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Abstract

Polar ice sheets play a fundamental role in Earth’s climate system, by interacting
actively and passively with the environment. Active interactions include the creep-
ing flow of ice and its effects on polar geomorphology, global sea level, ocean and
atmospheric circulation, and so on. Passive interactions are mainly established
by the formation of climate records within the ice, in form of air bubbles, dust
particles, salt microinclusions and other derivatives of airborne impurities buried
by recurrent snowfalls. For a half-century scientists have been drilling deep ice
cores in Antarctica and Greenland for studying such records, which can go back
to around a million years. Experience shows, however, that the ice-sheet flow
generally disrupts the stratigraphy of the bottom part of deep ice cores, destroying
the integrity of the oldest records. For all these reasons glaciologists have been

studying the microstructure of polar ice cores for decades, in order to understand
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the genesis and fate of ice-core climate records, as well as to learn more about
the physical properties of polar ice, aiming at better climate-record interpretations
and ever more precise models of ice-sheet dynamics. In this Part I we review the
main difficulties and advances in deep ice core drilling in Antarctica and Green-
land, together with the major contributions of deep ice coring to the research on
natural ice microstructures. In particular, we discuss in detail the microstructural
findings from Camp Century, Byrd, Dye 3, GRIP, GISP2, NorthGRIP, Vostok,
Dome C, EDML, and Dome Fuji, besides commenting also on the earlier results of
some pioneering ventures, like the Jungfraujoch Expedition and the Norwegian—
British—Swedish Antarctic Expedition, among others. In the companion Part II of
this work (Faria et al., this issue), the review proceeds with a survey of the state-of-
the-art understanding of natural ice microstructures and some exciting prospects

in this field of research.

Keywords: ice, glacier, ice sheet, mechanics, creep, recrystallization, grain

growth, microstructure, fabric, texture

1. Introduction

Ice is one of the oldest known minerals (Adams, 1990; Faria and Hutter, 2001)
and manifests itself in diverse forms, most commonly as snow, frost, hail, icicles,
ice plates, permafrost, firn, and massive polycrystals. Although it is neither as
ubiquitous as quartz nor as precious as diamond, ice is highly regarded by its
environmental and economic importance, as well as by the exceptionally large
deposits of “pure” ice found in continental-sized polar ice sheets (the impurity
content of polar ice typically lies in the ppb range; Legrand and Mayewski, 1997).

These ice sheets cover virtually all Greenland and Antarctica with more than 2.7 X
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10'® m? of ice, corresponding to ca. 2.5% 10'° kg of freshwater, or 64 m of sea level
rise equivalent (Lemke et al., 2007).

Like any usual crystalline solid, ice undergoes creep at sufficiently low stresses
and temperatures higher than around half of its pressure melting point (Petrenko
and Whitworth, 1999; Durham et al., 2001). Seeing that temperatures naturally
occurring on Earth generally lie within that range, it should be no wonder for con-
temporary scientists to witness glaciers and ice sheets creeping slowly under their
own weight. Notwithstanding, more often than not one still can find expositions
in the modern literature attributing the creep of glaciers and ice sheets to an odd
fluidity of ice. Such a pseudodoxy is nourished by the charm of the old glaciolog-
ical literature (beautifully described by Clarke, 1987 and Walker and Waddington,
1988), ancient beliefs (Adams, 1990; Faria and Hutter, 2001), and the long list of
real peculiarities of this material, which range from its abnormally low mass den-
sity to the persistence of brittle properties up to its melting point (Hobbs, 1974;
Petrenko and Whitworth, 1999; Schulson and Duval, 2009).

While the creep of large ice masses can itself be considered an unsurprising
phenomenon, the microscopic mechanisms that drive it are far from trivial and
have been challenging scientists for several decades. Here we review some of
these studies, with special emphasis on polar ice from deep ice cores, and present
an up-to-date view of the modern understanding of natural ice microstructures and
the deformation processes that may have produced them.

This work is divided in two correlated publications. Here in Part I, we re-
view the advances in the research on natural ice microstructures during the last
eight decades, using deep ice cores from Antarctica and Greenland to draw the

storyline. In the companion Second Part (Faria et al., this issue) —from now on
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called Part II— we discuss several aspects of our current understanding of nat-
ural ice microstructures, including deformation mechanisms, induced anisotropy,
grain growth and recrystallization, among others. The whole review ends with a
summary of key concepts in the form of a glossary, for quick reference (Appendix
A of Part II).

For the sake of brevity, we concentrate attention here to a limited number
of ice cores only, which we consider most representative of the advances in ice
microstructures occurring in a given period. Inevitably, in some situations we
have faced the dilemma of choosing between two or more cores equally relevant
within the same period. In such cases we have given preference to the core with
the largest amount of information available for us. Admittedly, this pragmatic
attitude generates a selection bias towards those ice coring projects we have been
directly or indirectly involved with. Information about other important polar ice
cores, not discussed here (e.g. Law Dome, Taylor Dome, Siple Dome, Talos
Dome, WAIS, NEEM and others), is available in the review by Bentley and Koci
(2007) and in the Ice Core Gateway of the U.S. National Oceanic and Atmospheric
Administration (NOAA; http://www.ncdc.noaa.gov/paleo/icecore), among other
resources.

Summaries of the most relevant microstructural, geophysical, and geographi-
cal data about the ice cores discussed here are given in Table B.1 and Figs. A.1-

A3.

Remark 1. For the description of ice cores we adopt here the convention from top
to bottom, unless explicitly specified otherwise. In usual cases of ordered stratig-
raphy, this convention implies inverse chronological order, viz. from younger to

older. 1t is in this sense that a phrase like “transition from the Holocene to the
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Last Glacial” may appear, indicating the fact that the Last Glacial is older than the
Holocene. Climatologists may feel a bit uncomfortable with this convention, but

it is the most logical choice for describing the physical features of an ice core.

2. Early research in natural ice microstructures

It is usually a great injustice to attribute a scientific innovation to a single person,
team, or publication. Nevertheless, such a regrettable act is often justified by the
fact that the human mind cannot easily grasp history unless the latter is reduced to
a plain timeline decorated with milestones. In this vein, we apologetically commit
such an injustice here by naming milestones that, in our opinion, exemplify well

scientific trends in decisive periods of ice microstructure research.

2.1. The Jungfraujoch Expedition

We start with a field expedition that has not only boosted research in ice mi-
crostructures, but also marked a turning-point in the way Glaciology is organized
today. Gerald Seligman, a former businessman and skillful ski-mountaineer, was
president of the Ski Club of Great Britain and author of an influential treatise on
snow structure (Seligman, 1936). That work motivated him to consider the role
of ice microstructure in the metamorphism of snow into ice. With this aim he led
in 1937 a pioneering party to study this process on the Jungfraujoch, Switzerland,
which included John D. Bernal, F. Philip Bowden, T. P. Hughes, Max F. Perutz
and Henri Bader (Remark 2).

Remark 2. It is impossible to overestimate the importance for modern Glaciol-

ogy of the constellation of scientists involved in the Jungfraujoch Expedition.
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Bernal discovered (together with Ralf H. Fowler) the essential principles that de-
termine the arrangement of atoms in the ice lattice (Bernal and Fowler, 1933),
nowadays known as the ice rules. Bowden and Hughes laid the foundations of our
modern understanding of the frictional behavior of snow and ice (Bowden and
Hughes, 1939; Bowden, 1953). Perutz became one of the pioneers of the modern
(non-Newtonian) theory of ice creep (Perutz, 1948, 1949, 1950a,b, 1953). Finally,
Bader joined his Ph.D. supervisor Paul Niggli in the Swiss Snow and Avalanche
Commission as snow crystallographer in 1935, soon turning into one of the key
proponents of a permanent laboratory for snow and avalanche research in Davos,
Switzerland, which quickly evolved (in 1943) to the renowned Swiss Federal In-
stitute for Snow and Avalanche Research, SRF (Achermann, 2009). Bader left
Switzerland prior to SRF’s inauguration, however, moving to the Americas in
1938 to become, among other things, an international prime mover of polar deep
ice coring (Bader, 1962; see also de Quervain and Rothlisberger, 1999; Langway,
2008). Seligman, on the other hand, was named in 1936 President of the newly-
founded Association for the Study of Snow and Ice, which after the World War II
hiatus evolved to the British Glaciological Society (publisher of the influential
Journal of Glaciology) and in 1962, still under Seligman’s lead, to the (Interna-

tional) Glaciological Society.

The results of the Jungfraujoch Expedition have been published in four papers,
describing various aspects of the crystallography, metamorphism, mechanics and
thermodynamics of snow, firn and ice (Perutz and Seligman, 1939; Hughes and
Seligman, 1939a,b; Seligman, 1941). As commented by Seligman (1941) in his

general review of the Expedition:
The work of earlier investigators and my own had traced the transition

6
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of new powdery snow into hard firn snow, but no one had systemati-
cally studied how this white, air-filled firn turned into the blue air-free
ice of the lower glaciers. This was the ground of the present research.
Glacier movement had been supposed to play a part, and this had to
be investigated, including of course the flow of the névé. My long-
cherished desire to use polarized light to reveal the detailed develop-
ment of firn and ice crystals required the help of a crystallographer,
which led to unexpected and valuable results. With the exception of
a few desultory photographs polarized light had never been used: a

surprising omission in glaciological research.

Details of these crystallographic investigations on the Jungfraujoch have been
described by Perutz and Seligman (1939). Firn and ice samples were collected
from the walls of crevasses or from grottoes and pits dug in the accumulation and
ablation zones of the Great Aletsch Glacier and its surroundings. They prepared
thin sections and determined crystalline orientations using a technique described
by Bader et al. (1939) for snow studies. Among other results, Perutz and Seligman
(1939) noticed a conspicuous microstructural contrast between the “small regular”
crystallites of firn and the “large irregular” grains of ice. They observed a lattice
preferred orientation in the upper meters of firn, with c-axes lying perpendicular
to the glacier surface and gradually giving way to more isotropic (“random”) c-
axis distributions below a few tens of meters of depth. In the deeper ice, however,
strong lattice preferred orientations could again be observed, suggesting that the
effect of glacier flow on the ice microstructure could be to some extent compared
to the mechanism of high-temperature creep in other polycrystalline materials,

e.g. magnesium (Remark 3). In particular, in places where the ice was subjected
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to shear, the ice crystallites were oriented with their basal planes parallel to the

direction of shear.

