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Summary

Despite of being called the blue planet, fresh water constitutes just a small fraction
of all water available on Earth. About three quarters of this fresh water is stored as ice
and snow all around the globe, mainly on glaciers and on ice sheets at the poles. Besides
being the water towers of the world, this perenial ice contains internal structures and
impurities that serve as an archive of the climate history of the planet. Nevertheless,
the integrity of this record is conditioned by the dynamics of ice. Ice microstructures
are constantly under the influence of the ice inner flow (also called “creep”), which also
influences the ice melting and the rise of sea level. In order to study the marks that the ice
creep leaves on its microstructure, optical microscopy is often used. The aim of this work
is to assess the viability of oil immersion microscopy on the study of ice microstructures.
Immersion microscopy, which consists of using an oil between the objective lens and the
specimen, is a technique well-developed for the study of diverse materials, but it has so far
not been explored for the study of ice. As described in this work, this technique might
bring certain advantages, e.g., a higher resolution. On the other hand, certain challenges
may appear, including problems with immersion oils at low temperature and absence of
information about how different oils react to low temperatures. In order to overcome
these problems dimethicone was used (historically used to preserve ice samples and does
not change dramatically at low temperature) and the absent information (viscosity and
refraction index) was roughly calculated. The results can be divided in two categories: the
observation of surface structures, which seems to give better photomicrographs through
traditional "dry" microscopy, using a combination of incident and transmitted illumination;
and intracrystalline structures, which gives notably better images through immersion
microscopy, using transmitted light only. The quality of these last results encourages us
to believe that immersion microscopy has a huge potential on ice as a complementary
technique for traditional "dry" microscopy.
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1 | Introduction and objectives

1.1 Ice on our planet

Water (H2O) is one of the most familiar substances on our planet. Moreover, it is
responsible for one of its best known nicknames: the blue planet. Even if sometimes its
liquid form attracts most of the attention, its solid form, i.e., ice, turns out to be very
interesting for a variety of areas such as geology, thermodynamics, solid state physics,
climatology, and environmental sciences.

Ice can naturally exist in a number of forms, e.g., snow, glaciers and ice caps, ice
sheets, ice shelves, sea ice, river and lake ice, and frozen ground (permafrost). All these
ice forms collectively constitute the cryosphere of our planet. One might directly think of
the poles when talking about natural ice1 (Antartica stores 90% of the ice of the planet,
which is about 65% of world´s freshwater), but ice actually exist all around the globe. Big
ice reserves can be found in the glaciers in Alaska (about 5% of the state is covered with
glaciers), Altai-Sayan glaciers (over 2,000 glaciers in southern Siberia and North-western
Mongolia), Andean glaciers (the tropical part of the Andes contain more than 99% of all
tropical glaciers), Glaciers of the Karakoram Himalaya (some of the largest valley glaciers
outside high latitudes and a total of over 5,000 individual glaciers), Caucasus mountains
(over 2,000 glaciers particularly on north facing slopes), Greenland (on one hand, we have
the Greenland Ice Sheet, which covers 80% of the island, but, on the other hand, we have
many glaciers outside the ice sheet), Himalaya (as the highest mountain range on our
planet, constitutes a huge repository of snow and ice), Kunlun mountains (6,580 glaciers
in western China) or the Alps (alpine glaciers occupy an extension of about 2,900 km2 in
the hearth of Europe) (Bishop et al., 2011).

Even if many of those regions are slightly populated, the cryosphere has a massive
impact on the lives of millions of people all over the globe. The snow, ice and glaciers of
the highlands may have a massive impact on far away areas, because the meltwater from
mountain areas feeds rivers from populated lowlands. This is the case of the Alps and
rivers such as the Rhine, the Rhone and the Po. Glaciar structures act as control systems
so that the water supply remains regular during spring and summer, avoiding droughts.
Keeping a regular water runoff is absolutely necessary for many socioeconomic activities
such as the production of energy, agriculture and industry. Moreover, the cryosphere
contains about three quarters of the Earth´s fresh water, so glaciers and ice are, in fact,
sweet water storage structures, essential for every living being on the planet (Barrenetxea
and Faria, 2022).

The cryosphere also plays an important role regulating global climate. Snow and
ice, due to their white colour, reflect most of the solar radiation in snow-covered areas,
unlike darker surfaces such as the sea or soil, that absorb that heat. The percentage of
reflected radiation by a surface in relation to the incident radiation is known as albedo.
A sustainable ratio of high and low albedo areas, alongside with the natural greenhouse
effect of the atmosphere is essential to regulate global temperature. In fact, the Earth is a
natural greenhouse, which means that certain gases of the atmosphere allow solar radiation

1We refer as natural ice to any naturally formed ice that has been extracted from low temperature
areas of the world. On the other side, artificial ice is the ice produced in a freezer.
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to reach the Earth’s surface, but absorb and re-radiate part of the outward infrared
radiation. This phenomenon is essential for the habitability of the Earth. Nevertheless, the
massive emissions of greenhouse gases by human activities lead to a strong increase of the
greenhouse effect and a rapid global warming. Rising temperatures may affect especially
high-altitude ground and high latitudes, severely damaging the cryosphere. The melting of
the poles, sea ice and mountain snow would lead to replace those white areas with darker
colour areas such as navy blue water and brown or grey soil. This may lead to these areas
absorbing larger amounts of infrared radiation and maximising global warming. Sea ice
not only affects global climate due to its high albedo, but it also conditions the exchange
of energy between the atmosphere and the ocean, influencing the global heat balance.

A widely known consecuence of global warming and the melting of the cryosphere is
the potential rising of the global sea level. If all the ice in Antartica melted, it would raise
the worldwide sea levels by 60 or 70 meters (Bishop et al., 2011). In order to analyse this
danger it is important to remember that the ice sheet surface itself is around 3,000 meters
above the mean sea level (MSL) in the interior of the continent. This elevation does not
make surface melting very likely in the interior of the continent (although basal melting
may occur at the bottom ice-rock interface). So, as it happens with the glaciers, ice is
not melting homogeneously, but ice flows on this macroscopic structures, following the
bedrock and its own slope,ending at a lake or the sea. This flow, known as creep, is a
high-temperature plastic deformation on a solid, forcing it to flow like a highly viscous fluid.
Creep occurs above a certain temperature and is characteristic of polycristalline solids.
As all the cryosphere is relatively close to ice melting temperature, this phenomenon is
present in every natural structure formed by ice. The flow of the ice, little by little affects
its microstructure, which can be studied in order to determine how the ice macrostructures
behave. As if they were scars, the deformations and irregularities in the crystal lattice of
the ice can be read, to understand the behaviour of Antartica or other glaciers, so that it
can give some clues of how the ice is reacting to the global warming (Faria et al., 2017).

Moreover, the study of natural ice not only leads to understanding the dynamics of
the cryosphere, but also allows us to read the ice structure as a paleoclimatic record. The
inclusions, microinclusions, bubbles and clathrate hydrates allow us to study the atmo-
spheric circumstances over the history. Snowflakes are accumulated on the surface of polar
areas during snowfalls and form a porous medium that allows air to move inside. With
new snowfalls, lower layers compact and snow turns into ice, enclosing and isolating air
bubbles, preserving a sample of the aerosols of the atmosphere at the time. Unfortunately,
these samples are not preserved as independent layers, but are affected by the inner flow
of the ice that we have already mentioned. In order to determine in which way has the ice
flow affected the integrity of the paleoclimate records, microstructure mapping is used,
alongside with ice core line-scanning.

To sum up, ice awakens interest in many areas of study due to its crystalline structure,
as a tool to understand climate change or global heat balance or due to its utility as a
record of the climate conditions over the history, but all of them have in common the need
to analyse its microstructure.
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1.1.1 Ice structure

Ice is formed of water molecules (H2O) arranged in a crystalline pattern. Even if ice
can have circa 12 different crystalline phases, the only stable phase on Earth´s surface
is the hexagonal arrangement pattern. This phase is known as ice lh and its hexagonal
symmetry even affects structures that are on a larger scale than the crystal pattern; for
example, the snow crystals (Faria et al., 2014). Nevertheless, our focus here is not the
analysis of the regular crystal pattern of ice. Instead of that, our focus is kept at larger
scale structures derived from irregularities in the crystal lattice or at inclusions such as
bubbles. So, somehow the study of ice microstructure consists more in analyzing the
imperfections and deformations of the regular structure than on analysing the regular
structure itself, as those irregularities are what characterise the ice deformation and store
the climate records. We need to remember that the reasons to study ice microstructure
are to determine the circumstances that our samples suffered, in order to understand in
which way had that sample flown or in which climatic conditions it crystallized. Even at
risk of over trivializing the ice structure analysis, we could say that we mainly look for
those distinguishing factors that are the ones telling the story of each ice sample.

