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DATING AND INTERPRETING A FIRN CORE FROM THE EAST
ANTARCTIC PLATEAU

SUMMARY

Detecting and understanding potential changes in annual mean temperature and
accumulation rate at the East Antarctic Plateau is crucial to assess the sensitivity and
future response of the Antarctic ice sheet to global warming. Due to the very low
accumulation rate and its spatial variability, the interpretation of climate proxies from
shallow firn cores with centennial to decadal time resolution is challenging. A major
limitation is the available time resolution obtained by available dating approaches and
a reliable assessment of its uncertainty.

In this study, a 204 m long firn core, B56, drilled in 2017 on the East Antarctic Plateau,
is analyzed. The major goal of this study is dating the firn core by combining different
dating methods based on available density data, dielectric properties, and ion
chromatography (of non-sea-salt sulfate) data. To utilize density, the Herron-Langway
model is used for determining the depth-age relation. In this model, temperature and
snow accumulation are assumed to be constant and the relationship between the snow
density and the depth below the snow surface does not change over time. Depending
on the accumulation rate used, the resulting age at 200 m depth varies between 6000
to 7200 years. Secondly, the dielectric profile and non-sea-salt sulfate concentration
(nssSO4%) data are used for constructing another depth-age model, thereby matching
prominent data peaks to known volcanic eruptions that have been recorded in the past.
Here, the resulting age at 200 m depth is determined to be about 6200 years, which
compares well to published age models of firn cores from the East Antarctic Plateau.
In comparison, it is recognized that all age models are consistent within the upper 40
m (stretching over the past 1000 years), but the Herron-Langway model tends to
overestimate the age at greater depths. It is proposed that the findings indicate changes
of the accumulation rate in the past, leading to the offset in the Herron-Langway model
(which uses a constant accumulation rate).

However, by combining the dating methods, it is possible not only to provide a
reasonable dating over the full firn core, but also to improve the time resolution of the
derived age model. This will improve the interpretation of the climate proxies
extracted from this firn core and may serve as a role model for other shallow firn cores
from the East Antarctic Plateau.
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DOGU ANTARKTIKA PLATOSU'NDAN ALINAN FIRN KAROTUNUN
TARIHLENDIRILMESiIi VE YORUMLANMASI

OZET

Dogu Antarktika Platosu’ndaki yillik ortalama sicaklik ve birikim oranindaki
potansiyel degisikliklerin tespit edilmesi ve bu degisiklikleri anlasilmasi, Antarktika
buz tabakasmin kiiresel 1sinmaya karsi hassasiyetinin ve gelecekteki tepkilerinin
degerlendirilmesi agisindan 6nemlidir. Buzullar ve buz tabakalari, kar birikiminin
buharlagsma ve/veya erime yoluyla meydana gelen kayiplardan daha fazla oldugu
durumlarda biiyiime gosterir. Kutup buz tabakalarinda yagan kar erimez, bunun yerine
onlarca yil boyunca yeni kar katmanlarinin altinda gomiiliir ve daha derinlere indikce
yogunlugu artar. Ancak, Dogu Antarktika Platosu gibi ¢ok diisiik birikim oranlarina
ve bu oranin mekansal degiskenligi nedeniyle, yiizyilllilk ve on yillik zaman
¢Oziiniirliigline sahip firn karotlarindan iklim gostergelerinin yorumlanmasi oldukca
zorlayicidir.

Dogu Antarktika Platosu’ndaki buz karotlarmin tarihlendirilmesindeki karsilagilan
temel zorluklar, bolgenin ¢ok diigiik birikim oranlari ve diizensiz kar birikimi ile
iligkilidir. Diistik birikim oranlari, yillik katmanlarin ayirt edilmesini zorlastirarak,
geleneksel tarihleme yontemlerinin, 6zellikle yillik katman sayimi gibi tekniklerin
giivenilirligini sinirlamaktadir. Buna ek olarak, Dogu Antarktika Platosu'nda
egimlerde meydana gelen kiigiik degisiklikler, riizgar yonii ve hizin1 etkileyerek kar
birikiminde 6nemli degisikliklere neden olabilmektedir. Bu bolgedeki dogrudan veya
dolayli kayitlarin azlig1, gegmis buz birikim oranlarini giivenilir bir sekilde belirlemeyi
giiclestirmektedir. Mevcut tarthleme yontemleriyle elde edilebilen yas tahminlerinin
sinirli olmas1 ve bu yontemlerle saglanan belirsizlik degerlendirmelerinin diisiik
giivenilirligi, bu tiir caligmlarin 6ntindeki en biiyiik engellerden biridir.

Bu calismada, Coldest Firn Projesi kapsaminda, 16-18 Ocak 2017 tarihlerinde Dogu
Antarktika Platosu’nda, deniz seviyesinden 3544 metre ylkseklikte bulunan
79°19'55"G, 34°57'53"D koordinatlarinda alinan 204 metre uzunlugundaki B56 firn
karotu analiz edilmistir. Sahada yapilan dl¢timler sirasinda, bu firn karotunun 10 metre
derinliginde gergeklestirilen sicaklik 6l¢timii yaklasik -55.1 °C olarak kaydedilmistir.
Ayrica, B56 firn karotunun ylizeyine yakin olan ilk bir metre kalinligindaki kar
orneklerinin ortalama yogunlugu, dort farkli 1 metrelik 6rnek {izerinden hesaplanmis
ve ortalama 351 kg m™ olarak belirlenmistir.

Yogunluk verileri, her biri 113 metre derinlige kadar birer metrelik boliimlere karsilik
gelen torba ortalama yogunluk degerleri olarak elde edilmistir. Karotun tiim uzunlugu
boyunca dielektrik profil 6lgiimleri yapilmistir. Karotun ilk 70 metresi, Siirekli Akis
Analizi yontemi ile analiz edilmis ve erimis sudan yari-ayrik 6rnekler toplanmigtir. Bu
ornekler iyon konsantrasyonlari agisindan analiz edilmistir.

Bu ¢alismanin temel amaci, Dogu Antarktika firn karotlarinin kronolojik analizi i¢in
0zel olarak bir Python tabanli tarihleme araci gelistirmeyi amaglamaktadir. Arastirma,
Dogu Antarktika Platosundan ¢ikarilan 204 metre uzunlugundaki B56 firn karotunun
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kapsamli bir analizi yoluyla bu metodolojik g¢er¢evenin uygulanmasint ve
tyilestirilmesini hedeflemektedir. Calismanin baslica hedefleri arasinda, B56 firn
karotu i¢in en iyi zaman ¢dziiniirligiine sahip dogru bir derinlik-yas dlgegi olusturmak
ve nicel birikim oranlarim1 belirlemek yer almaktadir. Bu amagla, bilinen volkanik
patlamalara karsilik gelen volkanik kiil tabakalari gibi mutlak yas belirteclerinin
tanimlanmasi ve bu belirteglerin kronolojik ¢erceveye baglanmasi, mevcut yogunluk
verilerine dayali olarak Herron-Langway yogunlasma modelinin kullanilmasi,
derinlik-yas iliskisinin olusturulmasi ve bu modelin Dogu Antarktika baglamindaki
uygulanabilirliginin degerlendirilmesi, ve daha dnce tarihlendirilmis karotlardan elde
edilen yas ol¢eklerinin, yiliksek ¢oziintirliiklii 6lgiimler (6rnegin, dielektrik iletkenlik
ve iyon kromatografisi - deniz tuzu olmayan sulfat konsantrasyonu) kullanilarak B56
karotuna uygulanmasi hedeflenmektedir.

Ik olarak, belirli tarihlerinin kesin olarak bilindigi varsayilarak 1815 Tambora
volkanik patlamast ve Tambora volkanik olayiyla yakinligi nedeniyle 1809
"Bilinmeyen" volkanik patlama, 1453 Kuwae volkanik patlamasi, 1257 Samalas
volkanik patlamas1 ve gdzlemlenen kiil tabakasi (M.O. 1612) mutlak yas belirtecleri
olarak kullanilmistir. Bu belirtecler, derinlik-yas iliskisini belirlemek amaciyla zaman
serileri olusturmada kullanilmistir. Bu veriler 1518inda, 2016-1815 CE arasinda yillik
birikim oran1 0.0231 m w.e. y1l*! olarak, 1815-1809 CE arasinda 0.0083 m w.e. y1l ™,
1809-1453 CE arasinda 0.0227 m w.e. yil%, 1453-1257 CE arasinda 0.0259 m w.e. y1l°
1 ve 1257 CE ile M.O. 1612 arasinda 0.0251 m w.e. y1l* olarak hesaplanmustir. Genel
ortalama birikim hizi ise 0,0247 m w.e. yi'dir. Bu mutlak yas belirtecleri
kullanilarak, 200 metre derinlikteki yas yaklasik 6000 y1l olarak hesaplanmistir.

Ikinci olarak, yogunlugu verilerini degerlendirmek amaciyla derinlik-yas iliskisinin
belirlenmesinde Herron-Langway modeli kullanilmistir. Bu modelde, sicaklik ve kar
birikimi sabit kabul edildigi ve kar yogunlugu ile kar yiizeyinin altindaki derinlik
arasindaki iliskinin zamanla degismedigi varsayimina dayanmaktadir. Bu yaklasim,
pratik ve hizli bir tarihleme siirecini kolaylagtirmasina ragmen, buzul sistemlerinin
zaman ic¢inde sergiledigi karmasik dinamikleri g6z ardi etmektedir. Bu yaklasim,
0zellikle daha derin buz katmanlari icin belirsizlikleri artirma egilimindedir. Ayrica,
sabit birikim oranlarinin kullanilmasi, buzulun yillik birikim egilimleri hakkinda
dogrudan bilgi saglamamaktadir. Herron-Langway modeli, torba ortalama yogunluk
verilerine en iyi uyumu 0,024 m w.e. y1l™! oraninda bulmus ve bu deger igin %10’luk
bir tolerans aralig1 £0,002 m w.e. yil'’lik bir optimum birikim oram belirlenmistir.
Kullanilan birikim oranina bagl olarak, 200 metre derinlikte elde edilen yas 6000 ile
7200 y1l arasinda degismektedir.

Uciincti olarak, dielektrik profili ve deniz tuzu olmayan silfat (nssSO4%)
konsantrasyon verileri, ge¢miste kaydedilmis bilinen volkanik patlamalarla
eslestirilerek baska bir derinlik-yas modeli olusturulmustur. Bu yontem daha yiiksek
¢Oziinlirliiklii veriler saglamasina karsin, volkanik olaylarin zaman igerisinde dogru
sekilde eslestirilmesinin zorlugu, Ozellikle daha biiyiik derinliklerde belirsizligin
artmasina neden olur. Bu yontemle, karotun ilk 70 metresi i¢in nssSO4> kullanilarak
17 volkanik patlama ile, 70 metreden karotun tabanina kadar ise dielektrik profili
kullanilarak 7 volkanik olay ile eslestirilmistir. Elde edilen ortalama birikim orani
0,0254 m w.e. y1l! olarak hesaplanmistir. Bu modele gore, 200 metre derinlikteki yas
yaklasik 6200 y1l olarak belirlenmistir.

