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ABSTRACT 
Aerosol Input and Snow Accumulation Rates on the Northern Greenland Ice Sheet 
- Reconstructed by means of Continuous Flow Analysis (CFA) of 6 shallow firn cores 
Patrick Stephan Zens 

Ice, firn and snow cores from the Greenland ice sheet offer a unique opportunity to reconstruct past 
climate conditions. These can be analyzed with continuous flow analysis (CFA) in order to acquire 
proxy information about ancient atmospheric aerosol concentrations, snow accumulation rates or 
temperature variations, atmospheric composition, solar activity as well as volcanism and biological 
activity. 

This project deals with high-resolution CFA applied on six shallow firn cores (A1-A6) from 
Northern Greenland taken during a 456 km long traverse from the deep ice core drilling sites NEEM 
to that called EGRIP. The practical part included CFA measurements by means of fluorescence 
spectroscopy for obtaining NH4

+, Ca2+ and H2O2, absorption spectroscopy for H+, an ion selective 
electrode (ISE) for Na+ as well as insoluble dust and water electrolytic conductivity measurements. 
The analytical part consisted of calibrations of the measurements, the reconstruction of the depth scale 
of the snow/firn cores and defining annual layers using H2O2. Field density measurements and the 
annual layer thicknesses were used to identify annual mean snow accumulation rates.

These high-resolution firn records allowed determining accurate monthly maximum and minimum 
aerosol concentrations in order to evaluate seasonal deposition patterns and validate the applied dating 
method. The reconstructed ages ranged from 17 ± 1 to 54 ± 2 years along a northwest-southeast 
gradient. Statistical tests resulted merely for H2O2 in correlations between the three western cores, 
probably explained by the dating method, which forces the annual summer maxima and winter minima 
of H2O2 to correlate. Trend analysis resulted in no significant changes over time except for the 
conductivity measurements of the two longest/oldest firn cores. This is associated with decreasing 
acidifying anthropogenic sulfur emissions since the 1970’s.  

Annual mean snow accumulation rates ranged from 0.235 ± 0.061 m w.eq.a-1 in the very west of 
the traverse to 0.103 ± 0.036 m w.eq.a-1 centered on the Greenland ice-divide. Correlation maps 
derived from ERA-Interim reanalysis were used, to indicate potential correlations between the six firn 
cores. Similar to the results for H2O2, a significant correlation could only be determined between the 
three westernmost cores. A significant increasing trend of snow accumulation since the 1960’s was 
detectable for core A6 in the ice sheet’s interior.  

These traverse cores represent point measurements in a large, highly variable and poorly studied 
region of Northern Greenland. Hence, more extensive investigations are essential to reduce the 
uncertainty, cancel out influencing snow surface processes and improve the representativeness of 
isolated locations. Conclusively, the produced results update impurity and accumulation datasets until 
2015, determine trends and provide input for surface mass balance estimations and ground truth data 
for satellite observations. 

Keywords: continuous flow analysis, Greenland, shallow firn core, aerosol, snow accumulation, 
glaciochemistry 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Aerosol- och snöansamlingshastigheter på Nordgrönlands inlandsis 
- Rekonstruerad med hjälp av kontinuerlig flödesanalys (CFA) av 6 grunda firnkärnor 
Patrick Stephan Zens 

Is-, firn- och snökärnor från Grönlands inlandsis erbjuder en unik möjlighet att rekonstruera globala 
klimatförhållanden. Isen fungerar som ett klimatarkiv och lagrar så kallad proxyinformation som kan 
indikera tidigare atmosfärskomposition, temperaturvariationer, snöansamlingshastigheter och 
solaktivitet samt vulkanisk och biologisk aktivitet. När snön faller på isen är temperaturen för låg för 
att snön ska smälta bort. Därför kan den registrera klimatförhållandena, skikt för skikt, från den 
tidpunkt när den har fallit till marken. 

Grönlands inlandsis är över 3 km tjock och består av is som sträcker sig tillbaka mer än 130000 år. 
Den längsta kontinuerliga iskärnan från Antarktis omfattar över 800000 år. För att bestämma åldern på 
dessa mycket långa arkiv måste iskärnorna vara noggrant daterade. Detta kan göras genom att använda 
flera olika tekniker. Man kan räkna säsongsvariationer i årliga snölager eller tillämpa glaciologiska 
modeller som beräknar åldern baserat på referenslager. Sådana lager kan till exempel bildas vid stora 
vulkaniska händelser, vilka är enkla att datera. Iskärnor kan analyseras med en teknik som kallas 
kontinuerlig flödesanalys (CFA), en metod där hela segment av iskärnan smälts och analyseras direkt i 
flera detektorer. Dessa mäter olika fysiska parametrar och ämnen som finns i isen. 

I det här examensarbetet gjordes kontinuerlig flödesanalys för sex grunda firnkärnor (komprimerad 
snö, med lägre densitet än is) från norra Grönland som tagits i en 456 km lång linje från borrplatserna 
NEEM till det som kallas EGRIP. Den praktiska delen av arbetet inkluderade mätningar av 
atmosfäriska föroreningar (aerosoler), ammonium (NH4

+), kalcium (Ca2+), väteperoxid (H2O2), pH 
(H+) och natrium (Na+) samt mätningar av dammpartiklar och elektrolytisk ledningsförmåga. Dessa 
mätningar betraktas som indikatorer för olika klimatförhållanden. 

Den analytiska delen bestod av bearbetning av den data som erhölls vid mätningarna och datering 
av kärnorna genom att räkna årliga skikt med hjälp av H2O2. Denna förorening är känd för att ha en 
tydlig sommarsignal och är därför lämplig använda för att identifiera årliga variationer. De 
rekonstruerade åldrarna av de sex kärnorna varierade mellan 17 och 54 år, längs en nordväst-sydöstlig 
gradient. Mätningar för densitet av firn och den årliga lagertjockleken gjordes också, för att identifiera 
mängden snö som har ackumulerats varje år. Statistiska tester utfördes på dem uppmätta 
koncentrationerna av orenheter och den beräknade årliga snöackumuleringen, för att hitta tidsmässiga 
förändringar inom varje kärna och rumsliga mönster mellan de sex kärnorna. 

Dessa kärnor representerar punktmätningar i en stor, kraftigt varierande och knappt studerad region 
på norra Grönland. Resultaten uppdaterar förorenings- och ackumuleringsdataset fram till 2015 och 
indikerar trender för utvecklingen av isen på Grönland. Dessa kan också användas som startdata för 
glaciologiska modeller och markverifiering av satellitobservationer. 

Nyckelord: kontinuerlig flödesanalys, Grönland, grunda firnkärnor, aerosol, snöackumulering, 
glaciokemi 
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1 INTRODUCTION 
 

Understanding the Earth’s climate system has been of humanity’s interest for many centuries. This 

system is highly complex and consists of a combination of dynamic and interactive processes between 

the atmosphere, oceans, land and ice masses, and all living organisms. The major drivers are external 

forcing mechanisms of changing orbital parameters that cause variations of the solar irradiance on 

Earth. Thus, the Sun as the main force influences global temperature variations, providing the energy 

source for the climate system to function. Recent industrial development including a rapidly growing 

population has begun to sustainably affect the Earth’s climate. The impacts of the emissions of 

anthropogenic greenhouse gases and aerosols into the atmosphere are already detectable in weather 

and climate records. Consequently, it became crucial to understand the mechanisms controlling past 

climate changes, to be able to build and validate climate models and predict future climate 

development under human influence (Bradley, 1999). 

The source of information about past climates and environments can be found in climate archives 

such as tree rings, lake and ocean sediments or speleothems. The most precise archive regarding 

paleoclimatic information is stored as proxy data in glaciers and polar ice sheets. These can be studied 

on an extremely high temporal resolution through intricate chemical and physical analyses of firn and 

ice cores, to reconstruct past snow accumulation rates, temperature variations, atmospheric conditions 

and its composition, solar activity as well as volcanism and biological activity (Bradley, 1999; 

Svensson, 2014). The ice sheet on Greenland contains ice records that extend back more than 130,000 

years B.P. (NEEM community members, 2013), whereas the longest continuous record, recovered 

from Antarctica, covers over 800,000 years (Jouzel et al., 2007). To establish a precise climate 

chronology, ice cores have to be accurately dated employing techniques such as counting of annual 

signals traceable in the ice, orbital tuning, glaciological modelling and the utilization of reference 

horizons created by e.g. large volcanic events (Svensson, 2014). 

The annual snow accumulation can vary from only a few centimeters in the ice sheets interior up to 

several meters in sites along the coasts in polar regions. In the dry-snow zone of large ice caps low 

temperatures and the absence of ablation allow therefore the continuous accumulation of snow in its 

frozen condition. This creates annual snow layers getting constantly buried. By the time the overlying 

snow thickens, the pressure on the snow layers deeper down is increasing and densifying the snow to 

firn until it exceeds a density of ~0.830 g cm-3, to be finally considered as ice (Bradley, 1999). 

Atmospheric aerosols and trace elements, transported by global wind systems, can be intercepted by 

precipitation and deposited in the snow, creating a wide range of glaciochemical signals measurable in 

the annual layers (Cuffey and Paterson, 2010). These chemical parameters, along with temperature 
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records through the isotopic composition of the ice (𝛿18O / 𝛿D) itself allow reconstructing the 

atmospheric forcing of past climate variations (Legrand and Mayewski, 1997).  

Since direct atmospheric measurements are rare and only limited to the past two centuries, ice 

cores represent a highly important source for glaciochemical studies. They can provide evidence for 

large and rapid climate changes throughout the past and improve the understanding global climate 

change (Legrand and Mayewski, 1997). 

For this purpose, during the last few decades continuous flow analysis (CFA) systems have been 

developed and constantly improved to determine isotopic water compositions, chemical and 

particulate species and sometimes CH4 gas concentrations in ice cores on a highest possible temporal 

resolution. The principle of CFA includes the continuous melting of ice cores and the immediate 

analysis at the same time in individual detection units for separate analytes. This happens within a 

sealed system, which ensures the lowest possible risk of contamination and sample loss (Röthlisberger 

et al., 2000). Before the development of CFA systems, ice cores were analyzed using ion 

chromatography, mass spectrometry, or other methods after highly time-consuming discrete sampling 

and manual preparation, which limited sampling resolution and sometimes results in sample 

contamination (Bigler et al., 2011). 
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1.1 Study aims 
 

In this master degree project six shallow firn cores were analyzed. They were retrieved during a 456 

km long traverse recovered in a poorly studied area of Northern Greenland (Fig. 2). The analyzes 

focus on the determination of NH4
+, Ca2+, H2O2, Na+, H+, dust and electrolytic conductivity in the firn 

via continuous flow analysis (CFA), performed at the Centre for Ice (CIC) and Climate of the Niels 

Bohr Institute in Copenhagen, Denmark. The results of these laboratory experiments update impurity 

and accumulation datasets until 2015 and provide input for surface mass balance estimations and 

ground truth data for satellite observations. Furthermore, the glaciochemical data were utilized to 

reconstruct past impurity deposition and snow accumulation rates in order to answer the following 

research questions: 

 

• What is the mean and the variability of the measured parameters NH4
+, Ca2+, H2O2, Na+, H+, 

dust and conductivity within each of the 6 shallow cores, and has it changed over time?  
 

• What is the geographical distribution of the chemical compounds, observed in the firn traverse 

cores?  
 

• What is the mean annual snow accumulation rate in each of the 6 firn cores, has it changed 

over time and does it vary spatially along the traverse? 

 

The report is structured in the following way. First, a brief background chapter on ice core studies 

and the glaciochemistry of the species that were measured here will be provided in section 2. Section 3 

describes the methodology and setup of the Copenhagen continuous flow analysis system. The results 

and corresponding discussion are covered in section 4. The applied dating method will be discussed 

first (4.1, 4.2), followed by an evaluation of the seasonality of measured analytes (4.3). Then, mean 

impurity concentrations are examined with a specific focus on the spatial and temporal distribution 

along the traverse (4.4). Finally, spatial and temporal changes of reconstructed mean annual 

accumulation rates are reported and debated (4.5). A summary and conclusions are given in section 5.  
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2 BACKGROUND ON POLAR ICE CORE SCIENCE 
 

This section introduces the theory behind ice core studies, concentrating on polar ice formation, dating 

techniques, the transport and deposition of aerosols in the atmosphere and the impurities recorded in 

ice cores and measured in this study. 

