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Compared with the hardships encountered by the pioneering polar explorers of the nineteenth
and early twentieth centuries, contemporary expeditions to polar regions are considerably
more comfortable and safe. Despite the increasing human acquaintance with the frozen worlds,
deep-drilling campaigns in Antarctica and Greenland are still today far from being ordinary
events. Such drilling campaigns have become indispensable for our understanding of the
dynamics of polar ice sheets and the climate records stored within the ice. However, every
drilling site has its peculiarities and demands specific solutions. Ice drilling technology is still
in a maturing stage, and so are also the scientific methods applied to analyse ice cores on the
field. Both activities (drilling and scientific research) repeatedly impose new technical and
logistic challenges.

The purpose of this book is to offer an informal, descriptive introduction to the main
product of deep ice-core drilling: the ice core itself. We accomplish this in a pragmatic manner
by considering a particular deep-drilling project, the European Project for Ice Coring in
Antarctica (EPICA) at Dronning Maud Land (DML), which retrieved the EPICA-DML (a.k.a.
EDML) Deep Ice Core, a 2774 m deep ice core from an ice ridge in the Atlantic Sector of
Antarctica. We review the history and main features of this project, and then embark on a
visual analysis of the multiscale structure of the Antarctic Ice Sheet at the EDML site.

Seeing that there is still no general agreement about the terminology to describe the
physical properties of polar ice, we introduce in Chap. 1 a glossary of useful terms. Chapters 2
and 3 of Part I summarize the history of EPICA and the main characteristics of the drilling site
at Dronning Maud Land. Scientific instruments and techniques used to produce the images
presented in this book are described in Chap. 4 together with a description of the physical
properties of the EDML Deep Ice Core. Finally, Chap. 5 explains how to interpret the
complete collection of visual stratigraphy images of the EDML Deep Ice Core, which are
presented in Part II.

It is evident from its structure and style that this text does not emphasize technicalities.
Rather, following the spur to multidisciplinarity (Faria 2009), this book aims at presenting a
tour d’horizon to a larger audience, which includes engineers, geoscientists, physicists,
mathematicians, and any other non-specialist in glaciology interested in deep ice cores. We
hope that this broad general approach may help the reader to develop a basic intuition about
some complex concepts of ice structure, ice sheet flow, paleoclimate records, and climate
change, which shall eventually be integrated into a single holistic view.

There is excellent specialized literature dealing in depth with the quantitative analysis of the
physical properties of polar ice cores, and bibliographic information about it is provided in
suitable places through the text. Therefore, even though this book is primarily intended for
non-specialists, we hope that it may be valuable also for glaciologists interested in more
specialized texts and their relation to the “big picture”.

Bilbao, Spain Sérgio Henrique Faria
Bremerhaven, Germany Sepp Kipfstuhl
Essen, Germany Anja Lambrecht

November 2016
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Getting Started

Today, the appeal to the authority of experts is sometimes
excused by the immensity of our specialized knowledge. [...] But
in my view, the appeal to the authority of experts should be
neither excused nor defended. It should, on the contrary, be
recognized for what it is —an intellectual fashion— and it
should be attacked by a frank acknowledgement of how little we
know, and how much that little is due to people who have
worked in many fields at the same time.

Sir Karl R. Popper (1994), p. x

1.1 Motivation

Nature does not have a preferred size scale to reveal its won-
ders. From the synchronized dynamics of the solar system
to the symmetry of a crystal lattice, every scale discloses
new manifestations of the natural order. In the past, scien-
tists had already paid tribute to Nature’s majesty on all these
size scales. Scholars like Johannes Kepler (1571-1630) or
René Descartes (1596—1650) could discourse with the same
geniality and fascination on subjects as distinct as the motion
of celestial bodies (Descartes 1644; Kepler 1619) and the
crystalline structure of snow (Descartes 1637; Kepler 1611).
Over the centuries, however, the human compulsion for cat-
egorization has replaced polymathy by scientific specializa-
tion, which greatly facilitates the engineering of knowledge
into practical applications, but restricts our perception of
the “whole”, that is, of the multiscale character of natural
processes.

Fortunately, some branches of science have to some extent
resisted the rush of specialization, for distinct reasons. In the
case of glaciology, which is the subject of this book, this resis-
tance arises from the simple fact that glaciology is, by defin-
ition, a multidisciplinary field: it combines geosciences with
continuum mechanics, thermodynamics, solid state physics,
engineering and materials science, climatology, biology, envi-
ronmental sciences, and many other specialities. As such,

© Springer-Verlag GmbH Germany 2018

the glaciological community encompasses a great diversity
of scientists, from mathematicians to ecologists, and other
professionals sharing interest in natural ice. Paradoxically, it
is precisely this multidisciplinary character of glaciology that
constitutes its greatest strength, but also its main weakness:
on the one hand it promotes collaborative research between
diverse disciplines, but on the other hand it complicates the
sharing of ideas and the precise definition of concepts, which
are often differently interpreted within distinct specialities.

This book offers the opportunity to appreciate the multi-
disciplinary nature of polar glaciology in a very simple, visual
manner. Its central topic, the local stratigraphy of the Antarc-
tic ice sheet, is presented in a series of high-resolution images
that serve as starting point for investigating the flow of polar
ice, its chemical and physical structure, as well as the integrity
of its paleoclimate records. Relevant aspects of the physics of
polar ice are reviewed, including a glossary (Sect. 1.2), which
aims at making clear and accurate the concepts discussed in
this work, in a manner that both, trained and untrained readers,
may equally comprehend and enjoy its contents.

1.2  Glossary

The choice of a consistent and unambiguous vocabulary for
discussing science in a multidisciplinary environment always
imposes a dilemma. A typical example is the disparity in the
vocabulary of geologists and materials scientists when dis-
cussing the same microstructural features of polycrystals. In
an attempt to be systematic without being too discrepant with
the existing literature, we list below some important defini-
tions and acronyms used in this book. This glossary is based
on the terminology recently proposed by Faria et al. (2009,
2014b) and Cogley et al. (2011).

Air hydrate:
BHT zone:

See clathrate hydrate.
See bubble—hydrate transition zone.

S.H. Faria et al., The EPICA-DML Deep Ice Core, Frontiers in Earth Sciences,

https://doi.org/10.1007/978-3-662-55308-4_1



1 Getting Started

Brittle zone: Deep ice-core depth interval characterized
by exceptionally brittle ice, which can be processed
(viz. sawed) only after weeks or months of post-drilling
relaxation. Experience shows that the brittle zone coin-
cides roughly with the upper half of the bubble-hydrate
transition zone (BHT zone, cf. id.), suggesting that the
characteristic brittleness of this ice might be related
to internal stresses generated by the enclosed pressure
in air bubbles and their transformation into clathrate
hydrates (cf. id.). The pressure/temperature shock during
core retrieval induces the formation of post-drilling
micro-cracks near the bubbles.

Bubble-hydrate transition (BHT) zone: Depth interval
in an ice sheet, where air bubbles coexist with clathrate
hydrates. It lies below the critical depth at which the
overburden pressure of ice equals the clathrate-hydrate
dissociation pressure (cf. clathrate hydrates).

Bubbly ice: Impermeable ice containing air bubbles. In
glaciers and ice sheets it occurs in the depth zone between
the firn—ice transition depth (cf. firn) and the bottom of
the bubble—hydrate transition zone (cf.id.).

CFA: Continuous Flow Analysis.

Clathrate hydrate: Crystalline compound containing
guest molecules enclosed in cage-like structures made
up of hydrogen-bonded water molecules. Clathrate
hydrates (CHs) are thermodynamically stable only at low
temperatures and high pressures (viz. below a pressure-
dependent CH dissociation temperature or above a
temperature-dependent CH dissociation pressure). They
are not chemical compounds, because the guest molecules
are not bonded to the water molecules, but rather just
physically trapped in the cages. When the guest molecules
form gas under standard conditions, such compounds are
also named gas hydrates. In particular, air hydrates are
formed by atmospheric gases (mainly O, and N3). In
natural ice, air hydrates (AHs) form from air bubbles in
the bubble—hydrate transition zone (BHT zone, cf. id.).

Cloudy band: Ice stratum with turbid appearance due to a
high concentration of microinclusions. Experience shows
a strong correlation between high impurity concentration
and small grain sizes in cloudy-band ice.

Creep: Ductile plastic deformation regime of solids at rel-
atively high temperatures (typically above ca. 30% of the
melting point), which is strongly dependent on the strain
rate. For polycrystals, the most common creep mecha-
nisms are diffusion creep and dislocation creep (cf.id.).

Crystallite: See grain.

Crystallization: Crystal formation through freezing from
a liquid, precipitation from a solution, or deposition from
a gas. It should not be confounded with recrystallization
(cf. id.). Crystallization consists of two major stages: crys-
tal nucleation and crystal growth (cf. nucleation). These

two processes should not be confused with their recrystal-
lization counterparts: grain nucleation and grain growth
(cf. id.).

Deep ice: Ice from deep depths (usually below several hun-
dred metres) of a glacier or ice sheet (cf. shallow ice).
Deformation-related structure: Any structural feature in
the ice that serves as evidence for its past or current defor-
mation, e.g. dislocation walls, subgrain boundaries, slip

bands, stratigraphic folds, etc.

DEP: Dielectric Profiling.

Diffusion creep: See diffusional flow.

Diffusional flow: Ductile deformation regime character-
ized by diffusional flux of matter through the body. In poly-
crystals, diffusional flow is often called diffusion creep, as
it describes the creep by mass transport through or around
the grains. The former is named lattice diffusion creep (or
Nabarro—Herring creep), while the latter is called grain-
boundary diffusion creep (or Coble creep).

Dislocation creep: Creep of (poly-)crystalline matter by
the motion of dislocations through the crystalline lattice.

Dislocation wall:  Lattice defect consisting of dislocations
arranged in a two dimensional framework; the precursor
of a subgrain boundary (cf. subgrain).

DML: Dronning Maud Land, Antarctica.

Drift ice:  Floating ice that drifts with the wind or ocean
currents, e.g. pack ice or icebergs (cf. land ice and sea
ice).

Dynamic grain growth (DGG): Class of phenomenolog-
ical recrystallization processes of grain coarsening in
polycrystals during deformation. Several recovery and
recrystallization processes may be simultaneously active
during DGG, all competing for the minimization of both,
the stored strain energy and the grain-boundary energy.

The essential feature of DGG (in comparison to other
recrystallization processes) is the monotonic increase of
the mean grain size with time. Owing to its dynamic nature,
however, the diversified kinetics of DGG can generally not
be compared with the simple kinetics predicted for normal
grain growth (NGG, cf. id.).

Dynamic recrystallization:  See recrystallization.

ECM: Electrical Conductivity Measurement.

EDC: EPICA Dome C (a deep-drilling site in Antarctica).

EDML: EPICA DML (a deep-drilling site in Antarctica).

Elementary structural process: A fundamental operation
of structural change. In the context of recovery and recrys-
tallization, it includes e.g. grain boundary migration and
subgrain rotation. Several elementary processes may com-
bine to produce different types of phenomenological struc-
turalprocessesl (cf. id.).

'Recovery and recrystallization are complex physical phenomena that
are better understood if decomposed in a hierarchy of structural processes
or mechanisms, here qualified as “elementary” and “phenomenological”.



1.2 Glossary

EPICA: European Project for Ice Coring in Antarctica.
Fabric:  See Lattice Preferred Orientation (LPO).
Firn: Sintered snow that has outlasted at least one ablation

season (viz. the seasonal period of mass loss, typically
during the summer). Firn is a porous material in a meta-
morphic stage intermediate between snow and bubbly ice
(cf. id.), with a (partially) interconnected pore space that
makes it permeable. Typical firn mass densities range from
350-400kg/m? beneath the snow cover to 820-840kg/m?
near the firn—ice transition depth.

GBS: See grain boundary sliding.

GISP2: Greenland Ice Sheet Project 2 (a deep-drilling site
in Greenland).

Glacier: Land-ice mass whose flow and shape are con-
strained by the bed topography (as distinguished from ice
caps and ice sheets, cf.id.). Glaciers occur naturally in
many forms. In particular, if it is nourished by an ice cap
or ice sheet it is called an outlet glacier.

Grain: Connected volume in a polycrystalline solid com-
posed of an uninterrupted (although possibly imperfect)
crystalline lattice and bounded to other grains by grain
boundaries. Also loosely called crystallite. It should be
noticed the difference between grains of polycrystalline
solids (e.g. ice) and the loose particles of crystalline gran-
ular media (e.g. snow).

Grain Boundary Sliding (GBS):  Relative sliding of a pair
of grains by shear movement at their common interface.
The shear may be completely confined to the boundary, or
occur within a zone immediately adjacent to it.

Grain growth: Class of phenomenological recrystalliza-
tion processes of grain coarsening in polycrystals. If grain
coarsening occurs during deformation, it is called dynamic
grain growth (DGG; cf. id.). Otherwise, it is called static
grain growth, which includes normal grain growth (NGG;
cf. id.) as a special case. Grain growth should not be con-
fused with crystal growth (cf. crystallization).

Grain nucleation: Class of phenomenological recrystal-
lization processes involving the formation of new nuclei
(viz. tiny new grains free of strain and deformation-related
structures). Two types of grain nucleation mechanisms can
generally be identified, here called “pseudo-" and “classi-
cal nucleation”. During classical nucleation, a cluster of
atoms/molecules spontaneously form a new embryo under
the action of high internal stresses and thermally-activated

(Footnote 1 continued)

A somewhat similar hierarchical scheme for recrystallization has for-
merly been proposed by Drury and Urai (1990), but with the expres-
sions “‘elementary/phenomenological process” replaced respectively by
“basic process” and “mechanism”. We favour here the qualifiers “ele-
mentary/phenomenological” (against the “process/mechanism” scheme)
because these qualifiers facilitate the visualization of the hierarchy
and leave us free to use the terms “process” and “mechanism” as
synonyms.

fluctuations, which subsequently grows to become a new
nucleus. Despite recurrent consideration of this mecha-
nism in the glaciological literature (due, in part, to its anal-
ogy to crystal nucleation, cf. crystallization), it is currently
acknowledged that classical nucleation is not relevant for
polar ice.” During pseudo-nucleation a special combina-
tion of elementary recrystallization processes (e.g. SIBM,
subgrain rotation and growth) takes place within a small
crystalline region with high stored strain energy, giving
rise to a little strain-free new grain called pseudo-nucleus.’
Pseudo-nucleation most likely happens at grain boundaries
and other zones of high stored strain energy, e.g. at air bub-
bles and solid inclusions.

Grain stereology: Spatial arrangement of grains in a poly-
crystal, including their sizes and shapes (cf. orientation
stereology and lattice preferred orientation).

Grain subdivision: Phenomenological recovery process
of formation of new subgrain boundaries. It involves
the progressive rotation of certain portions of the grain,
called subgrains (cf. id.), as well as the strengthening
of dislocation walls through dislocation rearrangement
and migration in regions with strong lattice curvature.
If the misorientation across the new subgrain boundary
increases with time, grain subdivision may give rise to
rotation recrystallization (cf. id.).

GRIP: Greenland Ice-core Project (a deep-drilling site in
Greenland).

Ice cap: Dome-shaped land-ice mass with predominant
radial flow unconstrained by the underlying bed topog-
raphy (as distinguished from a glacier, cf. id.). As such,
ice caps show some similarities to ice sheets (cf. id.), but
on a smaller scale that covers an area not greater than
50000 km?.

Ice sheet: Land-ice mass of continental size, which covers
an area greater than 50000 km? (cf. ice cap), and is suffi-
ciently thick to have its flow unconstrained by the under-
lying bed topography (cf. glacier). Despite its thickness,
its width-to-height aspect ratio is still generally larger than
102. A typical ice sheet consists of a central ice plateau,
comprising one or several domes and ridges, and a mar-
ginal region characterized by outlet glaciers, ice streams
and ice shelves. Ice sheets flow outward from the central

2Calculations show (Cahn 1970; Humphreys and Hatherly 2004) that
classical nucleation recrystallization is extremely unlikely to occur in
single-phase polycrystals, owing to the high energies required for the
creation and growth of classical nuclei, except if strong chemical driving
forces are present, which is clearly not the case for polar ice.

3The prefix “pseudo-" is used here to emphasize that this nucleus is
usually much larger than the nucleus formed by classical nucleation,
but still small enough to be strain-free. It should be noticed that the
distinction between pseudo-nucleation and a combination of SIBM-O
with rotation recrystallization is basically a matter of scale: in the latter
case the new crystallite is large enough to inherit a considerable amount
of internal structures from the parent grain.



4 1 Getting Started
ice plateau with a small average surface slope. The mar- Land ice: Ice underlain by land or attached to the shore,
gins usually slope more steeply, and most ice is discharged thus including inland ice, ice shelves, ice tongues, land-
through ice streams and fast-flowing outlet glaciers, in fast sea ice, etc., as distinguished from drift ice (cf. id.).
some cases into the sea or into ice shelves. An ice sheet Lattice defect: ~Any imperfection of the crystalline lattice.
without ice shelves and other floating extensions is called Lattice defects are usually produced/eliminated during
an inland ice sheet* (cf. inland ice) and consists exclu- crystallization, deformation, recovery and recrystalliza-
sively of meteoric ice. There are only two large ice sheets tion, and depending on their dimensions they are clas-
in the modern world, one in Greenland and another in sified as point defects (vacancies, interstitials, etc.), line
Antarctica, the latter frequently subdivided into two nearly defects (dislocations, disclinations, etc.), plane defects
independent portions, called East and West Antarctic Ice (grain boundaries, stacking faults, phase interfaces, etc.),
Sheets, which are separated by the Transantarctic Moun- and bulk defects (fractures, pores, inclusions, etc.).
tains. Several other large ice sheets existed in the past, Lattice Preferred Orientation (LPO): Statistically pre-
during glacial periods. ferred orientation of the crystalline lattices of a population

Ice shelf: A thick and extensive slab of meteoric and of grains. In plural (LPOs): the directional pattern of
accreted marine ice, which is floating on the ocean while lattice orientations in a polycrystalline region (cf. orien-
being attached to, and nourished by, an inland ice sheet. tation stereology). In the glaciological literature, LPOs
Nearly all ice shelves are found today in Antarctica, often are often called fabric (Paterson 1994), while in materials
filling embayments in the coastline. science they are frequently termed fexture (Humphreys

Ice stream: A region in an ice sheet that flows much faster and Hatherly 2004). In particular, a polycrystalline region
than the surrounding ice and shows no evidence of lat- with a random distribution of lattice orientations is said to
eral rock boundaries. If such rock boundaries become evi- have no LPO (viz. texture-free, random fabric).
dent, the ice stream is called a fast-flowing outlet glacier ~ Lattice structure: Arrangement of atoms in the unit cell
(cf. id.). of the crystalline lattice.

Iceberg: Loosely drifting chunk of ice calved from anice Logging: In full ice-core logging. Systematic preparation
shelf, tongue, or wall. Small icebergs are usually called procedure for the future processing and archiving of ice-
growlers (characteristic length up to 10m) or bergy bits core pieces. It usually consists of a series of operations,
(between 10 and 20 m in size). In Antarctica most icebergs including: cleaning; fitting the core and its immediate pre-
are tabular in shape (length—height ratio>5) with lengths cursor together through the matching of core breaks; mea-
in the range 500-2000 m and length—width ratios between suring the core length (which gives rise to the logged depth,
1 and 2. Arctic icebergs are generally much smaller than cf. id.); and labelling (sometimes also cutting and pack-
their Antarctic counterparts. Apart from their coexistence, ing) the core at regular length intervals called bags. Miss-
icebergs and sea ice (cf. id.) are distinct things and should ing ice, though rare, must be handled consistently at this
not be confounded with each other. stage. Each of such bags eventually contains one or more

Inclusion: Localized deposit of undissolved chemical ice-core pieces, which are ready for transportation, stor-
impurities observed in polar ice, like air bubbles, clathrate age and processing, and are uniquely identified by an
hydrates, or brine pockets. Inclusions no larger than a few exclusive bag number.
micrometres are often called microinclusions (e.g. dust Logged depth: Also called core-length depth. Depth from
particles, microbubbles, etc.). the surface of a glacier or ice sheet, measured in terms of

Inland ice: Ice underlain by land (cf. land ice). the length of the logged ice core (cf. logging). The logged

Isotropicice: In full isotropic polycrystalline ice. Ice
with isotropic and homogeneous orientation stereology
(cf. id.). In other words, homogeneous polycrystalline ice
with no LPO (cf. id.).

