suggest that GMW fractions have remained relatively stable over the past three decades,
with a maximum of 1.2% in the Filchner Trough and 0.7% in the Ronne Depression, both computed

from samples taken in 2018 (Figure 7, panel c).

4.2.1 Filchner Ice Shelf GMW

Unfortunately, only in 2018 was the complete FIS front sampled in such spatial resolution, therefore,
the amount of GMW directly in front of the FIS during the other years can only be assumed. With
increasing distance from the FIS front towards the continental shelf break, data from additional years
is available for differentiation. Nevertheless, this data is also spatially restricted, does not always cover
the complete width of the Filchner Trough, and is in some cases interpolated over large distances (>150
km, e. g. regions 3 and 4 in 2016 in Figure 7, panel a). Therefore, the exact comparison between
multiple years stays assumptive. Yet, the results clearly show that the magnitude of the GMW fractions

is consistent across all years.

Huhn et al. (2018) used samples from directly below the FIS, retrieved from sampling sites close (~50—
65 km) to the front of the FIS in austral summer 2016/2017 and another location ~300 km farther south
on the FIS in austral summer 2015/2016 (see their Figure 1). Their results are also based on noble gas
analysis and were computed using the same calculation method described in this work. The highest
GMW fractions they found were directly beneath the ice shelf base at the sampling sites close to the
ice shelf front and were as high as 3.6%. Towards the bottom, the GMW fractions decreased but stayed
above 0.5%. No data analyzed in this study shows GMW fractions above 1.2% contrasting their results.
However, Huhn et al. (2018) explain the maximum they found by the absence of a mixed layer directly

below the ice shelf base and therefore might be a locally limited snapshot. They also state that a



substantial fraction (0.8- 2.7%) of water has refrozen on its pathway along the ice shelf underside and
conclude that the mean GMW fractions beneath the FIS are 1.3+0.7%. Even though this is a significant
uncertainty, their results still match GMW fractions computed in this work from the 2018 data set
(Figure 7, panel c). Yet, comparing data from samples taken within the ice shelf cavity with those taken
in front of the ice shelf is complex because of the variability in environmental conditions and physical

processes as mixing with ambient water masses, refreezing, etc., affecting each location.

Huhn et al. (2018) also report GMW fractions from samples taken in open water close to the FIS front
in 2014. These samples are the same as those referred to as 2014 and used in this study (Table 1). The
calculation by Huhn et al. (2018) yielded only slightly lower results (<0.6%) compared to this work
(<0.8%) (Figure 8, panel b). Because identical data and the same calculation method were used in this
study, the differing results demonstrate different approaches to identifying outliers and determining
the 3S value rather than varying outcomes (e. g. the 3S value in this study was smaller, resulting in

higher helium and neon excesses to be attributed to basal melting).

A different method to assess GMW fractions was used by Akhoudas et al. (2020). Based on stable
oxygen isotopes, they computed GMW fractions of up to 0.4% from samples taken in front of the FIS
in early 2017. This is about a third of the results from the 2018 data (1.2%) and half from the
2014 data (0.8%) calculated in this study (Figure 7, panels b and c, respectively). Possible explanations
for these significant differences could be the calculation method (oxygen isotopes vs. noble gases) or
actual changed conditions between the sampling years (2014, 2017, and 2018). However, Akhoudas et
al. (2020) compare their results to those of Huhn et al. (2018) and conclude concordance (0.4% and
0.6% respectively). This seems reasonable, as their results differ only by 0.2 percentage points.
Interestingly, Akhoudas et al. (2020) even state the consistency of their results with those from the

sub-ice shelf samples analyzed by Huhn et al. (2018), but do not deliver a detailed explanation.

This leaves a paradoxical situation for assessing GMW fractions at the FIS, as the results of both, this
work and Akhoudas et al. (2020) contrast each other but seem to be in line with the results from Huhn
et al. (2018) individually. A potential explanation could be the findings of Janout et al. (2021). They
revisited noble gas data from 1995 and 2018 (identical to this study (Table 1)), investigated historical
CTD data collected between 1973 and 2018, and brought this into a decadal context, including a
discussion of the results from Huhn et al. (2018) and Akhoudas et al. (2020).

Based on the noble gas data from 2018 Janout et al. (2021) computed GMW fractions as high as 1% in
the coldest and 0.6-0.9% in the reaming ISW along the FIS front, which is in agreement with the results
of this study (1.2+0.1% and 0.7-1+0.1% respectively). Similar to the reasoning above, these differences
are based on outlier identification and 3S value determination. Despite quantitative and temporal

differences, the authors argue that their results are consistent with those reported by




Huhn et al. (2018) and Akhoudas et al. (2020). They link the coherence of these results to different
modes that control the origin of the water masses in the Filchner Trough. These hydrographic
conditions are called Ronne-mode and Berkner-mode and describe where the source HSSW originates

from, and where most basal melting presumably took place.