 

2.1 Ice cores as climate archives 
 
Polar ice sheets are formed through the constant accumulation of snow. Every year, precipitation 

deposits on the surface in frozen state, creating chronologically annual layers that contain information 

about atmospheric temperature and impurity loading. Once such a layer is buried by another, the 

information in the snow is preserved. By the time the overlying snow thickens, the pressure on the 

snow layers deeper down increases and compacts the snow (0.200 - 0.400 g cm-3) to firn (0.400 - 

0.830 g cm-3), until it reaches a density of 0.830 - 0.917 g cm-3 to be finally considered as ice. When 

the density of ice is reached, the pore space of the snow is sealed off from interacting with the 

atmosphere and gas bubbles start being encapsulated into the ice, containing the atmospheric 

composition from the time it was formed and creating the base as an archive for paleoclimate studies 

(Bradley, 1999; Cuffey and Paterson, 2010). 

This process of subsequent accumulation created over 3 km thick ice sheets and has been active in 

Greenland over the past 7.5 million years (Bierman et al., 2016), whereas Antarctica begun to be 

permanently glaciated around 34 million years ago (Coxall et al., 2005). However, ice is a viscous 

material influenced by gravitational forces. Imbalance between accumulation and ablation increases 

the shear stress on the ice causing flow from the accumulation zone in the ice sheets interior towards 

the margins in the ablation zones and thinning the annual layers in greater depths (Fig. 1) (Svensson, 

2014). 
 

	
Figure 1. Schematic cross section of an ice sheet. Thick arrows mark the ice flow direction from the 
accumulation zone towards the ablation zones at the ice margin. Horizontal lines indicate accumulated annual 
snow/ice layers that are thinned and stretched out in greater depths along the ice flow. The ideal location for 
drilling an ice core, indicated by the vertical line, is on the ice divide of such an ice sheet, where the ice flow is 
mainly in horizontal direction, (Svensson, 2014). 
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But glacial thinning through ice flow in combination with basal melt due to geothermal heat fluxes 

(Clarke, 2004) limits the accumulation of infinite amounts of ice. Hence, the so far longest continuous 

ice core chronologies covered “only” around 130,000 years in Greenland (NEEM community 

members, 2013) and over 800,000 in Antarctica (Jouzel et al., 2007). But current research efforts 

concentrate on potential locations in Antarctica to find over 1.5 million year old ice, offering the 

chance of detailed climate reconstructions, reaching back prior the Mid-Pleistocene Transition 

(Parrenin et al., 2017).  

 

2.2 Dating of ice cores 
 

Dating methods are fundamental to acquire a precise chronology of climate information from ice 

cores. Without knowing the exact timing of climate variations, it is impossible to compare them with 

information kept in other climate archives (Bradley, 1999). Several methods have been developed over 

the years, to obtain accurate age scales ice cores.  

High-resolution continuous flow analyses allow counting annual layers determined by seasonal 

variations of certain impurities and ionic species, and also using the seasonal signal of the isotopic 

composition of the ice (𝛿18O) with clear summer and winter oscillations. In locations, where the snow 

accumulation is sufficiently high, precise age scales of over 60,000 years could be established by 

annual layer counting (Svensson et al., 2008). However, when accumulation is not high enough to 

identify clear annual signals, ice-flow models have to be applied to produce approximated timescales 

for ice cores. These models are usually constrained by marker horizons such as ash signatures of 

known volcanic eruptions (Cuffey and Paterson, 2010). 

Further, volcanic signatures and other chronostratigraphic markers, like peaks in radionuclide and 

gas concentrations, or isotopic compositions are used as reference layers to synchronize and cross-

check different ice cores, and even ice cores with other climate archives (Bradley, 1999; Svensson et 

al., 2008). Most of these parameters measured in ice cores that are used for paleoclimate studies are 

referred to as proxies. They function as physical and chemical indicators with relation to certain 

meteorological and climatic conditions and allow reconstructing those over a longer fraction of the 

Earth’s history without direct measurements. 
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2.3 Impurities in ice cores 
 

Atmospheric derived impurities (aerosols) measured in ice cores can be divided in two groups. 

Primary aerosols, such as dust or sea salt particles, are lifted up from the surface and transported by 

wind, while secondary aerosols are directly produced in the atmosphere by chemical reactions of 

different gases, as for instance sulfuric (H2SO4) or nitric acid (HNO3) (Cuffey and Paterson, 2010). 

Their residence time in the atmosphere is, other than for gases, of the order of hours to weeks, creating 

a precisely timed signal of deposition (Boucher, 2015). After being transported in the atmosphere 

possibly over thousands of kilometers, aerosols can be deposited via wet or dry deposition. During wet 

deposition aerosols bind to snowflakes or function as condensation nuclei for rain droplets and ice 

crystals to form and eventually precipitate. Dry deposition describes the deposition of aerosols 

independently of precipitation, where extenuating wind speeds and gravitational pull are the main 

forces that leads to fall-out and deposition on ice (Cuffey and Paterson, 2010). This thesis work 

concentrates specifically on CFA analysis of the ionic impurities NH4
+, Ca2+, H2O2, Na+, H+ as well as 

particulate dust and water electrolytic conductivity. 

 

Ammonium 

Ammonium (NH4
+) is a biogenic aerosol and enters the atmosphere through the nitrogen cycle. It is 

mainly emitted from the biosphere either directly as NH4
+ or first as ammonia (NH3), which reacts in 

the atmosphere with sulfur compounds to NH4HSO4 and (NH4)2SO4. The main sources that release 

biogenic NH4
+ to the atmosphere are associated with biomass combustion, emission from soils and 

vegetation cover and bacterial decomposition of excreta. It has an atmospheric residence time of a few 

days and can thus be transported over long distances (Fuhrer et al., 1996). Rather novel sources of 

atmospheric nitrogen are of anthropogenic origin, where the use of fertilizers in agriculture, coal 

combustion or deforestation and land clearing activities can release vast amounts of NH3 and NH4
+ to 

the atmosphere (Langford et al., 1992). 

Additionally, ammonium measured in ice cores shows annual peak concentrations during the 

summer months, where biological activity his highest. Minimum concentrations occur in late autumn 

and early winter, creating a seasonal signal that can be utilized for annual layer counting (Legrand and 

Mayewski, 1997).  

Large amounts of NH4
+ can be released to the atmosphere by forest and wild fires. These often 

exceed background concentrations by far and offer a reliable proxy to reconstruct forest fire histories 

(Legrand et al., 1992).  
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Sodium  

Sodium (Na+), originating from sea salt, is determined in ice cores as a proxy with a strong winter 

signal. The annual distribution of Na+ concentrations measured in ice cores implies higher wind 

speeds during cold periods that take up greater amounts of marine aerosols from bubble bursting over 

the open sea, in combination with a higher frequency of marine air masses being transported over 

Greenland by advection (Legrand and Mayewski, 1997). However, during cold periods a more 

extensive sea ice cover would be expected to limit the atmospheric uptake of marine Na+. Hence, 

increasing attention receives the theory of the surface of newly formed sea ice providing an additional 

and/or alternative source of Na+ during cold periods. When new sea ice starts to form, it precipitates 

out the solute compounds in the water, leaving behind a highly saline brine exposed on the surface. 

Frost flowers that incorporate this brine can develop on the surface exposing it to the windy 

atmosphere and creating a potential source of sea salt aerosols. However, since sea ice production 

peaks in the winter as well, it is proven to be difficult to distinguish the dominating process (Wolff et 

al., 2003; Rhodes et al., 2017).  

 

Terrestrial dust and calcium 

Dust has a direct effect on the climate by scattering and absorbing solar radiation. It indirectly affects 

climate by altering cloud formation properties or fertilizing and enhancing marine bioproductivity 

(Ruth et al., 2008). 

Insoluble dust particles in ice cores are paleoclimatological proxies for global aridity and wind 

strength. On an annual base dust concentrations peak in spring, when global storminess is generally 

increased and particles can be lifted up easier from the surface and transported longer distances. This 

produces a countable annual signal that can be used to date ice cores (Meese et al., 1997). Considering 

a longer history, increased dust concentrations in ice cores can be associated with increased aridity in 

the source regions during cold periods, such as glacials. Further, during colder epochs glaciers grow, 

possibly leading to advanced glacial erosion and increasing available dust loadings (Cuffey and 

Paterson, 2010). 

Geochemical analyses of dust from Greenland ice records have identified the dry regions of Asia 

providing the main source of the terrestrial aerosol (Bory et al., 2003). It mostly consists of the rock 

types that are abundant in the continental source regions, dominated by siliceous rock material (Oyabu 

et al., 2015).  

The major soluble compound of terrestrial dust that is usually measured in ice cores is calcium 

(Ca2+), originating from e.g. Calcium carbonate (CaCO3) or Calcium sulfate (CaSO4) (Oyabu et al., 

2015). Following dust, Ca2+ shows similar paleoclimatological implications as a proxy for global 

aridity and wind strength with a clear peaking spring signal (Legrand and Mayewski, 1997). Its 

second, but minor source in Greenland ice cores is of marine origin, coming from sea salt and 

contributing to a shift of the Ca2+ towards the winter months (Hansson, 1994).  
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Hydrogen peroxide 

Hydrogen peroxide (H2O2) represents a highly reactive aerosol and oxidant in the atmosphere. It is 

naturally produced in the atmosphere by photochemically derived self-reaction of hydroperoxyl 

radicals (HO2). The aerosol functions as an important sink for HO2 and hydroxide (OH) radicals and 

determines ozone (O3) dynamics as well as the oxidation capacity of the atmosphere (Frey et al., 2006; 

Sigg and Neftel, 1988). Due to its high solubility in water, H2O2 has a short residence time in the 

atmosphere. It is deposited by wet and dry deposition creating a well-preserved signal in the snow.  

The production of H2O2 mainly takes place during months of intense insolation. Therefore, ice core 

records show maximum concentrations in the summer and minimum concentrations during the winter 

months, when photochemical processes are absent at polar latitudes. This strong seasonal pattern 

creates an excellent proxy that is commonly used for dating polar ice cores (Sigg and Neftel, 1988). 

However, hydrogen peroxide’s high solubility in water and ice can maintain a constant exchange with 

the atmosphere, leading to post-depositional relocation by diffusion within the upper snow and firn. If 

snow accumulation rates are not sufficiently high enough (<0.13 m w.eq. a-1), this can cause 

smoothing and loss of seasonal signals (Neftel, 1996). Further, large dust concentrations within the ice 

can contain terrestrial oxidants that may react with H2O2. This could result in a disintegrating effect on 

H2O2 and decrease its concentrations and hence the seasonal signal in polar ice cores (Neftel et al., 

1986). 

 

Conductivity and acidity 

Water electrolytic conductivity (σ) is measured to detect large quantities of ions that mostly occur 

during periods of high volcanic activity. It describes the ability of an aqueous ionic solution to conduct 

an electric current. Acidity, quantified as the inverse logarithmic activity of H+ concentrations, 

originates mostly from acidic sulfur compounds (e.g. SO2, H2SO4) in the atmosphere, but is also a 

proxy for in-situ CO2 production within the ice matrix (Bradley, 1999; Pasteris et al., 2012). The 

sulfuric aerosol can be, solute in water and snow, deposited on ice sheets and measured in ice core 

records. Acidity and the conductivity measurements show in Greenland a very similar variability, 

since conductivity is primarily driven by H+ concentrations (Taylor et al., 1997). Acidity 

measurements in ice cores are commonly used to detect signatures of volcanic eruptions, where vast 

amounts of sulfuric acid can be emitted into the atmosphere. Often, those are well-dated and can be 

utilized as marker horizons to synchronize ice cores or to provide reference layers for ice flow models 

(Svensson, 2014). 

H+ is also characterized by minor seasonal variations. Maximum concentrations are recorded in 

early spring, while minimal happen during the summer months. This is associated the modern Arctic 

haze phenomenon, described as anthropogenic pollutants, such as SO2 that build up in the atmosphere 

during stable and dry winter conditions and deposit to an increasing degree in spring, when 

precipitation rates grow (Law and Stohl, 2007).   
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3 METHODOLOGY 
 

This chapter presents the methodology that was applied in this study. First, an overview of the of the 

six firn core drill sites will be given, followed by a detailed description of the different components of 

the Copenhagen continuous flow analysis system and their functionality. Secondly, it will be 

demonstrated, how the acquired measurements are calibrated and processed. The chapter finishes with 

a characterization of the performed dating method via annual layer counting and the theory behind 

reconstructing past snow accumulation rates. 

