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ABSTRACT. Due to solute impurities and freezing-point depression in polycrystalline ice, a
complicated and dynamic network of liquid water forms within the solid ice matrix at the boundaries
between ice crystal grains. Impurity concentrations, temperature and pressure influence this network
structure and impact physical, transport and rheological properties of ice. However, the nature of this
internal network structure is not fully understood. Here we utilize nuclear magnetic resonance (NMR)
measurements of diffusion and magnetic relaxation to study the geometry and interconnectivity of the
liquid-filled network in laboratory ice, formed from a 7 g L–1 NaCl solution, and its evolution due to
recrystallization processes. Additionally, we apply these NMR measurements to observe the impact on
ice microstructure of an ice-binding protein (IBP) excreted by the V3519-10 organism (Flavo-
bacteriaceae family) isolated from the Vostok ice core in Antarctica. Recrystallization inhibition was
observed as a function of IBP concentration. This work demonstrates the utility of advanced NMR
techniques for applications to ice microstructure and has broader implications for understanding
geophysical properties of cryospheric systems.

KEYWORDS: crystal growth, glaciological instruments and methods, ice biology, ice physics,
recrystallization

1. INTRODUCTION

1.1. Overview
In the polycrystalline ice of glaciers, ice sheets and sea ice,
the presence of impurities creates a freezing-point depres-
sion and liquid water gathers at junctions between solid ice
crystal grains. At the grain boundaries of three ice crystals,
there exists a network of liquid-filled veins, the cross
sections of which are equilateral triangles with bowed-in
faces (Nye and Frank, 1973; Nye, 1989; Mader, 1992). At
two-grain boundaries, liquid is present in the planes
between crystal faces (Cullen and Baker, 2001; Barnes and
others, 2003; Barnes and Wolff, 2004; Mader and others,
2006; Grimm and others, 2008). Surface energy consider-
ations have been used to describe the theoretical shape (Nye
and Frank, 1973) and volume (Nye, 1989) of veins, and
precise experimental work has been used to measure the
geometry of enlarged veins (Mader, 1992). As ice ages, it
undergoes recrystallization, a process in which larger ice
crystals grow at the expense of smaller ones. This ripening
process is driven by non-equilibrium thermodynamics to
reduce the total interfacial energy of the system (Bray, 2002)
and alters the dimensions of the liquid-filled junctions at ice
grain boundaries.
Recently there has been an increased interest in the

liquid-filled vein network within polycrystalline ice. Work
has shown its importance in glacier rheology (Cuffey and
others, 2000; West and others, 2007), contaminant transport
(Jepsen and others, 2006) and as a potential microbial
habitat (Price, 2000; Mader and others, 2006). Research has
shown that microorganisms can remain viable (Priscu and

others, 1998, 1999; Skidmore and others, 2000; Christner
and others, 2003) and even metabolically active (Christner,
2002; Bakermans and Skidmore, 2011a,b; Doyle and others,
2012) within solid ice at temperatures below 0°C. One way
in which freeze-tolerant microorganisms appear to have
adapted to icy environments is via the production of ice-
binding proteins (IBPs) that bind to the surface of ice crystals
and inhibit crystal growth. Proteins with ice-interacting
properties have been studied extensively in organisms such
as fish, cold hardy plants and insects, with functions ranging
from ice nucleation to antifreeze and recrystallization
inhibition (Ewart and others, 1999; Zachariassen and
Kristiansen, 2000). Less is known about microbial IBPs,
but they are produced by sea-ice diatoms, snow mold and
certain sea-ice bacteria, with potential implications for
geophysical properties of icy systems (Christner, 2010).
A protein produced by the bacterial strain V3519-10

(Flavobacteriaceae family), isolated from the Vostok ice
core, was recently found to bind to prism faces of ice crystal
grains and inhibit crystal growth along the a-axis, resulting
in recrystallization inhibition activity (Raymond and others,
2008). The presence of IBPs increases bacterial viability
during repeated freeze/thaw cycles (Achberger and others,
2011), suggesting that IBPs are an adaptive mechanism for
microorganisms entrained in glacial ice to maintain the
structure of the liquid-filled vein network, their proposed
habitat.
Techniques that can non-destructively examine the three-

dimensional (3-D) network of liquid water collected at ice
grain junctions are currently lacking. The liquid-filled veins
at the intersection of three ice grain boundaries can be seen
with conventional light microscopy or scanning electron
microscopy; however, sample preparation procedures are
destructive to the bulk sample and preclude the possibility
of observing microstructural changes over time. Nuclear
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magnetic resonance (NMR) is a non-invasive and non-
destructive technique that can provide a wide range of
microstructural information about the network of veins and
planar junctions, including water content, visualization of
vein network structure, quantitative surface-to-volume
ratios, and interconnectivity of the network.
Previous research has used NMR techniques to measure

liquid water content in ice (Richardson and Keller, 1966;
Richardson, 1976; Grimm and others, 2008; Mel’nichenko
and Slobodyuk, 2013) and ice/silicate mixtures (Stillman and
others, 2010) as well as to image distribution of liquid water
(Edelstein and Schulson, 1991; Menzel and others, 2000) in
sea ice. However, NMR measurements of relaxation rates
and time-dependent molecular diffusion, used extensively to
probe pore structure and transport dynamics in porous media
systems (Hurlimann and others, 1994; Song and others,
2008), is a novel approach for characterizing the internal
structure of ice (Brown and others, 2012, 2014). In this work,
we use these NMR techniques to investigate the impact of
microbial V3519-10 IBP on the liquid vein network structure
and recrystallization processes in laboratory-made ice.

