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Abstract

An accurate understanding of the succession of climate events is important in the
interpretation of high resolution climate records. Atmospheric oxygen (O2) is a global
tracer of biosphere productivity and can further be used to synchronize ice core
records across hemispheres.

This thesis work is focused on instrumental design and optimization of an experimen-
tal setup for extracting and measuring δ18O of atmospheric O2 in ice cores.

Results from a measurement campaign of samples from the RECAP ice core are
presented to verify an increase in δ18O seen around 100-120 kyr BP. These data are
used to further constrain the time scale for gases in the RECAP ice core by comparing
them to the already established time scale for the Antarctic EDML ice core.
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1 | Introduction

As snow falls in cold regions, it slowly transforms into firn and subsequently ice due to
gravity and the weight of accumulating precipiation. The interior regions of large ice
sheets such as those found in Greenland and Antarctica are less affected by melt, and
thus preserve layers of old ice. These layers can be investigated to infer information on
how environmental conditions have changed in the past. Ice cores of a few kilometers
length are retrieved from the ice sheets and these deep ice cores serve as important
archives of paleoenvironmental information. For example, the current oldest ice core
retrieved from East Antarctica captures a detailed picture of the Earth’s paleoclimate
extending back around 800 000 years, that is to the Pleistoscene period [Augustin
et al., 2004]. Among the climate information in ice cores, ancient air trapped in the
bubbles is arguably one of the most unique paleoenvironmental archive available - as
it represents actual samples of Earth’s past atmosphere [Brook and Buizert, 2018].

Oxygen is the second most abundant gas in the atmosphere and plays a role in many
key parts of Earth’s climate system. The isotopic composition of atmospheric oxygen
can be used as a proxy to infer complex biological processes. As oxygen resides in
the atmosphere over a long time and mixes globally, it can also be used for relative
dating of gas age in ice cores.

Overview of this thesis

The work presented in this thesis is mainly experimental with emphasis on instru-
mental design and optimization. The goal of the project was initially to develop a
δ17O measurement system for gases in ice core samples based on the method that has
been successfully implemented for measuring modern air samples [Barkan and Luz,
2003].

Unfortunately, due to several unexpected technical challenges, discussed in detail in
chapters 4 and 5, the complete implementation of δ17O measurement system has to
be delayed. Instead of fully focusing on δ17O, this thesis will therefore also cover
the development of δ18O measurement system at the Niels Bohr Institute Physics of
Ice Earth and Climate’s (NBI-PICE) new laboratory at Tagensvej 16 and δ18O data
analysis from a successful measurement campaign of the RECAP ice core [Simonsen
et al., 2019].
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CHAPTER 1. INTRODUCTION

At first, in chapter 2, background on how isotopic measurements of atmospheric
oxygen in ice cores, both δ17O and δ18O, are used to infer past biological processes is
presented. Chapter 3 goes into more detail on the theory behind mass spectrometry,
the method used in this project for measuring isotopic compositions.

In chapters 4 and 5, the more technical aspects of the project are discussed. Chap-
ter 4 describes the ice extraction setup for both δ17O and δ18O. Chapter 5 discusses
the application of the mass spectrometer for δ18O measurement and the challenges
encountered. In these chapters, the precision, accuracy and continuity of the experi-
mental setup are analyzed.

Chapter 6 discusses the necessary instrument corrections required to reconstruct pa-
leoatmospheric δ18O.

In chapter 7, measurements of test ice are presented along with a discussion on the
external precision of the setup. At the very end of the thesis, in chapter 8, new
measurements of the RECAP ice core are presented alongside a discussion on how
these contribute to other records and can be used for establishing a timescale for the
core.
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2 | Background

2.1 Stable isotope studies

Isotopes are atoms whose nuclei have the same number of protons, Z, but vary in
the number of neutrons, N . Isotopes of an element, X, are therefore distinguished
by being denoted as Z+NX = MX, making M the atom’s number of nuclei. A mul-
titude of processes in nature have been found to change the isotopic compositions
of elements. Processes that alter the isotopic composition of a compound are called
fractionation processes. Stable isotopes are non-radioactive atoms preserving infor-
mation on these mechanisms which often represent important physical, chemical, or
biological processes in nature. Therefore, stable isotope studies have been widely
used to investigate and reconstruct paleoclimatic conditions.

A common and practical nomenclature is needed to be able to compare isotopic abun-
dances by researchers across the globe. For major components of air such as N2, O2,
and Ar, samples are therefore compared to a reference atmospheric measurement
which is a sample from today’s clean air. These air standards are taken from regions
with negligible pollution and contamination, e.g. at polar ice caps. Typically, the
compositional changes tend to be small. Therefore, to express the relative differ-
ence of the ratio compared to that of the chosen reference concentration, the "delta
nomenclature", δ, is commonly used in stable isotope studies. The δ of a measured
isotopic ratio in a sample, R, to its reference, Rs is defined as

δ =

[
R

Rs

− 1

]
. (2.1)

The delta notation makes it convenient to gauge small variations of the ratios; in this
work the δ values typically range between 10−3 and 10−6. The isotopic ratios will be
given as the concentrations of the heavier (minor) to the lighter (major) isotopes. As
explicit examples, the ratios of 18O to 16O, δ18O, and 17O to 16O, δ17O, are given by

δ18O =

[
(18O/16O)sample

(18O/16O)reference
− 1

]
, δ17O =

[
(17O/16O)sample

(17O/16O)reference
− 1

]
. (2.2)

3



CHAPTER 2. BACKGROUND

The δ nomenclature is also used to express elemental ratios. For the ratio of oxygen
to nitrogen in the atmosphere, their δO2/N2 value becomes

δO2/N2 =

[
(O2/N2)sample

(O2/N2)reference
− 1

]
. (2.3)

When the isotopic ratio is changed through some chemical or physical reaction, a
fractionation factor, α, for that specific reaction can be defined as

RB = αRA, (2.4)

where RA and RB are the isotopic ratios in the reactant and product associated with
the reaction. This notation can further be used to describe the overall fractionation
of several isotope exchange reactions. The fractionation effect, ε from a reaction can
thus be defined as

ε = α− 1. (2.5)

2.2 Firn processes

The upper 50-100 m of an ice sheet is called the firn layer. Here the transformation
from snow to ice occurs by densification [Herron and Langway, 1980]. This transfor-
mation is illustrated in figure 2.1, where typical depths of the stages between snow
and ice are shown.

Figure 2.1: Illustration of the firn column and its effect on δ15N. Figure is taken from
[Blunier and Schwander, 2000].

Atmospheric air diffuses freely through the pores of the firn, however, with increasing
depth the gas is gradually enclosed in bubbles. A study on the Siple station drilling

4



CHAPTER 2. BACKGROUND

site found that 80% of the bubble volume is already occluded as the firn densitiy
is 795 < ρ < 830 kg m−3 [Schwander and Stauffer, 1984]. In this interval, called
the close-off zone, the mean close-off density, ρ̄co, is typically found, independent of
accumulation rate but slightly dependent on the drilling site temperature [Martinerie
et al., 1992, 1994].

Since air can diffuse down through the firn, the trapped atmospheric age is younger
than that of the surrounding ice lattice at bubble close-off. The full close-off depth,
zcod where all bubbles are closed is typically found between 60-100 m below the
surface.

Prior to bubble closure, the firn layer is the origin of processes altering the isotopic
and elemental compositions of the gases trapped in ice cores. It is therefore vital to
understand and account for these processes to correctly interpret measurements.

Figure 2.1 shows how δ15N changes with depth in the firn column. In the uppermost
part, the convection zone, the air is well mixed with the atmosphere and the isotopic
ratios equal those of today’s troposphere. However, in the diffusive zone, where gas
transport in the smaller channels is due to molecular diffusion, the heavier elements
and isotopes tend to move downward resulting in an increasing enrichment of δ15N
in the gas. This is due to gravity, and the isotopic change is termed gravitational
fractionation. Today, the effect results in a δ15N below close-off depth of '0.27
permille for the NEEM ice core. A shorter firn column results in a smaller enrichment
in δ15N. Close-off depth is controlled by the firn temperature and snow accumulation
[Schwander et al., 1997, Goujon et al., 2003].

Following other studies [Bender et al., 1994b, Sowers and Bender, 1995, Severinghaus
et al., 2009], δ18O and δO2/N2 can be corrected for this gravitational fractionation
by

δgravcorr = δ −∆m · δ15N, (2.6)

where the mass difference ∆m is 2 for δ18O and 4 for δ18O and δO2/N2 when us-
ing δ15N for the correction. Eq. 2.6 accounts for all mass dependent fractionation
processes, and so also corrects δ18O for any such artifacts of the instrumental setup.

Fractionation during bubble close-off, clathrate formation and gas loss during ice core
drilling and storage may still change the isotopic compositions. These are smaller
corrections than those imposed by instrument effects and gravitational fractionation,
but may be necessary to obtain higher accuracy on the measured δ18O [Bender, 2002,
Battle et al., 2011].

2.3 The oxygen cycle

Molecular oxygen, O2, currently constitutes around 21% of the atmosphere and is
tightly bound to biological processes. In Table 2.1, the major constituents of dry air
in today’s atmosphere and the amount by volume are listed. The remaining fraction

5



CHAPTER 2. BACKGROUND

is made up of various trace constituents such as neon, helium, methane and krypton.
Oxygen has three stable isotopes; 16O, 17O and 18O, whose abundances can be found
in Table 2.2.

Molecule % by volume
N2 78.08
O2 20.95
Ar 0.93
CO2 0.0420

Table 2.1: Major constituents of dry air by volume.

Nuclide Z N Natural abundance
16O 8 8 0.99757
17O 8 9 3.8 · 10−4

18O 8 10 2.05 · 10−3

Table 2.2: Stable isotopes of oxygen.

Accounting for fractionation processes in the firn and ice makes it possible to estimate
the isotopic ratio at the time of bubble close-off. However, to further assess what the
isotopic compositions of oxygen reveal about the Earth’s climate, understanding the
fractionation processes inherent to the oxygen cycle is essential. In the following, the
main climatic effects that can be inferred from δ18O and δ17O are presented as well
as how δ18O is used for relative dating of ice cores.

2.3.1 δ18O and dating of ice cores

Oxygen in the atmosphere is created by photosynthesis in plants, a photochemical
reaction where water and carbon dioxide are converted to oxygen and carbohydrates

6CO2 + 12H2O + light = C6H12O6 + 6O2 + 6H2O. (2.7)

No fractionation occurs during photosynthesis [Guy et al., 1993]. Thus, the iso-
topic composition of O2 from photosynthesis reflects the isotopic composition of the
substrate water, which is leaf water or seawater for terrestrial or marine plants, re-
spectively. In figure 2.2, the main fluxes of the oxygen cycle are depicted, where
processes associated with fractionation are denoted with the corresponding fraction-
ation factor, α.

6



CHAPTER 2. BACKGROUND

Figure 2.2: Main components of the oxygen cycle where F denotes the fluxes of
oxygen and α is the fractionation factor for the respective process. Figure from T.
Blunier.

Both aquatic and terrestrial plants respire, turning O2 and carbohydrates produced
by photosynthesis into energy. Respiration (Flr and For in figure 2.2) serves as the
primary sink of oxygen. This process preferentially removes lighter oxygen isotopes
from the atmosphere,resulting in a positive δ18O and δ17O value of the atmosphere
compared to the seawater. This anomaly is known as the Dole effect and has been
estimated to be (23.88 ± 0.03)%� [Lane and Dole, 1956]. Respiration is an example
of a mass dependent fractionation process which fractionates δ17O about half of that
of δ18O.

Steady state between photosynthesis and respiration is achieved when the amount of
O2 produced by photosynthesis equals that consumed by respiration. That is the case
when Fop + Flp = For + Flr. In this scenario the atmospheric oxygen would yield a
δ18O of 18-20%� relative to the standard mean ocean water (SMOW) [Blunier et al.,
2002]. The higher measured value originates from a multitude of smaller corrections
[Reutenauer, 2016], e.g. leaf water being enriched in δ18O due to evapotranspiration
[Dongmann et al., 1974]. This is also why the terrestrial photosynthetic flux of oxygen
is associated with a fractionation factor, αh, in figure 2.2.

