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ABSTRACT

Understanding past climate changes is important to benchmark and improve future climate
model projections. Past climate proxies obtained from sources, such as ice cores, contain a

wealth of diverse paleo-environmental information at relatively high temporal resolution.

Isotopic composition of atmospheric Oz is important for tracing biological and hydrologic
processes. Furthermore, measuring 8'80 conserved in bubbles in ice core can be used a

global marker as the time scale for interhemispheric mixing of atmospheric O is one year.

This project focuses on experimental work to reassemble and optimize the O, extraction
system at Physics of Ice and Climate at the Niels Bohr Institute. The extraction system
enables further measurement of atmospheric 3'®0 in ice cores in an Isotope Ratio Mass
Spectrometer. Testing of NEEM ice core at the end of the project provided results that were

analyzed for further optimizing of the extraction system.
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1 INTRODUCTION

1.1 ICE CORES A PALEO-ENVIRONMENTAL ARCHIVE

Understanding past climate changes is important to benchmark and improve future climate
model projections (Kageyama et al., 2018). Past climate proxies can be obtained from
sources such as ice cores, tree rings, fossil pollen and sediments from oceans. Among these
proxies, ice cores are arguably one of the best proxies for Quaternary climate because they
contain a wealth of diverse paleo-environmental information at relatively high temporal
resolution. For example, polar ice cores have enabled scientists to reconstruct past
temperature from water isotopes (e.g., Dansgaard et al., 1969), snow accumulation rates (e.g.,
Rasmussen et al., 2013), volcanic activity (e.g., Cook et al., 2018) and infer changes in

atmospheric circulation (e.g., Buizert et al., 2018).

Ice cores are also unique because the trapped gas air bubbles provide a direct archive of
Earth’s past atmosphere. Concentration measurements of past greenhouse gases such as
carbon dioxide (COz) (e.g., Nehrbass-Ahles et al., 2020) and methane (CH.) (e.g., Rhodes et
al., 2015) are critical to constrain Earth’s climate sensitivity (Kéhler et al., 2017). Isotopic
measurements of CO- (e.g., Bauska et al., 2016) and CH4 (e.g., Beck et al., 2018; Dyonisius
et al., 2020) from ice cores have been used to infer the sources, sinks, and extent of natural
variability of CO2 and CH4. Furthermore, concentration and isotopic measurements of these
important greenhouse gases provide information on how they responded to and amplified past

climate change episodes through various feedback mechanisms.

Other applications of gas measurements in ice cores include measurements of noble gas
ratios to reconstruct mean ocean temperature (e.g., Shackleton et al., 2020) and
measurements of trace gases such as carbon monoxide (CO) (Fain et al., 2021), ethane
(Cz2Hs), and acetylene (C2H2) (Nicewonger et al., 2020) to reconstruct past biomass burning

activities.

This thesis will focus on gas measurements of ">N/™N ratio of molecular nitrogen (5'°N of N2)
and 80/'®0 of molecular oxygen (8'0 of O,) in ice core, both of which are well-established
proxies. The novelty of 3N and &'®Oam measurements will be discussed in the following

sections. Throughout this thesis, | will use the “3'®0O.m" notation to denote the 380 of

atmospheric O; and prevent the confusion from 380 of water isotopes (5'®Oice).



1.2 5'°N MEASUREMENT IN ICE CORES

The main compound found in air is nitrogen gas (N:), which represents 78 % of dry
atmosphere. N has an atmospheric residence time of more than 107 years so the isotopic
composition of N2 (3'°N) is constant over the timescale where ice core records are available
(Sowers et al., 1989). As snow accumulates, it gradually compacts and densifies into firn and
ice (Fig. 1.1.; Herron and Langway, 1980). Although the air bubbles in ice cores contain
samples of paleoatmospheric air at the time of pore closure, the composition of gases that are
trapped are altered in the firn layer through physical processes such as gravitational and

thermal fractionation (Blunier and Schwander, 2000).

The upper part of the firn layer is the convective zone. Here atmospheric pressure changes
and variable winds allow for an unimpeded exchange of air between the firn and the
atmosphere. In the convective zone &'°N does not change. As density in the firn column
increases, the free exchange of air in between the firn column and atmosphere starts to
decrease. The zone below the convective zone is called is the diffusive zone; here gas
diffusion and gravitational fractionation (where gases start to separate based on their masses)
starts to occur (Schwander, 1989). In the diffusive zone, 8'°N in the porosity of the firn begins
to change relative to the atmosphere. For a central Greenland site, at a density of 814 kg/m?
no more change occurs in the value of 3'°N and bubble close off completes at a density of
830 kg/m? (Blunier and Schwander, 2000). Because of its long residence time, alterations in
5"N measured in ice cores can be wholly attributed to firn alterations and can be used as a
proxy to reconstruct the paleoatmospheric isotopic composition of other gases (Sowers et al.,
1989).
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Figure 1.1: The firn layer within the ice column showing the effect of gravitation on &'°N with increasing depth.

The value of 6"5N changes linearly with depth increase in the diffusive zone (Blunier and Schwander, 2000)



1.3 OXYGEN CYCLE AND ATMOSPHERIC OXYGEN

Oxygen is the second most abundant gas in the atmosphere and constitutes 20.8 % of the
atmosphere. There are three stable oxygen isotopes; the most abundant isotope 6O
contributes 99.762% and the two less common, 7O and 0, contribute 0.038 % and 0.200 %
respectively (Emsley, 2011).

Variabilities in the isotopic composition of atmospheric oxygen (5'®0am) is tightly coupled to

the water cycle on Earth (Fig. 1.2).

