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Abstract
The Greenland Ice core Project (GRIP) is a multinational drilling project, co
ordinated by Denmark, whose initial objective was the retrieval of a complete ice-core
from the highest point on the Greenland Ice Sheet. This objective was achieved in the
summer of 1992, with a final core length of 3029m being retrieved. We were able to
acquire samples of the core from a number of palaeoclimatological horizons. These
samples have been subjected to controlled deformation under in-situ glaciological
conditions of temperature and pressure, at low strain rates, to determine the flow
characteristics of the ice as a function of depth. Deformation, temperature and
pressure are controlled using the servo-controlled cryogenic triaxial deformation cell
housed in the Ice Physics Laboratory at UCL. This equipment has been modified to
allow acoustic emissions (AE) and elastic P-wave velocity measurements (Vp) to be
made on the sample during deformation. Both brittle and plastic deformation processes
occur during testing and AE and Vp measurements can be used to delineate both
modes of deformation. Also, by studying the AE amplitude distribution, AE can be
used to distinguish between large, grain size scale cracks occurring within grains and
along grain boundaries and smaller intragranular cracks which form as a result of
plastic processes such as dislocation pile-up and lattice bending operating within the
grain.
All ice tested was cored vertically from the GRIP core. Crystallographic c-axis
orientation, which moves towards the vertical with depth, will therefore exert a
controlling influence on the measured flow stress since ice is approximately 60 times
stronger when shortened in a direction parallel to its c-axis than when compressed at
45° to the c-axis. Samples of randomly oriented laboratory grown ice have also been
tested under the same experimental conditions and the results used to assess the effect
of grain orientation, grain size and impurity content on deformation.
The flow stress of the GRIP ice increases with depth in the vertical direction with
a significant increase being seen across the Holocene-Wisconsin boundary. A major
cause of this increase in strength is found to be the increasing crystallographic
anisotropy that also occurs with depth, with c-axes being progressively re oriented in
the vertical direction. Ice grain size and the presence of insoluble inclusions and
soluble impurities are found to have a minor affect the value of the peak stress.

though it is not possible to quantify the effect of each characteristic individually. At
very deep levels, below the Wisconsin, the ice is seen to be significantly weaker. This
is due both to pressure melting occurring along grain boundaries (though it is doubtful
that this occurs under true downhole conditions) and a decrease in crystallographic
anisotropy.
Under the conditions of stress existing away from the ice divide, where the ice
deforms in simple shear, the Wisconsin ice will flow more readily than the Holocene
ice. However at the ice divide where stress conditions correspond to vertical
compression and pure shear, Wisconsin ice is much more resistant to flow than the
overlying Holocene ice and the older Eemian and Saalean ice. This has significant
implications for the flow of the ice sheet in the region of the ice divide and for the
dating of the GRIP ice-core.
The results have also been analyzed in terms of Glen’s (1955) isotropic flow law
and Azuma’s (1995) flow law which incorporates an expression for the anisotropy.
According to these flow laws the deformation rate is proportional to some power n
of the applied stress. To determine the flow law parameters multilinear regression
analysis has been performed on the peak stress values obtained from both laboratory
grown ice and GRIP ice. For the laboratory grown ice n= 2.5+ 0.2, the activation
energy, Q=64 ± 1IkJmol^ and the pre-exponential constant. In Aq = 14.4+5.2MPa'"s *.
These values are in excellent agreement with those obtained by other workers. For the
GRIP ice, in the vertical direction only, (measurements were not made in the
horizontal direction due to the availability of samples) according to Glen’s isotropic
flow law, n=3.0+ 1.7, Q=175±72 and In A =46+19. According to Azuma’s flow
law, n=3.8+ 2.4, Q=139±98kJmol'* and In Bo=27+17MPa"s ^ In both cases the
stress exponent n is in good agreement with values obtained by other workers on
glacier ice. The high values obtained for Q and In A, together with the high standard
deviations are due to the presence of two deformation mechanisms, basal and nonbasal glide, the latter becoming increasingly more dominant as depth and anisotropy
increase.
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1.

Introduction

The occurrence of ice on earth is generally restricted to polar or high mountain
regions. However, despite this the large polar ice sheets play a fundamental role in
the complex global climatic system. The nature of their formation and continual
annual deposition ensures that airborne particles (dusts and salts) and samples of
atmospheric gases at the time of deposition are trapped within the ice sheet. Chemical
analysis of these ice sheet impurities allows past local, hemispheric and global climatic
conditions to be inferred at the time of ice deposition. An accurate knowledge of past
climates and climatic changes provides an ideal test bed for current theories of
climatic evolution and consequently such data will allow the construction of more
accurate global climatic models. Ice sheet formation and evolution play an integral
role in global climate regulation therefore to understand the global climate, an
understanding of ice sheet behaviour and evolution is necessary.
Recent deep ice core drilling in the central region of the Greenland ice sheet (the
GRIP and GISP2 projects) has provided a wealth of new data on ice sheet chemistry
and structure. A quantitative knowledge of ice sheet rheology is fundamental in the
understanding and interpretation of this data for a number of reasons. Ancient ice,
buried deep within ice sheets, undergoes extensive metamorphism somewhat akin to
the high temperature metamorphism suffered by crustal rocks. Therefore some
knowledge of the flow of ice is necessary to accurately date the core at any given
depth. Moreover, due to the location of the drilling sites on or near the ice divide, the
horizontal component of ice flow is limited and the vertical component will be
dominant. Because of this traditional methods of deriving flow velocities and
deformation rates by observing the progressive tilting of the borehole cannot be
applied.
The mechanical behaviour of ice is dependent on both environmental parameters
and the physical characteristics of the ice in question. Whilst studies on laboratory
grown ice of controlled composition and grain size provide invaluable insights into the
range of mechanisms active during ice deformation and their respective pressure
temperature regimes, they are of limited value in large scale ice sheet studies. Natural
glacier ice, as well as having a variable chemical composition, also varies greatly in
its physical characteristic (grain size, crystallographic anisotropy etc) as a result of
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metamorphic processes acting on the ancient buried ice. These variations profoundly
affect the mechanical response of the ice, consequently experimental studies designed
to determine the rheological behaviour of ice sheets must use natural glacier ice
obtained from the ice sheet in question.