Remark 3. Comparisons between the mechanisms of high-temperature creep in
ice and other polycrystalline materials would later pave the way for the painstak-
ing mechanical tests conducted by John W. Glen (1952, 1955) and Samuel Steine-
mann (1954, 1958), which confirmed the suggestion by Perutz (1949, 1950b) that
the flow of glaciers could be modeled by a power law, nowadays known as Glen’s
flow law. It is worth noticing that Glen was a Ph.D. student under supervision of
Egon Orowan and Max Perutz in Cambridge, while Steinemann was a Ph.D. stu-

dent under supervision of Paul Niggli and Ernst Brandenberger at the ETH Zurich.

According to Seligman (1941), Perutz proposed that grain growth in glaciers
could come about through a process of dynamic recrystallization, in which “softer”
grains well oriented for simple shear have lower free energy and grow at the ex-
penses of “harder” grains that cannot yield to the imposed stresses.

After World War 11, several studies similar to those performed by the Jungfrau-
joch party were conducted on various glaciers (e.g. Ahlmann and Droessler, 1949;
Seligman, 1949; Bader, 1951; Rigsby, 1951, 1958, 1960). These investigations
contributed to enriching the records of glacier microstructures, introducing new
details, diversity, and complexity to the picture. They failed, however, to provide
a consistent description of the microstructural evolution of natural ice. One cru-
cial reason for this failure derives from the fact that the analyzed ice samples had
in general no clear spatial or historical relation to each other, being usually col-
lected from distinct pits and similar superficial excavations in the ablation zone of

glaciers. From these investigations it soon became evident that a systematic study
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of natural ice microstructures could only be accomplished by extracting an ice
core from the heart of a natural large ice body. Such an enterprise was however
a formidable prospect for post-war scientists. New mechanical drilling technolo-
gies, specific for ice, had to be developed and the logistics of all equipment and

research teams would have to be carefully planned and tested.

2.2. The first shallow ice cores

Eventually, in 1949 two independent international teams set off to distant global
locations to start drilling the first two polar ice cores for glaciological studies.
During the Norwegian—British—Swedish Antarctic Expedition (NBSAE) of 1949—
1952, Valter Schytt (1958) and colleagues recovered an ice core of nearly 100 m
from the Maudheim site on Quar Ice Shelf, Dronning Maud Land, Antarctica
(Remark 4). Nearly simultaneously, within the 1949—-1950 activities of the Juneau
Ice Field Research Project (JIRP), Henri Bader cored to almost 100 m into the
temperate Taku Glacier in Alaska (Miller, 1954; Langway, 2008). Both drilling
actions proved to be extremely difficult, and the quality of the recovered ice cores
was precarious. Notwithstanding, some physical properties of parts of these cores
could be analyzed.

In particular, Schytt (1958) studied the crystallography of the whole Maud-
heim ice core in depth intervals of approximately 5 m, therefore producing the first
microstructural investigation of deep polar ice and of an ice shelf. He observed
a smooth transition of firn into ice at 60—65 m depth, but a clear discontinuity in
grain growth with depth below ca. 70 m, with grain sizes increasing six times
faster with depth than in the upper 70 m. He interpreted this discontinuity as the
boundary between ice produced by in-situ accumulation and ice supplied by the

inland ice sheet. In the petrographic analysis, single and multiple maxima could
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be identified in the c-axis distributions of samples from distinct depths, with no

general trend towards a well-established preferred orientation with depth.

Remark 4. During NBSAE’s first winter, drilling was also performed by Bertil
Ekstrom (Schytt, 1958). Unfortunately, by the end of the season Ekstrém and
other two companions, Leslie Quar and John Jelbart, drowned in a track-driven
vehicle accident (Mills, 2003). On account of this fatality, three ice shelves around

Maudheim Station have been posthumously named after them.

3. The first polar deep ice cores: IGY sites, Camp Century, Bird Station, Dye
3

After the difficulties faced by the JIRP and NBSAE teams with the pioneering
ice cores drilled in Alaska and Antarctica, as well as the subsequent (and equally
problematic) drilling campaign on Central Greenland by the Expéditions Polaires
Frangaises, EPF, in 1950-1951 (Langway, 2008), glaciologists in the whole world
became aware of not only the great potential, but also the great hurdles of deep

ice coring.

3.1. IGY ice cores

Fortunately, the approaching of the Third International Polar Year (IPY) in 1957—
1958, which was soon renamed the International Geophysical Year (IGY), helped
stimulating the interest in big scientific enterprises in polar regions. Indeed, the
U.S. National Academy of Sciences (NAS) Committee for the IGY soon adopted
deep core drilling into polar ice sheets for scientific purposes as one of its high-
priority, long-term research projects, and subsequently the National Science Foun-
dation (NSF) tasked the U.S. Army Snow, Ice and Permafrost Research Estab-
lishment (SIPRE), under the leadership of Chief Scientist Henri Bader, with the

10
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responsibility for defining, developing, and conducting the entire U.S. ice core
drilling and research program under a joint interagency agreement (Bader, 1962).

As reported by Langway (1970, 2008), the SIPRE pre-IGY pilot drilling tri-
als were conducted at Site-2, Northwest Greenland in 1956 (305 m) and 1957
(411 m), being closely followed by two IGY core drillings in Antarctica, the first
at Byrd Station, in 1957-1958 (307 m) and the second at Little America V, on the
Ross Ice Shelf, in 1958-1959 (264 m). This was a period of great technological
improvements not only in drilling, but also in analytical methods (see e.g. Gow,
1963a,b; Langway, 1970). The success of the IGY drilling campaigns and the
increasing quality of the recovered cores motivated NAS to assign SIPRE with
the task of developing a post-IGY deep ice coring system capable of reaching
bedrock depths. The outcome of this post-IGY project was a series of celebrated
ice cores drilled by B. Lyle Hansen and his team, two of them reaching bedrock

in Greenland (Camp Century) and Antarctica (Byrd Station), respectively.

3.2. Camp Century

The first deep polar ice core to reach the base of a polar ice sheet was retrieved
from Camp Century, Northwest Greenland, in 1963-1966 (after two unsuccessful
attempts in 1961-1963) and achieved a final length of 1375 m (Hansen and Lang-
way, 1966). For the standards of that time, the physical quality of the core was
very good, allowing the first continuous record of structure and chemical com-
position of a polar ice sheet, stretching from surface to bedrock. More than this,
it delivered the definite proof that the combination of ice core drilling with oxy-
gen isotope analysis was indeed a valuable method for reconstructing Earth’s past
climate (Dansgaard et al., 1969).

Measurements of grain sizes and c-axis orientations started on the field, in
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1961, but a thorough microstructural analysis of the whole core was accomplished
and published only 16 years later (Herron and Langway, 1982; Fig. A.2; a prelim-
inary crystallographic investigation of the bottom 16 m of Camp Century’s debris-
laden basal ice appeared somewhat earlier, viz. Herron and Langway, 1979). Circa
50 horizontal and six vertical thin sections, covering the whole Camp Century core
at variable depth intervals, were prepared for crystallographic studies by section-
ing thick samples with a microtome. Grain sizes were usually measured from
photographs using a semi-automatic particle size analyzer for detecting cross-
sectional areas, whereas in difficult cases (e.g. sections contained too large or
too complex grains) this method was replaced by counting crystallites within a
given area. Crystalline c-axis orientations were measured on a Rigsby univer-
sal stage (essentially an enlarged version of the conventional four-axis universal
stage, especially designed for the larger crystallites found in natural ice; Rigsby,
1951, 1958) and presented in a variety of ways, from contoured pole figures to
resultant directional vectors and statistical parameters derived from eigenvalues
and -vectors.

In the upper hundreds of meters of the Camp Century core Herron and Lang-
way (1982) observed a thirty-fold increase in the average grain cross-sectional
area to more than 100 mm? at 700 m (~ 3 kaBP, according to Dansgaard and
Johnsen, 1969), with grain shapes turning gradually more complex and interlock-
ing. Below 850 m the average grain size decreases to less than 60 mm? at 1000 m
depth, followed by a drastic size reduction to ca. 2 mm? within a very short depth
interval (1136-1149 m depth), which coincides with the climatic transition from
the Holocene interglacial to the Last Glacial period (interglacial-glacial transition;

Dansgaard and Johnsen, 1969). This sudden reduction in grain size is eventually
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followed by a gradual increase to about 20 mm? at 1300 m depth, which abruptly
gives way to an extremely fine-grained (ca. 0.6 mm?) debris-laden ice at the bot-
tom 10 m of the core (Herron and Langway, 1979).

Preferred c-axis orientations were identified to evolve with depth towards a
strong vertical single maximum at the bottom of the core, with a marked enhance-
ment within the depth interval 1136-1149 m corresponding to the interglacial—
glacial transition. The fine-grained and highly oriented crystallites in the lowest
10 m of the core suggest a zone of high deformation on a frozen bed, which is con-
sistent with estimated temperature of —13°C at the ice—bedrock interface (Hansen

and Langway, 1966; Herron and Langway, 1979).

3.3. Byrd Station

After successfully finishing core retrieval at Camp Century in July 1966, the same
party headed for south and started core drilling at Byrd Station, Antarctica, in
November 1966. In less than two field seasons, Hansen and his team managed to
recover a total core length of 2164 m, reaching bedrock in January 1968. Shortly
after, however, good luck turned its back on them, as they lost their valued drill
rig stuck in frozen subglacial water, which upwelled into the hole while the drill
was pinching the bed (Ueda and Garfield, 1970). Fortunately, the entire ice core
was already retrieved and safe, and could provide the most complete portrait of
Antarctic ice to that date.

Gow and Williamson (1976) performed the crystallographic analysis of the
Byrd deep ice core (Fig. A.3). The methods of microstructural investigation were
generally similar to those employed on the Camp Century core (Sect. 3.2). From
the firn—ice transition zone at 56 m depth down to ca. 600 m (= 5.5 kaBP, accord-

ing to Hammer et al., 1994) they observed a twenty-fold increase in the average
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grain cross-sectional area, with the average grain size stabilizing at about 60 mm?.
Concomitantly, the regular polygonal grain structure just below the firn—ice transi-
tion gradually gives way to a complex structure of interlocking grains, frequently
showing undulose extinction and similar manifestations of lattice distortion. At
1200 m depth the core reaches the glacial-interglacial transition and the grain
size stability breaks down with a marked three-fold decrease in grain size within
a depth interval of only 100 meters. The resulting fine-grained structure persists
for further 500 m, in a zone characterized by intense ash layers and widespread
cloudy bands (Fig. A.4 and Appendix A of Part IT). Below 1600 m depth the fine-
grained structure starts becoming disturbed by interdigitations of coarse-grained
ice, which eventually overrides the ice microstructure beneath 1800 m depth, with
increasingly large crystallites reaching sizes of several thousands of mm? at the
bottom of the core.