Variations in δ18O of leaf water and the ratio of land to ocean production are therefore
tracable in the atmospheric δ18O. The production in turn is driven by changes of the
meridional shift of the tropical rain belt correlating it with northern hemisphere
summer insolation [Bender, 2002, Seltzer et al., 2017]. From its measured value the
23 000 year precession cycle of the Earth can therefore be inferred.

Interpreting high resolution climate records gives insight to detailed climate events.
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To understand the succession of these events, being able to correctly determine their
age is vital. Information is often inferred from ice cores from both hemispheres, and
these must be coupled correctly to reach accurate conclusions on climate dynamics.

Most climate archives lack markers absolute dating. Therefore it is useful to date ice
cores relatively to each other. All gases that have a global signal can in theory be used
for synchronizing ice cores. The residence time of the gas in the atmosphere must be
longer than its mixing time to ensure a proper imprint on the opposite hemisphere
than where the change originated from. It must also be possible to obtain reliable
measurements of the gas on both hemispheres. δ18O of oxygen in the atmosphere
has previously been used for such relative dating [Bender et al., 1994a, Blunier and
Brook, 2001]. Since oxygen mixes globally its residence time in the atmosphere makes
it ideal for detecting millenial scale changes. δ18O thus permits correlation of ice cores
across the hemispheres. This enables the synchronization of ice cores from Greenland
and Antarctica.

2.3.2 The triple oxygen isotope composition

Since 17O is about five times less abundant than 18O in the atmosphere, reliable
measurements of δ17O requires higher precision. The combination of δ17O and δ18O
measurements is a powerful tool to understand paleoclimates.

If all fractionation processes in the oxygen cycle were mass dependent, measuring
δ17O would not give any additional information to measuring δ18O. However, in the
stratosphere, a fractionation process that is not solely mass dependent occurs which
affects δ17O more δ18O [Luz et al., 1999]. Air mixes from the troposphere to the
stratosphere. In the stratosphere a complex isotope exchange between O2, O3 and
CO2 occurs. This process leaves δ17O depleted compared to δ18O, and mixes down
to the troposphere, passing on the so-called anomaly. The fact that there is a mass
independent fractionation process happening, makes it possible to separate the frac-
tionation due to respiration from photosynthesis.

Therefore, it has been proposed that changes of δ17O can be used to obtain the
strength of photosynthesis in the biosphere [Blunier et al., 2002, Luz et al., 1999].
This makes the deviation a proxy for biologic productivity.

The triple isotope composition is defined as

17∆ ≡ ln(δ17O + 1)− λref · ln(δ18O + 1), (2.8)

where λref is a coefficient accounting for the exact ratio O17/O18 during fractionation
processes influencing the modern air composition. Previous studies have shown λref
to be 0.518 [Luz and Barkan, 2005, Helman et al., 2005].

The measured 17∆ must further be evaluated by at the least a simple box model
[Blunier et al., 2012] to infer biological productivity. This should account for several

8



CHAPTER 2. BACKGROUND

mechanisms that influence the fractionation of stratospheric exchange and plant res-
piration. The strength of the stratospheric exchange is for example coupled to the
amount of CO2 in the atmosphere. Thus, to get a meaningful model one must in-
clude measurements of past variations of the CO2 level in the atmosphere. It should
be noted that 17∆ is a measure of biological productivity, however it gives limited
information on the individually contributing processes.

Changes in biological productivity affect the climate in multiple ways. As terrestrial
biomass increases, the atmospheric CO2 concentration is lowered due to a higher
amount of photosynthesis. The ocean biomass also promotes the effect of lowering
the CO2 concentration in the atmosphere. As more biomass is produced in the ocean
and is transported to greater depths, the partial pressure of CO2 in the surface ocean
is lowered. This in turn lowers the concentration in the atmosphere as it reaches
an equilibrium with the surface ocean. A lower CO2 concentration promotes colder
temperatures. However, increased vegetation in the terrestrial biosphere decreases
the albedo of the Earth, which in turn increases the absorption of sunlight and thus
the temperature.

2.4 Background on ice core samples

Most ice cores are drilled close to ice divides. The slow or negligible horizontal flow
ensures that the deeper ice is originating from the same location on the surface. In
this project samples from different ice cores have been measured for varying purposes,
though they all stem from Greenland. In figure 2.3, a map of Greenland is shown
where drilling sites are depicted with red markers.

Samples containing gas from the late Holocene have been measured as so called "test
ice" as the δ18O and δ15N of these are well constrained. Except for firn processes,
δ18O resembles today’s atmosphere due to the 1000 years residence time of oxygen
and 107 years residence time of N2. The test ice comes from the NEEM shallow ice
core [Dahl-Jensen et al., 2013]. These measurements are valuable for gauging the
precision, accuracy and continuity of the experimental setup.

At the end of the thesis work, samples from the RECAP ice core [Simonsen et al.,
2019] were measured for the purpose of synchronizing the core with Southern hemi-
sphere cores. The RECAP core is retrieved from the Renland ice cap in Eastern
Greenland. Being so close to the sea, the Renland ice cap is strongly influenced by
the change of Arctic sea ice export and Northern ocean currents.
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Figure 2.3: Map of Greenland where drilling sites are marked with red. The shading
from gray to white indicates elevation. Figure taken from [Masson-Delmotte et al.,
2015].

Ice core Drilling period Coordinates
RECAP 2014-2016 71.30°N, 26.72°W
NEEM 2009-2012 77.45°N, 51.06°W

Table 2.3: Name, drilling period and coordinates for the ice cores whose samples have
been measured in the course of this project.
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3 | Mass spectrometry

Mass spectrometry is a widely used method in many fields of science. In physics it
is typically applied for isotope analysis. In very brief terms, a mass spectrometer
(MS) ionizes the atoms and molecules of gas compounds and is able to separate and
measure the amount of these by exploiting their difference in mass-to-charge ratio.

The first instrument to separate ions by their mass-to-charge ratio was constructed
by J. J. Thompson in 1987, who is credited with the discovery of the electron. His
work led to the discovery of atoms, isotopes and him being recognized as the father of
mass spectrometry [Gross and Poole, 2018]. The technology has of course developed
greatly in the 100 years since then and for this work a Delta V Plus Isotope Ratio MS
from Thermo Fisher Scientific has been used. The work and alterations made to the
MS are discussed in chapter 5. In this chapter, the underlying theory behind mass
spectrometry is discussed and the concepts of a dual inlet MS systems are presented.

3.1 Concepts of mass spectrometry

As a gas is introduced to the MS, it first passes through a high vacuum (∼ 10−8

mBar) ionization chamber where the particles are bombarded with electrons pro-
duced by a heated tungsten filament. A schematic of the process is seen in figure
3.1. This ionizes the molecules and atoms. Here one must be aware that there is a
statistical chance that the electrons break molecular bindings, making recombination
of molecules possible.
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Figure 3.1: Schematic of processes in a dual inlet mass spectrometer. Figure taken
from [Guillevic, 2013].

The ionized molecules are accelerated by passing through a voltage difference that
creates an electric field. Then the compound is subjected to the electromagnetic field
of a magnet perpendicular to the particle velocity. This separates the trajectories of
molecules of different masses aiming at separate collectors. The force on a charged
particle in vacuum due to electromagnetic forces is described by the Lorentz force
law as

F = q(E + v ×B), (3.1)

where F is the force applied on the ion, q its charge, E the electric field and v ×B
the vector cross product of the ion velocity and the magnetic field. Newton’s second
law of motion for the non-relativistic case is

F = ma, (3.2)

where m is the mass of the moving body and a its acceleration. Equating the two ex-
pressions for the force yields the differential equation governing the motion of charged
particles as
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(m/q)a = E + v ×B. (3.3)

Thus, by subjecting a group of ions to the same electromagnetic forces, their trajec-
tories will be determined by m/q. The magnet in the MS deflects the ions on basis
of this mass-to-charge ratio, commonly denoted as (m/z) where z is the number of
elementary charges of the ion. The mass-to-charge ratio is typically noted as a di-
mensionless number describing the ratio of the mass number to the charge number
of the ion. The ions are usually only ionized to have one extra electron. In table 3.1,
the m/z referred in this work are listed alongside their molecules.

Chemical formula m/z Chemical formula m/z
14N14N 28 16O18O 34
14N15N 29 36Ar 36
15N15N 30 40Ar 40
16O16O 32 CO2 44
16O17O 33 N2O 44
17O17O 34 H2O 18

Table 3.1: Molecules and atoms that are measured and mentioned in this work along-
side their mass-to-charge ratio for z = 1.

After being deflected, the separated ions hit Faraday cups. The ions are neutralized
due to an electric current connected from ground to the cup. The cup then gains an
electric charge. The ion current is integrated over a certain time interval and trans-
lated into a voltage signal using a resistor of high electrical resistance. The voltage
intensities measured by the MS can then be directly translated to the relative amount
of different m/z in the gas. Notice that the collectors have no way of distinguishing
on other terms than this ratio, making e.g. CO2 and N2O (m/z = 44) or 17O-17O
and 16O-18O (m/z = 34) fall into the same cup. This effect is known as isobaric
interference.

The Delta V MS is equipped with a total of seven cups with widths of either 3.5
mm or 5.5 mm. Multiple collectors in the MS make it possible to measure several
isotopologues simultaneously. For a certain strength of the magnetic field, these
cups will measure a set of m/z of the ionized gas which is commonly called a cup
configuration. In figure 3.2 a schematic of the arrangement and widths of the Faraday
cups are presented. The figure also shows which configurations are used in this work,
and how these assign m/z for the relevant cups. The N2/O2/Ar configuration is
utilized to measure δ18O, δ17O, δO2/N2 and δ36Ar. The N2 configuration is used to
measure δ15N. The CO2 configuration is mainly used for verifying effects in the MS
by measuring the isotopologues of pure CO2.
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Figure 3.2: Schematic of Faraday cups in the Delta V MS and the configurations
used in this work. For each configuration, the m/z measured by each cup is shown.

In this thesis a method called "peak jumping" is also utilized. This refers to when
a change in the magnetic field is made to deflect a different set of masses to the
Faraday cups. This is a useful tool i.e. when measuring elemental ratios of masses
too far apart to be a part of the same cup configuration. Previous work on the system
[Grzymala-Lubanski, 2015, Reutenauer, 2016] was performed with another MS with
fewer cups. Therefore, peak jumping was used more extensively. Changing between
configurations is technically a version of peak jumping, but one usually refers to peak
jumping when measuring one specific mass and not a range of masses which is the
case with changing configurations.

3.2 Dual inlet mass spectrometry

As previously discussed, stable isotopic ratios are evaluated against a reference gas -
typically a clean sample of current air. The precision on the resulting isotopic ratios
is increased as sample signals are compared to the reference gas signals repeatedly.
To be able to measure both sample and reference gases as frequently as possible in a
similar way, a dual inlet (DI) mass spectrometer has been used. A schematic of a DI
system is shown in figure 3.1. Sample and standard are injected into containers with
adjustable volumes called bellows. For our experiment the left bellow (LB) contains
the sample and the right bellow (RB) contains the reference gas. Varying the volume
permits the user to change the pressure in the bellow. Gas flows from the bellow to the
changeover block by a capillary. The capillaries constrict the flow. The changeover
block consists of four valves. This unit allows admitting sample and reference gases
sequentially into the ion source. The pressure in the bellows are adjusted so that the
signal intensity is as similar as possible for the sample and standard.