1.1 Objectives of this study
The Greenland Ice core Project (GRIP) is a multinational research project whose
initial objective was to retrieve a complete ice core to bedrock from the highest point
on the Greenland ice cap. This objective was achieved in the Summer of 1992, with
a final core length of 3029m being recovered. In order to determine past local and
global climatic changes, the ice core has been subjected to detailed chemical analysis.
Structural analysis (particularly fabric analysis) has also been performed on the core
to identify flow regimes within the ice sheet. Mechanical testing of the core is being
undertaken by a number of laboratories including the Rock and Ice Physics Laboratory
at UCL, the Geophysics Institute at the University of Copenhagen, the CNRS in
Grenoble and Toyama University in Japan. The type of test performed and the
conditions of testing differ since the objectives of each study are different from, and
complementary to, the other studies being performed. The objectives of this study are
threefold;

►By performing mechanical tests on samples of Greenland glacier ice that have
been made available, under in-situ conditions of temperature and pressure, the relative
yield strengths of the ice in the vertical direction can be derived. These values are
equivalent to the load required in a constant load test to induce a minimum strain rate
or "secondary creep rate" equal to the strain rate employed in the test. The measured
yield strength of the ice will vary according to the pressure/temperature conditions and
the physical characteristics of the ice. Using multilinear regression analysis flow law
parameters can be derived that describe the flow of the GRIP ice in the vertical
direction.

► By performing mechanical tests on laboratory grown ice under the same
experimental conditions, and critically comparing the results with the GRIP ice
results, inferences can be made as to the physical characteristic of the glacier ice
responsible for variations in flow stress. Flow law parameters can also be derived for
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the laboratory ice which can be compared with published data. These will provide a
useful test of the reliability of the overall data set (GRIP ice and laboratory ice).

►The thesis also details the development of equipment that allows both acoustic
emissions and acoustic wave velocities to be monitored during testing. Such
measurements allow inferences to be made regarding deformation mechanisms
operating within the sample throughout its deformation history. An assessment of the
effectiveness of this equipment is made.

The cryogenic triaxial deformation cell used to perform the mechanical tests was
originally designed and built by Dr.P.R.Sammonds (Sammonds 1988) and is based
on the design of traditional triaxial rock testing equipment. Significant modifications
were made to the system during the course of this work to enable both acoustic
emissions and P-wave velocities to be monitored during testing. Modifications were
also made to allow the equipment to accept a smaller sample size in accordance with
the samples received from the GRIP project. These modifications are described in
detail in the relevant chapters.

1.2 Structure of this thesis

Chapter 1 introduces the reader to the Greenland Ice core Project and outlines the
reasons behind such projects. The necessity of mechanical testing within the
programme of ice core studies is outlined and the objectives of this study are then
stated.

In chapter 2 deformation of non-metallic polyciystalline materials under a variety
of conditions is discussed and the mechanisms that give rise to brittle fracture,
cataclastic flow and plasticity are covered and extended to ice. The influence of
impurities, cracks and crystallographic anisotropy on ice deformation is also
discussed. Flow of large bodies of ice and the mechanisms that cause flow in bodies
such as the Greenland ice sheet are reviewed.

In chapter 3 an overview of the GRIP project is presented together with a brief
history of ice coring activity in Greenland. The structure of the icecap is outlined and
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variations in environmental parameters and crystallographic size and orientation with
depth are explained. The occurrence of air bubbles and air hydrates is also discussed.

Chapter 4 is a short chapter explaining the method of production and preparation
of laboratory grown ice. The preparation of glacier ice samples for testing and the
production of thin sections is also discussed.

Chapter 5 introduces the reader to the experimental deformation equipment used
in this study. Pressure and temperature control are also explained and the testing
procedure used in this study is outlined. Samples of glacier ice were conditioned under
downhole conditions of temperature and pressure prior to testing; the reasons and
methodology behind this are discussed in this chapter.

Chapter

6

presents an overview of acoustic measurement techniques and their

application in this study. Previous acoustic work on ice is reviewed and the results of
a series of early tests performed during the course of this study are presented and
analyzed.

In chapter 7 an overview of the experimental programme is presented together with
the results of deformation tests performed on samples of ice acquired from the GRIP
project. Acoustic measurements, made during the deformation tests, are also presented
and the results briefly discussed. Results of mechanical tests performed on laboratory
grown ice under the same experimental conditions as the GRIP samples are presented
in chapter 8 .

In chapter 9 the initial objectives of this thesis are restated. The tests performed
on GRIP ice and laboratory ice are then compared and conclusions are drawn as to
the characteristics of glacier ice responsible for differences in flow stress. The results
are also analyzed in terms of the Glen flow law for ice. Multilinear regression analysis
is performed on the results, yielding different results in the case of the GRIP ice and
laboratory ice.

In chapter 10 the results of the mechanical tests and analysis are summarized and
further discussed. Ideas for further work are then presented.
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2. Fundamentals of Ice Structure and Deformation

2.1 The Crystal Structure of Ice
The basic structure of the ice molecule and how this relates to the overall structure
of ice crystals is outlined below. This structure, first defined by Bragg (1922) using
x-ray analysis, has a fundamental influence on the deformation of ice, which will be
outlined later in this chapter.
A single ice molecule consists of an oxygen atom at the apex of an isosceles
triangle bonded with two hydrogen atoms at the comers. The extra electron pairs
associated with the oxygen, orbit in such a manner as to form an approximately
regular tetrahedral structure, comprising of two negative comers, two positive comers
and the oxygen ion at the centre (Fig 2.1). At the temperatures and pressures at which
ice exists on earth, the tetrahedra bond to form layers composed of hexagonal ring
stmctures, an oxygen nucleus comprising the comer of each hexagon (Fig 2.2). An
important feature of these layers is that each oxygen ion is bonded by three hydrogen
bonds within the plane of the layer, one extra hydrogen bond is thus free from each
tetrahedron to allow bonding between layers. Strictly speaking the atoms within one
layer do not all exist in the same plane, however the offset between these planes is
relatively small (0.0923nm) compared with the distance between the layers (0.276nm)
(Paterson, 1981). The crystallographic c-axis mns perpendicular to the layering,
whilst the weakest or basal plane (0 0 0 1 ) along which deformation is most easily
initiated mns parallel to the layering or perpendicular to the c-axis.
Bemal and Fowler (1933) suggested that the bonding within and between molecules
must comply with two basic mles. Firstly, no individual molecule may be ionized,
therefore each oxygen must be bonded with two hydrogens. Secondly, only one
hydrogen atom can exist between each pair of oxygens forming a hydrogen bond. The
consequence of these mles is that six possible configurations of hydrogen atoms on
the four oxygen bonds can occur. These configurations give rise to a variety of
crystallographic forms that ice may adopt under more exotic pressure and temperature
conditions such as those found on the icy moons of the large outer planets for
example. The phase diagram for ice is illustrated in Fig 2.3. The important point to
note is that under temperature and pressure conditions found on earth ice will only
exist in the form of hexagonal Ih as described above. For a full review of ice
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Fig 2.1 The molecular structure of ice from Hobbs (1974). Hydrogen and oxygen
electron bonds are shaded.