Dogu Antarktika Platosu’ndan alinan diger firn karotlar1 i¢in yaymlanmis yas
modelleriyle kiyaslandiginda, elde edilen sonuglar iyi bir uyum gostermektedir.
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Kargilagtirmali olarak, karotun {ist 40 metreye kadar olan tiim yas modellerinin
(vaklasik olarak 1000 yil) tutarli oldugu, ancak Herron-Langway modelinin daha
derinlerde yasi oldugundan fazla tahmin ettigini goézlemlenmistir. Bu bulgular,
gecmisteki birikim oranlarindaki degisikliklere isaret ettigini ve Herron-Langway
modelinde (sabit bir birikim orani kullanarak) sapmaya yol ag¢tigini 6ne siiriilmektedir.

Sonug olarak, tarithleme yontemlerinin birlestirilmesiyle, firn karotunun tamami i¢in
makul bir tarihleme saglanmis ve ayni zamanda elde edilen yas modelinin zaman
¢ozunirliglini de iylestirilmistir. Bu ¢alisma, firn karotunun iklim géstergelerinin
yorumlanmasini gelistirecek ve Dogu Antarktika Platosundan diger firn karotlar1 igin
bir rol modeli olarak hizmet edecektir.
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1. INTRODUCTION

1.1 The Geological Evolution of the Antarctic Continent

Antarctica was once part of the ancient supercontinent known as Gondwana (Storey
and Granot, 2021). This large landmass, centered on present-day Antarctica (Jokat et
al., 2003), included South America, Africa, Arabia, Madagascar, India, Australia, New
Zealand, and other regions (Lottes and Rowley, 1990). Around 180 million years ago
(Mya), during the Jurassic period, Gondwana began to break apart because of tectonic
activity (Hawkesworth et al., 1999; Veevers, 2004). As a result of Gondwana’s
separation, extension and crustal thinning occurred between Australia and East
Antarctica, as well as between New Zealand and West Antarctica (Boger, 2011). The
connection between the Antarctic Peninsula and Africa also ended (Dalziel and Elliot,
1982), causing Antarctica to drift to its current position at the South Pole (Boger,
2011).

1.2 Ice Sheets

The term “Ice Sheet” refers to massive ice bodies covering land areas greater than
50,000 km2, in contrast to “glaciers”, which denote smaller ice bodies (Barry and Gan,
2011; Elias, 2021; Graham, 2011; Greve and Blatter, 2009). These large ice bodies,
known as ice sheets, form through the ongoing accumulation of snow, which does not
melt and gradually transforms into ice due to the overlying pressure of new snow layers
(DeBeer et al., 2020; Fowler, 2003; Hambrey and Glasser, 2005; Otosaka et al., 2023).
The transformation from snow to ice, known as densification, is explained in more

detail in the chapter “1.5.4 Firn densification model”.

Ice is a ductile material, causing the huge ice bodies to gravitationally flow towards
the margins of the ice sheet, sometimes into the ocean (Thomas, 1979), where they
form so-called ice shelves or ice tongues (floating) (Rignot et al., 2011; Vaughan and

Doake, 1996). The interplay between the accumulation on top (i.e., the gain of mass)



and the loss of ice through calving, melting, and sublimation (i.e., mass loss) is called
mass balance (Hanna et al., 2013).

During the Pleistocene epoch (2.58 million to 11,700 years ago), ice sheets in the
northern and southern polar regions covered most of the Earth's surface (Barry and
Gan, 2012). The Southern Hemisphere was covered by the Antarctic Ice Sheet, which
extended into the Southern Ocean, and significant glaciation occurred in Patagonia. In
the Northern Hemisphere, ice sheets covered major parts of North America, Europe,
and northern Russia, with sea ice in the Arctic Ocean. Glaciation also affected the
mountains of East Africa and Asia, including the Tibetan Plateau (Ehlers and Gibbard,
2007).

With the onset of the Holocene approximately 11,700 years ago, marking the end of
the last ice age, these extensive ice sheets began to recede due to rising global
temperatures (Otosaka et al., 2023). The remnants of these wide ice sheets form today's
large ice sheets in Greenland and Antarctica.

1.3 The Antarctic Ice Sheet and its Formation

The geological separation process led to the opening of key oceanic passages around
Antarctica, such as the Drake Passage, which was instrumental in establishing the
Antarctic Circumpolar Current (ACC) (Barrett, 2003). Changes in the Southern
Ocean's gates affected the circulation of sea currents (Houben et al., 2019). Hot
subtropical ocean currents were directed farther from Antarctica which caused cooler
waters to arrive in Antarctica (Houben et al., 2019). Simultaneously, the dropping of
the concentration of carbon dioxide (CO2) under the threshold in the atmosphere
(Barrett, 2008), accelerated Antarctica's ice sheet to form and expand 34 Mya (Barrett,
2003; Bijl et al., 2013; Francis et al., 2008; Houben et al., 2019; Sun et al., 2009). This
ice sheet was generally concentrated in high-altitude regions and areas dominated by

low surface temperatures (Sun et al., 2009).

Antarctica reached its current position at approximately 25 Mya and is now an isolated
great land mass positioned at the earth’s south pole (Pinti, 2011; Stump and Fairbridge,
2006). It is completely surrounded by the Southern Ocean (Aronson et al., 2011;
Otosaka et al., 2023). Beneath the Antarctic ice sheets only 1-2% of the total land
surface is exposed (Budd et al., 1987; Pinti, 2015; Stump and Fairbridge, 2006). The



total surface area spans 14,000,000 km? (Budd et al., 1987; Elias, 2021; Faure and
Mensing, 2010; Graham, 2011; Pinti, 2015). However, Antarctica is distinct with its
existing climate, low temperatures, and limited snowfall (Pinti, 2015; Van Der Veen,
1987). Should this ice mass ever completely melt, global sea levels are projected to

rise by approximately 57.2 m (Siegert et al., 2022; Stump and Fairbridge, 2006).

The physiography of Antarctica is divided into two main parts separated by the
Transantarctic Mountains; it bisects the continent into two primary ice sheets known
as the West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet (EAIS) (Otosaka
et al., 2023; Siegert et al., 2022).

The WAIS is located west of the Transantarctic Mountains (Oppenheimer, 1998) and
is an ice sheet including approximately 3,800,000 km? of ice under the sea level
(Joughin and Alley, 2011; Oppenheimer, 1998; Scherer, 1991). The WAIS's
topography deepens inland, maintaining the integrity of the ice sheet (Joughin and
Alley, 2011). Part of the WAIS emerges above sea level, forming ice shelves
(Oppenheimer, 1998; Scherer, 1991). These ice shelves limit the seawater contact with
the WAIS's subsurface and provide an ice sheet to stay in place and prevent it from
moving. This way it works as a barrier while also protecting the sheet from melting
(Joughin and Alley, 2011).

The Ross Ice Shelf is the largest ice shelf in Antarctica with a surface area of 497,000
km?, Filchner-Ronne Ice Shelf is the second largest with a surface area of 430,000 km?
(Siegert et al., 2022). If these ice shelves were to melt completely it is expected that
the continental ice sheet would loosen and successively surge (Thomas et al., 2017).
However the ocean and atmosphere are very delicate towards warming (Joughin and
Alley, 2011).

Moreover, the sub-sea level positioning makes the WAIS particularly susceptible to
the impact of warming ocean currents (Rignot et al., 2014). These currents erode the
ice sheet from below, accelerating its melting process (Shepherd et al., 2018). A key
factor in this vulnerability is the grounding line, where the ice transitions from being
anchored to the bedrock to floating on the ocean (Joughin et al., 2014). Warm ocean
water intrusions, as observed in the Thwaites Glacier, increase the ice sheet's

instability (Scambos et al., 2017). Such changes in the WAIS represent significant



tipping points in the global climate system (DeConto and Pollard, 2016; Joughin et al.,
2014).

The WALIS is losing mass and is presently the area with Antarctica's biggest impact on
rising global sea levels (Naughten et al., 2023). If the WAIS were to melt completely,
global sea levels are projected to rise by approximately 5 £1 m (Bindschadler et al.,
1998; Naughten et al., 2023; Oppenheimer, 1998).

The Antarctic Peninsula Ice Sheet (APIS) is situated in West Antarctica and covers
the Antarctic Peninsula (Siegert et al., 2022). The peninsula’'s topography forms a
narrow band extending from north to south. It is composed of a narrow strip of
continental crust, with elevations descending from approximately 2,500 m to 1,000 m
moving northward (Smellie et al., 2009). This region averages 70 km in width and a
mean height of 1,500 m (Davies et al., 2012). It is considered the northernmost region
of Antarctica and is characterized by a more temperate climate, which is why it is often
separated from the WAIS (Otosaka et al., 2023). It has higher temperature increases
compared to other regions in Antarctica (Davies et al., 2012; Otosaka et al., 2023) and
covers a surface area of approximately 521,900 km? (Davies et al., 2012; Smellie et
al., 2009). In comparison to other Antarctic ice sheets, such as the WAIS and the EAIS,
the APIS shares greater similarities with the subpolar glacial systems found in coastal

regions of Greenland, Svalbard, Patagonia, and Alaska (Vaughan, 2006).

The EAIS is located on the eastern side of the Transantarctic Mountains and this ice
sheet makes up approximately 85% of the Antarctic ice volume (Otosaka et al., 2023).
This makes it the largest continental ice mass on Earth (Mackintosh et al., 2014). The
EAIS is situated at a very high elevation above sea level (Otosaka et al., 2023;
Waddington and Lingle, 2013), with the ice sheet averaging around 3,000 m above sea
level (Stokes et al., 2022). Despite the uneven bedrock beneath, the ice-covered surface
of the East Antarctic Plateau (EAP) presents a relatively smooth and gradual slope of
less than 0.5 m km™, often described as flat or undulating (Gonzélez et al., 2021).

As one moves away from the coastal areas, the gradient decreases, leading to higher
terrains and more extreme climatic conditions (Gonzélez et al., 2021). The highest
point in this region is Dome Argus (Dome A) (Ding et al., 2016), which reaches surface
elevation of over 4,000 m (Waddington and Lingle, 2013; Wang et al., 2012) and

records the lowest annual average temperature of -58.3 °C (Cui et al., 2009; Xiao et



al., 2008), along with an extremely low snow accumulation rate of approximately
0.020 meter water equivalent per year (m w.e. year™) (Cui et al., 2009). Similarly,
Dome Fuji (Dome F), with an elevation of 3,800 m (Motoyama, 2007), experiences an
annual average temperature of -56.5 °C (Dittmann et al., 2016; Hondoh et al., 2002;
Saruya et al., 2022) and an annual accumulation rate of approximately 0.027 +0.002

m w.e year? (Dittmann et al., 2016; Saruya et al., 2022 ).

These conditions classify the EAIS is a polar desert, considered the driest desert in the
world, with annual precipitation amounting to less than 0.1 m (Waddington and Lingle,
2013). Its climate is extremely harsh (Waddington and Lingle, 2013) and is recognized
as the coldest place on the planet (Gonzélez et al., 2021; Scambos et al., 2018; Turner
et al., 2009). It contains the vast majority of the world's glacial ice, and if the EAIS
were to melt completely, it would result in a sea level rise of approximately 52 m
(Stokes et al., 2022; Zhai et al., 2024).

