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Abstract

Isotopes of nitrogen and argon are stable in the atmosphere over long periods of time
but the isotopic abundances is subject to change in a firn column. Measurements of
0N and §*°Ar from ice cores contains information about climate parameters such as
temperature change through the firn and firn column width. With this information the
past site temperature firn column height can be modelled. In this thesis a measurement
system was built that could measure §'°N and §%°Ar as well as the zero-enrichment,
pressure imbalance and chemical slope needed to analyze the J values. A new oven was
built to remove oxygen from the sample stream. The oven was found to have an oxygen
removal rate of 99.4%. Four acquisition runs were carried out to test the stability of the
setup. 05N was found to be: 4.787  0.0120%0, 4.785  0.0060%o0, 4.649  0.0070%0 and
4.503  0.0689%0. The 5*°N%o was found to be: 6.078 0.1581%o, 6.064 0.0991%o,
5.8465 0.0722%0 and 5.8519  0.3687%o.
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Chapter 1

Introduction

Current climate change is a well known and discussed topic in the global politics. The
rami cations of climate change can be great and have devastating in uence on populations
all over the globe. Understanding the drivers and mechanism related to climate change of
the past can increase the understanding of how the climate will change in the future [1].
When snow falls on ice sheets it slowly changes into rn and ice as the gravity and mass
of fresh snow accumulates on top. In the rn layer atmospheric air can di use through
the pores. When the rn transforms to ice, the atmospheric air in the rn will be trapped

in gas bubbles [2]. The ice from the large continental ice sheets can be several hundred
thousands years old and the gas trapped in the ice contains paleoclimatic information of
the atmosphere at the time when the gas was trapped [3]. The isotopic compositions of
nitrogen and argon are constant in the atmosphere over time scales of y@ars [4]. The
isotopic abundances are changed by processes in polar rn. These processes are dependent
on temperature and snow accumulation. Because of this the isotopic composition of stable
isotopes of nitrogen and argon extracted from gas trapped in ice cores can be used to
constrain the site temperature and accumulation rates. Measured isotopes can also be
used to correct other elemental or isotopic quantities for the fractionation process in the
rn column. Episodes of rapid climate change in the past, Dansgaard-Oeschger events,
will therefor in uence the isotopic compositions [5]. To sum up the measurements PN

and “°Ar can be used as proxies to the temperature gradient in the rn and thickness of
the di usive rn column, and can be used to model the site temperature and rn height

of the ice core location.[6]

1.1 Overview of this thesis

The goal of this thesis was to improve upon the existing gas line in view of the up-

coming continues ow analysis (CFA) campaign to measure the Holocene section of the
newly drilled EGRIP ice core. The old setup was taken apart after the last measurement

campaign, the work in this thesis re ects the experimental challenges of building a new

oven for oxygen removal (necessary for d15N and d40Ar measurements) and rebuilding
the setup to measure 1°>N and “°Ar from sample air collected at the NEEM ice core

{1{



1.1. OVERVIEW OF THIS THESIS

location.

Chapter 2 includes a theoretical introduction to the measurement of isotopes and
values, a description of rn and fractionation processes, an introduction to mass spec-
trometry and Isodat, a description of the corrections applied to the measurements, a
description and motivation for the removed gases and a description of the experimental
setup.

Chapter 3 presents the results obtained while designing the oven, the signal intensities
and isotopic and elemental ratios measured in this thesis, together with data for certain
analytical test and corrects, namely, the zero enrichment measurement, the pressure im-
balance measurement, the chemical slope measurement, the oxygen removal e ciency and
the nal measurements, nal measurements, as raw data and values corrected for instru-
mental artifacts.

Chapter 4 is a discussion of the results presented in chapter 3 and a discussion of compli-
cations throughout the experimental work.

Chapter 5 includes the conclusion and an outlook for future optimization of the setup.