1.2. Nuclear magnetic resonance
The liquid state 1H NMR signal is a direct measure of the
hydrogen nuclei spin density and therefore the quantity of
water present in an ice sample (Richardson and Keller,
1966; Richardson, 1976). The signal can be used to
calculate the volume of unfrozen water in the ice sample
once referenced to the signal from a known water volume
for a given receiver gain, and adjusting for the Boltzmann
distribution signal dependence on temperature.
Magnetic resonance imaging (MRI) is a common NMR

technique in medical applications and can be applied to any
system with NMR-active nuclei, such as the 1H nuclei
associated with water. Therefore, standard imaging tech-
niques can be used to visualize the liquid vein network in ice
(Edelstein and Schulson, 1991; Menzel and others, 2000).
However, depending upon impurity concentration and
temperature, vein dimensions can be smaller than the
practically achievable spatial resolution due to a low NMR
signal-to-noise ratio and the inherent water diffusion limit
(Callaghan, 1991). In these cases, one can utilize NMR
techniques developed for probing pore structure and
transport dynamics in porous media via measurement of

relaxation rates and molecular diffusion (Callaghan and
others, 1991; Mitra and others, 1992; Song and others,
2008). NMR magnetic relaxation time and molecular
diffusion measurements are sensitive to the dimensions of
liquid-filled junctions between three and two ice grains
(Brown and others, 2012), giving quantitative information
about the network structure and providing a novel approach
for monitoring ice microstructure and its evolution with time.
Spin–spin (T2) magnetic relaxation time measurements

have been used extensively to probe pore structure in porous
media (Hurlimann and others, 1994; Mair and others, 1999;
Song and others, 2008), where the geometry of a liquid-filled
pore restricts translational or rotational mobility of nuclear
spins. The amplitude of T2 relaxation times is proportional to
the surface-area-to-volume ratio within the confining space,
scaling as (Brownstein and Tarr, 1979)

1=T2 � �S=Vp ð1Þ

where S is pore surface area, Vp is pore volume, and the
constant of proportionality � is the surface relaxivity. In the
case of ice, the ‘pores’ are the liquid-filled veins located at
three-grain junctions and the two-grain planar junctions.
The proportionality in Eqn (1) holds in the regime where

diffusional mixing of the surface and bulk fractions is faster
than the difference in intrinsic relaxation rates, as is valid for
the ice studied here. Thus comparatively shorter T2
measurements indicate a larger S/Vp, i.e. a more restricted
environment and therefore smaller vein dimensions
(Fig. 1a). T2 times are measured from the signal arising from
the entire volume of the ice sample and therefore represent
an average over the 3-D pore space. These measurements
have the advantage of rapid acquisition, on the order of
seconds to minutes, as opposed to hours for imaging.
With pulsed-gradient spin-echo (PGSE) NMR, the mean

squared displacement of an ensemble of spins may be
measured directly (Caprihan and Fukushima, 1990; Cal-
laghan, 1991). This mean squared displacement is related to
the diffusion coefficient of the confined liquid water, the
magnitude of which depends upon the geometry and size of
the confining pore. For unrestricted Brownian motion in
3-D, the mean squared displacement of a molecule grows
linearly with time in a relation first introduced by Einstein,

½r’ð�Þ � rð0Þ�2
D E

¼ 6Do� ð2Þ

Fig. 1. (a) Schematic of restricted Brownian motion within a pore for a given observation time. (b) Schematic of time-dependent diffusion
curves D(�) obtained from NMR PGSE measurements for idealized pore geometries, where Do is the molecular self-diffusion coefficient of
the unfrozen water and � is the observation time. Initial slopes give S/Vp of the pore space, while the long time limit gives tortuosity, a
measure of the network interconnectivity. I and II have the same tortuosity, but II has a larger S/Vp. II has a low tortuosity, while III is more
restricted. Reproduced from Sen (2004).
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Here r and r0 are position vectors at times zero and �,
respectively, and Do is the constant molecular self-diffusion
coefficient. In restricted diffusion, the effective diffusion
coefficient decreases with increasing observation time in a
manner depending upon the restricting geometry (Mitra and
others, 1993).
Based on the model of diffusion as random walkers, the

long and short time limits of the time-dependent diffusion
coefficient in relation to the pore space in a well-connected
porous medium can be calculated (Mitra and others, 1993;
Sen, 2004). In the short time limit, a fraction of the liquid
molecules in the pore space interact with the boundaries of
the solid matrix, giving rise to a time-dependent diffusion
coefficient proportional to S/Vp,