Oxygen in the atmosphere is produced by plants via photosynthesis, which is a process that
takes CO; and water and turn them into sugar and O.. Photosynthesis do not fractionate, i.e.,
the O, produced has the same isotopic composition of O as the source water. On the other
hand, atmospheric O; is removed via respiration by plants and animals. Respiration
preferentially removes '®O relative to '®0 — causing 8'®Oam to be enriched relative to water.
The difference between the oxygen isotope composition of atmospheric oxygen (8'®Oam) and

ocean water (8'80sy) is known as the Dole effect (Dole, 1935).

Stratosphere

Fst
Troposphere

Figure 1.2: The route of oxygen within the marine and terrestrial biospheres and the atmosphere showing

the cycle between photosynthesis, transpiration and respiration (Blunier, 2008)



Recent glacial periods on Earth are characterized by decadal to centennial abrupt climate
episodes referred to as Dansgaard-Oeschger (D-O) events. A D-O event represents rapid
decadal warming in the Northern Hemisphere followed by slow cooling and a bipolar seesaw
pattern where the Southern Hemisphere is doing the opposite (rapid cooling followed by slow
warming) (WAIS Divide Project Members, 2015). The occurrence of a D-O event is linked to
changes in heat transport between the two hemispheres mediated by changes in ocean
circulation (Stocker and Johnsen, 2003; Lynch-Stieglitz, 2017).

As the heat balance between the hemispheres changes, a D-O event manifests in the low
latitudes as changes in the strength of monsoons and spatial shifts of the tropical rain belt
(Wang et al., 2001). It has been argued that the signal from tropical rain belt migration during
a D-O event is embedded within the 3'80.m record (Severinghaus et al., 2009; Seltzer et al.,
2017). When 8"®Q0.m is normalized to 8'®Qsy (i.e., when the Dole effect is accounted for), then
the remaining changes in 8'®Oa.m reflect changes in where predominant O, production from
terrestrial photosynthesis is occurring, which in turn driven by latitudinal shifts of the tropical
rain belt (Seltzer et al., 2017).

Variations in 8'®0.m are also commonly used as a tool to synchronize ice core records (e.g.,
Capron et al., 2010; Baggenstos et al., 2017). The mixing of air between the Northern and
Southern Hemispheres occurs within a 1-year time scale (Sowers et al., 1989), while the long
residence time of Oz (~1200 years) allows for Oz and its isotopic composition to be well mixed

in the atmosphere.
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Figure 1.3: Record of the §"Oaim and &'8Qice from the GISP ice core record showing the D-O events

marked in black numbers along the plot (Severinghaus et al., 2009).



1.4 OVERVIEW OF THESIS

The original goal of this thesis was to use 8'®O.m measurements from Renland ice core
(RECAP) (Simonsen et al., 2019) as relative age markers to better establish the RECAP
chronology over the Eemian period (70-130 ka). However, the direction of this thesis has been
modified over time due to external factors, mostly the laboratory move from Rockefeller
building to Tagensvej 16. This thesis now focuses on reassembly and optimization of the O-

extraction system as well as optimization of the mass spectrometer.

Chapter 2 presents the history of the O, extraction system and the aspects of the experimental
setup. The focus will be on the various components used in the setup for extraction of gases
from ice core and will discuss the process from start to finish. Following, chapter 3 will consider
the role of mass spectrometry in measuring 8'®Oam. The instrument will be introduced, and
the procedures discussed for measuring the stable isotopes in the extracted gas. Finally,
chapter 4 will present the test ice measured and discuss results and improvements to the

overall setup and measurement of 380 sm.
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Figure 1.4: A digital elevation model showing locations of Greenland ice core drill projects showing NEEM drilling

project in NW Greenland and Renland in East (Masson-Delmotte et al., 2015).



2 EXTRACTION SYSTEM TO MEASURE NON-REACTIVE
ATMOSPHERIC GAS

2.1 HISTORY OF EXTRACTION SYSTEM FOR DISCRETE N2, O2, AND AR
MEASUREMENTS IN ICE CORE

Melt extraction is one of the main techniques used to liberate gas from ice core. Compared
to other techniques such as dry extraction with mechanical destruction of the ice (e.g., Jenk
et al.,, 2016) or ice sublimation (e.g., Schmitt et al., 2011), melt extraction is relatively
straightforward and has the benefit of almost 100 % extraction efficiency (Sowers et al., 1997).
However, one caveat for a melt extraction approach is the effect of gas solubility. Following
Henry’s law, gas solubility is dependent on the partial pressure of gas over water and
temperature. For example, ambient air under an equilibrium condition 14.5 mg/l of oxygen
dissolves at 0°C water as compared to 7.6 mg/l dissolving at 20 °C water (Emsley, 2011). A
common method to drive off all the gases that is dissolved in the meltwater back to the
extraction chamber headspace is to slowly refreeze the meltwater (e.g., Sowers et al., 1989).

This method is commonly known as a melt-refreeze method.