In order to get into detail, we are now going to clarify the different scales of ice
microstructure (Faria, 2009):

• Phase structure: Is the largest scale structure when a polycrystal2 is analyzed.
This study of the structure distinguishes different substances than cannot be chemi-
cally combined, known as phases, and these phases can be polycrystals themselves
or just monocrystals. They also have to be included on the phase structure all the
inclusions on the ice, as they are different substances, even if often are smaller than
grains. Bubbles or clathrate hydrates3 are examples of inclusions.

• Grain structure: When a number of ice polycrystals that are at the same phase
are found together, we can talk about grain structure, each of those crystals been
called a grain. Each grain is formed by a regular crystal pattern, but the lattices
from different grains are misaligned, therefore, the crystal lattice at the borders of
the grains is not bonded as well as at the rest of the crystal, i.e. a grain boundary is
formed.

• Substructure: Is complementary to the grain structure and is formed by those
formations that can be found inside each of the grains. Their size is at the order of
10 angstroms, so they cannot be directly seen through the microscope. Dislocations
and vacancies are examples of the substructure or defects.

• Crystal structure: Is related to the position of atoms at the unit cell of the lattice.
This structure is at an even smaller scale than the previous one, of the order of the
angstroms, so it can neither be studied by optic microscopy.

2Polycrystal: Material formed by simple crystals of the same substance. These simple crystals are
often named grains.

3Clathrate hydrate: Crystalline lattice forming cage-like structures that enclose other molecules.
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A key point for the microstructure is that it is not perfect. A perfect crystal would
be at equilibrium and would be absolutely static, but ice has some defects, which lead
to a dynamic structure. Defects appear at different moments such as crystallization

Figure 1: Illus-
tration of a grain
boundary. Several
mismatches of the
two misaligned crys-
tal lattices can be
observed (Humphreys
and Hatherly, 2004).

or deformation and, due to their instability, they force the
lattice to evolve (in order to reduce the free energy stored
in the defects). Below are a few examples of defects that
have been categorised according to their dimensions (Faria,
2009):

• Vacancies are dimensionless defects, as consist of the absence
of a molecule of the crystal lattice.

• Dislocations are line defects formed due to a mis-
match of the crystal lattice. Dislocations have the
ability to move trough the crystal and may absorb
vacancies. An accumulation of this kind of imper-
fections on a gratting or grid may potentially form
a subgrain boundary and evolve into a grain bound-
ary.

• Grain boundaries are two-dimensional defects formed by a
considerable misalignment of the lattice of two grains. Inside a
single crystal or grain we can also find similar alterations of the
lattice at an angle small enough to avoid creating two different
grains. This misaligned lattices are known as subgrains and
the border would be a subgrain boundary.

It should be reiterated that the ice microstructure is dynamic, which leads to these
defects evolve from one category to another.

The crystal defects that force the instability and, therefore, the dynamics of ice struc-
ture, can directly affect the evolution of the polycrystals. Indeed, a grain with a high
amount of dislocations should tend to reduce its size while a grain with a low number of
dislocations shows a tendency to grow.

The crystals of the ice can evolve due to different phenomena, e.g., dislocations coming
together and absorbing vacancies to form subgrain boundaries is called recovery. These
defects can keep growing and afterwards develop to grain boundaries, which is known as
recrystallization. This phenomenon will tend to increase the number of grains (Faria et al.,
2017).

On the other hand, we also have normal grain growth (NGG), which can be observed
when a polycrystal is let evolve exclusively by minimization of the grain boundary energy
(this occurs when the energy stored in other defects is negligible). In the two dimensional
case, it is based on the stability of the hexagon as the stable surface-filling polygon, so all
the polygons with less than six sides will lose sides and shrink until they disappear and
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the ones with more than six sides will grow and reduce sides until they become hexagons.
If some grains disappear, then inevitably the mean size of the bidimensional crystals
must have increased. In the two dimensional case it is theoretically possible to reach an
stable structure formed by identical regular hexagons, but in the three dimensional case
there is no such a polyhedron that would allow the equilibrium of the three-dimensional
grain-boundary network. Consequently, NGG in three dimensions would theoretically
continue until all grain boundaries disappear. In practice, normal grain growth coexists
with many other phenomena and its effect is much more difficult to identify (Faria, 2009).

Figure 2: General scheme of normal grain growth on two dimensions. The pentagon in the
middle shrinks until disappearing, making the mean size of the grains grow (Humphreys and
Hatherly, 2004).

Normal grain growth, recrystallization and other alterations of grain structure are some
of the phenomena analyzed in order to understand the dynamics of the ice. When using
the microscope, the structures on the scale of grains are observed, like e.g., inclusions,
bubbles, grain and subgrain boundaries. It must be said, however, that the ice grain
and subgrain boundaries themselves are narrower than the resolution of the microscope.
Nevertheless, the bond energy between the molecules of the crystal lattice is much weaker
at the boundaries (that is, the bonds are distorted near the boundary), as the lattice is
not well-formed in there. This implies that the zones where grain boundaries meet the
surface of the ice sample will have a higher sublimation rate than the rest of the ice surface.
Therefore, sort of a groove will be formed along the points where the grain boundary
meets the ice surface, which is observable at the microscope (Kipfstuhl et al., 2006).
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1.1.2 Techniques to study ice structure

Traditionally, the ice structure has been studied through optical microscopy. The low
temperature needed to preserve the ice samples can cause problems on complex equipment;
that is why the simplicity and robustness of traditional optical microscopy may bring
an advantage against potential malfunctioning. More intricate systems might be more
demanding in terms of ambient conditions in which they can work.

The most common objective lenses used in optical microscopy are "dry" objective
lenses, which work with air between the specimen and the lens. Nevertheless, there
is another type of lens which demands a liquid environment (usually some type of oil)
between the specimen and the objective lens. A high viscosity oil is spilled on the surface
that we want to observe and when we plunge the point of the objective into the oil a
meniscus is formed. The surface tension will maintain the meniscus stable and we will
have substituted the air layer by a medium with higher refractive index. The technique
of using an oil objective is called immersion microscopy and will be described in detail later.

To our knowledge, there is no previous study that shows any attempt to use immersion
microscopy at such as low temperature to study ice structures. That might lead to some
scepticism, but a hypothetical approach to our proposition leads us to believe that this
technique could offer certain advantages:

1. On the laboratories that work with natural ice, prepared ice surfaces are often
covered with a thin coating of transparent silicone oil, to protect them against the
elements. So, in this case, instead of substituting the air layer with oil, it would be
more like eliminating a layer (air), if we find an oil that can do both assignments. In
any change of medium, light suffers refraction, so the elimination of a layer, and thus
the elimination of a refractive surface may be an advantage in favor of immersion
objectives.

2. Immersion microscopy is supposed to reduce reflections that derive from spurious
incident light. So, if, for any reason, we have a problem with reflections, immersion
microscopy might be a good alternative.

3. Due to the high refractive index of the immersion oil, the light beams coming from
the sample do not scatter as much as on the air. Therefore, immersion objective
lenses have a higher resolution power, which might not be determinant for mapping
the structure of a complete ice sample, but might give an advantage when we want to
study a specific point in higher detail, such as a microinclusion, a clathrate hydrate
or a bubble.
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1.2 Immersion microscopy

Inspection by sight is one of science´s oldest, yet most useful ways to study the world
that surrounds us. Nevertheless, human sight is quite limited and in order to overcome
those limitations, many advances in optic devices have been made such as microscopes
or telescopes. We are interested in magnification optical devices, as the aim of this work
will be to study the microstructure of ice. From the first simple hand lenses to modern
microscopes, these tools have evolved to satisfy the needs of many areas of study, always
aiming the direct observation of microscopic samples.

1.2.1 History

Even though simple lenses had been documented many centuries ago, it was not until
the late sixteenth century and the early seventeenth century that the first compound
microscopes appeared. Some spectacle makers were supposed to combine a convex lens
with a concave lens around 1590 in the Netherlands. This crude compound microscope was
later known as the Dutch microscope. Two decades later, this invention inspired Johann
Kepler (1571-1630), who concluded that the combination of two convex lenses would also
lead to a microscope that provided upside down images.

Cornelis Drebbel (1572-1633), who was also from the Netherlands, was another relevant
character in the history of microscopy. In 1619, a compound microscope was documented in
his possession in London. The Dutch inventor had created a system formed by a biconvex
ocular and a plano-convex objective alongside with a diaphragm. This instrument was
studied by Galileo Galilei (1564-1642) in 1624. Galilei had already used a telescope at close
range to achieve the enlargement of images almost 15 years before, for which is sometimes
recognised as the inventor of the microscope. He had access to the compound microscope
built by Drebbel when it was exhibited in Rome and worked to create his own improved
version of it.

Later on the seventeenth century, Robert Hooke (1635-1703) tried including a third lens
between the objective lens and the ocular lens. He concluded that the relative position of
the middle glass affected the magnification of the optic system. Following the precedents
set by Hooke, Antony von Leeuwenhoek (1632-1723) created more than 400 microscopes,
with a range in magnification from 69x to 266x and in numerical aperture form 0.11 to 0.37.
This hand-held prototypes evolved into table microscopes and continued their evolution
developing advances in illumination or aberration correction (Rochow and Tucker, 1994).