Fig 2.2

Structure of the ice lattice A: looking down the c-axis and B: viewed

perpendicular to the c-axis. Black balls are oxygen, white are hydrogen.

22

polymorphs the reader is referred to Hobbs (1974).

PRESSURE(Htw)
100

'50

200

400 —

y^

300 -

^

200

-

, -

V II

1 00

vm
100

CC)
-

( K)
liquid

vn

200 -

300

-273

200
i-100
VTO

- CO
20

0

Fig 2.3 Phase diagram for ice, from Mishima and Endo (1980).
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Fig 2.4 Mechanism of dislocation movement through the ice lattice by creation of
point defect.
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2.2 Defects in ice crystals
If ice complied with the ideal structure outlined above it would be particularly
difficult to deform, but as with all geological materials deformation is largely
controlled by defects within the crystal structure. Defects within crystalline materials
can take a number of forms such as point defects, dislocations and microcracks, all
of which act to disrupt the integrity of the crystal lattice. A comprehensive review of
point defects and dislocations in crystalline geological materials is given by Hobbs et
a l (1976).
Point defects in the form of atomic impurities are not common in ice since few
chemical species have the correct size and valence to substitute into the crystal lattice.
Point defects in ice subject to a shear stress more commonly occur in the form of
extra or missing protons. Protons connecting two oxygen ions can occupy one of two
possible sites, the selection of which site is occupied being completely random. Bonds
can thus exist that have no protons (L type) or two protons (D type). Their occurrence
was first recognized by Bjerrum in 1951 (cited by Hobbs 1974), who proposed the
existence of ionic states in ice. An oxygen atom with three near protons forms a HgO^
ion whilst an oxygen with only one near proton will form an OH ion. Such point
defects exist because of atomic motions and consequently their concentration will be
a greater at higher temperature. In ice subject to a shear stress, such defects should
occur on average every second bond and the energy of each defective bond is high at
0.64eV. (Goodman et a l 1981). Consequently the stress required to move a
dislocation in this manner is very large and dislocations in ice must be able to move
without creating so many defects. Goodman et a l (1981) outline a method whereby
dislocations can advance by the nucléation of kink pairs which form along the
dislocation where the proton arrangement immediately ahead of the dislocation is
favourable. The kinks will drift along the dislocation line advancing the line as they
move until they meet with kinks of the opposite sign when the two kink pairs then
annihilate each other.
Dislocations occur in ice where two regions of the lattice have slipped relative to
each other. The movement of dislocations through the lattice as illustrated by the
creation of point defects is shown in Fig 2.4. Dislocation motion occurs most readily
in the 0(X)1 plane, the associated Burgers vector, 1/3 < 1120 > having a length of
4.52Â (Fukuda et a l 1987). This is the distance between two parallel faces of the
hexagonal structure created by the water molecules in the ice lattice (Fig 2.2). Basal
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slip in ice provides only two independent slip systems. For polycrystalline plasticity
to be possible whilst maintaining compatibility between grains, at least four
independent slip systems must be active (Duval et al. 1983). Table 2.1 illustrates the
principal dislocations that are active in ice, the principal Burgers vectors are illustrated
diagrammatically in Fig 2.5.
Dislocation motion is easier on the basal plane despite the fact that non basal
dislocations move with higher velocities. Fukuda et at. (1987) have shown that the
1/3 <1120 > dislocation on the (0001) plane is a unique easy slip system in ice
because the glide planes of other dislocations do no coincide with these dislocations.
When slip by a 1/3 < 1120> dislocation occurs on non basal prismatic planes {1010},
their movement is restricted to very short segments owing to the tendency of the
dislocations to lie on the (0 0 0 1 ) plane.
Microcracks in ice occur within grains (cleavage cracks) or between grains (grain
boundary cracks) and can form for a variety of reasons such as differential cooling or
previous deformation. Experiments have shown (Schulson et al. 1989) cracks do not
affect the creep deformation of polycrystalline ice providing that they are significantly
smaller than the grain size or that they have been blunted by creep deformation at the
crack tip.
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Table 2.1 Principle burgers vectors in ice. from Fukuda et al. (1987).

Fig 2.5 Diagrammatic illustration of the principle Burgers vectors in ice from Fukuda
et ai. (1978).
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2.3 Deformation of ice under Experimental Conditions and Extrapolation of Results
to Natural Strain Rates
There have been a great many studies carried out to determine the strengths,
deformation modes and other mechanical properties of both natural and laboratory
grown ice (e.g Glen 1955, Barnes et al. 1971, Schulson et al. 1989, Schulson et al.
1991, Rist and Murrell 1994). These studies have utilized a variety of experimental
designs to induce deformation and create a variety of different stress states in the
sample, the simplest stress states achieved being uniaxial tension or compression. The
triaxial cell used in this study provides a convenient basis for the imposition of
simulated natural stress states on the samples. The basic workings and operation of
the triaxial deformation cell are outlined in chapter 5. A triaxial stress state is
achieved by superimposing a uniaxial load upon a hydrostatic pressure. The
convention used most commonly in geological studies states that: or; > 0^2 >(^3 , and
compressive stresses are positive. If the superimposed uniaxial load is compressive the
state of stress in the triaxial vessel will be: ai> a 2 =a^. Failure criteria can be defined
on the basis of these principal stresses and can be used to describe a failure envelope
in three dimensional stress space.
The principal brittle failure modes of polycrystalline materials under a variety of
triaxial stress states are illustrated in Fig 2.6. When no confining pressure is applied,
cracks are free to propagate parallel to the direction of maximum compressive stress.
The application of a small confining pressure causes microcracks to interact to form
a macroscopic shear fault at some angle to the

direction. The application of higher

confining pressures inhibits the formation of the shear fault and failure proceeds with
the formation of many grain size scale cracks causing the sample to barrel outwards.
It is important to note that the failure modes illustrated are not definitive. Failure
modes, particularly in polycrystalline ice, are also dependent on strain rate and
temperature conditions. Ice deformed under low strain rates and at very high
homologous temperatures (>-10°C) will exhibit no cracking regardless of confining
pressure, whilst only minor cracking occurs if the temperature is reduced. Under these
conditions deformation is controlled largely by crystal plastic processes.
Whilst glaciological pressures and temperatures are relatively easy to simulate true
glaciological strain rates can be exceedingly low (typically lO^^s %though this can be
3 or 4 orders of magnitude higher in ice streams) and tests performed at or near to
these strain rates would be unfeasibly long. However when extrapolating results
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obtained in the laboratory to true glaciological situations, the important consideration
is that the mechanism controlling the deformation remains unchanged. Frost and
Ashby (1982) have computed deformation mechanism maps for ice which illustrate
the strain rate/temperature field over which the various deformation mechanisms will
operate, the map for ice of grain size 10mm is illustrated in Fig 2.6a. Under
glaciological strain rates (near the