  

3.1 Site selection and firn core recovery 
 

	
Figure 2. Surface ice velocity map of Greenland showing the drill sites of the firn core traverse (yellow 
triangles). The Northeast Greenland Ice Stream (NEGIS) is characterized as a region of high ice velocities. 
Velocities from synthetic aperture radar (SAR) data are shown in color (Nagler et al., 2015) 
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Table 1. Coordinates, altitude and field lengths of the cores A1-A6 

Firn core Coordinates Altitude Length 
ID N W m a.s.l. m 

2015 T-A1 (NEEM) 77.45° 51.06° 2484 9.08 ± 0.35 
2015 T-A2 77.029° 47.479° 2620 10.74 ± 0.46 
2015 T-A3 76.448° 44.771° 2771 10.97 ± 0.45 
2015 T-A4 75.7094° 36.2742° 2701 10.91 ± 0.45 
2015 T-A5 (EGRIP) 75.6299° 35.9867° 2708 14.01 ± 0.67 
2015 T-A6 76.1783° 41.1562° 2760 12.07 ± 0.52 

 

In May 2015, six shallow firn cores were recovered in Northern Greenland at altitudes between 2484 

and 2771 m a.s.l along a 456 km long traverse from the NEEM drill site (77.45° N, 51.06° W) to the 

EGRIP drill site (75.6299° N, 35.9867° W) (Fig. 2; Tab. 1). This region, where those six cores were 

drilled, is hitherto hardly studied. Hence, the main motivation for the site selections is to widely cover 

that area, to obtain recent aerosol and accumulation data. The present-day mean annual surface 

temperature in that area is around -29°C, and present-day annual mean accumulation rates are 

estimated to be 0.226 meter water equivalent per year (m w.eq.a-1) at NEEM and 0.10 m w.eq.a-1 at 

EGRIP on Northeast Greenland Ice Stream (NEGIS) (Buizert et al., 2012; Vallelonga et al., 2014). 

The firn cores were drilled using an IDDO (U.S. Ice Drilling and Design Operations) hand auger (76 

mm diameter) and had lengths of 9.08 m to 14.01 m. In the field they were cut into 55 cm long 

segments, packed into plastic bags and stored in cooler boxes for transport.  

 

3.2 Continuous Flow Analysis system (CFA) 
 

The application of continuous flow analysis (CFA) of ice and firn cores has become common in 

glaciochemistry during the last decades. New CFA systems are constantly being developed further and 

optimized to analyze particulate and soluble trace impurities in ice cores (Bigler et al., 2011; Sigg et 

al., 1994). Before the development of CFA systems, chemical impurities in ice cores were analyzed 

using ion chromatography, mass spectrometry, or other methods after highly time-consuming discrete 

sampling and manual preparation, which limited sampling resolution and sometimes resulted in 

sample contamination. In areas with low snow accumulation rates such as inland Antarctica or at great 

depths, where the overlying pressure and the resulting horizontal ice flow is thinning the ice, this 

could lead to a significant loss of paleoclimatic information (Röthlisberger et al., 2000). Consequently, 

continuous melting systems were developed, to improve the temporal sampling resolution, measuring 

efficiency and to minimize sample contamination.  

The CFA system used in this study was developed at the Centre for Ice and Climate at the Niels 

Bohr Institute of the University of Copenhagen. It has a maximum sampling resolution of 10 mm ice 

thickness and makes it possible to identify annual signals in deep ice cores throughout the past 100 ka 
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(Bigler et al., 2011). The principle of CFA combines the continuous melting of entire ice core 

segments and transferring the melt water under steady flow conditions immediately to the individual 

detection units for separate analytes. This happens within a sealed system of peristaltic pumps and 

tubings, which ensures the lowest possible risk of contamination and sample loss (Röthlisberger et al., 

2000). 

 

3.2.1 Firn core preparation  
 

In the field, the firn cores were cut and bagged in sections with a mean length of 55 cm. This length 

traditionally corresponds to the lengths of the Danish transport boxes for ice cores. However, some 

uppermost core segments, which consisted of low-density snow and firn, suffered from compaction, 

attrition, or breakage during transport, and as a result were deviating from 55 cm, when delivered to 

Copenhagen. Therefore, the first step in processing the cores is to measure the present segment lengths 

and register any fractures, which could present areas of uncertainties later during the measurement. 

The core segments are then cut lengthwise with a band saw to obtain pieces with a square cross 

section of 3.5 cm x 3.5 cm and these are transferred into a rectangular Plexiglas frame, which offers 

space for two consecutive 55 cm core segments. Preferably, the ice has not been touched by hands 

after cutting to prevent contamination. The remaining sample core sub-sections are packed into bags 

and archived for other analyzes. 

 

3.2.2 CFA system setup 
 

	
Figure 3. Overview of the Copenhagen CFA system 
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Figure 4. Flowchart of the Copenhagen continuous flow analysis system setup with a melt head (MH) melting 
the ice sample, melting speed encoder (MS), melting weight (MW), debubbler (DB) selection and injection 
valves (V) for standard solutions (STD) and blanks (MQ), waste (W), flow meter (FM), peristaltic pumps (P), 
triangular debubbler (D), buffer and reagents, reaction coils, Accurel membrane debubblers (Ac), absorption (A), 
fluorescence (F), discrete sampling line (S), conductivity detector (σ), particle sensor (Dust) and a vacuum 
degassing unit. Arrows indicate flow directions. Flow rates within the pump system (mL min-1), temperatures, 
reaction coil lengths and detector light wavelengths are shown in the flowchart (Adapted from Bigler et al., 2011 
and Jensen, 2016). 

 

Table 2. Overview of measurement instruments of the Copenhagen CFA system 

Parameter Instrument 
Conductivity Amber Science 3082 Muli-Function Conductivity Meter 

Dust Abakus LDS 23/25bs sensor, Klotz; ASL-1600-20, Sensirion 

Ca2+, NH4
+, H2O2 PMT-FL Fluorometer, FIAlab Instruments 

H+ Ocean Optics USB 4000 Spectrometer 

Na+ PerfectIONTM comb Na+, S220 SevenCompactTM, Mettler Toledo 
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Melting unit 

The CFA system uses an electrically heated melt head, placed inside a freezer at -20°C, on which the 

Plexiglas frames that contain the ice core sections are mounted vertically. A 200 g steel weight is 

placed on the ice to create a constant downward pressure, and a draw-down wire sensor is attached to 

the weight and connected to an encoder unit to record the melting speed for accurate depth 

registration. The melt head itself consists of copper with a gold and nickel coating and features two 

squared collection areas divided by a triangular ridge (Fig. 5). Its size is 3.6 cm x 3.6 cm with a 

centered area of 2.6 cm x 2.6 cm, where a series of orifices collects the inner clean meltwater of the 

ice, while the outer, by a rim separated area, dissipates away potentially contaminated meltwater from 

the outer part of the ice core. The melt head is maintained at a constant temperature of 30 °C, which 

results in a constant melt rate of 2.8-3.5 cm min-1, with some variations depending on the firn or ice 

density. This creates a meltwater flow (Q) rate of ~9 mL min-1 with an overflow rate of >10%. This 

overflow is drained away over the outer area of the melting unit, to prevent air from being sucked into 

the system and to minimize sample contamination.  

The meltwater is pumped through a debubbler, which extracts air bubbles from the sample that 

could interfere with the analytical systems. Then, using a system of automated selection and injection 

valves, the sample meltwater, standard solutions or blanks (ultra pure Milli-Q water, Millipore 

Advantage) are distributed at room temperature to the individual detector modules for the 

measurement of different analytes, as described below. When no ice is being melted, a flow of Milli-Q 

water runs through the system in order to prevent air from entering it and to rinse out all used tubing 

lines (Bigler et al., 2011). 

	
Figure 5. Left: Melt head with sample holding frame (SH), centering frame (CF), drain channels (DC), cartage 
heaters (CH). Melt head measures are given in mm (Bigler at al., 2011; Photo melt head right: François Burgay) 
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Conductivity 

Electrolytic conductivity (σ) is measured to detect large quantities of ions that mostly occur during 

periods of high volcanic activity. It describes the ability of an aqueous ionic solution to conduct an 

electric current. In the CFA system, continuous measurements of σ in meltwater are performed using a 

micro flow cell (Amber Science 3082 Multi-Function Conductivity Meter), in which the potential 

between a pair of outer and inner electrodes is detected by applying an alternating current. This 

provides a measure of the total ionic content in ice core meltwater, but it does not allow for 

discrimination between different ionic species. The measurements of σ are also used to synchronize 

between the analytical modules of the CFA, which operate at slightly shifted in times due their 

differing distances form the melting unit (Maselli et al., 2013).  

 
Dust 

Insoluble particle (“dust”) concentrations and size distributions in meltwater are obtained using a laser 

particle sensor (Abakus with LDS 23/25bs sensor, Klotz). While the sample water is pumped through 

a flow cell, a laser beam of 670 nm wavelength detects solid particles of sizes between 0.7 µm to 120 

µm in 32 bins and registers the quantity in particles counted per second. The system is combined with 

a separate impedance particle detector and sizer (Coulter Counter, Beckman) for a simultaneous size 

calibration. A liquid flow meter (ASL-1600-20, Sensirion) measures the meltwater sample flow rate 

and allows the Abakus particle counts per second to be converted into units of concentration, e.g. 

number of particles per mL (Ruth et al., 2002). 

 

Ammonium, hydrogen peroxide and calcium 

The detection of ammonium (NH4
+), hydrogen peroxide (H2O2) and calcium (Ca2+) is performed using 

a setup of a photomultiplier-based fluorescence spectrometers (PMT-FL, FIAlab instruments) 

incorporated in the CFA system. Before entering the spectrometers, reagent solutions (Tab. 3) that 

react with the sample meltwater and create fluorescing properties are automatically added and the 

solution is mixed in a mixing coil. Ammonium requires the addition of a buffer solution (Tab. 3). In 

the spectrometer setups the sample-reagent solutions are illuminated by LEDs at specific wavelengths 

(Illumination: NH4
+ 365 nm, H2O2 335 nm, Ca2+ 340 nm), exciting the molecules of interest to emit 

fluorescence, which is then detected by the photo-multiplier sensors (Emission: NH4
+ 420 nm, H2O2 

400 nm, Ca2+ 495 nm). A linear calibration of the signal with concentration allows precise 

measurements of the ionic species (Röthlisberger et al., 2000).  
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Table 3. Reagent and buffer solutions for fluorescence methods (Röthlisberger et al., 2000; Sigg et al., 1994) 

NH4
+ reagent 

Consumption 300 mL day-1 
Components Lifetime: 2 days 

1L 
950 mL Milli-Q  
1.43 g Fluoraldehyde o-Phthaldialdehyde reagent solution (OPA) 
60 mL Ethanol  
NH4

+ buffer 
Consumption 300 mL day-1 

Components Lifetime: 2 days 
1 L 

1L  Milli Q  
35.8 g Sodium phosphate dibasic dodecahydrate 

(Na2HPO4·12H2O) 
600 µg Sodiumhydroxide (NaOH >32%)  
100 µg Formaldehyde (HCHO >37%) 
0.8 g Sodium sulfite (Na2SO3) 
H2O2 reagent 
Consumption 300 mL day-1 

Components Lifetime: 3 days 
1L 

1 L Milli-Q  
0.61 g 4-ethylphenol 
5 mg Peroxidase type II  
6.18 g Boric acid (H3Bo3)  
7.46 g Potassium chloride (KCl)  
150 µg Sodium hydroxide (NaOH)  
Ca2+

 reagent 
Consumption 250 mL day-1 

Components Lifetime: 1 days 
800 mL 

800 mL Milli-Q  
20 mg Quin-2 Potassium hydrate 
2.91 g PIPES  
1 - 1.5 mL Sodium hydroxide (NaOH) to buffer pH7 

 

 

Acidity (H+) 

In contrast to the ion detection via fluorescence methods, the acidity (H+ ions) of the sample meltwater 

is measured with a spectroscopic absorption method. The necessary reagent contains the pH-indicators 

chlorophenol red and bromophenol blue (Tab. 4) that are added to the sample, causing a pH-dependent 

color change. This change affects the light absorbing properties of the sample, which is measured, as 

the solution is pumped through a 1 cm long absorption cuvette. The light source is a white LED. 

Absorption changes are detected by an Ocean Optics USB 4000 spectrometer at the wavelengths of 

450 nm, 586 nm and 593 nm, in which the mixture shows the greatest reaction to changes in acidity. 