Kink band: Crystalline zone limited by two nearly parallel
tilt boundaries (cf. id.) of opposite sense. It is produced
by the gradual lattice rotation of the interior zone with
respect to the lattice of the two adjacent regions.

4 According to this definition, which derives from Kirchner and Faria
(2009), the term “ice sheet” generally refers to “inland ice sheet and
related ice shelves”.

depth is identical to neither the real (vertical) depth nor
the borehole depth, because the borehole is never perfectly
straight and vertical, and its profile deforms over time with
the ice flow.°

LPO: See lattice preferred orientation.

Marine ice: Ice formed by the freezing of seawater at the
base of an ice shelf (cf. meteoric ice).

3 A detailed description of a logging procedure, in the case of the North-
GRIP Deep Ice Core, is presented by Hvidberg et al. (2002).

%More information on borehole deformation is available in several stud-
ies (e.g. Dahl-Jensen and Gundestrup 1987; Etheridge 1989; Garfield and
Ueda 1976; Gundestrup and Hansen 1984; Ryser et al. 2014). For the
particular case of the EDML borehole, see Weikusat et al. (2017).
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Megadune: Very large, antidunal formation that is part of
a wavy structure with a few kilometres in wavelength and
several metres in amplitude. Such vast structures are vis-
ible from air- and space-borne platforms as alternating
bands formed transversally to persistent katabatic winds
(cf. sastruga).

Meteoric ice:  Freshwater ice formed by the sintering of
ancient snowfalls (cf. marine ice).

Microbubble:  Air bubble not larger than a critical diame-
ter (e.g. 100 wm in shallow ice). The critical microbubble
diameter is usually defined by the typical bimodal size dis-
tribution of air bubbles in natural ice, and it reduces with
depth owing to the increasing overburden pressure and the
transfer of gas to large bubbles via Ostwald ripening. Pri-
mary microbubbles are those formed together with normal
bubbles in the snow and firn layers. In contrast, microbub-
bles created by post-drilling relaxation of the ice core are
called secondary microbubbles. See also inclusion.

Microinclusion:  See inclusion.

Microshear: Strong, localized shear across a grain that
experiences a highly inhomogeneous shear deformation.
It culminates with the formation of a new, flat subgrain
boundary parallel to the shear plane, called microshear
boundary (cf. slip bands). Microshear is generally related
to grain boundary sliding (cf. id.).

Microstructure: Collection of all microscopic structural
features in a polycrystal, including its lattice defects,
inclusions, and orientation stereology (cf.id.).

Migration recrystallization:  Infull strain-induced migra-
tion recrystallization. Class of phenomenological recrys-
tallization processes based on the elementary SIBM mech-
anism (cf. id.). If nucleation (cf. id.) is involved in the
process, we may call it nucleated migration recrystalliza-
tion (SIBM-N), where the suffix “-N” stands for “new
grain”. Otherwise, i.e. if the migration of boundaries
occurs without formation of new grains, we may call it
ordinary migration recrystallization (SIBM-O), where the
suffix “-O” stands for “old grain”.’

Multiscale structure: The collection of all structural fea-
tures in a material observed on multiple size scales. In
ice sheets such structural features occur on the nano-
and microscale (e.g. dislocations, air hydrates), on
the mesoscale (e.g. cloudy bands) and on large scales

"The definition adopted here is based on the concept of “grain-boundary
migration recrystallization™ originally described by Beck and Sperry
(1950). Notice that this definition is identical neither to that used by
Poirier (1985) nor by Humphreys and Hatherly (2004), and it is also
quite distinct from some loose connotations invoked in the glaciological
literature. The terms SIBM-N and SIBM-O are not standard in the liter-
ature, but they are nevertheless adopted here because they describe quite
precisely the kind of information obtained from microscopic analyses of
ice-core sections. There is unfortunately no one-to-one relation between
SIBM-N/SIBM-O and the expressions “multiple/single subgrain SIBM”
used e.g. by Humphreys and Hatherly (2004).

(megadunes, subglacial lakes, etc.). Some of them may
appear also on a range of scales (e.g. stratigraphic folds).
Most of them are evolving structures that interact with
each other as well as with the ice-sheet flow and the
environment via the SFEI (cf. id.).

NBSAE: Norwegian—British—-Swedish Antarctic Expedi-
tion.

Normal grain growth (NGG): Phenomenological recrys-
tallization process of grain coarsening in polycrystals,
resulting from “the interaction between the topological
requirements of space-filling and the geometrical needs
of (grain-boundary) surface-tension equilibrium” (quoted
from Smith, 1952). By definition, grain coarsening
during NGG is statistically uniform and self-similar,
grain-boundary migration is exclusively driven by min-
imization of the grain-boundary area (and associated
free energy), and the grain stereology is close to a
configuration of “surface-tension equilibrium” (so-called
“foam-like structure”). Owing to these essential features,
NGG is generally regarded as a static recrystallization
process (cf. recrystallization) taking place before/after
deformation (cf. dynamic grain growth). Mathematical
and physical arguments strongly suggest that the kinetics
of NGG is parabolic with respect to the mean grain
radius.®

NorthGRIP: North-Greenland Ice-Core Project,
also abbreviated as NGRIP (a deep-drilling site in
Greenland).

Nucleation: Formation of minute bits of crystalline matter
called nuclei, which occur as tiny new crystals in the case
of crystallization (cf.1id.), or tiny new grains in the case of
recrystallization (cf. id.). In this work, crystal nucleation
is not considered, so that the term “nucleation” is gener-
ally used for brevity as a contraction of grain nucleation
(cf. id.), unless explicitly mentioned otherwise.

Orientation stereology: Spatial arrangement of lattice ori-
entations in a polycrystal, i.e. the combination of grain
stereology and LPO.

Outlet glacier: See glacier.

Pack ice: See sea ice.

Phenomenological structural process: Any combina-
tion of elementary structural processes that gives rise
to general changes in the structure of the polycrys-
tal (cf. elementary structural process). Examples of
phenomenological processes are nucleation and grain
subdivision.

8 As explained by Smith (1952), the interest in NGG comes from the
fact that its kinetics depends solely on the properties of the migrating
boundaries and is otherwise independent of the medium or its deforma-
tion history. This means that the theory underlying the NGG kinetics
is not restricted to polycrystals: similar coarsening phenomena are also
observed in foams, some tissues, and many other cellular media.
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Plate-like inclusion (PLI): Microscopic, flat cavity with
hexagonal symmetry lying on the basal plane of its host-
ing ice crystallite, i.e. a thin negative crystal. With basal
sizes up to a few hundred micrometres and thicknesses not
larger than several micrometres (typical aspect ratio > 20),
PLIs are usually filled with air, occur in a wide range of
temperatures, and are supposed to be produced by stress
relaxation within the ice. Owing to their thinness, PLIs
often appear translucent in transmitted light microscopy
(resembling air hydrates), although some may appear dark
depending on their thickness and inclination. PLIs should
not be confused with Tyndall figures (cf. id.).

Polygonization: Special type of recovery mechanism for
the formation of tilt boundaries. 1t is a particular case of
grain subdivision (cf. id.), by restricting it to tilting (bend-
ing) of crystallographic planes. In ice, polygonization is
often used in reference to the bending of basal planes.

Proxy: Chemical or physical property that may not in itself
be particularly relevant, but that serves as a surrogate for
a relevant but unobservable or immeasurable property or
condition. In particular, climate proxies (e.g. electric con-
ductivity, air content, stable isotope concentration, etc.) are
used as indirect records of past climate conditions expe-
rienced by the ice body (e.g. atmospheric composition,
insolation, past temperature, etc.).

Pseudo-nucleus: See grain nucleation.

Recovery: Release of the stored strain energy by any
thermomechanical process of microstructural change
other than recrystallization.  The qualifiers dynamic
and static denote recovery phenomena occurring during
and prior/after deformation, respectively.  Frequently
(especially under dynamic conditions), recovery and
recrystallization coexist and may even be complemen-
tary (e.g. during rotation recrystallization), so that the
distinction between them is sometimes very difficult.

Recrystallization: Any reorientation (and resulting
rearrangement) of the crystalline lattice caused by grain
boundary migration and/or formation of new grain
boundaries, therefore including SIBM, RRX, DGG and
NGG? (cf. recovery). The qualifiers dynamic and static
denote recrystallization phenomena occurring during
and prior/after deformation, respectively.  Further
classification schemes often invoked in the literature
include the qualifiers continuous/discontinuous and
continuall/discontinual, used to specify the spatial homo-
geneity and temporal continuity of the recrystallization

91n contrast to the definition adopted here, some authors reserve the term
“recrystallization” solely for those processes driven by the stored strain
energy, therefore excluding NGG (see normal grain growth) from its
definition. Other authors (especially in the older literature) loosely use
“recrystallization” as a synonym for SIBM-N (cf. migration recrystal-
lization).

process, respectively. These classifications are, however,
not always unique and are therefore of limited use.

Rotation recrystallization (RRX): Phenomenological
recrystallization process responsible for the formation of
new grain boundaries. It proceeds from the mechanism of
grain subdivision, and as such it involves the progressive
rotation of subgrains as well as the migration of sub-
grain boundaries through regions with lattice curvature.
Notice that this recrystallization process does not require
significant migration of pre-existing grain boundaries, in
contrast to migration recrystallization.

Sastruga: Any of a series of low, irregular ridges of hard
snow alternating with wind-eroded furrows parallel to the
wind direction. Often mentioned in plural (sastrugi), they
have typical lengths of metres and heights less than a metre
(cf. megadune). The alternative spelling zastruga/zastrugi
is also commonly used, alluding to the Russian origin of
the word.

Seaice: Any form of ice originated from the freezing of the
sea surface. Ice floes are pieces of sea ice, which can be
driven together into a nearly compact drifting mass called
pack ice. If sea ice forms a sheet firmly attached to the
shore, it is named land-fast sea ice. Apart from their coex-
istence, sea ice and icebergs (cf. id.) are distinct things
and should not be confounded with each other.

SFEI: Structure—form—environment interplay. Generally,
the environment influences the form; changes in the form
affect the environment; environmental changes act on
the structure; the structure modulates the form evolu-
tion; the evolving form alters the structure. In the case
of glaciers and ice sheets it denotes the multiscale inter-
actions between the deforming ice, its structure, and the
environment.

Shallow ice: Ice from shallow depths (usually the upper
few hundred metres) of a glacier or ice sheet (cf. deep ice).

SIBM: See strain-induced boundary migration.

SIBM-N/SIBM-O: See migration recrystallization.

Slip bands:  Series of parallel layers with intense slip activ-
ity and high amount of intracrystalline lattice defects
(especially dislocations). Slip bands in ice always appear
in groups parallel to the basal planes and are indicative of
anearly homogeneous shear deformation of the respective
grain via basal slip (cf. microshear).

Static recrystallization:  See recrystallization.

Stored strain energy: Fraction of the mechanical energy
expended during deformation that is stored in the mater-
ial in diverse types of intracrystalline lattice defects, e.g.
dislocations, stacking faults, subgrain boundaries, etc.

Strain-induced boundary migration (SIBM):

Elementary recrystallization process of grain boundary
motion driven by minimization of the stored strain energy.
It involves the migration of a grain boundary towards
a region of high stored strain energy. The migrating
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boundary heals the highly energetic lattice defects in that
region, therefore promoting a net reduction in the total
stored strain energy of the polycrystal. See also migration
recrystallization.

Subglacial structure: Any structural feature underneath
the glacier or ice sheet, ranging from till and rocks to chan-
nels and lakes.

Subgrain: Sub-domain of a grain, delimited by a subgrain
boundary and characterized by a lattice orientation that is
similar, but not identical, to that of the rest of the grain. In
ice, the lattice misorientation across a subgrain boundary
is limited to a few degrees.

Texture: See Lattice Preferred Orientation (LPO).

Tilt boundary: Special type of subgrain boundary in
which the misorientation axis is tangential to the boundary
interface.

Twist boundary: Special type of subgrain boundary in
which the misorientation axis is orthogonal to the bound-
ary interface.

Tyndall figure: Negative crystals in ice filled with lig-
uid water and vapour, which are produced by internal
melting (e.g. through exposition to radiation). Tyndall fig-
ures should not be confused with plate-like inclusions
(cf. id.).

Wind crust:  Thin layer of hard snow with high mass den-
sity, produced on the glacier or ice-sheet surface by strong,
persistent winds combined with appropriate conditions of
humidity, temperature, insolation, etc.



Antarctica and EPICA

The first day or so, we all pointed to our countries. The third or
fourth day, we were pointing to our continents. By the fifth day,
we were aware of only one Earth.

Prince Sultan bin Salman bin Abdulaziz al Saud, Saudi Arabian
astronaut (Sagan 1997, p. 139)

2.1  The Antarctic Ice Sheet

In German, an ice sheet of the type covering Antarctica is
usually called an Eisschild or Eispanzer, which can loosely
be translated as an “ice shield” or “ice armour”, respectively.
While the English term “sheet” better describes the thin geom-
etry of an ice sheet,! there is no doubt that the German names
best convey the idea of a massive bulk of ice over Antarctica:
with a volume of circa 25 x 10%km? (including ice shelves)
and an average thickness close to 2km spread over an area
larger than 13 x 10°km?, the Antarctic Ice Sheet contains
about 23 million gigatonnes of ice, which represent roughly
67% of world’s freshwater and a potential contribution to
global sea-level rise of 58 m (Lemke et al. 2007; Vaughan
et al. 2013). As if these figures were not impressive enough,
the Antarctic ice plateau is also the coldest desert in the world,
with annual mean temperatures far below freezing and pre-
cipitation values comparable with the driest deserts on the
globe.

As mighty as it may seem, the Antarctic Ice Sheet is not
insensitive to external agents. Similar to other polycrystalline
solids, ice yields in a ductile manner at sufficiently high tem-
peratures, slowly flowing under the burden of its own weight
in a highly viscous fluid-like regime of plastic deformation
known as creep. As reference, metals and ceramics usually
start to creep at temperatures above circa 30 and 50% of their

IThe Antarctic Ice Sheet has a width-to-height aspect ratio of
~1.8 x 10%, which is of the same order of magnitude as the aspect ratio of
a typical sheet of A4 office paper (cf. definition of ice sheet in Sect. 1.2).

© Springer-Verlag GmbH Germany 2018

melting points, respectively (Frost and Ashby 1982; Phillips
2001). Thus, recalling that ice as cold as —40 °C (which is a
common temperature for Antarctic ice) is already at 85% of
its melting point, it should come as no surprise that glaciers
and ice sheets creep: this is an expected and unavoidable phe-
nomenon, simply caused by the fact that the Earth’s surface
is always considerably hot for ice.

This creep regime allows the ice in Antarctica to contin-
ually flow away over the centuries and millennia under the
action of its own colossal weight, creeping towards the ocean
at a pace from several to many metres per year (Bamber et al.
2000), until it eventually melts beneath ice shelves or calves
intoicebergs (Kirchner and Faria 2009; Kristensen 1983; Rig-
not et al. 2004). This ceaseless creep is mainly controlled by
the ice temperature, and nourished by snowfall on its surface.
As a consequence, climatic changes have a profound impact
on the mass balance of the ice sheet, which is basically the
difference between the gain through precipitation from the
atmosphere (snow accumulation) and the loss through melt-
ing and calving to the ocean (ice ablation). If the balance is
positive, the ice sheet grows, otherwise it dwindles.

The resulting climate-driven waxing and waning of the
Antarctic Ice Sheet reflects its fundamental role in the Earth’s
climate system, which is characterized by the ability of the ice
sheet to interact with the atmosphere and the ocean on a global
scale (Bamber et al. 2007; Hemming 2004; Oerlemans 2001;
Siegert 2001). Evidences of these interactions can be easily
found, e.g. in paleoclimate records showing the differences
in the global climate before and after the emergence of large
ice sheets in the early Oligocene (ca. 34 million years ago;
Zachos et al. 2001), or in sea-floor sediments and paleoglacial
landforms revealing massive ice discharges from ancient ice
sheets (Bond et al. 1992; De Angelis and Kleman 2007).

Crucial is that such ice—environment interactions remain
recorded also in the ice sheet itself. Within and together with
the snow, further substances (aerosols, isotopes, etc.) are also
deposited from the atmosphere onto the ice sheet surface.
These deposits contain information about the atmospheric

S.H. Faria et al., The EPICA-DML Deep Ice Core, Frontiers in Earth Sciences,

https://doi.org/10.1007/978-3-662-55308-4_2
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composition in the period between the formation of snow
crystals in the atmosphere, their precipitation and metamor-
phism into porous firn, and the subsequent transformation
of firn into impermeable bubbly ice. The outcome of this
metamorphic process is the chemical and structural stratifi-
cation of polar ice, which can be observed in all ice cores
retrieved from Antarctica (and Greenland). Many of these
stratified impurities have already been identified as climate
proxies (cf. Glossary in Sect. 1.2), which render the Antarctic
ice sheet aunique archive of Earth’s climate in the past million
years (EPICA Community Members 2004; EPICA commu-
nity members 2006; Petit et al. 1999; Watanabe et al. 2003).

At this point it is important to emphasize that the active
interaction of the ice sheet with its environment (through its
flow, albedo, melting, etc.) and its passive recording of the
past climate are intimately coupled. For instance, experience
shows that climate proxies in form of microscopic inclusions
and dissolved impurities in polar ice can have a marked impact
on the ice microstructure (see Glossary in Sect. 1.2), as exhib-
ited e.g. in the conspicuous correlation between mean grain
size of ice and impurity concentration within cloudy bands
identified in polar ice cores (Faria et al. 2010, 2014a; Gow
and Meese 2007a; Gow and Williamson 1976). On the other
hand, as in any other polycrystalline material, the microstruc-
ture plays an essential role in defining the mechanical prop-
erties of ice, including its flow (also called rheology). From
these facts we conclude that climate proxies not only build up
the paleoclimate records of the ice sheet, but they also have
a significant effect on the rheology of polar ice (Faria et al.
2009, 2014b; Gow and Meese 2007b; Lhomme et al. 2005;
Paterson 1991, 1994).

It happens, however, that paleoclimate records are not
always well preserved in polar ice. The main threat to record
integrity is the ice flow, which generates considerable shearing
in the lower part of the ice sheet. This shearing often causes
disturbances and alterations in the ice strata (e.g. folds) that
eventually lead to the disruption of the ice stratigraphy (Alley
et al. 1997; Faria et al. 2010; NEEM Community Members
2013). Such disruptions render the interpretation of paleo-
climate records in the deepest portion of ice cores (which is
generally also the oldest and most valuable) a formidable task.

In summary, inclusions and dissolved impurities trans-
ferred from the atmosphere into the ice make up climate
records that can have significant effects on the microstruc-
ture and rheology of polar ice. In turn, climate records stored
within the ice are generally not static: the same ice that pre-
serves paleoclimate records can also operate on them. The
most serious operation is the disruption of the local stratig-
raphy by the ice flow. Fortunately, many of these operations
leave temporary imprints on the ice structure, which can be
identified and analysed through appropriate techniques. Some
of these techniques are described in the next chapters. The
identification of such temporary imprints allows glaciologists

to devise new methods for reconstructing disrupted climate
records.

2.2  Understanding the SFEI

The interactions between impurities, microstructure, and
mechanical properties of polar ice, outlined in the last
section, are particular examples of a comprehensive multi-
scale interpretation of the dynamics of natural systems called
Structure—Form—Environment Interplay (SFEI; cf. Fig.2.1
and Glossary in Sect. 1.2). Generally, the term “structure”
encompasses all constitutive features of the system that
determine its symmetry and response on diverse scales. The
notion of “form” is defined by the interior and boundaries of
the system, so that changes in form include all morphological
processes of deformation, flow, growth, decay, etc., under-
gone by the system. Finally, “environment” stands for all
exterior circumstances and boundary conditions necessary to
fully characterize the system in relation to its surroundings.

Environment

Structure Form

Fig.2.1 Schematic representation of the Structure-Form—Environment
Interplay (SFEI). The environment acts on form and structure; changes
in form affect structure and environment; the structure influences form
and environment

It must be emphasized that the general characterization
of structure, form, and environment is far from resulting in
a sharp trichotomy. In fact, these three concepts generally
overlap considerably, so that their precise distinction depends
largely on the context and the scale under consideration. For
instance, in a large-scale ice-sheet model, the pore space of
firn is part of the ice microstructure, while the atmosphere on
the ice sheet belongs to the environment. In contrast, for a
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glaciologist interested in the microscopic genesis of climate
records, the pore space of firn defines the form, while the air
inside the pores constitutes the environment.

