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Abstract

This thesis provides a comprehensive study of the controls on grain growth, specifically in the North Greenland
Eemian Ice Drilling (NEEM) ice core. It is very important to understand which processes control the grain size
in polar ice, because grain size can influence the strength of the ice structure and the deformation mechanisms
in the ice sheets. These processes in turn effect the behaviour and movement of the massive ice sheets that
have a large impact on global climate and sea level. The controls on grain size in the ice sheets can vary with
depth, age, impurity content, temperature and stress, and the relations between these various processes are not
yet completely understood. To improve the understanding of grain growth relations, one of the main aims of
this thesis is to see whether the gradual increase of grain-size at the deepest glacial deposits in the NEEM ice
core can be explained by impurity controlled grain growth. Another main aim of this thesis is to see if the ice
core grain-size with age relations can be used to constrain grain size evolution models, with the ultimate goal
to contribute to the grain size sensitive ice rheology models for large-scale sealevel-forecasting ice sheet models.
The available data of the ice core are compiled and compared with each other. Moreover, a grain size evolution
model is made to include advection processes to grain growth laws. Several correlations and trends are found
between grain size and age, grain size and particle content and grain size and stress. The grain size evolution
model turns out to provide a good estimate for grain size in the Holocene ice of the core, using the best fitting
grain growth law parameters of [Diebold| (nd). Moreover, the logarithmic trend between grain size and dust
content is a useful tool to estimate the grain size in glacial ice by impurity controlled growth. The grain size in
the Eemian ice is harder to constrain as it seems to be more dynamically controlled, but the paleopiezometer
of Jacka and Jun| (1994) can provide a rough estimate.

1 Introduction

Ice is one of the earliest discovered minerals and is studied extensively in the last 100 years. Especially on the
thick ice masses on Greenland and Antarctica, the recovering of ice cores has opened several possibilities to a
variety of research areas (Faria et al., |2014a)). It has, for instance, opened possibilities to study the deformation
mechanisms occurring in ice sheets more closely. These deformation mechanisms in the ice at different depths
can be used to predict the movement and development of ice masses over time (Faria et al., [2010; |Kuiper} [2019).
To understand the behaviour and movement of these massive ice sheets is extremely important, due to their
influence on global climate and sea level in the past, present and future (Cuffey and Paterson) 2010; [Kuiper
et al., [2020a)). The ice sheets of Greenland and Antarctica together contain more than 2.7 -10'm? of ice, which
can cause the sea level to rise 64 m if all polar ice would melt (Faria et al.l|2014a)). In addition, ice slowly creeps
at low deviatoric stresses and at temperatures close to its melting point. This process is the same as the creep
of rocks that occurs deep in the earth’s interior at high temperatures. Therefore, ice is an interesting analogue
for rocks in the earth’s interior, which is easy to access compared to mantle rock. This way, the creep of ice can
be used as a model for high-temperature creep and recrystallisation processes in the deep parts of the earth’s
crust and mantle (Faria et al., |2010} 2014b).

Moreover, deep drilled ice cores are an extraordinary tool in paleoclimatology, as water isotopes and chemical
analysis can be used for paleoclimate reconstruction (Durand et al., [2006} [Faria et al.,|2010]). The isotopic and
chemical record in ice cores is a useful stratigraphic tool for determining the chronology of the last glacial and
interglacial periods. The North Greenland Ice Core Project (NGRIP) ice core, for instance, provided a proxy
climate record of such clarity and resolution that it was used to determine the Global Boundary Stratotype
Section and Point (GSSP) for the Pleistocene-Holocene boundary. This boundary, defined by the abrupt shift in
deuterium excess values and accompanied by a gradual change in oxygen isotopes and other chemical compounds,
dust concentration and annual layer thickness, is determined to have an age of 11700 + 99 y b2k (years before
2000 CE) (Walker et al., 2009). The NEEM ice core even provided a complete record of the Eemian interglacial
with high stable isotope values of HoO. However, a duplication and overturning of the Eemian ice layers had



to be reconstructed rst before this record could be used properly. The Eemian period was then determined to
have lasted from 130 to 115 ky b2k|(NEEM community members| 2013).

With all this information available through ice core science, the dynamics of ice sheets can nowadays be
captured by numerical ice ow models that aim to predict future changes by incorporating a variety of complex
boundary conditions. However, the internal processes responsible for the deformation in ice are insu ciently
captured by these models because of their complexity, and therefore form a limiting factor in these models
(Eichler| 2013; Berends et al., 2022). The process of grain growth is one of the processes that can interact strongly
with the deformation, just like the alignment of grains along crystallographic preferred orientations (CPO).