1 0

'°s^ line) the deformation mechanism will be

predominantly dislocation glide (power law creep), this is the same controlling
mechanism for tests performed at strain rates and temperatures used in this study.
Goodman et al (1981) note that whilst dislocation glide controlled flow creates a
fabric, diffusional flow tends to destroy fabrics therefore by examining deformed
specimens in thin section it should be possible to distinguish between these
mechanisms. Also considering the strong fabric developed in the deeper parts of the
Greenland ice sheet (see chapter 3), it is unlikely that diffusional flow is an important
mechanism.
In the following section an overview of all deformation mechanisms (brittle and
plastic) that occur in the tests conducted in the course of this thesis is given.
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Fig 2.6 The principa.1 brittle failure modes of polycrystal line materials under a variety
of triaxial stress states, from Ashby and Hallam (1986). See text for full explanation.
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2.3.1 Brittle failure theories
A number of models have been constructed which attempt to quantify crack
nucléation, growth and ultimate failure of brittle materials in terms of applied stresses
and strain. Only a brief review is provided here since brittle failure and faulting are
not the dominant deformation modes studied in this thesis, although spontaneous
brittle failure is observed in ice cores retrieved from 800-1200m depth due to the
presence of high pressure pore fluids. For a more comprehensive review of the
models the reader is referred to Jaeger and Cook (1979), Paterson (1978) and Murrell
(1990).
The earliest of these criteria was introduced by Coulomb in 1773 (cited by Jaeger
and Cook 1979) who suggested that the shear stress (r) that caused macroscopic shear
fractures in rocks depends on the cohesion of the material (Sq), the coefficient of
internal friction

(/ j l )

and the normal stress acting across the shear plane

T=So+fia^

A linear failure envelope in <Ti ,

thus;

(2.1)

space (Fig 2.7) is then predicted by;

(7,[(,t2+l)'% ]-a3[(,i^+l)‘'’ +M]=2So

(2.2)

Mohr’s criterion introduced in 1900 was similar to Coulomb’s in that it also predicted
the ultimate shear strength of rocks, and had the form;

T=f((j„)

(2.3)

Where f is an experimentally derived non-linear function. In Ug, r space the
experimental failure envelope is concave downwards implying that the angle of
fracture, which is determined by the normal to the failure envelope, increases as the
mean stress increases (Fig 2.8). This is consistent with experimental observation.
These criteria, whilst being effective in predicting gross features of rock deformation,
do have obvious limitations. The main drawback is that failure is treated as a discrete
event occurring at a particular level of stress. No consideration is given to the fact
that

damagebegins

to accumulate in the rock well before the rock fails

macroscopically,nor are the micromechanisms responsible for damage accumulation
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considered.
Griffith (1920), in an attempt to explain the observed low strength of solids when
compared to their theoretical strength, proposed that all brittle materials contain
microscopic cracks. This criterion, based on the available energy of the system, stated
that in order tomaintain equilibrium of a crack in a stressed material, there must be
a balancebetween the surface energy of the crack and the sum of thechange in
potential energy arising from the release of stored elastic energy and the work done
by the external loading system.
In 1924 Griffith derived a second failure criterion based on the stress concentrations
at the tips of cracks;

(<^1-0 ^3 )^= 8 To(ai+ 0 ^3 ) if Ui+3<T3>0

(2.4)

and;

a2 =-T'o

if(Ti+3a3<0

(2.5)

where Tg=tensile strength. Eqn. 2.4 describes crack propagation in compression, eqn.
2.5 describes tensile crack propagation. Since propagation in compression is generally
a stable process eqn 2.4 cannot be regarded as a failure criterion unless very brittle
materials are being considered (Murrell 1958). It is also worth noting that these
criteria predict the compressive strength of a material to be 8 times its tensile strength.
Griffith considered only the principal stresses in two dimensions, the theory was
extended to three dimensions by Murrell (1963). Since the failure envelope for the
Griffith model is parabolic (Fig 2.9), crossing the

<73

axis at Tq, in three dimensions

the failure surface will be a paraboloid with an axis equivalent to the line ai=a 2 = < ^ 3
(Fig 2.10). Murrell’s failure criterion in three dimensions is given by;

( 0 -2 - 073)2 + (a y O ïY + {ai-a 2y = 2 4 ai(ai + 02 + 03)

for triaxial deformation where

0 2

(2 . 6 )

=0 3 :

( ( 7 i - f f 2 ) ^ = 1 2 u t( o ^ i+

2 0 -3)

( 2 .7 )
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Fig 2.9 2D Griffith failure criterion, from Rist (1989).
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Fig 2.10 Griffith's failure criterion extended to 3 dimensions, from Rist (1989).
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thus the ratio of uniaxial compressive strength to uniaxial tensile strength is given as
12 .

Pore fluids commonly exist in polycrystalline geological materials and are present
in glacier ice in the form of air bubbles and, at deeper levels, high pressure air
hydrates. The nature of these high pressure inclusions is discussed in chapter 3. Pore
fluids are known to influence the mechanical response of their host material and there
has been a gamut of studies carried out on rock and soil samples which have
quantified these effects (e.g Murrell 1965, and Murrell and Ismail 1976). The
shearing resistance of saturated rocks and soils can be given by a simple modification
of the coulomb criterion:

T=So+/i(aN-p)

(2.8)

where p is the pore pressure. The term (d^-p) is defined as the effective normal stress
and it is this function rather than the total stress (<7^) that controls the shearing
resistance. From eqn.2.8 it can be seen that shearing resistance depends entirely on
the pore fluid pressure, this is unrealistic since chemical properties of the fluid may
cause stress corrosion at the tips of the cracks. There is also uncertainty as to how
best to express the state of stress in porous materials, and the effective stress may in
fact be a more complex function of (7^, p and material and geometric properties of the
rock (Paterson 1978).
From the basic ideas of Griffith and from assumptions behind linear elastic fracture
mechanics, a number of models have been derived which attempt to quantify all
aspects of failure from crack initiation through propagation to final failure of the
sample. Costin (1983, 1985) developed such a model to describe the growth of cracks
in brittle rocks. The model relies on a number of basic assumptions; (i) under non
hydrostatic compression cracks are initiated in local regions of tensions caused by the
heterogeneous nature of the material, (ii) crack behaviour is generalized so that an
array of small cracks is assumed to act in the same way as a single large crack and,
(iii) cracks will extend when the stress intensity factor at the crack tip (Kj for mode
1 crack opening) exceeds the critical stress intensity factor of the material (Kic). Crack
initiation occurs when;