1.4 Ice Core as Climate Archive

The polar regions and high mountain summits are key sites for ice core collection,
providing essential archives for understanding Earth's past climatic records
(Thompson, 2000). When snow falls on polar ice sheets, it entraps atmospheric dust,
volcanic ash, and other particles (Gabrielli and Vallelonga, 2015), including insoluble
silicate matter (tephra) and gases injected into various levels of the atmosphere by
volcanic eruptions (Zielinski, 2000), which then settle on the surface (Gabrielli and
Vallelonga, 2015). Over time, these layers of snow accumulate, compress, and through
firn formation, followed by sintering and recrystallization, transform into solid ice
(Herron and Langway, 1980). This transformation process induces variations in ice
density and structure, which are recorded as seasonal fluctuations in the ice core layers
(Alley, 1988). Such variations are essential for deriving insights into past climate
conditions (Bohleber et al., 2021). Furthermore, the air bubbles trapped within these
ice cores preserve the chemical composition of the past atmosphere (Petit and
Raynaud, 2020), particularly the concentrations of greenhouse gases (i.e., carbon
dioxide (CO.) and methane (CHa4)). The stable water isotope analysis, through detailed
examination of the water molecules (stable oxygen isotope ratios (8'0) and stable
hydrogen isotope ratios (D)) in these cores, holds information on past temperature

changes and precipitation regimes (Jouzel et al., 2007).



1.5 Ice Core Dating Methods

Ice core dating is a crucial aspect of paleoclimatology, transforming raw data from ice
cores into a chronological framework (Dansgaard et al., 1982). Without an accurate
age scale, the valuable information on temperature variations, atmospheric dust flux,
and sea ice cover retrieved from ice cores cannot be effectively used to reconstruct

past climates (Alley et al., 1997).

Ice cores from East Antarctica provide valuable information on past climate variations
(Masson-Delmotte et al., 2005). Different proxies account for the reconstruction of
temperature variations, atmospheric flux of dust, and sea ice cover and these are
measured from ice cores using standard protocols (Wolff et al., 2010). However, the
information on these proxies along the ice core - i.e., with depth - is of little use unless
it is transformed into an age scale (Alley et al., 1997). This transformation is achieved
by dating the ice core, i.e., assigning an age to specific depths or intervals (Dansgaard
etal., 1982).

Dating ice cores requires a profound knowledge of the time evolution of proxies and
their uncertainties (Parrenin et al., 2007). Different tools have been developed in the
past to date ice cores, utilizing absolute age markers such as volcanoes, annual layer
counting using the known seasonal variations of proxies, and ice flow models (Sigl et
al., 2015). These approaches are based on the fundamental assumption that snow is
deposited regularly, i.e., constant over time (Fisher et al., 1985). Both the continuity
of snowfall and its amount determine the possibility and quality of the age estimates
(Grootes et al., 1993).

1.5.1 Absolute age markers

Absolute age markers are observations in ice cores that can be assigned to an absolute
(well-known) age (Sigl et al., 2015). These markers are essential for creating accurate
chronologies in ice core studies because they allow specific depths in the ice core to
be correlated with precise points in time (Alley et al., 1997). Several proxies can serve

as absolute age markers:

Ash Layer Volcanic ash layers, also known as tephra layers, in ice cores serve as
absolute age markers for chronological dating (Lowe, 2011). These layers, resulting
from volcanic eruptions, provide a method to date ice accurately (Zielinski, 2000).



Their distinct geochemical signatures enable correlation with known volcanic events
(Bénédicte et al., 2010). This characteristic allows for precise cross-correlation
between different ice core records, enhancing the reliability of chronological

frameworks (Svensson et al., 20015).

Counting layers by stratigraphy Stratigraphic analysis of glacier layers is a
fundamental method in geochronology and is based on the visual or instrumental
identification of seasonal layers (Alley et al., 1997). This approach is particularly
effective for recent periods, such as the Holocene (Walker et al., 2012). However, the
interpretation becomes more challenging for older periods due to the disturbances in
layers caused by glacial movements and other factors (Alley, et al., 1997).

Summer layers usually contain higher melt rates and more impurities, such as dust and
pollen (Mayewski et al., 1994). This increase in impurities during the summer is due
to higher temperatures that cause more surface melting (Mayewski et al., 1993) and
the presence of stronger winds that transport dust and pollen into the ice (Fischer et
al., 2007). In contrast, winter layers have fewer impurities and are typically clearer and
less dense (Paterson, 1994). These seasonal variations help distinguish stratigraphic

layers, facilitating accurate chronological dating (Alley et al., 1997; Paterson, 1994).

Melt layers in ice cores form due to surface ice melting during warmer periods and
subsequent refreezing (Herron et al., 1981). These layers indicate past temperature
fluctuations and provide data for reconstructing historical climate variations (Koerner,
1997). The characteristics of melt layers help interpret past warm seasons and climatic
changes (Fisher et al., 1985).

1.5.2 Annual layer counting

Annual layer counting is based on the observation that several proxies undergo a
seasonal cycle in the atmosphere, which is then reflected in their deposited
concentration in the snow and ice on the ice sheet (Dansgaard et al., 1982). This
seasonality can originate from the dependence on field temperature, as well as sea ice
conditions, atmospheric variations, wind, and other environmental factors (Thompson
et al., 2000). This method allows for a high-resolution chronological framework

essential for accurately interpreting past climate data (Jouzel et al., 2007).

Stable Water Isotopes The analysis of stable water isotope ratios (880 and 8D),

reflects seasonal temperature and moisture source changes, as explained by Rayleigh



fractionation processes (Jouzel and Merlivat, 1984). Isotope ratios are often reported
relative to Standard Mean Ocean Water (SMOW), providing a consistent reference

point for measurements.

In summer, and similarly during interglacial periods, higher temperatures increase the
rate of evaporation, which leads to a higher proportion of the heavier isotope, Oxygen-
18 (*80), in atmospheric moisture. This process results in an enrichment of 80 in the
precipitation and, consequently, in ice core records, producing more positive values
(Merlivat and Jouzel, 1979). Conversely, in winter, and during glacial periods, cooler
temperatures and reduced evaporation lead to the relative depletion of 8O in
precipitation. During these colder periods, the lighter isotope, Oxygen-16 (*°0),
becomes more prevalent in atmospheric moisture and is subsequently more dominant
in ice core records, indicating cooler periods (Cuffey and Vimeux, 2001). Therefore,
in ice cores, a higher prevalence of 80 typically indicates warmer periods, while
higher levels of %0 suggest cooler periods. These isotopic variations are measured
relative to the SMOW, providing a standardized comparison (Craig, 1961).

For hydrogen isotopes, the relationship can be similarly expressed using H (or
Protium) and 2H (or Deuterium). Deuterium (D) is the heavier isotope of hydrogen,
while Protium (H) is the lighter isotope. The isotopic fractionation for hydrogen
isotopes follows a similar principle as oxygen isotopes. In summer, the higher
temperatures increase the evaporation rate, leading to a higher proportion of the lighter
isotope, H, in atmospheric moisture (Dansgaard et al., 1969). During winter, the
heavier isotope, D, becomes more dominant in precipitation due to preferential
condensation (Johnsen et al., 1972). Similar to oxygen isotopes, these hydrogen
isotope ratios are also reported relative to SMOW (Craig, 1961), as shown in equations
1.1and 1.2.

This isotopic separation process, governed by Rayleigh fractionation, results in distinct

seasonal isotopic signatures within ice cores:
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These isotopic records provide insights into historical temperature and humidity
variations, enabling the reconstruction of past climatic conditions with high accuracy
(Johnsen et al., 1972).

Trace Components The concentrations of trace components such as sulfate (504%)
and nitrate (NO*) in ice cores, influenced by environmental factors including
atmospheric conditions and volcanic activities, are key indicators of past

environmental conditions (Hammer et al., 1980; Zielinski et al., 1994; Delmas, 1992).

Increases in SO42 concentrations, particularly following volcanic eruptions, result
from sulfates being deposited in snow layers. These deposits form distinct stratigraphic
layers in the ice cores, serving as important markers for analyzing and dating past
volcanic events (Zielinski et al., 1994). NO* concentrations, on the other hand, are
influenced by sources such as lightning, soil emissions, biomass burning, and fossil
fuel combustion. Variations in NO?* levels can provide insights into changes in
atmospheric chemistry and human impact on the environment over time (Legrand and
Mayewski, 1997).

1.5.3 Ice flow modeling

Ice flow modeling is a method in glaciology for understanding the dynamics of ice
sheets and glaciers. These models simulate the movement and deformation of ice,
enabling the inference of the origin and age of ice layers based on current ice sheet
characteristics, such as accumulation rates, flow velocities, and topography (Paterson,
1994).

Ice flow models typically consist of several key components: a mechanical model
describing the deformation and flow of ice, an accumulation model for historical
snowfall rates, age markers within the ice core, and inverse methods to refine model
parameters (Huybrechts, 1994). These models not only provide age estimates but also
enable the reconstruction of past accumulation rates and surface elevations, thus

offering insights into historical climatic conditions (Parrenin et al., 2007).

Furthermore, these models can simulate the impacts of climate change on ice

dynamics, predicting future changes in ice sheet behavior and their contributions to



sea level rise. By incorporating various physical processes and environmental data, ice
flow models serve as essential tools for both reconstructing past ice dynamics and
forecasting future changes (Ritz et al., 2001).

1.6 Firn densification model

Glaciers and ice sheets grow when the accumulation of snow is greater than the loss
due to sublimation and/or melt. At the polar ice sheets, the deposited snow does not
melt. It gets buried under new layers of snow over decades, becoming denser as it goes
deeper. This transformation from snow to ice is called firn densification (Freitag et al.,
2004; Horhold et al., 2011; Horhold et al., 2012).

Several models have been developed to represent the process of firn densification.
These models use variables such as the rate of snow accumulation, annual mean
temperature, heat conduction, etc. to express the increasing density with depth under
different local climate conditions (Arnaud et al., 2000; Barnola et al., 1991; Goujon et
al., 2003; Herron and Langway, 1980).

1.7 Motivation

For East Antarctic firn cores, the very low accumulation as well as intermittent
deposition hamper and challenge dating approaches. Most of the time, only volcanic
eruptions allow for single time stamps along the ice core. There are only limited
possibilities and approaches to derive an age scale between volcanic eruptions. This
also implies that it is impossible to derive any variations in climate (i.e., proxies) on

smaller than millennial to centennial time scales.

Given these challenges, adopting approaches to date firn cores using available data
from common measurements like density, dielectric profiling, or ion chromatography
becomes essential. Improving the dating of these cores is crucial for analyzing climate
variations in the past few millennia. Advancements in these dating techniques are
fundamental for a comprehensive understanding of the implications of global warming

on the Antarctic environment.
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1.8 Scope of This Study

This study seeks to develop a Python-based dating toolbox specifically for the
chronological analysis of East Antarctic firn cores. This research aims to apply and
refine this methodological framework through a comprehensive analysis of the 204-
meter-long B56 firn core extracted from the EAP. The primary objectives of this study
include establishing an accurate depth-age scale for the B56 firn core with the best
time resolution and determining quantitative accumulation rates. The research is

structured around a series of strategic goals:

e Identification of absolute age markers, such as volcanic ash layers
corresponding to known eruptions (e.g., Tambora, Kuwae, Samalas), for

linking to the chronological framework.

e Utilization of the Herron-Langway densification model, based on density data,
to construct a depth-age relationship and evaluate its applicability in the East

Antarctic context.

e Application of existing age scales, derived from previously dated cores, to the
B56 core using high-resolution measurements such as dielectrical conductivity

and non-sea-salt sulfate concentration.