It is important that an uninterrupted continuous gas flow is given for both capillaries.
Fractionation can happen both in the capillaries and in the bellows. Keeping the
system as symmetrical as possible limits these effects. When the differences are
small, the resulting measurements can be corrected using a pressure imbalance test
as described later in section 6.2.
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3.3 Resolution

The precision of a single measurements is determined by the conditions in the MS.
The resolution of a mass spectrometer, R, is defined as the ratio of the ion mass, m,
to the mass difference, ∆m as

R =
m

∆m
. (3.4)

∆m denotes the smallest mass difference for which m/z signals of the same intensity
are still distinguishable [Gross and Poole, 2018]. The resolution depends on how
broad the ion beam is and which cup the measurement is performed with. The Delta
V MS typically has a resolution of 110, fulfilling the so-called 10 % valley mode.
This means that two neighbouring peaks of masses will only overlap where the peak
intensity has dropped to 10% [Thermo Electron Corporation, 2005].

Though the error on a certain measurement can be small, the internal precision of
the MS might be large if the same measurement repeated several times gives varying
result. To fully evaluate this reproducability, analysis on zero-enrichment tests over
time is presented in section 6.1.
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4 | Experimental setup

A setup for extracting air occluded in bubbles of ice, as well as preparing and col-
lecting gas for measurement of δ18O and δ17O is described in this chapter. First, the
part of the setup able to measure δ18O is discussed in detail. This section is also
needed for measuring δ17O and δ18O, but to successfully measure δ17O an additional
separation part must be included in the setup. This section is presented in the end
of the chapter.

The setup consists of

• An extraction system

• A vacuum system

• A water removal section

• A CO2 removal section

• A N2 removal section for δ17O measurements

• A collection unit

The function of every component of the line is explained along with improvements
and adjustments that have been made to the original design of the setup [Reutenauer,
2016].

4.1 Requirements of setup

The gas sample introduced to the MS must be representative of the gas extracted
from the ice core. Fractionation may occur as a result of e.g. temperature fluctuations
and adsorption processes in the line. As it is near impossible to build a setup where
no fractionation is present, it is rather aimed at treating the reference and sample in
as similar ways as possible. This follows the principle of identical treatment [Werner
and Brand, 2001]. The idea is that as long as the reference and sample are processed
in a similar way, artifacts of the setup will cancel out as they are measured against
each other.
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The analytical precision required by an experimental setup depends on how small the
expected changes of the δ-value are. A part of this thesis work is to verify a local
maxima in δ18O of the RECAP ice core at around 100 - 120 ky BP. In this interval
δ18O varies between -0.2-0.6%�. The measurement will be used to better constrain
the time scale created for the RECAP ice core [Simonsen et al., 2019]. Due to its large
variability, an external precision of 0.05%�will be sufficient to acquire data useful for
establishing a time scale for the ice core.

To obtain meaningful measurements of δ17O, one must be able to see variations as
small 10 permeg (0.01%�) corresponding to its millenial scale variations measured in
other studies [Blunier et al., 2002, Landais et al., 2007].

4.2 General layout for δ18O measurements

A schematic of the experimental line used for extraction of gases in ice cores, removal
of water and CO2, and collection of the gas can be seen in figure 4.1. This con-
figuration of the setup is meant for δ18O measurements and has bypassed an extra
separation part needed for δ17O measurements between valves L2 and L7.

During extraction, ice samples of ' 40 g are enclosed in extraction vessels. The vessel
is connected to one of the valves E1-E10 as seen in figure 4.1. The vessel is evacuated
with both a rough pump and a turbomolecular pump through valve P1 for 10 minutes
to remove any atmospheric air that has diffused into the outer layer of the ice sample
after cutting. Meanwhile the vessel is submerged in a cold bath consisting of ethanol
at (−45± 5)°C.

The cold bath is switched out with a warm bath consisting of water kept at (+45±
1)°C. This melts the ice and releases gas enclosed in bubbles in the ice. At the
same time the pathway from the extraction vessel to one of the dip tubes, or rods, is
free (R1-R10). The collector dip tubes are kept at cryogenic temperatures ('10-12
K). This creates a local pressure gradient that pulls the gases from the ice samples
through the line to be trapped and solidified in the dip tube.

The gas is first subjected to water traps (T1 and T2) kept between -80°C to -100°C.
These traps capture any water vapor that is carried with the gas from the extraction
vessel. Due to the presence of water in this section of the setup it is termed the "wet
part".

After water is removed from the sample, the gas moves through a CO2 trap, T3,
which traps CO2 by freeezing it at -196°C. This is achieved by submerging the trap
in liquid nitrogen (LN2). The section of the setup from trap T3 to the dip tube
should at no time contain water in any form. Therefore it is called the "dry part".

Now the gas contains neither water nor CO2, but is mainly a mixture of N2, O2 and
Ar that has been preserved in bubbles of ice. This gas is trapped in the dip tube
and solidifies due to the low temperature. After all extractions on a certain day are
finished, the dip tube is heated up again. The solid mixture becomes gaseous and is
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allowed to diffuse within the dip tube. The next day, the gases are introduced to the
sample bellow of the dual inlet system in the MS to be measured.

Figure 4.1: Schematic of the experimental setup for δ18O measurements where the
N2 separation part is excluded. Valves P0-P3 lead to the vacuum system described
in figure 4.2.

4.3 Vacuum system

Although technically not part of the sample line, a robust vacuum line is critical in
any gas measurement system. A detailed schematic of the vacuum system can be
found in figure 4.2. It consists of a low vacuum (LV) rough pump (Duo 2.5, Pfeiffer)
and high vacuum (HV) turbomolecular pumping station (HiCube, Pfeiffer) connected
to the same volume. The pressures in the setup are monitored by pressure gauges
(Pirani, Edwards). From the vacuum system, valves P1-P3 lead to the line, while
the manual valve P0 connects the LV pump to the vaccum casing of the collection
manifold. This allows for the different parts of the setup to be evacuated and brought
to vacuum at different times. To protect the turbo molecular pump, it is only opened
to the line after the oil pump already has reached a pressure below ∼ 0.1 mBar.

The dip tubes are encased in a vacuum casing. By evacuating the casing to vacuum,
the empty space serves as insulation and is necessary for reaching cryogenic tem-
peratures. The vacuum casing is evacuated only with the LV pump by closing the
pneumatic valve, PL, between the HV and LV pumps. The casing must be evacuated
separately from the line because it contains vacuum grease which poses a possible
contamination of the line.
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Figure 4.2: Detailed schematic of pump system where P0 and P1 are manual valves
and P2, P3 and P4 are pneumatic valves.

In addition, after every ice sample is extracted and collected, the "wet part" of the
line is evacuated by the rough pump keeping only P1 and PL valves open. This
is to protect the turbomolecular pump and the dry part of the setup from water
vapor. This vacuum system has proved efficient and its simplicity makes it reliable
to work with.

4.4 Sample preparation

Samples of ice are cut by an electric band saw inside a cold room. It was found that
samples should be around 40 g to yield 4 cc of gas, which is the amount of gas the
setup is designed for [Reutenauer, 2016].

Great care is taken to avoid possible contamination of the sample. All samples are
handled with clean gloves. Any visible cracks are cut away from the sample as
illustrated by the red line in figure 4.3. The example in the picture is one of the
samples from the RECAP ice core. Here only the part below the red line was used
for extraction.

Samples used for gas analysis typically have a curved side as seen to the left of the
sample in figure 4.3. This curved side has a greater chance of being contaminated by
drill fluid and of suffering from post coring gas loss. Therefore, at least 0.5 cm of this
part is cut from the sample.

After the sample is cut to '40 g, all sides are shaved with a ceramic knife further
removing '2 mm of all surfaces. The final weight of the sample is noted.
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Figure 4.3: Picture of a RECAP sample that was cut at the illustrated red line to
avoid contamination stemming from the visible crack in the ice.

4.5 Extraction system

After cutting and shaving the sample, it is enclosed in an extraction vessel (figure
4.4). The upper part of the vessel is a 6 mm glass tube that can be connected to
one of the valves E1-E10 with a SWAGELOK 1/4" Ultra-Torr fitting with a viton
O-ring.

The gases occluded in bubbles in ice samples are retrieved by a melt-extraction tech-
nique. This is a common method for extracting gases such as O2 and N2. Other
gases require so-called dry extraction methods, such as crushing the ice to extract
the gases. This is e.g. the case for CO2 which due to its high solubility in water, will
not yield precise measurements if extracted with a melt-extraction technique [Sowers
et al., 1997].

Figure 4.4: Photograph of glass extraction vessels along with their O-rings and con-
nectors. Figure from Grzymala-Lubanski [2015].
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Before melting, the vessel containing the sample is submerged in pre-cooled ethanol
between -45°C and -55 °C. The vessel containing the sample is evacuated by the LV
and HV pump for 10 minutes. Then the cold bath is switched out with a warm bath
consisting of water kept at (45± 1)°C. This typically results in a melt time between
5 and 7 minutes, depending on the size and density of the ice sample.

The setup can accommodate ten extraction vessels. The samples are introduced one
by one through the line, with a minimum of 30 minutes intervals due to evacuations
of the line and transfer time. This is to avoid cross contamination of the samples.
Leaving the samples for different times in the sample flasks can be a source of addi-
tional uncertainty. A procedure for cutting and keeping several samples cold at once
was therefore not developed. Instead every sample was cut and shaved immediately
prior to extraction, and inlet E2 was used for every ice sample in this project.

Some tests have been conducted in the system by using dry reference gas. In these
cases the gas is introduced through the mass flow controller (MFC) on the upstream
side of valve L0.

4.6 Water removal

As the ice samples are melted, water vapor is typically carried along with the released
gases. This water vapor has to be removed from the air sample to prevent potential
isotopic exchange with atmospheric oxygen. Therefore, the gas compound is sub-
jected to two water traps, T1 and T2. These are cylindrical stainless steel (SST)
tubes filled with glass beads (2 mm outer diameter) to allow for a large surface area
where the water vapor may freeze on to.

The traps are submerged in a mixture of ethanol, LN2 and dry ice kept between
-100°C and -80°C. Since the system operates in the mBar range, the traps need to be
sufficiently cold to ensure freezing. However, were the water traps to be submerged
into even colder baths (such as pure LN2), fractionation may occur due to O2 and N2

freezing to the water at this temperature. For this reason the water traps are placed
before the CO2 trap, which is submerged in LN2, in the setup.

Development of the water traps

The original design of the water separation unit consisted of only the T2 trap (see
figure 4.5). On the upstream side a flow restriction of 1/16" SST tubing ensured that
the trap would not be clogged by freezing water at the entrance. Trap T2 has an
inefficient design. During previous work on the system, it was evident that a trap
with larger capacity was needed. The SST cylinder of T2 was therefore extended
to be 8 cm longer than the bottom of the inner tubing. In addition, it is turned
the opposite direction than what is customary, as one would normally want the gas
to flow through the beads before being forced into the smaller volume (1/4" SST
tubing). Hence, this trap creates dead volume that is not utilized for freezing the
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water vapor.

Figure 4.5: Detailed schematic of the two water traps. Arrows indicate the direction
of gas flow and the glass beads are shown by purple circles.

Tests were made both with dry gas and gas extracted from recent Holocene NEEM
ice samples (see sections 7.1 and 7.3). In brief, comparison of standard deviations
between the NEEM test samples (wet samples) and standard gas in the rods (dry
samples) suggests that the presence of water vapor in the samples might increase the
measurement uncertainty. This lead to a discussion on whether water vapor might be
causing additional uncertainties. If not all water vapor would be removed by the trap
T2, it may freeze in the CO2 trap, T3, which is kept at LN2 temperature. This might
lead to fractionation of the samples due to incomplete cryotrapping at the collection
manifold.

To rule out that any water vapor is left after the trap, a second water trap was added.
This is T1 as seen to the left in figure 4.5. The gas is allowed to flow through the
beads before entering a 1/8" SST tubing at the bottom of the cylinder. Though
the SST tubing is narrower than that of T2, the trap itself has a larger volume and
therefore a larger surface area and capacity for freezing out the water vapor than T2.

As the second water trap was added, it became evident that the restriction on the
upstream side of the water traps was not necessary. Though more water vapor enters
the traps, the transfer is more efficient and no freezing of water is seen in T2. With
these two water traps, one can be confident that the water removal of the system
is reliable and complete. In figure 4.6, T1 is shown after the introduction of two
samples to the system and removal of non-frozen beads. The water trap clearly has
much more capacity and little to no frozen water is seen at the bottom of the trap
where the temperature tends to be colder. This indicates that all the water is frozen

22



CHAPTER 4. EXPERIMENTAL SETUP

out efficiently at the top of the trap.