Due to its simplicity, melting is generally preferrable for analysis of gases with low solubility
that also do not chemically react with the meltwater in ice core. Traditionally, this means
everything except CO2 mole fraction and isotope measurements. The first measurement of
paleoatmospheric 3'®Oam from Camp Century ice core in Greenland was presented by Horibe
et al. (1985). Sowers et al. (1989) described a system that was able to measure &'°N of N,
and Oz, N2, Ar molecular ratios in addition of 5'8O.m with a very simple melt-refreeze extraction
setup and a collection unit made of stainless-steel tube dipped in liquid helium (Fig. 2.1).
Further investigations showed that the presence of H,O and CO; in the sample interferes with
isotopic measurements (Headly, 2008); thus, additional cryogenic H,O and CO; traps are
commonly introduced between the extraction setup and the collection unit (Petrenko et al.,
2006; Oyabu et al., 2020). Methods to accurately measure Ar isotopes and elemental ratios
Ar/Nz, O2/N2, Ar/O,, are described by Severinghaus et al. (2003). The setup for accurately
measure Ar isotopes necessitates additional removal of O2 and N via gettering (destroying all

the reactive gas in the sample by reaction with “getter” Zr/Al) (Severinghaus et al., 2003).
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Figure 2.1: Original wet extraction system used to extract enclosed gases from ice. The extracted gases is then

collected inside dip tubes at liquid helium temperature (adapted from Sowers et al., 1989)

2.2 EXPERIMENTAL SETUP

This thesis builds upon the work initially done by Reutenauer (2016). The extraction system
starts with the ice melting/gas extraction section (Section 2.2.2) and ends with a collection unit
(Section 2.2.4; Fig. 2.2). Between the ice melting section and the collection unit, water and
CO; traps are used for purification of the gas sample (Section 2.2.3). In addition to the sample
line, there is also a secondary pumping line necessary to evacuate remaining gas and water
vapor in the line between samples (Section 2.2.1). The system is controlled using a LabView
program/graphical user interface. The LabView program allows for opening and closing of
pneumatic valves and monitoring of vacuum pressure through the two pressure gauges (Fig.
2.3a and Fig. 2.3b).

11
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Figure 2.3a — Semi-automated LabView user interface controlling pneumatic valves in the extraction lines and the
collection unit (Reutenauer, 2016).
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Figure 2.3b — LabView user interface displaying pressure readout for PG1 and PG2 (not shown) and temperature
of coldhead (cryocooler) (designed and developed by(Reutenauer, 2016)).

2.2.1 Pumping system and pressure gauges

The pumping system is not part of the sample line but provides crucial function to allow the
evacuation of ambient air from the line and extraction vessel. The pumping system consists
of two pumps, a “rough” rotary vane pump and a high-vacuum turbomolecular pump station
(Hi-Cube, Pfeiffer Vacuum, Germany). The turbomolecular pump unit also includes an oil-free
diaphragm pump which is connected to the main extraction lines (1/4” stainless steel tubes)
and collection unit (Fig. 2.2). The pressure in the system is read on Pirani gauges “PG1” and
“PG2” through the LabView program. An additional pressure gauge “PG3” is connected to the
lower side of the vacuum casing in the collection unit. The vacuum casing in the collection
unit is evacuated using the rotary vane rough pump as the need for low vacuum is not
necessary. The pressure monitored on “PG3” is displayed on a digital readout from the Hi-

Cube pumping station.

13
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Figure 2.4: PCSchematic diagram of pumping system showing connection between pumps, extraction lines and
collection unit HV represents Hi-Cube turbomolecular pump and LV represents “rough” rotary vane pump

(Joergensen, 2021).

2.2.2 Sample preparation and ice melting

The ice samples are moved from the main storage facility at Priorparken (-28 °C) to the
working freezer at NBI-PICE (-20 °C) weeks before the planned extraction date. The ice
samples are cut to a length of approximately 6 cm and a mass of approximately 40 g from the
bulk ice core using an electric band saw inside the -20 °C freezer (Fig. 2.5). Approximately
0.5 cm of ice is cut from the surface of the sample; first with the electric band saw and then
additional 1-2 mm by using a ceramic knife. This procedure not only ensures that any
contaminants such as drill fluid are removed from the surface, but also enables more accurate
measurements for paleoatmospheric reconstruction due to removal of ice surfaces that would

have experienced diffusive gas loss during storage (Oyabu et al., 2020). All handling of the

samples is done using powder-free nitrile gloves to prevent contamination.

Figure 2.5: In house freezer with electric bandsaw used to trim ice (left) and NEEM ice sample (right) with red line

representing ~40 cm.
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Figure 2.6: Extraction flasks with rubber O-ring and Swagelock Ultra-Torr 1/4-inch connector designed to optimize
exchange between melt water from ice sample and head space. The upper section of the flask attaches to the

extraction line and the lower, cylindrical (reproduced from Reutenauer, (2016)

Glass extraction flask with 210 cm?® volume (Reutenauer, 2016) is used as a container where
the ice is melted. Sample flasks treatment begins two days before the planned extraction. The
flasks are first cleaned using ethanol and Milli-Q™ water. Then they are left overnight in a 50
°C oven to dry. Several hours before melting, the flasks are moved to the same freezer as the
samples, which is cooled to -20 °C. The Viton O-rings and connector are cleaned in the same
manner as the glass flasks, but they are not placed in the oven or the freezer to prevent

damage to the material.

Prior to extraction and melting the lines are evacuated for 20 minutes using the rotary vane
pump and followed by 10 minutes with the turbomolecular pump. This enables a vacuum
pressure of 10°° mbar to be reached. The extraction vessel is attached to the extraction line
using a Swagelock Ultra-Torr 1/4-inch connector that contains a Viton O-ring to seal the
connection (Fig. 2.6). The flask is submerged in a pre-chilled ethanol bath at -24 °C.
Submerging the flask in cold ethanol prevents premature melting of the ice sample as ambient
air is evacuated away from the headspace. The ambient air in the flask is then evacuated
initially using the rotary vane pump then followed by pumping with the turbomolecular pump
for 10 minutes. This pumping step has the additional benefit of making the sample cleaner, as
it sublimates away a few milligrams of potentially dirty ice on the surface of the sample. During
evacuation, pressure in the flask is usually at vapor pressure of ice (between 5-10 mbar,

depending on temperature of ice, Fig. 2.7).
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Figure 2.7: Vapor pressure over ice as a function of temperature (modified from Murphy et al., (2005)).