The depth development of c-axis preferred orientations in the upper 1800 m
of the Byrd deep ice core follows roughly that of Camp Century: a gradual but
persistent formation of a vertical single maximum. By analyzing the microstruc-
ture of deep ice in greater detail, Gow and Williamson (1976) discovered a con-
sistent relation between grain size, c-axis preferred orientations, and impurity
content, such that the higher the impurity content, the smaller are the grains and
the stronger is the vertical single maximum. As a consequence, the fine-grained
cloudy bands in the depth range 1200-1800 m of the Byrd core are generally
associated with a strong single-maximum c-axis distribution, while the c-axis pre-
ferred orientations of the coarse-grained ice, intermixed in that depth range and
pervasive below 1800 m depth, are characterized by multiple maxima.

In many aspects, the Byrd deep ice core established new standards for our
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understanding of the physics and microstructures of polar ice sheets. First, the
observed general evolution of grain sizes and c-axis orientations with depth estab-
lished the basis for the (overused) tripartite paradigm of polar ice microstructure,
also known as the “three-stage model” (cf. Sect. 5 and Appendix A of Part II; the

formulation below follows De la Chapelle et al., 1998):
1. in the upper hundreds of meters of an ice sheet, grains grow in the regime
of Normal Grain Growth (NGG; Stephenson, 1967; Gow, 1969);

2. inintermediate depths, NGG is counterbalanced by grain splitting via “poly-
gonization” (Alley et al., 1995);

3. at the bottom of the ice sheet, where the ice temperature raises above ca. —10°C,

dynamic recrystallization with nucleation of new grains (SIBM-N) markedly

transforms the microstructure (Duval et al., 1983).

Second, the highly oriented fine-grained structure of the impurity-rich glacial
ice in the depth interval 1200-1800 m suggested that horizontal simple shearing
is considerably strong in that zone. This finding prompted a question, colloqui-
ally epitomized by the title of Stan Paterson’s (1991) article, which has pervaded
ice core studies ever since: “Why is glacial ice sometimes soft?”” Actually, the
first step towards answering this question has been taken by Gow and Williamson
(1976) themselves. They reported the existence and basic properties of cloudy
bands (see Appendix A of Part II), and identified them as one of the major strati-
graphic features of glacial ice. They noticed also that the fine-grained structure
and high anisotropy of such bands disclose them as localized zones of intense
shearing, which may possibly be major contributors to the flow of the ice sheet.
Such extensive shearing along discrete strata situated well above bedrock could

cause differential layer thinning and seriously distort the stratigraphy, making the
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dating and interpretation of climate records extremely complicate. Today, cloudy
bands continue to challenge our understanding of ice mechanics and microstruc-
ture, with novel methods of observation and modeling casting new light on this
issue (Takata et al., 2004; Lhomme et al., 2005; Svensson et al., 2005; Gow and
Meese, 2007; Faria et al., 2009, 2010).

Finally, the danger of unexpected subglacial water upwelling into the borehole
would not only become a recurrent source of troubles for future deep ice core
drillings (see next sections), but also a presage of the unexpected extension and
dynamics of the subglacial hydrologic environment (Clarke, 2005; Siegert, 2005;
Evatt et al., 2006; Wingham et al., 2006).

3.4. Dye 3

The successful operations at Camp Century and Byrd Station proved that core
drilling down to the bedrock through several kilometers of creeping polar ice was
feasible, and that the physical and environmental information recorded in ice cores
was invaluable. These results motivated researchers from Denmark, Switzerland
and the United States to meet in 1970 in order to plan a new major research pro-
gram for ice core drilling in Greenland, named GISP: the Greenland Ice Sheet
Program. Originally, GISP was a very ambitious eleven-year program involving
three deep ice core drillings down to bedrock, but budgetary restrictions forced
the program to reduce deep bedrock drilling to only one location, the Summit, in
North-Central Greenland (Langway, 2008). Eventually, however, further finan-
cial restrictions compelled the selection of a logistically more convenient site in
Southern Greenland, at the U.S.A.F. Distant Early Warning Radar Station Dye 3
(Dansgaard et al., 1982). Drilling started at Dye 3 in 1979, after seven years of

preliminary field and laboratory studies, and in 1981 the newly designed Danish
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electromechanical drill ISTUK touched bedrock at 2037 m. Several on site labora-
tories (including two equipped science trenches and a clean-room trailer) and new
processing procedures established new standards of organization and efficiency
for deep ice core field studies.

Vertical thin sections were sampled by Herron et al. (1985) on site, at approx-
imately 100 m depth intervals throughout the core, and prepared them for crystal-
lographic analyses following the procedures already adopted in previous ice core
studies (e.g. Herron and Langway, 1982). Average grain sizes were determined
using the intercept method. Crystalline c-axis orientations were measured at 23
selected depths using a Rigsby universal stage and were presented in a variety of
ways, following nearly the approach already adopted in the Camp Century studies
(cf. Sect. 3.2). These c-axis observations were also compared with the results of an
alternative method for monitoring material anisotropy through ultrasonic velocity
measurements of selected ice core samples.

Herron et al. (1985) observed (cf. Fig. A.2) a ten-fold increase in the aver-
age grain cross-sectional area to ca. 30 mm? at 800 m (~ 2 kaBP, according to
Reeh, 1989), followed by a size reduction in the next 100 m and subsequent grain
size stabilization around an average cross-sectional area of 16 mm?. Finally, at
the interglacial-glacial transition at ca. 1785 m depth (Dansgaard et al., 1982;
Gundestrup and Hansen, 1984), the average grain size sharply reduces to less than
0.5 mm? within some tens of meters, and then resumes its growth trend with depth
down to bedrock, reaching ca. 5 mm? at the bottom of the core (where the tem-
perature is around —13°C; Gundestrup and Hansen, 1984), A general tendency
to horizontally elongated grains was observed throughout the core, especially in

coarse-grained ice (where the grain aspect ratio can reach 1.3).
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Crystallographic and ultrasonic measurements of the Dye 3 core revealed a
trend similar to previous deep ice cores, especially the Byrd Station core, with a
steady reorientation of c-axes towards vertical and a marked vertical single max-
imum below the interglacial-glacial transition at 1785 m depth. More detailed
grain size and c-axis measurements conducted by Langway et al. (1988) in glacial
ice from 1785-2037 m depth showed that the strong vertical single-maximum c-
axis distribution persists throughout this lower portion of the core, with grain sizes
varying between 0.2 and 7 mm?. Smaller grains were found in high-impurity lay-
ers and, conversely, larger grains were found in low-impurity strata. In contrast to
the Camp Century and Byrd cores (cf. Sects. 3.2 and 3.3), Langway et al. (1988)
reported that, in the Dye 3 core, impurity content seemed to have a strong influ-

ence on grain sizes, but less of an effect on c-axis preferred orientations.

4. News from Greenland: GRIP, GISP2, NGRIP

While U.S. polar deep drilling operations could be successfully performed since
the late 1950’s, thanks in part to exclusive scientific programs organized by the
National Academy of Sciences (NAS) and the National Science Foundation (NSF),
the nations of post-war Europe had first to organize themselves in a stable politico-
economical framework, in order to allow the creation of exclusive European pro-
grams capable of financing such complex and expensive scientific enterprises. In
this vein, the 1970’s and 1980’s constituted a period of remarkable changes in the
European scientific landscape. The first United Nations Conference on the Envi-
ronment, held in Stockholm in 1972, motivated the European Commission (EC) to
launch its first Environment Action Program (EAP), the earliest of a series of five-

year action programs for dealing with critical environmental issues. In 1974 the
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European Science Foundation (ESF) was created, and in 1986 the ESF launched
its Polar Science Network Program.

These specific European programs for climate and environment established
the grounds for the creation of successful European deep drilling projects in po-
lar regions, through collaborative funding schemes involving the EC, ESF, and

several national funding agencies.

4.1. GRIP

The decisive contributions of Denmark and Switzerland to the success of GISP
led European glaciologists to propose to ESF the creation of a long term pro-
gram for promoting glaciological research. In 1988 the ESF agreed and launched
the European Glaciological Program (EGP). The first project within this program
was the Greenland Ice Core Project (GRIP), which aimed at drilling to bedrock a
deep ice core at the highest point of the Greenland Ice Sheet, the Summit (the site
originally selected for GISP, cf. Sect. 3.4), for investigating the climatic and envi-
ronmental changes of the past 250,000 years (GRIP community members, 1996).
Nearly at the same time, a U.S. companion project called GISP2 would pursue
similar objectives at a site just 27 km to the west (cf. Sect. 4.2).

Funding of GRIP came initially from national funding agencies of the eight
participating European nations (Denmark, Switzerland, France, Germany, United
Kingdom, Italy, Iceland and Belgium). This was soon complemented by finan-
cial support of the European Commission under the European Program on Cli-
matology and Natural Hazards (EPOCH). Drilling and logistic operations were
coordinated by the GRIP Operation Center (GOC), which was established for this
purpose at the Geophysical Institute of the University of Copenhagen. Drilling

started in summer 1990, using an updated version of the ISTUK drill, and stopped
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in July 1992, after penetrating through 6 m of debris-laden (silty) ice just above
bedrock, at a depth of 3028.8 m below surface (Johnsen et al., 1994). Unfor-
tunately, due to severe stratigraphic disturbances caused by the ice flow in the
lowest 10% of the core, reliable dating has been limited to depths ca. 300 m above
bedrock (= 110 kaBP; Peel, 1995; Landais et al., 2003), although tentative chrono-
logical reconstructions of the disturbed bottom ice do exist (Landais et al., 2003;
Suwa et al., 20006).

More than 60 vertical and horizontal thin sections were sampled on site at ir-
regular intervals, ranging from 10 to 115 m in the upper 770 m, and from 25 to
55 m in the rest of the core (Thorsteinsson et al., 1997). The samples were pre-
pared for crystallographic analysis following the already standard methods used
in previous ice core studies. Further sampling of core depths of special interest
was done later, at the storage facility in Copenhagen.

Average grain sizes were measured directly, mainly from vertical thin sec-
tions, using the linear intercept method. Crystalline c-axis orientations were de-
termined mostly from horizontal thin sections using a semi-automatic Rigsby uni-
versal stage (Lange, 1988). The results were analyzed by a special software and
presented in a variety of ways, from point scatter pole figures to median inclina-
tions and statistical parameters derived from eigenvalues and -vectors.

Thorsteinsson et al. (1997) observed (cf. Fig. A.2) a steady and regular de-
velopment of preferred c-axis orientations with depth towards a single vertical
maximum distribution, which is compatible with the stress regime in an ice dome,
viz. dominated by uniaxial vertical compression. In contrast to the Camp Century
and Byrd cores (cf. Sects. 3.2 and 3.3), no significant strengthening of the single

maximum distribution could be recognized at the interglacial-glacial transition

20



454

455

456

457

460

461

462

463

464

465

466

467

470

471

472

473

474

475

476

477

478

depth.