For the sake of illustration, we may consider the notion of
SFEI with regard to the problem of a large armada of icebergs
drifting under the action of winds and ocean currents, as it
occurs e.g. in the North Atlantic during Heinrich events or
in the Southern Ocean during the collapse of Antarctic ice
shelves:

¢ If the modeller is interested in the fate of a single iceberg,
then the concept of form comprises the size and shape
of that particular iceberg, while the ice crystallites, inclu-
sions and impurities within the iceberg define its (micro-
and macro-) structure. Accordingly, melting and fragmen-
tation of the iceberg represent interactions between form
and environment.

* A very different picture of SFEI emerges if the mod-
eller is interested in the dispersion of the whole armada.
In this case, the form consists of the spatial distribu-
tion (i.e. instantaneous positions) of all icebergs, while
the sizes and shapes of individual icebergs define the
(“micro-")structure of the armada. Melting and fragmenta-
tion of icebergs represent now interactions between struc-
ture and environment.

The contextual flexibility in the definitions of structure,
form, and environment within the SFEI are typical of complex
systems with nested or multiscale hierarchy: the form of a
small-scale system X becomes part of the structure of a larger
system A, which is made up of many copies of the former
(i.e. X C A).During this upscaling process, the definition of
environment also changes, since form and environment are
complementary concepts (the environment is exterior to the
form).

To further explore the concept of SFEI within the context
of Antarctica, we briefly review in the next section some of the
typical structures observed in Antarctic ice, how they emerge,
and how they interact with climate proxies and ice mechanical
properties. Further details are discussed also in Chap. 4.

2.3  The Multiscale Structure of Antarctica

In the previous sections we introduced the notion of Antarc-
tica as a complex system, with structural features on diverse
scales, which evolves according to the framework of SFEIL.
Here we analyse this view in more detail, by investigating the
formation and evolution of some key structural features of
Antarctic ice: air inclusions.

Environmental conditions initially determine not only the
size and shape of snow crystals (Fig.2.2), but also the con-
centration of aerosols (mineral dust, sea salt, and other trace
species) captured by the falling snow that accumulates on the

ice-sheet surface (McConnell et al. 2014; Fischer et al. 1998,
2007b). Stable isotope ratios of precipitation (HD!®O and
H2180 relative to H216O) are commonly used as proxies for
the temperature at the time of snow formation, even though
seasonal variations are usually lost by diffusive mixing
(Cuffey and Steig 1998). Some types of snow crystals may be
transported over long distances by strong winds, eventually
accumulating selectively in a variety of surface patterns on
multiple size scales, ranging from millimetre-thick wind
crusts, to snowdrifts and sastrugi, up to vast megadunes
(Birnbaum et al. 2010; Frezzotti et al. 2002; cf. Glossary
in Sect. 1.2). These multiscale surface structures are then
further modified by wind erosion, sublimation, and the rapid
metamorphism of snow, triggered by direct exposition to
solar radiation, wind, moisture, and temperature gradients
(Colbeck 1983; Davis et al. 1996).

The surface of the Antarctic Ice Sheet essentially con-
sists of such patches of multiscale surface structures made
up of different types of compacted and eroded snow, which
have been discontinuously formed during snowfall and wind
events over several years (Fig.2.3). The diverse granular
compositions found in these multiscale surface structures are
characterized by contrasts in grain size and shape, lattice pre-
ferred orientations, porosity, impurity and moisture content,
which have their origins in intricate chemical and metamor-
phic processes in the snowpack. Air—snow exchanges of trace
compounds affect the chemistry of the snow cover and the
lower atmosphere, therefore interfering with the snow meta-
morphism (Dominé and Shepson 2002; Grannas et al. 2007).
Besides the evident consequences for the formation of cli-
mate proxies, changes in snow chemistry and metamorphism
can alter the surface albedo and permeability of the snow
cover, with implications for the validation of radar backscatter
signals from altimetry/interferometry surveys (RADARSAT,
CryoSat, etc.; West et al. 1996).

Subsequent compaction and sintering of the old snow,
driven by the increasing overburden of new snowfalls, leads
to the formation with depth of the porous material known
as firn (Figs.2.4 and 2.5). In dry polar regions, the firn
layer extends from the near surface’ down to 50-100m
depth, with a gradual mass density increase (called firn meta-
morphism/densification, or firnification) from about 300—
350kg/m? to 840kg/m?, the latter defining the transition from

21t must be warned that the definition of firn presented in the Glossary
(Sect. 1.2) requires some care, when applied to the dry, cold, and windy
Antarctic plateau. As illustrated in Fig.2.3, snow accumulation on this
region is so low that its snow cover is discontinuous. That is, the plateau’s
surface is generally characterized by a patchy coexistence of shallow
snowdrifts and sastrugi with firn-exposed regions that may experience
mass loss (ablation) through wind erosion and sublimation for several
years. Consequently, firn with distinct physical properties (e.g. mass
density, crystalline and pore structures, mechanical strength, etc.) can be
found in neighbouring patches near the surface, making the distinction
among old snow and various types of firn not so straightforward.
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Fig.2.2 Typical snow crystals at Kohnen Station, Dronning Maud Land, Antarctica. Fresh snow that falls on the cold and dry Antarctic plateau
is usually monocrystalline (therefore the term snow crystal). In contrast, fresh snowflakes (viz. feathery aggregations of snow crystals typical
of snowfalls in mid-latitudes) are rare. Nevertheless, snow crystals already deposited on the surface may sometimes aggregate into flakes, being
eventually blown by strong winds up to considerable heights and distances. Scale bar: 1 mm

firn to bubbly ice. In the first 10-20m below surface, sea- Deeper down, gas transport occurs predominantly via dif-
sonal temperature variations can penetrate into the firn and fusion driven by water-vapour density gradients (Colbeck
air exchange with the outer atmosphere occurs mainly through ~ 1983).

forced convection, in response to pressure gradients at the sur- Evidently, the air exchange and transport within the firn
face (Alley et al. 1982; Bender et al. 1994; Colbeck 1989). is strongly constrained by the geometrical and topological
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Fig.2.3 Typical “patchwork™ of multiscale surface structures on the Antarctic Ice Sheet. It consists of various types of snow covers with height
variations not larger than many centimetres: flat-fissured (bottom-right), crinkly (bottom and centre-left), loosely rough (centre), and wavy-stepped
(centre-right). Each of these covers is characterized by certain grain and pore microstructures, and has been produced by a particular combination
of snow deposition, drift, sublimation, and erosion processes. The predominant wind direction in this site is from the bottom-right to the top-left.
Image width corresponds approximately to 3 m at the bottom of the photograph

characteristics of the pore space, which in turn depend on the
original structure of the snow cover and the whole history
of firn metamorphism. Owing to this, a great variety of firn
densification models have been proposed in the literature (e.g.
Alley 1987; Herron and Langway 1980; Maeno and Ebinuma
1983; Barnola et al. 1991; Salamatin et al. 2009; Arnaud et al.
2000; Arthern et al. 2010; Freitag et al. 2013; Goujon et al.
2003). Common to all these models is the observance of two
sintering stages, described by Anderson and Benson (1963)
in terms of the mass density of firn o as follows (the critical
densities mentioned below are just approximate, since they
actually depend on several factors, like temperature or impu-
rity content of the firn layer, as discussed by Arnaud et al.
2000):

1. Snow and shallow-firn metamorphism (of < 550kg/m3).
Densification is controlled by the structural rearrangement
of unbounded snow and bounded firn particles by mechan-
ical packing and grain-boundary sliding. The first criti-
cal density (*550kg/m?) corresponds to the limit beyond
which grain-boundary sliding is no longer effective as the

controlling densification process, giving place to intracrys-
talline plastic deformation (creep).

2. Deep firn metamorphism (550kg/m’ < of < 820840

kg/m?). Firnification is controlled by intracrystalline
power-law creep and recrystallization. The last critical
density (~820-840kg/m?) defines the pore close-off depth
interval, also called firn—ice transition zone, in which
intercommunicating pores are pinched off and the air
becomes entrapped in independent bubbles within the
newly formed bubbly ice.

In addition to these two stages, Maeno and Ebinuma
(1983) identified another critical density (%730kg/m3),
which divides the second stage into two sub-stages. Although
this critical density could be identified in the firnification
curves of several firn cores, its physical grounds (proposed by
Maeno and Ebinuma 1983, in terms of topological changes
in the pore space) remained obscure for long time. This issue
has been recently revisited by Kipfstuhl et al. (2009) and
Faria et al. (2014b), who proved through observations and
theory that the Maeno—Ebinuma critical density is actually
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Fig.2.4 The birth of Antarctic firn. Left: In a sense, this tablet may be regarded as the “Rosetta stone” of polar glaciology. It displays the uppermost
50cm of firn (corresponding to several years of accumulation at DML), and reveals the genesis of the polar ice microstructure. Over the years,
recurrent burial of diverse types of surface structures gives rise to a vertical sequence of fine- and coarse-pored strata, which are easily identified
on the tablet when it is observed against sunlight. Each stratum has its own characteristic microstructure, impurity content, etc. Notice how the
irregular structures at the top become gradually more compacted and regular with depth. Right: Set-up used for observing the tablet shown on the
left. Firn blocks extracted from a nearby snow pit are piled together and used as a support for the tablet. Erosion and sublimation (intensified by
exposing of the tablet to wind and sunlight) enhance the microstructural contrasts

caused not only by topological changes in the pore space, but
mainly by changes in the crystalline structure and mechanical
properties of the firn skeleton:

2.a. Upper (deep) firn metamorphism (550kg/m® < of <
730kg/m?). Densification is controlled by intracrystalline
power-law creep with strain hardening, characterised
by the development of many regions with high internal
stresses. The topology of the pore space reaches a state
where its contribution to strain accommodation becomes
negligible.

Lower (deep) firn metamorphism (730kg/m> < of <
820-840kg/m?). Internal stress concentrations become
so high that the stored strain energy in many regions

2.b.

reaches the critical level to trigger dynamic recrystalliza-
tion (SIBM-O and SIBM-N, cf. Sect. 1.2), causing strain
softening and redistribution of internal stresses.

At the critical depth for pore close-off (named firn—ice
transition zone), firn converts into bubbly ice, and the formerly
connected pore space splits into many separated air bubbles,
which take up approximately 10% of the total volume of bub-
bly ice (Stauffer et al. 1985). These air bubbles represent a
unique climate archive for the reconstruction of past changes
in atmospheric composition. Owing to the above-mentioned
exchange and transport of air within the firn, however, the pre-
cise dating of these air bubbles (also known as the ice—air age
difference) turns out to be a challenging task: gas inclusions
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Fig. 2.5 Multiscale structure of an Antarctic firn sample from some metres depth (EDML B36 firn core). Right: Millimetre-thick wind crust
(near the 68 mark) sandwiched between coarse-pored material, which is in turn surrounded by fine-pored firn. Left: Photomicrographs of horizontal
sections showing the microstructures of the coarse- and fine-pored strata. The pore space appears in black and the ice skeleton in light grey. Some
grain boundaries (faint dark lines inside the ice skeleton) can also be identified. The diameter of each micrograph is ca. 35 mm. In spite of the
profound microstructural changes caused in firn by recrystallization and metamorphism, essential microstructural contrasts remain recorded in
deeper ice (Bendel et al. 2013; Ueltzhoffer et al. 2010) as variations in the mean grain size, as well as in the number, average size, and spatial

distribution of air bubbles

are always younger than the surrounding ice matrix. Air in firn
pores down to 50-100m depth still is in exchange with the
atmosphere through connected pathways in the pore network.
As aconsequence, ice underneath the firn—ice transition depth
can be a few thousand years older than the air entrapped in
its bubbles (Barnola et al. 1987; Bender 2002; Raynaud et al.
2007; Schwander and Stauffer 1984).

The main source of complication comes from the fact that
the firn mass density shows strong stratification, so that the
resulting depth-variations in the pore structure entail criti-
cal differences in the exchange and transport of air between
adjacent layers. High-resolution density studies of Arctic and

Antarctic firn (Gerland et al. 1999; Hori et al. 1999; Fre-
itag et al. 2004; Horhold et al. 2011, 2012) revealed that the
initially strong density stratification (viz. density variability)
caused by irregular snow deposition (Figs. 2.4 and 2.5) rapidly
decreases within the shallow firn. Notwithstanding, the den-
sity variability increases again below 10-30m depth, where
the firn reaches a density of ca. 600-650 kg/m3, and it contin-
ues to increase, correlating with the impurity content, down
to the firn—ice transition. Finally, in the bubbly ice zone, the
density variability slowly diminishes again. These results sug-
gest that density variations at the firn—ice transition, which are
crucial for the dating of air bubbles, may be mainly caused by
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variations in impurity content (Horhold et al. 2012; Freitag
etal. 2013).

Besides, recent studies by Ueltzhoffer et al. (2010) and
Bendel et al. (2013) have shown that the collective bubble
structure of bubbly ice (i.e. statistical data on bubble sizes,
shapes, and spatial distribution) can be used to reconstruct
the primordial pore structure of firn (viz. the firn paleo-pore
structure). Such reconstructions tell us that layers with high
impurity concentration, which are most frequent in glacial
periods, reach the critical density for pore close-off first, there-
fore diminishing the ice—air age difference in ice from glacial
periods.

In summary, a correct interpretation of climate records in
the upper part of polar ice cores depends on identifying the
links between atmospheric composition and the climate sig-
nal stored in the ice, together with a reliable dating of the
ice matrix and its inclusions (Legrand and Mayewski 1997).
Both issues are strongly connected to the structural proper-
ties of snow and firn, as well as their accumulation rate and
metamorphism. As if the above arguments were not enough
to underline the importance of structural studies of snow and
firn, it has been recently recognized (Cuffey 2008; Helsen
et al. 2008) that variations in the rate of firn metamorphism
and snow accumulation over years and decades complicate
assessments of Antarctic mass changes based on altimetry
surveys, to such an extent that they represent today the main
source of uncertainty in predictions of future seal level rise.

Beneath the firn—ice transition, air bubbles gradually
decrease in size and the enclosed gas pressure increases with
depth, in order to counterbalance the overburden pressure
of ice (Bendel et al. 2013; Lipenkov et al. 1997; Salamatin
et al. 1997, 2009; Ueltzhoffer et al. 2010). This increase
of gas pressure with depth does not proceed indefinitely,
though. Below a certain critical depth (which depends mainly
on the pressure and temperature of the ice matrix), the
ice—bubble composite structure is no longer thermodynami-
cally stable, so that the gas and water molecules rearrange
themselves into crystalline compounds called clathrate
hydrates (cf. Glossary in Sect.1.2; Shoji and Langway, Jr.
1982; Kipfstuhl et al. 2001; Salamatin et al. 2001). Clathrate
hydrates in polar ice are composed of air, therefore being
frequently called air hydrates.

The bubble-hydrate conversion in ice sheets is an
intriguing microstructural phenomenon, which remains
poorly understood. Air hydrates in polar ice seem to refuse
complying with the simple thermodynamic theory that suc-
cessfully explains hydrate formation in other environments,
like pipelines or the sea floor (Miller 1969; Sloan 1998):
not all bubbles in polar ice transform into air hydrates at the
same critical depth predicted by the simple theory (which
corresponds to the depth at which the overburden pressure
of ice equals the theoretical clathrate-hydrate dissociation
pressure, cf. Glossary in Sect. 1.2). Rather, there exists a large

depth interval that comprises the bubble—hydrate transition
zone, which generally spans circa S00m (corresponding to
thousands of years), where bubbles and hydrates coexist
(Fig.2.6; Faria et al. 2010, 2009; Kipfstuhl et al. 2001; Narita
et al. 1999; Pauer et al. 1996; Shoji and Langway, Jr. 1982,
1987; Uchida et al. 1994a, 2014).

Within this zone, which in the case of EDML covers the
800-1200m depth interval (Faria et al. 2010, 2009), some
interesting physical and chemical phenomena take place.
In particular, there occurs a depth-dependent gas fractiona-
tion, with N»-enriched bubbles co-existing with O,-enriched

hydrates (Ikeda et al. 1999; Nakahara et al. 1988). This
fractionation is significant, with N»/O; concentration ratios
within clathrate hydrates reaching values around 2 or less at
the upper part of the bubble—hydrate transition zone. Deeper
down, this ratio gradually increases with depth again, moving
back to the standard average atmospheric ratio of 3.7, which
is achieved underneath the transition zone and coincides with
the N»/O» ratio originally found in the air bubbles above this
zone. A similar fractionation phenomenon is observed also in
the case of carbon dioxide (Stauffer and Tschumi 2000), with
air hydrates at the upper part of the bubble—hydrate transition
zone being depleted of CO;.

The current explanation for this local air fractionation phe-
nomenon lies in a combination of the lower hydrate dissocia-
tion pressure of O, and its ability to diffuse through ice faster
than other air components, like No or CO, (Ikeda-Fukazawa
etal. 2005, 2001; Nedelcu et al. 2009; Severinghaus and Bat-
tle 2006; Stauffer and Tschumi 2000). Thus, the air diffusion
from bubbles to hydrates through the ice matrix, caused by
the higher pressure in the bubbles compared to the hydrate
dissociation pressure, turns out to be more effective for O,
than for N, or CO».

From the viewpoint of ice-core paleoclimate records, the
phenomenon of bubble-hydrate air fractionation may cause
serious complications for small-scale, high-resolution stud-
ies. Such studies are crucial for identifying abrupt variations
in the past composition of Earth’s atmosphere, and are espe-
cially important for the study of deep ice records, where the
stratigraphy has already thinned considerably due to the ice-
sheet flow. It has also been recognized that small changes in
the N»/O; ratio (in the per-mil range) correlate well with the
local summertime insolation and could, in theory, be used as
an absolute dating tool for ice cores (Bender 2002; Fujita et al.
2009; Suwa and Bender 2008). In both cases, the gas diffu-
sion associated with air fractionation in the bubble-hydrate
transition zone has the potential to spoil the integrity of high-
resolution paleoclimate records.

The complications caused by air fractionation are how-
ever not limited to the bubble-hydrate transition zone: air
hydrates in deep ice cores extracted and stored at atmospheric
pressure are no longer in thermodynamic equilibrium, and
therefore they tend to slowly dissociate air back into bubbles
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Fig.2.6 Mosaic micrograph of the interior of a fresh EDML deep ice-core sample from 1055 m depth. It shows air bubbles and hydrates coexisting
within the bubble-hydrate transition zone. Air bubbles appear dark and round, while air hydrates seem translucent. Defocused lines crossing the
image in various directions are by-products of sample preparation, viz. grain-boundary marks (sublimation grooves) etched on both surfaces of
the ice sample. Four types of air hydrates are explicitly identified: (1) rugged spheroids; (2) polyhedral shapes; (3) rugged spheroid with a large
multifaceted protrusion; (4) rugged spheroid with two slender prolongations. The sample is “fresh” in the sense that it was prepared and analysed
shortly after drilling, in order to minimize the effects of post-drilling relaxation (plate-like inclusions, secondary microbubbles, decomposing

hydrates, etc.). Vertical scale bar: 1 mm

(Gow and Williamson 1975; Stauffer and Tschumi 2000). The
rate of hydrate dissociation is mainly determined by the stor-
age temperature (under atmospheric pressure) and may take
between few and many years. This means that the coexis-
tence of bubbles with hydrates in stored ice cores is inevitable,
and consequently so are also the local diffusion and fraction-
ation of air components, which can be minimized, but not
fully avoided, by low temperature storage (Miyamoto et al.
2009; Gow 1971; Uchida et al. 1994b). For these and other
reasons, a clear understanding of the interplay between ice
microstructure and climate proxies is essential for the correct
interpretation of high-resolution paleoclimate records.
Below the bubble-hydrate transition zone, air hydrates
continue to evolve over millennia in curious ways (Fig.2.6):

from rugged polycrystalline spheroids to multifaceted,
polyhedral, and slender shapes, as well as smooth single-
crystalline globules (Kipfstuhl et al. 2001; Pauer et al. 1999;
Shoji and Langway, Jr. 1982; Uchida et al. 1994a). The
causes of these varied recrystallization and metamorphic
processes remain unclear.