Di erent deformation processes can both reduce and enhance grain growth and grain size in turn in uences
the strength of the ice structure and therefore the type and rate of active deformation processes (Kuiper et al.,
2020b). Of the four primary deformation mechanisms in glacier ice, dislocation creep, di usion creep, basal
slip and grain-boundary sliding, all last three processes depend on grain size. The di erent mechanisms have
di erent dependencies on grain size, but overall the strain rate decreases with increasing grain size (assuming
all other variables remain constant) (Ranganathan and Minchew, 2024). The role of grain size in deformation
will be further explained in Section[1.2.2. These grain size-sensitive processes are some of the most dominant
mechanisms controlling ice ow and thus the rate of mass loss from ice sheets that e ects global sea level and
climate (Ranganathan and Minchew, 2024). It is therefore important that the processes responsible for grain size
variations are understood. Especially, because the variation in grain size indicates the active recrystallisation
processes in ice, which do not only alter grain sizes, but also c-axis fabrics. Therefore, it tells a lot about
di erent deformation processes (Cu ey and Patersor),|2010).

1.1 Grain size variation with depth

Within a depth pro le of an actively deforming ice sheet, the grain diameter in most ice cores varies between ca.
2 to 20 mm and the largest variations in grain size within one core are typically 1 order of magnitude|(Cu ey
and Patersor, 2010). In rapidly deforming layers with temperatures typically below 263 K, such as the ice from
the Last Glacial Period (LGP) in the Greenland ice sheet, grain diameter can even be as small as 1 mm (Herron
et al., 11985;|Cu ey et al., 2000; Cu ey and Patersor, 2010). In the bottom part of the ice sheet, where the
temperature is close to the melting point of ice, ice grain diameter can be even 30 mm or higher (Kuiper et al.,
2020b). In the top part of an ice core, grain size gradually increases with depth. In the Greenland Ice Sheet
Project Dye 3 (GISP or Dye 3) and Greenland Ice Sheet Project 2 (GISP2) ice cores from Greenland (Figure
1), this increase is visible until ca. 800m depth, in which the grains are gradually elongated horizontally as well
(Figure 2a). Below this depth, the grain size remains fairly constant with a diameter of 3-5mm. At ca. 1800m,
the grain size suddenly decreases with 2 mm in these ice cores, at a depth that correlates with the transition
from the Holocene ice to the ice from the LGP. Within the glacial ice, the grain size starts to increase gradually
with depth again (Herron et al., 1985; Cu ey and Paterson, 2010).

The Holocene and LGP ice (Also known as the Wisconsin glaciation in North-America) of the Greenland Ice
core Project (GRIP) and NEEM ice cores have a similar grain size trend as the Dye 3 ice core (Figure 2, location
in Figure 1). In these cores, the grain size in the all LGP layers seems to vary frequently. In both cores the
mean grain size slowly decreases to a minimum at ca. 2000m depth, after which it gradually increases again.
this gradual increase, best visible in Figure 2d, continues until the transition from the LGP to the Eemian
interglacial ice. At this transition around 2800m depth in the GRIP ice core and 2200m depth in the NEEM
ice core, the grain size shows a strong increase. In the NEEM ice core, this transition also coincides with the
depth at which the temperature reaches 262-263K and with a change in crystallographic preferred orientation,
which will be further discussed in section 1.2.2. Within the Eemian ice, the deepest part of the ice core, the
grain size values show a high variability from mm to cm scale over a depth range of a few hundred meters
(Thorsteinsson et al., 1997; Eichler, 2013). In other ice cores, such as the Byrd ice core from Antarctica and
the Camp Century (CC) ice core from the northwest of Greenland, similar general patterns are visible in the
grain size variation with depth and age. However, these cores do not reach to the same depths and ages as the
previously mentioned NEEM ice core (Gow and Williamson, 1976; Herron et al., 1985).



Figure 1: Map of ice sheet surface velocities on Greenland from Otosaka et al. (2023) with data of Joughin et al.
(2010). Locations of NEEM and other ice cores are indicated on the map.

Figure 2: a) Grain size prole of the Dye 3 ice core by Herron et al. (1985). The circles represent vertical
dimensions and the x's represent horizontal dimensions. b) The grain size pro le of the GRIP ice core, compared
to age and depth by Thorsteinsson et al. (1997). Crosses are average horizontal diameters and triangles are
average vertical diameters. ¢) Grain size pro le of the NEEM ice core, modi ed from Eichler (2013). d) Grain
size and CPO data for the lowest 540m of the NEEM ice core, modi ed from Kuiper et al. (2020b). The gure
shows a slow gradual increase in grain size in the lowest 200m of the glacial ice layers. A sharp grain size
increase, together with a change in CPO are visible at the Glacial-Eemian transition, where the temperature
reaches 262K.



1.2 Recrystallisation processes

Recrystallisation processes are processes that systematically change the alignment of atoms and the position
of grain boundaries. If such recrystallisation processes can occur in an environment where stress is absent, it
is called static recrystallisation. However, recrystallisation can also be initiated or in uenced by deformation
processes. In that case it is referred to as dynamic recrystallisation (Cu ey and Paterson, 2010; Faria et al.,
2014b).