4.2.2 Ronne-Mode and Berkner-Mode

Janout et al. (2021) explain that during the Ronne-mode, enhanced sea ice production by surface
forcing (air-sea heat flux, wind, and water column structure) in front of the RIS results in a stronger
inflow of HSSW in the Ronne Depression. The Ronne-HSSW fuels the circulation underneath the FRIS
and brings heat which is available for basal melting underneath the RIS. In this case, the ISW outflow
in the Filchner Trough is dominated by a source of Ronne-HSSW, and elevated GMW fractions at
greater depths. The depth-related GMW increase is due to enhanced melting in the deeper cavity and

flushing out of old water.

During Berkner-mode, sea ice production in front of the RIS is low and Berkner-HSSW is the main
source of the ISW in the Filchner Trough. According to Janout et al. (2021) and Hattermann (2021)
basal melting in Berkner-mode is characterized by less melting in the deeper cavity and enhanced

melting close to the front of the FIS, resulting in more GMW at shallower depths.

Janout et al. (2021) observed that the conditions at the Filchner Ice Shelf (FIS) between 2014 and 2018
are best explained by a shift from a Berkner-mode to a Ronne-mode. Consequently, samples from
2014-2017, analyzed in detail by Akhoudas et al. (2020) and Huhn et al. (2018), reflect a Berkner-mode,
characterized by low GMW fractions at the bottom of the Filchner Trough and high GMW fractions at
the base of the FIS. In contrast, 2018 samples indicate a Ronne-mode, with higher ISW outflow and
increased GMW fractions throughout the Filchner Trough. This shift is supported by calculations of sea
ice production anomalies in front of the RIS from 1985 to 2017 (see Figure 12 in Janout et al., 2021),
also indicating an active Ronne-mode in 1995 and a Berkner-mode from 2010-2017. However, data
from 2014 and 2016 analyzed in this study likely represent a Berkner-mode but lack sufficient samples
from key locations for confirmation. Recent findings by Stulic et al. (2023) align with Janout et al. (2018)
in supporting these sea ice calculations. Additionally, Purich and Doddridge (2023) provide an analysis
of overall Antarctic sea ice extent over a 44-year period, which initially appears to contrast with Janout
et al. (2018) and Stulic et al. (2023), particularly for the years 2008-2015. However, since Purich and
Doddridge (2023) focus on the entire Antarctic sea ice, their findings do not necessarily rule out
increased sea ice formation at the RIS front. Janout et al. (2021), Hattermann (2021), Stulic et al. (2023),

and Purich and Doddridge (2023) all emphasize the influence of the Southern Annual Mode (SAM) and




the position of the Amundsen Low on sea ice formation. This highlights the need for a detailed study
of wind patterns in the Weddell Sea, as such research is crucial for understanding the annual variability

of the 3S value and a more accurate assessment of the transitions between Berkner- and Ronne-mode.

4.2.3 Ronne Ice Shelf GMW

Noble gas data from the Ronne Depression, the second noteworthy outflow of ISW, only exists from
2018 and 1995. Similar to the situation along the FIS front, the spatial resolution of sampling sites is
remarkably better in the 2018 data set compared to 1995. Yet, they depict nearly identical conditions
with GMW maxima of 0.7% and 0.6% respectively (Figure 7, panels a and c). Janout et al. (2021)
reported GMW fractions of 0.7% and 0.5% in the Ronne Depression in 2018 and 1995 respectively. The
similarity is not surprising because of the reasons discussed already (identical data, same calculation

method, different 3S values).

The production of HSSW at the RIS front, driven by sea ice formation, acts as a controlling factor in
regulating the circulation beneath the FRIS. This, in turn, significantly influences basal melting
processes. Consequently, the RIS front is a critical component in shaping the hydrographic dynamics
of the Weddell Sea. Therefore, it would be desirable to collect comprehensive data in this region for

future analysis.

Huhn et al. (2018), Janout et al. (2021) and this study used the same calculation method and partially
identical data, yet yielded slightly different results. These small differences are within the error margin
of this work (£0.1%). Therefore, all results can be considered consistent, but it again emphasizes the
consequences of data pre-treatment and further analysis (e. g. outlier identification and 3S

determination).

4.3 Additional Helium and Neon Sources
4.3.1 Crustal Helium

A portion of the measured helium can be attributed to additional *He from alpha decay in the Earth's
crust, which accumulates over geological time scales in the lower layers of the ice sheet (Bieri et al.,
1964; Craig & Scarsi, 1997; Suess & Wanke, 1963). Either by basal melting or geothermal heat and
friction on land, this helium is released and added to the meltwater. Because helium concentration

measurements cannot distinguish between different sources, an alternative approach is necessary to



avoid overestimating GMW fractions. This issue was addressed by selecting the lowest calculated
GMW value based on either helium or neon measurements. Despite this, estimating the amount of
“He is meaningful, as it could be used to understand ice-sheet dynamics, ocean circulation, and the

influence of geological processes on the ocean.