Figure 4.6: Inside of water trap, T1, after two samples have been melted and ex-
tracted. Water vapour freezes the glass beads along the walls.

4.7 CO2 removal

In section 3.1 it was discussed how the MS cannot distinguish between molecules of
equal m/z values.

To avoid the kind of isobaric interference discussed in section 3.1, CO2 needs to be
removed from the measured gas. In addition to this, the gas chromatography column
in the N2 separation part tends to trap CO2, making it important that CO2 is trapped
before the gas enters the additional separation unit needed for δ17O measurements.

The CO2 trap is a SST 1/8" outer diameter "U"-shaped trap submerged in LN2

(-196°C). As the boiling point for CO2 at atmospheric pressure is −78.45°C, it is
certain that the CO2 freezes to the walls even at lower pressures in the operating
system. Between every extraction the CO2 dewar containing LN2 is lowered and the
trap heated up by a household type hairdryer to avoid clogging.

4.8 Collection unit

A detailed description of the collection unit and its design is given in [Reutenauer,
2016]. In this section, a brief overview will be provided along with some adjustments
made to the original design. The collection unit consists of 10 dip tubes which are
1/4" SST tubing, each with a volume of '9 ml. These are connected to the line with
pneumatic valves. At the bottom of the dip tubes is a copper block connected to a
He cryocooler cold station. The dip tubes and cold station are enclosed by a vacuum
casing for insulation purposes. The vacuum casing is connected to the LV pump
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(figure 4.2). As the cold head reached cryogenic temperatures, the temperature and
pressure gradients drive the gas in the system to be collected and solidified in the dip
tube open to the system.

4.8.1 Cryocooler and vacuum casing

The cryocooler is a closed cycle cooling system consisting of a compressor and a
cold head. Helium is compressed and actively removes heat from the cold head by
re-expanding. This makes it possible to cool the copper block to 10-12 K.

The vacuum casing needs to keep vacuum well. Major leaks poses a safety threat as
most gases are solidified at 10-12 K. If the collection manifold is heated up while a
large amount of gases have accumulated, the vacuum casing may burst. The vacuum
in the casing was observed to rise from ∼ 10−2 mBar to ∼ 10−1 mBar over 24 hours.
The temperature of the collection manifold at this time could only reach about 13 K.
The O-ring on the top of the dip tubes connecting them to the vacuum casing was
exchanged to one of a slightly larger outer diameter (2.8 mm to 3.0 mm). This
alteration was observed to hold a low pressure much longer. In addition, it enabled
the cryocooler to reach a temperature of 10-11 K. This in turn improved upon the
trapping efficiency of the collection manifold.

4.8.2 Conditioning of dip tubes

To achieve a stable equilibrium between ad- and desorption processes on the SST
surfaces of the dip tubes during sample collection, the dip tubes are conditioned at
all time. Dry modern air where CO2 has been removed is introduced to the rods at the
same pressure as a sample would be (225 mBar to 450 mBar). When measurements
are conducted every day, the rods are conditioned by the leftover sample gases from
measurements the day before. If the dip tubes have been evacuated for a long time or
contamination by e.g. CO2 or water vapor is suspected, no measurements are made
until the rods have been conditioned for at least 24 hours.

4.8.3 Passivation of dip tubes

Over time the SST tubes of the dip tubes consume O2. Depending on the frequency
of use for the dip tubes, it can be practical to passivate them occasionally. The pas-
sivation is done in order to create a permanent reaction between the SST surface and
O2 where the SST surface is saturated with O2 and does not consume the gas of the
sample. The passivation procedure developed at Scripps Institute of Oceanography
is followed (R. Beaudette personal communication).

First, the dip tubes are filled at overpressure with pure O2 (2-3 bar). Then the
collection manifold is removed from its vacuum casing. A thermocouple is placed in
the middle of the rods and connected to a PID controller.
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To avoid uneven heating and direct heating on the outer surfaces of the dip tubes,
the tubes are inserted in an aluminum cylinder meant to distribute the heat better.
As seen in Figure 4.7, the inner diameter of the cylinder is smaller than the outer
diameter of the upper copper block of the collection manifold. This is to avoid heating
up and subsequently deforming the O-ring. However, this also means that only the
lower part of the dip tubes are heated.

Heat tape whose input current is controlled by the PID is wrapped around the alu-
minum cylinder. To further stabilize temperature, aluminum foil is wrapped around
the heat tape. The whole setup is seen in Figure 4.8. The PID is set to control the
temperature to reach 145°C inside the collection manifold and left "baking" for 48
hours.

An alternate method to improve on the surface conditions of the rods might be to
bake them at high temperatures as described, and evacuate the dip tubes at the
same time. This would increase the probability of molecules being desorped from the
surface. However, conditioning them rigorously is also expected to remove the effect
of molecules adsorption at the surfaces.

Figure 4.7: Picture from the baking
of the dip tubes. Heat tape is shown
to be wrapped around the aluminum
cylinder.

Figure 4.8: Picture of complete setup
for baking the dip tubes.
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4.9 General layout for δ17O and δ18O measurements

To measure both δ17O and δ18O of gases in ice cores, an additional separation step
must be taken. In figure 4.9, the experimental setup including the N2 separation part
is shown.

This part consists of

• Two identical full air traps

• A gas chromatography (GC) column

• A thermal conductivity detector

During δ17O measurements, the gas is trapped in the full air trap, T4, after CO2

removal. This happens as the trap is submerged in LN2. When all gas is trapped, V1
is closed to the left part of the line and the trap is heated up to room temperature.
Ultrapure He is applied to the trap, carrying the captured gases to the GC column.

In the GC column, different gases are adsorbed for different amounts of time. O2

and Ar are kept for a shorter time than N2. This makes it possible to trap the O2-Ar
mixture in the full air trap T5 before using V3 to let N2 out to waste instead of
trapping it in T5. The trap T5 is then heated up and the remaining O2-Ar mixture
is trapped in a dip tube in the same way as for δ18O measurements. The gas is
measured the next day, but the reference gas will be pure O2 instead of air as is the
case for δ18O measurements.

Figure 4.9: Schematic of the analytical system for triple oxygen collection. The setup
consists of an extraction, purification separation and collection part.

4.10 N2 removal

For measuring 17∆, N2 must be separated from O2-Ar in the gas to avoid formation
of interfering masses in the ionization chamber of the MS. Typically N2 and O2 in the
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source recombine to 14N18O which has m/z = 32 as 16O18O [Barkan and Luz, 2003].

For δ18O measurement this part is bypassed by 1/8" SST tubing between valves
L2 and L7. Though this part of the system has not been brought to a functional
state yet, work was performed to create a stable temperature system for the GC.
Therefore this section of the setup will also be briefly described with an emphasis on
the temperature system of the GC.

4.10.1 Focusing traps

T4 and T5 are identically constructed focusing "U"-shaped traps. Both consist of
' 40 cm long 1/4" SST tubing filled with molecular sieve material (5A, 30-40 mesh
size). These are called focusing traps as they are intended to trap all gases allowing
for the mixture to be released simultaneously. The full air trap T4 is submerged
in LN2 and the molecular sieve material captures the gases. When all gases are
trapped, L2 is closed and T4 is heated up to room temperature. Then the gases
are pushed out of the trap by high purity He (≤ 99.999%) stream. The GC column
will only successfully separate N2 from O2 and Ar if all gases enter approximately
simultaneously. After N2 is separated from O2 and Ar as discussed in the following,
T5 is used to capture the O2-Ar mixture. The N2 gas is flushed to waste and the
He supply closed before T5 is heated up and the O2-Ar mixture is collected by the
collection manifold.

4.10.2 GC column

The separation of O2-Ar from N2 is carried out in the GC column (88014-800, Restek,
USA). It is a 3 m long SST tubing with an inner diameter of 2 mm packed with
molecular sieve material (5A, 80-100 mesh size).

As the gas is pushed by the He carrier gas through the GC, molecules of different gases
are trapped at varying time intervals. GC columns are made in a variety of lengths
and materials, typically making it a unique challenge to optimize the separation. The
adsorption time depends on the temperature of the GC column and the velocity of
the carrier gas.

The goal of the GC system is to separate N2 from the O2-Ar mixture and so that N2

is let out to waste, while O2-Ar is captured in the focusing trap, T5. Knowing the
peak separation and timing of the peaks is therefore vital to achieve this.

The separation can be assessed by the output of a thermal conductivity detector
(TCD) on the downstream side of the GC. The TCD measures the difference in
thermal conductivity between the sample flow from the GC column and the carrier
gas flow (He). Thus it will show a spike in intensity when a gas passes through. In
figure 4.10, an illustration of the intensity of gases passing through a TCD is shown.
A higher temperature results in a narrower gas peak, but poorer separation of the
gases. This relationship has to be empirically derived.
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Figure 4.10: Figure 2 from Barkan and Luz [2003], original caption: Chromatogram
showing separation of N2 from O2-Ar mixture. He flow rate is ' 25 mL·min−1.

4.10.3 Original temperature system

To determine the timing of peak separation, it is essential that the GC column is
kept at a stable temperature over the time of separation. The original temperature
stabilization system consisted of an insulated box with a peltier element and an LN2

pump. Both the power supplied to the peltier element and to the LN2 pump were
controlled by separate PID (proportional–integral–derivative) controllers with a set
point at 0°C.

The peltier element by itself was not powerful enough to cool the temperature down
to 0°C with a maximum cooling capacity at about 6°C. Its PID controller was in
addition not able to keep a stable temperature. When testing a set point the peltier
element is powerful enough to reach (e.g. 15°C), the temperature would still oscillate
with ± 4°C.

The LN2 pump consists of a dewar filled with LN2, a funnel with an electrical resistor
(10 Ω) leading to a plastic tubing pumping the LN2 to the GC box. When a current
flows through the electric resistor, electrical energy is converted into thermal energy.
Due to the Leidenfrost principle, a steep temperature gradient is created in the funnel,
and droplets of LN2 are levitating on N2 vapor up by an insulated layer of N2 [Linke
et al., 2006]. This transfers LN2 to the GC box.

The LN2 pump by itself was not able to keep a stable temperature of around 0°C, but
overshot with several °C. The LN2 pump was observed to quickly consume LN2. This
decreases the pressure in the funnel and thus the power of the pump. To counteract
this, the LN2 reservoir volume was increased to minimize LN2 loss and thus the
pressure decrease in the dewar. The dewar was topped up every 10 minutes to keep
a constant pressure. A fritted filter was added to the outlet side of the plastic tube
for better distribution. This decreased the overshoot of temperature somewhat.

Despite these efforts, the most stable configuration that was achieved had a temper-
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ature varying ±1.5°C from the temperature set point with a period of approximately
5 min. This was deemed to be unacceptable for the GC column, and a new temper-
ature stabilization system was designed.

4.10.4 A new temperature stabilization system

The new temperature stabilization system does not rely on any consumables, only
on electrical components. The GC column is wrapped with a PID-controlled heating
tape and isolated with pipe foam insulation. This is placed inside a small household
freezer (Wasco f31w). A picture of the system is shown in figure 4.11. The freezer
temperature varies between -25.5°C to -22.5 °C. The cooling provided by the freezer
is counterheated by the heat tape to achieve a temperature of 0°C. The temperature
is monitored by a k-type thermocouple placed between the insulation material and
the heat tape. The thermocouple is connected to a PID to keep the temperature
stable.

Figure 4.11: Picture of isolated GC column inside the freezer. The connection to the
power supply for the heat tape is achieved by fitting the wires through holes drilled
through the ceiling of the freezer.

The resistance, R, of the heating tape is 186 Ω · m−1. It was found that a voltage,
U , of (37± 1) V applied to the heating tape was sufficient to counterheat the freezer
temperature to 0°C at its coldest cycles. The total power, P , applied to the system
is thus

U2

R
= P = 7.36 W.