The instance of a sealed tubing system avoids the potential pH-changing influence of ambient CO2 

dissolving in the sample. However, buildup of a bleaching reagent dye over time and intensity 

fluctuations of the light source can cause uncertainties in the method. Furthermore, the absorption cell 

is susceptible to interfering air bubbles that can generate detection disturbances (Kjær et al., 2016). 
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Table 4. Acidity reagent (Kjær et al., 2016) 

pH reagent 
Consumption 180 mL day-1 

Components Lifetime: >1 week 
~900 mL 

900 mL Milli-Q  
0.025 g Bromophenol Blue  
0.025 g Chlorophenol Red  
250 µg Brij L23  

 
 
Sodium 

Sodium (Na+) measurements are conducted using an ion selective electrode (ISE). This device consists 

of a Na+ combination electrode (PerfectIONTM comb Na+, Mettler Toledo) and an ion meter (S220 

SevenCompactTM, Mettler Toledo). The combination electrode contains electrochemical cells to 

selectively detect certain ionic species. As in a conductivity meter, it measures the differing electric 

potential between a reference and an indicator electrode. A Na+-selective binding membrane covers 

the indicator electrode. The Na+ concentration in the firn core samples are close to the lower detection 

limit of the ISE and therefore necessitates the addition of a buffer solution (Tab. 5), to enhance the 

signal. This buffer solution includes an ionic strength adjuster (ISA) to rise and stabilize the ionic 

strength in the sample and enable constant measurements. It increases the sample pH up to a range 

between 8 and 11, creating the optimal conditions for the ISE to react only on Na+ ions (Jensen, 2016) 

 

Table 5. Sodium buffer - ISA (Jensen 2016) 

Na+ buffer 
150 mL day-1 

Components Lifetime: 1 week 
 1 L 

1st solution 
950 mL 

 
Milli-Q 

 

50 mL  Ammonium hydroxide (NH4OH)   
960 µL 
2nd solution 
100 mL 
900 mL 

Na+ standard solution (1000 mg L-1) 
 
ISA 1st solution 
Milli-Q 

 

 

 

Software 

To control the CFA system as well as acquire and save data a customized software based on Labview 

2013 (DAQ, National Instruments) was developed. The different instruments in the CFA system are 

connected with the working computer through a DAQ USB-device or RS232-to USB converter (Digi 

International). The various instrument drivers are either self-programmed (Abakus, fluorescence 

detectors, conductivity meter, actuated valves) or supplied by the instrument manufacturers. (Bigler et 

al., 2011).  
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3.3 Data processing 
 

After measurements in the CFA laboratory, the obtained data have to be processed. This includes 

calibrating the measured signals against standards of known concentrations, filtering out bad or 

defective data and matching the results to depth scales for each firn core. A series of MATLAB-based 

applications are used for these data processing steps. The following section explains the main steps of 

the data calibration. Explanatory visualizations are given from core A4 to illustrate these work steps. 

 

3.3.1 Standard measurements and calibration 
 

The fluorescence and absorption techniques do not immediately measure the concentrations of the 

analytes of interest in meltwater. The sensors respond in signals, which are stored in counts of photons 

per second, in order to have all measurements on the same time scale. These signals subsequently have 

to be converted into measures of concentration, for example parts per billion (ppb). For the ionic 

species, standard solutions of exactly known concentrations are run through the CFA system several 

times per day, to minimize calibration uncertainties due to altering measurement conditions and to be 

able to correct for shifting baselines (see section 3.3.3).  

Standard solutions are prepared using two pipettes (Eppendorf Research) with volumes of 20 - 200 µL 

(product error ± 0.2% - 0.7%) and 100 – 1000 µL (±0.2% - 0.6%). The compositions and 

concentrations of the standard solutions are summarized in table 6 below. 

 

Table 6. Concentrations of CFA standard solutions 

Ca2+, NH4
+, Na+ Multi-element standard 

µL 
Milli-Q 

mL 
Concentration 

ppb 
Stock solution   105 
Std 1 20 200 10 
Std 2 50 200 25 
Std 3 200 200 100 
H2O2 Peroxide standard  

µL 
Milli-Q 

mL 
Concentration 

ppb 
Stock solution   3 x 108 
1st dilution 30 100 9 x 104 
Std 1 (2nd dilution) 50 75 60 
Std 2 (2nd dilution) 100 75 120 
pH (H+) Acidity standard HCL 

µL 
Milli-Q 

 mL 
Concentration 

µM 
Stock solution   3.65 x 106 
1st dilution 600 60 991 
Std 1 (2nd dilution) 1200 120 9.8 
Std 2 (2nd dilution) 2400 120 19.6 
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Successful standard measurements and the following calibrations are all conducted in a similar order. 

After reading the standard solutions with the fluorescence methods and the ISE in ascending order 

(Fig. 6B), the baseline (I0), represented by measured Milli-Q water, is subtracted from the measured 

signal (I) to set its value to a corresponding concentration of zero ppb (Kaufmann et al., 2008).  

 

𝐹 = 𝐼 − 𝐼!      (1) 

 

The baseline-corrected signal intensities (F) from each standard solution are then regressed against 

certified analyte concentrations (given in ppb) and the calibration coefficient is calculated as the slope 

of the linear fit, which is forced through zero (Fig. 6C). For ionic species measured by the 

fluorescence and ISE methods, the detector response signal must simply be divided by the calibration 

coefficient to gain the analyte concentration in a sample. The measurements of acidity by absorption 

follow a log-linear relationship. Thus, the absorbance (A) is calculated with the following formula (2) 

and can be correlated to the standard concentrations in order to acquire the calibration coefficient 

(Kjær et al., 2016). 

𝐴 = −𝑙𝑜𝑔!" !
!!

     (2) 
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Figure 6. Examples of an uncalibrated H2O2 measurement of core A4 (A), a standard measurement for H2O2 
(B), a linear fit to acquire a calibration coefficient (C) and the final calibrated result (D). D shows the calibrated 
equivalent of the signal shown in A. 

 

Conductivity is a direct measurement and requires no calibration with standard solutions. Dust is 

measured in number of particles per second (Ctime) and thus has only to be converted into particles per 

minute (60 s min-1) and then into a unit of concentration per volume (Cvolume), such as number of 

particles per mL, by dividing the particle counts by Q (in mL min-1), following: 
 

𝐶!"#$%& =
!!"#$∗!"

!
     (3) 

3.3.2 Delay time 
 

The individual device setups in the CFA system require different pump tubing or mixing coil lengths. 

The signals from these detectors are therefore registered with some time delays between each other. 

To obtain measurements that all coincide with the exact same ice core depths, the signals have to be 

post-synchronized. The conductivity measurement is the first that takes place in the CFA system. 

Thus, the time delay (∆T) between all sensors and the conductivity sensor are computed and 

subtracted from the registered time of the signals to achieve synchronization (Fig. 7). 

 

	
Figure 7. Example showing the delay time between the conductivity (black) and NH4

+ (blue) measurements 
during a standard measurement of core A4. NH4

+ has to be shifted by ∆T in order to synchronize the reading. 
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3.3.3 Trends and shifting baseline 
 

Some measurements in the CFA system can be compromised by the effects of ageing reagents, 

temperature changes or the gradual clogging of pump tubings. This could potentially lead to a false 

trend in the measurements (“drift”) or a suddenly shifting baseline, and ultimately alter the calculation 

of the calibration constants. Mostly, a linear drift can be assumed and correct by using a linearly 

changing baseline. Consequently, the standard measurement with the best fitting baseline to the actual 

measurements should be used for calibration. If a drift is very uneven, a step function or the 

concentration estimates of the baselines before and after a measurement can be combined for 

correction. Merely the acidity measurements tended to experience some drifting baselines, which were 

mostly corrected with a simple linear function (Fig. 8). This error source is minimized by a thorough 

maintenance of the CFA system and constantly using freshly prepared reagents and standard solutions. 

 

	
Figure 8. Signal of a run for the acidity measurement of core A4 before (A) and after (B) a linear correction of a 
shifting baseline. The gray lines indicate a trend that caused a decrease of the baseline during the measurement. 
This was corrected for by calculating a linear vector ranging from the starting signal value to the ending signal 
value of the trend. This vector was then added to the signal in order to create a uniform baseline before and after 
the measurement. 

	

3.3.4 Depth scale 
 

The next step in the processing is to create an accurate ice core depth scale against which the various 

measurements can be registered. For this purpose, the obtained encoder data (cf. section 4.2.2) from 

each ice core segment are summed together. In theory, the cumulative core run lengths should equal 

the borehole depth measured in the field. But in reality there are many sources of discrepancies (Fig. 

9). First, when the samples arrive in the laboratory, their softer surfaces may have suffered from 
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attrition during transport. Furthermore, natural breaks within or between core segments often have an 

uneven surface, which can cause inaccuracies in depth measurements. Additionally, if a sample-

holding Plexiglas frame has to be changed during a run, the recording by the encoder is interrupted, 

leading to small gaps in the depth measurement. Lastly, if a run suddenly stops due to a system 

malfunction, some sample can be lost, which also creates gaps in the depth scale. If this happens, the 

length of the remaining ice core segment has to be remeasured, to estimate the sample loss. Then, 

assuming a constant melting speed these data gaps can be corrected by applying a simple linear 

function on the missing encoder data.  

	
Figure 9. Example of the reconstruction of the depth scale (green) for bag 13-20 of core A4. The dark blue lines 
show the original encoder measurements. Red lines indicate bag breaks, light blue lines the supposed bag lengths 
from the field measurements. Thick red bars mark Plexiglass frame changes, and start and end points of the 
measurement. They represent spots for uncertainties in the reconstruction. The black line marks the total field 
length. 

 

To estimate the error in the depth registration, the reconstructed depth scale obtained from the encoder 

is compared with the field data. The field measurements of ice core lengths were conducted under 

harsh environmental conditions. Thus, a certain measurement uncertainty has to be assumed. Based on 

personal communication with the professionals that drilled and measured the firn cores in the field, an 

error of ± 0.5 cm per bag is estimated. This propagating systematic error (δE) is calculated for entire 

cores by summing up in the uncertainties (δx) in quadrature using the following formula (4):  

 

𝛿𝐸 =  (𝛿𝑥!)! +  (𝛿𝑥!)! +⋯ (𝛿𝑥!)!    (4) 
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Finally, the calibrated data is merged together, noisy signals are filtered out, useless or bad sections 

(that were, for instance caused by air bubbles or blocked lines) are removed manually and the depth 

scale is added (Fig. 10). 

	
Figure 10. Example of merged, calibrated NH4

+ data of core A4 (top) and the following manual removal of 
defective and unusable sections (middle). Blue shaded areas mark sections where the system ran on Milli-Q 
water, red shaded areas signal meltwater sample. The bottom curve shows the merged data along the 
reconstructed depth scale. Red lines mark the spots, where Milli-Q sections and bad data were removed, 
corresponding to the upper blue shaded areas. Numbers on the top axes indicate the run of the measurement. 

 

3.4 Dating method 
 
The six firn cores used in this study were dated by annual layer counting, applying the glaciochemical 

properties measured with the CFA system. For this purpose, a combination of several proxies was 

used, each being characterized by a different seasonal pattern of deposition in snow. In particular, 

H2O2 is known to show a clear summer concentration peak in July and a winter minimum in January, 

and is therefore highly suitable for dating the firn cores (Mosley‐Thompson et al., 2001; Gfeller et al., 

2014). For isolated core sections of A4-A6, in which H2O2 had an unclear seasonal signal (potentially 

due to diffusion and/or local depositional processes), Na+ was additionally used to detect single annual 

layers (Fig. 11). Na+ has likewise a clear seasonal deposition pattern in the firn, providing an eligible 

proxy for dating the firn cores. Each summer and winter concentration maximum and minimum were 

assigned the corresponding depth in the core to achieve a half-year resolution. A linear interpolation 
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was performed to date the core segments between two seasonal peaks, assuming linear accumulation 

between these peaks. Furthermore, H2O2 and NH4
+ showed similar peak shapes in multiple cores, 

providing a potential source to match the age scales. The years were counted downwards from the top, 

starting at the present date of May 2015 to gain the actual calendar year of each annual layer.  

A more common approach to validate age models and correlate ice cores is to identify signals from 

large, dated volcanic eruptions, seen in the acidity and conductivity measurements. However, the cores 

used in this study comprise a relatively short time period, in which no such large eruption signals were 

detected. Absolute dating errors could therefore not be found by this method. Instead, the number of 

clear and unambiguous years identified in each core was divided by the maximum possible number of 

years counted in the ice core data, and the percentage was used as an approximate index of the 

confidence in the age model. 

 

	
Figure 11. Seasonal variations of H2O2 (red) that were used to date core A4. Na+ (blue) was occasionally used to 
support H2O2, when it showed an unclear seasonal signal. The red bars indicate the summer peaks of H2O2, the 
blue bars the winter peaks of Na+. 

 

3.5 Reconstruction of accumulation rates 
 
After creating an age scale, the annual mean snow accumulation (Am) and a time series of annual snow 

accumulation rates of the time period represented by each core can be calculated in meter water 

equivalent per year (m. w.eq. a-1), using the thickness of the annual layers (z) and their corresponding 

firn density (ρsample): 

 

𝐴! = 𝑧 ∗  !!"#$%&

!!"#$%
     (5) 
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Density measurements were performed in the field on every 55 cm long bag. The depth resolution of 

the density profile was therefore coarse. To compensate for biases introduced by large ice layers, a 

smoothed density profile was modeled using three methods: A linear interpolation of mid-bag density 

points, a linear function between the minimum and maximum density and a step function with the 

same density along entire bag lengths (Fig. 12). They were compared by performing a linear 

correlation between the three density profiles, in order to identify the best fit for the reconstruction of 

the accumulation rates. The lowest coefficient of determination R2 between the three functions is 0.92 

with a root-mean-square error (RMSE) of 0.018, representing three appropriate profiles for further 

analysis. 