Dð�! 0Þ
Do

¼ 1 �
4
9
ffiffiffi
�
p

S
Vp

ffiffiffiffiffiffiffiffiffiffi
Do�

p
ð3Þ

In the long time limit, diffusion in a well-connected medium
approaches a non-zero value,

Dð�!1Þ
Do

¼
1
�

ð4Þ

The normalized diffusion coefficient is reduced from free
diffusion by a geometric factor termed tortuosity, �.
Tortuosity is the ratio of the path length a molecule travels
in a porous medium to the geometric length traversed,
� ¼ lpath=lgeom, and is a measure of interconnectivity of the
pore space (Sen, 2004). The distances a molecule needs to
diffuse to reach this asymptotically long time limit are
typically longer than accessible with NMR due to spin-lattice
(T1) relaxation decreasing the NMR signal. In this case, a
Padé approximation can be used to interpolate between the
short and long time regimes (Latour and others, 1993):

Dð�Þ
Do

¼ 1� 1�
1
�

� � 4
9
ffiffi
�
p S

Vp

ffiffiffiffiffiffiffiffiffiffi
Do�
p

þ 1� 1
�

� � Do�
Do�

1� 1
�

� �
þ 4
9
ffiffi
�
p S

Vp

ffiffiffiffiffiffiffiffiffiffi
Do�
p

þ 1� 1
�

� � Do�
Do�

0

@

1

A

ð5Þ

This form includes a fitting parameter � that represents the
time for a particle to diffuse the distance needed to reach the
tortuosity limit. By fitting experimental data to this model, it
is possible to extract approximate values for tortuosity,
despite the lack of coherent NMR signal at long observation
times. This approximation has been tested on various model
bead packs and found to provide good estimations of S/Vp
and tortuosity (Mair and others, 1999, 2001). Figure 1b
shows representative examples of the time-dependent
diffusion curves, demonstrating how differences in S/Vp
and tortuosity would manifest.

2. METHODS
2.1. Sample preparation
Five ice samples were prepared. All samples contained a
7 g L–1 NaCl solution, which is a solute concentration com-
parable with measurements in Antarctic basal ice (Montross
and others, 2014). Three concentrations of IBP were studied:
10 µgmL–1 of V3519-10 naturally secreted extracellular
proteins (ECPs; >30 kDa with an unknown IBP fraction);
and purified recombinant IBP (rIBP) at 2 and 4 µgmL–1

concentrations. Two control samples were prepared: a
control consisting of 7 g L–1 NaCl solution without protein
and a sample of 7 g L–1 NaCl solution containing the protein
bovine serum albumin (BSA) at 10 µgmL–1 concentration.

The ice with BSA was used to examine any impact on ice
microstructure from colligative effects due to the presence of
a non-ice-binding macromolecule. BSA was chosen as it is a
similar size (�64 kDa) to the V3519-10 IBP (�52 kDa), but
does not exhibit ice-binding activity. BSA standards were
purchased (Thermo Scientific No. 23209) and used without
further purification. To obtain V3519-10 ECPs, the V3519-10
bacteria were grown in R2 broth (Atlas, 1995) at 4°C until the
culture reached an optical density OD595 of 0.22, at which
time it was centrifuged at 5000g for 30min at 4°C to pellet
the cells and recover the supernatant. The supernatant
containing the IBP was filtered using Amicon Ultra-15
centrifugal filters with a nominal threshold of 30 kDa to
obtain a crude extract of V3519-10 ECP. Recombinant IBP
was provided by colleagues at Louisiana State University,
Baton Rouge, LA, USA. The protein concentration of samples
frozen in the presence of BSA, V3519-10 ECP and
recombinant V3519-10 IBP was determined by a Bradford
assay (Thermo Scientific No. 23236) prior to freezing.
All samples were prepared by filling 13mm outer

diameter (11.7mm internal diameter) standard NMR tubes
with 8mL of solution, placing them in a polystyrene sample
holder, insulated on the sides and bottom, and freezing
them in a Revco ULT-750 chest freezer at –13.5°C. As the
tube walls were rigid, the bulk ice sample elongated due to
expansion of the ice. This was believed to cause stress
within the ice at the bottom of that sample. To prevent these
artifacts from affecting the measured structure, the samples
were oriented within the NMR system so that the only signal
detected came from a �20mm tall slice in the center of the
ice column. Multiple samples of each concentration were
frozen and, as determined by MR imaging and by eye, ice
samples that were cloudy or contained air bubbles were
discarded as supercooling and subsequent rapid freezing
may have occurred. Samples were transferred from the chest
freezer in a cooler filled with gel freezer packs stored in the
same freezer. Transfer time of the ice from the cooler to the
NMR spectrometer was minimized to �3min. The NMR
magnet electronics were always pre-cooled at the set
temperature before sample insertion and the set temperature
equilibrated within �1min after loading a sample. The
samples were allowed to equilibrate at the set temperature
for 45min before measurements were performed. Samples
were analyzed via NMR at multiple time points over 1800
hours (�11 weeks), and stored in the freezer at –13.5°C
between NMR measurements.