Looking for a solution to reduce cromatic aberrations, Giovanni Amici (1786-1863) first
developed water and oil immersion objectives. To finish with the acknowledgement of the
most relevant improvements in the history of microscopy, Ernest Abbe (1840-1905) has to
be mentioned. Not only he created improved versions of Amici´s oil immersion objectives,
but his work in many aspects of microscopes, such as the illumination, alongside with
his advances in theoretical concepts as the numerical aperture were fundamental for the
development of microscopy (Ockenga, 2015).
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1.2.2 Basic concepts of light physics

Before we go on with optical microscopy, it is important to remember that these optical
devices are tools that allow us to overcome limitations of the human eyesight. In other
words, microscopes are a way to manipulate light in our benefit. Therefore, some light
related phenomena have to be studied in order to fully understand immersion microscopy.
We have already mentioned that immersion microscopy uses oil between the specimen and
the objective, so, understanding refraction, reflection and the dependency of the speed of
light on the propagation medium will be determinant not only to predict the advantages of
the immersion microscopy on ice, but also to evaluate the different illumination techniques.

Visible light is an electromagnetic wave with a frequency between 380 and 750 nanome-
tres, which, even if it does not need a material medium to propagate, it is indeed conditioned
by the medium. The speed of light in vacuum is 299,792,458 m/s (Baird et al., 1979) and
will be lower in any other material medium. Therefore, we can relate the speed of light (c)
in vacuum with that in any other medium (vi). This parameter is known as the refraction
index (ni).

ni =
c

vi
(1)

Note that this parameter will always be higher than one, as the speed of light in any
material medium will be lower than the speed of light in vacuum.

When light arrives at the interface between two media, part of the light returns to the
medium where the incident light was coming from and another part crosses to the second
medium. These two phenomena receive the names of reflection and refraction, respectively.
Figure 3 introduces a scheme in order to remember these notions.

θi θr

θt

Incident light Reflected light

Transmitted or
refracted light

Medium 1 (n1)

Medium 2 (n2)

Figure 3: Incident, reflected and refracted (or transmitted) light shown in the plane of incidence.

The dependency of the angles on the relation of the refraction indexes is described by
Snell´s law in the following equation:

n1 · sin(θi) = n2 · sin(θt) (2)

where θi and θt are the angle of the vertical and incident and transmitted light beams,
respectively.

8
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So this dependency on the refraction indexes allows us to predict that high refraction
index media, such as oil would lead to smaller refraction angles, which is highly related
to the numerical aperture and the resolution, that we are going to explain in detail later on.

It is also important to describe the intensities of the reflected and transmitted light as
a function of the refraction indexes and the intensity of the incident light to understand
how different ways of illumination might affect to the "dry" microscopy and the immersion
microscopy. As the intensity is proportional to the square of the module of the amplitude,
the Fresnel equations must be studied to determine the amplitudes. As the objectives are
vertically located above the samples and the point of interest should be in the centre of
the image, we consider the special case of the Fresnel equations for the normal incidence
(Born and Wolf, 2013):

T|| =
2

n+ 1
A|| T⊥ =

2

n+ 1
A⊥ (3)

R|| =
n− 1

n+ 1
A|| R⊥ = −n− 1

n+ 1
A⊥ (4)

where A||, T|| and R|| are the components of the amplitude that are parallel to the plane
of incidence for the incident, refracted and reflected beams, respectively. In the same way
A⊥, T⊥ and R⊥ are the components of the amplitude that are perpendicular to the plane
of incidence and n = n2

n1
.

To compare the incident intensity with that of the reflected and transmitted light two
parameters are defined: transmissivity (T ) and reflectivity (R).

T = n
|T|||2

|A|||2
= n

|T⊥|2

|A⊥|2
=

4n

(n+ 1)2
R =

|R|||2

|A|||2
=

|R⊥|2

|A⊥|2
=

(
n− 1

n+ 1

)2

(5)

So, in the different medium limits, the difference between the two refraction indexes
might condition if observing reflected, transmitted or reflected and transmitted light
simultaneously gives higher or lower quality images. However, other parameters such as
the contrast may also have an important role. What the transmissivity and reflectivity
definitely suggest is that if there are several media between the sample and the objective,
as in the case of a protection glass and the oil used for immersion microscopy, the closer
their refraction indexes are the better will be the quality of the image. In case we achieve
those indexes to be the same, a potential loss of intensity would be avoided.

1.2.3 Basic concepts of microscopy

The categorization and operation of microscopes and objective lenses is conditioned by
a number of concepts that will now be explained.

Magnification
It defines the size relation between the image and the sample. The magnification power

is dimensionless but it is written with an "x" next to the value, for example 5x, meaning
that this optical system will give an image five times bigger than the size of the object.
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An optical system can be formed by the connection of several optical systems. The
microscope itself is a system where we connect an ocular and an objective. As the magni-
fication of the ocular will affect to the image that the objective has already magnified, we
can easily conclude that the total magnification power of connected optical systems will
be the power of the magnification of the individual systems. In the case of digital images,
digital zoom could lead to a confusion. Therefore we are going to use the magnification
power to define the scale of the image and define the size in absolute terms (e.g., in
micrometers).

Finally, and even if it can seem obvious, the magnification should be homogeneous
in all directions. If it is not, the image will be deformed and apparent proportions and
shapes would not be real.

Numerical aperture
Numerical aperture (NA) is a parameter used to describe the ability of the lens to

gather light. In traditional objective lenses can be understood as the size of the cone formed
by the light that can reach the objective. So, an objective lens with a high numerical
aperture has a larger light entry cone that the ones with a low NA. Formally, it is not
only conditioned by the size of the light cone that can enter the objective but also by the
refraction index between the optics and the sample. Therefore, its value can be calculated
in the following way (Rochow and Tucker, 1994):

NA = n · sin(θ) (6)

where n is the refraction index of the intermediate medium and θ is half of the angle of
the vertex of the cone.

A narrow cone of light (a low NA) means that photons are concentrated in a smaller
area, so the image will seem brighter. On the other hand, a wide cone of light (a high
NA) means that photons are spread over a larger area and, therefore, the images will be
darker. Normally, this limitation can be easily overcome regulating the light source.

The condenser also is characterised by a numerical aperture. In this case, it is not the
light that can gather, but the cone of light that it creates. A condenser with a high NA
creates a large light cone and a low NA leads to a narrow light cone.

The total aperture angle (half the angle of the light cone) of the objective and the
condenser is the sum of the independents aperture angles.

Resolution
The resolution of an objective lens is the distance needed between two adjacent objects

to distinguish them as two independent identities. So the higher the resolution is the more
the details seen in the images will be.

The limit of resolution can be calculated with the following equation (Lawlor, 2019):

R =
λ

2 NA
(7)

where λ is the wavelength of the light used.
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The resolution has acquired quite an importance in the era of digital images, as in
digital images zoom can be used to compensate optical magnification, if the resolution is
high. It can be seen at the formula (7) that resolution has no dependency on magnification,
therefore a low magnification image with a high resolution could be magnified and might
obtain better results than a higher magnification image with a poor resolution.

Focus
An image is formally considered in focus when all the details of the image are well

defined. Ideally, in any microscopy technique, the eye should be relaxed and all the effort
should be done using the lenses of the microscope. The aim will be to find the correct
distance between all the objects that form the optic system so that it gives the best image
possible. Even though we focus our eyes intuitively, setting the microscope in focus is
sometimes more tedious. Nevertheless, setting a correct focus is crucial, especially when
we are going to make use of the digital magnification that we have previously mentioned.
Even if the resolution of the microscope is fantastic, if the image is out of focus it will
have poor detail definition and will be very notorious when magnified.

1.2.4 Oil immersion objectives and microscopy

Objectives are one of the most important elements of the optical microscope. It is
partially responsible of the magnification and its characteristics will highly condition the
results obtained at the microscope.

Objective lenses are intricate systems formed by high quality lenses, but can generally
be described with a reduced series of parameters. Two of the main numerical data that
characterise an objective lens are the numerical aperture and its magnification, which we
have already seen in the previous section and are commonly expressed at the objective.
Another key point when classifying objectives is whether it is an air or an oil objective.
This qualitative characteristic determines if the system will need air or oil between the
objective and the sample. Immersion objectives are characterised by a higher NA and,
therefore, usually give higher resolution images. If we bring back equation (6), it seems
obvious that with air, the maximum theoretical value will be 1, as the refraction index of
the air is one. In the case of oil, the refraction index is higher, so the numerical aperture
may reach values of 1.3, 1.4 or even 1.6 in some extreme cases (Rochow and Tucker, 1994).

We may also take into account that immersion objectives are only produced with high
magnifications. We have previously mentioned that resolution is not conditioned by the
magnification, but a powerful magnification will not have any advantage without a great
resolution. Therefore, oil objectives are normally built with high magnifications as they
assure good resolution, while air objectives can go from extremely low magnifications to
magnifications similar to those of oil objectives.