{2{



Chapter 2

Theoretical background and method

2.1 Stable Isotopes

An element always has the same number of protons in its nuclei, but the number of
neutrons can vary. Elements with the same number of neutrons and a di erent number
of protons are called isotopes. The atomic mass of an element is given by the sum of
protons and neutrons. Isotopes have a di erent number of neutrons in their nuclei, the
atomic mass of di erent isotopes of the same element is dierent. Dierent isotopes
have di erent physical and chemical behavior. Radioactive isotopes are unstable and go
through spontaneous decay; on the other hand, stable isotopes do not naturally decay.
Stable isotopes are what this thesis will be concerned with. Table 2.1 shows the global
averaged values of isotopic abundances of nitrogen, oxygen and argon.

Element | Isotope | Natural abundance
Nitrogen 14 99.63 %
Nitrogen 15 0.37 %
Oxygen 16 99.76 %
Oxygen 17 0.038 %
Oxygen 18 0.205 %
Argon 36 0.33 %
Argon 38 0.06 %
Argon 40 99.6 %

Table 2.1: table of the isotope abundances forN, O and Ar [7].

The standard notation of isotopes is as follows:

ZrNxN (2.1)

X denotes the element.Z denotes the number of protons.N denotes the number of
neutrons. The form#*N X is used in this thesis. The abundance of the argon isotope with

{3{



2.2. DELTA NOTATION

mass 40 is denoted®Ar. The sample isotopic abundances are compared with reference
isotopic abundance measured from atmospheric air. There are two normal conventions
that describe the ratios. The rst is the ratio of the heavy to the light isotope. The second

is the ratio of the rare and the common isotope. This thesis focuses on the stable isotopes
4Ar and ®*N and uses the rst convention. The abundance of stable isotopes in nature
can vary depending on, in what reservoir they are located. There are some processes
that can change the abundance of isotopes. These processes are called fractionation
processes. Since stable isotopes can conserve climatic information, they are of great value
to paleoclimatic research. Processes a ecting nitrogen and argon stable isotopes will be
explained in section 2.5.

An isotopic ratio is calculated as that of equation 2.2 where the concentration of the
heavy isotope is in the numerator, and the concentration of the light isotope is in the
denominator [8][9].

'R= — (2.2)

2.2 Delta notation

Being able to compare measurements of isotopic ratios to each other is of great importance.
Therefore, isotopic ratios are commonly presented relative to a chosen reference. This is
calculated with the notation, since the variation in the values are small, they are
presented in per mil [10%] or per meg [10%]. The value is of interest to research
because it can be used as a proxy for climatic parameters. For measuring air compounds
such as argon or nitrogen stable isotopeR{mpic ), researchers present their data relative

to the composition of recent atmospheric airR eference )-

The delta notation is as follows:

X = Rsample  Rreference - Rsample 1 (2.3)

Rreference Rreference

X is the relative di erence between the ratio of a reference and sample gas.
The fractionation factor is the ratio betweenRsampie and Ryeference @nd is de ned as:

A= — (2.4)

where A denotes the sample andB denotes the reference. The fractionation factor de-
scribes when the isotopic ratio is changed through fractionation processes, either through
chemical or physical processes [9] [8]. The fractionation e ect is de ned as:

= 1 (2.5)

2.3 Firn processes

The rn column of an ice sheet is the uppermost layer and is 50-100 m deep [2]. Here the
snow has yet to go through the transition to ice through densi cation. The transition hap-
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2.3. FIRN PROCESSES

pens through several di erent stages. When the precipitation falls as snow, the crystals
are partially destroyed due to the wind, and the rst layer is created. The snow is further
compacted through the column by sublimation and re-sublimation. Then, part of crystals
grow into a spherical shape at the cost of other crystals diminishing in size. At a depth
of approximately 10m and a density of approximately 550:;-%, no more compaction can
take place. The ice crystals are now packed closer due to ice sintering through pressure.
Sintering is the process of decreasing the surface area of a porous solid at temperatures
near the melting point[10].
At a density of approximately 810-840%, the ice crystals cannot be packed any closer,
and no further di usion of air can happen. The atmospheric air is now trapped as gas
bubbles in the ice[2]. The densi cation pro le is dependent on the temperature and ac-
cumulation and is di erent for each ice core. For the NEEM borehole, the close o depth
was found at 78m [11]. An illustrative sketch of a rn column can be seen in gure 2.1.
The rn column has open pores, which means that air can diuse through the rn.
Throughout the densi cation process, the pores become smaller with depth until they
are disconnected, and the channels are sealed o from the atmosphere.
Because the air in the open pores can still mix with the atmosphere, the age of the ice is
older than the age of the air. The amount of annual precipitation and the site temperature
a ect the age di erence.