After the evacuation step is complete, the ice is melted with a warm water bath that is
maintained at a temperature of +45°C. The flask is gradually submerged to prevent melting
too quickly and clogging the water trap. To minimize the solubility effect, the gas released
from melting of the ice is actively pumped and transferred into the collection unit following
Oyabu et al.(2020). The melt vessel is taken out of the warm water bath when ~5g of ice is
left. Removing the warm water bath early prevents overheating of the meltwater from the ice
and reduces the possibility of contamination from reaction between the meltwater and
impurities in the ice. After all the ice is visibly melted, the gas is transferred into the collection

unit for an additional 15 minutes to ensure complete gas transfer.

2.2.3 H;0 and CO; trap

The gas released from the melted ice is pulled through the lines and first pass through a H.O
trap. This trap is a stainless-steel cylinder, ~20 cm in length with a diameter of ~5 cm. The
H-O trap is filled to % full with 2mm glass beads. These beads provide an increased surface
area for water vapor. Removing water vapor is necessary because it tends to “stick” on metal
surfaces for long and can alter the isotope signature of O via isotope exchange (Reutenauer,
2016).

16



The H20O trap is cooled using a mixture of ethanol and liquid nitrogen to a temperature of -
80°C. The ethanol is pre-cooled with the Thermo NESLAB cold finger prior to the addition of

liquid nitrogen.

Although the exact mechanism is still unknown, it is known that the presence of CO, interferes
with 8'®0,m and 8'°N measurements (Headly, 2008). One hypothesis that could explain the
CO:; interference is that CO; acts as intermediary catalyst for formation of NOy in the ion
source. Among the NOy families, N80, '>N'70O, and "®N'8Q directly interferes with the oxygen
cups (m33 and m34) (Headly, 2008). Thus, the CO; in the sample is trapped cryogenically
using a simple 1/8” stainless steel U-trap at liquid nitrogen (-196 °C) temperature. The trap is
submerged in a dewar filled with liquid nitrogen. The dewar is controlled through LabView and
is raised up and down to a control point as needed. The trap acts as a secondary H>O trap to
remove any residual water vapour that was not removed in the first trap as freezing point of
H.O (atmospheric pressure) is 0 °C. During the transition between ice samples, the CO. trap
is heated with a hairdryer while the sample line is evacuated to prevent clogging of the CO,

trap.

2.2.4 Cryocooler — procedure, passivation and conditioning

The sample collection unit is described in detail by Reutenauer (2016). In brief, the unit
consists of a closed-cycle helium cryocooler and 10 stainless steel rods (Fig. 2.8).
Surrounding the rod manifold is a vacuum casing with the lower section of the rods placed on
a copper block. The vacuum casing is evacuated through the rough pump and is always
evacuated prior to operating the equipment. The pressure in the casing, which is measured
with “PG3” (Fig. 2.2), is evacuated to less than 10 mbar. The cold head is cooled using a
Sumitomo water cooled helium (He) compressor which removes the heat away from the
copper block and allows the temperature of the collection rods to be as low as 10K. A
temperature of this level is necessary as oxygen and nitrogen have freezing temperatures of
54 Kand 63 K, respectively. The pressure and temperature gradient between the cooled rods
and the ice extraction vessel drive the gas transfer. Once all of the gas has been solidified into
the rods, all valves on the manifold are closed and the rods are heated to approximately 250

— 270 K for 30-45 minutes to allow the gas in the rods to equilibrate before measurement.
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Figure 2.8: A. Internal view of cryocooler with pneumatic valves on top and stainless steel rods, B. Overview of

the 10 pneumatic valves connected to the rods (modified from (Reutenauer, 2016)).

2.2.5 Lines and rods conditioning

If a sample extraction is not scheduled for a particular day, then the rods are conditioned with
NEEM 2 standard (clean background modern air) and left overnight. This ensures that the
surface of the rods is conditioned with a gas that has an isotopic composition closely
resembling the samples. Conditioning the rods is necessary because the stainless-steel
surface of the rods continuously desorb and adsorb gases. These processes can alter the

isotopic composition of the samples (see Chapter 4).

2.2.6 CO. trap for standard gas

As discussed previously, the presence of CO; in sample mixture interferes with & '®0O and
8"N (Headly, 2008). In Reutenauer (2016) only CO, from the sample is removed. In this
project the CO; from the standard gas is also removed via ascarite trap added between the
standard NEEM tank and the outer MS valves.

18



3 ISOTOPE RATIO MASS SPECTROMETRY (IRMS) AND
CORRECTIONS

This chapter will present the background on the instrument used for the measurements and
will discuss the corrections done to the data. The project uses a Thermo Delta V Plus Isotope
Ratio Mass Spectrometer (IRMS). The IRMS consists of four primary sections: the ion source,
acceleration, deflection, and finally the detector section (Fig. 3.1). The ion source consists of
a heated tungsten filament that ionizes the sample molecules. The ion beam produced in the
source is accelerated by focusing electric plates and deflected by a magnetic field. The

deflection is dependent on the mass to charge (m/z) ratio of the molecules.

heavy ions
3 output currents
light jons
O Faraday collectors
) detection
deflection | magnet
Electric plates
acceleration
sample gas _ion source reference gas
1onization i
< o capillary XX capillary o ) X
2 —fg’b» change over - bad
valve | O (X)) |
sample reference
gas ‘ gas
e

Figure 3.1: Schematic diagram of dual inlet system in the IRMS, showing two separate bellows and the pathway
of gas through the changeover, ionization and acceleration sections to the final detection in the faraday cups
(Guillevic et al., 2014).
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The kinetic energy of the charged particles through the magnetic field is a product of the
charge (q) and the voltage difference (V) (Equation 3.1). In this equation, v is the velocity of

the charged isotope and mass (m) representative of the mass to charge ratio.