1.2.1 Static recrystallisation

Grain growth is the result of various recrystallisation processes. First of all, there is normal grain growth
(NGG). This process of grain growth is mostly driven by the minimisation of surface energy (gg ) due to the
decrease in the ratio between grain-boundary area to grain volume (Faria et al., 2014b). The grains grow by
the migration of their boundaries. The curvatures introduced by the con ict between space- lling processes and
the drive to sustain surface-tension equilibrium in the grain boundary, result in this grain boundary migration.
This process of grain growth is like the growth of soap bubbles by di usion under low pressure trying to reach
an equilibrium of hexagonal grains tting together (Cu ey and Paterson, 2010; Smith, 2015). The coarsening
of grains during NGG is considered a static recrystallization process (Hamann, 2007; Faria et al., 2014b). The
increasing grain diameter of the grains to the powem (D") at aget can then be calculated for the initial mean
diameter D, indicating the grain size at time zero:

D" =DJ+ky t (1.2.1)

All symbols and units of this and following equations are given in Table 5 in Appendix 1. It has been shown
that if the e ects of impurities are not large, the cross-sectional area of the grains increases linearly with time
and exponentn=2 (Gow, 1969; Alley et al., 1986a,b; Alley and Koci, 1988; Alley, 1992; Alley and Woods, 1996;
Gow et al., 2004). In practice, the exponentn can have a higher value (Evans et al., 2001). The grain growth
exponentn thus has a theoretical value of 2, which is also used by Gow (1969), but is dependent on the growth
mechanisms (Azuma et al., 2012). When various grain growth mechanisms are taken into account, the value of
n can range from 1 to 4 (Brook, 1976). The growth rateky depends on the growth constantkg, the apparent
activation energy Qa, the gas constantR and the temperature T, described by the Formula:

Qa

= (1.2.2)

kg = ko exp

Depending on mainly the temperature, the growth rate value can vary between 2 10 *“mm?y ! for low
temperatures and 16 10 *mm?2y ! for high temperatures. (Cu ey and Paterson, 2010; Schulson and Duval,
2009; Gow, 1969; Alley and Woods, 1996; Duval et al., 1983). Thk&y constant incorporates the e ect of the
microstructure of the grains and is therefore not necessary the same in every situation, as is shown by Roessiger
et al. (2011). The process of NGG contributes to the formation of very coarse crystals in stagnant ice and
also accounts for the gradual grain size increase with depth in the uppermost layers of ice sheets (Cu ey and
Paterson, 2010).

In the literature, there are multiple other ways to express the process of NGG. To be complete, these are
described as well. However, equation 1.2.1 will be mainly used in this research. Hillert (1965), for instance, has
a di erent approach to describe NGG. He starts with the general assumption described by the equation:

v=M P=M i+i (1.2.3)
rn 12

In this equation the grain boundary velocity (v) is proportional to the pressure di erence ( P) and the mobility
of the grain boundary (M). In this formula, is the stress andr; and r, are the principal radii of curvature.

The net growth of the average grain radius is related to the average grain boundary migration by a factor
g that is dependent on the grain shape. Wherg % + % is averaged over all the grains with mean radiug .
This creates the equation
dr 1 1
=M — 4+ = 1.2.4
dt Fer T ( )

The equation includes critical radiusr and dimensionless constant . This can then be transformed to describe
the grain growth over time, creating the equation:
dr? r

—=2M — 1 1.2.5
dt Ier ( )



Additionally, Schulson and Duval (2009) describe the driving pressure for NGG using the surface energy of
the grain boundary with equation:

P= — — = 1.2.6
o o= (1.2:6)

This way, the grain growth can be described as a function of grain boundary mobility and surface energy:

dr GB
= M
dt r

(1.2.7)

1.2.2 Dynamic recrystallisation

In ice sheets, ice is subject to con ning pressure and shear stress. These stress conditions cause the polycrys-
talline ice to deform, creep and recrystallise. As a result, grain size does not grow linearly with age over the
whole ice core. Instead, the grain sizes can gradually increase, decrease or remain constant at di erent depth
intervals, depending on the stress conditions (Jacka and Jun, 1994).

The strain rate _produced by deformation creep is described with the general ow law:

Qc
RT

_=A ™D Pexp (1.2.8)

A is a material parameter, is the stress with stress exponenim, D is grain size with grain size exponentp,
Q¢ is the activation energy, R the gas constant andT the temperature. A, Q¢, m and p vary for the di erent
deformation mechanisms that can produce strain rate (Goldsby and Kohlstedt, 2001; Kuiper et al., 2020a).
Moreover, above a critical temperature of 262K, premelting has an e ect on the strain rate as well and di erent
ow law parameters have to be used to describe the strain rate (Kuiper et al., 2020a). Most deformation in ice
sheets is viscous and mainly carried out by dislocations in the form of basal glide (Duval et al., 2000; Schulson
and Duval, 2009). Basal glide is the process where dislocations move through the crystal to accommodate strain
along crystallographic planes (Passchier and Trouw, 2005; Cu ey and Paterson, 2010). The cross-slip and climb
of dislocations are complementary deformation modes in polycrystalline ice. This deformation mechanism is
called dislocation creep and is grain size insensitive (GSI), meaning = 0 in equation 1.2.8. Furthermore, strain
can be accommodated by the relative movement of adjacent grains occuring in the grain boundaries, called
grain boundary sliding (GBS); slip along basal planes of crystals to accomodate GBS, called basal slip; and by
transport of matter by di usion along the grain boundaries, called di usion creep (Schulson and Duval, 2009;
Ranganathan and Minchew, 2024). Of these three grain size sensitive (GSS) mechanisms, GBS is the most
dominant controlling ice ow in ice sheets (Ranganathan and Minchew, 2024).