 

	
Figure 12. Depth-density relationship of core A6 with a linear interpolation (blue) of mid-bag density points, a 
linear function (black) between the minimum and maximum density and a step function (red) of bag lengths. 

 

Further, applying these three density profiles to the accumulation reconstruction leads to insignificant 

variations lower than 0.5%. Consequently, a linear interpolation is eventually retained to calculate 

accumulation rates for all six cores. As mentioned in section 3.3.4, the error on the length 

measurement of each bag accounts equally on the density measurement. However, the density values 

for individual annual layers, derived from these functions, must be treated with caution. They are not 

independent from each other and can only account for approximations of the probable density of 

single layers. 
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4 RESULTS AND DISCUSSION 
	
The following section contains a combination of the study results and the corresponding discussion. 

The subjects of discussion are firstly the manual reconstruction of the depth and age scale. To validate 

this, the seasonality and deposition patterns of the applied proxies were investigated. Secondly, the 

aerosol measurements and reconstructed accumulation rates along the traverse will be presented, 

discussed and compared to similar studies that were conducted at the beginning and end point of the 

traverse.  

 

4.1 Core recovery 
	
Comparisons between field measurements of core lengths and CFA depth encoder measurements are 

shown in table 7. Only core A5 suffered a loss of 6.3 cm, when it got stuck in the melter system and 

the run had to be aborted. The remaining sample length had to be remeasured, to detect the size of the 

created data gap. This core gap was corrected by applying a linear interpolation on the missing 

encoder data under the assumption of a constant melt speed. The error estimates are given in the 

minimum and maximum deviation between the field length and the reconstructed length. The possible 

difference between the CFA encoder length and the field measurements ranged on average from 0 - 

0.3 m (±1.9 - 6.5 %). The field measurements coincide quite well, with the remeasurements that were 

conducted during preparation in the freezer. This indicates only little deformation or core losses during 

transport. Hence, most of the discrepancies between field data and the CFA data must be either 

generated during the field and freezer measurements, during the analyses or it is simply a combination 

of all three. Potential causes were presented in section 3.3.4. 

 

Table 7. Results of the depth scale reconstruction and error assessment of the cores A1-A6. Errors stem from the 
estimated uncertainty of ± 0.5 cm for every bag in the field measurements. Given are the lengths that were 
obtained in the field, right after recovering the cores. The second column represents the lengths of the cores after 
remeasuring each bag in the freezer just before the analyses. The third column shows the results of the 
reconstructed lengths based on the encoder readings in the CFA laboratory.		
 

Core Length field 
(m) 

Length freezer 
(m) 

Length lab 
(m) 

Potential error 
(%) 

A1 9.08 ± 0.35 9.09 9.22 ± 2.2 - 5.6 
A2 10.74 ± 0.46 10.73 10.92 ± 2.5 - 6.2 
A3 10.97 ± 0.45 10.95 11.11 ± 2.7 - 5.6 
A4 10.91 ± 0.45 10.82 10.91 ± 4.0 - 4.3 
A5 14.01 ± 0.67 14.02 14.16 ± 3.5 - 6.1 
A6 12.07 ± 0.52 11.97 11.77 ± 1.9 - 6.5 
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4.2 Dating 
 
Based on the depth-age scales established by counting seasonal glaciochemical signals, the time span 

represented by each core varies from 17 years for core A1 at the northeastern end of the Greenland 

traverse, to 54 years for core A5 the southwestern end (Tab. 8). This NE-SW difference is consistent 

with previous estimates of the present-day annual mean accumulation rates in this sector of the 

Greenland ice sheet, which range from 0.226 m w.eq.a-1 at NEEM, decreasing to 0.10 m w.eq.a-1 at 

Northeast Greenland Ice-Stream (NEGIS) (Buizert et al., 2012; Vallelonga et al., 2014). 

 
Table 8: Number of dated years and error assessment of the cores A1-A6 

Core Number annual 
layers  

Error 
(yr) 

A1 17 ± 1 
A2 27 ± 1 
A3 27 ± 0 
A4 35 ± 1.5 
A5 54 ± 2* 
A6 53 ± 1 

*Core A5 suffered a loss of 6.3 cm during a run, creating a data gap 
and therefore an increased dating uncertainty. 

 

Depending on the clarity of different glaciochemical seasonal signals and the possibility of annual 

layers to be completely missing due to wind scouring, the estimated number of years in each core may 

vary by a maximum of ± 0-2 years for the full timescales. Dating of ice cores by subjective 

identification of seasonal signals, as was done for this thesis, must be treated with caution. There is 

always the chance of wrongly estimating the exact position of seasonal peaks. They can often be 

smoothed out to a round signal instead of a sharp peak, leaving space for uncertainty in deciding, 

where to choose a summer or winter maximum (Fig. 11). This can be caused by surface variability of 

snow erosion and redeposition or by the fact that not all proxies really do have significant peaks every 

year, which is the assumption behind annual layer counting. If this was the case, multiple proxies had 

to be compared to uncover annual layers. In addition, site-specific conditions, including glacial 

movement, surface snow mobility, ion species diffusion and modification can influence seasonal 

signals, resulting in a certain variability in the temporal deposition of impurities. Mosley‐Thompson et 

al., 2001 concluded that H2O2 has its deposition minimum in January, whereas the summer maximum 

might be more variable and not purely restricted to July (Fig. 11). Also, surface melting could alter 

annual signals significantly. In 2012, an anomalously warm summer period was observed, causing 

exceptional surface snow melt in Greenland (Bonne et al., 2015; Hanna et al., 2013). This melt leads 
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to a notable mass transfer by percolation and results in a vertical and therefore temporal displacement 

of impurities (Moore et al., 2005; Neftel, 1996). However, this did not have a significant influence on 

the glaciochemistry in this study. 

4.3 Seasonality and deposition of proxies 
 
The high temporal resolution of the ice core data, obtained with the CFA system, allows for the 

seasonality of the measured proxies to be investigated. To evaluate the seasonal deposition pattern for 

the measured proxies that were not used for dating (H2O2 has here a forced seasonality, so has Na+ in 

the deeper sections of cores A5 and A6), monthly mean values were calculated to illustrate seasonal 

variations (Fig. 13, left). Moreover, to assess the distribution of the mean annual data, 𝜒2-tests were 

performed on all ionic species for each core. The result was that the hypothesis that the monthly mean 

values are normally distributed could be rejected for nearly all proxies on a significance level of 5 %. 

Merely the data of the H2O2 measurement of core A1 and the dust measurement of A2 could not reject 

the hypothesis on the significance level of 5 %. Thus, these results allow the data being contemplated 

to follow approximately a log-normal distribution. This indicates that the proxies have a distinct 

seasonal timing of accumulation over the investigated time period. Pooled distributions of all log-

transformed monthly mean values for all cores are shown in the histograms in figure 13. 

Insoluble dust particles and Ca2+ as its soluble compound, coming from e.g. CaCO3, or CaSO4, are 

common paleoclimatological proxies for global aridity and wind strength. Their annual mean 

distributions show a clear spring signal (Fig. 13, red, brown) (Oyabu et al., 2015). Their monthly mean 

concentrations in all cores peak around March with high standard deviations also in adjacent months. 

Minimum concentrations were detected in the summer months July and August. Due to dust being 

mostly independent of snow accumulation it shows a much more variable signal (Fuhrer et al., 1999). 

Wind strength is the determining factor for particulate dust resulting in peak concentrations during 

stormy spring months (higher frequency of dust storms in desserts) and a higher variability due to 

differing transport distances. Ca2+ requires being solute in water in order to be detected by that 

particular analytical method. Hence, its signal features a smoother and precipitation-dependent 

variability. Moreover, calcium’s second source is of marine origin and may contribute to a shift of the 

annual signal towards the winter months, where the atmospheric circulation systems tend to transport 

larger amounts of marine aerosols over Greenland. However, Steffensen, 1988 has argued, that 

Greenland’s relative proximity to continental landmasses, Asian desserts in particular, causes dust and 

therefore Ca2+ concentration to peak in spring. In contrast, Antarctica is much more remote and distant 

to large dust producing regions, causing a higher contribution of marine Ca2+ being accumulated in the 

ice. 

The next paragraph focuses on ammonium as a proxy for land biosphere productivity and forest 

fires. The results in figure 13 show a distinct peak in May, indicating the early summer months 
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catching the highest biological activity, while minimum concentrations occur in late autumn and early 

winter. Exceptionally high summer peaks can be seen in the gray shaded areas around the mean, 

represented by the standard deviation. Those are potentially caused by forest fires, which may bias the 

monthly mean value by a shifting seasonality. However, a comparison of the mean and the median 

indicated only minor and hence negligible variations. Gfeller et al., 2014 conducted a study with 

similar results on several firn cores, all recovered in close vicinity to core A1. In addition to the clear 

seasonality of NH4
+, they propose an explanation for elevated ammonium concentrations already 

during February, based on research of Langford et al., 1992 about modern atmospheric NH3. At this 

time of the year biological activity is still very low. However, Arctic haze can carry high levels of 

H2SO4, which fixes biologically derived ammonia (NH3) in the atmosphere and processes it to 

NH4HSO4 and (NH4)2SO4 (Barrie, 1986; Langford et al., 1992). This may ultimately increase 

ammonium levels even in winter under low biological activity. 

Hydrogen peroxide is the ionic species that was mainly used for dating in this study. Hence, its 

seasonal pattern was forced to show this annual distribution in figure 13. However, it is known that it 

is photochemically produced in the atmosphere. Therefore, its production mainly takes place during 

months of intense insolation. The annual distribution of monthly means is forced to show peak 

concentrations in the months around July and minimum concentrations in January, when 

photochemical processes are absent at polar latitudes (Sigg and Neftel, 1988). However, the seasonal 

signal of H2O2 in firn tends to be smoothed out by post-depositional diffusion in sites with low 

accumulation. Neftel, 1996 found in the Siple and Summit ice core records that H2O2 has an average 

displacement length of 120-130 mm within the firn. Sites with annual accumulation rates below this 

minimum could lose the seasonality of the signal and require a more complex dating procedure. This 

is the case at the drill sites A4 to A6, which are characterized by accumulation rates below 0.14 m 

w.eq. a-1 (see section 4.5 below). Displayed by the lower three curves in figure 13, left, the seasonal 

signal is quite flattened out and a combination of H2O2 and Na+ had to be applied in deeper core 

sections to reconstruct the age scale. Furthermore, oxidants in large dust concentrations in the firn 

could have a disintegrating effect on H2O2 and therefore cause decreased levels (Neftel et al., 1986).  

The monthly mean distribution of the acidity and the conductivity measurements (Fig. 13, orange 

and black) show basically the same signal, since conductivity is mostly driven by H+ concentrations 

(Taylor et al., 1997). As explained above, H+ measurements in ice cores are mainly used to detect 

signatures of volcanic eruptions. But H+ is also characterized by minor seasonal variations. Maximum 

concentrations are recorded in early spring around March, while minimal accumulation happens in the 

summer months August and September. This is due to the modern Arctic haze phenomenon, 

anthropogenic pollutants, such as SO2 that build up in the atmosphere during stable and dry winter 

conditions and deposit to an increasing degree in spring, when precipitation rates grow (Law and 

Stohl, 2007). In addition the histogram of the log-transformed acidity measurements show a skewed 

shape for the older cores A5 and A6. This can be explained by a higher acidity of precipitation (acid 
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rain events) before the 1970’s due intense anthropogenic sulfur emissions. They decreased after 

governmental restrictions, leading to decreasing H+ concentrations and hence a skewed distribution 

over this period, seen as the left tail of the histogram of H+ (Hole et al., 2009). 

Na+ with its origin in sea salt exceeds its maximum concentrations in the winter months around 

January shortly before Ca2+ (Fig. 13). Minimum concentrations occur in summer around July. Hence, 

sodium’s distinct seasonal signal offers a very suitable proxy for annual layer counting. The seasonal 

patterns for Na+ in the cores A4-A6 must be treated here in figure 13 with caution. Those cores were 

partially dated using Na+, which forces the proxy to show this seasonal distribution. However, 

accounting for A1-A3, the common assumption is that higher wind speeds in winter take up greater 

amounts of marine aerosols from bubble bursting over the open sea, in combination with a higher 

frequency of marine air masses being transported over Greenland by advection. Sprouting attention 

receives the theory of the sea ice surface providing an additional and/or alternative source of marine 

Na+. When new sea ice forms it precipitates out the solute compounds in the water, leaving behind a 

highly saline brine on the surface. This is exposed to the atmosphere, creating a potential source of sea 

salt aerosols. However, since sea ice production peaks in the winter as well, it is proven to be difficult 

to distinguish the dominating process (Wolff et al., 2003; Rhodes et al., 2017).  
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Figure 13. Left: Average seasonality of the six traverse firn cores. The colored markers correspond to the 
monthly mean concentration of each core: o = A1, x = A2, ◇ = A3, < = A4, □ = A5, + = A6. The colored lines 
represent combined mean concentrations of all cores. The gray shaded areas indicate the variability of the 
seasonality, characterized by the standard deviation of each core. Right: Pooled normalized histograms of log-
transformed monthly data of all cores. 
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4.4 Spatio-temporal variability of glaciochemical signals 
 

 	
Figure 14. Zoomed map of Northern Greenland. Red marks indicate distinct regional sectors. The dashed white 
line marks the approximate location of the Greenland ice-divide. 