In conclusion, the development of a Python-based dating toolbox for analyzing East
Antarctic firn cores in this study, and its application to the B56 core, is intended to
advance our understanding of the East Antarctic climate history ultimately. By
identifying absolute age markers, employing the Herron-Langway densification
model, finding volcanic eruptions using non-sea-salt sulfate concentration, matching
using dielectric profiling, and applying existing age scales, the aim is to refine a
detailed chronological framework for the EAP ice depositional environment. This will

aid in the paleoclimatology field when using ice cores as paleoclimate archives.
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2. MATERIAL AND METHODS

2.1 Available Data and Scripts

2.1.1 Dating toolbox with Python

A toolbox for dating Greenland firn cores was developed (Krug, 2021-unpublished).
This toolbox consists of a semi-automatic structure combining both automatic and
manual dating methods. Depending on data availability, this toolbox can function
either independently or in coordination. It has been applied to a Greenland firn core
and allowed the generation of an age model. The toolbox includes several operational
options: absolute age markers (e.g., events where the age/date is well known and
defined), a downcore age estimate, using the the Herron-Langway densification model

(HL model), a core-to-core matching of volcanic signals, and manual layer counting.

Selected methods included in the toolbox designed for dating shallow firn cores in
Greenland were modified and utilized for dating East Antarctic firn cores. These
methods comprise absolute age markers, the HL model, and matching using non-sea-
salt sulfate (nssSO4%) concentration and dielectric profiling (DEP). However, in this
project, instead of directly applying the existing toolbox's Python codes, these codes
were reprogrammed specifically for dating firn cores extracted from the Antarctic
Plateau in East Antarctica, where accumulation rates are much lower compared to

Greenland.

2.1.2 The B56 site and available measurements

Within the scope of the Coldest Firn (CoFi) project on the EAP, five firn cores were
drilled in different locations on the EAP (Figure 2.1). These comprise cores B51 (15°S
75°W), and B53 (32°S 77°W) drilled in 2012-2013, and cores B54 (30°S 79°W), B55
(41°S 79°W), and B56 (35°S 79°W) drilled in 2016-2017 (Weinhart et al., 2020).

The B56 firn core was drilled between January 16-18, 2017 (Weinhart et al., 2020),
approximately 249 km southwest of Dome F. This location, specified at 79°19'55"S,
34°57'53"E, is at an altitude of 3544 m above sea level. The on-site measurement of

temperature at a depth of 10 m in the borehole of this firn core was recorded as
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approximately -55.1 °C (personal communication with Sepp Kipfstuhl). Additionally,
the initial snow density (i.e., surface density) of the upper meter of the B56 firn core,
averaged over four one-meter samples, was calculated to be 351 kg m? with the

variance between the four liners being 8 kg m (Weinhart et al., 2020).
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Figure 2.1 : The drilling sites within the CoFi project, namely B51, B53, B54,
and B55 locations, have been marked in gray on the map. The focus of this thesis,
B56 core, is highlighted in red. Dome F and Kohnen Station are indicated in black on
the map. A dark grey shading in the bottom left corner represents the location in
Antarctica.

The B56 firn core was drilled to a length of 204 m. Density data is provided as bag
mean density values, with each corresponding to one-meter sections down to 113 m
depth. Additionally, DEP was conducted on the full length of the core in the ice lab of
Alfred Wegener Institute (AWI) Bremerhaven. The upper 70 m of core were analyzed
applying a Continuous Flow Analysis (CFA), where semi-discrete samples were
collected from the meltwater. These samples were analyzed for ion concentrations
using an 1CS-5000 ion chromatography system. In this project, the SO4>* concentration

is used. It is measured with an accuracy of £0.1 ug L.
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2.2 Implementation of the Dating Methods

2.2.1 Absolute age markers

To construct chronological frameworks for the B56 firn core, well-dated volcanic
eruptions were used as absolute age markers. These volcanic eruptions, Tambora
(Stothers, 1984), Kuwae (Gao et al., 2006; Witter and Self, 2006), and Samalas
(Lavigne et al., 2013), served as reference points due to their absolute time markers.
These markers were identified by analyzing nssSO4% and DEP (of conductivity) data.
In addition, the presence of a distinct ash layer in the firn core, identified using DEP,

served as a chronological marker.

2.2.2 The HL model and its application for dating

In this chapter, the empirical model by Herron and Langway (1980) is introduced, and
its application for age estimate is shown in the case of the B56 firn core. First, to
analyze the change in density with depth, a graph of the bag mean density values
corresponding to each one-meter section was created (Figure 2.2). For the remaining
part of the core (from 113 m to 204 m), the estimated density values were calculated

using the sigmoid interpolation method.
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Figure 2.2 : The bag mean density of the B56 firn core, shown as black dots
representing measured densities from one-meter sections, is plotted against depth.
The red dashed line illustrates the estimated density data using sigmoid interpolation.
Grey dashed lines indicate a critical density of 550 kg m™ and a pore close-off
density of 830 kg m, corresponding to depths of 25.15 m and 95.57 m, respectively.
The HL model is a simple empirical model that has proven to work in most studies
(Goujon et al., 2003; Herron and Langway, 1980; Zwally and Jun, 2002). This model

is mainly driven by key factors including field temperature, the rate of snow
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accumulation, and the pressure exerted by overlying snow layers. Similar to other
models, the HL model categorizes firn densification into three distinct stages (Arnaud,
2000; Bertler, 2011; Freitag et al., 2004; Herron and Langway, 1980; Lundin et al.,
2017; Spencer et al., 2001).

The first stage, extending from the surface to a critical density threshold of 550 kg m"
3 initiates with surface snow possessing a density typically ranging between 300-350
kg m, equating to a porosity of approximately 62% to 67% (Bender et al., 1997). As
new snow accumulates, the snowpack, initially lighter than 550 kg m=, undergoes
compaction under the weight of the overlying layers (Bertler, 2011), transitioning into
what is known as firn (Alley, 1987; Arnaud, 2000; Faria et al., 2017; Herron and
Langway, 1980). This transition, marked by the initial snow density up to the critical
density of 550 kg m™, is characterized by the most rapid rate of densification, involving
mechanisms such as packing, grain-boundary sliding, and grain growth (Alley, 1987;
Arnaud, 2000; Herron and Langway, 1980). At the point where density reaches
approximately 550 kg m=, the average porosity drops to around 40% (Alley, 1987),
and beyond this density, grain-boundary sliding ceases to be the dominant
densification process, giving way to intercrystalline plastic deformation or creep
(Arnaud, 2000).

The second stage, contained densities from the critical density of 550 kg m™ to pore
close-off of 820-840 kg m, is characterized by the continued compaction and
sintering of older snow under increasing overburden pressure and with increasing
depth (Faria et al., 2017). This stage exhibits a slower increase in density ratio with
density (Herron and Langway, 1980). During this phase, the interconnected pore
network within the firn facilitates air exchange with the atmosphere above (Buizert,
2013). Eventually, at the base of the firn column, the air becomes permanently
encapsulated within the ice matrix, capturing an atmospheric sample from the time of
pore close-off (Buizert, 2013). Bubble formation continues until the closure of air

passageways (Faria et al., 2017; Herron and Langway, 1980).

The third stage encompasses the transition from pore close-off, occurring at densities
between 820-840 kg m™3, to the formation of glacier ice, which is typically at a density
of 917 kg m=, indicative of pure ice. Pore close-off signifies the cessation of bubble

creation, with pre-existing bubbles becoming trapped and compressed as the air
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passageways close (Herron and Langway, 1980). This compression marks the final
phase of snowpack densification, leading to the formation of glacier ice.

As input parameters for the model, empirical values of the site-specific parameters,
including the annual mean temperature, annual mean accumulation rate, and surface
density (i.e., initial snow density), are used to drive the model. The values that best fit
the measured bag mean density of the B56 firn core are determined for the annual

mean accumulation rate.

e Initial snow density (po) = 351 kg m= (This value was obtained from Weinhart
et al., 2020)

e Annual mean temperature (T) = -55.1 °C (218.05 K, personal communication
with Sepp Kipfstuhl)

The model uses the following constants:
e Gas constant (R) = 8.314 J Kt mol*!
e Density of ice (pi) =917 kg m™
e Critical density (pss0) = 550.0 kg m™

The rate constant for densification in the first stage (ko), represents the densification

rate in regions where the density is psso or less (Equation 2.1).

10160
ko= 11le RT (2.1)

The rate constant for the densification in the second stage (ki), determines the
densification rate in regions where the density exceeds psso (Equation 2.2).

21400

k, =575e RT (2.2)

In these equations, R is the universal gas constant, and T is the annual mean

temperature in K.

Table 2.1, the rate constants indicate the relationship between T and densification rate.
The densification in the first stage (p < psso0) and the densification in the second stage
(p > psso) of the densification processes show a trend for the reaction rates to increase
with T for the rate constants. The ki appears to be more sensitive to T changes

compared to the rate ko.
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Table 2.1 : Values of rate constants (ko and k1) for specified T values

T,°C ko x10° ki x10®
-54 4.17 4.56
-55 4.06 4.32
-56 3.96 4.09
-57 3.86 3.87
-58 3.76 3.66
-59 3.66 3.46

The depth at which the transition from one stage to the other, related to the psso, is
mainly determined by the T (see equation 2.3). The measured T for psso shows a trend

where, as the T decreases, the depth at the critical density (hsso) increases.

1 Pss50 Po
Recy = [ln ( ) — ln( )] (2.3)
%0 T piko I \pi — psso i — Po

This indicates that at colder temperatures, the snowpack reaches the psso at a deeper

level, suggesting that colder temperatures contribute to denser snow at greater depths
within the snowpack (Table 2.2).

Table 2.2 : The depth at which the psso is reached, as a function of different T

T values for ko hsso, M
-54 °C 23.10
-55°C 23.70
-56 °C 24.32
-57 °C 24.96
-58 °C 25.62
-59 °C 26.31

Following the calculations for the critical density value in the dataset (psso, hsso, and
tss0, Where tsso denotes the age of the critical density), Zo (which represents the density
at specific depths for the first stage of densification, see equation 2.4) and the pn
(density values, depth profile for the first stage of densification) are determined using
the rate constant ko for regions below this critical value. Similarly, for the stage above
the psso, Z1 (which represents the density at specific depth for the second stage of
densification, see equation 2.4) and the pn (density values, depth profile for the second

stage of densification) are calculated using the rate constant ki.

pik0h+ln< Po ) PiZo
7, = pi=p , =
piki(h—hsso) Ps50 .7 )
Z1 = ¢ VA +1n(Pi—P550>’ Pn = ]_p_l|-;
1
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The depth-density profile obtained from the pn formula based on the HL model has
been compared with the actual depth-density data obtained from the B56 firn core.
Specific parameters for the annual mean accumulation rate (A) and T have been
determined to assess the harmony between these two sets. These results are detailed in
the “Age Model from HL Model” section.