While the grain size e ects most of the operating mechanisms of creep and the strain rate, most changes
in grain size are also a result of dynamic recrystallisation, caused by a combination of the mentioned creep
mechanisms. (Cu ey et al., 2000; Goldsby and Kohlstedt, 2001; Schulson and Duval, 2009; Cu ey and Paterson,
2010; Kuiper et al., 2020a). During the deformation in ice sheets, dynamic recrystallisation occurs by processes
of migration recrystallisation, rotation recrystallisation and nucleation of new grains (Cu ey and Paterson,
2010).

Migration recrystallisation is a class of recrystallisation-processes that is based on the principle of strain-
induced grain boundary migration (GBM), that is described by Beck and Sperry (1950). Due to GBM, grains
with lower dislocation density and lower internal energy grow at the expense of other grains that are eventu-
ally consumed, usually increasing the average grain size (Beck and Sperry, 1950; Cu ey and Paterson, 2010).
However, GBM can also reduce the average grain size of a sample by the process of grain dissection, which
is a process that splits a grain in two grains when the migrating grain boundary reaches the opposite grain
boundary (Steinbach et al., 2017). Bulging or low-temperature migration recrystallisation is a slow process,
where a boundary of a grain migrates or bulges into a more strained grain at lower temperatures (Passchier and
Trouw, 2005). Above a critical temperature of ca. -10 C or 263 K for ice, rapid migration of grain boundaries
cause grains to grow very large under these high-temperature conditions (Duval and Castelnau, 1995; Cu ey
and Paterson, 2010). To quantify the recrystallisation from GBM in ice grains, the grain boundary irregularity
can be used (Fan et al., 2021).

Rotation recrystallisation (RRX) or polygonisation is a recrystallisation process that can occur without
migrating grain boundaries. Instead, this recrystallisation process is responsible for the formation of new grain
boundaries and reduces the average grain size (Faria et al., 2014b; Cu ey and Paterson, 2010). In order to reduce
basal dislocations, they can group together to form new subgrain walls. When the low angles of misorientation
between the subgrains increase to higher angles, they form new grains that are consuming the older grains
(Duval and Castelnau, 1995). The grain-size reducing process of RRX balances the NGG and slow migration



recrystallisation in Holocene ice below ca. 800m, with a constant grain size over depth as a result (Montagnat
and Duval, 2000).

Nucleation of new strain-free grains occurs mostly in areas of large lattice distortion, with a high dislocation
density and internal energy (Cuey and Paterson, 2010). The nucleation of new grains can be a result of
both GBM and subgrain boundary rotation. This happens when two migrating grain boundaries meet to form
a new grain or the low-angle misorientation between two subgrains increases to a high-angle misorientation.
Consequently, frequent nucleation of grains can be induced by rapid deformation, resulting in a decreasing grain
size with increasing stress and vice versa (Passchier and Trouw, 2005). In deepest parts of ice sheets, the rapid
migration of grain boundaries is accompanied by the nucleation of hew grains, resulting in a large range of grain
sizes (Duval and Castelnau, 1995; Cu ey and Paterson, 2010).

The processes of migration recrystallisation as well as grain nucleation both a ect the CPO of the grains
signi cantly. As new grains tend to have an orientation favourable to basal glide, the c-axes of the new grains
will point in a di erent direction, compared to the older grains. The old grains will eventually be eliminated in
the process, because they are oriented unfavourably for shear and are more highly strained. However, RRX does
not have a large e ect on the CPO that forms when the c-axis rotates from the extension to the compression
direction as deformation proceeds. Therefore fabrics are indicative for the stress type and the recrystallisation
processes operating in the grains (Alley, 1992; Cu ey and Paterson, 2010).