Due to di erent dominating factors in gas transport, the rn column is divided into 3
di erent zones as seen in gure 2.1. The First zone is the convective zone where the gas
can still exchange and mix freely with the atmosphere above through wind pumping [12],
here is equivalent to the atmospheric values. Next, we have the di usive zone where the
gas moves primarily through molecular di usion [13]. It is here that fractionation of the
atmospheric air primarily happens. The two components that increase the signal of the
values in the di usive zone are gravitational fractionation and thermal fractionation. Due
to gravity, heavier elements and isotopes are enriched at the bottom of the rn. Thermal
fractionation is driven by temperature gradients through the rn column. This will cause
the air to unmix, and the heavier isotopes will move towards the colder region and the
lighter will move towards the warmer region. [9]. The nal zone is the non-di usive zone.
In this zone, the gas is cut o from the di usive zone. [14][15].

{5{



2.4. RELEVANCE OF NITROGEN AND ARGON

Figure 2.1: On the left, a sketch of a rn column and how the porosity and density change with depth. On the
right, the N and “CAr proles are visualized. The green color shows the increase of **N and “°Ar due to
gravitational settling. The red and the blue line show the thermal di usion e ect on 15N and “°Ar. The blue
line describes the case of fast cooling at the surface where >N and “°Ar decrease because the bottom of the
rn is warmer than the top of the rn. The red line describes the case of fast warming at the surface where °N
and “°Ar increase because the bottom of the rn is colder than the top of the rn. Figure adapted from [2].

2.4 Relevance of Nitrogen and Argon

In this thesis, the focus is on nitrogen and argon stable isotopes. As shown in table
2.2, nitrogen is the most abundant gas, and argon is the third most abundant gas in the
atmosphere. The isotopic compositions of nitrogen and argon stable isotopes are constant
over long periods in the atmospherey 1CPyears [16] [17]. Due to both gases being
relatively inert, they are useful in paleoclimatic research as proxies for the temperature
gradient in the rn column and on the thickness of the di usive column. These parameters
can be calculated using measured®N and “°Ar values and rn modelling [6].
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2.5. FRACTIONATION PROCESSES

Table 2.2: Volume fractions of the major gases in the Earth's atmosphere taken from [18]. Molecular weight is

i 9
In o

2.5 Fractionation processes

As previously described, isotopic fractionation occurs in the di use zone of the rn layer.

In the following, the two major fractionation processes are described. Understanding
the physical and chemical processes of fractionation is necessary to model past climate
parameters, such as site temperature, snow accumulation and rn column width.

2.5.1 Gravitational fractionation

Gravitational fractionation leads to an enrichment of the heavier isotopes with depth.
According to[19] and [20], the gravitational settling or enrichment happens in the di usive
zone and can be calculated from the barometric equation [2]:

P(2) = pee ™ (2.6)

wherep is the pressure at deptle, pg is the initial pressure,M is the molar massg is the
gravitational acceleration,R is the ideal gas constant andl is the temperature. For a
dual gas system with gas and b, the ratio between their gravitational settling becomes:

Rap(2) = D2 g i 2.7)
Po:b
where M is the di erence of molar mass between gasand b. Getting the ratio between
the top of the rn column at z = 0 to some bottom depth levelz:

Rap(z) _ e
Ran(z = 0) - ° 28)

Using the delta notation from equation 2.3 the change of the gravitational settling can be

calculated by:
2 Mgz
Xgav(z)= € mr 1 R_Ig

(2.9)
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2.6. MASS SPECTROMETRY

A rst order Taylor approximation is conducted to derive the last term in equation 2.9.