Studies of climate records in the lowest tens of metres
of deep ice cores are usually impaired by stratigraphic
disturbances (e.g. folds) and interactions with subglacial
encroachments (e.g. soil particles, rock fragments, melt water,
etc.). Additionally, regardless of careful storage at low tem-
peratures (usually between —20 and —50 °C), post-drilling
relaxation structures emerge quickly and unavoidably in deep
ice cores. They consist mostly of the previously mentioned
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Fig. 2.7 Examples of post-drilling relaxation microstructures. Left: Fresh EDML ice core sample from 1095 m depth. Noticeable are a large
hydrate in the centre and another smaller one at the fop-left part of the image. The many black dots are microinclusions characteristic of cloudy-band
ice (see Glossary in Sect. 1.2). Right: The same sample after three years of relaxation under standard storage conditions (—30 °C and atmospheric
pressure). At the locations of some microinclusions, secondary microbubbles (inclined dark-blue arrows) or plate-like inclusions (horizontal
light-yellow arrows) have appeared. Interestingly, other microinclusions seem unaltered and show no signs of relaxation, possibly due to distinct
physico-chemical properties. Scale bar: 100 um. After Weikusat et al. (2012)

decomposing hydrates, microscopic relaxation bubbles
called secondary microbubbles, and flat hexagonal cavities
(i.e. negative crystals) known as plate-like inclusions (PLIs);
cf. Fig.2.7 and Glossary in Sect.1.2 (Gow 1971; Nedelcu
et al. 2009; Weikusat et al. 2012). Secondary microbubbles
and PLIs are generally filled with fractionated (oxygen-
enriched) air that was originally dissolved in the ice matrix
or stored in air bubbles and hydrates. The characteristic
O, enrichment of these relaxation structures suggests
that the gas filling process occurs via molecular diffusion
through the ice matrix, in a similar fashion as the filling
of new air hydrates in the bubble-hydrate transition zone.
Consequently, studies of PLIs and secondary microbubbles
may help to clarify the mechanisms of gas diffusion in
polar ice, in particular those related to air fractionation and
metamorphism of air hydrates.

2.4 The Birth of EPICA

In a certain sense, one may say that the origins of the Euro-
pean Project for Ice Coring in Antarctica (EPICA) can be
traced back to the end of 19th century, when Carl Weyprecht
(1838-1881) developed the concept of “International Polar
Year” (IPY). The basic purpose of IPY was to convince scien-

tists and policy makers that a coordinated international effort
was needed to investigate the geophysics of polar regions.
Weyprecht did not live to see his idea materialized: the First
International Polar Year occurred in the period 1882—1883,
shortly after his death. It became a milestone of polar glaciol-
ogy, with twelve participating nations coordinated by an Inter-
national Polar Commission, chaired by Georg von Neumayer
(1826-1909). Besides many scientific advances and the com-
pletion of 15 polar expeditions (including two to Antarctica),
the principal legacy of the First IPY was to set a precedent for
international cooperation in science.

The example of international cooperation given by the First
IPY inspired many subsequent scientific events and activi-
ties, including the Second International Polar Year, half cen-
tury later (1932-1933). World War II imposed a hiatus in
non-military polar research, but international research activ-
ities resumed shortly afterwards, following the spirit estab-
lished by the first two IPYs. In particular, close scientific
collaboration between Norway, Sweden, and Great Britain,
initiated by Hans Ahlmann (1889-1974), culminated with
the 1949-1952 Norwegian—British—Swedish Antarctic Expe-
dition (NBSAE) led by John Giaver, Valter Schytt, and Gor-
don Robin (Schytt 1974), which recovered a nearly 100m
deep ice core from the Maudheim site on Quar Ice Shelf, Dron-
ning Maud Land (DML), Antarctica (Faria et al. 2014a; Schytt
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1958). NBSAE became a landmark in the history of geo-
sciences not only because it provided the very first Antarctic
ice core and launched the investigations of Antarctica’s mul-
tiscale structure, but also because it established many aspects
of the paradigm of scientific research to be pursued during
the succeeding International Polar Year, which was expanded
and renamed the International Geophysical Year (IGY, 1957—
1958).

One of the main goals of IGY was to redirect the technol-
ogy developed during World War I towards applications to
geophysical research. Among the many scientific advances
associated with this event, one could mention the verification
of Alfred Wegener’s theory of continental drift, the launching
of the first artificial satellites (Sputnik series, Explorer series,
Vanguard), and the discovery of the Van Allen radiation belt.
Additionally, it established an international research cooper-
ation programme in Antarctic glaciology of unprecedented
proportions: 12 nations, 48 Antarctic stations, and diverse
traverses over the Antarctic ice sheet, which provided not
only the first informed estimates of Antarctica’s total ice vol-
ume, but also two intermediate-depth ice cores extracted from
Byrd Station (1957-1958, 307 m deep) and Little America V
(1958-1959, 264 m deep; Langway 2008). Finally, another
historical outcome from this period was the preparation of the
Main Antarctic Treaty, ratified in 1961 by the twelve coun-
tries active in Antarctica during the IGY. Today, this Treaty
still plays a fundamental role in preserving the environment
and regulating human activity in Antarctica.

After the IGY in the late 1950s, a new era of polar glaciol-
ogy was established, marked by the quest for ever deeper and
older polar ice cores. In this vein, two prominent U.S. Army
scientists, Henri Bader (a key person behind the IGY ice-
core drilling campaigns) and his colleague B. Lyle Hansen
(a world-renowned ice-core driller) started devising a plan to
reach bedrock depths in Greenland and Antarctica (Bader
1962). In 1966, after a strenuous six-year field effort, the first
deep ice core reaching bedrock (1387 m depth) was extracted
from Camp Century, Northwest Greenland, a subterranean
nuclear-powered overwintering facility for 200 persons oper-
ated by the U.S. Army (Ueda and Garfield 1968).

Surprisingly, in a genuine tour de force the same team and
equipment continued their lucky streak by reaching bedrock in
Antarctica less than two field seasons later, with the extraction
of a 2164 m deep ice core from Byrd Station in 1968 (Ueda
and Garfield 1969).

Whereas U.S. scientists primarily performed the afore-
mentioned drilling operations, the ice-core laboratory
analyses demanded an internationally coordinated action,
mainly involving Denmark, Switzerland, and the United
States. This collaboration culminated with the creation of the
American—Danish—Swiss drilling initiative GISP (Greenland
Ice Sheet Project), headed by Willi Dansgaard (University
of Copenhagen), Chester Langway, Jr. (U.S. Army Polar

Research Unit), and Hans Oeschger (University of Bern).
Three bedrock core drillings were originally planned for
GISP, the major one at Summit, the highest point of the
Greenland ice sheet. However, financial restrictions from
U.S. side forced the selection of only one location, the
logistically more convenient Dye-3 site, a U.S. radar station
near Greenland’s southern coast. By 1981 bedrock was
reached at Dye-3, yielding a 2037 m deep ice core.

The experience acquired with GISP, combined with the
prevalent trend towards a unified European community
(including the establishment of the European Science
Foundation, ESF, in 1974) motivated European scientists to
pursue joint inter-European deep drilling initiatives. The first
of them, called GRIP (Greenland Ice Core Project), was
coordinated by a steering committee chaired by Bernhard
Stauffer (University of Bern) and involved eight European
countries (Denmark, Switzerland, France, Germany, United
Kingdom, Italy, Iceland and Belgium). Its aim was to drill an
ice core down to Greenland’s bedrock at Summit (the same
drilling site originally planned for GISP). Simultaneously, a
companion U.S. drilling project called GISP2 (Greenland
Ice Sheet Project IT) was aiming at similar drilling objectives
just circa 30km west of Summit. Collaboration on the field
between the two drilling parties was very good and helped
to save costs for both projects. In 1992 the GRIP ice-coring
team reached bedrock at 3029 m depth. Approximately one
year later a 3053 m deep ice core was recovered to bedrock
depth at the GISP2 site.

These two sibling cores provided a wealth of information
about the climate history of the North-Atlantic region in the
last 115ka. In particular, they revealed a remarkably turbulent
climate during the last glacial period (14-114kaBP), char-
acterized by what became known as Dansgaard—Oeschger
events: rapid climate fluctuations at intervals ranging from few
hundred to few thousand years (Dansgaard et al. 1993). Such
abrupt changes could be identified not only in other Greenland
cores (e.g. Camp Century, Dye-3) but also in marine sediment
records of the North Atlantic, whichindicate large-scale shifts
in ocean currents (Bond et al. 1993; Johnsen et al. 1992). In
contrast, the identification of similar events in Antarctica was
hampered by the generally lower snow accumulation, which
increases the chance of finding older climate records, but
reduces their chronological resolution.

Actually, the situation was such that, by the end of the
GRIP-GISP2 drilling projects, there was only one Antarctic
ice core extending through the last glacial period and beyond:
the Vostok Deep Ice Core, extracted at the homonymous
Soviet research station, which was established in 1957 during
the IGY (Fig.2.8). The Vostok core revealed a close connec-
tion between climate and the atmospheric concentration of
greenhouse gases back to 420kaBP (Jouzel et al. 1993; Petit
et al. 1999), but it showed no clear evidence of an Antarctic
counterpart to Dansgaard—Oeschger events (Paterson 1994).
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Fig.2.8 Location of some deep
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These results made patent that high-resolution records
from Antarctica’s South-Atlantic sector were necessary to
complement the records obtained in central Greenland. On
the other hand, there was also the lasting desire to go fur-
ther back in time with ever older ice cores. It was in this
spirit that the Antarctic counterpart to GRIP, called the Euro-
pean Project for Ice Coring in Antarctica (EPICA) came out
in the early 1990s. EPICA was conceived as a multinational
inter-European consortium with the objective of drilling two
ice cores to bedrock on the East-Antarctic Plateau within a
decade. At Dome C, in the Indian Sector, the target was old
ice, with the largest possible amount of glacial-interglacial
cycles in one record. At Dronning Maud Land (DML), in the
Atlantic Sector, the aim was to obtain a South-Atlantic coun-
terpart to the high-resolution Greenland records, covering at
least one complete climate cycle (Fig.2.8).

2,5 EPICA Facts and Figures

The European Project for Ice Coring in Antarctica (EPICA)
was organized in a threefold funding scheme:

90°E

180°

. as two successive programmes of the European Science
Foundation (ESF);

2. as 341 projects within successive Framework Pro-

grammes of the European Commission (EC);

3. asanumber of national contributions from the ten European

nations formally involved in EPICA: Belgium, Denmark,
France, Germany, Italy, the Netherlands, Norway, Sweden,
Switzerland, and the United Kingdom.

EPICA started as a five-year ESF Research Programme
in January 1996, which was then extended for further five
years in 2001, and eventually continued for one extra year
until the end of 2006. During this eleven-year period ESF
contributed a total of EUR 490,000 to the Programme (Oerter
et al. 2009), which were made available mainly for coordi-
nation, meetings, and publications. The EPICA Programme
was managed by a Scientific Steering Committee chaired from
1996 to 2001 by Jean Jouzel (Climate and Environment Sci-
ences Laboratory, LSCE, Saclay), and subsequently by Heinz
Miller (Alfred Wegener Institute, AWI, Bremerhaven) until
2006.
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Table 2.1 The EPICA-EC grants (after Oerter et al. 2009)

Project Reference’ Duration Grant?
EPICA 1 ENV4-CT95-0074 Feb 1996—Jan 1999 5.0
EPICA2 ENV4-CT98-0702 Feb 1999-Apr 2001 29
EPICA3 EVK2-CT-2000-00077 May 2001 - Apr 2004 2.4
EPICA-MIS STREP-003868 Dec 2004—-May 2008 2.5

fSometimes the dashes and/or the letters “CT” are omitted
Million EUR

Table 2.2 Summary data on the two EPICA drilling sites

Dome C* Dronning maud land*
Ice-core notation EDC96 and EDC99 EDML
Station name Concordia Kohnen
Location 75°06°04”S, 123°20°52”E 75°00°06”S, 00°04°04”E
Elevation (a.s.l.) 3233m 2892 m
Ice thickness 3309+22m 27824+10m
Ice-core length 3259.72m 2774.15m

Ice-core age ca. 800,000 years

ca. 150,000 years (at 2416 m)
possibly 250,000 years (near bedrock)

Accumulation rate (annual mean)

25.0kg m—2a~! (present time scale)
25.6kg m2a~! (using Tambora)
25.4kgm*2a*1 (last 1000 years)

64.0+0.5kgm2a~! (last 1000 and 4000 years)
65kg m~—2a~! (from radar)

T http://www.esf.org (retrieved on 30 Nov 2015, search word: EPICA)
¥ Ibid. and Oerter et al. (2009)

Field work of EPICA was co-funded by three subse-
quent EC grants within the 4th—6th European Framework
Programmes (Table2.1), as well as one Specific Targeted
Research Project, called EPICA-MIS (Enhanced Paleo-
reconstruction and Integrated Climate Analysis through
Marine and Ice-core Studies). According to Wilhelms et al.
(2014), the EC grants amounted to circa 25% of the total
budget, while multiple national contributions (which are
difficult to estimate precisely) covered the remaining 75%.

The main logistic support for Dome C was provided
by Italy and France through PNRA (National Research pro-
gramme in Antarctica) and IPEV (Institute Paul Emile Vic-
tor), respectively. On the other hand, Germany (AWI) was in
charge of the logistics for Dronning Maud Land.

Scientific activities were planned and coordinated by a
Scientific Committee led by Bernhard Stauffer (University
of Bern) in the period 1996-2002, and then by Eric Wolff
(British Antarctic Survey, BAS, Cambridge) until 2006.
Research was arranged in five basic consortia: isotopes,
gases, chemistry, dust, and ice physical properties. Smaller
teams dealt with ice sheet modelling and meteorology, while
two special groups were formed during the course of the
project for dating and biological studies.

The EPICA science plan, formulated in 1994, addressed
many of the major paleoclimate issues of the time, especially
that of investigating past climate cycles (with an expected
time coverage of 500,000 years, much less than was even-
tually achieved), and of understanding the geographical and

temporal scope of rapid climate changes during glacial peri-
ods. To achieve these goals EPICA used drill rigs heavily
based on designs previously developed by Danish scientists
and colleagues for Greenland deep-drilling programmes (cf.
Sects. 3.2 and 3.3).

At Dome C (75°06’S, 123°21’E, also known as EDC;
cf. Table2.2), next to the all-year French—Italian Concor-
dia Station, drilling started in 1996, but the drill got stuck
at 788 m depth and the borehole was abandoned in 1999
(EPICA Community Members 2004). This first core became
known as EDC96. Drilling of the second core (EDC99, some-
times also called EDC2) started in 1999, circa 10m apart
from the EDC96 borehole, and stopped at a logged depth?
of 3259.72 m in December 2004, nearly 15 m above bedrock
(Jouzel et al. 2007), after seismic soundings suggested the
presence of melt water just below. Ice at the bottom of the
EDC99 core is estimated to be older than 800kaBP (Jouzel
et al. 2007; Parrenin et al. 2007).

In Dronning Maud Land (DML), an extensive pre-site
survey (Steinhage 2001) led to a drilling site at 75°00’S,
00°04’E, now known as Kohnen Station (Table2.2). Deep
drilling started in January 2002 and finished in January 2006
at a logged depth of 2774.15m, nearly 10 m above bedrock,
after subglacial water poured into the borehole (Oerter et al.
2009). Dating of the core could be performed unambiguously
down to 2416 m depth, corresponding to circa 150 kaBP (Ruth

3For a definition of logged depth, see the Glossary in Sect. 1.2.
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et al. 2007). For the remaining 358 m of the core (approx-
imately 13% of the core length, possibly corresponding to
further 100,000 years) the core could not be dated, because of
flow disturbances that corrupted the stratigraphy (Faria et al.
2010, 2014b; Ruth et al. 2007, see Chap.4). Thus, the paleo-
climate records of the EPICA-DML Deep Ice Core (usually
called EDML) cover a complete glacial cycle inrelatively high
resolution, and serve as a direct southern-hemisphere counter-
part to the Greenland records (e.g. GRIP, GISP2, and the more
recent NorthGRIP and NEEM ice-core records; EPICA com-
munity members 2006).

These findings and many others have been highlighted
in more than 300 scientific publications to date, including

two EPICA community papers (EPICA Community Mem-
bers 2004; EPICA community members 2006) and a special
EPICA issue (Barbante et al. 2010). EPICA data have featured
heavily in authoritative assessment reports, such as those of
SCAR (Scientific Committee on Antarctic Research), or the
4th and 5th Assessment Reports of IPCC (Intergovernmental
Panel on Climate Change). The achievements of EPICA were
also recognized by the Descartes Prize for Excellence in Sci-
entific Collaborative Research 2007, awarded to EPICA by
the European Commission. Likewise, several EPICA scien-
tists have been honoured with awards from respected bodies
like the European Geophysical Union (EGU) and others.


http://dx.doi.org/10.1007/978-3-662-55308-4_4

The EDML Drilling Site

Thou, which hast shewed me great and sore troubles, shalt
quicken me again, and shalt bring me up again from the depths
of the earth.
Psalm 71: 20,
The Holy Bible (2003) Authorized Version

3.1 Dronning Maud Land

To become a polar explorer in the early 20th century was
an exciting call for many, but vocation for just a few prop-
erly gifted. The occupation required not only intrepidity and
exceptional physical condition, but also talent to convince
potential sponsors of the predictability of unpredictable expe-
ditions and nerves to withstand the perpetual fight against
time. Needless to say that all these virtues have been dramat-
ically epitomized in the race for the South Pole undertaken
by Robert Falcon Scott (1868-1912) and Roald Amundsen
(1872-1928) in the austral summer 1911-1912. However, the
polar explorer’s misery would not end with the conquest of
the poles. Rather, the conquering just paved the way for a new
race, this time for charting, exploration of natural resources,
and territory claims.

It was in this spirit that during the 1920s, after the World
War I hiatus, a new rush of explorers burst through Antarctic
waters and—most extraordinarily—its skies (from this time
on aircraft would prove themselves invaluable for Antarc-
tic research; Baschin 1929; Byrd 1930). No piece of land
should be spared a claim, no geographical location should
be spared the name of a royalty or other generous sponsor.
Owing to their long experience in Antarctica since the con-
quest of the South Pole, Norwegians and British were espe-
cially prolific in this respect. Notwithstanding, whereas the
Norwegians proved to be faster in the race for the South Pole,

© Springer-Verlag GmbH Germany 2018

it transpired that the British were more effective in territor-
ial claims: by the end of the decade, most of East Antarc-
tica would be claimed by the British Commonwealth, leav-
ing untouched only a largely unexplored territory bordered
by Coats Land on the west (20°W) and Enderby Land on
the east (45°E; Baschin 1931). Although different parts of
that unexplored region were back then loosely referred to as
Dronning Maud Land—after Queen Maud of Norway (1869—
1938), consort of King Haakon VII—it was only in 1939,
after Queen Maud’s decease, that Norway finally instituted
a formal claim for the Antarctic region between 20°W and
45°E (Fig.3.1).

While the coast of Dronning Maud Land (DML) became
reasonably well charted and examined in the course of the
20th century, its inland remained poorly explored until the
establishment of EPICA. Consequently, in order to determine
a suitable location for the EPICA-DML (EDML) deep ice
drilling, extensive pre-site surveys turned out to be mandatory.
They lasted several years (from 1994 to 1999 and beyond) and
extended over an area of circa 10°km? in the central-north-
western part of DML (Fig. 3.1). The adopted survey methods
included a great number of airborne radio-echo sounding mea-
surements of ice thickness and bedrock topography, ground-
based measurements of accumulation and ice movement, and
a mapping project.