1
Emvz =Vq (3.1)

Deflection into these cups is dependent on the trajectory of the charged particles relative to

radius of curvature, with heavier isotopes having a longer radius of curvature than lighter

omV (3.2)
r= e

The detector section of the Delta V Plus IRMS used in this study is equipped with 7 Faraday

isotopes (Equation 3.2).

cups (Table 3.1). The cup configuration enables mass measurements (m/z) 28, 29, 32, 33,
34, 36 and 40 for the “N2/O2/Ar” configuration and (m/z) 28, 29, and 30 for the “N2”

configuration.

The dual inlet system (Fig. 3.1) enables measurement of sample and standard gases in two
separate adjustable volume/bellows. With the adjustable bellows, signal intensity in the
detector can be made equal for both standard and sample (Leuenberger 2008). During
measurement, the sample and standard gases are flown from the bellows through crimp
capillaries, which act as flow reducer, into the changeover manifold. The changeover manifold
has valves that alternate between being opening to the source or to the waste pump, allowing
for sample and standard gases from the two bellows to be introduced to the source

sequentially.
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Table 3.1: Cup configuration for Delta V Plus MS used in this study

Cup # 1 2 3 4 5 6 7
Slit width (mm) 14 |14 3.8 1.4 3.8 1.4 1.4
(m/z) N2/O2/Ar configuration 28 32 33 34 36 38
(m/z) N2 configuration 28 29 30

Resistor (ohm) N2/O2/Ar 3E® 1E® 1EZ |3E"™ |[1E™” |1E"
Resistor (ohm) N2 3 E® 3E™ |1E"

3.1 MASS SPECTROMETRY CORRECTIONS AND MEASUREMENT PROCEDURES

3.1.1 Delta notation and gas standards

When comparing values between stable isotopes, the ratio can be quite small, resulting in
values being compared to the thousands. Most MS therefore calculate abundance of
isotopes in delta notation (8, %o, per mil) (Slater et al., 2001). This notation was introduced
to be able to make comparisons more readily to parts per thousand (per mil) (Craig, 1961).

The following equation represents the isotopic ratio calculation for 5'80:

(180160/1602)
(180[60/1602)

sample

6'%0=

-1]-10%%o (3.3)

standard

Following Severinghaus et al. (2009) a modern background air is used for 85N and 8'®Q0am
standard. For this project, dried atmospheric air collected from NEEM camp in northwest
Greenland, stored in a stainless-steel tank was used. The standard NEEM air can be
introduced either directly from the tank to the right-hand side “standard” bellow of the dual inlet
system for the zero enrichment test (Section 3.1.4) or through the extraction lines similar to

the sample.
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3.1.2 Measurement program

The automation scripts for sample measurements were originally developed at University of
California, San Diego (UCSD). The automation scripts was modified by Corentin Reutenauer
(NBI) (Reutenauer, 2016) and throughout this project. The following parameters were used

for each measurement cycle (an example of sequence shown in Appendix A):

(1) Two blocks of zero enrichment measurements (section 3.2.3), one with N2/O2/Ar
configuration and one with N2

(2) Each rod containing a sample is measured in three blocks, two with N2/O2/Ar
configuration and one with N

(3) Zero enrichment measurements are repeated after two sample measurements.

(4) Each block contains 16 cycles with integration time of 16 seconds.

3.1.3 Zero enrichment test

In a zero enrichment test, both bellows are filled with the same standard gas and measured
against each other. This test represents an idealized measurement condition and is used to
gauge the instrument internal precision and drifts. Fig. 3.2 shows the zero enrichment tests
conducted up to 2 weeks before the measurement of the NEEM test ice. All values for 880
and 3'°N are below zero which could possibly be a result of fractionation within the bellows,
in particular the sample bellow, resulting in an enrichment of lighter isotopes within the
bellow.

The pooled standard deviation was calculated to for both 8’80 and &'°N results. For §'®0
the result is 0,037 %o and 3'°N is 0,060 %.. These values represent the internal precision of
the MS.
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Figure 3.2: Zero enrichment results from 15 March, 2021 to 1 April, 2021. The results show that the 5780 and

0'°N values are below zero for all measurements over these weeks.

3.1.4 Pressure imbalance

The slight difference in pressure of the bellows can affect the measured 8'®Q0am and 8'°N
values. The amount standard gas introduced into the reference bellow is set manually by a
pressure regulator attached to the tank. Generally, the amount of standard gas in the
reference bellow is adjusted to be relatively close to the sample. However due to varying total
air content in ice core samples, there will always be slight offsets between the measured

intensity of the sample and standard (Al).

To measure the effect of pressure imbalance, an experiment similar to the zero enrichment
test is conducted but with the pressure in the sample bellow being intentionally offset
compared to the standard bellow. Both bellows are filled with the same amount of standard
gas and the volume of the sample bellow is adjusted at 5% interval for every measurement.
The measured §'®0 from this test is usually plotted against the difference in intensity (Al) (Fig.
3.4); from the slope of (8'®0 vs. Al), a linear correction for the samples can be developed using

the following equation:

6180pressure corrected = 6180measured - (PI S|0pe) * AI (34)
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Figure 3.4: Pressure imbalance results for testing weeks end of 2020. R? values range between 0.9872 and 0.995.

The slope (used in equation 3.1) ranges between 0.0003 and 0.0002. Dates of measurements are in brackets to

the right of the plot (day.month.year).