In the case of our immersion objective lens (HC Pl FLUOTAR 63x/1.3 OIL), as it can
be seen in Figure 4, the magnification and numerical aperture are 63x and 1.3, respectively
(Leica-Microsystems). Anyways, note that the NA is not an intrinsic property of the
objective, instead it is conditioned by the refraction index of the medium. The NA of this
objective has been calculated for the exact refraction index of the oil produced by Leica,
which also produced the optics, but if another oil is used, the NA could differ.

11
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1.3 Objectives

The main objective of this work is to determine the advantages and usefulness of the
immersion microscopy technique for the study of ice microstructures at low temperatures.

Several factors affecting the immersion microscopy will be tested in this work. One of
them is related to the illumination of the sample. The illumination can be incident light,

Figure 4: The immersion objec-
tive lens used for this study.

which gets the images from the light reflected at
the sample; transmitted light, which gets them
from the light refracted through the sample; or
a combination of both. We may also take into
account the use of polarized light and how it
affects the resulting image. Another key fac-
tor for microscopy is whether the target of study
is at the surface of the ice sample or if it
is an intracrystalline structure. As the change
from air to oil is reducing the refraction index
difference, and therefore the refraction itself at
the surface of the sample, this factor may be
worth to analyse. So, among the high num-
ber of combinations given by these factors, we
will aim to find those that show the most advan-
tages.

In addition to the main objective already mentioned, this work has several other aims.

This project is developed in the context of the study of ice microstructure, so in
order to evaluate the viability and usefulness of this technique, the interests of analyzing
ice at a microscopic level are worth studying, alongside with some basic notions of ice
microstructure. This objective is twofold. It may involve an initial theoretical approach,
focused on internalizing the motivation of studying ice microstructure and the concepts
related to it. Nevertheless, this objective also includes an experimental approach, in order
to get used to the study of ice microstructures either through traditional optical microscopy
or immersion microscopy.

Finally, in despite of this work leaving many aspects for further studies, one of its aims
is to set a basis so those potential studies can take place. In order to set a consistent basis
the methodology needs to be rigorously described so it can be replicated in the future.

12
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2 | Development

2.1 Advantages and challenges of immersion microscopy on natural
ice

The biggest challenge related to the immersion microscopy technique might be related
to the selection of a suitable immersion oil and the determination of its physical properties
at low temperature. The industry of microscopy lenses already provides many types of
immersion oils. Nevertheless, these oils can be very demanding in terms of the conditions in
which they can be used, especially with the temperature range. For instance, the standard
microscopy oil provided for our objective by Leica Microsystems, indentified as Type N
Immersion Liquid, is composed of ester oils and synthetic hydrocarbons that dramatically
unmix and degenerate outside its ideal working conditions of 23 ◦C. Unmixing can occur
even at positive temperatures close to 18 ◦C if it is stored under such a temperature for a
prolonged period of time.

On the other hand, a thin layer of silicon oil (dimethicone) is often used to preserve ice
samples and to prevent further sublimation. Polydimethylsiloxane (PDMS) or dimethicone
is a silicone oil with a wide variety of applications in several industries such as the produc-
tion of cosmetics or hydraulic fluids. Its molecular formula is CH3[Si(CH3)2O]nSi(CH3)3,
where the index "n" defines the lenght of the polymer molecule, which in turn determines
the viscosity of the oil. The bigger the n, the longer the molecule and the higher the
viscosity. When commercialized, these oils are categorized by their kinematic viscosity at
25 ◦C, which is usually measured is mm2/s, also known as centistokes (cSt). The stokes
are the physical unit for the kinematic viscosity in the centimetre–gram–second system of
units (CGS). Therefore, the criteria for distinguishing different dimethicones will be their
viscosity at around 25 ◦C. For instance, the 100 cSt dimethicone will be that oil with a
viscosity of 100 cSt at T=25 ◦C. The 100 cSt dimethicone is the one commonly used to
protect and preserve the surface of ice samples.

Figure 5: Two dimensional structure of a dimethicone molecule (Químicafácil, 2020).

Taking into account the above arguments, we conclude that our objective is finding
a dimethicone oil that, at the low temperatures of ice microscopy (between -10 ◦C and
-30 ◦C), reproduces the desired physical properties of the Leica Type N immersion oil at its
ideal working temperature of 23 ◦C. There are mainly two physical properties that we are
going to discuss to conclude if a dimethicone could accomplish the necessary conditions to
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be used with the immersion objective: the refraction index and the viscosity.

First, we are going to discuss the refraction index. In certain cases, in biology for
example, the sample is encased between two glasses, for preservation, preventing the oil
from contaminating what we are observing. In those cases, the refraction index of the
oil should be as similar as possible to the index of the glass, in order to avoid, as far
as possible, the refraction caused by a change in the refraction index. In our particular
case, there is no need to look for a match of indexes, as there is no intermediate medium
between the ice and the oil. Our challenge is to determine the dimethicone that best
reproduces at low temperatures (e.g. -22 ◦C) the refraction index and viscosity of Leica
Type N oil at its ideal temperature (23 ◦C). A critical obstacle to achieve our objective
is the fact that the producers’ technical datasheets have little or no information about
how dimethicones behave at very low temperatures. So, we only know the value of the
refraction index at room temperature for both oils:

• nN=1.5180 Leica Type N immersion oil (T=23 ◦C and 546.1 nm wavelenght
light) (Leica-Microsystems)

• n100=1.4030 Dimethicone (100 cSt at T=25 ◦C) (DOW, 2017)

• n350=1.4034 Dimethicone (350 cSt at T=25 ◦C) (DOW, 2017)

We can see that they are not equal at room temperature. Now, in the case of most
organic liquids, the refraction index changes between -0.00035 and -0.00055 units per ◦C
(UNAM). Dimethicone is an organic substance and it has shown no crystallization or
other visual alterations at the cold temperatures of our laboratory (usually set to -22 ◦C).
Therefore, we are going to assume that dimethicone 100 cSt and 350 cSt are no exception
to the above behaviour. As we do not exactly know the temperature coefficient for the
refraction index of the dimethicone, we shall adopt the mean value, -0.00045 unit/◦C.
Therefore, the expected refraction indexes at T=-22.0 ◦C of the dimethicone 100 cSt and
350 cSt are n100(cold)=1.4242 and n350(cold)=1.4246, respectively.

Even though the refraction indexes of the dimethicones are lower than we wished, they
might be high enough to study the viability of the immersion microscopy with ice. As we
have already mentioned, there is no protective glass, so this mismatch will not bring an
intermediate refraction anyways. The only consequence expected for this difference on the
indexes will be a resolution lower than the ideal one, but still notably higher than that
achieved by the air objective lenses.

The other property that interests us about the oils are their viscosities. If the viscosity
is too low the oil will spread rapidly and the oil layer will not be enough to immerse the
objective. However, if it is too high, it will not spread correctly, so a big amount of oil
would be needed to protect all the ice sample and the layer will be notably thick. Moreover,
if the viscosity of the oil is too high, when the objective is moved, the friction between the
oil and the ice could damage the sample. Therefore, if we need the oil for the immersion
microscopy, but also to protect the sample, a well-balanced choice is needed. Even so, it is
valuable to mention that we have a comfortable margin between those two limits.
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If we take a look at the data available for the Leica Type N immersion oil, we get the
following viscosity values at different temperatures (Leica-Microsystems):

• ν=1,060 cSt at T=20 ◦C

• ν=825 cSt at T=23 ◦C

• ν=295 cSt at T=37 ◦C

• ν=245 cSt at T=40 ◦C

As it happens with the refraction index, we are interested in finding a dimethicone oil
with a viscosity at T=-22 ◦C close to that of the Leica Type N oil at T=23 ◦C.

2.1.1 Measurement of the viscosity of the oil

The oil was provided by the distributor Manuel Riesgo S.A., named as XIAMETER®
PMX-200 Silicone Fluid. Forced by the absence of low-temperature information on the
technical data sheets (DOW, 2017) of the oil, a simple experiment is proposed to roughly
estimate the viscosity of the dimethicone oil.

The experiment consists on the emptying of a syringe full of this liquid and will be
done twice: once at room temperature (18 ◦C) and another time inside the cold laboratory
(-22 ◦C mean temperature). From now on, we are going to refer to the first one as
the high-temperature experiment and to the second as the low-temperature one. The
high-temperature experiment is just for quality control because the viscosity of the oil
around 25 ◦C is provided by the datasheets.

As we are expecting to get a kinematic viscosity of 825 cSt at T=-22 ◦C, the dimethicone
that we will use is a 350 cSt dimethicone. This decision is mainly based on the information
provided by an old Bayer catalogue (Bayer), which states that their 350 cSt silicone oil
would have a viscosity of 1,000 cSt at T=-25 ◦C (see Annex A). As the dimethicone oil
is a pure substance, we expect the Bayer and the Xiameter dimethicones to behave similarly.