The system relies on a single PID controlling the heat tape, as opposed to the pre-
vious two of the original system. The autotuning function of the PID resulted in
unacceptable temperature overshooting. Therefore, the PID is instead tuned by the
closed loop Ziegler/Nichols tuning method [Ziegler and Nichols, 1995] applied to our
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system. The main idea of this method is to omit the derivative gain term in the PID
equation, as it makes the problem too complex to solve in a reasonable amount of
time. Applying the method successfully achieved a temperature of 0.0±0.1°C, which
is within the uncertainty on the PID’s temperature measurement.

It should be noted that the k-type thermocouple typically has a systematic error of
±2.2° C for the relevant temperature range. As the choice of temperature in the GC
will need to be optimized empirically through reviewing chromatograms for different
temperatures, this possible offset does not need to be taken into account.

4.11 Chemical CO2 trap

Previous measurements with the system removed CO2 from the sample but not from
the reference. As will be discussed in detail in section 6.6, it was evident that CO2

has a non-negligible impact on the measured δ18O, and a chemical CO2 trap was
therefore included for the reference gas to flow through before being introduced to
the standard site of the dual inlet system.

The chemical CO2 trap is a 1/4" SST tubing of 18.5 cm length. A schematic can
be found in figure 4.12. In both ends of the tubing there 1.5 cm of glass wool to
keep the line clean and prevent chemicals from diffusing out of the trap. On the
upstream side there is about 10 cm of ascarite (sodium hydroxide coated Silica) and
on the downstream side about 5 cm of magnesium perchlorate (Mg (ClO4)2). The
ascarite removes CO2 but creates some water in the process, which is absorbed by
the magnesium perchlorate.

After some time the trap will saturate and have to be replaced. To monitor when
this is necessary, it is recommended to continue to measure mass 44 by peak jumping
regularly. Notice that for measurements of δ17O, the standard will be pure O2 and
the CO2 trap will not be needed anymore.

Figure 4.12: Schematic of the chemical CO2 trap with the direction of NEEM refer-
ence gas flow denoted by an arrow.
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4.12 Automation of setup

To achieve the same separation in the GC for every sample extraction and thus high
comparability between measurements, automation of the setup is necessary. Most
parts of the setup can be controlled remotely by a LabView virtual instrument with
the exception of a few valves. Some valves opening to the collection manifold or the
HV pump are deliberately manual so that a user can interfere if software problems
occur or either the safety or functionality of the units are compromised.

The valve between the water trap and the CO2 trap, T3, was switched from a manual
valve to a pneumatically actuated valve, and a control made in our LabView virtual
instrument.

Timing opening of a control

To begin the task of creating sequences in LabView for measurements, a timing
function for the MFC was created. The MFC can now be controlled remotely to
be open for a set amount of time. This makes it possible to flow the same sample
amount every time a test with dry gas is performed.

The timing function was created by applying a so-called "state machine" in LabView
as shown in Figure 4.13. The front panel is shown to the left and the block diagram
is to the right. The front panel is the GUI that the user is seeing while operating the
instrument, while the block diagram is the programming part where the visual code
is written. The user is now able to set a time in the LabView environment in which
the MFC will be open and flow gas to the line from the reference gas bottle.
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Figure 4.13: Example of visual code in LabView for timing the opening time of a
control.
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5 | The Delta V Plus MS

5.1 Isodat NT

The software provided by Thermo Fisher is called Isodat NT and allows the user to
monitor conditions in the MS and optimize measurement procedures. To perform a
measurement with the MS, one need so-called sequence files, method files and ISL
scripts. An overview of the main functions of these files are given here.

In the sequence file, the user decides what type of measurement is performed by cre-
ating a set of rows that are executed sequentially. For every row it can be determined
if the instrument should fill each bellow and where the gas should come from. In the
case of the O2 system this is either from a specific dip tube or from the reference gas
line.

Every row of the sequence file calls upon a method file. In the method file the user
determines:

• What cup configuration is used.

• How many cycles of measurements are performed.

• Delay time before the measurement cycles begin.

• Integration time for a single measurement.

• The target intensity measured on a certain cup, which is achieved by changing
the bellow volume, and so change the flow to the MS.

The method files were edited to contain a possibility for automatic peak jumping
during measurements. This now allows the user to peak jump with a certain cup to
a set mass, perform a peak center and measure the certain m/z at the cup after the
traditional measurement. This is useful for gauging whether there is H2O present in
a sample or monitor CO2 levels in a reproducible way over time.
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Every method file calls upon an ISL script. The Isodat NT Script Language (ISL)
allows the user full access to the MS functions. For this work, custom ISL scripts
were created to:

• Open both changeover valves from the bellows to the MS at the same time.
This was useful for the chemical slope measurements where the contents of
both bellows were mixed dynamically while introducing gas from both bellows
to the MS at the same time.

• Change the "set bellow position" function. In the default settings the bellow
position always increases to 100% before adjusting to the manual set position
decided by the sequence. For the chemical slope procedures it was observed
that rapid changes in the volume of the bellows caused fractionation similar to
what is found by [Bereiter et al., 2018]. This is discussed in detail in section
6.3.

5.1.1 Measurement cycle in MS for δ18O

For measuring δ18O, two rows in the sequence file are dedicated to each sample. The
first performs a measurement with the N2/O2/Ar configuration and the next with the
N2 configuration. The RB and LB are both compressed to achieve a (7800± 50) mV
signal on cup 4 (m/z = 33) for the N2/O2/Ar configuration and to (8600 ± 50) mV
for the N2 configuration with the same cup (m/z = 29). Cup 4 is chosen because
it is the most sensitive cup. The sample is measured against the reference over 16
cycles with a 16 seconds integration time for each cycle. The standard deviation of
the measurement is determined and serves as a measure for uncertainty estimations.

5.2 Capillaries

5.2.1 Crimping of capillaries

For the pressure imbalance effect to be as small as possible, it is essential to obtain as
similar flows from the two bellows into the MS as possible. The pressure imbalance
correction is only linear for slight changes. It was observed that the flow from the two
bellows is unequal by ' 1000 mV for the same pressure in the bellows (' 50 mBar),
hence redoing the crimp on the capillaries became necessary.

The crimping is performed manually by adjusting the screw on the crimping block of
the capillary in question. It is impossible to "uncrimp" a capillary - once it has been
deformed it cannot be widened again. Therefore, one capillary was slowly crimped
meanwhile observing the measured voltage of a certain cup as the flow switched
between the LB and RB. To ensure that the pressures in the bellows are actually the
same, the outer valves of the bellows were open to the same volume while flowing

34



CHAPTER 5. THE DELTA V PLUS MS

to the MS. When the measured voltage between the two bellows only differed by
' 50 mV, a sufficient equal behaviour was achieved.

The crimping was performed at the very beginning of this project, and it has later
been observed that this might need to be redone. The pressure adjustment set point
is defined as when the RB (containing reference gas) is at 80%. This allows for some
variability of sample size as the LB compresses to reach the same voltage point. How-
ever, it has been observed through filling the bellows with an equal amount of gas and
then performing pressure adjustment, that the LB compresses to '65% to achieve
the same voltage as the RB. This indicates that the flow is much less constrained
for the RB and that this capillary should be crimped some more. The pressure in
the bellows while crimping might have been smaller than what is required for mea-
surements, leading to the difference now seen between the two bellows. The pressure
gauges in the two bellows also read slightly differently when the bellows are open to
the same volume. This pressure difference is however only around 0.5 mBar for the
typical working pressure range, and thus it is assumed that this is not the main cause
for the imbalance. Though the bellows compress differently, the pressure imbalance
correction is still linear (see section 6.2), but for future work it is recommended to
recrimp the capillaries for even more robust measurements.

There are some benefits to constraining the flow of both bellows better. One is that
there will be less drift in the measured intensity over time as less gas is measured.
Since compressing the bellows will give a smaller difference in the measured intensity,
it allows for investigating effects due to slight differences in pressure. However, this
would give a smaller signal-to-noise ratio of the measurements, and therefore this has
not been pursued.

5.2.2 Heating out capillaries

At the beginning of this project, the MS had been idle for some time. During this
time, pumps have not been attached to the system and if a small leak is present
in the DI system, it was thought that the capillaries might have been contaminated
by impurities such as dust or water. To remove the possibility of contamination of
measurements, the SST capillaries were heated out.

Dry reference air was allowed to flow through the capillaries, with valves from both
bellows open to the vacuum pump located after the crimps. This transports the
impurities to the waste line alongside the gas. The crimping blocks were removed
during the process. Both the "Inlet Heater" and the "Inlet Valve Heater" of the
MS were turned on to heat the surroundings of the capillaries to about 80°C for 45
minutes.

Then two ground banana jacks are hooked up to the changeover valve and two 7.7 V
banana jacks are connected to the brass contacts in the center of each capillary.
The electric current is then turned on and flows from the center of the capillaries to
both of their ends to heat them out. The heating phase lasted 30 minutes while gas
continuously flowed through the capillaries.
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5.3 The ion source and focus settings

The gas molecules and atoms entering the ion source of the MS are ionized by electron
bombardment taking place in the so-called "ionizer housing". The amount of electrons
bombarding the gas is determined by the "emission" parameter in the Isodat NT
focus settings. A higher emission current results in a higher intensity due to a larger
ionization rate, and thus a better signal-to-noise ratio. Achieving high precision
measurements also depends on how reliable the ion source is. In the course of this
thesis work, several maintenance operations were performed on the ion source.

5.3.1 Repairing and replacing filaments

The lifetime of the tungsten filament providing electrons for ionization is decided by
how frequently it is in use and how high the emission current is set. It will, however,
degrade over time. Other laboratories exchange the filament every 3-6 months [Oyabu
et al., 2020].

The MS interface at all times displays the measured "trap current" and "box current"
which are two separate electron currents in the source. When these parameters start
to diverge, it typically is a sign that the filament is degrading and should be replaced.
During the course of this thesis work, this happened twice. Once it turned out that
the filament had become loose in the source and reattaching it solved the issue. The
other time, the filament was replaced with a new one.

5.3.2 Focus settings

Small physical or geometrical changes in how the source is placed in the MS can
affect the ion beam greatly. Therefore, the beam is focused every time the source
has been reinserted in the MS. Isodat NT has an automatic focusing function that
attempts at reaching the highest possible measured intensity. When focusing the
MS, one can choose to favor either linearity or sensitivity. One is always a tradeoff
of the other. In this case linearity refers to the measurement of isotopic or elemental
ratios being directly proportional to the gas flow into the MS, which is the kind of
focusing the automatic function performs. A loss in linearity also means that one
might find that corrections such as the pressure imbalance slope and chemical slope
are not linear anymore. However, sensitivity is also favored in some cases. If the
peak shapes in dual inlet mode are not square-like, it can be sensible to perform a
sensitivity focusing. Here one lowers the so called "Extraction Energy" to improve
upon the peak shapes and reliability of the measurement, as shown in the following
section.
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5.4 Shims and peak shapes

The working point of the MS’s high voltage is crucial for reliable measurements. By
performing a scan of intensity against high voltage, the optimal working point can be
determined by setting the voltage to where the point of best peak alignment. This
allows for the beam to diverge somewhat from the magnetic field set point without
it affecting the measurement.

However, problems arise when the peak shapes are not square. In this scenario a small
fluctuation in the high voltage might result in measurements with large associated
uncertainties. This was observed as is shown in figure 5.1. Earlier data from the
instrument installation shows that the Delta V Plus had square peak shapes in 2007
(figure 5.2). Since then the instrument has been moved, which may have contributed
to varying conditions of the MS.

Figure 5.1: Intensity vs magnetic field.
N2/O2/Ar configuration slow magnet
scan in 2020.

Figure 5.2: Intensity vs magnetic field.
N2/O2/Ar configuration slow magnet
scan in 2007.