Pressure imbalance measurements are done typically at the beginning of a measurement
week. Fig. 3.4. shows the variability in the slope of pressure imbalance tests over one
month. Fig. 3.5. Shows the last pressure imbalance test conducted before NEEM test ice

measurements presented in this thesis.
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Figure 3.5: Pressure imbalance results for measurement week (8 April, 2021). R? value, shown on plot, is
0.9923. The slope (used in equation 3.1) is 0.0004.

Pressure imbalance test was also conducted for 8'°N by Frgystad (2021). The (3N vs. Al)
relationship was found to be small, so the 3'°N measurements were not corrected for pressure

imbalance.

3.1.5 Chemical slope

In air mixtures, variations in elemental ratios can impact the isotopic ratio. For example,
variations in 802/ N, of the sample influences the measured 5'®0 (Severinghaus et al., 2003).
This is mostly because the relative abundance of other gases affect the ionization efficiencies
of the gas isotopes differently (Severinghaus et al., 2003). To compensate for this
phenomenon, a chemical slope test is conducted. A method from Kindler, (2013) is adapted
in this study. A chemical slope test starts with the introduction of ultrapure N; at low pressure
(2-3 mbar) into the sample bellow and NEEM standard into the reference bellow (~ 38-40
mbar). Rather than alternating gases from the two bellows, here during “sample” measurement
the two valves leading to bellows are open simultaneously into the source. This procedure
allows for dynamic mixing in the changeover manifold before the gas reaches the source. The
sample bellow (N2) is subsequently compressed throughout the measurement to enrich the

gas in the source with No.
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Figure 3.6: Chemical slope for pure N2 for the measurement week. The resultant slope will be used in equation
3.1.

The linear regression resulting from & 80 versus 802/N: in a chemical slope test can be used
to calculate the necessary correction (Fig. 3.6). The slope from this linear regression provides

the sensitivity of 580 to 502/ N; ratio following:

o 18()chemical slope = 6180pressure corrected T (Chemical S|0pe) * 602/N2 (35)

Chemical slope test 8'°N against 50./N, was also conducted in Frgystad (2021). Similar to
the pressure imbalance, the (8'°N vs. 802/N,) relationship was found to be small, so the &'°N

measurements were not corrected for chemical slope.

3.1.6 Gravitational fractionation

Due to gravity, heavy isotopes in the open porosity of the firn preferentially gather at the bottom
of the firn column. This results in the bubbles within the firn and ice to be enriched with heavier
isotopes (Schwander, 1989). The gravitational fractionation is derived following barometric

equation (Craig et al., 1988):
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R galm (36)

where

R = measured isotope or gas ratio

Ro = measured isotope or gas ratio for free atmosphere
g = acceleration due to gravity

z = thickness of firn layer

Am = difference in mass between the two isotopes

R’ = gas constant

T = isothermal temperature within the column

This formula then shows that the difference in mass between two isotopes will affect the
gravitational fractionation. Because of the 2 amu (atomic mass unit) differences, 580 will be
twice as affected by gravitational fractionation as 5'°N (Craig et al., 1988). Alterations in 8'°N
measured in ice cores can be attributed exclusively to firn effects and mass-dependent
fractionation during sample extraction. Thus, measurements of 580 can be corrected for all

mass-dependent processes (including gravitational fractionation) following

6180corrected = 6180meas -27 615Nmeas (37)

where 8"80Omeas and 8'°Npeas are the measured 880 and 8'°N corrected for all instrument

effects (zero enrichment, pressure imbalance, and chemical slope
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3.1.7 Thermal fractionation

Heavier elements tend to favour colder areas; therefore, the temperature gradient within the
firn influences where these elements are distributed (Grachev, 2013). Large scale
temperature changes (for example during DO events) can cause large temperature gradients
within the firn column and result in thermal fractionation (Landais et al., 2004). However, the
NEEM test ice measured in this project is from the Holocene (0-2000 yrs before present).
During this time period temperature variations were relatively low. Thus, for the purpose of

this study, thermal fractionation does not need to be considered.

3.1.8 Post-coring gas loss fractionation

Gas loss in ice core can occur during sample storage. Fractionation due to gas loss can be
associated with size-dependent fractionation and mass-dependent fractionation (Bender et
al., 1995). Size-dependent fractionation can occur when overpressure on the bubbles during
storage causes diffusion of gases through the ice lattice, excluding smaller molecules. This
can significantly affect the measured elemental ratios such as O2/N. and Ar/N2 (Bender et al.,
1995).

Gas loss correction is specific to a particular ice core, and even specific drilling season
because it depends on sample handling and storage history (Severinghaus et al., 2009;
Baggenstos et al., 2017). An ideal way to correct for gas loss is to measure recent Holocene
ice from the same ice core of interest. After all the corrections described above, the 5'®0am,
602/N2 and dAr/N.in recent Holecene ice relative to modern air should be 0%.. Any deviations
in the measured 58 0am, 802/N2 and SAr/N; can be attributed to post-coring gas loss. Thus,
an empirical correction using linear relationship between corrected 5'®Oatm, 8O2/N2 and SAr/N;

can be made to correct for gas loss.

The samples in this study are not corrected for gas loss due to several reasons. First, the
NEEM ice core was drilled recently (NEEM Community Members, 2013) thus the post-coring
gas loss should be minimal. Second, as discussed in the following chapter there are more
pressing analytical issues in the system that prevent accurate reconstruction of 8'8Qatm, 802/N2
and SAr/Na.
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4 Results and Discussion

4.1 ABSTRACT

The results presented in this thesis cover the test experiments done during the reassembly of
the oxygen measurement system, in preparation to measure the RECAP core. The MS
stability test uncovers the problem that potentially explain why the internal precision of the MS
was not as good as before the laboratory move. The dry standard in rod test shows that after
significant downtime, the unconditioned stainless steel rods can introduce significant amount
of uncertainty to the 8’80 measurement. Finally, the NEEM test ice measurements suggest
that alteration of sample gas in the stainless steel rods might be worse in presence of water

vapor. Suggestions to further optimize the system are discussed.