K,=(2/7r)(7rao)‘'V„+F(ao,d,di)a3’)

(2.9)
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(7 m is the mean compressive stress ((7 m=(cti+(7 2 +( 7 3 )/ 3 ) and acts to inhibit crack
growth. (7 3 ’ represents the deviatoric stress normal to the crack surface which is
modified by some function, F, dependent on crack length ( a o ) , the size of the tensile
region surrounding the crack (d) and the initial average distance between neighbouring
cracks (dj. Crack growth is initially stable, K, reducing as the crack grows and
growth stopping when Ki<Kic. Under these conditions cracks will only grow if the
load is increased.

2.3.2 Brittle Deformation of ice under Tensile Loading
It has been recognised that under tensile loading conditions, dislocations pile up at
grain boundaries until stress concentrations are sufficient to cause cracks to nucleate
(Sinha 1988). The size of these cracks is of the same order as the grain size of the
sample, and the stress at which crack nucléation occurs, <7 ^, shows a clear dependence
on grain size, d:

(2 . 10)

This expression was experimentally established using laboratory grown crack free ice
Ih (Currier and Schulson 1982). The constant

gq can

be regarded as a measure of the

resistance offered by the lattice and its defects to the propagation of slip, whilst

is

a measure of the effectiveness with which grain boundaries impede dislocation. An
important point to note is that tensile strength decreases with increasing grain size. A
similar formula to describe crack nucléation in terms of tensile strain is given by
Sanderson (1988):
6N=eo+K2/\/d

(2.11)

Where €n represents the strain at which crack nucléation occurs providing the applied
stresses are high enough to enable purely elastic deformation to dominate any creep
and K2 is a constant. This formula is useful when considering crack nucléation under
compressive stress states (section 2.3.3).
The stress at which a nucleated crack will propagate, c7 p, has been experimentally
derived by Schulson et al. (1989) who employed fracture mechanics principles in his
analysis, thus;
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(7p=(»^7r)’% c(2c)-‘^

(2.12)

Where Kic is the fracture toughness for mode 1 crack opening and c is half the crack
length (assuming penny shaped cracks). However, under slower loading conditions
ductile processes occurring at the advancing crack tip affect the propagation stress and
therefore the value of

is apparently higher. Sanderson (1988) suggests for most

purposes a value of K%c=0. IMPa m'^ is adequate. It can be seen from the relationship
above that the stress required to propagate the flaw is inversely proportional to the
size of the flaw. Therefore the largest flaws in the sample will control the tensile
strength of the sample providing it has the appropriate orientation, that is
perpendicular to the direction of applied stress. Once a crack begins to propagate
under a tensile stress, failure of the sample occurs immediately since propagation
under these conditions is catastrophic.

2.3.3 Brittle Deformation of ice under Compressive Loading
The nucléation of cracks in compression is generally assumed to occur for the same
reason as for tensile nucléation, that is the pile up of dislocations at grain boundaries
causing high stress concentrations. Cole (1988) also suggests that grain boundary
cracks can be generated as a result of the elastic anisotropy of the ice crystal structure,
however the nucléation stress required would be approximately the same as that
required for nucléation by dislocation pileup and as such the mechanisms cannot be
readily distinguished. Hallam (1986), proposed using a model to describe crack
nucléation in compression similar to the strain criterion model used to describe crack
nucléation in tension (eqn 2 . 1 0 ) where

is the critical strain at which the crack will

nucleate;

€N=eo+K2 /Vd

(2.13)

ax/E^eo+Kz/Vd

(2.14)

This can also be written as;

Where

ctn is

the stress required to nucleate a crack in compression and E is the

Youngs Modulus. Under a compressive normal stress, an, the lateral tensile strain
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rate, €2 2 , is given by;

e2 2 =v-an/E

(2.15)

where v is the Poisson Ratio. Crack nucléation occurs when the lateral strain, E2 2 ,
exceeds e^, ie when;

(Tn= “V(7ii

(2.16)

Therefore, from eqn. 2.9, the compressive stress at which cracks nucleate,

ctnc,

is

given by;

"lM<^o+Ki/>/d)

The implication of this is thatthe stress required

to

(2.17)

nucleate acrack

under

compression isapproximately three times that required tonucleate a crackin tension
since l/v » 3 . This is consistent with experimental observation.
Propagation of cracks under compressive stress is more complex than tensile
propagation and does not always lead to failure since final failure of the specimen is
dependent on the interaction and linkage of large numbers of nucleated cracks and not
by catastrophic propagation of a single crack. The process of crack propagation occurs
when nucleated cracks with the appropriate orientation (35°-45° to the direction of
maximum compressive stress) attempt to slide, causing regions of tensile stress to
form at the crack tips (Fig 2.11). At a certain critical stress level wing cracks form
and the process of propagation begins. Ashby and Hallam (1986) model the
propagation of these cracks, concluding that the cracks will propagate providing the
critical stress level at the tips of the cracks is greater than the fracture toughness, K^,
which is given by;

Kic=-ai^7ra/(l +L)3'"(1-Q-^(1 +Q)-4.3QL).(0.23L+1/^3(1 +L))''"
(2.18)

where a is the half length of the initial crack, supposing

is the length of the wing

crack then L = L /a , Q is the ratio of confining stress to compressive stress (<7 3 3 /^ 11 )
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and fjL is the coefficient of friction across the crack. This expression has been
simplified by Sanderson (1988), by assuming uniaxial conditions (thus Q=0) and that
the wing crack has already propagated some distance so that 1 > > a and therefore
L >

> 1 and adopting a value of fi= 0 3 , eqn. 2.18 then becomes;

K ic = 0 .2 9 a „ V a /L

( 2 .1 9 )

and therefore (Jn, the stress at which cracks propagate in compression can be written
as;

(jii^S.SKicVl/a^

(2.20)