Surface topography was determined from ERS-1 satellite
altimetry data (Bamber and Bindschadler 1997; Huybrechts
et al. 2000), while extensive airborne radio-echo sounding
(RES) surveys, most of them carried out by AWI in the period
1994-1999 (5 campaigns, 89 flights, 91,500 km of radar pro-
files), provided a wealth of data about ice thickness, stratig-
raphy, and bedrock topography (Steinhage 2001; Steinhage
etal. 1999, 2001). Results of some of these surveys are shown
in Figs.3.2,3.3,3.4, 3.5 and 3.6. Particularly interesting is the

23

S.H. Faria et al., The EPICA-DML Deep Ice Core, Frontiers in Earth Sciences,

https://doi.org/10.1007/978-3-662-55308-4_3



24

3 3 The EDML Drilling Site

Fig.3.1 Similar to Fig.2.8, but with a superposed screen that highlights
the Dronning Maud Land sector. The region coloured in gold defines the
EPICA survey area, in which the optimal drill site for the EPICA-DML
core (marked with @) was eventually chosen. After Oerter et al. (2009)
and Steinhage (2001)

long RES composition (Profile 993136) along the flow-line
connecting Dome F to the EDML site, shown in Figs.3.2
and 3.3: the EDML site lies on an ice ridge, which stems
from Dome F, circa 1200km upstream. Consequently, the
radar profile along the ridge (which, by definition, coincides
with a flow-line, cf. Fig.3.7) gives rise to a two-dimensional
stratigraphic map, on which one can trace the complete tra-
jectory of any EDML ice particle (e.g. the dashed orange line
in Fig.3.3).

Snow accumulation and ice-sheet surface velocities have
been repeatedly measured since 1995 by means of snow
pit sampling, firn-core drilling, temperature measurements at
10m depth, ice-penetrating radar, and static GPS measure-
ments (Oerter et al., 2009). Based on these data, the veloc-
ity field around the EDML site could be modelled (Fig.3.7;
Calov et al. 1998; Huybrechts et al. 2000; Steinhage 2001).

Out of 24 potential drilling positions around the EDML site
(respectively named DMLO1-DML24), the EPICA Steering
Committee eventually selected in 1999 a location 1.6 km east
of DMLOS as the optimal site for drilling the EDML Deep
Ice Core. On 10 January 2001, after two seasons building
Kohnen Station and the respective drill trench, the borehole

was located at 75°00°09”’S, 00°04°06”E at an elevation of

"bomg Fuiji

= :
g .
e

Fig.3.2 Map of the region around the ice ridge connecting the summit
of East DML (Dome F) to the EDML site. Three radio-echo sounding
(RES) paths are shown. The first (blue solid line) is a long stacked pro-
file along the flow-line between the stations Dome Fuji (on Dome F) and
Kohnen (in the EDML site), which is shown in Fig. 3.3 (Profiles 993113,
993132, 993136, 023150, 033141). The other two (red solid lines) are
high-resolution short profiles crossing the EDML site north- and east-
wards, and are shown in Figs. 3.4 and 3.5 (Profiles 983101 and 023150,
respectively). Blue dotted lines mark the ice divide (cf. Fig.3.7). After
Steinhage (2001). Courtesy of D. Steinhage (AWI)

2892 m (cf. Fig.3.6 and Table 2.2). The surface flow velocity
of the ice at the drill site is 75.6 cm/a with an azimuth of 273.4°
(Fig.3.7; Wesche et al. 2007). The mean annual temperature

derived from measurements at 10 m depth is —44.6 °C, with a
recent temperature range (registered by the automatic weather
station at Kohnen) between —70 and —17 °C (Oerter et al.
2009).
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Fig.3.3 Selective section representation of the composition of radio-echo soundings (RES) along the flow line between the stations Dome Fuji
and Kohnen, illustrated in Fig.3.2 (Profiles 993113, 993132, 993136, 023150, 033141). Selected are three topographic profiles: the ice-sheet
surface (black line, separating the ice in light blue and the atmosphere in white), the bedrock (brown), and one internal horizon representing the ice
stratigraphy (red line). The two blue vertical lines indicate the locations of the Dome Fuji and EDML boreholes, respectively. Four portions of the
bedrock could not be resolved from the RES data (around 320, 390, 440 and 470 km). The red horizon describes the 15 isochron layer identified by
RES at 1062 m depth, with an age of ca. 25kaBP (cf. Figs. 3.4 and 3.5). The dashed orange line represents a rough sketch of the path followed by
an ice particle from the ice-sheet surface to its present position in the EDML core. It illustrates the fact that EDML ice at a depth around 2 km has
originated from a surface location circa 400 km upstream along the flow-line. After Steinhage (2001). Courtesy of D. Steinhage (AWI)

3.2  Kohnen Station

The construction of a polar research base is always subjected
to natural and technical constraints on design and procedures.
In the case of the EDML drilling camp, the Alfred Wegener
Institute (AWI), Bremerhaven, performed all the design, con-
struction, and related logistics, according to the following
guidelines (Driicker et al. 2002; Oerter et al. 2009):

e The base has to operate as a summer camp, which has to
give full support to the ice-core drilling operation.

* Fuel and heavy cargo for building and maintaining the
camp must be shipped by the Research Vessel Polarstern
(or other supply vessels) to Neumayer Station II at Atka
Bay, DML, and transported from there by sledge traverses
to the EDML site, circa 760 km inland. For lighter cargo,
additional aircraft support is also provided.

e The camp has to accommodate 20 persons during the
drilling season, with additional short-term accommodation
for up to 7 persons.

» Sufficient energy for operation of the camp, as well as for
drilling and scientific activities, must be generated on site.

e Mass and volume of all building material has to be as low
as possible for transportation.

* Environmental impact due to transport, construction, and
operation of the camp has to be as low as possible.

* Only a short time window is available for the construc-
tion of the camp, which has to be simple and reliable to
withstand the climatic conditions at the construction site.

e Deep drilling should start in the austral summer season
2001/2002 and should take between three and four summer
seasons.

e The camp should be operational for approximately
20 years.

Based on these requirements, the EDML central building
was designed as a steel platform on 16 pillars with eleven
20-feet containers on top of it (Figs.3.8-top and 3.9). The
first seven containers (radio room, mess room, kitchen, bath-
room, and sleeping rooms) had actually been part of a former
Antarctic station: AWI’s Filchner Station, which was salvaged
in February 1999 from the giant tabular iceberg A-38B, while
it was drifting in the Weddell Sea! (Ams et al. 2001). Four

I The giant tabular iceberg A-38 calved off the Filchner—Ronne Ice Shelf
in October 1998. It had an approximate size of 150 x 50km and split
into two halves (A-38A and A-38B) shortly after calving. The two parts
drifted along the Weddell Gyre in direction of the Antarctic Peninsula
and then northwards, eventually grounding north-east of South Georgia
Island in January 2004, where they disintegrated within months (Jansen
et al. 2005a,b).
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Fig.3.4 Radio-echo sounding
(RES) section (Profile 983101) of
a northwards profile across the
EDML drilling site (cf. Fig.3.2).
For clarity, the bedrock
topography data is shown in the
bottom diagram. As usual in RES
studies, the lowest portion of the
record shows no reflection
horizons (echo-free zone) and has
therefore been excluded. The
precise location of the EDML
borehole and the internal
reflection horizon I5 are marked
(cf. Figs.3.3, 3.5 and 3.6). After
Steinhage (2001). Courtesy of
D. Steinhage (AWI)
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additional containers on the platform (snow melter, power
supply, store, and workshop) completed the design of the
EDML central building. Besides the eight beds offered in the
central building, additional housing was included as mobile
units according to the needs during the drilling operation
(Fig.3.8-top).

In contrast to the lifted configuration of the central build-
ing, the venue for ice-core drilling and preliminary physical
analyses was conceived as a 66 m long, 4.8 m wide, and 6 m
deep trench in the snow and firn, with wooden floor and roof
(Figs.3.8-bottom, 3.10 and 3.11). This design, which is an
improved version of former drill trenches built in Greenland,

has proven to be very efficient in the low-accumulation, slow-
flowing EDML site. The underground structure offers ample
space, without exposing itself to the elements. Furthermore,
the snow and firn walls act as natural thermal insulators, main-
taining the temperature in the trench low and nearly constant
during the whole drilling season (& — 25 °C).

The EDML trench was divided in three sections
(Figs.3.10, 3.11, 3.12, and 3.13): one dedicated for drilling
(“drill trench”), one for ice-core logging and preliminary
analyses (“science trench”), and another one for temporary
ice-core storage (‘“core buffer”). Access for persons and
material was given by a ramp at the front, a lift in the
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Fig.3.5 Radio-echo sounding
(RES) section (Profile 023150) of
an eastwards profile across the
EDML drilling site (cf. Fig.3.2).
For clarity, the bedrock
topography data is shown in the
bottom diagram. As usual in RES
studies, the lowest portion of the
record shows no reflection
horizons (echo-free zone) and has
therefore been excluded. The
precise location of the EDML
borehole and the internal
reflection horizon I5 are marked
(cf. Figs.3.3, 3.4 and 3.6). After
Steinhage (2001). Courtesy of
D. Steinhage (AWI)

0.53°W , 74.95°S

atmosphere

15>

0.65°E, 75.06°S

£

o

(=]

uw

10 km

E 400 | A,
z _--I“-F ¥ *
-% 200 ] M,
= =
5
e 0 bedrock

EDML borehole

i, FH i 5

ﬁ

middle, and an emergency exit ladder at the end (in the core
buffer). In the first drilling season (2001/2002), an additional
cave was hand-excavated at the end of the core buffer for
hosting a fully equipped ice microscopy laboratory for the
microstructure mapping (WSM) of fresh ice-core samples
(red dashed outline labelled wSM in Fig.3.10). In this
laboratory, delicate instruments (computers, video recorders,
etc.) were kept in a small heated cabin built in a portion
of the cave, while microscopes and other robust equipment
were operated outside the cabin, in the cave’s naturally cold
environment.

The drill apparatus used at EDML was a 12-metre ver-
sion of the Hans Tausen drill (Johnsen et al. 2007), which is
essentially the same drill model used for the deep drillings at
NorthGRIP (Greenland) and EPICA Dome C (Antarctica). It
consists primarily of a winch, a tiltable tower, and a down-hole
unit (containing all the electronics, mechanical parts, core bar-
rel, and drill head) mechanically suspended and electrically
alimented by a 3.5 km long stainless steel wire armoured cable
(Figs.3.10, 3.11, 3.14, and 3.15). Wooden beams mounted
in the floor provided foundation for the drill tower and the
winch. The tiltable tower rotates about its half-length to a
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Fig. 3.6 Exploded perspective (viewed from 30°E and 20° elevation)
of the surroundings of the EDML drilling site, illustrating the remote-
sensed topography of the ice-sheet surface, the bedrock, and an internal
isochron layer (all with 25x vertical magnification). The image covers
a region extending 70km eastwards and 50km northwards (cf. arrow
towards north). Depicted in the centre is the 15 isochron layer identified
in Figs.3.3, 3.4 and 3.5. Bedrock is represented in brown, with dark
brown denoting the region below sea level. The topography of ice layers
is indicated by hues ranging from dark cyan to blue, up to light violet.
Isolines mark height intervals of 50m on the ice surfaces, and 100m
on the bedrock surface. The position of the EDML borehole is marked
in yellow. At the borehole, the bedrock elevation is 110m a.s.l. and the
ice-sheet surface reaches 2892 m a.s.l. (cf. Table2.2). After Steinhage
(2001). Courtesy of D. Steinhage (AWI)

horizontal position, therefore facilitating the core extraction
and drill maintenance, but requiring in turn the excavation of
an additional narrow trench (called inclined borehole trench)
for accommodating the lower half of the drill tower when it
is in vertical (drilling) position.

On 11 January 2001 the EDML base was inaugurated.
The topping-out ceremony of the drill & science trench was

705

79'S

Fig. 3.7 Flow directions (yellow arrows) in the neighbourhood of
the EDML drilling site (black disc), computed with the Budd—Warner
numerical model (Budd and Warner, 1996) and data compiled by Stein-
hage (2001). Red dotted lines define the contours of the ice divide
(i.e. lines of divergent flow). From these results we conclude that the
dominant stress regime in the upper part of the ice sheet at EDML is
horizontal extension transverse to the direction of flow. This conclusion
has recently been corroborated by Weikusat et al. (2017). After Steinhage
(2001). Courtesy of D. Steinhage (AWI)

celebrated two weeks later, on 24 January 2001. The base was
named Kohnen Station in tribute to the German geophysi-
cist Heinz Kohnen (1938-1997), who was the first Head of
Logistics at AWI. Kohnen played a decisive role in the con-
struction of the first West-German Antarctic base (Georg von
Neumayer Station, at Atka Bay, Ekstrom Ice Shelf) and he
strongly promoted EPICA from the very beginning.

3.3  Drilling and Processing

After the EDML drill & science trench was finished, drilling
started with a dry access hole down to 98 m depth below the
bottom of the inclined borehole trench (corresponding to
113 m below the original snow surface, cf. Fig.3.10) and the
hole was cased. Such a casing is necessary to prevent the


http://dx.doi.org/10.1007/978-3-662-55308-4_2
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Fig.3.8 Kohnen Station and the EDML drill & science trench. Top Kohnen Station (the drill trench is behind the observer), with a cylindrical fuel
tank on the right (blue) and a white food storage refrigerator on the left. Further left there are different kinds of dormitories (several types of cabins
and a large tent). In the main building, the two blocks of containers on the left (darker orange) were salvaged from the former Filchner Station,
while the block of containers on the right (lighter orange) was added to complete Kohnen Station. Bottom entrance ramp to the EDML drill &
science trench (Kohnen Station is on the left, not shown). Above the trench is the lift cover (red), with the drilling-fluid tank to its right and the
drillers” workshop behind it (both in blue). Further to the right there are two science tents in red and a small “Scott” polar pyramid tent in orange
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Fig.3.9 Layout of Kohnen Station central building. This type of elevated design has proven to be very practical and robust, from the experience
with other Antarctic stations (e.g. Filchner, Halley V, SANAE IV). The adjustable elevation prevents the building from being buried in snow, while
the gap between the building and the snow surface allows the blown snow to pass underneath, therefore inhibiting the formation of undesirable
snowdrifts and sastrugi by persistent katabatic winds. From Oerter et al. (2009). Courtesy of C. Driicker (AWI)
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Fig.3.10 Layout of the EDML
drill & science trench. Added to
the original layout is the sketch
(red dashed outline) of the
hand-excavated cave at the left
side of the core buffer, which
became the laboratory for
microstructure mapping (LSM)

studies. After Oerter et al. (2009).

Original layout courtesy of
C. Driicker (AWI); red dashed
outline added by the Authors

: 33
2 £
5 & 52
E :
w .
s 5
i : c
O N B [
> O B =y
°°' N -
2 CE < o
L o~ [*]
o SPE © <
w O F y 2
T © o
© U E g w
m ks =
el S R
=1 -
@ E E i
- s
- w
- L
- o
: ;_og
[T : E%g
Ell 0 =
n X E m O
£°F on ®
5 M~
= : >

40.25

©
*
% ©
o 2
< g
~ 2
S
K
Q 5 by
cc — [
PO = cw
o3y 28 E
QO c c o c
o un o - i
C — C - "
0 ®-= Q£ 0
235 258
T & 0 ® v
€5 @© £
® Do N
. § E =z
— —
= - (]
(a]
drilling fluid from penetrating into the porous firn in the upper Deep ice-core drilling started in the EDML site on 25 Janu-

part of the ice sheet.

ary 2002 (season 2001/2002) and continued during four aus-
tral summer seasons (no drilling in the season 2004/2005)
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Fig.3.11 Interior of the EDML drill trench. Left: Drill in vertical (drilling) position. Only half of the drill tower is seen; the lower half goes into
the borehole trench, which is a coverable, narrow and inclined trench that houses the actual borehole under the drill trench’s ground (cf. Fig. 3.10).
Also visible are the drill winch in the foreground, the drill control cabin (white) on the right, and the entrance door to the science trench and core
buffer far in the background. Right: Drill in horizontal position, enabling the easy extraction of the ice core. The whole 12 m long tiltable drill tower
is now exposed. For safety reasons, the trapdoor of the inclined borehole trench remains closed when the drill lies horizontal. The drill control cabin
(white) is seen on the left. The brightness on the top of the image comes from the snow outside, because the main entrance to the trench is wide

open

until 16 January 2006, when it reached the final logged depth
of 2774.15 m below snow surface. The drilling operation was
concluded after detection of subglacial water entering the
borehole (Fig. 3.16).

Post-drilling operations usually consisted of the following
steps. Recovered ice-core pieces ranging from some centime-
tres to more than three metres in length were first stored in
the core buffer (Fig.3.12-bottom). This initial storage period

ranged from minutes to two weeks, depending on the progress
of drilling and core processing, the brittleness of the core, and
special needs of physical studies. After being removed from
the core buffer, the core pieces experienced the first stage of
processing in the science trench (Fig.3.12-top), which con-
sisted of cleaning, logging, and cutting (and/or assembling)
into one-metre ice-core units. The dielectric profile (DEP) of
each unit was then determined, in order to obtain a preliminary
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Fig.3.12 EDML science trench and core buffer. Top: Science trench seen from the passage to the drill trench (cf. Fig.3.10). Various stages of
ice-core logging and initial processing can be distinguished from back-left to front-right: ice-core cleaning and logging table, horizontal band
saw (for cutting the logged cores into one-metre long pieces), dielectric profiling (DEP) rail frame and controller (the latter in the metallic boxes),
table for preliminary visual stratigraphy analysis and packing, and finally, on the bottom-right, the white corner of an expanded polystyrene box
for storage and transportation of packed ice cores. Bottom: The core buffer room. After drilling, ice cores are temporarily stored here for later
logging, cutting, DEP, visual stratigraphic analysis, and packing. The empty metallic boxes are used to access the higher parts of the buffer. An
open expanded polystyrene box for storage and transportation of packed ice cores can be seen on the right
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Fig.3.13 Some features of the hand-excavated cave that hosts the EDML microstructure mapping (0 SM) laboratory (cf. Fig. 3.10). Top: Unsheltered
part of the wSM laboratory, showing computer-controlled microscopes for manual and automatic scanning analyses of ice sections. Behind the
microscopes are two windows of the heated cabin that shelters the controlling computers and other delicate equipment. Bottom: Interior of the
heated cabin (ca. 15 °C). The same windows shown in the top photograph are now seen from inside the cabin, on the right
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Fig. 3.14 Main components of the down-hole unit of the Hans Tausen (HT) drill. This was the shorter (6 m long) prototype version of the deep
NorthGRIP and EPICA drills. The latter are mechanically identical to the HT drill, except for a much longer core barrel and chips chamber, in
order to deliver in one run an ice core up to 4m long. The HT drill bears its name from the Hans Tausen Ice Cap in Greenland, where it was first

tested in 1995. From Johnsen et al. (2007)

estimate of the age of the core.”? In addition, every ten metres
a lcm thick stripe was cut lengthwise from the core unit
(cf. physical properties cut in Fig. 3.17) for the microstructure
mapping (LWSM) of fresh ice-core samples in the microscopy
cave® (Fig.3.13).

The processed core units were thus packed in insulated
polypropylene-foam boxes, six units in each box (summing

2Dielectric properties of polar ice vary with its impurity content (mainly
acid and neutral-salt concentrations), which is closely related to climate
proxies. Consequently, the non-destructive DEP analysis provides a first
glimpse into key climatic events recorded in the ice core, which can be
used to estimate the age of the ice piece.