Huhn et al. (2018) identified a crustal helium source with up to 13% “He enriched meltwater. The
authors attribute it to the nearby Support Force Glacier (SFG), one of the primary contributors to the
FIS. The current study shows a crustal helium enrichment of about 7% (Figure 10, panel d), with
sporadic samples reaching 10% (panels a, b, and e). Considering that samples analyzed by Huhn et al.
(2018) were taken directly under the ice shelf, while this study's samples were taken in front of it,
these differences are plausible. Another explanation for the differences would be the shift from Ronne-
mode to Berkner-mode as previously discussed. Yet, the effect of changing modes is unfeasible to
assess because the comparable data in this study is from 2014 and 2016, years in which a
comprehensive sampling of the relevant location (FIS front) was not possible. Nevertheless, all years
exhibit a crustal helium signal in region (4) (Figure 13), and despite not being directly comparable to
the results of Huhn et al. (2018), they align their findings. Furthermore, the effects of crustal helium
and sea ice formation on the helium and neon concentrations can balance each other and would not
be visible in AHe/ANe and A(He/Ne) plots. Both figures become most meaningful under the
assumption, that the effect of crustal helium and sea ice formation is bound to the sampling location.
This means, that samples identified as ISW are only affected by crustal helium, whereas only samples
from the surface are affected by sea ice formation. Janout et al. (2021), focused solely on neon data

and forego the need to discuss the effect of crustal helium influence.

4.3.2 Sea Ice Formation

As elaborated on in the results section, the different indicators for sea ice formation are very
contrasting over the time series. Therefore, assessing spatial and temporal differences in sea ice
formation based on salinity and noble gasses stays conflicting. To assess this a more detailed study
would need to be conducted, focusing on the individual effects. However, his is behind the frame of

this thesis.

Quantifying sea ice formation remains challenging too and is usually done by modeling, based on
satellite data. Drucker et al. (2011), Haid and Timmermann (2013), Nihashi and Ohisima (2015), Paul
et al. (2015), Janout et al. (2021), and Stulic et al. (2023) attempted this and used varying input and
assumptions. Although, extensive modeling is beyond the extent of this study, a broad estimation using

noble gases can be given, following the approach of Huhn et al. (2021b) and Hahm et al. (2004). These



authors assessed sea ice formation based on sea ice/seawater partition coefficients of helium and

neon, first determined by Postlethwaite (2002).

The maximum neon concentration relative to the 3S value was determined for the upper 100 meters
of water and applied to the formula of Huhn et al. (2021b) (see their equation 3), to calculate the
fraction of frozen water. The resulting sea ice thickness was derived assuming water and ice densities
of 1025 kg/m? and 900 kg/m?3 respectively. Combined annual polynya areas estimated by Paul et al.
(2015) were used to compute the volume of sea ice production (see abbreviations RO, IB, and Fl in
their figure 1 and table 1). Table 3 presents the maximum neon differences, frozen water fractions,

resulting sea ice thicknesses, and corresponding sea ice volumes for each analyzed dataset.

. Fraction of frozen Seaice .
Year Max. Ne diff. [%] water [%] thickness [m] Sea ice volume [km?3]
1995 5.6 16 18 90
2014 3.7 10 12 61
2016 4.1 12 13 67
2018 5.5 15 17 88
2021 4.0 11 13 65

Table 3: Maximum neon differences, frozen water fractions, resulting sea ice thicknesses, and corresponding sea ice volumes.

Comparing these results with other studies is challenging because of differences in methodologies,
assumptions, and available time series, which result in varying outcomes and large uncertainties. For
example, reported values for just the RIS range from 29 km?3 (Paul et al., 2015) to 96 km? (Janout et al.,
2021), with other studies reporting 42 km? (Haid and Timmermann, 2013; Nihashi and Ohisima, 2015),
44-52 km? (Stulic et al., 2023), and 90 km3 (Drucker et al., 2011). The assumptions in this study may
also introduce potential errors. Neon concentrations, although collected at only a few locations, were
sometimes averaged over large distances. Additionally, this study considered the entire area in front
of the FRIS, whereas the results given in the works named above are solely from the RIS. A more precise
analysis and detailed comparison with other studies would exceed the scope of this work and is
therefore not approached. However, the results fall within the expected ranges, suggesting that with

comprehensive data and further investigation, noble gases could be a valuable comparison tool.