2.2. NMR methods
NMR measurements were performed on a Bruker DRX250
spectrometer with a 5.8 T superconducting vertical wide-
bore magnet and Micro2.5 gradient imaging probe. The
samples were centered in a 20mm diameter radio-frequency
(RF) coil using a PEEK spacer to allow for air flow around the
sample. Sample temperature was controlled by the flow of
cooled nitrogen gas, the temperature of which was regulated
by a thermocouple at the base of the sample. The set point
temperature for the base of the sample was –16°C. The
temperature of airflow at the top of the sample was measured
during experiments and was typically –13°C for a tempera-
ture increase of 3°C across the 70mm long RF coil.
Unfrozen water content was calculated from the NMR

signal magnitude after calibration with a known volume of
water measured as a function of temperature for a fixed
receiver gain. Any signal from the solid ice crystals was not
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detectable. The NMR signal was from liquid water only, i.e.
no solid-state Gaussian signal from the ice phase was
detected due to the RF excitation and signal acquisition
digitization timescales. Cross relaxation between the solid
ice crystal phase and liquid water in veins can be neglected
based on this and the large difference between
the water diffusivity (�10–10m2 s–1) and the spin diffusion
(�10–15m2 s–1) (Valiullin and Furó, 2002). Measurements of
NMR signal magnitude were collected frequently during an
ice sample’s time in the magnet, serving as a check for
melting within the sample. T2 relaxation time distributions
were obtained using a standard Carr–Purcell–Meiboom–Gill
(CPMG) echo train, with echo spacing tE = 403 µs. A
standard pulsed-gradient stimulated-echo (PGSTE) sequence
was used to measure diffusion for displacement observation
times � ranging from 10 to 1000ms at a constant echo time
tE of 8ms and gradient duration � = 2ms. Diffusion
coefficients were calculated from a standard Stejskal–
Tanner plot and the fit was linear, with no indication of
multiexponential decay. The mono-exponential decay was
also confirmed by performing an inverse Laplace transform,
which resulted in a single diffusion coefficient. Images were
obtained with a standard two-dimensional (2-D) multi-slice
spin-echo sequence and had a spatial resolution of 55 µm
�55 µm (256� 256 matrix size and 14mm�14mm field
of view (FOV)) over a 0.5mm thick slice centered in the
middle of the RF coil.

2.3. Curve fitting
A Padé approximation fit (Eqn (5)) was performed to extract
ice microstructural parameters, including S/Vp and �, from
the time-dependent diffusion data. Each series of diffusion
coefficient data as a function of observation time D(�) was
fit using a Python script utilizing the lmfit package (version
0.5) for least-squares minimization with constraints. The
optimization method used by the lmfit package was the
Levenberg–Marquart algorithm.
The free diffusion coefficient Do was fixed at 5.6�

10–10m2 s–1 for each dataset. This value was estimated by
extrapolating the time-dependent diffusion data at short
observation times (up to �=50ms) back to zero. The
resulting Do is consistent with the diffusion coefficient
expected when taking into account the effect of salt
concentration (Kim and Yethiraj, 2008) and temperature
(Price and others, 1999). For Do=5.6� 10–10m2 s–1, a
known temperature of –13.5°C and measured water content
of 2.4%, the corresponding salt concentration in the
unfrozen brine is expected to be 4M NaCl (Price and others,
1999; Kim and Yethiraj, 2008). If it is assumed that all salt is

partitioned into the liquid water upon freezing, the expected
salt concentration is 5M. This indicates that some salt is
likely being partitioned into the solid ice matrix, as has been
reported for ice within the Dome Fuji (Antarctica) ice core
(Ohno and others, 2005). The surface-to-volume ratio S/Vp
parameter was determined by linearly fitting diffusion data in
the short time regime (Eqn (3)). The points used in this fit
included diffusion measurements from the two shortest
observation times (�=15 and 20ms) in addition to a point
at t=0 where the diffusion coefficient would be equal to the
free unrestricted diffusion coefficient (Eqn (3)).
With the free diffusion coefficient Do fixed and the

surface-to-volume ratio determined from the short time
behavior, two fitting parameters, � and �, remained for the
Padé approximation (Eqn (5)). The same initial values for the
two fitting parameters were used for all datasets (�initial = 5 s;
�initial = 0.1 s). Owing to NMR signal loss from T1 relaxation,
observation times in the asymptotically long time limit are
not accessible with 1H NMR for the ice samples and
therefore the fitting results in an effective �. The Padé fit
parameters are highly sensitive to the chosen value of Do.