If the sum of all the dynamic recrystallisation processes cause an increase in grain size, it is called dynamic
grain growth (DGG). DGG is thus driven by the minimisation of both grain-boundary energy as well as internal
strain energy in the grains and is characterised by a monotonic increase of grain size with time. The kinetics
of DGG are more diversi ed and therefore not easily comparable with the simple kinetics of NGG (Faria et al.,
2014b). The driving force (P) on a grain boundary exists if the Gibbs free energy G) is reduced during the
motion of the boundary. This driving force is given by the equation:

dG
P=— 1.2.
qv (1.2.9)
Here dV represents the volume swept away by the moving grain boundary. For recrystallisation in natural ice,
the driving force (Py) is the stored energy of the dislocations. The driving force is then proportional to the
dislocation density ( ), the shear modulus Gs) and the Burgers' vector (b) squared (Schulson and Duval, 2009),
as given by the equation:

Py = % Gk (1.2.10)

In the theoretical approach of Jacka and Jun (1994), equations 1.2.1 and 1.2.2 are rewritten to include the
shear stress to describe DGG. They include a temperature-dependent ow law that described the relationship
between the crystallographic strain rate and the deviatoric stress. Combined with the earlier mentioned grain
growth equations, this leads to the equation:

1 Q. O 1
2y = x¢ xa -
D</ 2exp RT = (1.2.11)
This described the equilibrium grain sizeD, including the activation energy for ice creepQ. and the deviatoric
shear stress with the power-law constant m that is usually considered to have a value of 3. Activation energies
Q¢ and Q, for ice creep and grain growth, respectively, are assumed to be similar and the grain size-stress

relation can be simpli ed to the equation:

1
2
D2/ = (1.2.12)

This relation can be applied to use steady-state grian size as a piezometer.

Another theory is provided by De Bresser et al. (2001). They hypothesized that dynamic recrystallisation
leads to a balance between grain size reduction and grain growth processes, so that the resulting grain sizes end
up at the boundary between the GSS di usion creep eld and GSI dislocation creep eld. This is described by
the equation: .

— i 3 (m 1)=p Qr Qd
D= CB exp “PRT (1.2.13)

Here A, B and p are constants, C is the relative contribution to strain rate of dislocation creep and di usion
creep C= <+, m is the power-law constant, is stress,R is the gas constant, T is temperature and Qy

and Qg are the activation energies of dislocation creep and di usion creep, respectively. In combination with
experimental observations on the creep behaviour of ice, such as the data from Goldsby and Kohlstedt (2001),
this grain size-stress relationship can provide a paleopiezometer for ice as well.



To be able to use such a paleopiezometer with ice core data, an estimate of the stress conditions in the ice
core has to be be made. To do this, Kuiper et al. (2020a) uses the shallow-ice approximation (Hutter, 1983):

dh
02y (1.2.14)

Here, the density of ice i, the gravitational constant g, the surface slope underneath the ice cor% and
the depth z are used to estimate the shear stress. The shear stress can be converted to the equivalent axial
di erential stress ( ¢) using the relationship of Paterson and Olgaard (2000):

e = P 3 (1.2.15)

1.2.3 Recrystallisation Regimes

The observed general evolution of grain sizes and c-axis orientations with depth resulted in the tripartite
paradigm or three-stage model to describe the variation of recrystallisation processes with depth (Faria et al.,
2014a). According to this model, De La Chapelle et al. (1998) divide the ice sheet in three parts:

1. In the upper few hundred meters of an ice sheet, grains grow mainly by NGG
2. In intermediate depths, the NGG is counterbalanced by the grain size reducing mechanism RRX.

3. In the deepest part of the ice sheet, where temperature raises above ca. 263K, GBM in combination with
nucleation determines the grain size and microstructure.

Alley (1992) also describes these three regimes, and relates them to depth ranges in the GRIP core (Figures 1
and 2b). In this core, the NGG-regime extends to 700m depth, the RRX-regime extends from 700 to 2800m
depth and the GBM-regime explains the large grains in the lowest 240m of the core.

Faria et al. (2014b) conclude that the tripartite paradigm underestimates the dynamic nature of grain growth
in ice sheets and therefore provide the dynamic recrystallisation diagram as a substitute. In this diagram a
surface, dependent on strain rate and temperature, described a steady state grain size that is reached. In
general, this means that in the upper hundred meters, grains increase with NGG until a steady state is reached.
At deeper levels, this steady state is maintained as a balance between the di erent competing processes of static
and dynamic recrystallisation.

1.3 Experiments on grain growth

A number of experiments have been executed on ice samples to study the grain growth of ice in a controlled
environment. One of the rst experiments on grain growth in ice was done by Jellinek and Gouda (1969). In
this research the temperature dependence of grain growth and the impurity e ect were studied. It was found
that more impure ice had a larger activation energy, a larger grain growth rate at temperatures above -10.5C
and a smaller grain growth rate at temperatures below the -10.5 C. Azuma and Higashi (1983) later obtained
the pressure dependence of the grain growth rate by studying the grain growth of arti cially created ice and
Antarctic ice under di erent hydrostatic pressures. Jacka and Jun (1994) performed laboratory experiments
to verify the grain size-stress relationship given in 1.2.12. However, the experiments mentioned above were
measured with bubble-rich ice. Arena et al. (1997) showed that these bubbles in uence the grain growth rate,
as will be described in section 1.4. This indicates that the performed experiments did not truly represent
the grain growth in pure bubble-free ice. Kubo et al. (2009) showed that not only bubbles, but also insoluble
particles inhibit grain growth. With this new knowledge, Azuma et al. (2012) performed experiments to measure
the grain growth rate of true pure ice and compared it to bubble-containing ice samples. The e ect of bubbles
was even more closely studied with the optical microscope by Actaval and Prinzio (2021). In a more recent
study, Wang et al. (2024) studied the e ect of soluble impurities on the grain growth of ice with experiments.
All these experiments were performed to better understand the grain growth in ice, which appears to be very
similar to static grain growth in other materials, such as metals (Levi and Ceppi, 1982). A similar impurty

e ect on normal grain growth was for instance found in calcite by Covey-Crump (1997).