Sanderson (1988), assuming a crack of length 5mm and a value of fracture toughness
of O.lMPam*'^, calculated the value of

for a wing crack of length

1 0

mm as

14MPa. As Sanderson remarks, this value, whilst being rather high, is "reasonable
considering the crudeness of the model". However, supposing a crack length of 1mm
is taken (for ice of grain size1mm) and a wing cracklength of 5mmis assumed then
from eqn.2.20,an becomes 49MPa, (5mm is unusuallylarge for a grain size of 1mm,
normally 1< 1mm). Rist and Murrell (1994) performed a series of tests varying strain
rate and confining pressure at a temperature of around -40°C. Failure stresses around
the 49MPa value were recorded at the highest strain rate used (lO'^s *), at higher
temperatures no values above 35MPa were recorded. The value of peak stress was
also observed to fall with decreasing strain rate. Such a relationship has been observed
many times in the past, and serves to illustrate one of the fundamental flaws in the
applicability of these models in quantifying damage accumulation in ice. That is that
at lower strain rates and higher confining pressures, the processes controlling failure
are a combination of both brittle crack nucléation and propagation and plasticity.
Indeed, in the study outlined above brittle shear fracture was only observed at the
highest strain rates and, as temperature increased, relatively low confining pressures
(0.5-1.0MPa at -20°C). Under other conditions of lower strain rate and higher
confining pressure, deformation was cataclastic with varying degrees of cracking
activity and thus varying degrees of plastic deformation occurring. The introduction
of a pressurized pore fluid into the cracked ice would counteract the effect of any
confining pressure. Under a high effective stress (see eqn.2.8) the sample will behave
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as it would with the imposition of a high confining pressure. However, if the
confining pressure is high but the effective stress is low (i.e a high pore fluid
pressure) the effect of the confining pressure will be negated.
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2.3.4 Plasticity and Creep Deformation of ice
Crystal plasticity in ice occurs primarily because of the movement of dislocations
within the ice lattice. Diffusional mechanisms do not contribute greatly to the
plasticity of ice due to low diffusional rates (Poirier 1985). Glen (1968) equated the
work required to force a dislocation through the lattice with the energy required to
create Bjerrum type defects and found that the calculated value was about 30(X) times
greater than the observed value for dislocation movement along the basal plane. Glen
proposed therefore that dislocations must pass through the lattice without generating
defects, but that defects already present in the lattice due to thermal activation must
re orientate the bonds ahead of the dislocation. The dislocation will thus move
forward only when the bonds that are impeding the progress of the dislocation,
because of their unfavourable orientation, are re oriented.
As with brittle failure, criteria have been developed which attempt to quantify the
yield stress. Since the movement of dislocations within the lattice requires the
presence of a shear stress, the imposition of a hydrostatic pressure alone, regardless
of how high that pressure is, will not cause the sample to yield plastically. One of the
most useful empirical yield criteria is that of Von Mises (Jaeger and Cook 1979), also
known as the distortional energy criterion. This criterion is based on the assumption
that plastic deformation occurs when the distortional strain energy reaches a constant
value and states that yield will occur when;

(a 2 -(7 3 )2

+

+

( cr 02^=200^

( 2 .2 1 )

Where ao is a physical property of the material dependent on composition, structure
and previous strain history.
An earlier empirical theory, developed by Tresca (Jaeger and Cook 1979), states
that yield occurs when the maximum shear stress attains a constant value equal to Vigq
and can be written as;

“^3

(2.22)

Both these theories imply that the yield stress in tension is the same as the
compressive yield stress, whilst this is approximately true for metals, numerous
experimental studies (e.g. Rist 1989) have shown it to be untrue for polycrystalline
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rocks and ice. These yield criteria can be represented visually in three dimensional
stress space by the construction of yield surfaces illustrating the relationship between
the principal stresses at the point of yield (Fig 2.12). Both the Tresca and Von Mises
criteria produce yield surfaces about a central axis,

0 1

= 0 2 =^ 2 . This illustrates the fact

that yield will not occur under purely hydrostatic stress conditions.
For polycrystalline plasticity, the Von Mises criterion requires five independent slip
systems to be active to maintain continuity at grain boundaries and prevent void
formation. As mentioned previously (section 2.2) ice structure allows only two
independent slip systems to be active on the basal plane. Therefore either deformation
must occur at grain boundaries or other non basal systems must be active and it must
be these systems that control the rate of deformation. Duval et al. (1983), state that
non basal slip requires a stress at least 60 times larger than that required for basal slip
at the same strain rate. Observations of the (1/3) < 1120 > dislocations extending onto
the non basal prismatic {1010} plane have been made by Fukuda et at. (1987) using
x-ray topography, and it is suggested that these will be mobile under non basal shear
stresses. Baker et at. (1994), also made observations of dislocation nucléation and
motion using x-ray topography, and concluded that semi hexagonal dislocation loops,
<

1 1 2 0

> , which lie on the basal plane nucleate predominantly at grain boundaries.

Non basal edge dislocations were also observed to nucleate at grain boundaries but
only when the resolved shear stress on the basal plane was zero. Liu et at. (1994),
using similar techniques, found that plastic deformation only occurs in the interiors
of grains if those grains are oriented favourably for basal slip. It was further observed
that when the orientation does not favour basal slip, plastic deformation of the grain
interior was negligible, however plastic deformation readily occurred at grain
boundaries regardless of grain orientation. It was therefore concluded that non basal
dislocation segments contribute little to the overall plastic deformation of polyciystals
and that creep deformation of polycrystalline ice cannot be explained simply by
defining four or five independent slip systems. The complicated stress fields that occur
at grain boundaries are responsible for a variety of deformation mechanisms centred
about them, such as grain boundary sliding or migration. It is further suggested that
these mechanisms play a more important role in ice polycrystalline plasticity than non
basal slip. Localized cracking (cleavage and grain boundary) may also act to reduce
void formation when localized stresses allow.
When a constant load is applied to ice over a period of time the ice responds by
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deforming plastically. Typical creep curves generated by deforming ice in this way
are shown in Fig 2.13. From these creep curves, which have been well established
experimentally (Glen 1955, Barnes et al. 1971), four distinct regions of deformation
can be identified. The first of these regions (0-A in Fig 2.13) is the instantaneous
elastic strain that occurs as soon as the load is applied. The path of loading follows
Hookes law, E=a/e, where E is the Youngs modulus, and the strain induced is
reversible upon unloading. This is followed by a region of transient time-dependent
strain which is also known as the region of primary or transient creep (A-B in Fig
2.13). Unlike instantaneous elastic strain, primary creep is not fully recoverable upon
unloading but instead can be thought of as being made up of a recoverable delayed
elastic strain component and an irrecoverable viscous strain component (Sinha 1978).
This idea was further developed by Duval et al. (1983) who explained the deceleration
of the creep rate during this stage in terms of two distinct hardening processes.
Kinematic hardening is caused by the differences in resistance to creep between the
basal plane and non basal planes. These differences cause internal stress concentrations
to build up which oppose further deformation in the direction of loading. These
stresses are relieved on unloading and as such are responsible for the recoverable
component of primary creep. The second type of hardening described by Duval is
isotropic hardening. This is a non directional hardening caused by interaction between
dislocations in the crystal lattice, it is non directional and is non recoverable upon
unloading.
After some time under constant load conditions, the creep rate approaches a
constant minimum value (B-C in Fig 2.13), this is known as the period of secondary
creep or steady state creep. During this stage the creep rate, e, can be described by
Glens law (Glen 1955):