4.2 MASS SPECTROMETER STABILITY TEST

As discussed in Section 3.1.3, from the zero enrichment test the internal precision of the MS
was worse than the precision achieved by Reutenauer (2016). To test the stability of the MS,
the standard bellow was filled with large amount of standard air (~200 mbar). The standard air
then flown into the source overnight and continuous MS measurements were made under the

N2/02/Ar configuration. Fig. 4.1 show the result of overnight stability test.

] WMass 2800(C1] WMass 32.00(C3] [WMass 33.00(C4] [ Mass 34.00[C5] [l Mass 36.00[C6] W Mass 4000(C

Fig 4.1: Intensity versus time for mass 28 showing the high frequency noise.
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Figure 4.2: Noise in intensity versus time scan for 5’80 and Oz/Nz2,

The intensity decrease over time is expected from sample consumption. However, the
overnight sensitivity test show that there was significant high frequency noise on all masses.
502/N and 5'80 measurements (Fig. 4.2) from the overnight test show similar high frequency

noise superimposed on significant drifts in measured ratios.

One solution tried was to swap out the source in the MS. However, the source change did not
remove the high frequency noise. An intensity vs. high voltage scan show that the high
frequency noise was related to narrow peak shapes; thus, small instabilities in ion beam can
cause significant variabilities in measured intensity. The narrow peak shapes suggest either
the Faraday cups in the detector were out of position (R. Beaudette, Scripps Institute of
Oceanography Laboratory Technician, personal communication) or magnetic field
interference likely due to damage to the magnetic section (M. Leuenberger, University of Bern

Professor, personal communication).

One suggestion from Thermo technical support to improve instrument stability is to install
stainless steel shims in the flight tube. The shims improve the peak shapes for one week
before the narrow peak shapes return. A temporary solution to this problem was to adjust the
“extraction %” parameter within the focus settings. This improved the peak shapes and
internal precision, although at the time of writing, even with low extraction % parameter the
internal precision still 50% worse than achieved by Reutenauer (2016) (0.037 permil vs. 0.005

permil).
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4.3 DRY STANDARD IN ROD TEST

To account for any effects of sample alteration in the rods, standard gas was introduced into
the rods through the sample line at 4 standard cc per minute using the mass flow controller
(MFC). Similar to the sample, the standard was also run through the CO- trap. The ten rods
were measured against the same NEEM standard in the MS. Under ideal conditions, the
measured 3'80 values from the rods should be zero as the gas being measured is the same
in the standard bellow. Observing the difference in the results allows for us to see the influence

of the rods on sample measurements.

These measurements were performed by Frgystad (2021) over a period of two months (Fig
4.3). The results showed which rods were not performing well. Table 4.1 presents an example
of standard in rod measurements for the week of melting NEEM. The rods that have the most
unreliable measurements are rods 10, 5, 4 (highlighted in red). These rods were not used

during NEEM test ice extraction.

All rods
; ; : —— Rod 1
24 1) ; i : Rod 2
! ! ! : ~s— Rod 3
' —+— Rod 4
1 —s— Rod 5
= —+— Rod 6
E #— Rod 7
g 0 —+— Rod 8
? Rod 9
© . . . —+— Rod 10
-1 ! : :
g ) ¢ | :

05.02 13.03 23.03 28.03
Date (day.month)

Figure 4.3. All rod measurements from February 2021 to beginning of measurement week. Froystad (2021) shows

rods with the greatest compromise (in particular rod 10). Based on these results decisions were made to use rods
8,6,1,9 and 3 for NEEM measurements (modified from Froystad (2021).
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Table 4.1 Standard in rods for measurement week of NEEM ice

Date d180/160 (per mil) d15N/14N (per mil) Rod #

28 March -0,107 -0,049 7
0,587 0,380 10
-0,082 -0,035 2
0,036 0,032 1
-0,078 -0,041 3
0,010 0,022 6
-0,046 -0,029 9
0,400 0,252 5
0,247 0,164 4
-0,086 -0,035 8

4.4 NEEM RESULTS

NEEM is recently drilled ice core so the expected results should reflect present day
atmospheric gas composition. Shallow NEEM should be approximately from 1000 AD. The
expected values for 8"°N should be 0.27 per mil due to the minimum firn depth changes.
Results for 580 should have a value of zero after corrections for gravitational fractionation are

calculated. The elemental ratio for O2/N2 should also have results of zero.

Table 4.2 shows the measured and corrected values for two consecutive NEEM test ice
measurement days. The measured &80 is corrected for pressure imbalance (5'80Op; Equation
3.4, slope = 0,0004, chemical slope (8'®QOcs, Equation 3.5, slope = 0,0157), zero enrichment
(8'0,) and gravitational fractionation (5'®Qgav). Due to operator error, no gas made it to rod
#8 on 1/4/21 test. Thus rod #8 is omitted when considering standard deviation calculations.
Standard deviation (o) calculations were done for the samples measured between all the rods

as well as each rod over the two days (Table 4.3).
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Table 4.2 Results from 2 consecutive NEEM measurement days