2.5.2 Thermal fractionation

When a temperature gradient is present in the rn column, the gas in the di usive zone
tends to unmix on a molecular level, called thermal di usion. This temperature gradient
will usually be caused by an abrupt change in the surface temperature since the bottom
temperature reacts slowly. When the gas mixture is exposed to a temperature gradient,
thermal di usion will cause the heavier isotopes to move towards the colder region of the
temperature gradient and the light isotope to move towards the warmer. The thermal
fractionation is given in delta notation in the following equation: [21] [2] [3]:

Ts T
X therm = T, 1 T T (2.10)
b
where R _
b S
b s 2.11
and
.
2.12
T Toean (2.12)

R is the ratio between two isotopes,Thean IS the mean rn temperature, 1 is the

temperature-dependent thermal di usion factor,s denotes the surface ané denotes the
bottom of the rn column. T is the temperature gradient between the top and bot-
tom of the diusive rn column, 1 is the thermal di usion sensitivity. 1 and 1 are

molecule dependent and have been experimentally derived [22] [23].

2.6 Mass spectrometry

Mass spectrometry is a scienti ¢ technique for analyzing the mass of ions in a mixture of
gas, liquids or solids. This has numerous uses in many di erent elds, such as geology,
geophysics, biology and pharmaceutics, where measurements of the isotopic compaosition
of a given mixture are required. Mass spectrometry separates the gas compounds based
on their mass to charge ratio, and a mass spectrum is obtained [24]. The invention of
the rst mass spectrometer is by most credited to Sir John Joseph Thomsen in 1897, who
was also the discoverer of the electron by indirectly measuring its mass [25]. The mass
spectrometer used in this study is a Delta V Plus Isotope Ratio mass spectrometer from
Thermo Fischer Scientic. The mass spectrometer has two inlets for sample ow. The
inlets are controlled by change-over valves. This allows for a quick change between two
di erent gases entering the mass spectrometer and is useful for nding delta values of
a sample by using a controlled reference gas. The following section describes the basic
theory behind mass spectrometry.

{8{



2.6. MASS SPECTROMETRY

2.6.1 Theoretical background

An illustration of the atom and molecule path from entering to being measured in the
mass spectrometer can be seen in gure 2.2.

Figure 2.2: Simple diagram of how a mass spectrometer works. The particle or molecule enters the source and
becomes ionized, it is accelerated forward into a magnetic eld changing the its path, dependent on the path the
ionized particle or molecule is detected in a Faraday cup where an electrical signal is measured and ampli ed, the
mass to charge signal can be read from the Isodat software. Diagram taken from [24].

Gas is introduced into the mass spectrometer through capillary to an evacuated ion-
ization chamber. The gas ow is determined by a pressure gradient between the outside
controlled pressure of the line and the pressure inside the vacuum chamber. The ow rate
is constrained by the inner diameter and length of the capillary connected to the inlet.
The vacuum inside the mass spectrometer is in the order of fnbar without gas ow
into the ionization chamber. In the ionization chamber, a part of the introduced atoms
and molecules of the sample gas is ionized by a bombardment of electrons released by a
heated tungsten lament. An ionized atom or molecule has ideally lost one electron and
thus has a charge of +&=+1 ;6 10 °C. The ionized atoms or molecules are accelerated
in a chamber with an electric eld created by a voltage di erence of severéV and enters
a homogeneous magnetic eld created by an electromagnet. The electromagnetic eld is
perpendicular to the velocity vector of the ionized molecules, and they are de ected on a
circular trajectory with a radius depending on their mass to charge ratio. The trajectories
determine where the detector cups are located. The kinetic energy of the ionized particle
can be described by the product of the voltage di erence creating the electric eld for the
acceleration and the charge of the particles accelerated [9]:

Ug= %mvz (2.13)

whereU is the voltage di erence,q is the charge,v is the velocity of the ionized particle
and m is the mass of the particle. Isolation of/ leads to:

r—
2Uq

{9¢



2.6. MASS SPECTROMETRY

The de ection of the particles due to the magnetic eld can be derived from the Lorentz
force and the centripetal force:
mv?

where F is the force vector,B is the magnet eld vector andr is the curvature path.
Isolating for r and assuming constant acceleration voltage and magnetic eld strength
gives:

2
quB = mTV (2.16)
mv
= — 2.17
e (2.17)
Substitution of equation 2.14 into equation 2.17 leads to:
S
1 2muU
== — 2.18
T E (2.18)

From equation 2.18 it can be seen that is dependent on the mass to charge rati%
given a constant magnetic eld and voltage potential. For a larger mass to charge ratio,
the particles will take a trajectory with a larger radius.