6

= Au"

(2.23)

where A is a constant dependent on a number of environmental and material
parameters, the derivation of which is explained more fully in section 2.4. The stress
exponent, n, is generally taken to equal 3, however this relationship is known to
breakdown under high stresses and strain rates. Goodman et al. (1981) also points out
that at very low stresses there is some indication of a decrease in stress exponent. The
minimum creep rate is generally reached after about 1% strain (Mellor and Cole 1982)
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regardless of load or temperature. The measured creep rate under steady state
conditions represents the minimum strain rate associated with a particular constant
load. The converse is also true that, for plastic deformation under constant strain rate
conditions, the peak stress measured is equal to the constant stress required to induce
steady state creep at that strain rate.
Tertiary creep manifests itself as an increasing strain rate following the period of
minimum strain rate associated with steady state creep (point C onwards in Fig 2.13).
This increasing strain rate (and hence decreasing flow stress) must be associated with
the development of a preferred crystallographic orientation, with grains being
realigned in the easy glide direction. Depending on the applied load, tertiary creep
may or may not be accompanied by cracking activity concentrated along grain
boundaries. Sinha (1988), suggests that such cracking occurs when a critical grain
boundary sliding displacement is reached, and can cause creep rates to accelerate still
further. Gold (1972), observed two independent families of cracks formed during
creep tests carried out on columnar grained ice. It was suggested that one strain
dependent population was caused by a process of dislocation pile up at grain
boundaries. The second strain independent population grew from nuclei already
present in the ice either by a process of diffusion or because of gradually increasing
local stresses.
If applied stresses are not large enough to cause cracking, or if the temperature is
high enough, dislocations may rearrange themselves causing dynamic recrystallization
to occur at grain boundaries. New undeformed grains nucleate and grow at grain
boundaries and may then proceed to deform by a process of primary creep (Frost and
Ashby 1982). Jacka and Maccagnan (1984) observed grains to grow during the phase
of steady state creep and cease growing once the tertiary creep regime was fully
achieved. An increase in preferred grain orientation was also seen to develop well
within the phase of tertiary creep, with c-axes being realigned preferentially in the
direction of maximum compressive stress. This phenomena is also observed in ice
cores retrieved from large ice masses such as the Antarctic and Greenland ice caps and
a full explanation of its development is given in section 2.4.
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Fig 2.13 Typical creep curves for ice under I: high loading, II: moderate loading and
III: low loading conditions, from Barnes et al. (1971).
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2.3.5 The brittle to ductile transition
A consideration of the strain rate, temperature and pressure dependence of the
brittle to ductile transition is given here since this has a bearing on the interpretation
of tests conducted in the course of this research. Of the brittle to ductile transition,
Murrell (1990) states that while cleavage is only weakly dependent on temperature and
strain rate, plastic flow and creep stresses are strongly dependent on strain rate and
also temperature, particularly at high temperatures. It is also pointed out that in nonmetallic polycrystalline solids a wide variety of differing flow mechanisms are active
and there is a corresponding range of fracture mechanisms in which plastic processes
interact with crack nucléation and propagation processes.
With regard to the brittle to ductile transition specifically in ice, Schulson (1979)
suggested that there may be a critical grain size above which polycrystalline ice
behaves in a brittle manner and below which it is ductile. It is also suggested that this
critical grain size decreases with increasing strain rate and decreasing temperature.
This is due to the lattice resistance to dislocation motion increasing proportionally with
strain rate and similarly decreasing proportionally with temperature. This relationship
was confirmed experimentally by Schulson et al. (1984) who observed the brittleductile transition to take place at a grain size approximately 1.5mm for three
sequences of uniaxial tensile tests done at a strain rate of Kf^s * and temperatures
between -20°C and -5°C.
Frost and Ashby (1982) have computed deformation mechanism maps for ice of
grain sizes

1 0

mm and 0 . 1 mm, the map for grain size

1 0

mm is the most appropriate

for glacier ice studies and is shown in Fig 2.6a. These maps illustrate the dominance
of particular deformation mechanisms under particular conditions of stress and
temperature and also show the rate of deformation produced for these conditions. The
conditions under which ice was deformed in this study fall well within the region of
power law creep though, as can be seen from the diagram (Fig 2.6a), this region is
transected by the regions of cleavage fracture and dynantic recrystallization. Under
conditions of constant strain rate the imposition of a confining pressure will inhibit
crack formation and growth thereby allowing access to the upper part of the diagram
where power law creep dominates. Kelly et al. (1967) point out that the transition
between ductility and brittleness is not a sharp one and that in most cases apparent
brittleness in the form of crack propagation is accompanied by some plasticity at the
crack tips. Indeed three classes of cleavage are outlined by Murrell (1990). Brittle
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intergranular fracture (BIF) 1 or cleavage 1 are fractures formed from pre-existing
cracks whilst cleavage 2 and cleavage 3 are fractures formed by increasing degrees
of microplastic behaviour. In ice at low confining pressures the transition between
cleavage 1 (brittle fracture) and cleavage 3 (fracture controlled by microplastic
behaviour) occurs at »0.63T„ (where

melting temperature). The transition from

cleavage 3 to plastic flow with no fracturing occurs at higher temperatures. With the
imposition of higher confining pressures the transition is from cleavage 1 to cleavage
2 which is characterized by cataclastic flow. This study is concerned with moderately
low strain rates (10

to lO^s^) and therefore low stresses, moderate confining

pressures (approx. 5-30MPa) and high homologous temperatures (0.88-0.96TJ.
Under these conditions ice would be expected to deform by a combination of
cataclastic flow (cleavage 2 and 3) and power law creep, with power law creep
becoming more dominant at higher pressures and temperatures.