GRIP’s grain size development with depth, as observed by Thorsteinsson et al.
(1997), are comparable to those previously reported for Camp Century, Dye 3 and
Byrd: an eight-fold increase in average grain cross-sectional area below 100 m
depth to ca. 10 mm? at 700 m depth (~ 3.5 kaBP, according to Dansgaard et al.,
1993), followed by a stable mean grain size in the remaining part of the Holocene
interglacial ice. At the interglacial-glacial transition the average grain size re-
duces to half, and continues to decrease with depth to ca. 3 mm? at 1980 m. Fur-
ther down, grain size starts to moderately increase again, reaching ca. 15 mm?
at 2790 m depth, in early glacial ice close to the transition to the Eemian inter-
glacial. In the bottom 250 m of the core, where the climate records are disturbed
by the ice flow (Taylor et al., 1993; Peel, 1995; see also Sect. 4.2), the average
grain size varies dramatically between less than 12 mm? and more than 300 mm?
(Thorsteinsson et al., 1995), revealing a conspicuous correlation with impurity
concentration changes (which in turn are related to climatic contrasts). A general
tendency to horizontally elongated grains was observed throughout the core, with
grain aspect ratios lying in the range 1.1-1.4.

The similarity of GRIP’s grain size profile with previous deep ice cores was
interpreted as a corroboration of the tripartite paradigm of polar ice microstructure
(“three-stage model”; see Sect. 3.3), even though the c-axis preferred orientations
found in the deepest 250 m of the GRIP core did not correspond to the expected

LPO in the recrystallization regime.

4.2. GISP2

After several years of planing, the U.S. Greenland Ice Sheet Project II (GISP2)

was officially initiated in late 1988 by the Division of Polar Programs (DPP, now
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Office of Polar Programs) of NSF. It was developed as the first project of the new
Arctic System Science Program (ARCSS), a DPP initiative focusing on environ-
mental change in the Arctic. The scientific activities of GISP2 were coordinated
by the GISP2 Science Management Office at the Climate Change Research Center
of the University of New Hampshire, while logistics and drilling were organized
by the Polar Ice Coring Office (PICO) at the University of Nebraska (1987-1989)
and the University of Alaska Fairbanks (1989-1993).

The objectives of GISP2 were essentially similar to those of its companion
European project GRIP (see Sect. 4.1): drilling down to bedrock a deep ice core
at Summit, the location originally selected for GISP (cf. Sect. 3.4), in order to
investigate climatic and environmental changes back to the Eemian interglacial.
The fact that the GRIP and GISP2 drilling sites were so near (just 28 km apart)
implied a great advantage not only for logistics, but also for the ice core analy-
sis, since the records of the two cores could be used to validate each other. The
harmony and partnership between European GRIP and U.S. GISP2 scientists was
not only paramount for facilitating the logistics and validation procedures, but it
became also a paragon for future international drilling projects.

Drilling started in summer 1989 and terminated in July 1993, after drilling
3053.4 m of ice and almost 1.6 m of bedrock material (Gow et al., 1997). As in
the case of the GRIP core, severe stratigraphic disturbances caused by the ice flow
in the lowest 10% of the core limited reliable dating to depths ca. 300 m above
bedrock (=~ 110 kaBP; Peel, 1995), although tentative chronological reconstruc-
tions of the disturbed bottom ice do exist (Suwa et al., 2006).

More than 500 vertical and horizontal thin sections were sampled at 20 m in-

tervals from 94 to 1501 m depth, and thereafter at 10 m intervals down to 3053 m,
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together with some additional sections for particular studies (Gow et al., 1997).
The samples were prepared for crystallographic analysis following standard tech-
niques applied in previous ice core studies. Crystalline c-axis orientations were
determined with a usual Rigsby universal stage , and presented as point scatter
pole figures. Average grain sizes were measured from photographs of the sec-
tions between crossed polarizers using two distinct methods: linear intercepts for
vertical sections, and measurements of the 50 largest grains in horizontal sections.

The GISP2 grain size analysis presented by Gow et al. (1997) is very inter-
esting, in the sense that its comparison of different methods reveals the degree of
subjectivity which ice core microstructure studies are often exposed to (Fig. A.2).
The linear intercept method led Woods (1994), Alley and Woods (1996), and Gow
et al. (1997) to identify four regimes of grain size development with depth, which
are to some extent similar to those reported for Camp Century, Dye 3, Byrd, and
GRIP. In Regime 1 the average grain cross sectional area undergoes a tenfold in-
crease within 600 m (which corresponds to a roughly linear growth with age),
reaching ca. 9 mm? at 700 m below surface (~ 3.2 kaBP, according to Meese
et al., 1997). In the subsequent Regime 2, the mean grain size remains somewhat
stable, with a very slight decreasing trend. This stability is abruptly terminated
in Regime 3, which starts at the interglacial—glacial transition (at around 1680 m
depth) with a more than twofold grain size reduction within nearly 200 m. There-
after, mean grain size follows a slight increasing trend that extends over more
than 1000 m. Nevertheless, this impurity-rich glacial ice remains generally fine-
grained. At a depth of about 2750 m (close to the transition to the Eemian in-
terglacial), however, the first layers of clear, coarse-grained ice begin to appear,

betokening critical stratigraphic disturbances (Peel, 1995; cf. Sect. 4.1) and the
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emergence of Regime 4. With thicknesses varying between tens to hundreds of
millimetres, such coarse-grained ice strata become very frequent around 2950 m
depth, making the ice close to bedrock very clear, with crystallites as large as
1000 mm? of cross-sectional area. The basal 13 m of the ice sheet are nonetheless
composed of fine-grained silty ice.

In contrast, the grain size dataset produced by Gow et al. (1997) via mea-
surements of the 50 largest grains in each sample revealed a somewhat different
picture. Four key regimes could still be identified, which are qualitatively simi-
lar to those determined with the linear intercepts method, but grain size magni-
tudes, variability, and rates of change, as well as the depths delimiting the key
regime zones, are different. In the upper zone, which corresponds to Regime 1
and extends from 100 to 1000 m depth, mean grain size increases steadily from
4.5 mm? to 22-50 mm?. It remains within this wide range throughout the second
zone, which corresponds to Regime 2. Thus, as observed with the linear inter-
cept method, the stability of Regime 2 is abruptly terminated at around 1680 m
depth (the interglacial—glacial transition), with a more than twofold grain size
reduction to 11-21 mm? within nearly 200 m, which marks the beginning of
Regime 3. Below 2300 m the average grain size shows again a slight increase,
reaching ca. 25 mm? in the end of the third zone, at 2990 m depth. Below that
depth and down to 13 m above bedrock one finds the fourth zone, corresponding
to Regime 4, where grains become huge, often exceeding 1000 mm? of cross-
sectional area. Gow et al. (1997) remarked that, in their opinion, the 50 largest
grains method produced a grain size profile more similar to that observed at the
Byrd core (Sect. 3.3).

As in the case of GRIP, the similarity of GISP2’s grain size profile with previ-
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ous deep ice cores was interpreted as a corroboration of the tripartite paradigm of
polar ice microstructure (“three-stage model”; see Sect. 3.3).

Crystallographic measurements of the GISP2 core revealed a development of
preferred c-axis orientations with depth roughly similar to those already observed
in other deep ice cores (GRIP, Byrd, Dye 3, Camp Century), but with some impor-
tant differences in the details. Gow et al. (1997) report a progressive reorientation
of c-axes towards the vertical, including a strong clustering of c-axes beneath the
interglacial-glacial transition (at 1680 m depth). In the bottom 300 m of the core,
where stratigraphic disturbances become critical and layers of coarse-grained ma-
terial start to appear, the c-axes in the coarse-grained strata show significant de-
viations from the strong vertical single maximum, tending to exhibit a broad or
girdle-like c-axis distribution around the vertical. It should be remarked, however,
that Thorsteinsson et al. (1997) observed no sharp contrast in the c-axis distribu-
tions in the interglacial-glacial transition zone of the GRIP core, and that the zone
of recrystallized, coarse-grained basal ice at Byrd Station (where pressure melt-
ing conditions occur at the bed) is much thicker than at the GRIP and GISP?2 sites,
where bottom ice temperatures are about —9°C.

An interesting feature of the crystallographic observations of the GISP2 core
was the discovery of crystal striping below ca. 2200 m depth (Alley et al., 1997),
identified in thin sections as stripes of crystallites with c-axis preferred orienta-
tions very distinct from the surrounding ice matrix, and believed to be formed
during the process of folding. In fact, visual stratigraphy analyses of the GISP2
core revealed that first signs of wavy strata already appear at around 2200 m,
centimeter-sized overturned folds are found below 2400 m, and clear evidences

of large-scale stratigraphic disturbances (affecting at least meters of core) occur at
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the bottom 10% of both GRIP and GISP2 cores (Taylor et al., 1993; Gow et al.,
1997).

4.3. NGRIP

In spite of the of the many scientific breakthroughs and invaluable climatic in-
formation provided by the two Greenlandic deep ice cores from the Summit area
(GRIP and GISP2), the severe disturbances in the Eemian climate records of these
two cores posed an unwelcome setback for polar paleoclimatology. This disap-
pointing situation prompted the search for a new drilling site, which should con-
tain undisturbed ice from the Eemian interglacial period. Based on radio-echo
sounding profiles and geophysical models (Dahl-Jensen et al., 1997), a site on an
ice ridge 325 km north-northwest of the Summit was eventually selected for what
would be known as the North Greenland Ice Core Project (NGRIP, or NorthGRIP).

Support for NGRIP came from diverse funding agencies in Denmark (SNF),
Belgium (FNRS-CFB), France (IPEV and INSU/CNRS), Germany (AWI), Ice-
land (Rannls), Japan (MEXT), Sweden (SPRS), Switzerland (SNF) and the USA

(NSF, Office of Polar Programs). This established NGRIP as a truly multi-continental

(America, Asia and Europe) deep ice core drilling program, which was directed
and organized by the Niels Bohr Institute of the University of Copenhagen (Dahl-
Jensen et al., 2002).