The de ected charged particles are detected when they hit the Faraday cups.

The ion statistics, that causes the voltage signal measured from the Faraday cups, are
described in the following.N is the number of molecules per second that enters the source,
M is the number of molecules per iom is the number of ions per second detected in the
Faraday cups.N, n and M are related byn = % The ion current | is the product of n
and the elementary chargee sol = ne . Combining this with Ohm's law [26]:

U=RI (2.19)

N can be calculated from the gas ow into the ion source determined by a capillary. The
volume moving through the capillary in a certain time can be denotedV® [%]. The
ideal gas law is given as [27]:

pV = Nk,T (2.20)

wherep is the pressureV is the volume,N is the number of moleculesk;, is Boltzmann's
constant and T is the temperature. For a constant pressurg, and temperature Ty, the
ideal gas law can be solved fdx :

V%P

N = 2.21
KT, (2.21)
where is the fraction of the measured compound of the total gas mixture. For a pure
gas entering the mass spectrometer= 1, for nitrogen in air 0:79. Combining 2.21
with | = %e and Ohms law, the voltage at the Faraday cup is found:
N 1 V%
=R—e = R— 2.22
UsRue TRU® T, (2.22)
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2.6. MASS SPECTROMETRY

The ion current creating the voltage from equation 2.22 is integrated over a period of
time, and the current is measured with a resistor and ampli ed into a voltage signal.
This voltage signal can be read with software such as Isodat [28]. The signals precision
is in the order of hundreds ofmV. The amplication is determined by the dierent
resistors converting the ion current into voltage. The resistors are chosen in a way that
they match with the abundances of the isotopes to give measurable signals. Every mass
spectrometer has a cup con guration speci cally made to measure certain masses. The
mass spectrometer used for the measurements in this thesis has 11 faraday cups. A
description of the molecules or isotopes from air measured in their respective cup can be
seen in table 2.3.

Mass 28 29 30 32 36 40 44
Molecule or isotope| NN | YN 15N | N0 | 16060 | 800 Ar | 40Ar | 12C1801%0

Table 2.3: The molecular masses measured on the air con guration and the most likely molecules or isotope
measured.

Some of the cups have multiple resistors so that the ampli cation can be switched
between the high and low ampli cation settings in Isodat Instrument Control. The speci c
cup con guration used for the measurements of this thesis is shown in gure 2.3.

Figure 2.3:  An illustration of the speci ¢ cup con guration inside the mass spectrometer used in my experiments.
The 11 cups are shown with their respective slit width in mm, measured mass in;- and the resistors in .

It has to be mentioned that the detection cups cannot di erentiate between particles
of similar mass to charge ratios. As such, di erent isotopes of similar mass to charge
ratios are being detected in the same cup. When measurinAr from atmospheric air,
the main problem is the barometric interference 000 and %®Ar have the same mass
to charge ratio. There might also be a power from fragmentation &O, into 2C%0. It
has been shown that nitrogen and oxygen can react inside the ion source to foxyO
and nitric oxides, such adNO and NO, [29]. This might cause additional fractionation
on the N, and in general, deplete the measured nitrogen signal. Hence removing
oxygen from the sample stream is a good idea before it enters the ion source. One of
the main objectives of this thesis is to investigate strategies for removing the oxygen
with a perovskite membrane, as well as removing the majority of the carbon dioxide by
freezing it with liquid nitrogen to prevent changes of the values occurring inside the
mass spectrometer.