 

Before evaluating the data, the geographic positions of six shallow firn cores should be reviewed again 

(Fig. 14). The core sites can be divided into three sectors. The cores A1-A3 are located westward of 

the Greenland ice-divide, A6 on it and A4-A5 lie eastward of the ice-divide on the margin of the 

NEGIS. Therefore, the cores might be expected to differ due to varying topographic and 

climatological conditions on either side of the ice-divide. Firstly, the > 2700 m a.s.l high ice-divide 

creates a natural barrier for atmospheric circulation patterns, causing different weather systems to 

predominate the western and eastern areas. Secondly, the cores A4 and A5 are located on the margin 

of the NEGIS, a highly active zone in terms of glacier mass movement. Topographic features, such as 

smaller surface bumps that are generated by the flow can cause accumulation features to be different 

on each side, probably causing large depositional variations even in direct proximity to each other.  

After plotting the calibrated data against the reconstructed age scale all parameters show the 

expected seasonal variations. Figure 15 displays the measurements of core A4. Similar graphics can be 

found for the remaining 5 cores in appendix I. Table 9 summarizes the annual mean values of all 

impurity measurements, and gives the uncertainty by ± one standard deviation. By evaluating the 

mean concentrations, almost all proxies seem to have similar levels in all cores. 
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Table 9: Annual mean concentrations ± one standard deviations of the firn cores A1-A6, the average of five firn 
cores from NEEM (Gfeller et al., 2014) and the NEGIS firn core (Vallelonga et al., 2014). Ca2+, NH4

+, H2O2 and 
Na+ are given in ppb, Dust in number of particles per mL, H+ in µM and conductivity in µS cm-1.  
 

Core / Age 
Species 

NEEM* 
1998-2008 (20 a)  

A1 
(17 a) 

A2 
(27 a) 

A3 
(27 a) 

Ca2+                [ppb] 5.9 ± 5.1 5.0 ± 3.4 5.4 ± 4.4 4.6 ± 4.0 
Dust      [# mL-1] - 4460 ± 4904 5250 ± 8668 3860 ± 3693 
NH4

+               [ppb] 6.6 ± 6.8 7.7 ± 10.8 15.6 ± 17.3 8.2 ± 6.6 
H2O2             

  [ppb] 123.8 ± 41 109.3 ± 38.6 102.7 ± 26 101 ± 33.5 
H+                       [µM] - 5.6 ± 2.8 2.3 ± 2.6 3.4 ± 1.7 
Na+                   [ppb] 8.1 ± 8.4 14 ± 8.3 No data No data 
Cond.   [µS cm-1] 1.6 ± 0.5 1.7 ± 0.4 1.7 ± 0.5 1.8 ± 0.5 
Core / Age 
Species 

A4 
(35 a) 

A5 
(54 a) 

A6 
(53 a) 

NEGIS** 
1961-2012 (51 a) 

Ca2+                [ppb] 7.9 ± 5.8 5.7 ± 4.4 7.1 ± 5.9 - 
Dust      [# mL-1] 5161 ± 5285 4737 ± 4704 4188 ± 4402 4565 ± 3529 
NH4

+              [ppb] 6.9 ± 6.2 No data 7.8 ± 6.0 6.0 ± 7.3 
H2O2            

  [ppb] 56.3 ± 22.1 44.3 ± 18.9 55.5 ± 27.4 - 
H+                    [µM] 2.4 ± 1.6 2.6 ± 2.0 2.4 ± 1.8 - 
Na+                 [ppb] 23.2 ± 7.4 13.2 ± 7.4 29.5 ± 11.5 26.1 ± 11.0 
Cond. [µS cm-1] 2.1 ± 0.6 2.4 ± 0.7 2.3 ± 0.7 1.9 ± 0.8 

* Concentrations are based on averages of five shallow cores at the NEEM drill site (Gfeller et al., 2014) 

** Period of 1961-2012 for the NEGIS firn core, Na+ used for annual layer counting (Vallelonga et al., 2014) 
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Figure 15. Reconstructed time series of all measured proxies in core A4. The age scale is based on the July 
summer maximum of H2O2 in combination of the January winter maximum of Na+, where x-ticks mark annual 
summer peaks. The reconstructions of the remaining cores can be found in appendix I. 
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4.4.1 Spatial variability 
 

A clear spatial difference only appears to be present for hydrogen peroxide (Fig. 16). H2O2 

concentrations are twice as high in the northwest (109.3 ppb) compared to central and northeast 

Greenland (44.3 ppb). Those concentrations account for the entire periods that were covered by the 

cores. Similar concentrations were found, when only comparing overlapping periods. This might be 

due to the different amounts of precipitation, falling in those regions. As mentioned in section 4.1, the 

northwest receives around twice the amount of snowfall, implying an inverse relationship between 

snow accumulation and hydrogen peroxide deposition. This would be logical, assuming a constant 

production rate of H2O2 all over Greenland (Herron, 1982). However, this cannot be seen here in any 

other proxy (Fig. 16). Also, the Greenland ice-divide splits up the traverse in accordance to the H2O2 

mean concentration pattern, possibly creating different weather patterns that influence the peroxide 

deposition.  

	
Figure 16. Boxplots of all log-transformed impurity measurements indicating (absent) spatial trends between 
A1-A6. Core A6 is placed according to its location on the traverse to indicate an east-west gradient. Log-
transformed data were chosen to narrow down the value range and avoid outliers spreading out the 25th and 75th 
percentile marks too far. Notches mark 95% confidence intervals on the median. Outliers are partly excluded to 
better illustrate the central tendency of the spatial distribution. 
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Figure 16. Continuing 

 

In contrast to the mean concentrations, the investigation of the intersite variability resulted in nearly 

no direct correlation between any proxies of the six cores, except for H2O2. The cores A1 - A3 not 

only have the best correlation with R2-values between 0.40 and 0.57 in annual and monthly mean 

concentrations over their overlapping time period, they also show similar distributions over the past 20 

years, even allowing the curve to be used to partly synchronize the cores (Fig. 17, Top). However, 

H2O2 was used for dating, which forces the proxy into a certain seasonal pattern that has to correlate. 

This might be absent, if H2O2 would have been excluded in the dating procedure. Table 10 below 

summarizes the coefficients of determination R2 at the 95 % confidence level and the corresponding p-

values of performed linear regressions for hydrogen peroxide. Similar tables for all other parameters 

can be found in appendix II. They show nearly any linear correlation and are therefore excluded here.  

 

Table 10. Coefficients of determination R2 and p-values for the monthly mean concentrations of H2O2 between 
the cores A1 to A6. All core-pairs were correlated over their coinciding time period. The core-combinations with 
the highest linear correlation are marked with a red frame. 
 

 
H2O2 

A1 
R2 | p-value 

A2 
R2 | p-value 

A3 
R2 | p-value 

A4 
R2 | p-value 

A5 
R2 | p-value 

A6 
R2 | p-value 

A1 1 0.5 | < 0.05 0.57 | < 0.05 0.22 | < 0.05 0.1 | < 0.05 0 | 0.67 

A2 - 1 0.41 | < 0.05 0.14 | < 0.05 0.04 | < 0.05 0 | 0.37 

A3 - - 1 0.23 | < 0.05 0.04 | < 0.05 0 | 0.14 

A4 - - - 1 0.01 | < 0.05 0.05 | < 0.05 

A5 - - - - 1 0.01 | < 0.05 

A6 - - - - - 1 
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Figure 17. The top figure displays similar trends in the time series of the H2O2 measurements of the cores A1-
A3. The bottom graphic shows the corresponding spatial correlations of the H2O2 measurements between cores 
A) A1 and A2, B) A1 and A3, C) A2 and A3. 

 

Conclusively, it can be said that the long distance between the core drill sites and the local 

characteristics affect deposition patterns of individual species to the point of masking spatial 

correlations. Statistical tests show that aerosol concentrations in the firn cores cannot be correlated on 

overlapping time periods. In the particular case of A4 and A5, which were located only a few 

kilometers apart, it might be due to the NEGIS, causing glacial movement to influence the aerosol 

concentrations in the surface firn. In addition, a related study by Gfeller et al., 2014 that was 

conducted at the NEEM drill site, revealed that aerosol concentrations in shallow firn cores can 

already strongly vary over short distances of a few meters. This study pointed out that one drill site in 

northwest Greenland can be representative for over 60% of variability within a squared area of 100 m2 

but decreases rapidly already within a few kilometers. Hence, they recommend replicate coring in 

close proximity, to generate higher degrees of inter-annual and intersite comparability. However, the 

six cores give an estimate about the recent aerosol deposition pattern over the traverse, filling up 

crucial data gap in Northern Greenland.   
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4.4.2 Temporal variability  
 

The short lengths of the six shallow firn cores reveal only a quick snapshot of the past 17 - 54 years of 

aerosol deposition on Northern Greenland. Trend analyses on a monthly, annual and multi-year scale 

did result in almost no significant changes that were detectable in all cores. Merely the conductivity 

measurements indicate overall a common decreasing trend since the 1960’s, visible in the cores A2-

A6 (Fig. 18). The conductivity decreases from around 2.01 µS cm-1 to 1.69 µS cm-1 westward of the 

Greenland ice-divide (A2), from 2.63 µS cm-1 to 1.99 µS cm-1 directly on the divide (A6) and from 

2.47 µS cm-1 to 2.02 µS cm-1 in the very east at core A5 (Tab. 11). One-sided non-parametric 

Wilcoxon signed-rank tests with a confidence level of 95% resulted in significantly higher ten-year 

mean conductivity values before the most recent time period of 2006-2015. Even though, figure 18 

implies this decreasing trend for all cores, statistical significance could not be proven for A1 and A3. 

There the hypothesis of the recent period of 2006-2015 being significantly lower than previous periods 

could not be rejected. Including core A1, they cover only the past 17-27 years, leaving open the 

assumption to display similar trends, if the cores would range over a longer time period of 

accumulation in this location. However, Gfeller et al., 2014 investigated longer and older firn cores 

from the NEEM drill site in close vicinity to A1 and discovered in longer cores analogous decreasing 

trends in conductivity.  

This decreasing conductivity can be associated with reduced anthropogenic sulfur emissions since 

the 1970’s and thus the reduction of acidifying aerosols in the atmosphere (Fischer et al., 1998; Smith 

et al., 2011). As mentioned earlier, conductivity is mostly controlled by H+. Consequently, it would be 

expected to see similar trends in the acidity measurements. Conversely, not all cores show decreasing 

H+ concentrations over the same time periods. This might be due to the core being too short, not 

covering a sufficiently long period to detect those trends in H+ concentrations. Other potential causes 

could be natural variability, local processes altering the acidity or simply a poor performance of the H+ 

measurements and following calibrations. 

 



	

	 38 

	
Figure 18. Time series of five-year mean concentrations of the conductivity measurements for the cores A1-A6. 
Linear regression lines in red indicate decreasing trends in cores A2-A5. Red dotted lines show 95% confidence 
bounds of the slopes of the regression lines. A1-A3 and A4-A6 share the same y-axis. 

 

Table 11: Ten-year mean conductivity values for different time periods of the cores A1-A6 indicating 
decreasing trends since the 1960’s. 
 