Drilling started in summer 1996, and bedrock was reached at 3085 m depth
in July 2003 (NorthGRIP members, 2004). Thanks to an unexpectedly intense
geothermal heat flux in North Greenland (within the range 50-200 mW/m?; Dahl-
Jensen et al., 2003), it turned out that the basal melting rate at NGRIP ( > 7 mm/a)
is high enough to lubricate the bed, therefore minimizing stratigraphic distur-

bances caused by simple-shearing flow at the bottom of the ice sheet. Conse-
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quently, in contrast to the serious stratigraphic disruptions observed at the bottom
of GRIP and GISP2 (Sects. 4.1 and 4.2), the NGRIP paleoclimate records back to
the transition to the Eemian interglacial are unusually thick and well preserved.
Unfortunately, the price paid for such nice paleoclimate records is very high: the
intense geothermal heat flux melted away most of the Eemian ice, limiting the
NGRIP age to 123 kaBP (NorthGRIP members, 2004).

An important feature of the NGRIP core is that it became the first deep ice
core to have part of its visual stratigraphy (within the depth interval 1330-3085 m)
recorded with a new German—Danish automated Ice-core Line-Scanner (ILS; Dahl-
Jensen et al., 2002; Svensson et al., 2005; see Fig. A.4). It was also the first
deep ice core to have some thick sections investigated with a prototypical version
of the automated optical microscopy and image analysis method later known as
Microstructure Mapping (Kipfstuhl et al., 2006; also Fig. A.4). Additionally, it
turned into the first Greenlandic deep ice core to be crystallographically investi-
gated by means of an Automatic Fabric Analyzer (AFA; the first polar ice core to
be investigated with this technique was Dome F, cf. 6.2; see also Fig. A.4). Ac-
tually, two different AFAs have been used (for a description of the main methods
of crystallographic analysis, from the Rigsby stage to modern AFAs, see the re-
view by Wilen et al. 2003): the Japanese model developed by Wang and Azuma
(1999) was employed for c-axis studies in the depth range 100-2930 m, while
grain sizes were investigated between 115 and 880 m depth with the Australian
model developed by Russell-Head and Wilson (2001).

Vertical thin sections for c-axis studies were prepared by Wang et al. (2002)
at 55-66 m intervals between 100 and 1370 m depth, and further 300 samples

were extracted from the depth range 1370-2930 m. Observed c-axis preferred
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orientations were presented in a variety of ways, e.g. as point scatter pole figures,
eigenvalues, and statistical measures, viz. degree of orientation, spherical aper-
ture and the Woodcock value (after Woodcock, 1977). Based on these analyses,
four crystallographic zones could be identified (cf. Fig. A.2). In Zone 1, rang-
ing from 100 to 750 m depth, nearly random distributions of c-axis orientations
are observed. In Zone 2 a broad vertical single maximum develops between 750
and 1300 m depth. This turns into a vertical girdle distribution in Zone 3, which
ranges from 1300 to 2500 m. Finally, a strong vertical single maximum prevails
over the girdle below 2500 m. The formation of a vertical girdle distribution of
c-axes in Zone 3 has been interpreted by Wang et al. (2002) as an evidence for
extension flow transverse to the NGRIP ridge, The plane of the vertical girdle ly-
ing in the direction of the ridge, perpendicular to the axis of horizontal extension.
The change from the girdle to a strong single maximum at about 2500 m depth
suggests the prevalence of simple shear in the lowest part of the ice sheet.

NGRIP Grain sizes have been studied only in the upper 900 m of the deep ice
core, corresponding to approximately the last 5.3 kaBP. Svensson et al. (2003b)
sampled 15 twin pairs of vertical thin sections evenly distributed in the depth
interval 115-880 m, and determined the following parameters for each grain: area,
width, height, flattening, roundness and c-axis orientation. In spite of its limited
depth range and number of samples, the NGRIP grain size record have become
one of the most studied grain size datasets from a Greenlandic deep ice core,
owing to its quality and level of detail.

In the general NGRIP grain size analysis, Svensson et al. (2003b) found that
the mean cross-sectional area of the grains increases with depth towards a con-

stant value of ca. 10 mm?, and their shape becomes increasingly irregular. The
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grain cross-sectional area distribution develops from a single log-normal to a bi-
modal log-normal distribution. Owing to this, a standard Normal Grain Growth
(NGG) model was not suitable for fitting the entire grain cross-sectional area pro-
file. Instead, an extended, empirical grain growth model was proposed, under
the assumption that below a certain depth it was the grain volume rather than the
cross-sectional area that grows linearly with time. In a companion paper, Svens-
son et al. (2003a) investigated the microstructure of a continuous 1.1 m long sec-
tion from around 301 m depth of the NGRIP core with the aim of relating crystal-
lite properties and impurity concentrations. A strong seasonal variation in grain
cross-sectional areas was noticed, with the smallest grains appearing in spring,
when the concentration of Ca** has its maximum, therefore suggesting a relation
between grain sizes and dust concentration (according to Whitlow et al., 1992;
Legrand and Mayewski, 1997; Kuramoto et al., 2011, the major source of Ca**
in Greenland is mineral dust, which is transported mainly from Asian sources by
turbulent events in early spring). In contrast to grain sizes, lattice orientations did
not display a detectable seasonal variation.

The issue of grain growth in the NGRIP core was revisited by Mathiesen et al.
(2004), who found that the grain size distributions of all measured depths could be
collapsed into a single curve by rescaling. They proposed a modified NGG equa-
tion with an additional “grain fragmentation” term (viz. grain splitting via rotation
recrystallization; RRX; cf. Appendix A of Part II) and found that the curve that
fitted all depths was a steady-state Bessel function, which is significantly different
from log-normal distribution previously proposed by Svensson et al. (2003a,b) for
the same dataset. Some years later, Durand et al. (2008) complemented the study

by Mathiesen et al. (2004) with an investigation of the relation between neighbour-
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ing grains in the NGRIP core. They found evidences that rotation recrystallization
(RRX) already occurs in the upper part of the NGRIP core, seemingly at a nearly
constant rate, therefore contradicting deformations models (e.g. Montagnat and
Duval, 2000) based on the tripartite paradigm (cf. Sect.3.3).

Recently, Roessiger et al. (2011) compared the NGRIP grain size data with
the results of grain growth simulations and proved that simple NGG models with
an extra grain splitting term may fit well the observed data, but their physical
meaning is doubtful. The ice microstructure in the upper hundreds of meters of
polar ice sheets is usually not in equilibrium, and this causes noticeable effects
on the growth of grains that are only spuriously reproduced by such simplistic

models.

5. News from Antarctica: Vostok, EDC

Today, Vostok and Dome C are two of the three sites in Central Antarctica
occupied by all-year research stations (the other being the U.S. Amundsen—Scott
Station at the Geographic South Pole). Both lie in the Eastern Indian Sector of
the Antarctic Ice Sheet, circa 560 km apart. Deep ice core drilling activities have
been occurring in both sites since the early 1970s, in part under the auspices of the
International Antarctic Glaciological Project (IAGP), a large program of collabo-
rative glaciological studies involving Australia, France, the United Kingdom, the
USA, and the Soviet Union, which was carried on from the late 1960s to the mid
1980s and focused on an extensive part of the East Antarctica (Radok, 1977, 1985;
Turchetti et al., 2008). It was only by the turn of the millennium, however, that the

respective drilling teams reached terminal depths, with ice older than 400 kaBP.
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5.1. Vostok

Research at Vostok has a long tradition, which dates back to the setting up of the
Soviet Vostok Station in December 1957, during the International Geophysical
Year (IGY). Since its its beginning, Vostok has existed as a year-round research
base of the Complex Antarctic Expedition (CAE). In 1959 CAE was renamed the
Soviet Antarctic Expedition (SAE) and in 1992, after the collapse of the Soviet
Union, the Russian Antarctic Expedition (RAE). Beneath Vostok Station and al-
most 4 km of ice lies one of the biggest lakes in the world, Lake Vostok, with a
surface area larger than 14,000 km? and a mean water thickness of about 125 m
(Kapitsa et al., 1996).

Deep drilling started at Vostok in April 1970, with Borehole 1, which reached
952.4 m in May 1972, just before a failure of the winch-brake mechanism that
led to the irrecoverable fall of the TELGA-14M electrothermal drill into the hole
(Talalay, 2012). After further four boreholes, a number of branch-holes, several
drills, and decades of drilling experience, the KEMS-132 electromechanical drill
finally reached the transition from meteoric ice into accretion ice (frozen from
the beneath subglacial lake) at 3538 m depth in Borehole 5G-1 (age of meteoric
ice estimated to be around 420 kaBP, according to Petit et al., 1999). Shortly
afterwards, drilling came to a halt in January 1998, at a depth of 3623 m, about
140 m above the ice—lake interface (Vasiliev et al., 2007).

This episode marked the completion of almost three decades of deep ice coring
at Vostok, but it did not establish the end of drilling itself. Somewhat like the
building of a Gothic cathedral, drilling at Vostok seemed to be a thrilling, never-
ending enterprise: after decades of deep ice coring, the main objective of the

Vostok program became getting to Lake Vostok, using the existing Borehole 5G
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for access. To this aim, drilling was resumed in 2005 and after all sorts of technical
difficulties and the need to open another branch-hole (Borehole 5G-2), lake water
was finally hit in February 2012 at 3769.3 m depth (Jones, 2012; Talalay, 2012;
Vasiliev et al., 2012).

Originally, the plan was to replace the electromechanical ice-coring drill by
a coreless thermal drill at some point close to the ice—water interface (Vasiliev
et al., 2011). Eventually, however, no change to thermal drilling was made, and
ice-coring continued to the very end (Talalay, 2012; Vasiliev et al., 2012). Con-
tamination of the lake was most likely avoided by a vigorous surge of lake water
into the hole as soon as the drill broke into the lake (Vasiliev et al., 2011; Jones,
2012). After raising almost 600 m into the borehole (equivalent to several cubic
metres of subglacial water) the water must have frozen, sealing the lake beneath it
(Talalay, 2012). Preliminary results about microbial life in the frozen lake water
remain elusive (Schiermeier, 2012, 2013), mainly because of probable contam-
ination of the frozen water by the drilling fluid (a potentially toxic mixture of
kerosene and HCFC-141b; Talalay, 2012). Further exploration of the lake using a
variety of probes, cameras and water samplers is planned for the coming seasons.

Comprehensive crystallographic studies of Vostok ice have been performed
in the 2083 m long core (=150 kaBP according to Petit et al., 1999) retrieved
from Borehole 3G-1 in the period 1980-1982 (Lipenkov et al., 1989; Fig. A.3).
Changes in grain size with depth were determined in 110 horizontal thin sections
by counting grains within a given area. Grain shapes were estimated by the meth-
ods of directed and random secants expressed in terms of the coefficients of planar
and linear dimensional orientation (Underwood, 1970). Crystalline c-axis orien-

tations were measured with a usual Rigsby universal stage and presented as point
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scatter pole figures.