{11{



2.6. MASS SPECTROMETRY

2.6.2 Resolution of a mass spectrometer

For a Delta V plus mass spectrometer, the mass resolutidR is de ned as the ratio
between the ion massn and the ion mass di erence of two neighboring peaksm if the
valley between peaks drops to 10 % of the peak height. [9][30]:

R= — 2.2

— (2.23)
The resolution describes which masses can be distinguished from each other based on the
10% valley de nition. Since the intensity peaks depend on the width of the ion beam and
the width of the slits, so does the resolution. The ion beam can be controlled with the
focus settings in the software Isodat.

2.6.3 Isodat

The software used for Thermo Fischers mass spectrometers is called Isodat NT [28]. The
version installed was Isodat 3.0. Isodat allows control and con guration of the mass
spectrometer to optimize the measurements. There are several subprograms installed
with Isodat. Instrument control lets you monitor and control key parameters and run
several di erent scans to measure, test and monitor the signal intensities for the di erent
gas compounds. Acquisition lets you run sequence les, method les and ISL scripts. The
sequence le enables the user control measurements, how they should be run and which
pre-measurement corrections should be applied[30]:

A

Peak center: Finds the middle of the peak by changing the high voltage accelerating
the particles until a stable large signal is achieved on the respective cups.

Background: Measures the background without any sample and zeros all the inten-
sities.

Pressure Adjust: Adjust the pressure in the bellows (not used in this work where a
continuous sample stream is used).

Method: Lets you chose which method should be used for each speci ¢ measurement.
The method le controls the following:

ISL script: Controls the mass spectrometer functions during a measurement, e.g.
the turn over valves which switches between the reference and sample inlet.

Cup con guration: Chose between con gurations. This depends on which sample
gas is introduced and which isotopes are supposed to be measured.

Integration time of each measurement. A longer integration time reduces the random
noise by integrating over a longer period.

Peak center settings.
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" Cycles: Control how many cycles are used. One cycle consists of 3 measurements.
First, the reference is measured, lets call thir;. Secondly, the sample is measured,
lets call this S;. Thirdly, the reference is measured again, lets call thiR,. From
each cycle, a ratio between the sample and reference can be found. The method
calculates the ratio with the S; average ofR; and R,. Every cycle subsequent to
the rst only does two measurement one on the reference side and one sample side.
For calculating next ratio it usesR, of the previous ratio measurement aR; in the
next.

Idle time: Time between measurements. Required to let the source reach an equi-
librium after the reference and sample has switched.

" Background: Controls the settings for the background.
" Evaluation of values are done.

Workspace lets you visually analyze and export scan or acquisition data. Version handler
allows you to go back to a previously installed con guration of Isodat if the current
version becomes corrupted. Isodat is an old program and not optimized for windows
10. A corruption of the software les occurred on multiple occasions, and the version
handler was used to reinstall a version, which was saved after a clean installation. Isodat
Con guration enables you to con gure the Isodat GUI, setup the mass spectrometer
hardware and how it communicates with the control computer.
Two di erent approaches to measure and calculate the values were used in this work.
The rst method was monitoring the mass intensities with a time scan. From the raw
signal intensities, values were calculated manually. A reference was chosen manually
by averaging the measured intensities over a certain time period, usually the rst period.
The samples were all compared to the manually chosen reference.
The second option was through the Isodat Acquisition. The acquisition calculates/alues
by automatically switching between a reference and sample gas and outputs the average
value along with its standard deviation and standard error.

2.6.4 lon source and focus settings

If the high voltage delivered to the ion source is unstable, it will result in unstable ioniza-
tion and ion acceleration, and thus the measured mass intensities will oscillate. A problem
occurred where the high voltage was oscillating between88 3:25KV . To x this, a
visual inspection of the ion source was done to make sure there were no broken dust or
ceramic pieces because even small changes in the geometry of the ion source can in uence
the ion beam, and thus the measurements. When the source was taken in and out, the
focus settings of the ion beam have to be refocused. To do that, Isodat Instrumental
Control has an automated focusing setting which slightly changes the direction of the ion
beam before entering the magnetic eld in order to maximize the signal intensities. This

is achieved by changing the electric eld strength by changing the voltage di erence on a
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