Through communication with technical support specialists at Thermo Fisher, in-
stalling magnetic shims in the MS was recommended. These shims are metal plates
to be installed between the magnets and the analyzer in the flight tube of the mag-
net section. This is a maintenance operation that improves upon the surface of the
analyzer. A picture from the installment of the shims is shown in figure 5.3. Still
after installing the shims, the focus settings needed to be tuned manually to achieve
square-like peak shapes as is shown in the following.
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Figure 5.3: One of two shims placed between the magnet and the analyzer in the
flight tube.

5.4.1 Peak shape dependence on extraction parameter

By adjusting the different focus settings, it was found that the parameter "extraction"
affected the peak shapes immensly. By lowering the extraction, the peaks became
more square-like. Peaks with flat plateaus are important as otherwise small fluctua-
tions or drifts of the magnetic field strength or high voltage can induce large signal
variability. To fully gauge this effect, the extraction was varied between 20% and 80%
with 20% intervals. An autofocus procedure was done for each of the values for the
two used configurations, the peak shape scan performed and then a zero-enrichment
measurement was done to gauge what effect the peak shapes have on the standard
deviations of the measurements. The peak shapes for the N2 configurations are shown
in Figure 5.4. The same experiment for the N2/O2/Ar configuration can be found in
A.1. The values resulting from the zero-enrichment tests can be found in Table 5.1.
The standard deviation from 80% extraction is between a factor 2 and 4 larger than
for the rest of the measurements.

Figure 5.4 shows that even at an extraction of 40 %, the middle cup (green line)
does not resemble a square. Procedures for sensitivity focusing have therefore been
followed, setting the extraction values at 25% for both the N2 and the N2/O2/Ar con-
figuration. Though the focus settings have been determined with favor of sensitivity,
the pressure imbalance tests still show linear trends (see section 6.2), leading to the
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conclusion that the linearity has not been reduced largely.

Extraction 20 % 40 % 60 % 80 %
δ18O −0.04± 0.02 −0.02± 0.01 −0.03± 0.03 −0.08± 0.02

δ15N −0.025± 0.008 −0.015± 0.004 −0.02± 0.02 −0.04± 0.01

δO2/N2 −0.076± 0.003 −0.041± 0.007 −0.07± 0.002 −0.202± 0.008

Table 5.1: Results of zero-enrichment measurements for different extraction values.

Extraction at 20%. Extraction at 40%.

Extraction at 60%. Extraction at 80%.

Figure 5.4: Vertical axes are signal intensities in mV, while the horizontal axes are
the high voltage in kV. Red line is m/z 28 (cup 3), green line is m/z 29 (cup 4) and
blue line is m/z 30 (cup 5).
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As mentioned previously, corrections must be applied to the raw MS data to correct
for effects due to the instrument and processes inherent to the firn or treatment of
the ice core causing fractionation. In this chapter, a closer look on these corrections
will be taken. In addition, the reproducibility of the MS will be investigated, and the
observed variations serve as the estimated internal precision of the MS.

6.1 Zero-enrichment test

The so-called zero-enrichment test is a useful tool to verify the stability of the MS
and indicate possible precision errors on the instrument. The zero-enrichment mea-
surement sheds light on possible fractionations of the sample or standard as they
are introduced to the source. These measurements are performed before and after
measurements of an ice sample to ensure that the MS is stable over the duration of
a sequence.

The measurement has been automated and can be initiated by two rows of a sequence
which are present in all sequences used for measurements of samples. Both bellows
are filled with the same amount of reference NEEM gas (' 4 cc). Then they are
measured against each other by sequentially introducing gas from the sample and
standard bellows with the same parameters as described in section 5.1.1. This means
that from the measurement both δ18O, δO2/N2 and δ15N are obtained. The name
of the procedure indicates that the sample should not be enriched relative to the
reference gas, however, as discussed in the following, some systematic effects are
evident.

In figure 6.1, the mean of the δ18O for different measurement days is shown along with
its standard deviation. The same plot is made for δ15N in figure 6.2. The number of
zero-enrichment measurements vary between 2 and 5 for the measurement days.
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Figure 6.1: Average of δ18O from the zero-enrichment tests made for different mea-
surement days. Error bars indicate the standard deviation of the mean for a certain
day.
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Figure 6.2: Average of δ15N from the zero-enrichment tests made for different mea-
surement days. Error bars indicate the standard deviation of the mean for a certain
day.
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The pooled standard deviation, σpooled, represents the long-term internal precision of
the instrument and was calculated as follows [Barlow, 1991]

σpooled =

√
(n1 − 1)σ2

1 + (n2 − 1)σ2
2 + ...+ (nk − 1)σ2

k

n1 + n2 + ...+ nk − k
, (6.1)

where k is the number of measurement days, and n and σ are respectively the number
of measurements and standard deviation for a specific day. σpooled is calculated to be
0.012%� for δ18O and 0.0069%� for δ15N.

No drifting trend is observed, supporting that there are no effects changing the in-
ternal precision. However, it is seen that all average values are negative. This points
to a systematic fractionation effect causing the sample bellow gas to be depleted in
the heavier isotopes compared to the reference bellow.

This systematic tendency needs to be taken into account. Therefore, it was decided to
apply a zero-enrichment correction to the raw δ15N and δ18O values. This is done by
averaging the obtained zero-enrichment values for the measurement day and subtract
them from the raw sample measurement, δ18Oraw, as

δ18Oz.e. corrected = δ18Oraw − δ
18Oz.e. mean, (6.2)

where δ18Oz.e. mean is the average of all zero-enrichment values of δ18O from that day.
The same correction is applied to the δ15N, resulting in a δ15Nz.e. corrected that is later
used for gravitational correction of δ18O. These corrections typically increases the
value of δ18O by 0.02%� and δ15N by 0.01%� as can be seen from figures 6.1 and 6.2.

6.2 Pressure imbalance correction

It is known that the measured δ-values are sensitive to flow changes into the ion
source. Though the bellows are balanced to reach the same intensity in the source
of the MS, it is not in practice feasible to exactly balance the ion currents of the
sample and reference. Capillaries leading the gas from the bellows to the MS are
crimped by hand, and thus are likely to allow slightly different gas flows as discussed
in section 5.2. The bellows also possibly contain different volumes. As alluded to in
previous chapters, these effects can be corrected for by a linear pressure imbalance
(PI) estimation. This is assuming that the inequalities are not diverging beyond
reason.

To monitor how the δ values vary with different pressure in the source, both bellows
are filled with reference gas as for the zero-enrichment test. Then the pressures in
the sample and standard bellows are unbalanced. The standard bellow is pressure
adjusted to reach the relevant intensity on cup 4 which means its position is typically
at 80%. The sample bellow is varied in steps from 100% to 60% and back to 100%
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CHAPTER 6. CORRECTIONS AND INSTRUMENT TESTS

again. The resulting measured δ18O is then evaluated against the intensity difference
of m/z = 32 of the reference and sample bellows.

A linear fit is made to the collected data, and its slope is used for correcting δ18O of
gases in ice core samples. In doing this, an underlying assuption is that the pressure
imbalance related δ deviation varies linearly with pressure imbalance. This has been
supported experimentally by e.g. [Bender et al., 1994b].

An example of a pressure imbalance measurement is shown for δ18O in figure 6.3.
Here the slope of the linear dependency, α, is 2.7 · 10−4 %�·mV−1 which is a typical
value for our system. Notice that the data extends to the case where the intensities
of sample and reference bellow are imbalanced by 5000 mV. This is a very unrealistic
case, but verifies that the effect is still linear for large pressure imbalance ranges
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 = 0.00027 , R2 = 0.99
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Figure 6.3: Pressure imbalance data with a linear regression fitted to it from
01.06.2021.

The PI effect may vary with time, and other studies have typically performed a PI
test on a weekly basis [Severinghaus et al., 2003, Grzymala-Lubanski, 2015]. Then
the effect is assumed not to vary on faster than weekly time scales. In this project,
however, it was decided to perform a PI test every day of measurements to obtain a
daily correction to the measurements. Results from PI tests over the month where
RECAP samples were measured can be seen in table 6.1. The slope, α, is similar
over the measurement days, confirming the assumption that it does not tend to vary
much over a week.
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α (%�· mV−1) R2 of linear regression Date
2.81·10−4 0.987 06.05.21
2.71·10−4 0.976 25.05.21
2.59·10−4 0.976 28.05.21
2.68·10−4 0.985 01.06.21

Table 6.1: Results from PI tests over the month where the system was used for
measurement of RECAP samples. The PI slope is decided by a least-square fit.

When the PI slope is determined for a certain measurement day, δ18Oz.e. corrected can
be corrected as

δ18OPI corrected = δ18Oz.e. corrected − α ·∆V, (6.3)

where ∆V is the difference in intensity between the sample and standard bellow.

6.3 Chemical slope measurement

Due to non-linearity in the ion source, isotopic ratios are sensitive to changes of the
gas composition of the sample. To account for this measurement artifact in the MS,
the so-called chemical slope (CS) must be assessed [Severinghaus et al., 2003].

To quantify the chemical slope for δ18O, one measures the reference gas against a
sample that resembles the reference gas but is increasingly enriched in N2. In previous
work on the setup, this mixing has been done externally in a line leading to the MS.
The procedure demanded that the gases were mixed manually, which turned out to be
very time-consuming. It was therefore decided to automate the procedure to become
more reliable and able to more quickly measure over a larger range of δO2/N2.

A new procedure for gauging the CS effect was developed with inspiration from [Huber
and Leuenberger, 2004]. The reference bellow is filled with NEEM reference gas at
the normal working pressure ('40 mBar). The sample bellow is filled with pure N2

at low pressure (' 2 mBar). For the reference measurements, the reference bellow is
opened to the MS as per usual. However, when measuring the sample, both valves
leading to the changeover from the bellows are open at the same time. This allows
for dynamic mixing of the pure N2 and NEEM reference air while being introduced to
the MS. The reference bellow is kept at a constant pressure, while the sample bellow
is compressed to enrich the sample with an increasing amount of N2, resulting in a
larger negative δO2/N2.

As aforementioned in section 5.1, the original programming in Isodat increased the
bellow position to 100% before decreasing to whatever set point was decided in the
sequence. It became evident during testing the CS procedures that this kind of violent
mixing causes kinetic fractionation.
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In Figure 6.4, two chemical slope tests from two different days are shown. The
tests also differ in that two different ranges were measured for the chemical slope
i.e. different amounts of N2 in the sample bellow. The color of the data points
becomes darker for later measurements in the sequence. The reason why δO2/N2

does not vary much at the end of the sequence is that gas loss during measurements
cancels out the effect of compressing the bellow when there is very little gas left in
the bellow. This effect should, however, not affect the linearity of the slope of the
test. The CS measurement begins with the sample bellow at 100% and decreases to
10%. No unambiguous value of δ18O for a certain of δO2/N2 is seen at the end of the
sequence. It was found that this was because the bellow increased to 100% before
decreasing to the set position which causes fractionation. The two linear fits where β
is the slope have smaller values of R2 than what was found for the PI tests, indicating
that the dependency is less linear. The figure is merely included for illustrating that
this kinetic fractionation effect in the bellows when their positions differ too much
without giving the gas time to equilibrate again.
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Figure 6.4: Combined chemical slope test for 16.03.21 and 21.03.21. The data is not
corrected for pressure imbalance, and the plot is merely included for illustrating the
effect of kinetic fractionation in the bellows when compressed.

After changing the default ISL script for manually adjusting the bellows from Thermo
Fischer (see section 5.1), this kinetic fractionation effect disappeared. In Figure 6.5,
the data from a PI corrected CS test is shown along a linear function fitted to the
data. The R2 value of 0.98 indicates that a linear model is suitable for this data.

The CS is specific to the MS and may vary over time, much like the PI effect.
Therefore CS tests were conducted before and after measuring the RECAP samples.
This amounts to two tests a week.
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After the CS slope, β, is found, δ18OCS corrected can be found by

δ18OCS corrected = δ18OPI corrected − β · δO2/N2grav. corrected, (6.4)

where δO2/N2grav. corrected is corrected as described in the next section. Notice that the
CS parameter β is found for data that is also corrected for pressure imbalance. There
is really no reason that the PI correction must be done before the CS correction, but
if one chooses to reverse the order, the PI data must be corrected for the CS effect.
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Figure 6.5: Chemical slope test from 23.03.21 where the data has been corrected for
pressure imbalance effects. The errorbars indicate the standard deviation on the δ18O
measurement.