In order to determine tsso, the model was assessed using the rate constant ko specific to

the first stage (Equation 2.5)

Pi_Po)

teso = ln( (2.5)
%0 T koA \p; — psso

Accordingly, the calculated age at the psso is determined by the T (in ko) and the A. To
assess the sensitivity of the derived age, different T and A values are used as input

parameters, and the resulting ages are compared (Table 2.3).

Table 2.3 : Age of psso at different T and A

Measured A, mw.e. year?!

T, °C 0.010 0.020 0.030

-54 °C 976 CE 1496 CE 1669 CE
-55 °C 949 CE 1483 CE 1660 CE
-56 °C 921 CE 1469 CE 1651 CE
-57 °C 892 CE 1454 CE 1641 CE
-58 °C 862 CE 1439 CE 1631 CE
-59 °C 831 CE 1424 CE 1621 CE

Table 2.3 illustrates the effect of different T values and A on the age of psso.
Specifically, an increase in A at a certain T tends to result in a decrease in the age of
psso. This phenomenon is associated with the thickness of the snow layer. Additionally,
comparisons of A at different T values indicate conditions where a decrease in T

correlates with a slower rate of densification, indicating that the age of psso increases.

The calculation of time corresponding to a specific density (t,), derived from pn,
enables the establishment of a comprehensive depth-age profile for firn by capturing
the relationship between density values and age (Equation 2.6).

- 1 ln(Pi—Psso
P kvA \ pi—p

Consequently, it facilitates the calculation of age variations associated with different

) + teso (2.6)

density values at various depths, thereby constructing a depth-age profile. The detailed
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examination of these outcomes is presented in the “Age model from HL model”

section.

2.2.3 Finding volcanic eruptions using nssSO4? data

S04 might be derived from sea salt and marine biogenic emissions and brought in via
atmospheric transport, volcanic eruptions are the major source of SO4% (lgarashi et al.,
2011). To identify volcanic signals in the B56 firn core, a concentration profile of
nssSO4% ions has been measured. This analysis of SO4?" is utilized for differentiating
between marine-derived sulfate and sulfate of volcanic origin. Given the geographical
location of B56 is far from the ocean, it is likely that most sulfate found here comes
from volcanic eruptions. Nevertheless, considering that atmospheric circulation and
winds can transport sea salt-derived sulfate particles over long distances, this method
has been employed to distinguish between volcanic and marine sulfate sources, thereby

enabling the determination of volcanic-origin SO42" accumulations in firn core.

In calculating the nssSO4? concentration, it is considered that SO4% ions from sea salt
sources are typically found with sodium (Na+) ions (Figure 2.3). This indicates that

the primary source of Na+ ions in the analyzed samples is sea salt.
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Figure 2.3 : The profiles of SO42 and Na* concentrations, obtained in terms of p eq.
L', are shown, with the top graph illustrating the concentration profile of SO4%, and
the bottom graph presenting the concentration profile of Na*. These profiles indicate
the variations in the concentrations of these ions with increasing depth in the B56
firn core.
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To determine the nssSO4%" concentration, the contribution of Na* ions is subtracted
from the total SO4% concentration, as shown in equation 2.7.

The equation used for this calculation is:

nssS0%~ = S0%~ — 3.02x 1072 x Na* (Igarashi et al.,2011) (2.7)

Here, nssSO4% represents the concentration of non-sea-salt sulfate ions and is used to
identify sulfate of volcanic origin. SO4> denotes the total sulfate ion concentration
measured in the core, which includes sulfate from both sea salt and other sources. Na*
indicates the sodium ion concentration measured in the core and, being the marine
origin, serves as an indicator for calculating sea-salt-derived sulfate. The value 3.02
x107 represents the ratio of SO4? to Na*ions in seawater. This ratio is used to estimate
the proportion of sulfate derived from sea salt, which is then subtracted from the total
sulfate concentration to obtain the nssSO4% concentration.

Based on the calculated nssSO4? values, a depth-nssSO4% graph was created and used

to identify potential signals of volcanic eruptions (Figure 2.4).
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Figure 2.4 : The depth profile illustrates the variations in nssSO4?" concentration
with increasing depth in the B56 firn core. This profile provides information about
the presence and distribution of nssSO.4? ions, which originate from sources other

than sea salt, throughout the core.

A threshold value was determined to predict potential volcanic eruptions using the
mean (M) and standard deviation (o) of the calculated nssSO4% values. The calculated
M =229 peq. Ltand 6 =1.39 neq. L' represents the general distribution and average
behavior of the nssSO4?> dataset (Figure 2.5).

The M+2c value was used as a threshold to identify significant peaks in the nssSO4>"
profile (lgarashi et al.,, 2011). Peaks exceeding this threshold were considered
important deviations indicating volcanic signals. Initially, peaks exceeding M+2c =

5.08 peq. L were selected.
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Figure 2.5 : In the nssSO4>-depth profile, there are 18 peak points identified above
the value (5.08 p eq. L™!) indicated by the dashed line.

Therefore, to obtain a more accurate and representative threshold, the mean after
exclusion (M") and standard deviation after exclusion (c') were recalculated. The new
values were M'=2.12 neq. L *and 6' = 0.63 p eq. L. Using these new values, peaks

above M'+2¢' = 3.38 p eq. L were selected (Figure 2.6).
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Figure 2.6 : The threshold value of 3.38 peq. L™! is depicted as a dashed line in the
graph. The 40 peaks exceeding this threshold were labeled sequentially.

Forty peaks exceeding the threshold value of 3.38 p eq. L™, as shown in Figure 2.6,
signifies potential indications of volcanic eruptions in the nssSO4>-depth profile. The
identification of these peaks allows for the transformation of depth- nssSO4? data into

a depth-age profile.

2.2.4 Matching using DEP data

The DEP were measured along the full core, allowing an overlap and comparison with
the matching from the 70 m nssSO4? profile (Figure 2.7). DEP data were used to apply
matching with previously published peaks of both, nssSO4* and DEP from literature
(eg. Castellano et al., 2005; Cole-Dai et al., 2000). The DEP profile provides

information on conductivity variations within the ice core.
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Figure 2.7 : The profile illustrates the variation in conductivity in the core, measured
in S m™ x10°7, with increasing depth.
As shown in Figure 2.7, the recorded conductivity measurements exhibit fluctuations
with depth, reflecting changes in the physical and chemical properties of the B56 firn
core. These variations are attributed to specific events, allowing the transformation of

depth-conductivity data into depth-age data.

2.2.5 Conversion from snow-ice depth to water-equivalent depth

The conversion of m depth (snow-ice) to m depth (water-equivalent, w.e.) enables the
normalization of data across stratigraphic layers with variable densities. The measured
depths are converted into w.e. depths to yield a standardized measure. This measure
reflects the equivalent volume of water that would correspond to the ice mass within

each layer, considering the specific density of the firn (Figure 2.8).

The w.e. depth of an ice core, represented as hw.e.n for a specific stratigraphic layer n,
is determined through a calculation that integrates the physical properties of the
underlying layers (Equation 2.8).

The conversion from m to meters water equivalent (m w.e.) is computed using the

formula:
hw.e.,n = hw.e.,(n—l) + (hm,n - hm,(n—l)) X p(n—l) (2-8)
In this expression:

e hwe,n indicates the depth in m w.e. at the n-th layer, converting the depth of

firn to the equivalent depth of a water column with equivalent mass.
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e hmn is the actual depth in m at the n-th layer, which directly measures the ice

core's vertical extent at that layer.

e Thedifference (hmn - hm,n-1)) represents the thickness of the n-th layer, obtained
by subtracting the depth of the preceding layer, hm,n-1), from the depth of the

current layer.

* pr-1) denotes the density of the firn at the (n-1)-th layer. This density factor,
when applied to the thickness of the ice layer, provides the w.e. depth.
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Figure 2.8 : This graph illustrates the relationship between depth of snow-ice and the
corresponding depth of w.e., both expressed in m.

The formula is applied iteratively, allowing for the layer-by-layer addition to the total
depth in m w.e., commencing at the surface and advancing downward through the firn

core.

2.2.6 Confidence interval

To calculate the uncertainty area between depth-age values identified with volcanic
eruptions, the midpoint between two values should have the maximum uncertainty
because it is the farthest from both values. This uncertainty is expressed using a Z-

score of approximately 1.96, corresponding to a 95% confidence interval.

The Euclidean distance (d) formula is used to calculate the distance between two

values (Equation 2.9):

d= \/(xn+1 —xp)% + Unt1 — Yn)? (2.9)
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To calculate the confidence interval (Cl) using the d, the following formula is applied
(Equation 2.10):

_UntUns

Cl >

d
+cx5 x1.96 (2.10)
Here, U, and Un+1 are the uncertainties identified with the two values, ¢ is an
adjustment factor.

These calculated uncertainty areas are used in the depth-age graph to visually represent
the uncertainty between the depth-age values identified with volcanic eruptions in the

B56 firn core.
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3. RESULTS

In this chapter, the different age models from the three different dating approaches,
absolute age markers, HL model, and matching using nssSO4> and the DEP are

presented and then compared to each other.

3.1 Age Model from Absolute Age Markers

In order to test and validate the dating method by using absolute age markers, the tie
points shown in Figure 3.1 are designated as absolute age markers, assuming their
specific date is known for sure. Four specific data peaks P1-P2, P3, and P4 are chosen
along with the ash layer (Ps) from the DEP. Additionally, the year of drilling (Po) is
indicated.

Po

Conductivity (S m™1)
=
(9]

10 15 20 25 30 35 ' 130
Depth (m)

Figure 3.1 : The conductivity and permittivity measured by DEP, scaled by x10~
and x1072 respectively. Po, P1-P2, P3, P4, and Ps are represented and marked by gray
bars.

The three peaks represent the known and well-dated volcanic eruptions of Tambora
(P1), Kuwae (P3), and Samalas (Pa4).
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P1 is commonly linked to the Tambora volcanic event primarily due to its characteristic
twin peaks or closely situated dual peaks and given its proximity to the 1809
“Unknown” (P2) volcanic event at comparable depths as seen in other firn cores
(Anschitz et al., 2011; Hofstede et al., 2004; Karlof et al., 2000; Moore et al., 1991;
Oerter et al., 2000; Van Liefferinge et al., 2021). The volcanic event is interpreted to
result from the Tambora volcanic eruption in the year 1815 CE (Stothers, 1984) with
the chemical signature deposited in the ice in 1816 CE (Cole-Dai et al., 2009; Raible
et al., 2016). The volcanic eruption of 1809 CE, occurred approximately six years
before the Tambora eruption in question, with its deposition uncertainty corresponding
to 1810-1811 CE (Cole-Dai et al., 2009).

On the other hand, Pz and P4 peaks are associated with the commonly recognized
Kuwae volcanic eruption and the Samalas volcanic eruption or 1259 “Unknown"
volcanic eruption (Anschutz et al., 2011; Hofstede et al., 2004; Karlof et al., 2000;
Moore et al., 1991; Oerter et al., 2000; Van Liefferinge et al., 2021). The Kuwae
eruption occurred approximately in 1453 CE, with its deposition continuing until 1457
CE (Gao et al., 2006; Witter and Self, 2006). P4 is associated with the volcanic eruption
of 1257 CE Samalas and the 1259 “Unknown” volcanic eruption. Therefore, these two
eruptions have been considered together. The impact of the Samalas eruption
continued until approximately 1259 CE (Lavigne et al., 2013), while the “Unknown”
eruption accumulated until 1261 CE (Narcisi et al., 2019). Consequently, Samalas has

been designated as occurring in 1257 CE, with a deposition uncertainty of +4.