The experiment and its theoretical basis

The emptying of a syringe is a simple and straightforward way in which we can study the
viscosity of a fluid. The emptying of a tube could be used also, involving easier calculations,
but the experiment of the syringe is much slower. This helps minimizing the relative er-
ror of the time measurement, which is the most critical variable to obtain a satisfying result.

A clarification should be made in relation to the word "emptying". Indeed, we will not
wait until the syringe is empty. As our aim is to measure viscosity, the study will only
be valid while the oil is flowing and not dripping. In our experiment the gravity force on
the oil itself leads to the flow, so that, as the syringe becomes empty, the gravity force
produced by the oil column will not be strong enough to keep a flow and the remaining oil
will begin to drip. The higher the viscosity, the sooner the dripping will start. Therefore,
despite having the same starting condition, the high- and low-temperature experiments
will not end at the same exact point. Each experiment ends just before the oil starts to drip.
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In order to start with the analysis of fluid dynamics, some parameters related to the
size and shape of the syringe must be defined. The syringe has 10 marks that indicate
mililiters. Each time, it is filled above the tenth mark and we measure the time starting
when the oil level passes the tenth mark until it reaches the mark of two or five mililiters,
for the high- and low-temperature experiments, respectively.

The details of the instrumental have been measured with a caliper and are described in
Figure 6 and Table 1, except for the r0, which is half d. Therefore, r0 = 1.010± 0.05 mm.

Figure 6: Dimensions of the syringe used in the experiments and the limit where the oil no
longer flows and starts to drip, for the high- and low-temperature experiments from left to right,
respectively.

Table 1: Values of the dimensions of the syringe of the experiments and the limit where
the oil no longer flows and starts to drip. The instrumental error of all the measurements
is 0.01 mm.

Parameter Size (mm) Parameter Size (mm)
D 13.41 he (high) 52.05
d 2.02 hf (high) 18.35
L 76.65 he (low) 32.43
l 6.25 hf (low) 37.97
h 70.40

Now we can go on analyzing the variables that we are directly going to measure and
how they relate to the viscosity. The emptying of a syringe-shaped and steady container
is characterised by a pressure only depending on the vertical position (x). Therefore, the
equilibrium equation, taking into account the shear stresses (τ) at the mantle surface
(dependant on the radial position), the pressure forces (p) at the front and rear areas and
the gravity force, is the following:

−dp

dx
+

2

r
τ + ρg = 0 (8)
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where g is the acceleration of gravity, ρ is the density of the oil and the shear stress (τ)
can be defined by the Newton´s viscosity law in terms of the velocity of the fluid u(r) and
the dynamic viscosity η:

τ(r) = η
du(r)

dr
(9)

Establishing the boundary conditions as the following, we can solve the differential
equation by separation of variables (see Annex B):

p(0) = p0 + ρgh p(l) = p0 u(r0) = 0 (10)

where p0 is the atmospheric pressure, obtaining:

u(r) =
ρ g (l + h)

4 η l
(r20 − r2) (11)

Integrating the velocity for the section of the exit of the syringe (see Annex B), we
obtain this result (Hutter and Wang, 2016):

Q = π
ρ g (l + h)

8 η l
r40 (12)

The volumetric flux (Q) can be experimentally calculated by timing the emptying of
the syringe, as it is the relation between the volume of the container and that time (t):

Q =
V

t
=

he π
(
D
2

)2
t

(13)

So, rearranging the equation, we can show the dynamic viscosity (η) in terms of the
time (t) and a number of parameters that are already known. Therefore, the aim of the
experiment is to measure the emptying time of the syringe, to estimate the viscosity:

η = π
ρ g (l + h) t

8 l (he π
(
D
2

)2
)
r40 (14)

The classification of the oil is based on the kinematic viscosity, which can be related
to the dynamic viscosity on the following way:

ν =
η

ρ
= π

g (l + h) t

8 l (he π
(
D
2

)2
)
r40 (15)

Results for the high temperature experiment

We have already mentioned that the high temperature experiment is just to make sure
that the experiment itself is useful. The viscosity of the oil at T=25 ◦C should be 350 cSt
and the experiment will take place at T=18 ◦C. So, the expected value should be slightly
above 350 cSt.

The mean value of the times of Table 2 is t̄ = 59.1525 s and the mean squared error
(Márquez and del Río, 2016):

∆t =

√∑8
n=1(tn − t̄)2

56
= 0.167404 s (16)
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Table 2: The time needed to empty the syringe from the tenth to the second mark at
each of the eight tries of the high temperature experiment. The instrumental error of the
timing is 0.01 s.

Experiment nº Time (s) Experiment nº Time (s)
EXP 1 59.66 EXP 5 59.22
EXP 2 58.40 EXP 6 59.60
EXP 3 59.17 EXP 7 59.10
EXP 4 58.53 EXP 8 59.54

So, the experimental result for the emptying time of the syringe at high temperature is:

t = 59.2± 0.2 s

From this result, we can calculate the viscosity from the equation (15):

ν = 394.091 cSt (17)

Once we have a result, the propagation of the error of the measurements must be
studied:

∆ν =

√(
∂ν

∂h

)2

(∆h)2 +

(
∂ν

∂l

)2

(∆l)2 +

(
∂ν

∂r0

)2

(∆r0)2 +

(
∂ν

∂he

)2

(∆he)2 +

(
∂ν

∂D

)2

(∆D)2 +

(
∂ν

∂t

)2

(∆t)2

(18)

The instrumental error is 0.01 milimeters for all the measurements of the dimensions of
the syringe, but, when timing, the references are the ten marks of each mililiter. Therefore,
the experimental error of h and he will be better estimated by the distance between two
marks, instead of by the instrumental error, 0.01 mm. This distance is 7.04 mm, but as
the error must only use one meaningful decimal, ∆h = 7 mm. So, the two measurements
will be: h = 70± 7 mm and he = 52± 7 mm. The value of acceleration of gravity used
will be g = 9, 806.65 mm/s2 (Lascurain et al., 2000) and is taken as a constant, as its error
is negligible.

If we develop the expression (18):

∆ν =
g

2

√(
tr40

heD2l

)2

(∆h)2 +

(
− tr40h

heD2l2

)2

(∆l)2 +

(
4(l + h)tr3o

heD2l

)2

(∆r0)2

+

(
−(l + h)tr40

lD2h2
e

)2

(∆he)2 +

(
−2(l + h)tr40

lheD3

)2

(∆D)2 +

(
(l + h)r40
heD2l

)2

(∆t)2

(19)

It gives the following result:

∆ν = 64.7043 cSt (20)

So, the experimental result for the kinematic viscosity of the oil at high temperature is:

ν = 390± 60 cSt

As we expected, we get a high error. Anyways, the value of the viscosity is around
what we expected. The theoretical value at T=25 ◦C is 350 cSt, so the value being slightly
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higher at T=18 ◦C is inside what it was expected. This results encourage us to trust the
experiment for the low temperature case.

Results for the low temperature experiment

Once we have concluded that the experiment can be used to correctly estimate the
viscosity of the fluid, we are going to repeat the experiment at low temperature. As
the temperature of the cold laboratory can oscillate in a margin of several grades, the
temperature will be measured alongside with the time for each try of the experiment.

The mean value of the times of Table 3 is t̄ = 82.0973 s and the mean squared error is:

∆t =

√∑15
n=1(tn − t̄)2

210
= 0.318279 s (21)

Table 3: The time needed to empty the syringe from the tenth to the fifth mark and
the temperature at each of the fifteen tries of the low temperature experiment. The
instrumental error of the timing is 0.01 s and the error of the temperature is 0.1 ◦C.

Experiment Time Temperature Experiment Time Temperature
nº (s) (◦C) nº (s) (◦C)

EXP 1 79.73 -19.4 EXP 9 80.78 -22.5
EXP 2 81.54 -22.3 EXP 10 83.96 -22.8
EXP 3 82.36 -23.0 EXP 11 81.46 -21.4
EXP 4 82.21 -21.5 EXP 12 83.78 -22.5
EXP 5 82.23 -21.4 EXP 13 82.32 -21.5
EXP 6 82.95 -21.9 EXP 14 82.67 - 22.4
EXP 7 81.60 -23.2 EXP 15 83.58 -23.2
EXP 8 80.29 -21.0

So, the experimental result for the emptying time of the syringe at high temperature is:

t = 82.1± 0.3 s

From this result, we can calculate the viscosity from the equation (15):

ν = 888.120 cSt (22)

Once we have a result, the propagation of the error of the initial measurements must
be calculated with the equations (18) and (19). Which give the following result:

∆ν = 211.457 cSt (23)

So, the experimental result for the kinematic viscosity of the oil at low temperature is:

ν = 900± 200 cSt

Although the error is huge, the result is close to what we were expecting. So, we can
conclude that the dimethicone 350 cSt was a good choice which will lead to a proper
viscosity for immersion microscopy.
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Both the refraction index and viscosity have been foreseen grosso modo, because the
main ambition of this work is not a precise quatification of the properties of the dimethicone
oil at low temperature, but to evaluate if it approaches the characteristics of the Leica oil.
Once this has been fulfilled, looking for a further precision in those measurements is left
as an option to a future development of this work.