6.4 Chemical slope for δ15N

The measured δ15N is only corrected by the zero-enrichment correction. To gauge
whether δ15N should be corrected for a chemical slope as well, a similar measurement
as described in the previous section was performed. Instead of filling the sample
bellow with N2 it is filled with O2 at similar pressure as for a normal CS test. This
gives a chemical slope with an oxygen-enriched sample. Then the same measurement
procedure as for the δ18O chemical slope of δO2/N2 is followed. The result is shown
in Figure 6.6, where no linear trend is detectable. No pressure imbalance correction
has been applied to this data, but doing so would not change the linearity. It was
therefore concluded that no CS correction needs to be applied for δ15N.
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Figure 6.6: δ15N is plotted as a fuction of δO2/N2.

6.5 Mass dependent fractionation

After correcting for instrument effects, fractionation happening in the firn can be
taken into account. The gravitational correction as discussed in section 2.2 is by far
the largest correction applied to the data. Following Eq. 2.6, δ18Ograv. corrected can be
found as

δ18Ograv. corrected = δ18OPI corrected − 2 · δ15Nz.e. corrected. (6.5)

Following the same procedure, the gravitational correction for δO2/N2 is

δO2/N2grav. corrected = δO2/N2 − 4 · δ15Nz.e. corrected. (6.6)

Though this correction is based on an assumption that δ15N only stems from gravi-
tational effects, it may also remove fractionation processes that generally scale with
mass difference ∆m.

The gravitational correction is the final correction made to the data in this project.
Other studies have developed methods for correction of effects such as bubble-close
off fractionation [Severinghaus and Battle, 2006] and gas loss [Severinghaus et al.,
2009]. However, these are found to be negligible for this project.
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6.6 Effect of CO2 on δ18O measurements

Previous measurements with the system were conducted with CO2 free air on the sam-
ple site while CO2 was not removed from the reference gas. In [Grzymala-Lubanski,
2015] it is argued that the effect of CO2 on δ18O is so small that there is no need
neither for removing it from the standard gas nor correcting for it. However, as this
might violate the identical treatment principle, it was decided to investigate the effect
of CO2 on δ18O and possibly remove CO2 from the reference gas as well.

To gauge whether CO2 has an effect on the measured δ18O, CO2 was measured by
peak jumping on cup 4 with its mass to charge ratio m/z = 44 following [Melissa
Anne Headly, 2008]. The relationship between δ18O and rCO2 is shown in figure
6.7, where rCO2 is the ratio of CO2 of the sample to the standard. A linear fit is
made to the data with an R2 = 0.96, indicating that a linear model is reasonable
for the relationship and more importantly showing a high correlation between δ18O
variability and CO2. At rCO2 = 1, one would expect δ18O to go to zero, which is
not the case as the function obtained from the fit indicates a δ18O= 0.075%� here.
It should also be noted that in this test, the sample is enriched with CO2, where in
previous measurements the sample has been depleted in CO2. Thus, the measurement
is showing an unrealistic region for rCO2, as the reference in previous measurements
has been enriched in CO2 and not depleted compared to the sample. However, it
was concluded that difference in CO2 levels in standard and sample does have a non-
negligible impact on δ18O. To account for this and honor the principle of identical
treatment, a chemical CO2 trap was made and installed on the line leading from the
gas container of dry NEEM air to the MS. The design of the trap is described in
detail in Section 4.11.
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Figure 6.7: δ18O is plotted as a fuction of δCO2. A linear fit to the data is also shown.
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7 | Test ice measurements and exter-
nal precision

A quantification on how the different components of the experimental setup are per-
forming is needed. In the previous chapter, the zero-enrichment measurements served
as an assessment of the internal precision or measurement uncertainty on dry gas in
the MS.

In this chapter, the "external" parts of the experimental setup are included and thus
the external precision evaluated. These components are sections of the setup that
are not included in the MS for the δ18O configuration of the line (figure 4.1). The
rod variability will be assessed by measurements of dry air collected in the dip tubes.
Then a complete estimate on the external precision will be made based on extraction,
collection and measurement of air in recent Holocene ice samples from the NEEM ice
core.

7.1 Dry air measurements

Prior to measuring gases extracted from bubbles in ice, the setup was tested with
measurements of dry NEEM standard gas1. A sample of 4 cc of reference gas is flowed
through the MFC (figure 4.1). The gas passes through T3 where CO2 is removed and
is trapped in a dip tube. Then the air is expanded to and measured by the MS. All
evaluated values (δ18O, δO2/N2, δ

15N) should be close to zero as the gas is the same
in both bellows. This was done to quantify possible fractionation originating from
the line or dip tubes.

The measurement order of the samples in the dip tubes was mixed up between differ-
ent test days and between every three samples a zero-enrichment measurement was
performed to verify the stability of the MS. The results for δ18O are presented in
figure 7.1. No corrections have been applied to the data.

In table 7.1, the standard deviations resulting from the measurements presented in
figure 7.1 can be found. The dip tubes 4, 5 and 10 have a larger variability than the
accepted 0.05%� for δ18O as mentioned in section 4.1. Rods 2, 3, 6, 7, 8 and 9 have
σδ18O < 0.05%�. Rods 6, 8 and 9 further have σδ18O < 0.03%�. These three rods were

1This gas originates from the same bottle that is used as reference gas in the dual inlet MS.
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therefore used for ice measurements and δ18O for the three rods are plotted in figure
7.2. Rods 6, 8 and 9 also have the smallest variability for δ15N with σδ15N < 0.01%�.
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Figure 7.1: δ18O for the ten rods measured at different times throughout the project.

Rod nr σδ18O [%�] σδ15N [%�]
1 0.102 0.0678
2 0.0419 0.0205
3 0.0322 0.0134
4 0.358 0.218
5 0.0862 0.0491
6 0.0287 0.00328
7 0.0381 0.0172
8 0.0178 0.00668
9 0.0133 0.00743
10 0.819 0.478

Table 7.1: Standard deviations for each rod resulting from the measurements made
throughout the project.
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Figure 7.2: δ18O for rods 6,8 and 9 measured at different times throughout the project.

The pooled standard deviation of measurements of dry air in the dip tubes is found
by Eq. 4.1 to be 0.0256%� for δ18O and 0.00743%� for δ15N. This is the variability
due to the rods.

7.2 Bubble free ice

To fully respect the identical treatment principle, a reference that has been subjected
to the exact same processes as the sample would be ideal. A perfect standard would
be air of known composition enclosed in bubbles in ice. The gas would be extracted
in the exact same way as the sample and measured as the standard in the reference
bellow. The second best reference gas is gas that is flowing to the system at the same
time as bubble free ice (BFI) is melted.

Several attempts were made to create such a standard. At PICE, the BFI is made by
degassing milli-Q (ultrapure) water under vacuum by evacuating the water container.
At the same time the water is heated and stirred to release gases. Then the water
is freezed from the bottom up. This is done by placing the water vessel inside a
freezer with a heat jacket on. The heat jacket is slowly lifted up, allowing the water
at the bottom to freeze. This method creates ice that by visible inspection contains
no bubbles.

The reference gas on top of BFI was measured by two methods. Both experiments
use samples of BFI at the same weight as a normal sample (' 40 g). Notice that
since these are not porous, they tend to require a longer melt time, as the surface
area is smaller and there is a lower chance for the ice breaking into smaller pieces
during the melt. In both methods, the extraction time was 15 minutes after the ice
is completely melted, as is the usual procedure for measurements.

In the first experiment, NEEM reference gas is flowed through the MFC into an
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open vessel containing a BFI sample until the vessel contains 4 cc of air. Meanwhile
the vessel is kept in the cold ethanol bath used for preserving the ice samples. The
valve of the vessel is closed, the line leading to the MFC evacuated, and the normal
procedures for melting ice and extracting air is followed. This leads to a sudden
spike in pressure as all the gas is let out of the vessel simultaneously instead of in
the gradual way as it would be when enclosed in bubbles. Measuring the resulting
sample gave widely varying results that do not resemble the reference (table 7.2).

A second version of the BFI experiment was therefore conducted. Through the MFC,
4 cc of NEEM reference gas was flowed at a rate of 0.8 cc/min, leading to a flow time
of 5 minutes to resemble the melt time. This was done while the BFI ice was melted,
therefore creating a synthetic replicate of a typical ice melt. Though this method
resembles the real melting procedure, measurements resulting from this experiment
were also wildly variable (table 7.2).

Rod nr δ18O [%�] δ15N [%�] Experiment
1 -0.136 -0.0379 1
3 0.0214 0.0428 1
3 0.594 0.415 2
9 -0.0983 0.00370 2

Table 7.2: Measurements of δ18O and δ15N from reference over BFI experiments.

It was concluded after these two experiments, that the BFI is probably not gas free
- though it is bubble free. Gases that are occluded in the ice may fractionate the
sample heavily.

7.3 NEEM and external precision

By the zero enrichment tests, the internal precision of the MS was found to be
0.012%� for δ18O and 0.0069%� for δ15N. By testing the variability of the dip tubes,
it was found that the dip tubes numbered 6, 8 an 9 had the smallest variability
with standard deviations ≤ 0.03%� for δ18O and ≤ 0.01%� for δ15N. These have
been further evaluated by measurements of NEEM ice. In table 7.3, the most recent
measurement data for NEEM ice are shown.

The pooled standard deviation for the case of duplicate measurements is

σpooled =

√
σ2
6 + σ2

8 + σ2
9

3
, (7.1)

where σi is the standard deviation of the duplicate measurements from rod nr i as
shown in table 7.3. This results in a pooled standard deviation σpooled = 0.031%� for
δ18O and σpooled = 0.023%� for δ15N. This is thus the total external precision of the
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Rod nr δ18O [%�] δ15N [%�] δ18Ograv corr [%�]

6 0.613 0.295 0.0175
0.693 0.372 -0.0513

8 0.565 0.253 0.0587
0.558 0.264 0.0305

9 0.567 0.264 0.0389
0.534 0.285 -0.0367

Table 7.3: Measurements of δ18O from recent Holocene NEEM ice. The gravitational
corrected data is also Z.E. corrected.

instrument for ice measurements and will be considered as the uncertainty on the
RECAP measurements.

Notice that the δ15N values vary from the expected 0.27%�. This indicates that there
is some mass dependent fractionation process present in the setup. However, by
applying the mass dependent correction for δ18O, this cancels out.

The NEEM measurements presented in table 7.3 were conducted at the final configu-
ration of the experimental setup. This is after the additional water trap was included
and a final robust extraction procedure was established. Before this, 13 samples of
NEEM were measured which showed a large variability of δ18O and unlikely δ15N
values. δ15N should be 0.27%�, but varied between 0.02%� and 0.79%�. This data
can be found in A.1.

7.4 Uncertainty attribution

Evaluation of how the different components of the setup contribute to the total exter-
nal precision is important to figure out which parts must be optimized. The internal
precision, σinternal of the MS has been determined by zero-enrichment measurements.
Dry gas was collected in the dip tubes to assess the rod variability, σrods. Finally,
NEEM measurements were conducted to gauge the total external precision, σexternal.
Any contribution to the total external precision that does not stem from the MS or
the dip tubes must be due to the line (extraction and water traps).

Total external precision Rod variability Internal precision Extraction variability
δ18O 0.031%� 0.026%� 0.012%� 0.013%�
δ15N 0.023%� 0.0074%� 0.0069%� 0.021%�

Table 7.4: Overview of the estimated uncertainties due to the different components
of the setup.
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By assuming the uncertainties are Gaussian and uncorrelated, the total external
precision can be described as

σexternal =
√
σ2

internal + σ2
rods + σ2

extraction, (7.2)

where σ2
extraction is the variability due to the extraction and water traps. By solving

Eq. 7.2 for σ2
extraction, σ2

extraction is found to be 0.013%� for δ18O and 0.021%� for δ15N .
This indicates that the extraction and water traps contribute more to the uncertainty
for δ15N than for δ18O.
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8.1 Results

The gas age for the deepest part of the RECAP ice core has not yet been established.
This chapter combines unpublished δ18O measurements conducted at Penn State
University (PSU, figure 8.1) and δ18O conducted at NBI-PICE to construct the gas
age for the Marine Isotope Stage (MIS) 5 to 5e 70-120 ka.