3. RESULTS
Magnetic resonance images were collected on ice samples
as they aged. Cross-sectional images acquired for the ice
frozen in the presence of BSA at various time points after
freezing are shown in Figure 2. The resolution of the images
is 55 µm� 55µm in the x-y plane and the images are
averaged over a 0.5mm thick slice in the z dimension.
Multiple 0.5mm thick cross-sectional slices were acquired
along the height of each sample over the �20mm NMR
active region in the RF coil. All the images presented here are
from the slice located approximately at the center of the
active region. Light regions of the images correspond to
liquid water in the veins, while dark regions indicate a lack of
signal and therefore solid ice crystals. The veins or three-
grain junctions are clearly visible; however, the thin plane
features located between two crystal faces are not distin-
guishable as their dimensions are below the 55 µm spatial
resolution. The crystals are small (�200 µm) soon after initial
freezing (t �100 hours). As the ice ages over 1600 hours, the
images indicate definitive crystal growth, or coarsening, with
crystal diameters growing to �1mm. The sample frozen
without added proteins had a similar structure and the crystal
fabric also coarsens (Fig. 2). With the growth of ice crystals
there is a corresponding growth in vein dimensions.
This is consistent with a quantitative model in which

veins are treated as ideal cylinders and ice crystal grains are

Fig. 2. Cross-sectional images of ice frozen in the presence of BSA. Age of ice (left to right) 39, 259, 578, 938 and 1705 hours. Spin-echo
images with 55 µm� 55µm spatial resolution in the x-y plane; 172 averages; FOV 14mm� 14mm; matrix 256� 256; slice thickness
0.5mm. Scale bar is 1mm.
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semiregular truncated octahedrals (Price, 2000). In this
model, the vein diameter found along the line where three
ice crystals meet, dvein, can be estimated as (Grimm and
others, 2008)

dvein ¼ 0:3874D
ffiffiffiffiffiffi
�w

p
ð6Þ

where D is the crystal diameter and �w is the volume
fraction of unfrozen water. The planar two-grain junctions
have a diameter of

dplane ¼ 0:2987D
ffiffiffiffiffiffi
�w

p
ð7Þ

The geometric mean of these two models is

dmean ¼ 0:34D�3=4w ð8Þ

and can be taken as representative of an average liquid-
filled channel dimension in the ice. With the volume
fraction of unfrozen water fixed, as ice crystals grow so must
the cross section of the liquid-filled veins and planar
junctions.
In contrast, ice with ECP (Fig. 3) exhibited static crystal

structure, with a smaller and more randomized vein network
structure that persisted with ice aging, ostensibly due to IBP
binding to the ice crystal surface inhibiting crystal growth
(Raymond and others, 2008). While the images clearly
indicate differences in the two samples, limited spatial
resolution precludes quantitatively calculating the vein size
distribution or visualizing the two-grain planar junctions. In
addition, the vein dimensions of the ice samples frozen in
the presence of recombinant IBP were smaller than the MRI
spatial resolution and so could not be discerned in images.
Therefore, other NMR methods for additional characteriza-
tion of the vein network structure were needed. NMR
relaxation and time-dependent diffusion data provide a host
of quantitative information on the liquid-filled network
structure in addition to imaging and provide a valuable
alternative when imaging is not possible or as a complement
to visualization through imaging.
The water content in ice is a quantity of significant

interest in geophysical applications, but without magnetic
resonance techniques is often difficult to measure. Figure 4
shows volume fraction of unfrozen water as measured from
the NMR signal intensity. All samples had similar water
content (�2.4%) and this value did not change significantly
as the samples aged. The measured liquid water fraction
from NMR is slightly lower than the �2.9% predicted by the
equilibrium thermodynamic model FREZCHEM, shown as
the dashed line in Figure 4 (Marion and others, 2010). This
model uses the Pitzer approach for writing activity

coefficients with a temperature dependence and then
minimizes the Gibbs free energy of the entire system
(Marion and others, 2010).
NMR PGSE provides microstructural information on the

network of liquid-filled junctions between ice crystal grains
(i.e. S/Vp and �) through measurement of an observation-
time-dependent effective diffusion coefficient D(�). When
water is confined within the grain junctions and is
interacting with the solid ice crystals, diffusion becomes
restricted and depends upon the geometry and size of the
confining space (Mitra and others, 1993). For a given ice
sample age, the effective diffusion coefficient is measured
multiple times for increasing displacement observation time
�, and changes in the amplitude of D(�) reveal pore space
structural characteristics (Mitra and others, 1993; Sen,
2004).
In the short displacement time, the time-dependent

diffusion coefficient normalized by molecular diffusion
D(�)/Do is proportional to S/Vp (Eqn (3)) due to interaction
of liquid molecules in the pore space with boundaries of the
solid matrix (Sen, 2004). In the long displacement time,
D(�)/Do asymptotes to 1/� (Eqn (4)), where � is geometric
tortuosity, a measure of interconnectivity of the pore space
(Sen, 2004). Here we are limited to observing the approach
to asymptotic diffusion (out to � �1000ms) due to NMR

Fig. 3. Cross-sectional images of ice containing 10 µgmL–1 V3519-10 ECP. Age of ice (left to right) 102, 651 and 1730 hours. Spin-echo
images with 55 µm� 55µm spatial resolution in the x-y plane; 172 averages; FOV 14mm� 14mm; matrix 256� 256; slice thickness
0.5mm. Scale bar is 1mm.