31t is very important to record high-quality images of the microstructure
of the core while the ice is still fresh, because relaxation and recrystal-
lization effects, caused by the ageing of the ice core during storage, may
alter or disguise its original structure.

up to a weight of 48kg/box in the deeper parts of the core)
and flown in small aircraft to Neumayer Station II at Atka
Bay, where they were stored in large refrigerated containers.
These containers were shipped to Cape Town, South Africa,
by the Research Vessel Polarstern, or another supply vessel
available. Finally, acommercial cargo vessel transported them
from Cape Town to Bremerhaven, where the cores experi-
enced the second stage of processing.
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Fig. 3.15 EDML borehole and ice core. Top: Down-hole drill unit (suspended by the steel wire armoured cable) descending into the EDML
borehole, circa 6.5m below. Visible are the lower half of the drill tower on the right, as well as the anti-torque section at the top of the down-hole
unit. The wood board on the left is part of the trapdoor that covers the inclined borehole trench (cf. Fig. 3.10). Bottom: A piece of the EDML ice
core, still inside the core barrel (core diameter <10cm). The drill is in horizontal position and the ice core and core barrel have been slightly shifted
outside the outer barrel for better visualization. The liquid flowing out of the drill is the drilling fluid used to counterbalance the pressure inside the
borehole (courtesy of K. Hoérnby, Stockholm University)



3.3 Dirilling and Processing 37

Fig.3.16 Portrait of the international drilling team on the occasion of the end of the EDML deep ice-core drilling (photograph dated 17 January
2006). Mostly composed of German members, the team includes the logistics, drilling, and science groups active in the season 2005/2006. The
drill is completely covered by frozen subglacial water from the bottom of the borehole. From bottom-left to top-right, first row: Karin Weiler
(Switzerland), Tobjorn Karlin (Sweden; dark-blue overall), Sepp Kipfstuhl (yellow jacket), Jens Kohler (dark-grey tuque), Birthe Twarloh (no head
cover), Fernando Valero (white gloves), and Sérgio H. Faria (dark-blue trousers); second row: Gunter Lawer (light-blue tuque), Dorothee Dick (no
head cover), Anja Lambrecht (red-yellow tuque), Diedrich Fritzsche (black ear-flap hat), Frank Wilhelms (multicoloured tuque), Klaus Trimborn
(dark-blue tuque), Heinz Miller (grey tuque), Hans Beiersdorf (no head cover), Johannes Freitag (dark-blue ear-flap hat), and Patrik Kaufmann
(Switzerland; blue jacket); third row: Jochen Krischat, Marc Blattner (black tuque), Andreas Frenzel, Adi Ackermann (with sun-glasses), Cord
Driicker (gripping the drill tower), Hans Oerter (yellow tuque), Gerit Birnbaum (grey-black tuque), Andreas Brehme (sun-glasses on the forehead),
and Giinter Stoff (with a Hein Blod stuffed toy on the chest)

Fig.3.17 The EDML cutting
plan (courtesy of H. Oerter,
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To accomplish this second stage, representatives of all
EPICA partner laboratories met five times at AWI’s cold
room in Bremerhaven (June 2002, July and September 2003,
June 2004 and April 2006). During this second processing the
core was cut for diverse investigations, including stable iso-
tope measurements (8180, 52H), chemical analyses of dust,
gases and other impurities, as well as physical and structural

properties, following an agreed cutting scheme (Fig.3.17). As
arule, the first cuts were performed for the analyses of phys-
ical and structural properties described in this book, namely
visual stratigraphy (line-scanning) and microstructure map-
ping (cf. Chap. 4). After line-scanning, the core was finally cut
for isotope studies, CFA, and special measurements subjected
to prior approval by the EPICA Steering Committee.
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But how can I explain, how can I explain to you? You will
understand less after I have explained it. All that I could hope to
make you understand is only events: not what has happened.
Harry, Lord Monchensey (fictional character),
T. S. Eliot (1960), Part I, Scene I, p. 28

4.1 Understanding Events
As explained in Sects.2.1 and 2.3, whenever a snow layer is
formed and buried by subsequent snow falls, a new portion
of the ice-sheet stratigraphy and climate record begins to take
shape. Besides climate records, deep ice layers also preserve
microscopic structures that provide important clues about the
ancient snow cover, the old pore structure of the firn layer,
and past variations in the depth and thickness of the firn—ice
transition zone (Bendel et al. 2013; Ueltzhoffer et al. 2010).
In the last decades, glaciologists have been measuring the
signals of a wide variety of climate proxies in polar ice cores
with increasing accuracy. These signals constitute fundamen-
tal evidence of climate events occurred in the past million
years. Nevertheless, the bare detection of such signals is not
sufficient to allow a reliable reconstruction of the paleocli-
mate history. The integrity of the ice-core record must also be
verified. It has been commented in Sect. 2.1 that the same ice
that preserves paleoclimate records can also operate on them,
e.g. through the ice flow. Therefore, it is crucial to understand
how these climate signals have been formed —and possibly
transformed— within the flowing ice over the millennia. In
other words, it is not enough to simply detect events in an ice-
core record: we must understand the history of these signals,
how they came into being and into their current state. Our
knowledge of the processes of formation and modification of
climate signals is still far from complete, therefore limiting
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also our ability to discriminate true climate events from mere
artefacts.

Since the early times of ice-core drilling, the integrity of
ice-core climate records has been assessed through a variety
of methods, the most common of them being direct visual
inspection of the stratigraphy, combined with microstructural
analysis of selected ice sections via optical microscopy. Until
recently, these methods were quite laborious and fatiguing
for the scientist, who had to stay in the cold documenting the
observations in written notes or photographic films. Fortu-
nately, in the last two decades computing power and digital-
imaging techniques underwent a striking progress. Modern
digital cameras are today robust enough to operate under polar
conditions and precise enough to successfully replace tradi-
tional film cameras. Additionally, they may be controlled by
a computer that can optimize the image quality and store long
series of high-resolution digital photographs automatically.
New methods of stratigraphy analysis and optical microscopy
that explore these modern digital technologies are presented
in Sects.4.2 and 4.4.

It should be remarked that the production of high-quality
images not only facilitates the work of the glaciologist, but
also opens forth new perspectives in the research of ice-core
structures that could not be explored before. On the one hand,
these images reveal new facts about the complexity of phys-
ical processes taking place in glaciers and ice sheets, there-
fore forcing us to review fundamental glaciological concepts
(Faria et al. 2014b; Kipfstuhl et al. 2009). On the other hand,
the investigation and quantification of such new facts demand
an increasing effort towards the development of specialized
methods of image analysis for glaciology, which in turn create
new opportunities for multidisciplinary research. To sum up,
image analysis is now ready to revolutionize ice-core physics
in the same way as it has revolutionized other research fields,
like medicine or engineering.
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4,2 Visualizing the Microstructure of Polar

Ice

The concept of structure, as introduced by Thomson (1917)
and Smith (1954), is understood as the arrangement and
interrelation of parts with reference to a whole. Such
“parts” are often called structural features or elements.
Sometimes these structural features manifest themselves on
various scales, giving rise to what is known as a multiscale
structure (cf. Sects.2.2 and 2.3). In this context, the term
microstructure can be found in the literature with two
different meanings, depending on the relative or absolute
sense of the description:

e The relative sense is most commonly invoked when the
multiscale structure is characterized by only two or three
distinct scales (often called “micro-", “meso-"" and “macro-
scale”). In this situation the term “microstructure” refers
simply to those structural features occurring on the small-
est scale, irrespective of its absolute size.

 Incontrast, the absolute sense is best suited for dealing with
multiple scales, when the term “microstructure” encom-
passes all structural features occurring on the microscopic
scale (loosely defined as the size scale of features or events
that can be observed with a standard optical microscope,
viz. between 0.2 cm and 0.2 pum, approximately).

Owing to the wide range of size scales relevant for the
study of ice sheets, in this work we adopt the term “microstruc-
ture” in its absolute sense, as the collection of all microscopic
structural features related to the crystalline lattice (e.g. grain
boundaries, lattice orientations, dislocation walls) and micro-
scopic inclusions (air bubbles and hydrates, microinclusions,
etc.), cf. Fig.4.1 and Sect. 1.2.

In general aspects, polar ice has a microstructure typical of
polycrystalline materials creeping at high temperatures (recall
that temperatures naturally occurring on Earth normally lie
above 70% of the melting point of ice), which is character-
ized by curved (bulged, pinned, etc.) grain boundaries, sub-
grain boundaries and dislocation walls, as well as slip bands
in some grains well-oriented for basal slip (cf. Fig.4.2 and
Sect. 1.2). As a consequence, even the cold, slow-deforming
ice of Antarctica undergoes microstructural changes over the
years under the action of continual deformation and thermally
activated processes, like dynamic recovery and recrystalliza-
tion, among others.

These microstructural changes may potentially affect
the ice-sheet flow and paleoclimate records through several
types of multiscale effects. For instance, on the micro- and
mesoscopic scales, changes in the microstructure may alter
detailed paleoclimate signals, e.g. via interactions between
grain boundaries and microinclusions, transformation of air
bubbles into clathrate hydrates, or diffusion and segregation

of soluble impurities into grain boundaries (Barnes et al.
2003; Faria et al. 2010, 2009; Johnsen et al. 2000; Liithi et al.
2010; Ohno et al. 2006). On macroscopic scales, microstruc-
tural changes can modify the mechanical properties of polar
ice (including its rheology), causing flow instabilities that
may result in stratigraphic disturbances and eventual disrup-
tion of the ice-sheet stratigraphy and related paleoclimate
records (Alley et al. 1997; Azuma and Goto-Azuma 1996;
Faria et al. 2010, 2009; NEEM Community Members 2013;
Ruth et al. 2007; Thorsteinsson and Waddington 2002).

A number of experimental techniques have been in use to
study ice-core microstructures, including optical and electron
microscopy, X-ray diffraction and tomography, among others
(Barnes and Wolff 2004; Faria et al. 2010, 2009; Freitag et al.
2008; Iliescu et al. 2004; Obbard and Baker 2007; Ohno et al.
2006; Wang et al. 2003; Weikusatetal. 201 1a,b). In particular,
optical microscopy quickly established itself as the primary
method for natural ice microstructure studies, because of its
simplicity, versatility, robustness, and above all: portability.
Two optical microscopy techniques have made their way from
post-war glaciology into the digital age (Faria et al. 2014a,b)
and are commonly used today for the study of the microstruc-
ture of natural ice:

e Automatic Fabric Analysis (AFA),
e Microstructure Mapping (LSM).

Automatic Fabric Analysis (AFA) is the modern, automa-
tized counterpart of the traditional, manually-operated analy-
sis of c-axis orientations in polycrystalline ice via polariza-
tion microscopy (Wilen et al. 2003; Wilson et al. 2003). It
is based on the phenomenon of birefringence (double refrac-
tion) in ice, in which incident light is split by the ice lattice
into two polarized rays with mutually perpendicular planes
of polarization (Fig.4.1). The orientation of this orthogonal
pair of polarization planes is determined by the incident ray
and the optic axis. The latter coincides with the c-axis of the
ice lattice, and defines an extraordinary refraction index for
radiation polarized parallel to it.

Today, AFA is a powerful technique for studying c-axis

orientations and strain-induced anisotropy in natural and
artificial ices (Montagnat et al. 2014; Svensson et al. 2009;
Weikusat et al. 2017; Wilson and Peternell 2011). It provides
within minutes a wide variety of statistical data about c-axis
orientations in an ice sample, as well as some information
about its grain stereology (cf. Fig.4.3 and Sect. 1.2). Owing to
its underlying physical principles, however, the AFA method
has also some limitations. In particular, the quality of the mea-
surement depends on the optical path difference between the
ordinary and extraordinary rays, which varies with the sam-
ple thickness. This means that AFA needs delicate thin sec-
tions of ice (thickness usually around 300-500 pwm) with uni-
form thickness, which are somewhat troublesome to prepare
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and handle. Furthermore, the results obtained with AFA are
actually thickness-integrated, in the sense that the observed
microstructures emerge from the superposition of all fea-
tures occurring through the thickness of the sample. As a
consequence, the spatial resolution of AFA is constrained by
the thickness of the thin section, so that microstructural fea-
tures smaller than the section thickness (viz. several tenths
of millimetre) cannot be properly identified and may give
rise to large experimental errors. For instance, it has been
shown (Faria et al. 2009, 2014b; Kipfstuhl et al. 2009, 2006;
Weikusat et al. 2011b) that the disregard of small grains and
localized microstructural features imposes serious cut-offs in
the distributions of grain size and stored strain energy, which
handicap interpretations of grain growth and recrystallization
in natural ice.

From the above reasons, it follows that the analysis of
c-axis orientations via AFA must be complemented by
other methods capable of identifying a greater variety of
microstructural features in higher resolution, in order to
enable a comprehensive investigation of microstructure evo-
lution and its effects on climate proxies of polar ice. It turns
out that a recent technique of digital optical microscopy called
Microstructure Mapping (WSM) is especially suitable for this
purpose (Faria and Kipfstuhl 2004; Kipfstuhl et al. 2006;
Wang et al. 2003; Weikusat et al. 2009b). It is sufficiently
portable and robust to be carried with to the field, and versa-
tile enough to be applied to a variety of ice samples, including
thin and thick sections of arbitrary shape and non-uniform
thickness. In fact, the possibility of analysing thick sections
implies that even samples of fragile firn can be investigated
via WSM (Faria et al. 2010, 2014b; Kipfstuhl et al. 2009).

The wSM method is essentially a digital form of opti-
cal microscopy. It consists of a digital video camera with
automatic gain control mounted on an optical microscope
equipped with a computer-controlled xy-stage (Fig.3.13).
The microscope automatically scans the whole sample, map-
ping a variety of microstructural features inside the ice (rang-
ing from microinclusions and dislocation walls to air bubbles,
clathrates and slip bands) with a microscopic resolution of
up to ca. 3 pm/pixel. It is also very sensitive to grain bound-
aries and subgrain boundaries, being capable of detecting
boundaries with misorientations smaller than 0.5° (Weikusat
et al. 2011b).

Up to 1800 photomicrographs are needed to reconstruct
a high-resolution digital mosaic image of a 50 x 100 mm
section (Fig.4.4). Micrographs are usually taken in transmit-
ted light, with a standard size of 2.5 x 1.8 mm. Consecutive
micrographs are taken every 2 mm in the x-direction. An over-
lapping of 0.5mm is helpful for the later reconstruction of
the full mosaic image through the matching of neighbouring
micrographs. The portability of the method permits the map-
ping of fresh ice sections in the field, while drilling is ongo-
ing. Under optimal conditions, the mapping of a complete ice

section (50 x 100 x 5 mm, say) takes about one hour and can
be accomplished as early as a few hours after core extrac-
tion, therefore avoiding extensive post-drilling relaxation of
the microstructure.

Samples for wSM are prepared according to usual proce-
dures for ice microscopy (Kipfstuhl et al. 2006; Weikusat et al.
2009b). Band saws and microtomes are respectively used for
cutting and polishing the sections (extracted from the core por-
tion assigned for physical properties in the cutting plan shown
in Fig. 3.17). Clear surfaces are achieved by exposing the pol-
ished section to the free atmosphere: sublimation of the ice
surface by thermal etching removes superficial imperfections
(e.g. microtome scratches) and simultaneously highlights the
sites where grain boundaries and other high-energy structural
features meet the surface, through the formation of character-
istic sublimation grooves and pits (Arnaud et al. 1998; Hobbs
1974; Kuroiwa and Hamilton 1963; Mullins 1957; Nishida
and Narita 1996). A sublimation time varying between half
an hour and half a day is usually necessary to obtain a clear
surface, with well-developed grain-boundary grooves. This
sublimation time depends very much on temperature and its
gradient, humidity, and air circulation above the sample. The
sublimation process is accelerated when the ice section lies
under a light bulb, in direct sunlight, wind, or under vacuum.
In general, the drier the air, the more distinct and clear the
surface.

After the first (lower) surface of the sample is sufficiently
clear, it is sealed off with a thin film of silicone oil (with a
kinematic viscosity of ca. 10~* m?/s) and frozen onto a glass
plate. The second (upper) surface is treated in the same man-
ner, but it is sealed off with silicone oil and glass only after the
first surface scan is completed, in order to optimize the quality
of the WSM images. This first surface scan (e.g. Figs.4.2, 4.5,
and 4.6) aims mainly at mapping the thermally etched subli-
mation grooves produced by grain and subgrain boundaries,
which can be qualitatively distinguished by their attributes:
deep grooves with smooth traces are characteristic of high-
angle grain boundaries, while subgrain boundaries and dis-
location walls tend to produce shallower grooves, often with
jagged, irregular or incomplete traces (Faria et al. 2014b; Say-
lor and Rohrer 1999; Weikusat et al. 2009b, 2011b).

In addition to this first surface scan, many ice sections
are scanned again several times after sealing off the upper
surface, with the microscope focused inside the sample, in
order to map diverse microstructural features not related to
the etched surface, like air bubbles and hydrates, microinclu-
sions, slip bands, and most relaxation features (e.g. Figs.2.6
and 2.7; notice that grain and subgrain boundaries are usually
not visible inside the sample, mainly because they are too thin
and their refraction index too similar to that of the ice matrix).

If the thermal etching is well done, the resolution of the
WSM method becomes limited mainly by the resolution of
the optical equipment and the digital image analysis software.
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Fig.4.1 The multiscale (poly-)crystalline structure of “hexagonal ice type I””, concisely called ice Ih, which is the only naturally stable phase of ice
on Earth. (a) Diagram of the main crystallographic axes of ice Ih. The c-axis is also called the optic axis, because it defines the uniaxial birefringence
of the ice crystal. The hexagonal symmetry on the plane perpendicular to the c-axis is represented by three identical a-axes, symmetrically oriented
at 120° from each other. (b) Facsimile of the original drawing by Nordenskjold (1861) of an ice single crystal, illustrating the main crystallographic
planes of ice Ih (cf. Fig. 2.2). Basal planes, denoted by c, are orthogonal to the c-axis. Prismatic planes (m) are parallel to the c-axis, while pyramidal
planes (r, s, t) form different angles with the former (after Faria 2006). (¢) Crystalline lattice structure of ice Ih. Water molecules are represented by
red and white spheres that denote oxygen and hydrogen atoms, respectively, while grey rods are hydrogen bonds. Displayed are the views along the
c-axis (top) and along an a-axis (bottom). The hexagonal symmetry of the lattice is highlighted by the yellow dashed line (after Faria et al. 2014b).
(d) Thin section of polycrystalline ice between crossed polarizers, photographed in transmitted light. Incident light undergoes double refraction
(birefringence) through the ice lattice, giving rise to interference colours that depend on the sample thickness and the optic-axis orientations of the
various grains. Thus, each coloured domain in the image depicts an ice grain with a particular c-axis orientation, so that the interfaces between
these domains are grain boundaries


http://dx.doi.org/10.1007/978-3-662-55308-4_2

4.2 Visualizing the Microstructure of Polar Ice

9 :
! @ N A S

%

Fig. 4.2 Photomicrograph of an Antarctic ice thick section (EDML, 1155m depth), which displays some of the most common microstructural
features of polar ice. The image is focused on the thermally etched upper surface of the sample, which has been prepared according to the
procedures for microstructure mapping (LSM; for more details about this microscopy method, see main text and the next figures in this section).
1 Grain boundaries meeting the upper surface (sharp, thick black lines). 2 Subgrain boundaries and dislocation walls meeting the upper surface
(sharp, thin grey lines). 3 Rugged spheroidal hydrate close to the upper surface. 4 Grain boundaries inside the sample or meeting the lower
surface (blurred curvilinear shadows). 5 Air bubble deep inside the sample (blurred black disc). 6 Several types of hydrates inside the sample.
7 Microinclusions close to the upper surface (tiny spots). 8 Slip bands (blurred, parallel straight lines). 9 Relaxed air bubble at the upper surface.
10 Extraneous imperfection or contamination of the sample’s surface. Scale bar: 500 um

As already mentioned, current set-ups work with optical res-
olutions down to 3 pum/pixel (Kipfstuhl et al. 2009, 2006).
Another promising option with even higher resolution is Elec-
tron Backscatter Diffraction (EBSD; Iliescu et al. 2004; Pia-
zolo et al. 2008; Prior et al. 2012; Weikusat et al. 2011a). The
use of EBSD on ice poses many technical difficulties and is
still in its infancy, but rapid technological and methodologi-
cal developments suggest that it may become a powerful tool
for high-resolution studies of ice microstructure in the near
future.

4.3 EDML Ice Microstructure

Although the original purpose of the EDML Deep Ice Core
was to provide answers to questions about past climate
changes (e.g. EPICA community members 2006; Fischer
et al. 2007a; Kaufmann et al. 2010; Siegenthaler et al. 2005;

Stenni et al. 2010; cf. Sect.2.4), the study of this core has
also generated a major impact on the field of ice physics,
by promoting a paradigm shift in our understanding of the
genesis and evolution of polar ice microstructures. In this
section we briefly review this shift.