Lipenkov et al. (1989) found that the mean cross-sectional area of the ice
grains experiences a 30-fold increase with depth down to the interglacial—glacial
transition at about 1870 m, followed by a marked 60% reduction to ca. 12 mm?
within a depth interval of less than 150 m. Grain sizes are systematically smaller
in ice from colder periods (which are richer in impurities) than from warmer pe-
riods, indicating a correlation between grain size and climate recordsfimpurity
concentration. Horizontal grain elongation is noticeable below 100 m and under-
goes a considerable increase between 350 and 500 m depth. Inspection of thin
sections between crossed polarizers suggested the near absence of interpenetrat-
ing crystallites and just some indications of undulose extinction below 900 m.
These observations led Lipenkov et al. (1989) to assume that the whole core was
in the first of the three stages of the tripartite paradigm of polar ice microstructure
(cf. Sect. 3.3), namely Normal Grain Growth (NGG) driven by reduction of the
grain boundary energy.

Crystallographic analyses revealed a quasi-uniform distribution of c-axis ori-
entations in the upper 350 m of the core, and the gradual formation of a vertical
girdle below 454 m depth. Lipenkov et al. (1989) could identify no significant
correlation between c-axis preferred orientations and impurity concentration or
climate records. On the other hand, the grain elongation along a horizontal direc-
tion perpendicular to the plane of the vertical girdle was interpreted as resulting
from basal glide induced by a tensile stress in the direction of the elongated grains,
so that horizontal simple shearing is probably of little significance along the core
and the general ice flow regime above the lake may be comparable to that of ice

shelves.
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5.2. EDC

The EPICA Dome C (EDC) deep ice core is one of the two sister cores drilled by
the European Project for Ice Coring in Antarctica (EPICA), an eleven-year (1996—
2006) joint scientific program of the European Science Foundation (ESF) and the
European Commission (EC). A major part of the EPICA funding came from a
series of EC projects and from national contributions by ten participating countries
(Belgium, Denmark, France, Germany, Italy, The Netherlands, Norway, Sweden,
Switzerland, and the United Kingdom). The scientific activities of EPICA were
coordinated by a Steering Committee, which included representatives of all ten
participating nations (Oerter et al., 2009).

The main objective of EPICA was drilling down to bedrock two ice cores
for paleo-climate and -atmosphere records from deep ice of the Antarctic inland.
In contrast to its companion EDML core (see Sect. 6.1), the EDC drilling site
was chosen due to its remarkably low accumulation rate, which was expected to
provide a rather long climate record with very old ice at the bottom of the ice sheet
(EPICA community members, 2004). Additionally, the EDC core should yield a
long record of the atmospheric influences characteristic of the Indian Sector of
Antarctica. A decisive advantage of Dome C was that its site had already been
well studied and documented by numerous field surveys and ice-coring ventures
(Lorius et al., 1979; Young, 1979; Duval and Lorius, 1980; Jouzel et al., 1989)
executed within the frames of the International Antarctic Glaciological Project
(IAGP).

Italy and France provided the logistics for the EDC drilling. In early 2005
the new all-year facility Concordia Station became operational at Dome C, re-

placing an older French—Italian summer camp on the same site. Drilling started
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in 1996 but the drill got stuck at 788 m depth and the borehole was abandoned
in 1999. This first core has been named EDC96 (EPICA community members,
2004). Drilling of the second core, EDC99 (sometimes also called EDC 2), started
in 1999, circa 10 m apart from the EDC96 borehole. It stopped in December 2004
at a depth of 3260 m, around 15 m above bedrock (Jouzel et al., 2007), after seis-
mic soundings suggested the presence of melt water just below. Ice at the bottom
of the core is estimated to be older than 800 kaBP (Jouzel et al., 2007; Parrenin
et al., 2007).

The microstructure of the EDC96 and EDC99 cores have been investigated

with several methods, including digital image analyzes of thin sections photographed

between crossed polarizers and, similar to NGRIP (cf. Sect. 4.3), two types of Au-
tomatic Fabric Analyzers (AFAs): the Japanese model (Wang and Azuma, 1999)
and the Australian model (Russell-Head and Wilson, 2001), cf. Fig. A.4.

Wang et al. (2003) studied grain sizes, shapes, and c-axis orientations of 33
vertical and horizontal thin sections from 100 to 1500 m depth of the ice cores
EDC96 (100-575 m) and EDC99 (575-1500 m). Grain sizes and c-axes were
analyzed with the Japanese AFA (Wang and Azuma, 1999), although further in-
formation about grain sizes and shapes have also been produced through digital
image analyzes of sections photographed between crossed polarizers. In addition,
fine microstructure details have been studied in some thick sections using a pre-
liminary version of the automated optical microscopy and image analysis method
that would later become known as Microstructure Mapping (uSM; Kipfstuhl et al.,
2006, ; cf. Fig. A.4). In another study, Weiss et al. (2002) investigated grain
growth in EDC shallow (Holocene) ice through digital image analyzes of ca. 100

vertical thin sections from 100-580 m depth, photographed between crossed po-
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larizers. Following a similar procedure, the EDC99 grain size dataset was later
extended by EPICA community members (2004) down to 3139 m with a peri-
odicity of 10 m. All these data have later been complemented by Durand et al.
(2009), who studied grain sizes and c-axis orientations of the EDC99 ice core in
the depth range 214-3133 m using the Australian AFA (Russell-Head and Wilson,
2001). Sampling was performed at 50 m intervals in the depth ranges 214-313 m
and 511-1500 m (which overlap with the previous study by Wang et al., 2003)
and every 11 m elsewhere.

The outcome of these studies (summarized in Fig. A.3) is that c-axis pre-
ferred orientations at EDC evolve with depth from a nearly isotropic distribution
close to the firn—ice transition at 100 m to a strong vertical single maximum at
the bottom of the core (Wang et al., 2003; Durand et al., 2009). For the upper
1500 m of EDC, Wang et al. (2003) could show that the gradual clustering of
c-axes towards the vertical (which is expected for an ice dome undergoing uni-
axial compression) agrees well with equivalent datasets from GRIP and Dome F
(cf. Sects. 4.1 and 6.2), when plotted together with respect to a common nor-
malized depth (i.e. depth/total ice thickness). Furthermore, a simple model of
strain-induced c-axis rotation based on the assumption that basal dislocation glide
is the dominant deformation mechanism (Azuma, 1994) satisfactorily reproduces
the anisotropy evolution with depth in all these cores. Below 1500 m at EDC, Du-
rand et al. (2009) showed that the more or less steady evolution of c-axis preferred
orientations becomes punctuated by enhanced clustering of c-axes around the ver-
tical, in fine-grained layers with increased impurity concentration. Such a sharp
enhancement is particularly noticeable at around 1750 m depth, which marks the

MIS5e-MIS6 transition from the last interglacial to the penultimate glacial period
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(ca. 130 kaBP). Durand et al. (2009) attributed this enhancement to a combina-
tion of several factors: a change in ice rheology (possibly caused by small grain
sizes or high impurity concentration), a suitable c-axis distribution, and the oc-
currence of noticeable horizontal simple shearing already at intermediate depths.
This combination of factors explains why such an anisotropy enhancement has
only been observed at intermediate depths: in shallower EDC ice simple shearing
is negligible, while in deeper EDC ice the clustering of c-axes is already so strong
that further enhancement is no longer noticeable.

Grain size measurements in ice samples from both EDC cores revealed a gen-
eral grain growth behavior comparable to that observed in the Vostok and Dome F
cores (cf. Sects. 5.1 and 6.2): a roughly steady increase of mean grain size with
depth (Wang et al., 2003), punctuated by sharp size reductions at critical climatic
transitions (Durand et al., 2009). It is suggested that the fine-grained ice observed
at such climatic transitions is caused by the pinning of grain boundaries by dust
particles, which exist in high concentrations in glacial periods (Weiss et al., 2002;
Durand et al., 2009). In EDC Holocene ice the mean grain cross-sectional area
doubles with depth, reaching ca. 5 mm? shortly before the interglacial-glacial
transition at about 450 m depth. At this transition the mean grain size reduces to
nearly 3.5 mm? and remains approximately constant down to 600 m. Below this
depth, average grain size starts increasing again up to 50 mm? at about 1750 m
depth (MIS5e-MIS6 transition), and then drops to half. Below that depth, grains
resume growth, but now showing an increasing variability with depth. At the bot-
tom of the core, grains become rather big, reaching several hundreds of mm? in
cross-sectional area.

In the upper 580 m of the EDC core, Weiss et al. (2002) found that the mean
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grain size data could not be properly fitted with a parabolic Normal Grain Growth
(NGG) law. Rather, they proposed a nearly cubic NGG model where the grain
volume (instead of its cross-sectional area) increases almost linearly with time.
Crystalline misorientation analyzes performed by Durand et al. (2009) with the
Australian AFA and by Wang et al. (2003) with optical microscopy revealed ev-
idence for rotation recrystallization (RRX) already at very shallow depths. In
particular, Wang et al. (2003) remarked that one out of two grains in the EDC core

seemed to have sub-grain boundaries, irrespective of depth.

6. Recent Antarctic deep ice cores: EDML, Dome F

Dronning Maud Land (DML) is a large territory in East Antarctica, between 20°W
and 45°E. It comprises about one sixth of the Antarctic continent, including the
second highest ice dome of the Antarctic ice sheet, Dome F. Two deep ice cores
have been retrieved from DML. The first was drilled on Dome F, at the Japanese
Dome Fuji Station. The second (EDML) was drilled on an ice ridge stemming
from Dome F, at the German Kohnen Station, which lies circa 1000 km northwest

from Dome Fuji.

6.1. EDML

As already mentioned in Sect. 5.2, the EPICA Dronning Maud Land (EDML)
ice core is one of the two sister cores drilled by the European Project of Ice
Coring in Antarctica. In contrast to its companion EDC core, the main criteria
for choosing the EDML drilling site were (i) a high accumulation rate, which
should yield a high temporal resolution of the climate records, and (ii) its loca-

tion in the Antlantic sector of Antarctica, in central DML, in order to allow direct
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comparison with the climate records of Greenlandic ice cores (EPICA commu-
nity members, 2006). In contrast to EDC, however, the Central DML region
was rather unexplored prior to the EPICA investigations. Therefore, the selec-
tion of a precise drilling location required four years (1995-1999) of intensive
pre-site surveys. Eventually, the EPICA Steering Committee chose the location
for the EDML drilling site and the German Kohnen Station was established there
in January 2001. Logistics and drilling were organized by the Alfred Wegener
Institute (AWI), Germany. Deep drilling started in EDML in January 2002 using
the NGRIP drill apparatus. It finished in January 2006 at 2774 m depth, nearly
10 m above bedrock, after subglacial water poured into the borehole (Oerter et al.,
2009).