Period/ 
Core 

1961-1975 
[µS cm-1] 

1976-1985 
[µS cm-1] 

1986-1995 
[µS cm-1] 

1996-2005 
[µS cm-1] 

2006-2015 
[µS cm-1] 

A1 - - - 1.65 ± 0.23* 1.71 ± 0.19 
A2 - - 2.01 ± 0.26** 1.58 ± 0.19 1.69 ± 0.22 
A3 - - 1.9 ± 0.24** 1.75 ± 0.24 1.79 ± 0.18 
A4 - 2.42 ± 0.18*** 2.39 ± 0.38 2.0 ± 0.26 1.79 ± 0.25 
A5 2.47 ± 0.39**** 2.64 ± 0.57 2.58 ± 0.44 2.12 ± 0.26 2.02 ± 0.32 
A6 2.63 ± 0.77**** 2.81 ± 0.45 2.37 ± 0.2 2.08 ± 0.24 1.99 ± 0.26 

* Only years 1997-2005; ** Only years 1988-1995; *** Only years 1980-1985 
**** Mean over the cores’ last 13 and 14 years 
 

A similar study by Mosley-Thompson E. et al., 2001 also investigated the temporal variability of 

the impurity deposition in Greenland. They found that climatological signals could be masked by 

stratigraphic noise, caused by local surface topography that influences the snow accumulation pattern 

(cf. section 4.5.1). Therefore, at sites with a mean annual snow accumulation rate above 0.25 m w.eq. 

a-1, they suggest to apply a ten-year average on the data to eliminate up to 95% of the stratigraphic 

noise. At sites with snow accumulation rates below 0.25 m w.eq. a-1, they recommend to apply an 

average of 20 years, in order to cancel out up to 90% of stratigraphic noise within the aerosol 

reconstruction. However, the firn cores of the present study are limited in the length and therefore do 

not allow extensive investigations on multi-decadal scales. 
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4.5 Reconstruction of accumulation rates 
 
Knowing the present-day snow accumulation across the Greenland ice sheet is crucial to acquire its 

mass balance. The temporal and spatial distribution of snow accumulation in Greenland is still poorly 

constrained and filled with uncertainty (Miège et al., 2013). Especially during a changing climate and 

rising sea level, it is necessary to investigate, how accumulation responds to those changes, and to 

provide ground truth measurements for satellite observations and valid input data for climate models 

(Miège et al., 2013). The following section presents and discusses reconstructed mean annual 

accumulation rates (Am) derived from the six shallow firn cores in order to register spatial and 

temporal variability in this poorly constrained area of Northern Greenland.  

Using the firn core impurity data, a time series of Am of the period represented by each core was 

calculated, based on the thickness of the annual layers and their corresponding firn density (cf. section 

4.5). The annual rates are spanning over twelve months between two winters, approximately from 

January to January. The uncertainty of the method is given in ± one standard deviation. The Am ranges 

from 0.233 ± 0.06 m w.eq. a-1 at core A1 in the northwest to 0.134 ± 0.035 m w.eq. a-1 at the 

easternmost site A5 of the traverse (Tab. 12). A6, situated in middle of the traverse, is characterized by 

a special location directly on the Greenland ice-divide (Fig. 14). It lies in the interior of the ice sheet 

the farthest away from oceanic moisture sources. Thus, it shows the lowest Am of around 0.103 ± 0.036 

m w.eq. a-1. These values are based on the entire length of each core, counting the periods between 17-

54 years. To create a better comparability between sites, the Am were also calculated for the uppermost 

17 years of all cores. However, no significant variations were found between the uppermost 17-year 

means and mean values covering the entire core lengths. All results are summarized in table 12 below. 

Gfeller et al., 2014 and Buizert et al., 2012 estimate the present-day annual mean accumulation rate at 

NEEM to be between 0.226 and 0.25 m w.eq.a-1, while Vallelonga et al., 2014 approximates an annual 

mean accumulation rate of 0.10 m w.eq.a-1 at EGRIP on the Northeast Greenland Ice Stream (NEGIS). 

Those values are in close agreement with the findings of this study and validate the method used to 

reconstruct the accumulation. 
 

Table 12: Mean annual accumulation rates ± one standard deviation for all six cores given in m w.eq. a-1. One 
year includes the accumulation between two winter peaks (January-January). All time series start from the year 
2014, representing the latest complete year of recorded accumulation. For comparison the period from 2014-
1997 displays the time span that all cores include.  
 

Core 
(Years until 2014) 

Am ± 1σ 
[m w.eq. a-1] 

Am ± 1σ (1997-2014)  
[m w.eq. a-1] 

A1 (17) 0.235 ± 0.061 0.235 ± 0.061 
A2 (27) 0.198 ± 0.046 0.197 ± 0.051 
A3 (27) 0.182 ± 0.033 0.187 ± 0.031 
A4 (35) 0.144 ± 0.03 0.139 ± 0.026 
A5 (54) 0.134 ± 0.035 0.138 ± 0.03 
A6 (53) 0.103 ± 0.036 0.106 ± 0.354 
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4.5.1 Spatial variability 
 

Spatially the cores can be divided into three geographical sectors, in which similar accumulation 

patterns can be expected. The cores A1-A3 are located northwest of the Greenland Ice-Divide and 

share the region of the Baffin Bay and the arctic sea as their main moisture source (Cappelen et al., 

2018; Schuenemann and Cassano, 2010). The area around A6 is centered on the traverse, directly on 

the Greenland Ice-Divide, a region characterized by strong katabatic winds and a highly turbulent 

atmosphere. There the moisture source consists mostly of westerly origin (Cappelen et al., 2018; Dahl-

Jensen, 1989). The North Atlantic provides the main moisture source for the locations of A4 and A5 

and is therefore expected to differ from the remaining cores (Fig. 14) (Cappelen et al., 2018; 

Sodemann et al., 2008). Based on this pre-knowledge, it could be assumed that the accumulation 

patterns of the cores within these three sectors correlate. Though, between these three sectors only 

little correlation is expected. 

The results of global atmospheric reanalysis from the European Centre for Medium-Range Weather 

Forecasts (ECMWF), provided in personal communication by Martin Olesen from the Danish 

Meteorological Institute (DMI) indicate a similar correlation pattern between the six cores. The 

applied regional climate model is constrained by a global climate model based ERA-Interim reanalysis 

(Berrisford P. et al., 2011) with a 5.5 km spatial resolution. It was used by Martin Olesen (DMI), to 

produce six correlation maps of Greenland, focusing on each firn core location (Fig. 19). The 

correlation maps are based on annual averaged accumulation (precipitation - evaporation) records of 

the time period from 1979-2014. They represent the inter-model correlation between every modeled 

grid point and the assigned location on the map expressed in a correlation coefficient (R) between -0.5 

and 1.  

Supporting the above-mentioned assumption, the reanalysis also suggests that the northwestern firn 

core sites of A1-A3 lie within an area that should correlate very well. They indicate generally a strong 

correlation for the region located westward of the Greenland ice-divide. The correlation map for A6, 

which points out the location directly on the ice-divide, displays a very scattered area of correlation 

both, towards the west and the east. Based on the reanalysis, no correlation with the other five cores 

should be expected. The cores A4 and A5 are located in close vicinity. The reanalysis for both 

locations describe a similar situation, where the area around northeast Greenland should correlate well 

with them. Hence, according to the reanalysis of accumulation, a strong correlation between A4 and 

A5 should be expected. 
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Figure 19. Correlation maps of Greenland from ERA-Interim reanalyzes for the locations of the cores A1-A6, 
based on annual average accumulation records. According to the reanalyzes, darker gray area represents grid 
points that correlate well with R-values of up to 1, while lighter yellow areas show no correlation at all. 
Brownish areas (negative R-values) are here also considered to indicate no correlation. The map for A6 is placed 
according to its location on the traverse (Maps made by Martin Olesen, DMI, personal communication, 2018). 

 
However, the premade assumptions and the modeled results of the reanalysis do not coincide with the 

findings of this study. Almost no significant correlations were found between overlapping time 

periods of two cores (Tab. 13). Merely, the cores A1-A3 correlate significantly, implied by an R2-

values between 0.19 and 0.55 at a 95 % confidence level and corresponding p-values < 0.05. 
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Table 13. Coefficients of determination R2 at the 95 % confidence level and p-values for the annual mean 
accumulation rates between the cores A1 to A6. All core-pairs were correlated over the coinciding time period. 
The red frame highlights significantly high correlations. 
 

Am A1 
R2 | p-value 

A2 
R2 | p-value 

A3 
R2 | p-value 

A4 
R2 | p-value 

A5 
R2 | p-value 

A6 
R2 | p-value 

A1 1 0.34 | < 0.05 0.55 | < 0.05 0.06 | 0.325 0.05 | 0.412 0.02 | 0.61 

A2 - 1 0.19 | <0.05 0 | 0.983 0.01 | 0.657 0.03 | 0.388 

A3 - - 1 0.02 | 0.478 0.11 | 0.094 0.01 | 0.642 

A4 - - - 1 0 | 0.855 0 | 0.893 

A5 - - - - 1 0 | 0.639 

A6 - - - - - 1 

 

This low correlation between the core sites A1-A3 could be explained by local properties, influencing 

the sites. The three cores are spread over a distance of around 250 km, introducing the question, if the 

single cores are representative enough to cover these large gaps between each other. Spatial variations 

might be related to site-specific changing surface topographies, caused by wind erosion and 

redeposition of surface snow. Large- and small-scale features, such as snow dunes and sastrugi, can 

have a significant impact on the local accumulation pattern by altering densification and ice flow 

properties (Hawley et al., 2014; Mosley‐Thompson E. et al., 2001) . 

Core A6 shows, as expected, no correlation with any of the other cores. Its central position on the 

Greenland ice-divide and indistinct moisture source, originating from multiple directions, creates a 

different accumulation pattern. This in combination with potential depositional noise caused by local 

topographical roughness may have led to no correlation with the other five cores. 

The drill sites of the cores A4 and A5 are located only a few kilometers apart on the southeastern 

margin of the NEGIS. The bare proximity would imply a high correlation between accumulation 

patterns. However, no correlation could be found between the two or any of the other firn cores. The 

area around the NEGIS is a highly active and dynamic zone of glacial movement. The ice stream 

discharges into the Greenland Sea, draining the ice sheet. This dynamic ice flow over a changing bed 

topography, if rapid enough, can strongly influence the surface topography. It can cause major 

modifications of local snow accumulation patterns that may vary over time due to relocation along the 

ice stream. Small scale ice features act as snow traps and intercept wind blown surface snow, leading 

to large variations in layer thicknesses (Gow, 1965; Vallelonga et al., 2014).  

Another plausible explanation for the lacking correlation could be the diffusion of certain chemical 

species in the snow at low accumulation sites (Mosley‐Thompson E. et al., 2001). H2O2 was primarily 

used for dating in this study. Its diffusion could smooth out seasonal variations and cause dating 

errors. A miscalculation of annual layer thicknesses would be the consequence, followed by an 

increased uncertainty in the reconstruction of accumulation rates and potentially a decreasing 

correlation between sites. However, the other impurities that were measured here have clear seasonal 
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signals and do not seem to be affected by that process. This suggests diffusion to be a negligible 

factor. Furthermore, temperature anomalies and melt events become more present in the arctic (Bonne 

et al., 2015). Extensive surface melt and rain on snow events could have a strong influence on density 

measurements and cause the relocation impurities, complicating the identification of annual layers and 

increasing the uncertainty of the reconstruction of Am. 

Conclusively, these findings maintain the results of section 4.4.1, where nearly no significant 

spatial correlation could be proven for the impurity concentrations between the six core locations.  
 

4.5.2 Temporal variability 
 

Trend analyses were performed on the Am data to investigate the temporal variability over the past 17-

54 years since 2015 in Northern Greenland. Figure 20 below displays the reconstructed time series of 

Am for all six cores. As mentioned in section 5.2, core A5 lost ice sample of approximately 6.3cm in 

the bottom part during the CFA measurements. This creates a data gap of 2 years in the time series of 

the accumulation, since only entirely reconstructed years are considered.  

Trend analyses were conducted on a multi-year scale. Different ten-year Am were compared with 

the most recent period of 2005-2014. One-sided non-parametric Wilcoxon signed-rank tests with a 

confidence level of 95% confirmed significantly increasing accumulation rates at the drill site of core 

A6 since 1963, compared to the period of 2005-2014. Significant changes of Am could not be proven 

for the cores A1-A5 (Fig. 20; Tab. 14).  

Concerning the core A1-A3 in northwestern Greenland, this finding is in close agreement with a 

study by (Masson-Delmotte et al., 2015) that was conducted at the NEEM drill site. They found no 

significant trends in their snow accumulation record during the 20th century until 2007. Even though, 

recently increasing atmospheric temperatures (Pachauri et al., 2014) and a shrinking sea-ice extent in 

the Baffin Bay area (Rayner et al., 2003) would imply an increasing moisture content in the air, 

providing this area with larger amounts of precipitation. Yet, this assumption could not be proven. 

In contrast, core A6, which follows next on the traverse, experienced a significant Am increase of 

around 0.021 m w.eq. a-1 (~21%) since the 1960’s. Studies of Box et al., 2013 and Hawley et al., 2014, 

which proved similar trends in the dry-snow zone of central Greenland, support this finding. They 

reported increases of around 0.022 m w.eq. a-1 since the 1950’s to 2007, accounting for a change of 

~10% over this 52 year period. However, A6 recorded some years with exceptional low Am in the 

1960’s, biasing the ten-year average towards a lower value.  