For many decades, glaciologists had been attempting to
devise a simple conceptual model for the microstructure evo-
lution of polar ice, which could explain the microstructures
observed in deep ice cores. Almost a half-century ago, such a
conceptual model began to take form. As reviewed by Faria
et al. (2014a,b), ideas about polar ice microstructure evolu-
tion devised in the 1970s and 1980s were gradually blended
into what might be called the Tripartite Paradigm of polar
ice microstructure (also known as the “Three-Stage Model”;
Alley 1988, 1992), which many glaciologists still adopt today
(cf. Fig.4.7; the formulation below follows De la Chapelle
et al. 1998; see Sect. 1.2 for definitions of the terms in ital-
ics):
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Fig.4.3 Example of an Automatic Fabric Analysis (AFA). Top-left: AFA G50 by Russell-Head Instruments (www.russellheadinstruments.com).
Right: Digital mosaic trend representation of the azimuth (colour) and colatitude (brightness) of c-axes in a vertical thin section of polar ice (EDML,
2306 m depth; scale bar: 1 cm). Bottom-left: Corresponding c-axis pole figures for this sample, in discrete and continuous versions. Each dot in the
discrete version represents the c-axis orientation of one grain (or one point in a regular grid superposed on the section). The continuous version
describes the respective c-axis orientational distribution density. The centre of the pole figures defines the vertical direction (nearly parallel to the

core axis)

1. inthe upper hundreds of metres of an ice sheet, grains grow
in the regime of Normal Grain Growth (NGG; Gow 1969;
Stephenson 1967);

2. in intermediate depths, NGG is counterbalanced by grain
splitting via polygonization (Alley et al. 1995);

3. at the bottom of the ice sheet, where the ice temperature
rises above circa —10 °C, migration recrystallization with
nucleation of new grains (SIBM-N) markedly transforms
the microstructure (Duval et al. 1983).

Since then, this paradigm has defined the status quo of our
understanding of polar ice microstructures. It established the
framework for interpreting the evolution of grain sizes (Alley
et al. 1986a,b; Durand et al. 2006; Gow 1969; Stephenson
1967) and lattice preferred orientations (Alley 1992; Alley
et al. 1995; Thorsteinsson et al. 1997), as well as the onset of
dynamic recrystallization (Duval and Castelnau 1995). It set
the basis for models of microstructure evolution of polar ice
(De la Chapelle et al. 1998; Faria et al. 2002; Ktitarev et al.
2002; Montagnat and Duval 2000), as well as for anisotropic
ice-sheet flow models (Azuma and Goto-Azuma 1996; Faria
et al. 2002; Godert and Hutter 1998; Montagnat and Duval

2000; Staroszczyk and Morland 2001; Thorsteinsson 2002;
Van der Veen and Whillans 1994). It has even provided argu-
ments in disputes about deformation mechanisms in polar ice
(Duval and Montagnat 2002; Pimienta and Duval 1987).

Undoubtedly, the major virtue of the Tripartite Paradigm
is its simplicity. It seems compatible with past observations
of average grain size of most polar ice cores, and deems of
an ice sheet consisting in great part (viz. excluding the messy
bottom layers where recrystallization is supposedly active) of
nice polyhedral grains growing like bubbles of froth, with-
out being noticeably afflicted by internal stresses or localized
strain inhomogeneities, except for the sporadic punishment
of “polygonization” applied to those grains eager to grow too
much. In spite of being so welcome and sought-after, today we
know that the Tripartite Paradigm is fundamentally unsound,
as revealed by a large body of evidence accumulated during
the last decade, most of it derived from studies of deep ice
cores like the EDML core (for a detailed discussion, see Faria
et al. 2014b).

For instance, a cornerstone of the Tripartite Paradigm is the
assumption that normal grain growth (NGG) dominates the
microstructure evolution of polar ice in the upper hundreds of
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Fig. 4.4 Comparison between microstructure mapping (tSM) and a conventional method of microstructure visualization. Both images portray
the same Antarctic ice thin section (EDML, 2266 m depth; scale bar: 1cm). The blue arrows labelled A and B point to details displayed in high-
resolution images in Figs. 4.5 and 4.6, respectively. Left: Conventional photographic visualization of ice microstructure with the sample sandwiched
between crossed polarizers. Traditionally, images like this would be used to determine fundamental microstructural properties of the sample, like
grain sizes and shapes. Each coloured domain may be identified as a particular grain (cf. Fig.4.1) and slight colour variations within a grain suggest
the presence of subgrain boundaries. This image is depth-integrated over the thickness of the section, so that inclined grain boundaries may appear
blurry or generate interference fringes around certain grains. Tiny bright spots scattered over the image are mainly caused by air hydrates inside
the section. Right: Microstructure map (jL.SM) mosaic image composed of more than 1800 high-resolution photomicrographs, here reduced to only
a few percent of its original size. The image depicts the features of the section’s bare upper surface (and some depth-integrated features as well).
Dark lines (enhanced for better visualization) are grain boundary grooves on the surface, produced by thermal etching. Tiny dark spots scattered
over the image are mainly caused by contours of air hydrates inside the section. Further microstructural features are hardly recognizable in this
drastically reduced image, but they can be identified in the full-resolution micrographs shown in Figs.4.5 and 4.6. A few large grey blots are caused
by bubbles in the protective silicone oil between the base glass plate and the sample’s bottom surface. These bubbles may be produced by various
causes, including loss of silicone oil at the sample’s borders or air release from decomposing bubbles and hydrates

metres of the ice sheet, including the firn layer (Fig.4.7; Alley recrystallization with and without nucleation (SIBM-N and
et al. 1986a; De la Chapelle et al. 1998; Gow 1969; Paterson =~ SIBM-O, respectively, cf. Sect. 1.2) are widespread phenom-
1994; Stephenson 1967). However, recent observations have ena in polar ice sheets and take place already at very shallow
proved that rotation recrystallization (RRX) and migration depths (a few tens of metres at EDML; Faria et al. 2010,
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Fig. 4.5 High-resolution microstructure mapping (W SM) image of Detail A in Fig.4.4 (EDML, 2266 m depth; scale bar: 500 jum). It comprises
two matched micrographs showing two small grains, some strongly bulged grain boundaries and their interactions with a large number of subgrain
boundaries and dislocation walls (cf. Sect. 1.2 for the definitions of the terms in ifalics in this caption). The curved, defocussed line on the left
micrograph is the groove of the large grain boundary meeting the sample’s lower surface. Large, round inclusions are air hydrates preserved inside
the sample (bright) or decomposing at its surfaces (dark). Tiny spots, sharp or defocussed, are microinclusions. The degree of detail displayed in
this image could never be achieved with traditional methods (cf. left image of Fig.4.4) and it presents clear evidences of localized internal stresses,
inhomogeneous strain, and dynamic recrystallization, including the formation of new grains via rotation and migration recrystallization (RRX

and SIBM-N, respectively, cf. Sect. 1.2)

2009; Kipfstuhl et al. 2009, 2006; Weikusat et al. 2009a, b,
2011b). Nucleation is not predominant in polar ice, but newly
nucleated grains can be found regularly in ice-core samples
from any depth (Figs.4.8 and 4.9), and are specially frequent
in samples from the lower firn.! Additionally, theoretical and
experimental studies of NGG in ice (Azuma et al. 2012; Roes-
siger et al. 2014, 2011) have shown that the microstructural
evolution of shallow (bubbly) polar ice is seriously affected
by processes other than NGG. These results are in accor-
dance with the rigorous understanding that NGG cannot take
place in a material undergoing deformation, since it is —by
definition— a static recrystallization mechanism (Humphreys
and Hatherly 2004; cf. Sect. 1.2). Thus, the habitual fitting of
average grain size data of polar ice and firn with the standard
NGG parabolic formula (the Burke—Turnbull-Hillert law) has
in reality no physical meaning.

Considering that there is no reason to regard the EDML
core as extraordinary (it has been extracted from a rather
unexceptional site), we conclude that the structures observed

IThis is a remarkable result, considering that firn at EDML has an annual
average temperature of circa —45 °C. Formally, the lower firn is defined
as the bottom part of the firn layer, where the firn mass density exceeds
the critical value of 730kg/m? (cf. Sect.2.3). In EDML this occurs close
to 60m depth, at an overburden snow/firn load of 0.2 MPa (Kipfstuhl
et al. 2009). According to Maeno and Ebinuma (1983), this critical mass
density corresponds to the stage in which the firn particles reach optimal
packing and densification becomes controlled by dislocation creep.

in it are most likely representative of the typical structures
and processes occurring elsewhere in the interior of polar
ice sheets. Therefore, the Tripartite Paradigm needs serious
reconsideration. The first steps towards the establishment of
a new microstructure paradigm have already been made, as
illustrated in the references cited in this chapter (see also
Sect. 4.6), and this matter will certainly continue to be a promi-
nent research topic within glaciology in the coming years. In
this regard, the Tripartite Paradigm still has an important role
to play as a conceptual template to be compared with real polar
ice microstructures: the contrasts observed between the Tri-
partite Paradigm and reality may help us to grasp the complex-
ity and relevance of the various microstructural processes tak-
ing place in polar ice (many of them not well understood yet),
including internal stresses, inhomogeneous strains, dynamic
recovery and recrystallization.

4.4 \Visualizing the Stratigraphy of Polar Ice

We have already mentioned in Sect.4.1 that a wealth of cli-
mate proxies and great detection accuracy are good but not
enough to ensure a detailed and reliable reconstruction of past
climate. The integrity of paleoclimate records must also be
verified. Today, one of the simplest and most efficient ways
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Fig.4.6 High-resolution
microstructure mapping (LSM)
image of Detail B in Fig.4.4
(EDML, 2266 m depth; scale bar:
500 wm). It comprises two
matched micrographs showing
the details of a typical kink band
(cf. Sect. 1.2 for the definitions of
the terms in italics in this
caption). The blue dashed lines
indicate the orientations of the
visible slip bands, which are
inclined with respect to
horizontal by ca. 4.4°, 1.0° and
3.1° (left, centre, and right,
respectively). Thus, the left ilt
boundary has a slightly greater
misorientation than the right one,
as evidenced by its stronger trace
(groove) etched on the section’s
upper surface. Also visible are
the defocussed traces of the
tilt-boundary grooves on the
sample’s lower surface, as well as
many irregular dislocation walls
emanating from the tilt
boundaries. Large, round
inclusions are air hydrates
preserved inside the sample
(bright) or decomposing at its
surfaces (dark). Tiny spots, sharp
or defocussed, are
microinclusions

of performing a precise but comprehensive inspection of the
paleoclimate-record integrity of an ice core is through the
optical scanning of a lengthwise polished surface of the core.
In the last decade, ice core line-scanners have been devel-
oped and tested (McGwire et al. 2008; Svensson et al. 2005;
Takata et al. 2004). Contemporary devices can produce high-
resolution digital images (ca. 0.1 mm/pixel) of the whole core
length, which can later be enhanced and analysed digitally
with all potentialities of modern image processing.

The operating principle of an ice-core line-scanner (LS)
is very simple. First, an ice slab is cut lengthwise from the
core (Fig.4.10) and its upper and lower surfaces are polished,
e.g. with a special microtome. The polished slab is then placed
on a dark background and illuminated from below by two
oppositely inclined planar light beams, while a digital line-
scan camera scans the ice surface from above along a single
line across the slab (Fig. 4.11). The whole optical system (light
source and camera) is mounted on two trolleys, located below
and above the ice core slab, which move synchronously along
the core axis.

This particular configuration implies that the scanned
region is just indirectly illuminated, in such a manner that
only the light scattered by the slab is captured by the camera.
Since ice is in principle transparent, it follows that the
captured light must have been scattered by inclusions in the
ice matrix, like microscopic particles or air bubbles. In other
words, the degree of brightness in a particular portion of
the LS image is proportional to the amount of inclusions in
there, so that a clear piece of ice free of inclusions appears
dark (Fig.4.12). In this sense, ice-core line-scanning may
be regarded as a macroscopic counterpart of dark-field
microscopy.

Because of the high resolution and sensitivity of the digital
line-scan camera, LS images display the visual stratigraphy of
an ice core in great detail. Strata thinner than 1 mm can be eas-
ily detected with this method. Any small change in the optical
properties of the ice matrix, usually caused by a change in the
size or concentration of inclusions, gives rise to a new hori-
zon. As a rule, such horizons can be regarded as isochrones,
since they can be traced back to the chemical and physical
conditions on the ice-sheet surface at the time of snow depo-
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Fig.4.7 Main features of the ice-sheet

Tripartite Paradigm of polar ice surface

microstructure. For illustration,
approximate critical depths
implied by the Paradigm for a site
with 3km of ice thickness are
indicated on the left. The
acronym “LPOs” stands for
Lattice Preferred Orientations

Normal Grain Growth

No effect on LPOs

No subgrain boundary formation
Equiaxed grains with flat grain boundaries

(often called fabrics in the R 100 0 m

glaciological literature; see
Sect. 1.2 for definitions)

Polygonization / Rotation Recrystallization
Small effect on LPOs

Subgrain boundary formation

Equiaxed grains with flat grain boundaries

~ 2500-2800 m

~ 3000 m %™\

sition and transformation into firn and ice. Glaciologists have
exploited this fact in attempts to estimate the thickness of
past annual layers via spectral analysis (Svensson et al. 2005;
Takata et al. 2004), which would be a valuable information
for ice-core dating. However, the methods of identification
and interpretation of LS horizons are not trivial, and still need
improvement.

At this point it is important to remark that, to date, LS
images actually offer an optimistic estimate of ice-core stratig-
raphy integrity, in the sense that they provide sufficient, but not
necessary, evidence of stratigraphic disturbances. This stems
from the fact that ice-core drilling has not yet succeeded in
recording the azimuthal orientation of an entire ice core (rel-
ative to the ice flow or any other absolute reference). Admit-
tedly, the mutual orientation of a series of ice-core pieces
within a certain depth interval can sometimes be determined
through the matching of core breaks (cf. logging in the Glos-
sary of Sect. 1.2), but this method is doomed to failure after
many metres, because of the accumulation of interferences
and errors (e.g. matching ambiguity, human fault, missing
core pieces, etc.). Therefore, as a rule, we must assume that
the LS images are randomly oriented with respect to the ice
flow. Any stratigraphic disturbance may be just as bad as, or
worse than, that displayed in the LS image. Likewise, the true
inclination of a layer with respect to horizontal may be equal
to, or larger than, the inclination displayed in the LS image.

Future advances in ice-core drilling technology shall hope-
fully overcome the challenge of recording the absolute ori-
entation of an entire ice core. This will greatly enhance the

Migration Recrystallization and Nucleation
Strong effect on LPOs

Subgrain boundary formation
Interlocked grains

Nucleation and growth of new grains

capabilities of the LS method, by allowing us to keep the LS
images always oriented with the direction of local ice flow.

4,5 EDML Visual Stratigraphy

The visual stratigraphy of polar ice cores in general is dom-
inated by air bubbles down to the beginning of the bubble—
hydrate transition zone (BHT zone), which sets in at around
700-800m depth in Antarctica, and ca. 300 m deeper in the
warmer Greenland ice (cf. Sect.2.3). Layering in the bubbly
ice above the BHT zone is mainly governed by depth vari-
ations in the collective structure of bubbles (mainly number
and size), which are by far the largest and most efficient light
scatterers. These variations can sometimes be quite abrupt and
may be traced back to diverse processes of snow deposition
and firn metamorphism that took place when the material was
originally deposited on the ice-sheet surface.

In the EDML core, visible layers are fairly horizontal and
parallel to each other throughout the bubbly-ice zone. This
observation is not uninteresting, in view of the diverse den-
sification processes taking place in the snow and firn layers,
as well as the multiscale roughness of the ice-sheet surface,
which is dominated by a patchwork of snow types, sastrugi
and snowdrifts (cf. Sect.2.3).

Within the BHT zone, which in EDML covers the depth
interval 800—1200m, stratigraphic variations in the number
and size (i.e., collective structure) of air bubbles gradually
increase with depth. Noteworthy is the extreme case of certain
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Fig.4.8 Evidences of rotation and dynamic recrystallization in a thick section of EDML ice from 556 m depth (bubbly ice). The keys to interpret
these images are provided in Figs.4.2, 4.5 and 4.6. Air bubbles appear as black discs. A few glares and fringes in some images are caused by
reflection and diffraction effects in the interior of the ice sample. Width of each micrograph: 2.5 mm. Definitions of the terms in italics are presented
in Sect. 1.2. Further images of EDML ice microstructures are available in Fig.4.9 and in the works by Faria et al. (2010, 2009, 2014b); Kipfstuhl
et al. (2009, 2006); Weikusat et al. (2009b, 2011b). Top-left and -right: Typical examples of migration recrystallization with pseudo-nucleation
(SIBM-N). A portion of the grain boundary bulges and advances over a region with high stored strain energy (revealed by many dislocation walls).
Simultaneously, the material inside the bulge rotates, forming one or several subgrain boundaries that delimit the back of the bulge. Centre-left: If the
the region inside the bulge continues to rotate with respect to the parent grain, the result is a new, two-sided little grain like this. Centre-right: Another
mechanism of pseudo-nucleation, without the bulging of grain boundaries. It occurs through the suitable combination of subgrain boundaries inside
the parent grain, forming a subgrain boundary loop either at a grain boundary (top-right side of the micrograph) or as a subgrain island inside
the parent grain (centre-right side of the micrograph). Bottom-left and -right: Common examples of migration recrystallization without nucleation
(SIBM-O). Notice the dislocation walls concentrated at the convex side of the bulged grain boundaries
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Fig. 4.9 Grain boundary pinning and dynamic recrystallization in EDML ice. The keys to interpret these images are provided in Figs.4.2, 4.5
and 4.6; see also Fig.4.8. Air bubbles appear as smooth black discs, while the variously shaped bright objects (from rough lumps to straight
needles) are air hydrates. Tiny spots scattered over the samples are mostly microinclusions. Width of each micrograph: 2.5 mm. Top-left: Grain
boundary pinning by air bubbles (556 m depth). Notice that the pinning of the grain boundary by the small bubble on the left created a visible
corner in the grain boundary in the interior of the ice section. Top-right: Grain boundary pinning by an air hydrate (1156 m depth). Centre-left:
Grain boundary pinning by subgrain boundaries (top-left side of the micrograph; 1156 m depth). Centre-right: Grain boundary pinning by clusters
of microinclusions (1156 m depth). Bottom-left: Grain boundary pinning by an air hydrate (top-left side of the micrograph) and pseudo-nucleated
two-sided grain (bottom-left side; 1156 m depth). Bottom-right: Grain boundary loop surrounded by subgrain boundaries and dislocation walls
(2266 m depth). The defocussed lines of grain-boundary grooves on the lower surface of the section reveal that the loop is actually not a “grain
island” fully immersed inside another grain, but rather just the cross-section of the protuberance of a small grain into a larger one

layers completely devoid of bubbles, called bubble-free bands  tres, such bands first appear in the EDML core at ca. 950m
(Bendel et al. 2013; Faria et al. 2010; Liithi et al. 2010). With  depth, and become remarkable stratigraphic features below
thicknesses ranging from a few millimetres to some centime- 1000 m. Microstructure-mapping micrographs confirm that
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Fig.4.10 Same as Fig.3.17, but
highlighting the first cuts to
produce samples for
microstructure mapping (red) and
visual stratigraphy via
line-scanning (green). The latter
is placed on the line-scanner as
shown in the figure, that is, the
line-scanner camera is focused on
the upper (smaller) surface of the
ice slab (cf. Fig.4.12)

microstructure
mapping

ice core

t t t

light source lens  mirror

B O O —

dark field

planar light beam

Fig. 4.11 Schematic drawing of a typical ice-core line-scanner. The polished ice-core slab is placed on a dark background and illuminated by
planar light beams across the core, while a digital line-scan camera scans the upper surface from above along a single line. The light from the source
enters the ice at an angle of 45°, so that the camera detects only light that is vertically scattered from inside the ice. Thus, transparent ice appears
dark in the record (cf. Fig.4.12). From Svensson et al. (2005), with modifications

all air bubbles in such layers have already been converted
into hydrates, while the adjacent ice is still rich in bubbles.
Also, they reveal that the ice in bubble-free bands is extremely
fine-grained (average grain diameter < 1 mm) and that such
bands form preferentially in impurity-rich layers that origi-
nally contained many small bubbles. The reason for the faster
transformation of bubbles into hydrates in these layers is still
an open question. A model of favoured hydrate nucleation
in small air bubbles has been proposed by Lipenkov (2000),
while Shimada and Hondoh (2004) and Ohno et al. (2010)
suggest that chemical impurities and microinclusions could
act as catalysts for the nucleation of air hydrates.

It is important to remark that the depth of the BHT zone at
EDML coincides with that of the transition from the Holocene
(chronologically back) to the last glacial period (MIS1-MIS2
transition), which is characterized by a noticeable increase

in the concentration of soluble impurities and microinclu-
sions (Faria et al. 2014a). Accordingly, the intensity and fre-
quency of cloudy bands in the BHT zone is also enhanced.
An unfortunate consequence of this depth coincidence is that
it becomes very difficult to discriminate BHT effects from
climate-change effects on the EDML ice structure in the BHT
zone.