An enrichment in δ18O for the PSU data can be seen around a depth of 554 m. To
verify that this is the case, six samples in this region have been measured by the
system at NBI-PICE during this project.
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Figure 8.1: Atmospheric δ18O plotted against depth for the RECAP ice core. Mea-
surements by PSU.

The results of these measurements can be seen in table 8.1. In the table only the
final δ18O after all corrections are presented along with the raw measurements of δ15N
and δO2/N2. In addition, the rod in which the gas was captured is stated and the
relationship between the weight of the sample, m, and the resulting pressure in the
sample bellow, P , is given.
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Depth [m] δ18Ocorrected [%�] δ15N [%�] δO2/N2 [%�] Rod m/P [g · mBar−1]
553.060 0.44±0.03 0.296 3.19 6 0.85
553.335 0.14±0.03 0.189 -2.35 8 0.91
553.590 0.36±0.03 0.334 1.10 9 0.86
553.740 0.01±0.03 0.205 -4.59 8 0.95
554.088 0.35±0.03 0.171 4.96 9 0.92
554.150 0.24±0.03 0.239 4.04 6 0.93

Table 8.1: Measurements obtained from the RECAP samples.

The results presented in table 8.1 are plotted alongside the δ18O data from PSU in
figure 8.2. The zero-enrichment corrected δ15N is plotted alongside the PSU δ15N in
figure 8.3.

An enrichment in δ18O can be verified for this interval. The δ15N measured at NBI-
PICE also agree well with the PSU measurements. Variations in δ15N are typically
caused by changes in the firn properties due to changes in accumulation and temper-
ature.
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Figure 8.2: Atmospheric δ18O plotted against depth for the RECAP core. Measure-
ments from this thesis work (NBI-PICE) are black, while from PSU are purple.
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Figure 8.3: δ15N is plotted against depth for the RECAP core. Measurements from
this thesis work (NBI-PICE) are black, while from PSU are purple.

The data presented in table 8.1 and plotted in figure 8.2 have been corrected for all
effects as discussed. To see how much the different corrections alter the raw measured
value, δ18O is plotted at all stages in figure 8.4. It is clear that the gravitational
correction has the largest impact and that the other corrections tend to shift the
data towards higher values of δ18O.
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Figure 8.4: The measured δ18O and its corrections plotted against depth for the
RECAP core.
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8.2 Determination of gas age

Oxygen is a globally mixing gas that allows for synchronizing ice core records across
hemispheres. In the following, the already established age scale for the Antarctic
EDML core [Veres et al., 2013] will be used to estimate the gas age of the PSU and
NBI-PICE samples of the RECAP ice core. The EDML ice core is chosen as reference
record because it contains the highest resolution of δ18O for the time period of interest
(MIS5-5e) [Capron et al., 2010].

The measured δ18O of the EDML core is plotted against gas age in figure 8.5 as
indicated by red markers. This data will be used to map both the RECAP and the
PSU measurements to the EDML record’s already established time scale following
a method used in other studies [Dyonisius et al., 2020]. The data obtained from
the EDML core is used to create synthetic δ18O records of a higher resolution by a
bootstrapping method [Efron, 2003]. This is done by perturbing every obtained data
point as

δ18OEDML +G(σ), (8.1)

where G(σEDML) is a random number picked from a Gaussian function of a certain
delta18 where its standard deviation is the measurement error from the EDML data,
σEDML = 0.06%� [Capron et al., 2010].
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Figure 8.5: In blue is the mean of 10,000 synthetic generated records where the
standard deviation is shaded. The red markers indicate the measured EDML δ18O
against gas age.

For every perturbed data set, a synthetic high-resolution record is created by interpo-
lation of the data using the csaps (cubic smoothing spline) package in Python. After
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creating 10 000 synthetic data sets, the mean and standard deviation of the synthetic
EDML δ18O are calculated. The resulting data is plotted in figure 8.5 where the
variation from the mean by two standard deviations is shaded in blue. Thus, a high
resolution record based on the EDML data is obtained that can be used to determine
the gas ages for the RECAP samples.

To find what ages in the synthetic record fit best with the RECAP results a "fit
vector", F (t), is calculated for every measurement, δ18Oi, as

F (t) =

√
[δ18Oi − δ18O(t)reference]

2

σ2
i + σ(t)2reference

, (8.2)

where δ18Oreference and σreference originate from the synthetic record and t denotes the
age. From F (t), the probability, P (t), of the sample being of a certain age can be
derived by

P (t) =

1

F (t)2∑ 1

F (t)2

. (8.3)

Both F (t) and P (t) are generated uniquely for every sample within determined age
bounds. This is necessary to avoid several maxima of P (t) for a sample. The age
bounds are based on the assumption that the enrichment of δ18O seen at a depth of
554 m for the RECAP measurements corresponds to the enrichment of the EDML ice
core at around 10 kyrs BP. Thus the four measurements from NBI-PICE at shallower
depths are assumed to belong to the left flank (younger than the maximum) and
the two samples from greater depths to belong to the right flank (older than the
maximum).

Through random sampling from the probability distribution P (t), 10 000 samples of
possible ages are generated. The resulting histograms are plotted in figure 8.6. These
all show single peaks that indicate the age estimation of the sample.

The gas age of the sample is determined to be the year of highest count. The randomly
sampled data sets are sorted and the final age bound is found by creating a cutoff at
97.5% and 2.5% of the counts. Thus 95% of the data are allowed to be contained in
the age estimation, and the uncertainties on the gas age are derived. The reason for
choosing the uncertainties in this way is to account for the fact that P (t) might not
be Gaussian in all cases. The final ages for every sample along with the uncertainty
are presented to the right in table 8.2.

After establishing this data analysis method for the NBI-PICE RECAP samples it
was also used for the PSU RECAP measurements. In figure 8.7, δ18O of RECAP
from PSU and NBI-PICE are plotted with the estimated gas ages and the synthetic
record.
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Figure 8.6: Histograms generated following P (t).
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Depth [m] Gas age [years BP]
Mean 2.5% percentile 97.5% percentile

553.060 100226 100222 103341
553.335 104505 104504 104506
553.590 105678 105675 105681
553.740 107133 107130 107138
554.088 116524 116519 116529
554.150 117322 117318 117325

Table 8.2: Gas ages for the samples are shown alongside their 95% confidence inter-
vals.
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Figure 8.7: δ18O of the NBI-PICE and PSU with estimated gas ages plotted alongside
the synthetic record based on the EDML ice core.

8.3 Discussion

In table 8.2, the estimated uncertainties are much smaller than what is expected.
This cannot be physical and indicates an underestimation of uncertainties. It can be
debated whether the interpolation method used is suitable for the EDML data. Since
the record does not have equal spacing in depth between every measurement, the dif-
ferent regions will be weighted differently. The csaps function allows for a smoothing
parameter dependending on the average distance between the gas ages. This method
for finding the smoothing parameter has been followed. Including weights for the
EDML data dependent on how scarce data is in a region is a possible improvement
upon the method.
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A preliminary time scale for the RECAP core [Simonsen et al., 2019] with respect
to Greenland Ice Core Chronology 2005 (GICC05) [Rasmussen et al., 2006] has been
established based on measured markers in the ice such as dust contents or other
gas measurements. At the depth of the six RECAP measurements, there are some
tie points matching the depth of the core to the gas age. These are based on gas-
correlations between the NGRIP ice core and RECAP ice core by CH4 and δ18O air
measurements.

In figure 8.8, the depth of the samples from PSU and NBI-PICE are plotted against
the estimated gas ages. In the same figure the tie markers from GICC05 are plotted
in red.
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Figure 8.8: Gas age estimates for the RECAP ice core measurements from PSU and
NBI-PICE are plotted against depth. Tie markers from the GICC05 time scale are
plotted for comparison.

Some of the NBI-PICE measurements indicate offsets between the GICC05 tie points
and the estimated gas ages from this study. This might also be due to the fact that
the RECAP measurements are synchronized to AICC12 while the original RECAP
age scale is tied to GICC05.

Another explanation for this offset is that this project has underestimated the im-
portance of additional corrections such as accounting for thermal fractionation, gas
loss fractionation or bubble close off fractionation. These might change the obtained
δ18O which in turn alter the estimated gas ages to more closely resemble the GICC05
time scale.

For the PSU RECAP data, the estimated gas ages do not increase at greater depths
than '554 m. This could be due to folding at the base of the ice sheet. Another
explanation is that the measured δ18O at this depth should in reality be mapped onto
the increase in δ18O of the EDML record that is seen between 120-130 kyrs BP (figure
8.7). However, the estimated gas ages for the PSU data fit well with the deepest tie
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point of the GICC05 record, and so it is assumed the gas age estimation method is
robust. Additional synchronization markers such as CH4 are necessary to improve
the uncertainty on the preliminary RECAP MIS5-5e gas age established here.
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9 | Conclusion and outlook

Through this project, the NBI-PICE setup for extracting ancient air from ice core
samples and measure the δ18O composition has been brought to a functioning state.
Robust and automated procedures for gauging corrections to measurements and in-
strument tests have been developed. Measurements of δ18O can be performed with a
standard deviation of ±0.03%�, which is within previous measured millenial changes
of δ18O.

Six samples from the RECAP ice core were successfully measured from the depth
interval of about 553 m to 554 m and an increase in δ18O seen around a depth of
554 m was verified. Gas ages of the samples have been estimated by mapping them
onto the already established time scale for the Antarctic EDML ice core. The same
method was also applied to measurements of δ18O from PSU. Finally the obtained
time scale for the RECAP ice core is compared to the GICC05 match points.

In its current state, the setup is able to extract, trap and measure three samples in
one measurement day. To increase the capacity, the dip tubes need to be refurbished
or replaced. The water trap T2 may be removed to decrease dead volume in the
system, as T1 appears to have a great enough capacity to freeze out water of several
samples without clogging.

It has been discussed whether the vacuum casing of the dip tubes should be evacuated
by a separate LV pump to reduce the chance of contamination of the line. No such
contamination has been evident by inspection of the line, but for future projects this
could be implemented. It is also suggested to place an additional water trap in front
of the turbomolecular pump to boost pumping efficiency [Oyabu et al., 2020].

To fully respect the identical treatment principle, a procedure for measuring stan-
dard gas on top of BFI must be implemented. This demands creating BFI that is
completely gas free so no fractionation is evident.

Finally, it is important to verify the RECAP measurements by measuring duplicate
samples from similar depths as well as independent synchronization markers such as
CH4.
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A | Appendix

A.1 Peak shapes

Extraction at 20%. Extraction at 40%.

Extraction at 60%. Extraction at 80%.

Figure A.1: Peak shapes of the N2/O2/Ar configuration for different values of extrac-
tion. Vertical axes are signal intensities in mV, while the horizontal axes are the high
voltage in kV.
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A.2 NEEM measurements

Measurements of samples from the NEEM shallow ise core before the final configu-
ration of the experimental setup.

Rod nr δ18O [%�] δ15N [%�] δ18Ograv corr [%�]
1 1.308 0.794 -0.281
6 0.498 0.170 0.1580
1 0.929 0.358 0.214
9 0.588 0.250 0.0886
8 0.308 0.120 0.0684
6 0.354 0.0539 0.247
1 0.868 0.349 0.169
3 0.242 0.151 -0.0602
4 0.312 0.0915 0.129
8 0.465 0.0206 0.423
6 0.742 0.261 0.220
8 0.473 0.0526 0.368
9 1.006 0.563 -0.119

Table A.1: Measurements of δ18O and δ15N from recent Holocene NEEM ice.
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