Most experiments also evaluated the values of di erent constants in the grain growth equations described in
section 1.2 and present their own set of growth law parameters (GLPs). The exponem from equation 1.2.1,
that is theoretically 2 in a pure boundary-controlled environment, can have a value of ca. 2-5 depending on
the impurity content, kinetics and other variables (Brook, 1976; Evans et al., 2001). From experiments, the
best t n could even vary in a range from 1.7 to 20, depending on the temperature and bubble content (Azuma
et al., 2012). Table 1 of Covey-Crump (1997) describes for multiple rate-controlling mechanisms of NGG that
the theoretical n-value can range from 1-4. The activation energyQ, that was at rst given a value of ca. 49
kJ/mol by Gow (1969), was assigned a value of 113 8kJ=mol for bubble-free ice by Azuma et al. (2012) or



even 161 25kJ=mol for ice rich in soluble impurities by Wang et al. (2024). The calculated values for the
constant ko are also quite di erent in each research, also varying together with then and Q, values that were
determined in experiments with di erent conditions in temperature and impurity content (Azuma et al., 2012;
Wang et al., 2024) (Table 1). Wang et al. (2024) reports the exponenn = 4 from his experiments and links this
to the theoretical mechanism “coalescence of a second phase by grain boundary di usion' with salt-saturated
melt as a second phase.

In the unpublished experiments of Diebold (nd), also referred to in Diebold et al. (2010), NGG is studied
under di erent durations and temperatures under atmospheric pressure to derive the best t GLPs. The best
t of these experiments has akg of 6:86 10°” m"hr !, a Q4 of 117kJmol and a n-value of 3 (Table 1). The
experimental results of Diebold (nd) are included in Appendix 2.

Table 1: GLPs of di erent experiments and their conditions

Reference n | ko(mm"=y) | Qa(J=mol) Conditions
Gow et al. (2004) 2 1:656 10° 48570 Based on trend in rn-ice zone of the Southice core
Azuma et al. (2012) | 8.3 | 37 107* 113000 | Based on best-t trend in experiment with T=243K
Wang et al. (2024) | 4 2 107 68000 Based on experimental data with T=253-268K
Diebold (nd) 3 | 601 107 117000 Based on experimental data with T=213-268K
1.4 Impurities

Polar ice is exceptionally pure compared to mountain glaciers and other rock types, but it still contains soluble,
particulate and gas-phase impurities in small quantities that a ect the physical properties of ice. Some soluble
impurities can substitute for molecules in the H, O lattice, while others reside in the intermolecular void. Typical
total ionic concentrations are 1to 10 mol L ! for glacial deposition, whereas the concentration is an order of
magnitude lower in interglacial deposits and can be much higher in basal layers, due to bedrock erosion (Cu ey
and Paterson, 2010). On the grain scale, the concentration of the soluble impurities is mostly many orders of
magnitude larger for the grain boundaries than for the interiors (Wol et al., 1988; Stoll et al., 2022).

Particulate impurities, mainly rock particles with a typical size of 0:1 5 m, also prefer to gather at grain
boundaries (Durand et al., 2006; Lunga et al., 2014) and have typical mass fractions of 18 to 10 ¢ (Cu ey
and Paterson, 2010). The typical concentration of these solid impurities can be 10 to 100 times higher in glacial
ice than in interglacial ice (Schulson and Duval, 2009). Ice with a higher dust content is also characterized by
an excess in methane content (Lee et al., 2020) and the variations in dust concentration also seem to occur
synchronously with changes in 180 values indicating temperature changes (Ruth et al., 2003). The dust
content in the ice is higher during colder periods because of stronger winds enhancing dust transport, lower
precipitation meaning less outwash during transport and larger regions that act as a dust source (Simonsen,
2018). The change in dust sources and transport distance can also result in changing size distribution of dust
particles, as the mean particle size varies between dust sources and the largest dust particles tend to be removed
from atmospheric transpost earlier because of gravitational settling (Maring et al., 2003).

Gas-phase impurities or bubbles occupy ca. 10% of the volume around the rn to ice transition. At greater
depth and higher pressure, the bubbles disappear to form clathrates. As this process happens slowly over time,
there is a transition zone in ice sheets where bubbles and clathrates coexists (Cu ey and Paterson, 2010). This
transition zone is ca. 900-1600m in central Greenland and 500-1200m in central East Antarctica (Kipfstuhl
et al., 2001; Ohno et al., 2004).