A4 and A5 show no significant trends over the past 35 and 54 years, respectively. This coincides 

with findings of a study by Burgess et al., 2010. They used meteorological and ice core data to model 

ice sheet-wide accumulation rates and found no statistically significant Am changes between the 1960’s 

and 2007 in the area of the core locations A4 and A5. Additionally, the most recent eight years until 

2014, which are also considered in the present study, kept on showing a similar result. 
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Figure 20. Reconstructed time series of Am in m w.eq. a-1 of the firn cores A1-A6. The red line marks a five-year 
running mean. Year 2015 is incomplete and therefore excluded. A5 has a data gap of 2 years due to sample loss 
during the CFA analyses. The core A6 is placed in the order according to its location on the traverse (Fig. 14). 

 
Table 14: Ten-year average snow accumulation rates for different time periods of the cores A1-A6. 

Core / 
Period 

1961-1974 
[m w.eq. a-1] 

1975-1984 
[m w.eq. a-1] 

1985-1994 
[m w.eq. a-1] 

1995-2004 
[m w.eq. a-1] 

2005-2014 
[m w.eq. a-1] 

A1 - - - 0.259 ± 0.062* 0.218 ± 0.055 
A2 - - 0.194 ± 0.049** 0.23 ± 0.043 0.17 ± 0.029 
A3 - - 0.165 ± 0.036** 0.196 ± 0.036 0.181 ± 0.021 
A4 - 0.123 ± 0.033*** 0.153 ± 0.031 0.146 ± 0.033 0.141 ± 0.026 
A5 0.123 ± 0.042**** 0.111 ± 0.042 0.15 ± 0.021 0.14 ± 0.023 0.134 ± 0.032 
A6 0.098 ± 0.026**** 0.074 ± 0.037 0.112 ± 0.035 0.11 ± 0.042 0.119 ± 0.023 

* Only years 1997-2004; ** Only years 1988-1994; *** Only years 1980-1984 
**** Mean over the cores’ oldest 12 (A6) and 13 (A5) years  
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5 SUMMARY AND CONCLUSIONS 
 

In this study high-resolution continuous flow analyses (CFA) were applied on six shallow firn cores, 

recovered in May 2015 from Northern Greenland on a 456 km long traverse from the deep ice core 

drilling sites NEEM to the EGRIP. The practical part included CFA measurements using fluorescence 

spectroscopy for NH4
+, Ca2+, H2O2, absorption spectroscopy for H+, an ion selective electrode (ISE) 

for Na+ as well as continuous laser particle counting (Abakus) and electrolytic conductivity 

measurements. The analytical part consisted of calibrations of the measurements and the 

reconstruction of the cores depth scale, annual layers and mean annual snow accumulation rates. 

Finally, spatial and temporal analyses were performed to investigate the geographical distribution and 

potential trends over time of impurity concentrations and snow accumulation rates.  

The cores covered depths from 9.22 m to 14.16 m with maximum error estimations between 1.9% 

and 6.5%. The impurity measurements were successful and match well with data available from 

similar studies that were conducted in the starting (A1) and end location (A5) of the traverse (Gfeller 

et al., 2014; Vallelonga et al., 2014). These high-resolution firn records allowed determining accurate 

monthly maximum and minimum aerosol concentrations in order to evaluate seasonal deposition 

patterns and validate the applied dating method. The reconstructed ages ranged from 17 ± 1 years at 

location A1 in the very west to 54 ± 2 years at A5 in the east of the traverse. 

The accurate dating method allowed determining all mean annual impurity concentrations and thus 

the investigation of their spatial variability along the traverse. Statistical tests were applied to examine 

spatial correlations. However, no significant conclusions arose from these tests. Merely the H2O2 

measurements correlated between the cores A1-A3. This can be explained by the dating method, 

which forces the annual summer maxima and winter minima of H2O2 to correlate. A4-A6 were partly 

dated using a combination of H2O2 and Na+, cancelling out this forced correlation. Trend analyses on 

the impurity measurements resulted in no significant changes over time except for the conductivity 

measurements of the older cores A4-A6. This is associated with decreasing acidifying anthropogenic 

sulfur emissions since the 1970’s. Controversially, this trend cannot be seen in the H+ measurements. 

It mainly determines conductivity, but its analysis in ice cores is much more uncertain, offering the 

possibility of missing out on similar trends. 

Annual mean snow accumulation rates were reconstructed using field density measurements and 

annual layer thicknesses identified from the measurements of chemical impurities especially strongly 

dependent on H2O2. They ranged from 0.235 ± 0.061 m w.eq. a-1 at location A1 in the very west of the 

traverse to 0.103 ± 0.036 m w.eq. a-1 at A6, located on the Greenland ice-divide, agreeing well with 

data available from other studies (NEEM: Buizert et al., 2012; Gfeller et al., 2014; NEGIS: Vallelonga 

et al., 2014). Based on the common weather patterns in Northern Greenland and correlation maps 

derived from ERA-Interim reanalysis, the six cores were expected to correlate within three sectors of 

the traverse (A1-A3; A6; A4-A5). Though, a significant correlation could only be determined between 
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the cores A1-A3. A significant increasing trend of snow accumulation since the 1960’s could only be 

detected for core A6 in the ice sheet’s interior. This is in agreement with available literature (Box et 

al., 2013; Hawley et al., 2014).  

This area of Northern Greenland around this firn core traverse is hitherto understudied. Only few 

sources are available to compare and validate these results (e.g. Gfeller et al., 2014; Hawley et al., 

2014; Mosley-Thompson E. et al., 2001; Vallelonga et al., 2014). So far the traverse cores present 

point measurements in a large and highly variable region. Hence, more extensive investigations are 

essential to reduce the spatial uncertainty, cancel out glacial noise and improve the representativeness 

of isolated locations. This could be done by stacking and averaging multiple cores, recovered in close 

proximity, to create more robust results for single locations (Gfeller et al., 2014). 

Furthermore, the measurement of additional proxies such as the isotopic composition of the snow 

(𝛿18O / 𝛿D) could be performed on the remaining sample to add validity to the identification of 

seasonal variations and lower potential error sources.  

Conclusively, the produced results update recent datasets, determine trends and provide input for 

surface mass balance estimations and ground truth data for satellite observations. Studies like this are 

crucial, to understand the past and future development of climate variations and the response of global 

ice masses to changing conditions under anthropogenic influence. 
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8 Appendix 
 

I. Time series of measured impurity concentrations for the cores A1, A2, A3, A5 and A6 

 
Appendix I. figure 1. Reconstructed time series of all measured proxies in core A1. The age scale is based on 
the July summer maximum of H2O2, where x-ticks mark annual summer peaks.   
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Appendix I. figure 2. Reconstructed time series of all measured proxies in core A2. The age scale is based on 
the July summer maximum of H2O2, where x-ticks mark annual summer peaks.  
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Appendix I. figure 3. Reconstructed time series of all measured proxies in core A3. The age scale is based on 
the July summer maximum of H2O2, where x-ticks mark annual summer peaks.  
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Appendix I. figure 4. Reconstructed time series of all measured proxies in core A5. The age scale is based on 
the July summer maximum of H2O2 in combination of the winter maximum of Na+, where x-ticks mark annual 
summer peaks. Visible in the H2O2 record is a smoothed signal in which clear Na+ winter peaks were used to 
identify annual layers. 
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Appendix I. figure 5. Reconstructed time series of all measured proxies in core A6. The age scale is based on 
the July summer maximum of H2O2 in combination of the winter maximum of Na+, where x-ticks mark annual 
summer peaks. Visible in the H2O2 record is a smoothed signal in which clear Na+ winter peaks were used to 
identify annual layers. 
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II. Coefficients of determination R2 and p-values for of Ca2+, Dust, NH4
+, H+, Na+ and 

conductivity for correlations between all cores A1-A6 
 

Appendix II table 1. Coefficients of determination R2 and p-values for the monthly mean concentrations of Ca2+ 

between the cores A1 to A6. All core-pairs were correlated over the coinciding time period.  

 
Ca2+ 

A1 
R2 | p-value 

A2 
R2 | p-value 

A3 
R2 | p-value 

A4 
R2 | p-value 

A5 
R2 | p-value 

A6 
R2 | p-value 

A1 1 0.25 | < 0.05 0.30 | < 0.05 0.14 | < 0.05 0.03 | < 0.05 0.01 | 0.12 

A2 - 1 0.12 | < 0.05 0.09 | < 0.05 0.09 | < 0.05 0 | 0.29 

A3 - - 1 0.11 | < 0.05 0.08 | < 0.05 0.04 | < 0.05 

A4 - - - 1 0.07 | < 0.05 0 | 0.16 

A5 - - - - 1 0.02 | < 0.05 

A6 - - - - - 1 

 
 
Appendix II. table 2. Coefficients of determination R2 and p-values for the monthly mean concentrations of 

Dust between the cores A1 to A6. All core-pairs were correlated over the coinciding time period.  

 
Dust 

A1 
R2 | p-value 

A2 
R2 | p-value 

A3 
R2 | p-value 

A4 
R2 | p-value 

A5 
R2 | p-value 

A6 
R2 | p-value 

A1 1 0.07 | < 0.05 0.06 | < 0.05 0.04 | < 0.05 0.01 | 0.15 0 | 0.36 

A2 - 1 0.07 | < 0.05 0.01 | 0.15 0.01 | < 0.05 0 | 1.0 

A3 - - 1 0.04 | < 0.05 0.08 | < 0.05 0.14 | < 0.05 

A4 - - - 1 0.05 | < 0.05 0 | 0.51 

A5 - - - - 1 0.05 | < 0.05 

A6 - - - - - 1 

 
 
Appendix II. table 3. Coefficients of determination R2 and p-values for the monthly mean concentrations of 

NH4
+ between the cores A1 to A6. All core-pairs were correlated over the coinciding time period. For A5 no 

NH4
+ measurements were performed. 

 
NH4

+ 
A1 

R2 | p-value 
A2 

R2 | p-value 
A3 

R2 | p-value 
A4 

R2 | p-value 
A5 

R2 | p-value 
A6 

R2 | p-value 
A1 1 0.42 | < 0.05 0.32 | < 0.05 0.08 | < 0.05 - 0 | 0.51 

A2 - 1 0.16 | < 0.05 0 | 0.78 - 0.02 | 0.03 

A3 - - 1 0.05 | < 0.05 - 0.03 | < 0.05 

A4 - - - 1 - 0 | 0.37 

A5 - - - - - - 

A6 - - - - - 1 
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Appendix II. table 4. Coefficients of determination R2 and p-values for the monthly mean concentrations of H+ 

between the cores A1 to A6. All core-pairs were correlated over the coinciding time period.  

 
H+ 

A1 
R2 | p-value 

A2 
R2 | p-value 

A3 
R2 | p-value 

A4 
R2 | p-value 

A5 
R2 | p-value 

A6 
R2 | p-value 

A1 1 0.01 | 0.29 0.04 | < 0.05 0.03 | < 0.05 0.08 | < 0.05 0.01 | 0.25 

A2 - 1 0 | 0.26 0 | 0.9 0 | 0.27 0.15 | < 0.05 

A3 - - 1 0.10 | < 0.05 0.05 | < 0.05 0.01 | 0.17 

A4 - - - 1 0 | 0.5 0 | 0.55 

A5 - - - - 1 0.01 | 0.07 

A6 - - - - - 1 

 
 
Appendix II. table 5. Coefficients of determination R2 and p-values for the monthly mean concentrations of Na+ 

between the cores A1 to A6. All core-pairs were correlated over the coinciding time period. For A2 and A3 were 

no Na+ measurements performed 

 
Na+ 

A1 
R2 | p-value 

A2 
R2 | p-value 

A3 
R2 | p-value 

A4 
R2 | p-value 

A5 
R2 | p-value 

A6 
R2 | p-value 

A1 1 - - 0.03 | < 0.05 0.01 | 0.12 0.02 | 0.26 

A2 - - - - - - 

A3 - - - - - - 

A4 - - - 1 0.20 | < 0.05 0.01 | 0.14 

A5 - - - - 1 0.01 | 0.03 

A6 - - - - - 1 

 
 
Appendix II. table 6. Coefficients of determination R2 and p-values for the monthly mean values of 

conductivity (σ) between the cores A1 to A6. All core-pairs were correlated over the coinciding time period.  

 
σ 

A1 
R2 | p-value 

A2 
R2 | p-value 

A3 
R2 | p-value 

A4 
R2 | p-value 

A5 
R2 | p-value 

A6 
R2 | p-value 

A1 1 0.16 | < 0.05 0.34 | < 0.05 0.09 | < 0.05 0 | 0.34 0.07 | < 0.05 

A2 - 1 0.15 | < 0.05 0.10 | < 0.05 0.04 | < 0.05 0.04 | < 0.05 

A3 - - 1 0.18 | < 0.05 0.04 | < 0.05 0.08 | < 0.05 

A4 - - - 1 0.06 | < 0.05 0.03 | < 0.05 

A5 - - - - 1 0.12 | < 0.05 

A6 - - - - - 1 
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