A distinctive feature of the EDML core is that it became the first ice core to
have continuous and thorough records of visual stratigraphy and microstructure in
microscopic resolution. These records have provided unprecedented details about
the mechanics and microstructure of polar ice, as well as their interactions with
climate proxies (Faria et al., 2010). A large amount of microstructural features, in-
cluding grain sizes and shapes, subgrain boundaries, air-bubble sizes, shapes, and
counts, slip bands, c-axis orientations and cloudy bands (Fig. A.4; see also Part II),
have been measured using the automated optical microscopy and image analysis
method known as Microstructure Mapping (uSM) (Kipfstuhl et al., 2006), as well
as a new version of the Australian Automatic Fabric Analyzer (AFA), model G20
(Wilson et al., 2003). Visual stratigraphy was determined with an automated Ice-
core Line-Scanner (ILS) similar to the one used at NGRIP (cf. Sect 4.3; Faria
et al., 2010, in preparation).

Vertical thick sections of fresh ice and firn were cut at approximately 10 m in-
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tervals throughout the core (10-2774 m depth) and prepared for uSM studies us-
ing controlled sublimation polishing and etching, as described by Kipfstuhl et al.
(2006). In order to minimize relaxation effects, all samples were cut, prepared and
mapped in the field, shortly (0-2 days) after drilling. In addition to the standard
uSM images, a modified microscopy set-up was used to produce a second series of
1SM micrographs highlighting air bubbles of samples from the bubbly-ice zone,
viz. 90-1200 m depth (Ueltzhoffer et al., 2010; Bendel et al., 2013). Supplemen-
tary vertical thick sections have also been prepared for depths of special interest.
Additionally, about 150 vertical and horizontal thin sections from the depth inter-
val 54-2564 m have been prepared in at least 50 m increments for AFA analyzes
using standard techniques employed in previous ice core studies.

Similar to other Antarctic deep ice cores, the EDML mean grain size has
a general tendency to increase with depth (Fig. A.3). However, in the case of
EDML the influence of impurities seems more marked. In particular, three peri-
ods of pronounced Antarctic cold, known as the Marine Isotope Stages MIS?2 (last
glacial), MIS4, and MIS6 (penultimate glacial), left their imprints on the EDML
microstructure in the form of exceptionally fine-grained ice. In the upper 700 m
of the EDML core, the mean grain cross-sectional area increases with depth from
1.5 mm? at 100 m to 4.5 mm? at about 700 m. Below that depth, which coincides
with the interglacial—glacial transition (i.e. MIS1-MIS2 transition, according to
the EDML1 chronology; Ruth et al., 2007), mean grain size reduces markedly,

reaching ca. 0.8 mm?

at 900 m depth and remaining small for further 150 m.
Grains become bigger again during the warm period of MIS3 and grow in aver-
age to more than 6 mm? at about 1700 m depth. During the colder period MIS4

(approx. 1700-1850 m depth), grains get as small as 0.5 mm? in average, and
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then resume growth reaching an average size around 20 mm? at 2370 m depth.
Below that point, the most extreme grain-size reduction in EDML takes place,
with grains becoming smaller than 0.3 mm? in average within just some tens of
meters. This change coincides with the most striking change in impurity con-
tent, caused by the transition from the last interglacial to the penultimate glacial
(MIS5e-MIS6 transition, ca. 130 kaBP). Within the depth range 2385-2405 m
the grain boundaries display a characteristic ordered pattern, resembling a “brick
wall” (Faria et al., 2006, 2009, in preparation), which offers a patent evidence of
strain accommodation by microscopic grain-boundary sliding via microshear (cf.
Drury and Humphreys, 1988; Bons and Jessell, 1999). The resulting change in the
ice rheology is corroborated by a corresponding change in the visual stratigraphy,
characterized by remarkably strong, flat and horizontal cloudy bands, as well as
by an abrupt reduction in the borehole diameter by ca. 5% within a period of less
than two years, caused by an accidental lack of drilling-fluid pressure (Faria et al.,
2006). Between 2400 and 2500 m depth, ice remains generally fine-grained, but
the grain size variability increases and the visual stratigraphy becomes severely
disrupted. Below 2500 m the ice temperature exceeds —10°C and grain sizes in-
crease dramatically, reaching thousands of mm? below 2600 m (Weikusat et al.,
2009b).

EDML c-axis preferred orientations show the depth evolution typical for an
ice ridge (Fig. A.3, cf. Sect. 4.3): an almost uniform distribution in the upper
450 m, followed by the continual development of a great circle girdle distribution
down to 1700 m depth, characteristic of horizontal extension flow transverse to the
ridge. Below that depth, a changeover region is formed towards an elongated ver-

tical single maximum, which ends with a sudden collapse of c-axes into a strong
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vertical single maximum at 2050 m depth, where horizontal simple shearing sup-
posedly becomes dominant. Below 2564 m depth grains become too large for
meaningful determination of c-axis distributions (Eisen et al., 2007; Faria et al.,
2010).

In contrast to the tripartite paradigm invoked to explain the microstructure
evolution of certain polar ice cores (e.g. Byrd, GRIP, GISP2; cf. Sects. 3.3, 4.1
and 4.2), dynamic recrystallization is active at all depths in EDML, as confirmed
by detailed analyzes of grain shapes, subgrain boundary densities, and neighbor-
ing grain misorientations, as well as comparison with microstructures produced in
ice creep tests (Hamann et al., 2007; Faria et al., 2009; Weikusat et al., 2009a,b).
In fact, dynamic recrystallization markedly affects the ice microstructure already
in the firn zone (Kipfstuhl et al., 2009), as it is triggered by the highly heteroge-
neous deformation of polar ice on the polycrystalline and intracrystalline scales
(Faria et al., 2009; cf. Sect. 2.2 of Part II). The complexity of subgrain formation
and rotation recrystallization (RRX) has also been exposed by high-resolution lat-
tice orientation analyses via X-ray Laue diffraction (Miyamoto et al., 2011) and
Electron Backscatter Diffraction (EBSD; Weikusat et al., 2010): diverse types of
subgrain boundaries could be identified, many of them formed by non-basal dis-
locations. These results show that, while basal dislocations are the main agents
of intracrystalline deformation in polar ice, non-basal dislocations play a decisive
role in heterogeneous strain accommodation through the formation of subgrain

boundaries (Weikusat et al., 2011; cf. Sects. 2.2, 3.3 and 4.1 of Part II).

6.2. Dome F

Japanese research in Antarctica has a long tradition that goes back to Nobu Shi-

rase’s 1910-1912 expeditions (Shirase, 2011). Modern Japanese Antarctic re-
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search started in conjunction with the International Geophysical Year (IGY, 1957—
1958), through the first Japanese Antarctic Research Expedition (JARE-1) of 1956
(Geographical Survey Institute of Japan, 2007). In 1968, JARE-9 scientists started
collecting glaciological, climatological and geochemical data on the ice sheet in
East Dronning Maud Land (East DML). These studies were carried on in sub-
sequent JARE expeditions, culminating decades later with the development of
the Dome Fuji Ice Coring Project, aiming at a comprehensive study of past and
present glaciological/climatological features of the Antarctic ice sheet in the East
DML (Dome-F Deep Coring Group, 1998). The Project was planned and executed
by JARE, as part of the International Geosphere—Biosphere Program (IGBP) of
the International Council for Science (ICSU).

Dome Fuji Station was constructed in 1994 on the summit of East DML
(Dome F), the second highest ice dome in Antarctica, 3810 m above sea level,
on a relatively flat bedrock with an elevation of about 800 m. Deep drilling
started in August 1995 and reached a depth of 2503 m in December 1996 (Dome-F
Deep Coring Group, 1998). Climate records down to this depth seemed intact and
the age of the ice was estimated to be around 340 kaBP (Watanabe et al., 1999b;
Kawamura et al., 2007).

As reported by Motoyama (2007), drilling stopped temporarily at 2503 m
depth due to a shortage of antifreeze supply, and efforts were made to maintain the
borehole open by reaming. During this process, the drill got stuck and the bore-
hole had to be abandoned. Persisting in the aim of full penetration to bedrock,
a new deep ice core drilling project commenced at Dome Fuji in 2001. A com-
pletely new drill system was developed and drilling started in the austral summer

2003 at the Dome Fuji 2 site, circa 43 m north of the abandoned borehole. In
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January 2007 the JARE team reached the final depth of 3035.2 m, after finding
small rocks and signs of frozen subglacial water, both indicating close proximity
to the bedrock. A first, preliminary dating suggests that the age of the ice at the
bottom of the Dome Fuji 2 core may be around 720 kaBP.

Vertical thin sections of the Dome Fuji 1 core were sampled by Azuma et al.
(1999) at 20 m intervals from 100 to 2250 m depth, and thereafter at 10 m intervals
down to 2503 m. They were prepared for crystallographic analyses following
standard techniques employed in previous ice core studies. A major feature of
the Dome Fuji 1 core is that it became the first deep ice core to have its c-axis
orientations, as well as grain sizes and shapes, investigated with an Automatic
Fabric Analyzer (AFA), which was developed by Wang and Azuma (1999). The
results of these analyses were presented in a variety of ways, including mean grain
size, aspect ratio and elongation direction, as well as c-axis point scatter pole
figures, median inclinations, eigenvalues, mean orientations and misorientation
angles.

Azuma et al. (1999, 2000) observed (Fig. A.3) that the mean grain size of
Dome Fuji 1 deep ice core is ca. 3 mm? at 112 m depth and remains nearly con-
stant down to 420 m (interglacial-glacial MIS1-MIS2 transition, according to
Watanabe et al., 1999a,b). A slight decrease is observed in the depth range 420-
700 m followed by a roughly steady increase in deeper ice, with larger variations,
reaching a maximum value of about 83 mm? at 2490 m. It was found that grain
size variations correlate well with the 'O profile (Remark 5), including two con-
spicuous decreases in mean grain size at about 1830 and 2300 m depth, which cor-
respond to two interglacial-glacial transitions (MIS5e-MIS6 and MIS7e-MISS,
dated 130 and 245 kaBP, respectively, cf. Watanabe et al., 1999a,b). Grain elon-
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gation is nearly constant with depth down to ca. 800 m, and experiences a slight
increase in the mean aspect ratio from 1.7 to 1.9 within the depth range 800—
1500 m. Below that depth range, the aspect ratio fluctuates markedly (+10%)
about 1.9. No signs of nucleation recrystallization (SIBM-N; cf. Appendix A of
Part II) could be identified down to 2500 m.