The visible ash layer (Ps), observed in the firn core at a depth of 129.3 m, is given as
1613 BCE 5 years in the Dome Fuji 2 (DF2) core at 122.2 m, 1613 BCE 5 years in
the New Dome Fuji (NDF) core at 133.5 m, and 1612 BCE %4 years in the New Dome
Fuji North (NDFN) core at 118.7 m (Oyabu et al., 2023). Additionally, the EPICA
Dome C (EDC) core at 132.6 m has dated the ash layer to 1611 BCE +5 years (Narcisi
et al., 2005). In the nearby firn cores B54 and B55 (refer to map Figure 2.1), the ash
layer is seen at depths of 121.9 m and 124.9 m, respectively (Mertes, 2018 -
unpublished). According to unpublished data, the age of this depth has been
determined to be approximately 1612 BCE (for B54 by Joe McConnell). Assuming
that the ash layer observed in all these cores originates from the same event, the ash

layer in the B56 core dates to an age of 1612 BCE %6 years.
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These five absolute age markers identified in the B56 core allow for the creation of a

depth-age model (Table 3.1).

Table 3.1 : Absolute age markers matched with DEP data

Volcanic Eruption Uncertainly, Depth, Permeability, Conductivity

eruption year deposition year m x10BFm? x107Sm?

Surface 2016 CE - 00.0 - -
Tambora 1815 CE +1 12.2 1.40 1.59
Unknown 1809 CE +2 125 1.14 0.68

Kuwae 1453 CE +4 28.3 1.68 2.88
Samalas 1257 CE +4 36.9 1.62 2.71
Ash Layer 1612 BCE 6 129.3 - -

The uncertainty areas, demarcated with 95% confidence intervals (see Section 2.2.6
for confidence interval calculations) between these age markers, have been recognized.
These age markers, connected through the uncertainty areas, have been integrated into
the model. In the model, extrapolation has been applied to the sections deeper than the
oldest tie point (Ps), extending down to the core's deepest point at 204 m. In this
extrapolated section, uncertainty areas have also been defined with 95% confidence
intervals (Figure 3.2). This approach enables a first estimate of the age of the firn core

in greater depths.
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Figure 3.2 : Depth-age model from absolute age markers. The year of drilling is
indicated at Po, and the age markers P1-P2, P3, P4, and Ps are shown with black error
bars and grey bars. The dark grey dashed line indicates the extrapolation from Ps to

the final depth of the core. The areas of uncertainty are illustrated in grey.

From this age model, we can estimate the B56 core to reach back to approximately
3932 BCE %973 years, with the deepest absolute age marker situated at 129.3 m depth
with an age of approximately 1612 BCE. The uncertainty of this age model is related
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to the distribution of the tie points. The uncertainty is smallest near the tie points, where
the absolute age is known. The uncertainty increases as the distance between the
connection points increases, and the uncertainty at the furthest distance between the
connection points, that is, the exact middle point, can be as large as £575 years (see
between P4 and Ps is approximately 92.5 m). The closest distance between these
connection points (specifically between Ps and P, excluding P1-P2) is approximately

8.6 m, with a maximum uncertainty of +60 years.

3.2 Age Model from HL Model

3.2.1 Sensitivity analysis and resulting age uncertainty

As the HL model is predominantly influenced by the T and the A as outlined in Chapter
2.4, this study delves into the impact of these factors on the model's age estimation.
Specifically, it explores the sensitivity of the age derived from the HL model to
variations in T and A. Furthermore, the A from the best model-data match is determined
and the related age model is computed as well.

Sensitivity of the HL model-derived age model to varying T

In the initial experiment, the A was maintained at a constant value of 0.02 m w.e. year
! The HL model was used to calculate density profiles, incorporating different T as
variables, which are illustrated in Figure 3.3. The model shows a visible trend where

higher T facilitate a more rapid progression to higher densities.

Furthermore, the pore close-off density, established at 830 kg m=, demonstrates a
similar temperature-dependent trend. At -40°C, the close-off density is observed at
47.5 m, while at -70 °C, a significantly deeper layer at 193.8 m is required to reach
this density, underscoring the influence of temperatures on firn structure and
properties. The calculated final densities at the deepest measured point, 204 m deep in
core B56, are 917 kg m™ at -40 °C, 916 kg m™ at -50 °C, 903 kg m at -60 °C, and
839 kg m= at -70 °C, respectively. These observations affirm that lower temperatures
decelerate the densification process, necessitating deeper layers to reach both critical
and close-off densities. It is also noted that as firn approaches its pi (i.e., 917 kg m)
value, the rate of densification reduces significantly, due to the closure of air pores and

the recrystallization processes that constrain further densification.
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Figure 3.3 : Density profiles generated by the HL model using a constant A of 0.02

m w.e. year™ and varying T. The colored graphs illustrate the different temperatures

used to drive the model. The dark grey dashed line shows the pss0 and the pore close-
off density is 830 kg m™.

These data points suggest that colder temperatures slow down the transformation of
firn to ice, thereby requiring a greater depth to reach the psso threshold. As the pi value

is approached, the rate of densification slows down describing a hysteresis curve.

The resulting age model shows that at shallower depths, the age difference between
the models is relatively small; at 60 m, the age difference is within £200 years (Figure
3.4). This indicates that the densification process near the surface is less sensitive to

temperature changes.
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Figure 3.4 : The depth-age relationship as modeled by the HL Model. The colors
indicate the different T used to drive the model while keeping the A constant.
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However, as depth increases, the age difference becomes more pronounced, reaching
up to 850 years at a depth of 204 m. This suggests that the impact of temperature

variations on age increases more rapidly with depth (Table 3.2).

Table 3.2 : T-dependent density variations and timelines derived from the HL model

T 60 m 204 m
(°C)  Density (kg m?®) / year Density (kg m™) / year
-40 874/5CE 917 / 6560 BCE
-50 790/ 208 CE 916 / 6208 BCE
-60 689 /382 CE 903 /5636 BCE
-70 610 /508 CE 839/ 4849 BCE

At relatively warmer sites, the ice at a given depth is older than colder sites. This is
due to densification and ice formation processes under warmer conditions. The data
illustrate that temperature plays a significant role in the rate of ice formation, with

higher temperatures leading to older ice at equivalent depths.
Sensitivity of the HL model-derived age model to varying A

In the second experiment, the T was kept constant at -56°C, while different A were
used to drive the HL model. Due to the model's setup, which utilizes T as the primary
driver until the psso, the derived density profiles are identical during the first stage of
densification (Figure 3.5). Beyond this psso, the profiles demonstrate that lower A

correspond to higher densities at specific depths.
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Figure 3.5 : Density profiles generated by the HL model using a constant T of -56
°C and varying A. The colored graphs illustrate the different accumulation rates used

to drive the model. The dark grey dashed line shows that psso and the pore close-off
density is 830 kg m™.

32



At a depth of 204 m, the modeled densities are computed as 916, 912, 905, and 896 kg
m=3, corresponding to the input A of 0.01, 0.02, 0.03, and 0.04 m w.e. year?,
respectively. These results illustrate the competing effects of accumulation rate and T
on the densification rate. Specifically, a higher densification rate is observed at a lower
accumulation rate, yet this rate increases with a higher T. Consequently, the
comparison of density profiles from different sites indicates that the influence of
temperature predominates over the effect of accumulation rate (Horhold et al., 2011),
meaning that sites with warmer temperatures exhibit a higher densification rate (Figure
3.6).
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Figure 3.6 : The depth-age relationship as modeled by the HL Model. The colors
indicate the different A used to drive the model while keeping the T constant.

In the model, lower A correspond to older ages at specific depths. This may be
attributed to the fact that, in areas with low accumulation rates, the layers are thinner,
thereby representing longer time intervals (Table 3.3).

Table 3.3 : A-dependent density variations and timelines

A Density (kg m?®) / Year
(mw.e. year?) 24.3 m 60 m 204 m
0.01 550/922 CE 874 /1495 BCE 917 /14308 BCE
0.02 550 /1469 CE 790/ 318 CE 916 / 5896 BCE
0.03 550/ 1651 CE 689 /903 CE 903 /3139 BCE
0.04 550/ 1743 CE 610/ 1190 CE 839/1780 BCE

This results in older ice at a given depth because less snow accumulates each year,
meaning that each m of ice traps more years of snowfall and compaction. Conversely,
areas with higher accumulation rates have thicker layers, indicating younger age

values. This is because more snow accumulates each year, resulting in thicker layers
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that represent fewer years of deposition. According to this model, the rate of

accumulation has a significantly greater impact on age determination than temperature.

3.2.2 Age model using the best model - data match

At the B56 site, the on-site T of -55.1°C was derived from firn measurements taken at
a depth of 10 m (personal communication with Sepp Kipfstuhl). By employing
different values of A, a series of modeled density profiles were generated to simulate
the behavior of the firn under varying conditions. These modeled profiles were
compared to the measured bag mean densities (i.e., 1 m average density) of the B56
core. The best match between the data and the model results was obtained to quantify
the fit quality (Figure 3.7).
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Figure 3.7 : Density model-data match. Gray circles show the measured bag mean
density, green and blue lines indicate the modeled density using A of 0.022 and
0.026. The dashed red line is a sigmoid interpolation from the last measured bag at
113.5 m to the final depth of the core at 204 m.

According to the HL model, the best fit A was identified as approximately 0.024 m
w.e. yearl. Reflecting the precision of the measurement and the environmental
variability inherent, a 10% tolerance range was applied to this value. This range is
defined by a lower limit of approximately 0.022 m w.e. year?, calculated by
subtracting 10% from the 0.024 m w.e. year value, and an upper boundary is set at
approximately 0.026 m w.e. year?, calculated by adding a 10% increase to the base
value (Figure 3.7). These tolerance limits help ensure that the model remains reliable
by accounting for potential variations in environmental conditions and measurement

uncertainties.
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Figure 3.8 : The depth-age relationship as modeled by the HL model. The shaded
area highlights the potential variation in age estimation due to differences in A. The
best-match rates of 0.022 m w.e. year* and 0.026 m w.e. year? defined the
anticipated age range of the B56 core.

The depth-age relationship, illustrates the significant impact of varying A on age
estimations. The shaded area represents the potential range of age estimates within the
10% tolerance range applied to the accumulation rate. These values result in an age
model (Figure 3.8 is similar to Figure 3.6) characterized by a maximum age variance

of approximately +580 years (Table 3.4).

Table 3.4 : Estimated age ranges as modeled by the HL model

Depth max Age min Age Age range
(m) (years) (years) (years)
23.8 1529 CE 1604 CE +37

204.0 5181 BCE 4019 BCE +581

This variance is determined by the A of 0.022 m w.e. year, which corresponds to the
maximum age, and 0.026 m w.e. year, which corresponds to the minimum age. At a
depth of about 204 m, this results in an age estimation ranging between approximately
5200 BCE and 4000 BCE, as detailed in Table 3.4.