Below the BHT zone, all bubbles have transformed into
air hydrates, which possess a refractive index comparable to
that of ice. As a consequence, bubble-free deep ice is in prin-
ciple quite transparent, even when it is rich in hydrates. This
fact leads to the observation that the stratigraphy below the
BHT zone is dictated neither by bubbles nor by hydrates;
rather, it is characterized by variations in the concentration of
microinclusions. In sufficiently high concentrations, microin-
clusions can scatter the incident light and make the ice seem
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Fig.4.12 The EDML
line-scanner. Left: The ice-core
line-scanner (LS) used for
recording the visual stratigraphy
of the EDML Deep Ice Core was
developed at the Alfred Wegener
Institute in Bremerhaven, and
later improved at the Niels Bohr
Institute of the University of
Copenhagen. It is designed to
scan ice cores up to 170cm long
and 10cm wide, with a linear
resolution of 115 pixels/cm.

(1) Digital line-scan camera.

(2) Trolley supporting the camera
and light source. (3) Reference

ruler. (4) One-metre long ice-core
slab. Right: Example of an LS
image of the EPICA Deep Ice
Core. Depth interval:
1813.32-1813.52m. Clear ice
appears dark, while
microinclusion-rich ice strata
(viz. cloudy bands, cf. Sect. 1.2)
appear in light shades of grey.
The bright speckles scattered
over the image are produced by
air hydrates. The reference ruler
appears on the left

opaque (Gow and Williamson 1976), forming strata of light-
grey appearance called cloudy bands (cf. Sect. 1.2).

Like its northern counterparts (e.g. GRIP, GISP2, NGRIP),
also the EDML Deep Ice Core contains a large number of
cloudy bands, ranging from 1 mm to 10 cm in thickness, which
are sometimes so intense as to be recognized with bare eyes
in the raw ice core (viz. before cutting). Owing to their inten-
sity and frequency, cloudy bands highlight the stratigraphy
of the ice sheet and can be used as macroscopic markers for
verifying the integrity of the paleoclimate records of an ice
core: as long as cloudy bands are horizontal and parallel to
each other, there are good reasons to believe that the paleocli-
mate records are well-preserved and are not jeopardized by
large-scale disturbances induced by the ice flow.

On the mesoscale of cloudy bands, however, it becomes
more difficult to assess the consequences of centimetre-sized
flow disturbances (like undulations or folds) for the integrity
of paleoclimate records. The presence of such flow anomalies
is certainly an important warning of possible record distur-
bances, but the quantification of these disturbances usually
requires an individual examination of the problem, includ-
ing the type of climate proxy under analysis and the meth-
ods of signal detection (Faria et al. 2010). For instance, it is
evident that inclined layers, even when they are nicely flat
and parallel to each other, do change the signals measured

through cross-section-integrated methods (e.g. CFA, DEP,
ECM; cf. Sect. 1.2) because the layer inclination mixes up
the signals of neighbouring strata and affects the variability
of the recorded data. Notwithstanding, the average values of
the record are usually still preserved in such cases.

It should be remarked that cloudy bands are generally
characterized by much smaller grains than their surround-
ing clearer ice. The cause of such small grains is still not
completely understood, but it is believed to emerge from a
combination of two main phenomena:

e The well-established correlation between high impurity
concentrations (especially of microinclusions) and small
grain sizes indicates that grain growth in such bands may
be inhibited by impurities and/or microinclusion (Zener)
pinning (Durand et al. 2006; Fariaetal. 2010, 2009, 2014a;
Paterson 1991, 1994).

e Enhanced LPOs (lattice preferred orientations), wide-
spread undulose extinction, and characteristic grain shapes
often observed in cloudy bands suggest that small grains
are continually produced by rotation recrystallization and
nucleation (RRX and SIBM-N; cf. Sect. 1.2) induced by
some kind of softening mechanism (Faria et al. 2010,
2009, 2014b; Gow and Williamson 1976; Paterson 1991,
1994).
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This is a crucial issue in polar glaciology, seeing that a
significant softening of cloudy-band ice could potentially lead
toinhomogeneous layer thinning in the ice sheet, which would
cause severe complications for ice-core dating. Therefore we
conclude that a clear understanding of the relation between
polar-ice flow and stratigraphy on the meso- and macro-scales
cannot be fully achieved without a detailed analysis of the ice
microstructure and related processes on the micro-scale.

From the bottom of the BHT zone at circa 1200 m depth
down to around 1600m depth, the EDML stratigraphy
remains pretty ordered and shows just minimal undulations
in some cloudy bands, with amplitudes no larger than a
few millimetres. Below 1600m depth, these undulations
gradually increase in intensity and frequency, to the extent
that at 1800m depth stratigraphic disturbances reach the
centimetre scale and some flimsy cloudy bands become
disrupted. Notwithstanding, the layering remains fairly
horizontal and it is only below 2050 m depth that small folds
(with amplitudes up to 1 cm) and sloped strata (inclined up to
15° from the horizontal) become evident. Further down, the
intensity of such disturbances increases noticeably: cloudy
bands appear ragged and fuzzy at diverse inclinations,
sometimes up to 30° with respect to horizontal.

Remarkably, below the precise logged depth of 2385m
all cloudy bands become neatly parallel, straight, and well-
defined again, with marked alternations between cloudy and
clearice. Faria et al. (2010, 2006, 2009, 2014a) have pointed
out that this striking stratigraphy change accurately coin-
cides with a sharp increase in impurity content that marks
the transition (chronologically backwards) from the last inter-
glacial (MISS5e) to the penultimate glacial period (MIS6),
ca. 130,000 years ago. It coincides also with conspicuous
changes in ice microstructure and rheology (e.g. borehole con-
striction) at that depth, including the most abrupt reduction
in grain size in the whole core, from an average diameter of
5mm to circa 1 mm within a depth interval of only 20 m.

Drastic variations in the intensity, inclination and folding
of cloudy bands in the EDML core are recognized below
2405m depth, which once again can be related to changes
in the ice microstructure and rheology (Faria et al. 2010,
2006, 2009, 2014a). Intense cloudy bands, strata inclined
up to 45°, larger folds (amplitudes > 0.1 m) and other serious
stratigraphic disturbances are frequent in this deep zone. As
a general trend, however, the intensity of the cloudy bands
gradually reduces with depth until they completely disappear
below 2600 m, where the ice temperature rises above —7 °C
and the average grain size increases dramatically, with grains
as large as 0.5 m in diameter.

4.6 Summary of the EDML Multiscale

Structure

Based on the information presented in the previous sections
and chapters, we can visualize the multiscale structure of the
whole EDML Deep Ice Core as consisting of eight funda-
mental depth zones, which are schematically illustrated in
Fig.4.13 and summarized below.” Definitions of acronyms
and technical terms are available in Sect. 1.2. Approximate
ages (based on the EDMLI time scale published by Ruth
et al. 2007) are shown within square brackets in thousands of
years ago (ka).

1. Firn zone: from the ice-sheet surface [present] down to the
firn—ice transition depth at 88m [0.9ka]. Granular snow
(Fig.2.2) transforms into porous firn (Figs.2.4 and 2.5),
which continues its metamorphism to bubbly ice with
clear evidence of dynamic recrystallization (RRX, SIBM-
O, SIBM-N) especially in the lower firn (60—88 m depth;
Kipfstuhl et al. 2009). With an annual mean temperature
of ca. —45 °C, this requires very inhomogeneous deforma-
tion and high internal stresses in the firn skeleton (Faria
et al. 2014b). Ice grains originate from snow crystals and
reach an average diameter of ca. 1.5 mm at the bottom of
the firn zone. Initial surface irregularities (sastrugi, snow-
drifts, wind crusts, etc.) are levelled out already in the first
metres of firn (Figs.2.3, 2.4 and 2.5), resulting in a visual
stratigraphy that is nicely flat and ordered, governed by
firn porosity variations with depth.

2. Bubbly ice zone: from 88m [0.9ka] to 800m depth
[I4.6ka]. Ice microstructure evolution continues to
be strongly influenced by rotation and migration
recrystallization (RRX and SIBM-0), with occasional
pseudo-nucleation (SIBM-N; Fig.4.8; Faria et al. 2010,
2009; Kipfstuhl et al. 2006). Lattice (c-axis) preferred
orientations (LPOs) start to develop in the form of a
vertical girdle, which is compatible with the dominant
flow regime in the upper part of the EDML ice ridge,
viz. transversal elongation (Fig.3.7). Modest increase
in grain size to circa 2.4mm average diameter below
700m depth. Variations in the collective structure of air
bubbles (mainly number and size) dominate the visual
stratigraphy of this zone, owing to their predominance
and superior light-scattering power. First cloudy bands
can barely be identified below 700 m depth, as air bubbles
get compressed by the overburden pressure to 60% of
their original sizes (average bubble diameter at 90 m depth
around 300 pm, and ca. 180 uwm at 700 m depth; Bendel
et al. 2013; Ueltzhoffer et al. 2010).

2This summary is based on Faria et al. (2010). A comparable summary,
but from the point of view of ice-sheet flow modelling, is presented by
Weikusat et al. (2017).
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Fig.4.13 Outline of the EDML
visual stratigraphy, main depth
zones, and basic microstructural
information. Left mean-grain-size
profile (Weikusat et al. 2009b)
and selected c-axis pole figures
describing LPOs. The centre of
each pole figure coincides with
the vertical core-axis direction.
GSM stands for
“girdle—single-maximum
transition zone”. Below circa
2550 m depth variations in grain
size become so large that no
reliable mean-grain-size estimate
can be obtained from usual
thin/think sections. Centre
schematic outline of the visual
stratigraphy (out of scale).
Well-defined black patches and
discs/dots represent pores and
bubbles, respectively; grey stripes
portray cloudy bands (CBs). A
bubble-free band is also marked
with BFB. Right The eight depth
zones of the EDML Deep Ice
Core, described in the text. The
numbers on the left of the text
denote depth in metres. After
Faria et al. (2010)
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3. Bubble—hydrate transition (BHT) zone: from 800m

[/4.6ka] to 1200m depth [31.7ka]. Air bubbles start
to convert into hydrates (Fig.2.6), giving rise to strong
variations in the concentration of bubbles with depth,
which culminate with the occurrence of bubble-free bands
(BFBs) below 950 m depth (Bendel et al. 2013; Faria et al.
2010; Liithi et al. 2010). There is a noticeable increase
in the concentrations of impurities and microinclusions,
and therefore also in the frequency and intensity of
cloudy bands, because the BHT zone in EDML coincides
with the MIS1-MIS2 transition, i.e. the transition from

4.
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CB< 4
U 1700
5
2050
6
2385
7
é 2590
| |
0 8
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the Holocene to the last glacial period. Consequently,
cloudy bands become the prevailing features of the visual
stratigraphy in this depth zone, while the mean grain
size reduces markedly to just 1.0mm at 900m depth,
and it remains small for further 150m. Apart from this
grain-size reduction, the ice microstructure and LPOs
continue to evolve in the same fashion as in the bubbly
ice zone (Fig.4.9).

MIS3  zome: from 1200m [31.7kal to 1700m
depth [60.6ka]. Bubble-free ice with lower impu-
rity/microinclusion content than ice from the BHT
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zone, characteristic of the warmer MIS3 period. Visual
stratigraphy is marked by nicely flat and parallel cloudy
bands. More or less steady increase in average grain
diameter to almost 3.0 mm at 1700 m depth. The strongest
c-axis vertical girdle in EDML is achieved in the lower
part of this zone. Dynamic recrystallization continues to
affect the ice microstructure evolution in the same fashion
as in the upper zones.

. Girdle-Single-Maximum (GSM) transition zone: from
1700m [60.6ka] to 2050m depth [87.0ka]. During the
cooler MIS4 period (approx. 1700-1850m depth) there
occurs a peak in impurity/microinclusion concentrations
that gives rise to intense cloudy bands, while average
grain diameter gets as small as 0.8 mm. Below 1850 m
depth (MIS4-MISS5 transition) impurity/microinclusion
concentrations return to lower levels and mean grain
diameter increases vigorously to ca. 3.5mm at 2050 m
depth. LPO evolution changes its trend for the first time,
turning to a gradual weakening of the c-axis vertical
girdle, which culminates in a somewhat abrupt transition
to a vertical single maximum at ca. 2050m depth (also
detectable through radar sounding, Eisen et al. 2007).
Such a girdle—single-maximum (GSM) transition points
to the rise of horizontal simple shearing as the dominant
flow regime in the lower third of the ice sheet at the
EDML site. This change in flow regime is also suggested
by the first signs of stratigraphic disturbance (Faria et al.
2010), in the form of cloudy bands with millimetre-sized
undulations, which are the main feature of the visual
stratigraphy in the GSM transition zone.

6. MIS5 zone: from 2050m [87.0ka] to 2385m depth

[I134ka]. Progressive deterioration of the stratigraphy
with ever increasing undulations, tilted layers and folding.
The stratigraphy at the bottom of this zone is characterized
by fuzzy cloudy bands, tilted from horizontal by up to
30°, and fully developed folds with many centimetres in
amplitude. Synchronization with EPICA Dome C Deep
Ice Core is lost below 2366 m depth (Ruth et al. 2007).

Gradual increase of mean grain size to a diameter of
ca. 5Smm at 2370m depth. Steady strengthening of the
c-axis vertical single maximum.

7. High-shearing zone: from 2385m [134 ka] to 2590 m depth

[no reliable dating]. The top 20m of this zone exhibit
the most striking structural changes in the whole EDML
Deep Ice Core, including a steep drop in the mean grain
diameter to circa 1 mm and an almost 100-fold jump in
impurity/microinclusion content to concentrations com-
parable with LGM levels. These remarkable changes are
believed to be caused not only by the enclosed climate tran-
sition from the last interglacial to the penultimate glacial
(MIS5e-MIS6 transition), but also by the activation of
enhanced shearing in a many-metre thick soft ice layer
between 2385 and 2405 m depth. Evidences of such a soft
ice layer are diverse and range from the abrupt change
in the stratigraphy just below 2385m depth, character-
ized by intense, neatly flat and parallel cloudy bands, to
the peculiar arrangement of grains in a “brick-wall pat-
tern” that facilitates grain-boundary sliding by microshear
(Faria et al. 2010, 2006, 2009, 2014b). Between 2400
and 2500m depth the ice microstructure remains gener-
ally fine-grained, but mean grain size variability increases
dramatically with the ultimate deterioration of the stratig-
raphy, which becomes completely disrupted below circa
2575 m depth.

. Basal ice zone: from 2590m [no reliable dating] to 2774 m

depth [bedrock]. EDML basal ice appears exceptionally
clear, with huge grains of up to a half metre in diameter.
Local temperature rises with depth from circa —7°C at
2590m to the pressure melting point near the bedrock, at
2774 mdepth. Stratigraphic structures like cloudy bands no
longer exist and almost all microinclusions can be found
collected at grain boundaries. Also the optical properties
of the grain boundaries seem altered as they interact more
intensely with the incident light of the line-scanner, becom-
ing the dominant visible structures of the core in this deep-
est zone.



EDML Line-Scan Images

The motto here is always: take a wider look round.
Ludwig Wittgenstein (1983), p. 127

5.1 Key to Image Interpretation

As explained in Sect.4.4, an ice-core line-scanner (LS) is a
device for recording the visual stratigraphy of ice cores in
high-resolution (& 0.1 mm/pixel) digital images. In the case
of the EDML Deep Ice Core, the LS device scans polished
ice slabs cut lengthwise from every full metre of the EDML
core, according to the cutting plan shown in Fig.4.10.

In a similar fashion as dark field microscopy, the LS sys-
tem is designed to capture only the indirect light scattered by
inclusions in the ice matrix, like microscopic particles or air
bubbles, so that the amount of brightness in any point of an LS
image is proportional to the concentration of inclusions in that
location of the ice slab. Thus, a clear piece of ice, free from
inclusions, appears dark, while another piece of ice full of
inclusions (e.g. bubbly ice or cloudy-band ice) appears bright
(Fig.5.1).

Depending on the amount of light scattered by a given
ice slab, a suitable aperture adjustment of the light-source
diaphragm is needed to avoid over- or under-exposure of
the LS image. Also the exposure settings of the LS digi-
tal camera are adjusted accordingly. Further optimization is
obtained through digital image processing. All these adjust-
ments are done automatically and/or manually during the
scanning process. Therefore, the intensity of stratigraphic fea-
tures recorded in different LS images may vary to some extent,
because of distinct calibrations, and care should be taken when
comparing individual images. The brightness of the ruler on

Electronic supplementary material The online version of this
chapter (doi:10.1007/978-3-662-55308-4_5) contains supplementary
material, which is available to authorized users.

© Springer-Verlag GmbH Germany 2018

the left side of each image may serve as a qualitative indica-
tion of the net exposure settings of a particular image.

The LS images of the EDML Deep Ice Core, from now
on called EDML-LS images, are named after the core’s bag
number, which corresponds to the logged depth at the bottom
of each one-metre piece of core (for a definition of logged
depth, see the Glossary in Sect. 1.2). For instance, EDML-
LS Image 672 corresponds to the 672th piece of core, which
spans the logged depth interval 671-672m. The EDML-LS
image series covers every metre of the whole EDML Deep
Ice Core, with exception of the upper 448 m (bag numbers
1-449), which comprise the firn and upper bubbly-ice zones.
The reason for this omission is that the light scattering by
air bubbles and pore space in this shallow depth zone is so
intense that nothing useful can be seen in the LS images.

Occasionally, an LS image may not cover the full one-
metre length of a core piece, for example because that part of
the core consist of fragments too small to be cut into a slab.
In particular, there are a few rare depths in the brittle zone
(cf. Sect. 1.2), from which there is no LS image at all, simply
because the entire ice-core piece from that particular depth
was so fragmented that it was impossible to cut an ice slab
out of it (e.g. EDML-LS Image 936).

As remarked in Sect.4.4, the absolute azimuthal orienta-
tion of an ice core is generally not known, so that we have to
assume that the LS images are randomly oriented with respect
to the ice flow. This implies that the LS method currently
provides an optimistic estimate of stratigraphy integrity and
a lower bound of layer inclination. In other words, any strati-
graphic disturbance may be just as bad as, or worse than, its
depiction in the LS image, while the true inclination of a layer
may be equal to, or larger than, the inclination displayed
in the LS image. Future advances in ice-core drilling
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5 EDML Line-Scan Images

Fig.5.1 Main features of the
line-scanner images of the EDML
Deep Ice Core. Two examples are
shown (notice the distinctive
brightness of the reference ruler
on the left-hand side of each
image, which indicates that they
have been produced with
different exposure settings). Left:
EDML-LS Image 477 covering
the depth interval 476477 m
(bubbly ice zone). Bright
speckles distributed over the
whole core piece are air bubbles.
Depth variations in the collective
structure of bubbles (mainly
number and size) create layering
(an extra-bubbly ice layer is
marked). Right: EDML-LS Image
2408 covering the depth interval
2407-2408 m (high-shearing
zone). Bubble-free ice with very
strong contrast between clear ice
and cloudy-band ice. A fully
developed centimetre-sized fold
is also indicated

476.00m =

4~

476.31m =

476.62m =

477

technology shall hopefully overcome the challenge of
recording the absolute orientation of an entire ice core,
therefore enabling future LS images to be always oriented in
the direction of the local ice flow.

5.2 The EDML Visual Stratigraphy Record

With the most essential features of the EDML-LS images
being described in Fig.5.1, we are now ready to explore the
whole visual stratigraphy record of the EDML Deep Ice Core.

/ bag number \

core label
(too dark to be seen well)

= 2407.00m
missing piece
extra-bubbly ice layer — fold
cloudy band

= 2407.37m
clear ice

reference ruler

M

I'. '.E. , Jlﬁ’

!

missing fragment

inclusion-rich ice = 2407.72m

(cloudy-bandice)

core break

= 2408.00m

2408

The ensuing pages display 2325 line-scan images cover-
ing the logged depth range 450-2774 m of the EDML Deep
Ice Core. High-resolution versions of these images are also
available for download from the link indicated on the copy-
right page at the beginning of this book.

This collection of line-scan images represents the most
accurate visual record to date of the stratified structure of
Antarctic ice from the Dronning Maud Land site. We hope that
it may serve not only as a useful reference for glaciologists
and climate modellers, but also as a unique compilation of
ice-core images for enthusiasts of Antarctica.
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