A. 1 April 2021

Rod | 8"®Oraw 5'80p 0"80¢s 0'80. 0"®0gray | 8" Nraw 0"Nze 320,/28N2
# (per mil) (per mil) (per mil) (per mil) (per mil) (per mil) (per mil) (per mil)
8 -55,068 | 2,758 1,934 1,922 26,517 | -12,306 -12,298 | 52,462
6 0,498 0,988 1,111 1,098 0,742 0,170 0,178 -7,817
1 0,929 0,994 1,239 1,223 0,497 0,358 0,363 -3,606
9 0,588 0,989 1,046 1,030 0,520 0,250 0,255 -3,606
3 0,021 0,933 0,863 0,854 0,343 0,043 0,255 4,429
B. 30 March 2021
Rod | 8"®Oraw 5'80p 0"80¢s 0'80. 0"®0gray | 0" Nraw O"N_e 320,/28N2
# (per mil) (per mil) (per mil) (per mil) (per mil) (per mil) (per mil) (per mil)
8 0,308 0,991 0,966 0,980 0,715 0,120 0,133 1,628
6 0,354 1,004 1,134 1,147 1,014 0,054 0,067 -8,248
1 0,868 1,024 1,256 1,268 0,547 0,349 0,361 -14,771
9 0,567 0,997 1,056 1,068 0,517 0,264 0,275 -3,736
3 0,242 0,988 1,021 1,030 0,720 0,151 0,155 -2,125

The standard deviation for measurements 1 April 2021 for 8'®Ogravitation Was 0,164 (per mil) and
0,076 (per m||) for 8"°Nzero enrichment.

The standard deviation for measurements 30 March 2021 for §'®Ogavitation Was 0,228 (per mil)

and 0,1 18 (per mll) fOf' 615Nzero enrichment.

Table 4.3 Standard deviation (o) for each rod between the two days

Rod # 8 6 1 9 3
18 o

0 0"®Ogravitation 18,245 0,193 0,036 0,002 0,267

0 8" Nzeroenrichment 8,790 0,079 0,002 0,014 0,071

Over the two measurement days, rods 9 and 1 show the ‘best’ results (closest to zero). Rod
9 results for 1 April 2021, for 3'®Ogray correctes = 0,5196 (per mil) and with o = 0,001782 for the

two measurements in that rod. The results for for 30 March 2021, for §'®Ogray corrected = 0,5170.

However, these results are clearly not reliable as the test ice measurements on the same rods

are remarkably similar. This suggests that significant alteration of sample gas occurred in the

rods, causing a large “memory effect.” Because this memory effect is not present in dry rod
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measurements, | hypothesize that the presence of water vapor (from the ice extraction) might

exacerbate the alteration of sample gas in the rods.

4.5 DISCUSSION

4.51 System improvements

The results from NEEM test ice measurements were significantly more variable than dry
standard in rods test. The main difference between NEEM test ice extraction and dry
standard in rod test is the presence of water vapor. This result suggests that the presence of
water vapor exacerbate alteration of sample gas in the rods and the sample line do not
adequately trap H2O. As such, enlarging the H>O trap capacity or installing a second H>O

trap is necessary.

The dry standard in rod test shows rather significant variability, which suggests that the sample
gas is altered in the rods. Following recommendation from colleagues at Scripps Institute of
Oceanography (J. Severinghaus, R. Beaudette, personal communication) it might be
necessary to “bake” the stainless steel rods. This procedure involves taking the rods out of
the cryocooler, filling the rods with pure O and increasing the temperature of the rods to
300°C. The purpose of this procedure is to passivate and oxidize the stainless steel surface.
To further passivate the stainless steel surface, one might consider to do chemical treatment

(such as electropolishing) on the rods.

Several improvement suggestions mentioned in this thesis (mainly baking the rods and extra
H2O trap) were implemented by Frgystad (2021). As a result, Frgystad (2021) successfully
conducted NEEM test ice measurements that produce reasonable results. Furthermore,
successful measurement campaign over Eemian RECAP ice was conducted. The final

reported precision and error attribution to various steps were also done by Frgystad (2021).

Other technical challenges were overcome in this project. These challenges include the pumps
not operating efficiently at the beginning. This was, at times, due to pumps sitting too long
without use so keeping up with oil changes and observing that the diaphragms on the

turbomolecular pumps are not decaying can help prevent failure of the pumps.

Leak checks within the lines are important to prevent ambient air from entering the sample
collection rods. The Swagelok connectors are reliable but due to the (aforementioned) move
of the equipment from Rockefeller to Tagensvej, some of the connections had to be broken

and reconnected — causing leaks in the sample line.
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The extraction flasks are fragile and need to be stored appropriately. Again, the recent move
of the equipment also compromised the connection part at the top of the extraction flasks and

repairs with a help of glassblower had to be done.

There were also problems with the cryocooler and the He compressor at the new Tagensvej
16 building. The water-cooling system often shut-off, resulting in overheating of the lines to
the He compressor and an eventual tripping of the internal switch. These problems could be

solved with an improved electrical system and He compressor within the building.

5 CONCLUSION

At the end of my research schedule, we were successfully able to melt ice and extract gases
in the extraction system developed by Reutenauer (2016) but it was not without its difficulties.
The extraction system was tested and improved throughout the project to ensure components
were in optimal working conditions and not influencing results. Repairs and additions were
necessary throughout some areas, for example, a CO- trap was added between the standard
tank and the MS. The MS scripts and settings were adjusted to ensure the MS was providing
accurate results. The two days of measuring NEEM test ice provided results that could be
analyzed to focus on where further improvements were needed, in particular in the collection
unit. Building from work done in this thesis, Fraystad (2021) was able to successfully measure
RECAP ice core at acceptable precision (0,03 per mil for 50 and 0,01 per mil for 3'°N)

needed to improve the dating of the Eemian section.

Some of the suggestions made at the conclusion of this project were addressed but further
consideration for optimizing and improving the O» extraction system will enable higher

precision for future measurements.
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