Conclusion and Summary

5. Conclusion and Summary

The objective of this thesis was to investigate and quantify GMW fractions from the FRIS using noble
gas data collected over the past three decades. Helium and neon were identified as effective tracers
for estimating GMW. The results indicate generally stable conditions across all analyzed datasets, with
the largest GMW amounts (1.2+0.1%) found in the Filchner Trough at a depth of 600m from 2018
samples. The Filchner Trough is confirmed as the main outflow of ISW, which carries the GMW. The
Ronne Depression also serves as a significant ISW outflow, with GMW maxima of 7+0.1% observed in

samples from 1995 and 2018.

While other studies (Huhn, 2018; Janout, 2021; Akhoundas, 2020) have used similar data and methods,
differences in their results compared to this work can be attributed to variations in sampling locations
and prevailing conditions. For instance, Janout (2021) highlights that different circulation modes, such

as Berkner-mode and Ronne-mode, can influence ISW outflows and the location and extent of melting.

A key finding of this research is the importance of accurately determining the natural background,
specifically the 3S value, which appears to be highly variable with annual changes. Precise
determination of this value is crucial to avoid over- or underestimating GMW fractions. However,
suitable data for determining the 3S value are not always available. This thesis proposes an approach
where the 3S value for helium is averaged from all available samples in the upper 20 meters, based on
the assumption that no GMW is present. This assumption is validated by the 63He ratio of the analyzed

samples, which aligns with the expected ratio of -1.8 in Antarctic surface water.

There were limitations in comparing the data analyzed in this study with that of other researchers,
primarily due to the inconsistent sampling resolution across different years. A more extensive
monitoring program, sampling regions comprehensively on an annual basis, would be beneficial for
assessing the future stability of the FRIS and for more accurate 3S value calculations. Additionally, a
detailed study of wind patterns could provide insights, as wind influences both the 3S value and sea

ice formation, which in turn affects circulation and GMW fractions.

Noble gases have proven to be a reliable method for computing GMW fractions, providing results
consistent with other techniques. They are also suitable for estimating sea ice production, although
this approach needs to be refined. Some researchers have suggested that the FRIS could collapse if
MmWDW penetrates the ice shelf in larger quantities. This study, however, has found that GMW
fractions have remained stable within the time frame of this study. Therefore, no evidence of

accelerated basal melting has been observed.



Outlook

6. Outlook

Several steps can be taken to further advance the topics addressed in this study. These actions are

briefly outlined below.

A key issue that has emerged is the variability of the 3S value and questions regarding the
measurement accuracy of the instruments used. The 3S value has a significant impact on the calculated
GMW fractions, and therefore, it should be as precise and realistic as possible. It would be interesting
to determine over what distance significant changes in the 3S value occur and how large these changes
might be. For instance, would samples taken from the ice shelf front differ significantly from those
taken near the continental slope or beyond? The data analyzed here suggests that samples must be
taken continuously, ideally annually, to capture short-term variability for such an assessment.
Additionally, different institutions should collect and analyze identical surface samples to rule out
instrument-related or calibration-related issues. However, the latter could present a challenge, as such

investigations require specific setups available only at a few specialized institutes worldwide.

Regardless of the GMW fractions, accurately determining the 3S value and its variability is essential if
noble gases are to be used to compute sea ice production. Even though the assumptions used in this
study are simplified, they have shown a realistic magnitude of the estimates. While satellite data is
currently the main tool for estimating sea ice formation, noble gas studies could potentially support
thisin the future. It would be necessary to refine the applied methods, improve the assumptions made,

and better integrate the results with those of other studies.

Further valuable investigations could focus on wind patterns. The wind is one of the main driving forces
behind sea ice formation, circulation beneath the FRIS, and basal melting. It also strongly influences
air-sea interactions and, thus, the 3S values, which are crucial for GMW calculations. A detailed analysis
of wind patterns over several years, both locally in the Weddell Sea and on a larger scale, as across
Antarctica and the Southern Ocean, could reveal important correlations. Such studies would connect
several elements: the variability of the 3S value, sea ice formation, circulation beneath the FRIS, and

the resulting meltwater fractions.
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Appendix

8. Appendix

A.1 Statistical Tools

IQR test: The Interquartile Range (IQR) test identifies outliers by calculating the range between the
first and third quartiles of a dataset and flagging values that fall outside 1.5 times this range below the

first quartile or above the third quartile.

Cook's Distance test: Cook's Distance is a measure used in regression analysis to identify influential
outliers by calculating how much the regression model's coefficients would change if each observation

were excluded from the analysis.
A.2 Statement about the usage of Al

| used the free version of the software Grammarly to check my spelling and grammar. Even though
Grammarly is in the first place a tool to correct grammatical and spelling mistakes, it is powered by Al.
No text of this thesis was generated by Grammarly. However, Grammarly would give a visual indication
if a sentence could be improved. Yet, this is only an indication and Grammarly does not generate text
when these indications are checked. So, technically an Al was used, but it lacked the actual advantages

of Al.