Once those challenges have been evaluated a number of foreseen advantages and
disadvantages can be enumerated related to different aspects of the immersion microscopy
on ice:

• One of the main motivations for using the immersion microscopy was that a higher
resolution is expected. As the numerical aperture is directly related to the refrac-
tion index and a high NA leads to a high resolution, the resolution given by the
dimethicone at low temperature (n350(cold)=1.4246) will be lower than that given by
the Leica Type N immersion oil at T=23 ◦C (nN=1.5180). But, as it may still be
much higher than the resolution of an air objective, it will be useful to evaluate the
improvement of the resolution.

• Due to a much smaller working distance4 for the oil objectives (HC PL FLUOTAR
63x/1,30 OIL WD=0.16 mm) than for the air objectives (HC PL FLUOTAR L
50x/0.55 WD=8 mm and HC PL FLUOTAR L 100x/0,75 WD=4.7 mm), it is
not possible to observe the bottom surface of the ice sample with immersion mi-
croscopy. When the ice structure 1.1.1 was explained, it was mentioned that the
grain boundaries are only observable at the surfaces, so if the bottom is no longer
available with this technique, we can only study the grain structure at the top surface.

• The refraction index of hexagonal ice at T=-22.5 ◦C is n=1.3113 for light with a
546.1 nm wavelength (Onaka and Kawamura, 1983). This makes the refractive index
of ice and dimethicone very close to each other, so the refraction of their common
surface will be very low. This leads to a lower background distortion when studying
inner structures but, at the same time, makes it very difficult to observe the surface
itself.

• Immersion microscopy is said to reduce reflections of incident light coming from
spurious sources. So, if we are having trouble with reflections in our lab, it might
turn out to be an easy solution.

• Finally, once they have been observed, in order to preserve them at the exact point
where were observed, the samples are stored protected by an oil layer. If, in any case,
those stored samples have to be reanalyzed, using the oil immersion microscopy with
this existing oil seems quite a straightforward procedure.

4Working distance: maximum distance between the lower bottom of the objective and the surface of
study when this is on focus
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2.2 Methodology to study ice structure by immersion microscopy

The aim of this project is to develop an immersion microscopy technique on ice, which
implies, not only evaluating its viability and results, but also describing the procedure in
detail, so that it can be replicated or used by other scientists on their own studies. Indeed,
many fronts of this work may offer an option for further study so this section may help
whoever is looking for further improvements.

Before even starting to work with the ice, some safety warnings must be given. The
working environment is kept below -20 ◦C and a relative humidity around 40%. As the work
in the cold laboratory may be quite static, you need to wrap up yourself warm and get out
of the cold room frequently. Another problem is the humidity that every person perspires,
as at such conditions, it tends to immediately condensate and crystallize on any surface,
including clothing around the mouth and nose, the scientific instruments or even the
samples. Therefore, we also need to be careful with our own breath. Also it must be taken
into account that the oils and scientific instruments need some time for acclimatization as
we need them to be in a stable condition and cannot be used immediately after taking them
inside the cold room. Finally, the installations of the laboratory include an acclimatiza-
tion chamber to avoid large temperature and humidity changes when someone gets in or out.

Once the caution warnings have been stated, we are now able to make it into the
laboratory and start developing the methodology of the immersion microscopy on ice.

2.2.1 Determining the aim of the study and the cut

The first steps of the procedure will be related to the sample. The ice cores coming
from high mountain regions or polar areas are stored at around -70 ◦C to avoid any

Figure 7: The vertical electric
saw used at the IzotzaLab to
cut ice. Approximate dimensions:
50x70x160 cm.

alteration on them. Those cores are character-
ized by their original location and depth. Once
the ice core has been evaluated and we have de-
cided the part that we want to observe at the mi-
croscope, including its orientation, size and shape;
it is time to cut the sample. A vertical elec-
tric band saw (see Figure 7) is often used and
therefore the safety protocols need to be respected,
which include gloves and protective glasses. More-
over, the saw is provided with an adjustable guide
which helps to achieve the size we are looking
for, besides offering support that helps to avoid
abrupt movements of the sample. Finally, we
should avoid directly touching the ice piece that
we are cutting; to keep the hands far from the
saw to avoid accidents. For this purpose we
use a plastic bar to move the sample around the
saw.

The size of the final sample needs to be smaller than the sample holder. In our case,
the rectangular ice sample should not be bigger than 4 centimeters wide and 6 centimeters
long. The larger the proportion between the length and the width, the greater the risk of
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breaking the sample during the preparation, so, ideally the sample should be close to a
square shape. In order to give some indications on the third dimension, when we cut the
sample at the saw, it should be slightly thicker than a centimeter.

2.2.2 Preparation of the sample

The ice sample, already cut in a suitable size and shape, needs to be conveniently
prepared so it can be studied. This means that the ice piece we have just cut needs to
become an observable sample, stored at a sample holder and with a smooth surface.

We are going to start from the surface that will end up being the lower surface at the
final disposition of the sample. The short working distance of the immersion objective
makes it impossible to study this surface by immersion microscopy, so its preparation can
be slightly easier because it needs no fine polishing. The ice section is initially placed on
the sample holder with this first surface upwards (that is, the section upside-down). Every
time we are manipulating the sample, we have to be very careful to avoid contaminating
the ice with our body condensation. To attach the ice to the sample holder, we take
advantage of the low temperature of the laboratory, and simply use water drops as if it
were a kind of "super glue" (the water drops freeze almost instantly). The water dropped
from a pipette at the edge of the ice section crystallizes rapidly, attaching the ice and
the sample holder together. We need to put a lot of care in those drops, because we do
not want the new artificial ice from the drops to contaminate the surface of the sample.
The pipette is brought inside the cold laboratory just before we use it and is kept in the
pocket, to avoid water freezing inside the pipette itself.

The original surface, produced by cutting with the vertical saw is still rough with
saw marks, so in order to place it properly in the final disposition of the sample, it has
first to be smoothed out. For this purpose a microtome is used (see Figure 8). This
tool is provided with a surgically sharp blade that allows scraping very thin layers and
irregularities from the sample. The sample holder with the ice on it will be attached to the
plate of the microtome, once again using water to "glue" the sample holder and the plate.
By repeatedly performing the microtoming, we can get rid of the surface irregularities
until we get a smooth and regular result.

Despite the precision of the microtome, the blade might still leave tiny microscopic
scratches on the ice surface. The most prominent parts of these scratches are more exposed
and suffer more sublimation. So, time makes those scratches disappear. In practice,
20 minutes are usually enough for this sublimation smoothing in the conditions of the
laboratory.

Once the first surface has been properly treated, we can detach the sample holder from
the plate of the microtome and the sample from the sample holder, using an auxiliary saw
scalpel. Avoiding to damage the sample, we also have to remove the artificial ice drops
that we created to "glue" the different elements. In order to avoid over-sublimation at
the first surface, it is covered with a thin layer of silicone oil to stop sublimation. This
ice section is thus inverted with the already processed and oiled surface placed facing the
sample holder, in its final disposition and once again we use the water pipette to attach
the ice and the sample holder in the final disposition shown in the Figure 11a.
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This upper surface is the one that will be studied with the microscope. Once again the

Figure 8: The microtome
used at the Izotzalab.
Approximate dimensions:
50x25x30 cm.

sample holder is attached to the plate of the mi-
crotome and scraped with the microtome until we
get a smooth surface. This last microtoming ses-
sion also allows us to obtain the desired thickness of
the ice sample. Normally, a thick ice section should
be between 5 and 10 milimeters thick at the final
step. Thin ice sections can be less than one milime-
tre thick. When the second surface suits our expec-
tations of thickness and smoothness, it is time to let
it sublimate. Unlike with the previous surface, this
time the sublimation time will be longer. The aim
of this sublimation is not only to eliminate the mi-
croscopic scratches of the microtome blade, but also
to allow the visualization of grain boundaries and sub-
grain boundaries, by allowing the formation of sur-
face grooves around these structures as it was ex-
plained at the end of Section 1.1.1. At the IzotzaLab,
two hours of sublimation may be enough for this pur-
pose.

As the sample is currently ready for observation with "dry" objective lenses, we can
put the combination of sample and sample holder directly on the microscope even during
the sublimation process. In this way, we can observe the evolution of the sublimation.
Even if the first observations of this process are usually not very useful for microstructure
analysis, they might provide some early clues about the sample.