Fig. 4. NMR signal intensity and corresponding water volume
fraction for all ice samples as a function of age. Ice control with
7 g L–1 NaCl (circles), ice with 10 µgmL–1 BSA (squares), ice with
10 µgmL–1 V3519-10 ECP (crosses), ice with 2 µgmL–1 rIBP
(diamonds) and ice with 4 µgmL–1 rIBP (triangles). The dashed line
shows the volume fraction of unfrozen water predicted by the
FREZCHEM geochemical model.
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signal loss via T1 magnetic relaxation and therefore measure
an effective �.
Figure 5 displays representative examples of the time-

dependent diffusion curves for the ice control and 4 µgmL–1

rIBP samples. Effective diffusion coefficient measurements
were made at 20 values of� between 10 and 1000ms. Each
set of 20 diffusion measurements was fit to a Padé curve (as
described in Section 2.3). Figure 5a illustrates how the
diffusion curve of the ice control evolves as ice crystals grow
with aging, while Figure 5b shows the difference in the
curves between the ice control (larger crystals and veins)
and rIBP (smaller crystals and veins) at a similar age.
Symbols are experimental data, solid curves are the Padé fit
and dashed curves are the fit to the short time decay in the
diffusion coefficient, resulting in the S/Vp. The S/Vp from the
short time fit, and the fitting parameters � and tortuosity �
from the Padé fit, are plotted for all samples as a function of
age in Figure 6a–c, respectively.
As can be seen in Figure 6a, there is an evolution of S/Vp

with age in the ice control and ice with BSA samples, i.e.
S/Vp decreased with time. Since the total volume of liquid
water did not change with age (Fig. 4), the vein volume Vp
was fixed and therefore the surface area of the ice crystals in
contact with the liquid decreased. Modeling the veins at
three-grain junctions as a cylinder (Price, 2000), the S/Vp can
be calculated as 4/dvein. The two-grain planar junctions have
an S/Vp of 1/dplane. The measured S/Vp represents an average
of water confined within the three- and two-grain junctions,
which we will define here as dave =Vp/S. For the ice with
BSA, S/Vp decreases from 0.36 µm–1 at t=27 hours to
0.14 µm–1 at t=1104 hours. This results in a change in dave
from 2.8 µm at short aging times to 7.1 µm at long aging
times. Using the image in Figure 2 at t=938 hours to obtain a
rough estimate of crystal size (D=750µm), dmean is calcu-
lated to be �16 µm (Eqn (8)), dvein �46µm (Eqn (6)) and
dplane �5µm (Eqn (7)). We can see that our measured
S/Vp returns a dimension (dave = Vp/S = 7.1 µm) that is on the
same order of magnitude as expected based upon the crystal
sizes seen in the images (dmean = 16µm), with a possible
weighting towards the smaller two-grain planar junctions
(dplane = 5 µm). However, it should be noted that the in-plane

image resolution (55 µm� 55µm) and the averaging over the
slice thickness in the z-dimension (0.5mm), as well as the
visible size distribution of ice crystals, precludes obtaining
reliably quantitative crystal sizes. Therefore, the
S/Vp measurement is a better approach for obtaining
quantitative results.
The ice control showed very similar behavior in S/Vp,

demonstrating that proteins without ice-binding activity
have no impact on the ice structure and thus the network of
liquid-filled grain junctions. While time-dependent diffusion
data only exist at a few time points for the ice containing
ECP, it can be seen in Figure 6a that S/Vp decreases with
aging (from 0.45 µm–1 at t=92 hours to 0.34 µm–1 at t=933
hours), but to a lesser degree than is observed in the ice
control. These S/Vp values correspond to an average crystal
junction size dave of 2.2 and 2.9 µm. In the sample frozen in
the presence of 2 µgmL–1 rIBP, S/Vp changes only slightly
from 0.72 to 0.68 µm–1 for t from 189 to 810 hours, resulting
in a negligible change in dave. For the 4 µgmL–1 rIBP sample,
S/Vp is 1.0 µm–1 (dave = 1 µm) and does not change with
aging, indicating a static crystal structure and liquid-filled
grain junction size by the time the first diffusion curve was
collected (t=20 hours). Potentially, recrystallization could
occur at times <20 hours after freezing. Most likely, each
sample begins with the same structure, but is driven to
recrystallize and minimize the surface energy interactions of
the ice–ice and ice–vein interfaces. In the samples with the
rIBP, the action of these proteins binding to an ice crystal
face inhibits crystal growth, preventing the system from
seeking a lower energy state. The S/Vp is clearly dependent
upon IBP concentration, with increasing protein resulting in
smaller and more persistent crystals.
Although imaging was not possible for ice frozen with

rIBP, these data suggest that the rIBP was able to prevent the
liquid network from changing with age due to recrystalliza-
tion inhibition. Previous work has already demonstrated that
natural V3519-10 ECPs inhibit crystal growth (Raymond and
others, 2008) and it has been suggested that these IBP are a
mechanism to control the vein network as a microbial
habitat. However, to our knowledge, there is currently no
research demonstrating that these proteins maintain the vein