3.3 Age Model from Matching Using nssSO4?- Concentration, and DEP

3.3.1 Matching using nssSO4?* concentration

In order to derive a list of peaks to match with published and dated peaks of the

nssSO42" profile, a total of 40 peaks have been identified, as depicted in Figure 3.9.
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Figure 3.9 : The nssSO4% concentration-depth of the B56 core is shown in the figure.
The horizontal dashed line shows the threshold value of 3.377 peq. L. The
numbering indicates the single peaks used in this study to match with previously
published peaks. Peaks Po, P1-P2, P3, and P4 are absolute age markers, represented
and marked by gray bars.

The peaks identified as absolute age markers (Chapter 3.1) have also been identified
in the nssSO4? profile. Therefore, the names of these peaks were kept to P1-P2, P3, and
P4, and all other nssSO4> peaks were denoted by the letter “S”. Nineteen of the
identified peaks were matched to previously published and dated nssSO4% profiles by
Castellano et al. (2005); Cole-Dai et al. (2000); Igarashi et al. (2011); Longpre et al.
(2014); Ren et al. (2010); Stenni et al. (2002), as detailed in Table 3.5.

Regarding the determination of volcanic eruption years and their associated
uncertainties, we added uncertainty of +2 years to the deposition times for volcanic
events with well-known dates, such as S; meaning Agung 1963 (Self and Rampino,
2012), S» meaning Tarawera 1886 (Hutton, 1887) and Krakatoa 1883 (Self and
Rampino, 1981), Ss meaning Coseguina 1835 (Scott, 2006), and Si4 meaning
Huaynaputina 1600 (Thouret et al., 2002). However, due to the presence of a twin peak
in the B56 firn core record for the Tarawera 1886 and Krakatoa 1883 eruptions, the
relatively short historical period between these events -proximity of 0.1 m between the
layers-, we based our calculations on the earlier Krakatoa event. We added an
additional +2 years to the period leading up to the following Tarawera eruption,
resulting in a total uncertainty of +5 years for these events. On the other hand, the Sg
meaning Jorullo volcanic eruption, known to have occurred between 1759 and 1774
(Luhr and Carmichael, 1985), was assigned a date of 1767 £8.
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Table 3.5 : Volcanic events identified in the firn core using nssSO42" concentration.
This represents the events used as absolute age markers for dating (referred to in
Section 3.1), and are compared with volcanic records matched by 2Castellano et al.,
(2005), *Cole-Dai et al., (2000), “Igarashi et al., (2011), °Longpre et al., (2014), °Ren

etal., (2010), and “Stenni et al., (2002).

Peaks nssSOs>,  Depth, Eruption (CE) and Event and
peqL™! m Uncertainty (), year Reference
Po 0.000 00.0 2016 Snow Surface
S; 5.289 03.8 1963 +2 Agung?*55
4.222 08.5 Tarawera?3456
2 4080 086 1883 +5 Krakatoa®
S3 3.408 09.7 - -
S, 4.680 11.0 1835 +2 Coseguina®4587
Ss 3.439 11.3 - -
P: 19.190 12.2 1815 +1 Tamborat
P 5.156 125 1809 +2 Unknown 1809*
Ss 3.543 14.8 1767 +8 Jorullo?
So 7.015 17.9 1693 +2 Unknown 16932367
S10 4,249 18.8 1671 +3 PR73
Si1 3.385 194 - -
S12 7.011 20.3 - -
Si3 4834 21.2 - -
S 5.723 22.0 1600 +2 Huaynaputina23467
Sis 4,942 22.3 1593 +3 PR113, 144 T157
P3 21.695 28.3 1453 +4 Kuwae?
Si7 6.198 33.1 1341 +6 132, PR133, 184 V125 T177
Sis 5.638 35.5 1285 +4 142, PR14%, 194 V136, T18’
S19 6.836 35.9 1277 +4 PR153, 204, V14°%, T197
S20 4519 36.2 1269 +4 152, PR16%, 214, T20"
P4 17.168 36.9 1257 +4 Samalas?
S22 3.449 37.4 - -
So3 5.345 37.7 1232 +7 PR183, T237
So4 5.900 39.3 - -
Sos 5.269 40.0 - -
So6 3.871 454 - -
So7 3.555 45.9 - -
Sog 3.488 48.7 - -
S29 3.379 57.2 - -
S30 4,413 58.1 - -
Sa1 3.505 59.2 - -
Saz 5.630 59.7 765 +200 22?2
Sa3 5.152 59.8 - -
Saa 3.499 60.7 - -
S35 4.481 61.8 - -
S36 3.394 62.8 - -
S37 7.531 63.7 667 £200 232
Sas 6.002 65.1 - -
Sag 3.378 68.0 - -
Sao 4113 69.4 - -

Identifying volcanic eruptions with unknown dates was carried out by comparing our

data with existing information in the literature. During this process, the dates of

volcanic events as reported in other academic studies, along with their specified
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uncertainty ranges, were used as the basis (e.g. Castellano et al., 2005; Cole-Dai et al.,
2000; lgarashi et al., 2011; Longpre et al., 2014; Ren et al., 2010; Stenni et al., 2002).

An age model is derived from the matching of the 19 peaks, as shown in Figure 3.10,
with each peak acting as a tie point; between these, a 95% confidence interval is

applied to account for the areas of uncertainty.

2000 BCE s
5500 BCE n‘
1500 BCE [ 4500 BCE *
1000 BCE . 3500BCE
¥ 500 BCEf .
© 1500 BCE *
Q 126130 140 150 160 170 180 180 200
2 of
)
b 500 CE| II
1000 CE f =
~ & #s interpolation
1500 CE z" 8 i uncertainty area
L w @ non-sea-salt sulfate
2000 CE -‘-‘" Lo ) absolute age marker
0 20 40 60 80 100 120 140

Depth (m)

Figure 3.10 : The depth-age relationship obtained by matching of nssSO4* peaks. 19
corresponding peaks are represented with black error bars. The red error bar indicates
the absolute age markers. Areas of uncertainty are illustrated in grey.

The applied confidence interval indicates that the uncertainty area is affected by both
the distance between the identified volcanic eruption events and the amount of
uncertainty associated with each eruption. The first 40 m provide a relatively accurate
age model due to the abundance of well-documented volcanic eruption dates, resulting

in smaller uncertainty areas and a more precise age model.

Beyond 40 m, with increasing depth, matching volcanic eruptions becomes
progressively more challenging due to the increasing age and the inherent difficulties
in identifying older events. This challenge arises because older volcanic eruptions are
typically less well-documented, and the uncertainty in dating these eruptions is higher.
Consequently, as depth increases, this issue becomes more pronounced, leading to

larger uncertainty intervals for the estimated eruptions.

3.3.2 Matching using DEP

The DEP data were used to apply matching with previously published peaks of both,

nssSO4> and dielectric properties from literature (Figure 3.11).
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Figure 3.11 : DEP (of conductivity) of the B56 ice core with depth. Peaks
represented with “S” were matched through nssSO4? concentration, while the Ps

peak represents the ash layer used as an absolute age marker. Peaks denoted with
“D” are selected through matching using the DEP method.

Specifically, the peaks Ss7 and Ss have been identified both in the nssSOs*

concentration data and in the DEP data. Starting from these overlapping peaks, the
matching has been extended with the DEP data (Table 3.6).

Table 3.6 : Volcanic events identified in firn core by using DEP. 1This represents the
events used as absolute age markers for dating (referred to in Section 3.1), and are
compared with volcanic records matched by 2Castellano et al., (2005), and *Cole-Dai
et al., (2000), as well as with the ash layer by 8Narcisi et al. (2005), °Oyabu et al.
(2023), and *°Joe McConnell (unpublished)

Peaks Conductivity,  Depth, Eruption (CE) and Event and
10°Sm! m Uncertainty (), year Reference

Sa7 193.27 64.2 667 £200 CE 232
Sao 159.72 69.4 - -
Da 252.74 118.2 1218 +7 BCE PR46°
Da, 241.29 122.9 1345 +3 BCE PR473
Ps - 129.3 1612 +6 BCE Ash Layer®°10
Das 259.80 136.2 1792 200 BCE 432
Das 325.91 164.0 2776 +200 BCE 492
Das 248.28 170.8 3035 +200 BCE 512
D47 301.52 195.0 3826 +200 BCE 552
Dag 209.86 196.7 3883 +200 BCE 562

Based on the matching using the DEP data and the absolute age marker Ps, an age
model until the final depth of the core was established (Figure 3.12). The Psash layer,
located at a depth of 129.3 m, served as a critical reference point, assumed its date is

known for sure. This allowed for the precise matching of peaks Da1, D42, and Daa. This
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ash layer was matched with seven peak points corresponding to known volcanic
events. Consequently, approximately 197 m of the core were matched with peak points

identified in previously published articles.
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Figure 3.12 : The depth-age relationship as obtained from matching using DEP data.
The purple error bars represent the peaks identified from the measured DEP data to
match known volcanic events. The orange markers represent peaks matched using
nssSO4> concentration data. The red markers indicate absolute age markers
identified in the core, which are grey columns. In between an uncertainty area was
applied. The grey dashed line shows the extrapolated line between the last match
point Dsg and the final depth of 204 m.

At a depth of 197 m, the age was determined to be 3883 +200 BCE. To estimate the
age up to the core’s ultimate depth of 204 m, a linear interpolation method was applied.
Following this interpolation, the area of uncertainty was calculated. At the final depth

of 204 m, the age was approximately estimated to be 4127 BCE +250 years.

3.3.3 Comparison of the different age models

To establish a reliable chronological framework for the B56 firn core, three age models
derived from different methodological approaches were compared: the absolute age
markers, the HL model, and the matching using nssSO4> concentration, and DEP

measurements (Figure 3.13).

The HL model provides a range of possible ages, depending on the accumulation rate
which potentially may have changed in the past. It frames the age models from the

other approaches.
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Figure 3.13 : The depth-age relationship as obtained from the three dating
approaches. Error bars represent the match points - violet for conductivity, orange for
nssSO4% and brown for absolute age markers. An uncertainty area was applied
between these points. The age range depicted by the green and blue lines is derived
from the HL model, which utilizes A of 0.022 m w.e. year™ and 0.026 m w.e. year™,
respectively. The shaded area shows the potential variation in age estimation due to
differences in accumulation rates.

Notably, the age models derived from the matching points, the absolute age markers,
and the ash layer show no discernible differences. Therefore, they are merged into one
file of tie points (Table 3.7), which can be used as a baseline for the dating of the B56

core and further analysis.