All three kinds of impurities described above can reduce the speed of grain-boundary migration even in
low concentrations (Alley et al., 1986a,b; Alley and Woods, 1996). It has for instance been shown by multiple
experiments that air bubbles slow the growth rate of the NGG-process (Arena et al., 1997; Azuma et al., 2012;
Fan et al., 2023). Soluble impurities reduce the grain boundary's intrinsic mobility (M;), while microparticles
and bubbles reduce the e ective driving force by pinning the grain-boundary. The pinned boundary then
migrates more slowly than the surroundings, resulting in a curvature that opposes further grain-boundary
migration (Cu ey and Paterson, 2010; Azuma et al.,, 2012). If impurities are present, the change of grain

diameter over time dd—'? , depending on the e ective mobility (M ) is shown in the equations:

dD 2 1 1
— = M — 141
1
M = T (1.4.2)
Mi + cCI



In these equationsc and . are constants, C, is the soluble impurity concentration and r® and r{? are the

e ective radii at which the net driving force is reduced to zero by pinning of particles and bubbles, respectively
(Cu ey and Paterson, 2010).
Schulson and Duval (2009) describes the rate of grain growth in the presence of particle impurities with the

equation:

dr _
G- MP P (1.4.3)

The driving pressure (P) is described in equation 1.2.6 in Section 1.2. The pinning pressureP{) is described
for randomly distributed particles or for when all the particles are located on the grain boundary:

Pzrandom =2 B Nyr? (1.4.4)
Nyr?
Pz:boundary = % (1.4.5)

Both equations for P, assume that all particles have the same radius. In these equations,N, is the number
of particles per unit volume.

Another way to quantify the growth limitations due to impurity content, is to describe the maximum grain
sizeDmax that can be reached with the impurities present in the ice. ThisDax is dependent on second phase
particles following equation 1.4.6. In this equation, c is a empirically determined constant,d, is the particle
size andf, is the volume fraction of the particles (Herwegh et al., 2011; Herwegh and Berger, 2004).

Dmax = cd—p (1.4.6)
f p

Durand et al. (2006) researched the e ects of impurities on grain growth by studying the European Project
for Ice Coring in Antarctica (EPICA) ice core at Dome Concordia, Antarctica. It was found that recrystallisation
processes as NGG and RRX, as well as the pinning and unpinning e ect induced by several kinds of impurities,
in uences the grain size evolution. Therefore, both processes are responsible for the ner grains in glacial
compared to interglacial layers, as the glacial layers contain more particles. While these impurities limit the
grain size of all layers, soluble impurities do not a ect the grain size in the same way (Alley and Woods,
1996; Cu ey and Paterson, 2010). lliescu and Baker (2008) showed with experiments that the grain growth is
reduced by soluble impurities and that these impurities accumulated in the migrating grain-boundaries. Eichler
et al. (2017) even concluded from their analysis and correlation that hindered NGG is probably not the only
process that links impurities with grain size. They hypothesize that grain size reducing dynamic recrystallization
processes may be enhanced by the impurities.

1.5 Problem statement

In the shallow layers of the ice sheets of Holocene age, the initial grain growth occurs by static recrystallisation.
However, with increasing depth, the control of dynamic recrystallisation processes becomes more and more
important for the grain size development (Cu ey and Paterson, 2010). Moreover, these processes are a ected
by dierent kinds of impurities (Alley and Woods, 1996; lliescu and Baker, 2008). The combination and
interaction of these processes and e ects is still not completely understood and the existing grain size relations
for shallow polar ice are not yet tested for the NEEM ice core.

The controls on grain size in the glacial layers of ice sheets are even less understood. Glacial ice is mostly
characterised by a small grain size, due to high impurity content (Alley et al., 1986a; Schulson and Duval, 2009).
The NEEM ice core reveals a gradual increase in grain size in the deepest layers of the glacial ice, before the
range in grain size increases rapidly. The rapid increase starts in the Eemian ice, which is simultaneously the
part of the ice with temperatures higher than 262K (Figure 2d). The causes for this gradual grain size increase
with depth in these deep glacial layers remain unknown.

This research aims to improve the understanding of grain growth relations in polar ice. Datasets of ice cores
will be analysed and eventually be compared to each other and to experimental grain growth laws, with the
goal to obtain a complete view on all the possible grain size altering elements.

The data will be speci cally used to answer the following research questions:

" Can the gradual increase of grain size at the deepest glacial deposits in the NEEM ice core be explained
by impurity controlled grain growth?

Can the ice core grain size with age relations (taking account of rst order e ect of impurities) be used
to constrain grain size evolution models?

The ultimate goal is to contribute to the grain size evolution models that can be used as an input in large
scale ice sheet models, used to forecast future changes in sea level.