Fig. 5. Representative example of PGSTE diffusion measurements as a function of observation time. Padé fit is drawn with a solid line.
Dashed lines are the linear short time regime, where the slope represents the surface-to-volume ratio. The free diffusion coefficient was fixed
and estimated at 5.6� 10–10m2 s–1 based on extrapolation of the short observation time data to zero, and is consistent with the value
expected considering salt concentration (Kim and Yethiraj, 2008) and temperature (Price and others, 1999). (a) Evolution of the control
sample as a function of ice aging. Open circles are the control sample at 46 hours and closed circles are the control sample at 987 hours.
(b) Comparison between the control sample at 46 hours (open circles) and ice with 4 µgmL–1 rIBP at 20 hours (open triangles) demonstrating
the impact of ice-binding activity on the time-dependent diffusion curves.

Brox and others: NMR of ice microstructure60

https://doi.org/10.3189/2015JoG14J133 Published online by Cambridge University Press

https://doi.org/10.3189/2015JoG14J133


network structure for extended time periods and thus act as
a potential survival mechanism. Here we see persistent
small crystal structure up to 1600 hours.
The ice control and ice with BSA both clearly exhibit S/Vp

that change with time. Recrystallization is a thermodynam-
ically driven coarsening, often considered a form of Ostwald
ripening where the solid phase, modeled as spherical
particles, maintains a constant volume fraction. According
to the theory of Lifshitz, Slyozov and Wagner (LSW theory)
for Ostwald ripening (Lifshitz and Slyozov, 1961; Wagner,
1961), the crystal size increases with a dependence on time
of t1/3 in 3-D (Kahlweit, 1975). However, fitting a power-law
function to Vp/S (the inverse of S/Vp and a length scale
proportional to vein size and therefore crystal size) reveals a
time dependence of �t1/7. LSW theory was developed for
low volume fractions of the dispersed phase, in this case the
solid ice crystals. The solid phase here however is at high
volume fractions, �0.98.
Modifications to the LSW theory (Brailsford and Wyn-

blatt, 1979; Voorhees and Glicksman, 1984; Stevens and
Davies, 2002) have addressed ripening at finite volume
fractions, but predict an increase of the rate kinetics, as
opposed to altered time dependence. However, another
mechanism of crystal growth that becomes important at high
volume fractions, where crystals are in close proximity in
space, is accretion. In accretion, two crystals fuse into a
single larger aggregate crystal. This could be the dominant
mechanism of recrystallization in these low-porosity sam-
ples, causing a smaller dependence on time, especially at
shorter freezing times.
Figure 6b and c shows the Padé fitting parameter � and

effective tortuosity, a measure of interconnectivity of the
liquid-filled grain junctions, respectively. For all samples,
the effective tortuosity stays relatively constant; however,
the fitting parameter � trends in a similar manner to S/Vp.
Since � represents the time for a particle to diffuse the
distance needed to reach the tortuosity limit, it can be
expected to be very sensitive to crystal size. This is indeed
observed because with larger crystals or as the crystals grow,
� increases in the same manner as the S/Vp ratio decreases.
The average effective tortuosity was lowest for the ice frozen
with BSA (�3.6) and ice frozen without added proteins
(�4.3). For the ice with ECP, average effective tortuosity is
only slightly larger than for the ice control (�6.7), but in the
rIBP samples average � increases significantly over the ice
control. Average � is �12.6 for the ice containing 2 µgmL–1

rIBP, while for ice with 4 µgmL–1 rIBP it is ten times that of
the ice control, at 49. These data indicate that with
increasing IBP concentration, crystals remain small and
the path a molecule must follow to diffuse through the
liquid-filled network becomes more ‘tortuous’, hence larger
values of effective �.
Spin–spin relaxation times (T2) were measured for all

samples as a function of ice aging (Fig. 7). Figure 7a shows
an increase in T2 values for the ice with BSA and ice frozen
without added proteins, which goes as t1/7. Increasing T2 is
consistent with increasing vein dimensions and therefore ice
crystal growth due to recrystallization processes, as was
observed in the S/Vp data (Fig. 6a).
Rapid changes in T2 values are still visible within the first

200 hours for the ice containing ECP, indicating that some
microstructural rearrangement and recrystallization occurs
initially after freezing. However, the T2 values have a �t1/10

dependence on time and the magnitude of the T2 values at

longer times are half those observed in the ice controls. This
indicates that the presence of ECP slows the recrystallization
process, perhaps inhibiting accretion and fusing of ice
crystals, resulting in smaller overall liquid grain junction
dimensions at long times. The ice containing purified rIBP
had T2 values shortened by a factor of 5 and 8 for the 2 and
4 µgmL–1 concentrations, respectively, and these values
remained unchanged over time. Purified rIBP therefore