At the maximum depth of 204 m within the firn core, age estimations have been

derived from three different models., each providing distinct insight:

e The absolute age markers provide an age of 3930 BCE with an uncertainty of

+970 years (see Figure 3.2).

e The HL model estimates the age to be 4600 BCE, with an uncertainty of £580
years (see Figure 3.8).

e The age estimated from nssSO+> and DEP matching is dated to 4130 BCE,
with an associated uncertainty of +250 years (see for nssSO4> Figure 3.10 and
for DEP Figure 3.12).
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Table 3.7 : Volcanic events identified in the firn core. The peaks of the age model
from absolute age markers, nssSO4%, and DEP are shown by the letter’s “P”, “S”,
and “D” respectively. This represents the events used as absolute age markers for
dating (referred to in Section 3.1), and are compared with volcanic records matched
by 2Castellano et al., (2005), and 3Cole-Dai et al., (2000), as well as with the ash
layer by &Narcisi et al. (2005), °Oyabu et al. (2023), and *°Joe McConnell

(unpublished)

Pea Depth, HL model Eruption Event and Reference

ks  mw.e. m Uncertainty (), year

Po 00.00 00.00 2016 CE 2016 CE Snow Surface

S; 0134 0381 195715 1963 +2 CE Agung?356

S, 0310 0858 1877 +12 1883 +5 CE Krakatou* and Tarawera23456
Ss 04.07 1099 183315 1835 +2 CE Coseguina®+56.7

P, 0465 1233 1808 +17 1815 +1 CE Tambora?

P, 0470 12.46 180618 1809 +2 CE Unknown 1809*

S¢  05.75 14.83 1760 +21 1767 +8 CE Jorullo?

Se  07.20 17.85 1698 £27 1693 +2 CE Unknown 16932367

S 07.67 18.80 1678 +28 1671 +3 CE PR73

S 09.33 22.01 1607 +34 1600 +2 CE Huaynaputina3467

S5 09.46 2227 1602 £35 1593 +3 CE PR113 144 T15'

P; 1278 28.33 1460 +46 1453 +4 CE Kuwae!

Si7 1554  33.08 1343 +57 1341 +6 CE 132, PR13%, 184 V125, T177
Sig  17.00 3551 1281 +62 1285 +4 CE 142, PR143, 194, V13°, T18'
S 1723 3589 1271 163 1277 +4 CE PR15% 204 V148, T19’
S 17.44  36.23 1262 +64 1269 +4 CE 152, PR16%, 214, T20’

P, 17.86 36.92 1244 +65 1257 +4 CE Samalas?

S»s 1835 37.73 1223 +67 1232 +7 CE PR183, T23’

Sz 3297 59.71 600123 765200 CE 222

Sz 35.86 63.72 477134 667 +200 CE 232

Ds 80.02 118.22 1381+303 1218 +7 BCE PR46°

Ds 8411 12291 1551+318 1345 +3 BCE PR473

Ps 89.73 129.32 1787 +339 1612 +6 BCE Ash Layer®°10

Ds#  95.78 136.17 2039 +361 1792 +200 BCE 432

Dss  120.61 163.95 3079 +451 2776 +200 BCE 492

Ds 126.78 170.81 3338 +474 3035 +200 BCE 512

Ds; 148.68 195.03 4258 552 3826 +200 BCE 552

Dss 150.22 196.73 4323 +558 3883 +200 BCE 56°

The three age models derived from the three different approaches are very compatible

with each other (Figure 3.13). This indicates that the derived age models give a

reasonable result.
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4. DISCUSSION

4.1 Time Series of Accumulation Rate

The identification of 27 different volcanic events by matching nssSO4? concentration
and DEP enables the prediction of accumulation rate time series. The A is calculated
using equation 4.1:

_Ad

= (4.1)

where 4d represents the change in depth, measured in m w.e., and 4¢ denotes the time
interval in years between two consecutive measurements. This formula facilitates the
determination of accumulation rates by quantifying the depth changes over time
intervals marked by volcanic events within the firn core (Figure 4.1).
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Figure 4.1 : Shows the accumulation rates inferred from depth-age data obtained
from the B56 firn core. The horizontal dashed grey line represents the average
accumulation rate of 0.0254 m w.e. year™. Additionally, the red dashed line depicts
the long-term trend in accumulation rates.
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The time series of accumulation rates presented in Table 4.1 provides a chronological
record of the accumulation history of the B56 firn core. This table shows changes in
accumulation rates over different time periods based on specific geological events such

as volcanic eruptions.

Table 4.1 : Time series of accumulation rates

Average accumulation

Time Series, years 1
rates, m w.e. year

2016 CE - 1963 CE 0.0253
1963CE - 1883 CE 0.0220
1883CE - 1835CE 0.0202
1835CE - 1815CE 0.0290
1815CE - 1809 CE 0.0083
1809CE - 1767CE 0.0250
1767 CE - 1693 CE 0.0196
1693CE - 1671CE 0.0214
1671CE - 1600 CE 0.0234
1600CE - 1593 CE 0.0186
1593CE - 1453CE 0.0237
1453CE - 1341CE 0.0246
1341CE - 1285CE 0.0261
1285CE - 1277CE 0.0288
1277CE - 1269CE 0.0263
1269CE - 1257CE 0.0350
1257CE - 1232CE 0.0196
1232 CE - 765 CE 0.0313
765CE - 667 CE 0.0295
667 CE - 1218 BCE 0.0234
1218 BCE - 1345BCE 0.0322
1345 BCE - 1612 BCE 0.0210
1612BCE - 1792 BCE 0.0336
1792 BCE - 2776 BCE 0.0252
2776 BCE - 3035BCE 0.0238
3035 BCE - 3826 BCE 0.0277
3826 BCE - 3883 BCE 0.0270

The A in the Dome Fuji region and its surroundings have been determined to range
between 0.020 and 0.030 m w.e. year, as evidenced by previous studies (Anschiitz et
al., 2011; Igarashi et al., 2011; Oyabu et al., 2023). Analysis conducted for the B56
firn core, utilizing the nssSO4? concentration, and DEP method for volcanic eruption
matching, indicates an average accumulation rate of 0.025 m w.e. year. Additionally,
the HL model is the best fit at an average accumulation rate of 0.024 m w.e. year™.
These findings demonstrate the consistency in average accumulation rates for the

Dome Fuji region and its surrounding areas.
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4.2 Usage of the HL Model as a Dating Tool

The depth-age relationship illustrated by the HL model is compared with the outcomes
derived from volcanic event matching (see Figure 4.2). The graph demonstrates a
certain level of consistency between the two methodologies as depth increases over
time; however, it also reveals variations in age estimations at specific depths. While
the HL model estimates an age of 4550 BCE * 580 years (see Figure 3.8) at a depth of
204 m, the volcanic matching model suggests an age of 4130 BCE * 250 years (see
Figure 3.12) for the same depth.
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Figure 4.2 : A comparison of the model derived using the HL model with best-fit
value against the model obtained from the matching of volcanic events.

Within the framework of these models, it is evident that the HL model presumes
constant T and A, which, while facilitating a practical and rapid dating process,
overlooks the complex dynamics exhibited by glacial systems over time. This
approach tends to increase uncertainties, particularly for deeper ice layers. Moreover,
the use of constant accumulation rates by this model does not provide information on

the annual accumulation trends of the glacier.

Conversely, the volcanic matching model is based on distinct stratigraphic markers,
specifically identified volcanic ash layers and chemical signatures within the ice core.
This method is generally more effective in determining the age of ice for certain
periods, often with a narrower margin of uncertainty. However, the process of
identifying and correlating accurate volcanic signals in complex and remote regions

such as East Antarctica is exceedingly laborious. Additionally, volcanic matching
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faces reliability issues for older time periods due to the absence of precise dating of

volcanic events.

The combined use of both models serves to balance the limitations of a single approach
and offers a more comprehensive framework for dating. Such a synthesis is
complementary, providing crucial data for understanding past changes and informing

future climate models.

4.3 Comparison of B56 Firn Core to Other Firn Cores

When the positional proximity of ice core samples B54 and B55 to sample B56 is
considered, the similarity in their age-depth relationship suggests that the regional
climatic conditions and snow accumulation processes recorded by these samples are
quite comparable (see Figure 2.1). This similarity also extends to the EDC (AICC23)
(Bouchet et al., 2023) and DF1 (from Dome F) cores (Oyabu et al. 2023), which have
age profiles that correlate with depth, indicating similar accumulation rates (Figure
4.3).
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Figure 4.3 : This graph shows the B56 core's depth-age relationship in comparison
to other cores. The black line represents the B56 firn core, which was derived by
matching nssSO4% and DEP data. The blue line represents the EPICA Dome C
AICC23 core, while the green line represents the DF1 core from Dome F.

On the other hand, compared with samples B51, B53, and especially B40, the
accumulation amount and temperatures indicated by sample B56 are much lower

relative to coastal regions.
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5. CONCLUSION

This study presents a chronology of the B56 firn core from the EAP using three
different dating methods: absolute age markers, the HL model, and nssSOs*

concentrations / DEP.

Five absolute age markers were identified: Tambora (P1), the 1809 “Unknown” (P2),
Kuwae (P3), Samalas (P4), and an ash layer (Ps). The HL model was applied using a
po0f 0.351 mw.e. yeartand a T of -55.1 °C measured in the field. nssSO4> were used
for the first 70 m and matched with 17 volcanic eruptions; DEP was used from 70 m
to the bottom of the core -204 m- and matched with 7 volcanic events. The results
provide insights into historical climate conditions and accumulation rates over

approximately six thousand years.

Using absolute age markers, the bottom of the core is dated to approximately 3932
BCE £973 years (see Figure 3.2). In contrast, the HL model estimates this depth to be
around 4600 BCE +580 years (see Figure 3.8), and the nssSO42 and DEP method dates
it to approximately 4130 BCE +250 years (see Figure 3.12). Absolute age markers
provide precise dates but are limited to identifiable volcanic events. HL model assumes
constant climatic conditions, giving an older age estimate that might be higher due to
its assumptions. The nssSOs* and DEP methods provide higher resolution data,
resulting in dates between the other two methods, but with increasing uncertainty at

greater depths due to the complexity of matching volcanic events.
The accumulation rates derived from absolute age markers are as follows:
e Po-P1(2016-1815 CE): 0.0231 m w.e. year
e P:-P,(1815-1809 CE): 0.0083 m w.e. year?
e P;-P3(1809-1453 CE): 0.0227 m w.e. year*
e P3-P4(1453-1257 CE): 0.0259 m w.e. year

e P4-Ps (1257 CE-1612 BCE): 0.0251 m w.e. year*
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The overall average accumulation rate for absolute age markers is 0.0247 m w.e. year
!, The HL model found the best fit to the bag mean density data at 0.024 m w.e. year
! with an optimum accumulation rate of +£0.002 m w.e. year* and a tolerance range of
10% for this value (see Figure 3.8), closely matching the overall average rate from
absolute age markers. In contrast, the nssSO4* and DEP method shows a slightly
higher average rate of 0.0254 m w.e. year (see Table 4.1 and Figure 4.1). This higher
accumulation rate might be due to the increased sensitivity and resolution of the

nssSO42"and DEP methods in identifying annual accumulation layers.

Absolute age markers are highly precise for dating specific volcanic events but are
limited to identifiable volcanic events. The HL model uses density profiles to estimate
age and is useful for quickly obtaining ages, but it relies on the assumption of constant
climate conditions, which may not reflect historical variations. The nssSO4? and DEP
methods provide high-resolution data but the complexity and uncertainty increase with

depth as matching volcanic events becomes more difficult.

These findings provide important information about past climate conditions and ice
accumulation processes on the East Antarctic Plateau. Using different dating methods
together creates a reliable timeline and serves as a valuable reference for future

research.
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