2 Methods

2.1 Data collection and compilation

The focus of this study is on the NEEM ice core. This ice core was drilled in 2008 in Northern Greenland on
the ice divide (77.45N, 51.06 W, Figure 1) and has a surface elevation of 2450 m and a core length of 2540m
(Kuiper et al., 2020b; NEEM community members, 2013). The NEEM ice core was drilled with the purpose to
obtain a more information on the Eemian interglacial period (Is-, klima- og geofysik, 2008), which it provides
with the help of the reconstructions of the Eemian ice layers by NEEM community members (2013). Therefore,
the NEEM ice core supplies a more than su cient record of grain size, deformation, temperature and chemical
data. Within the NEEM ice core, extra focus will be on the deeper ne-grained part of glacial deposition, which
shows a slow gradual increase with depth.

The datasets of grain size, age, temperature, strain and impurity content of the NEEM ice core were collected,
compiled and analysed. The compilation of these datasets forms an integrated database that links grain size to
depth, age and impurity variables of the NEEM ice core. The database consists of multiple datasets separated
in spreadsheet les.

Two di erent grain size datasets were analysed and compared to each other. The two grain size datasets
used were from Weikusat et al. (2020) and Eichler et al. (2013). The data from Weikusat et al. (2020), described
in the publications Kuiper et al. (2020a) and Kuiper et al. (2020b), includes grain size, temperature and creep
data. The grain size was originally measured by Binder et al. (2013) with Large Area Scanning Macroscope
(LASM) imaging and excludes all grains and artefacts with a diameter smaller than 0.3mm. The data published
by Binder et al. (2013) is based on the same measurements, but this only includes the largest 95% of all grains
and artefacts. The temperature of the ice at depth provided by Weikusat et al. (2020) was originally calculated
by Sheldon et al. (2014). The grain size and temperature data and the corresponding measurement depth
from Weikusat et al. (2020) forms the basis of the dataset 'Kuiper2020' within the database and the data of
Binder et al. (2013) is also included in this dataset. The data of Eichler et al. (2013), which is a supplement
to the publication Eichler (2013), includes grain size and grain orientation data. The grain size was measured
with a Fabric Analyzer (FA) and excludes all grains and artefacts with an area smaller than 0.2mn3. This
grain size data and the corresponding measurement depth forms the basis of the dataset 'Eichler2013"' within
the database. The NEEM ice is subdivided in sample bags of 55cm length and each of the grain size data
shows the measurement per 9cm section inside the 55cm sample bag. To provide a more general grain size
pro le, the average grain size and depth of each sample bag was also calculated and presented in the datasets
'Kuiper2020grouped' and 'Eichler2013grouped'.

To calculate the age corresponding to each grain size measurement, the GICCO5modelext-NEEM-1 time scale
of Rasmussen et al. (2013) was used. In the deepest part of the ice core, the ice was locally overturned. Therefore,
to calculate the age of these deep ice layers, the age reconstruction of Dahl-Jensen in NEEM community members
(2013) was used (Figure 3). By interpolation of these datasets the grain size could be linked to the age of the
ice.

The available chemical datasets of the ice core included the oxygen isotope ratio 120 , electrical conductiv-
ity, and the content of calcium (Ca?*), sodium (Na*), iron (Fe), ammonium (NH } ), nitrate (NO 5 ), bromium
(Br) and methane (CH4). Some chemical datasets were combined to create datasets as complete as possible.
The '80 data and corresponding depth and age is compiled in dataset 'd180Odata’ and includes data of Gkinis
et al. (2021); Masson-Delmotte et al. (2015); Osman et al. (2021); Spolaor et al. (2016) and Vinther, Popp,
Masson-Delmotte in NEEM community members (2013). The C&" and Na" data and corresponding depth
and age is compiled in dataset '‘CaNadata’ and includes the data of Burgay et al. (2021) and Erhardt et al.
(2022). The CH,4 data and corresponding depth and age is compiled in dataset 'CH4data' and includes the data
of Chappellaz et al. (2013) and Fischer, Baumgartner, Schildt in NEEM community members (2013). The Fe
data from Burgay et al. (2021), the NH, and NO, data by Erhardt et al. (2022) and the Br data by Spolaor
et al. (2016) are directly interpolated and compared to the grain size datasets.

The depth pro les of the di erent grain size datasets and chemical data of the NEEM ice core were then
compiled. Using interpolation, the data of Burgay et al. (2021); Erhardt et al. (2022); Spolaor et al. (2016)
and chemical data compilations described above were used to calculate the chemical values for each grain size
measurement. The temperature data from Weikusat et al. (2020) was also interpolated for each grain size
measurement in 'Eichler2013'. Moreover, The calcium to dust ratio of NGRIP provided by Simonsen (2018)
was used to estimate the dust content for each grain size measurement with the equation:

W +
Waust = Cc_a; 2.1.1)

Both the ratio c: d for glacial ice (0.11) and interglacial ice (0.29) are used for the corresponding time intervals.
Using the generated database, the grain size data is compared to all di erent variables in both linear and
logarithmic graphs, to see if there were possible trends visible.
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