2.2.3 Selection of a point of interest using traditional objetive lenses

Due to the difficulties of the use of the oil objectives, the immersion microscopy on ice
was proposed as a complementary resource of the traditional "dry" microscopy. Once the
oil has been used the image quality obtained by "dry" objectives will decrease, because

Figure 9: Microstructure-mapping
mosaic image the EPICA-DML ice
core (depth: 1093 m). Scale bar: 1 mm.
(Faria et al., 2010).

we have added a new layer that leads to more refrac-
tion. So, ideally, the inspection by air objectives will
precede the immersion microscopy. Ice samples are
often microscopically mapped first, to keep a general
record of its microstructure (see Figure 9). If we are
working with that aim, this mapping of the whole
sample should be done with a traditional "dry" ob-
jective. If we are looking for particular structures a
general view of the sample looking for those struc-
tures should also be done using the "dry" objectives.
In both cases, traditional microscopy will be used to
identify and locate structures that are worth study-
ing in detail. For this aim, we will use two different
objective lenses, with 50x and 100x magnifications,
shown in the figures 10a and 10b.
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(a) 50x (b) 100x

Figure 10: Air objective lenses: HC PL FLUOTAR L 50x/0.55 and HC PL FLUOTAR L
100x/0.75 (Leica-Microsystems) and (Leica-Microsystems).

2.2.4 Applying the oil and observation by an immersion objective lens

Once the zones and aims of study for the immersion microscopy have been fixed, we can
go on using the oil. The nosepiece of the microscope has several "dry" objectives alongside
with the immersion one. For this part of the procedure, we are going to select the oil
objective and set it out of focus, just above a point of interest, in order to let space between
the sample and the optics. Using a pipette, we are going to put several drops of the oil
in the area and submerge the objective into the oil (see a scheme of the set-up in Figure 11a).

(a) (b)

Figure 11: Illustration (a) and image (b) of an ice sample at the microscope and the formation
of the meniscus (1-sample holder, 2-ice sheet, 3 and 4-oil, 5-objective).

When we are setting the sample in focus, we need to put caution on the working
distance. If we take the sample and the objective far apart the meniscus could break and
eventually the objective will get out of the oil. On the other hand, as the working distance
of the immersion objective is really small, there is a risk of coming too close and touching
the ice. The objective is provided with a coverglass to avoid major damage on the optics,
but the sample might also be damaged or contaminated in case of collision.

As the structures that we want to study have already been localized by traditional
"dry" microscopy, immersion microscopy does not need much horizontal moving, which
will help preserve the meniscus. In case of several points of interest in the same region,
a larger amount of oil will be needed; an amount that is enough to keep the objective
submerged without allowing the meniscus to break.
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2.3 Results of immersion microscopy and comparison with tradi-
tional microscopy

Once a procedure has been set to use the oil immersion microscopy in the context
of the study of the microstructure of ice below -20 ◦C, we are aware of the extra diffi-
culties that have appeared with this new method; but time has come to discuss which
context or aim of study provides such improved results that justifies to overcome those
difficulties. In other words, its time to evaluate the results of the method and its advantages.

This evaluation does not only include a comparison between the traditional ("dry") and
immersion objectives, but a number of additional factors that will be analyzed, including
the illumination, the use of a polarizing filter and if we are either studying surface or
inner structures of the ice. Initially, we also wanted to compare the quality of colour
versus black and white photomicrographs, but we rapidly concluded that there was no
difference, except for aesthetic purposes(in Section C of the Annexes comparisons of colour
and grey-scale photomicrographs are provided as examples).

We have previously mentioned that in the era of digital images, the magnification of
the optics is not determinant as it can be complemented with digital zoom. What indeed
is important is the resolution (that will limit the digital zoom) and the absolute size of
the sample that appears in the photomicrograph. These characteristics remain constant
for their corresponding objective lenses, and as the photos are rectangular, they will be
expressed as two dimensions:

• HC PL FLUOTAR L 50x/0.55 → 261.8 ± 0.1 µm × 196.3 ± 0.1 µm

• HC PL FLUOTAR 63x/1.30 OIL → 207.8 ± 0.1 µm × 155.8 ± 0.1 µm

• HC PL FLUOTAR L 100x/0.75 → 130.91 ± 0.01 µm × 98.15 ± 0.01 µm

Those are the absolute dimensions of all the photomicrographs unless it is specifically
mentioned that the image has been cropped for a particular purpose.

We also have to mention that, for simplicity, we have let the imaging software adjusts
the exposition automatically, which in certain cases leads to overexposed images that had
to be edited before presenting them in these work. In the ambition to undo this excessive
brightness, some images ended up having more contrast. So it must be taken into account
that this it is not a consequence of the technique, but of the treatment of the images.

2.3.1 Surface structures

When we talk about surface structures, the most notable are grain and subgrain bound-
aries, followed by dislocation walls. As we have previously mentioned, these structures are
present all over the ice, but are only observable at the sample surface. On the following im-
ages several triple junctions of grain boundaries are shown. The ice samples of these photos
are coming from the Pyrenees mountain region, specifically from the Monte Perdido glacier.

The first comparison aims to determine which type of illumination gives better results
when observing the surface, the two candidates being transmitted and incident light.
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As we can see in the image pairs 12a / 12b, 13a / 13b and 14a/ 14b, when the incident
light is used the quality of the image is slightly better. This difference can be specially
appreciated at the last pair of images, for the 100x objective. Moreover, when the trans-
mitted light is used, the inner structures that are close to the surface lead to notable
shadows. Especially the bubble just above the triple junction, which has a dramatic effect
on the three cases. The case of the immersion objective is noteworthy, because we already
mentioned that due to the refraction indexes of the ice and the oil being so similar, the
irregularities of the surface (e.g. grain-boundary grooves) will be fainter and the inner
structures (e.g. bubbles) will be more noticeable.

Even if there are many cases still to analyze, we can already tell that these casuistry
does not encourage the use of immersion microscopy.

(a) Incident light. (b) Transmitted light.

Figure 12: Triple junction observed with the 50x objective lens. Incident and transmitted
illumination comparison. It is worth remembering that the width of the area in micrometers is
provided in page 25.

(a) Incident light. (b) Transmitted light.

Figure 13: Triple junction observed with the 63x immersion objective lens. Incident and
transmitted illumination comparison. It is worth remembering that the width of the area in
micrometers is provided in page 25.

26



Bittor Muniozguren Arostegi Development of immersion microscopy on ice

(a) Incident light. (b) Transmitted light.

Figure 14: Triple junction observed with the 100x objective lens. Incident and transmitted
illumination comparison. It is worth remembering that the width of the area in micrometers is
provided in page 25.

Despite the differences, both the transmitted and incident light lead to poor results
for all of the objectives. Therefore, we give a try to a combination of both incident and
transmitted light. In this case, the transmitted light is set at the minimum and the incident
illumination is regulated in order to achieve a correct exposition at the ocular.

If we compare the images 15a, 15b and 16 to those previously analyzed, we can clearly
state that the combination of incident and transmitted light gives the best result. In all
the cases the background bubble´s shadow has been mitigated or even has disappeared for
the 50x and 100x objectives. Once again the biggest difference can be appreciated at the
100x objective image, where the details are much sharper at the photo 15b. Once we have
agreed that for surface structures the combination of incident and transmitted light is the
best option, this will be the standard disposition until the opposite is told.

(a) Incident light. (b) Transmitted light.

Figure 15: Triple junction observed with the 50x and 100x objective lenses. Both samples are
illuminated with both incident and transmitted light. It is worth remembering that the width
of the area in micrometers is provided in page 25.
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Figure 16: Triple junction observed with the 63x immersion objective lens. The sample is
illuminated with both incident and transmitted light. It is worth remembering that the width
of the area in micrometers is provided in page 25.

All the images previously studied where taken using a polarizing filter. The next aim
of the analysis is to determine if this polarizing filter is conditioning the result. For this
purpose we are going to use images from another sample where three triple junctions
appear at the same region.

Once again it can be seen in the pairs of images 17a / 17b, 18a / 18b and 19a/ 19b
that the grain boundaries are much more noticeable when using traditional microscopy
than when using immersion techniques. Nevertheless, the point with these photos is to
determine how the result can be conditioned by the polarizing filter. Not only with "dry"
objectives but also with oil immersion objectives the result is slightly better when the
polarizing filter is used. So, since we have arrived to this conclusion, the use of a polarizing
filter will be the standard configuration unless the opposite is told.

(a) Without polarizing filter. (b) With polarizing filter.

Figure 17: Triple junctions observed with the 50x objective lens. Comparison between using or
not using a polarizing filter. It is worth remembering that the width of the area in micrometers
is provided in page 25.
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(a) Without polarizing filter. (b) With polarizing filter.

Figure 18: Triple junctions observed with the 63x immersion objective lens. Comparison
between using or not using a polarizing filter. It is worth remembering that the width of the
area in micrometers is provided in page 25.

(a) Without polarizing filter. (b) With polarizing filter.

Figure 19: Triple junction observed with the 100x objective lens. Comparison between using or
not using a polarizing filter. The width of the area in micrometers is provided in page 25.

2.3.2 Inner structures

Inner structures can include a large variety of inclusions such as bubbles, microparticles,
clatrathe hydrates or other structures such as slip bands5. In the following images we are
going to study bubbles, as they are the most common and evident inner structures in our
samples.