Remark 5. The oxygen isotope ratio §'80 is commonly used as a proxy for paleo-
temperature. Experience shows that in Antarctic ice cores the inverted 6'30 depth
profile correlates with the concentrations of most impurities, in such a way that
impurity concentration is generally higher (and 6'30 values lower) in colder peri-

ods (EPICA community members, 2006; Faria et al., 2010).

As expected for an ice dome, crystallographic c-axis orientations gradually
change with depth from a random orientation distribution pattern near the surface
to a strong vertical single maximum at 2500 m depth. Curiously, Azuma et al.
(1999, 2000) found that the clustering of c-axes tends to be weaker at depths with
high impurity concentration and small grain sizes, a result that is not incompat-
ible with the observations from Dye 3 and GRIP cores (Sects. 3.4 and 4.1), but
stays in direct contrast to the results from Camp Century, Byrd and GISP2 cores
(cf. Sects. 3.2, 3.3 and 4.2). A possible explanation of this phenomenon has been
put forward by Azuma et al. (1999, 2000): they propose that diffusion creep could
sometimes become significant in polar ice under conditions of low temperature
and low deviatoric stress, provided that the impurity concentration is high enough
and the mean grain size sufficiently small, as it happens in the high-impurity layers

of the Dome Fuji core.
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7. Conclusion and afterword

Compared to glaciers and other natural ice bodies, polar ice sheets offer many
advantages for the study of natural ice microstructure evolution. In particular, the
history of stress and temperature conditions experienced by a piece of polar ice is
generally much longer, simpler and more steady than it would be in a glacier. This
facilitates considerably the interpretation of deformation and recrystallization mi-
crostructures. Therefore, polar ice cores have become invaluable for investigations
of the microstructure evolution of natural ice.

In spite of all these advantages, it becomes evident from this review that un-
derstanding the microstructural evolution of polar ice has been a challenging task
for many decades. Even today, our knowledge about this subject is still imper-
fect and incomplete, as discussed in detail in the companion Part II of this work
(Faria et al., this issue). The conclusions drawn from the analyses of different
ice cores have not always been consonant, as summarized in Table B.2. Such a
difficulty can be attributed to several causes, ranging from the high variability of
natural phenomena and the occasional subjectivity of certain methods (as revealed
by the grain size studies by Gow et al., 1997 and Kipfstuhl et al., 2009) to the fact
that most deep ice cores retrieved in the last decades are climate-motivated cores,
meaning that they are generally extracted from rather singular sites (e.g. domes or
ridges) that provide best-quality paleoclimate records, but rather unrepresentative
(and sometimes even pathological) physical data.

These facts give support to the thesis, which is being endorsed by an increasing
number of glaciologists, that further progress in ice-core physics demands the pro-
duction of physically motivated deep ice cores (Faria, 2009), viz. cores extracted

from sites that are representative of the most common physical processes taking
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place in polar ice sheets (e.g. flow instabilities, changes in ice rheology, subglacial
processes, etc.). To achieve this aim, multidisciplinary collaborations are essen-
tial (like those promoted by the ESF Research Networking Programme Micro-
Dynamics of Ice, Micro-DICE). By joining forces with geologists, geophysicists
and other Earth and engineering scientists, glaciologists may have much stronger
arguments to convince funding agencies and policy makers of the necessity of
an international and multidisciplinary drilling program for physically motivated
deep ice cores. Such a program would not only generate invaluable results for
ice physics, geology and materials science: it would also provide the basis for
prodigious advances in the study of palaeoclimate records of climate-motivated

ice cores.

Afterword. During the preparation of this manuscript we received with great sad-
ness the news on the passing of our colleague and friend Sigfts Jéhann Johnsen
(1940-2013), to whom we dedicate this work. Sigfus played a fundamental role
in, and made great contributions to, all Greenland deep ice core drillings (since
Dye 3) and many ice-core studies (since Camp Century). He was a leading name
in the development of deep ice core drilling in Greenland and Antarctica, partici-
pating in 36 ice coring expeditions onto the Greenland ice sheet as “drill-master”
and scientific expert (IGS, 2013). We have learned the art of deep ice coring from
him and have applied this knowledge in uncountable ice-core projects. Sigfus
never retired. He tried to go onto the Greenland ice sheet to perform drilling and
research even after having been advised not to do so, because of his debilitated
health. He was a dedicated ice core scientist and a truly hero of glaciology. We
all miss his charismatic personality, which has been cherished in all corners of the

world.
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Appendix A. FIGURE CAPTIONS

Figure A.1: Maps of Antarctica and Greenland indicating the drilling sites of the ice cores de-
scribed in this work. The gray zones in Antarctica indicate ice shelves (i.e. floating ice) and the

cross marks the Geographic South Pole.

Figure A.2: Summary of the main features of the grain-size profiles and lattice preferred orien-
tations (LPOs) of Greenlandic deep ice cores (for Antarctic ice cores, see Fig. A.3). Grain sizes
are described by the average grain cross-sectional area and the LPOs by c-axis pole figures. The
symbols /7 and ~~~ denote ice frozen to bed and detected subglacial water at bed, respectively
(cf. Table B.1). Notice that the profiles and pole figures summarized here are mere outlines that
do not display the details and variability of the original data, available in the following references.
Camp Century: Herron and Langway (1982). Dye 3: Herron et al. (1985); Langway et al. (1988).
GRIP: Thorsteinsson et al. (1997). GISP2: Gow et al. (1997). NGRIP: Wang et al. (2002); Svens-
son et al. (2003b).

Figure A.3: Summary of the main features of the grain-size profiles and lattice preferred orienta-
tions (LPOs) of Antarctic deep ice cores (for Greenlandic ice cores and further explanations, see
Fig. A.2). Notice that the profiles and pole figures summarized here are mere outlines that do not
display the details and variability of the original data, available in the following references. Byrd
Station: Gow and Williamson (1976). Vostok: Lipenkov et al. (1989). EDC: EPICA community
members (2004); Durand et al. (2009). EDML: Seddik et al. (2008); Weikusat et al. (2009b).
Dome F: Azuma et al. (1999, 2000).
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Figure A.4: Modern methods for visualization of multiscale structures of polar ice on the field.
Top left: Microstructure Mapping («SM) mosaic image of two cloudy bands in the bubble—hydrate
transition zone (EDML, 954 m depth). The high concentration of microinclusions make the cloudy
bands appear darker than the surrounding ice in this image. Contrasting differences in average
grain size and shape are evident between the cloudy and “clean” ice. Bright objects are air hydrates
preserved inside the ice, while black objects are air bubbles, or decomposing air hydrates on the
sample surface. Scale bar: 1 mm. Right: Linescan image of a one-meter long ice core piece
(EDML, 1092-1093 m depth). Notice that linescan images are produced by light scattering from
the side, against a dark background, and are therefore negative pictures of the core. Brighter bands
indicate stronger light scattering due to a higher concentration of impurities (viz. cloudy bands).
(From Faria et al., in preparation). Bottom left: Automatic Fabric Analyser (AFA) mosaic trend
image of a thin section of Greenlandic ice (NEEM, 822.3 m depth). The color and brightness

describe respectively the azimuth and colatitude of the c-axis orientation. Scale bar: 10 mm.
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1662 Appendix B. TABLES

1663 (See next page)
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Table A.2: Summary of the most essential features of the deep ice cores dis-

cussed in this work.

ice core features
o First deep ice core from Antarctica.
NBSAE . . . . . . . .
e Pioneering microstructural investigations of deep polar ice and ice-shelf ice.
JIRP o First deep ice core from a polar glacier.
EPF e First deep ice cores from Greenland.
Camp o First deep ice core to reach the base of a polar ice sheet.
e First continuous record of structure and chemical composition of a polar ice sheet.
Century . . . . e - .
o Clustering of c-axes is stronger in fine-grained layers with high impurity content (cloudy bands).
e Established the tripartite paradigm.
e Systematic study of cloudy bands.
Byrd o Consistent relation between grain sizes, c-axis orientations, and impurity content: the higher the
impurity content, the smaller the grains and the stronger the c-axis clustering.
o First problems with subglacial water upwelling.
o Established new standards of organization and efficiency for deep ice core field studies.
Dye 3 e Strong correlation between impurity content and grain size, but no clear relation to c-axis preferred
orientations.
e First multi-national European deep ice-core drilling project.
e Clear correlation between impurity content and grain size, but no definite relation to c-axis preferred
GRIP orientations, in agreement with Dye 3.
e Microstructural similarity with GISP2 and previous cores was invoked as corroboration of the
tripartite paradigm.
e Discovery of crystal striping and its relation to folding.
GISP2 e Microstructural similarity with GRIP and previous cores was invoked as corroboration of the
tripartite paradigm.
e First multi-continental deep ice-core drilling project.
o First deep ice core to be partially analyzed with an automated Ice-core Line-Scanner (ILS).
NGRIP o First deep ice core to be partially analyzed with the method of Microstructure Mapping (uSM).
¢ Evidences that the microstructure of polar ice even at shallow depths is usually not in equilibrium, in
contradiction to the premises of the tripartite paradigm.
e Longest ice core ever drilled.
o First deep ice core from the top of a large subglacial lake.
Vostok e Remarkably regular microstructure points to an ice flow above the lake comparable to that of ice
shelves (insignificant horizontal simple shearing) and negligible dynamic recrystallization.
o Further support to the correlation between grain size and impurity content.
e Oldest ice to date.
EDC o Further discrepancies between the observed ice microstructure and the tripartite paradigm.
¢ Evidence of grain-boundary pinning by dust particles, giving further support to the correlation
between grain size and impurity content.
o First ice core to have continuous and thorough records of visual stratigraphy (via ILS) and
microstructure (via uSM) in microscopic resolution.
e Evidence of strain accommodation by microscopic grain-boundary sliding via microshear in warm
cloudy bands at the MIS5e-MIS6 transition.
EDML . . o . . o
e Evidence of dynamic recrystallization throughout the core, including the firn layer, in direct
contradiction to the tripartite paradigm.
¢ Evidence that non-basal dislocations play a decisive role in heterogeneous strain accommodation
through the formation of subgrain boundaries.
e Deepest and oldest ice from the Atlantic Sector of Antarctica to date.
e First deep ice core (Dome F 1) to be crystallographically investigated with an Automatic Fabric
Analyzer (AFA).
Dome F ) . . e . . s
o Clustering of c-axes is weaker in layers with high impurity content and small grain sizes, in direct
contrast to Camp Century and Byrd.
e Possible activation of diffusion creep at low temperatures and stresses within cloudy bands.
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Figure 1
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Figure 4
Click here to download high resolution image
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KML File (for GoogleMaps)
Click here to download KML File (for GoogleMaps): IceCorePositions_new.kml
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