Fig. 6. Padé approximation parameters obtained from fitting the
time-dependent diffusion data. Ice control (circles), ice with
10 µgmL–1 BSA (squares), ice with 10 µgmL–1 V3519-10 ECP
(crosses), ice with 2 µgmL–1 rIBP (diamonds) and ice with 4 µgmL–1

rIBP (triangles). (a) Surface-to-volume ratio S/Vp, (b) fitting par-
ameter � and (c) tortuosity �. Error bars for (a) S/Vp and (c) � are on
the order of the marker size.
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clearly inhibited growth in the liquid vein and planar
junction sizes and the extent of inhibition is a function of
protein concentration. Based on this, it would be reasonable
to assume that the crude ECP preparation, with a 10µgmL–1

total concentration, has an active IBP concentration
<2 µgmL–1. The rapid initial change in T2 in the ice with
ECP also suggests that recrystallization occurs until coarsen-
ing reduces overall crystal numbers to the point where
targets on the ice crystal prism face are saturated by IBP. For
the rIBP concentrations targeted here, this occurs prior to the
first measurements at 189 and 19 hours for 2 and 4 µgmL–1,
respectively. Note that while the water content stays
constant, indicating that the freezing process itself is
complete (Fig. 4), changes in the vein network structure
occur purely due to microstructural rearrangement in the ice
samples from recrystallization and accretion.
The advantage of T2 measurements is that they require

only a short time to acquire (�2min for the measurements
reported here). A full series of time-dependent diffusion
measurements (20 � values in this study) required

�12 hours of NMR acquisition time. However, T2 measure-
ments are qualitative unless the surface relaxivity � can be
determined (Eqn (1)), and surface relaxivity is a difficult
physical property to measure. Regardless, when 1/T2 is
plotted versus S/Vp, the data follow a straight line with an
r-value of 0.915 in the linear fit, indicating that 1/T2 changes
with time at the same rate as S/Vp obtained from time-
dependent diffusion measurements. Therefore it is possible,
given a single D(�), to scale 1/T2 and obtain quantitative
S/Vp (Eqn (1)). Figure 7b shows S/Vp from D(�) and from
scaled 1/T2 for the ice control. The agreement is good, with
average percentage error of 10%. T2 is a useful parameter for
monitoring rapid changes in ice microstructure.

4. CONCLUSIONS
Using novel NMR techniques we have monitored the
evolution in the liquid network structure of polycrystalline
ice due to recrystallization, as well as the impact of IBP
activity on recrystallization processes. With increasing IBP
concentration, smaller ice crystals and resultant smaller vein
and planar junction dimensions were observed. This small
crystal structure was found to persist over long timescales
(>1600 hours). This work demonstrates the use of estab-
lished porous media NMR techniques to examine the solid
ice matrix and liquid-filled network formed at ice grain
junctions in polycrystalline ice. As these techniques are
non-invasive and non-destructive, the measurements may
be used to monitor ice microstructure evolution over time.
As such, there are a number of future studies that can be
designed around NMR analysis of ice. A suite of factors can
be used to encourage recrystallization of an ice sample (e.g.
pressure, temperature), and the changes in structure can be
monitored over long timescales. Similarly, natural glacial ice
can be evaluated to investigate crystal structure and
dimensions of the liquid-filled network. NMR studies of
ice can also contribute to the study of ice kinetics within
high solid fraction systems. Previous research modeling ice
growth and recrystallization has been limited to crystals
suspended in a salt or sugar solution so that light microscope
techniques can be used to measure the change in the
diameter of ice crystals (Sutton and others, 1996); however,
this is not necessary with NMR.
In addition, while these measurements were performed

with a high-field NMR system (5.8 T), a low-field permanent
or portable NMR system could make similar measurements
of T2, signal intensity and effective diffusion to provide
quantitative 3-D analysis of the liquid-filled grain junction
network in polycrystalline ice. There is a current trend in
development of low-field NMR hardware for specific
applications, and with technological advances low-field
NMR systems could be used in the field or cold rooms to
process natural ice non-destructively (Callaghan and others,
1997; Hunter and others, 2009).
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Fig. 7. (a) T2 for all ice samples as a function of age. Ice control with
7 g L–1 NaCl (circles), ice with 10 µgmL–1 BSA (squares), ice with
10 µgmL–1 V3519-10 ECP (crosses), ice with 2 µgmL–1 rIBP
(diamonds) and ice with 4 µgmL–1 rIBP (triangles). The top solid
line is a power-law fit to the control data, which is proportional to
t1/7, while the lower solid line is a fit to the 10 µgmL–1 V3519-10
ECP data, which is proportional to t1/10. (b) S/Vp obtained from
time-dependent diffusion measurements (replotted from Fig. 6a) for
the ice control (filled circles) and S/Vp obtained from scaled 1/T2
values (open circles).
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