In a similar way to the previous section, the first aim of these comparisons is to
determine which illumination technique leads to a higher image quality. At the same
time, we are also going to use the following images to compare the immersion microscopy
and traditional microscopy techniques for inner structures. Before going on with this
analysis, it is worth remembering that we expected immersion microscopy to show certain

5Slip bands: A number of parallel layers with high intracrystalline slip activity and many internal
defects (mainly dislocations) on the crystal pattern (Faria et al., 2009)
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advantages for the observation of inner structures. Indeed we are expecting a higher
resolution and less background distortion by the surface structures.

If we study the pairs of images 20a / 20b, 21a / 21b and 22a/ 22b, we can clearly
see that the transmitted light leads to much better images for any of the three objective
lenses. In the case of the "dry" objectives with incident light the bubble can barely be seen
and the background distortion of the grain boundaries has a huge impact, as one of the
boundary grooves is just above the bubble. For the immersion objective, the image taken
with incident light shows the bubble very clearly with a distinctive shape. For surface
structures the combination of incident and transmitted light was the best option, so we
are giving it a try. The Figure 23 shows the sample when illuminated with both technique
and the result is even worse than that of the incident light. Therefore, we can conclude
that using only transmitted light is definitely the best option to investigate inner structures.

(a) Incident light. (b) Transmitted light.

Figure 20: Bubble observed with the 50x objective lens. Incident and transmitted illumination
comparison. The width of the area in micrometers is provided in page 25.

(a) Incident light. (b) Transmitted light.

Figure 21: Bubble observed with the 63x immersion objective lens. Incident and transmitted
illumination comparison. The width of the area in micrometers is provided in page 25.
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(a) Incident light. (b) Transmitted light.

Figure 22: Bubble observed with the 100x objective lens. Incident and transmitted illumination
comparison. It is worth remembering that the width of the area in micrometers is provided in
page 25.

Figure 23: Bubble observed with the 63x immersion objective lens. The sample is illuminated
with both incident and transmitted light. It is worth remembering that the width of the area in
micrometers is provided in page 25.

If we compare the best result (transmitted illumination) of the three objective lenses,
the most notable difference between the results of traditional and immersion microscopy
is how the background distortion originated by the grain boundaries almost disappears
for the second one. For the image shown in Figure 21b, the surface structures are almost
imperceptible, which is coherent with what we were expecting.

As it happened with the surface structures, all the previous images in Section 2.3.2
where taken using a polarizing filter. In the case of inner structures the use of this filter
is not even discussed in this work as it made a little difference in favor of using it, in a
similar way to what happened when studying the surface.
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In order to reach a conclusion about the resolution of the traditional and immersion
microscopy we need to study the images in detail. We have previously stated that the
magnification of the optics it is not that important, as in digital image acquisition it
can be improved with digital magnification. So, as resolution has nothing to do with
magnification, we will compensate the optical magnification with digital zoom on the
images shown in Figures 20b, 21b and 22b so the bubble is the same size for the three
cases. Also, aiming to make the resolution comparison easier, the images will be cropped,
which means that the size of the images in Figure 24 do not coincide with the image sizes
defined at the beginning of this chapter.

(a) 50x objective (b) 63x immersion objective (c) 100x objective

Figure 24: Bubble observed with three different objectives, illuminated with transmitted light.
The magnification of the optical devices has been compensated with digital magnification so
that the bubble has a similar size for the three images. Therefore, the width of the area is not
the one provided in page 25. The dimensions of these photomicrographs are (a): 46 ± 4 µm ×
69 ± 4 µm, (b): 50 ± 3 µm × 75 ± 3 µm and (c): 46.2 ± 0.2 µm × 69.2 ± 0.2 µm

The image shown in Figure 24b, compared to those in Figures 24a and 24c, leaves
no doubt about the difference in resolution of the immersion and traditional microscopy.
Indeed, on the image obtained with the oil objective all details are much sharper, which
proves that we were able to maintain the theoretical advantages on the immersion mi-
croscopy for the case of investigating inner structures of the ice, despite the refraction
index of the dimethicone 350 cSt at the cold laboratory being notably lower than the index
of the Leica Type N immersion liquid at its ideal temperature.
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3 | Conclusions

Now that we are facing the end of this work, it is worth the effort of looking back at
the proposed objectives in Section 1.3.

First of all, as, to our knowledge, the immersion microscopy technique had never been
used to study ice, its viability for ice microstructural studies was the main interest of this
work. It can clearly be appreciated at the results that the immersion microscopy has been
proven to have certain advantages, specially for the observation of inner structures of ice.
A key question is if the use of the oil is worth the complication, but a general answer
cannot be given, it would depend on the application. Two main advantages are offered by
this technique:

• First, the background distortion derived from surface structures is dramatically
minimized when we are observing inner structures. This is due to a lower refraction
at the limit between the ice and the outer medium, because the refraction index
of the oil is closer to the index of the ice than it is that of the air. This advantage
might be specially useful when studying inner interests just under an area with many
surface structures.

• Second, the resolution of the images obtained by immersion objectives is notably
higher than the resolution of those obtained by air objectives. This was specially
observed for inner structures, but should also be a fact for surface images.

Indeed, the study of the ice sample surface by immersion microscopy was highly
disappointing, as it offered really poor results. This can be attributed to the fact that
the refraction index of the oil (n=1.4246) and ice (n=1.3113) are too similar at the low
temperatures of the cold laboratory. If we had had an oil with an index closer to that
of the Leica Type N liquid at T=25 ◦C (n=1.5180), maybe the study of the surface by
immersion microscopy could had given better results.

Nevertheless, the study of inner structures through immersion microscopy gave amazing
results. Among the intracrystalline structures that raise interest we can find many types of
inclusions, microinclusions and bubbles. The gases at the bubbles and all kind of inclusions
such as aerosols, black carbon, ash or pollution particles may give valuable information of
the historic composition of the atmosphere, volcanic eruptions or wildfires. In other words,
those inclusions are the paleoclimatic record stored in the ice. Moreover, these inclusions
are also key factors in order to understand the dynamics of macroscopic ice structures
such as glaciers, the poles or the ice sheets of the poles..

In retrospect, these conclusions about the refraction index suggest that a deeper
research was worth it in relation to this physical property. This was mainly conditioned by
two factors. First, the difficulty to get reliable oils that maintain their properties at low
temperatures. Moreover, some of these oils are mainly used in industry and are unlikely
to be find at small quantities. Second, we could not find a simple experiment to roughly
estimate the refraction index as we did with the viscosity.

On the other hand, the viscosity was deeply studied to clear up the concerns related
to it. The viscosity of the dimethicone 350 cSt at the cold laboratory is low enough so
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the oil can cover all the sample without making a excessively thick layer and high enough
so it does not spread to much, allowing a layer thick enough to immerse the objective
and avoiding the oil on the sample to overflow. Additionally, the immersion objective
is allowed to move while is immersed. This is a key point of the development of the
technique, because it might provide great advantage to observed ice samples that have
already been stored. When stored, samples are covered with oil, to avoid over-sublimation,
even when immersion oil is not used. But, bringing back those samples to the laboratory
and observing the ice section covered with oil through "dry" microscopy gives notably
worst results than without the oil. Therefore, immersion microscopy may have a big
advantage when it comes to re-observing stored samples.

Even if certain factor affecting the microscopy could not be investigated in depth as
desired, this work achieved to analyse a large combination of parameters that affect the
observations. The differentiation between black and white and colour images did not awake
much interest (see Annex C) and the conclusions about the use of polarizing filters are still
preliminary. Nevertheless, the illumination source enriched notably the results of this work.
A combination of minimum transmitted light and incident light offered the best results
for surface observations while the transmitted light was the best for inner structures. In
the last case the illumination was so determinant that any of the observations with trans-
mitted light was much better than the best image among the others, no matter the objective.

In order to come to an end with the evaluation of the technique, the general feeling
about it is that it may offer certain advantages, but the extra effort is not worth it for
a generalized use. Instead, it has to be understood as a technique complementary to
the traditional microscopy. Potentially, one of those particular applications could be the
differentiation of slip bands and subgrain boundaries. This could not be tested as we did
not have time to scan the samples in search for such structures, but as the technique
drastically differentiates surface (subgrain boundary) and inner structures (slip bands),
immersion microscopy could be useful to identify such structures and help with what
actually is a big challenge when analyzing ice cores by traditional microscopy.

Besides evaluating the usefulness of the technique, this work provides also a detailed
description of the methodology, which is not limited to the immersion microscopy on ice,
but can be useful for the study of ice by traditional microscopy, as the traditional method
is included in this new method (just following all the steps except the last one). Such
a detailed methodological description is particularly valuable for future studies, as this
work has opened up a number of future lines of research, including a deeper analysis of
the effect of the refraction index, the possibilities of polarizing filters or the combination
of immersion microscopy with phase-contrast microscopy.
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