2.4 Deformation of ice under natural conditions
Much of this chapter has so far been devoted to experimental deformation studies
and the knowledge that these studies provide us regarding the deformation mechanisms
active in ice. Reconciling studies done in the laboratory with field observations and
theoretical analysis of glacier behaviour is not a simple matter considering the vast
difference in scales between the two situations. However laboratory studies do provide
important insights into the fundamental mechanisms that drive deformation and the
conditions under which these mechanisms most readily act.
That glacier ice deforms plastically was first recognized by Bordier in 1773 (Hobbs
1974) who likened the motion of glaciers to that of softened wax. It is now recognized
that movement of ice occurs by a combination of visco-plastic deformation
mechanisms, as outlined earlier in this chapter, and by sliding of the ice body along
its base. Brittle failure of the ice also occurs and is indicated by the presence of
crevasses, however these are restricted to the surface layers of the ice and seldom
develop below 30m due to the increase in confining pressure with depth. Due to the
pattern of ice accumulation and loss, flow vectors within the ice body describe
initially steeply dipping concave upwards paths. Therefore at the ice divide in a large
ice sheet movement of accumulated material is initially vertically downwards (Fig
2.15a). The velocity of the ice along these vectors is not constant but varies with
depth, (Fig 2.15b), the highest velocities occurring at shallower depths.
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Fig 2.15 A: Direction of flow of material through a large ice sheet, B: Variation of
velocity with depth. From Drewry, 1987.
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plane. From Hobbs et a i 1976.
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Deep glacier ice can be thought of as being under a continuous deviatoric stress of
between 0.5 and 1.5MPa (Karab 1964) and the mechanisms that such ice will deform
by are those mechanisms observed during the phases of steady state and tertiary creep.
Indeed, at the highest point of an ice cap, the ice divide, conditions will be
approximately the same as those generated in the traditional triaxial deformation cell
since gravitational loading will generate conditions of pure shear. Away from the ice
divide simple shear conditions are generated.
Ice cores drilled though glaciers and ice sheets have revealed deep ice to be
crystallographically anisotropic, with the c-axis of individual ice crystals increasingly
oriented in the vertical direction (e.g. Herron et al. 1985). Such anisotropy is
indicative of extensive deformation and recrystallization and has been observed in the
laboratory during the phase of tertiary creep under both compressive and tensile
conditions (Jacka and Maccagnan 1984). Under conditions of vertical compression.
Alley (1988), suggests that rotation of c axes is a two stage process with grain rotation
controlled by glide of dislocations on the basal plane dominating initially, followed
by a phase of dynamic recrystallization. The first stage of rotation is commonly seen
in deformed rocks (Hobbs et al. 1976) and is illustrated schematically in Fig 2.16. An
important point to note is that whilst grains deform, the crystallographic structure
remains undistorted allowing the c-axes to rotate. Diffusion, grain boundary sliding,
dislocation climb and glide on prismatic planes must also be operating to
accommodate incompatible deformations between grains. Alley (1988) also suggested
that for a give bulk strain, grains that have their c-axes close to the axis of maximum
compressive stress would rotate less than those with c-axes oriented at higher angles.
This difference in rotation rate causes the development of diffuse concentric small
circles about the vertical point on a Schmidt net (see Fig 2.17). Small circles have
been observed at depths below about 300m in Antarctic ice (Thwaites and Wilson
1984) though they are not ubiquitous in ice sheets. The second stage of rotation begins
when sufficient strain energy is stored to cause recrystallization. As ice recrystallizes,
whether by strain induced boundary migration or by polygonization followed by grain
growth, the orientation of new strain free grains is controlled by the orientation of the
old deformed grains. Thus under conditions of vertical compression c-axes form a
well defined small circle centred about the direction of maximum compressive stress.
The various fabrics that can form under various states of stress that exist within an ice
sheet are summarized in Fig 2.17.
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Alley (1988) also suggested that observed fabrics can be used to infer conditions
of stress and temperature within the ice sheet. C-axes rotation without significant
recrystallization will occur in cold regions (<-10°C) that are dominated by normal
stresses and low strain rates. Such regions commonly occur in the upper half of ice
sheets under conditions of longitudinal extension and vertical compression. Dynamic
recrystallization will be restricted to the deeper parts of the ice sheet where
temperatures are higher and deformation is greater.
Crystal size variation with depth is very much dependent on stress and temperature
conditions within the ice sheet. Jacka and Maccagnan (1984) observed the grain size
to increase steadily during constant loading tests until a constant tertiary creep rate
was achieved during which the grain size remained constant. Paterson (1981) outlines
two studies done on glacier ice under differing stress conditions. The first is from a
borehole drilled near the ice divide, where shear stresses are negligible, and shows an
approximately continuous growth rate below the fim-ice transition with deeper grains
being progressively larger. It must be pointed out that this hole did not reach bedrock.
This is compared with a borehole drilled some 160km from the ice divide where the
ice has undergone extensive straining. Here grain size increases steadily to a depth of
about 600m and remains constant below this. In both these cores normal grain growth
occurs in the upper levels ( < 600m) but, in the latter example this is superseded by
polygonization at deeper levels which serves to keep the deeper grains approximately
constant in size.
In numerous cores obtained from both Arctic and Antarctic ice sheets a marked
decrease in grain size is observed at the boundary between recent ice and ice deposited
during the last glaciation. Gow and Williamson (1976) postulate that this reduction
may be due to strong shear stresses within the ice at these levels. However Paterson
(1981) points out that in some cores the boundary is only 12-15% of the total ice
thickness where strong shearing stresses are unlikely. A more reasonable explanation
is that ice-age ice contains a higher concentration of impurities. During ice ages sea
levels are lower and thus more land is exposed, this combined with the fact that the
atmosphere tends to be more arid allows for more dust to be present in the
atmosphere. These impurities segregate out to grain boundaries where they act to
block the diffusion of molecules from one grain to another thus slowing the process
of grain growth.
There are many aspects of glacier flow that are still unclear but could be more fully
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understood following a well thought out experimental programme. For example it is
important for glaciologists to accurately know the relationship between flow stresses
and rates of deformation and how this relationship is affected by increasing
anisotropy. There is also the question of development of crystallographic anisotropy
and whether its development is enhanced by the increased presence of soluble
imputites found in ice-age ice. This study will attempt to provide some insight into
the answers to these questions.

2.5 Flow laws
The relationship between flow stress and strain rate for ice during steady state creep
was derived by Glen (1955) (eqn. 2.23) and has been used extensively since to
describe the flow of ice at all scales. For stresses occurring in natural ice masses the
stress exponent, n, has generally been taken to be 3, however laboratory experiments
have shown that n can range from 1 at very low stresses to > 4 at higher stresses (e.g
Bames et al. 1971). Many authors have suggested that values of n approaching 1
indicate that ice is deforming by transitory creep and steady state creep has not yet
been reached (e.g Weertman 1973), whilst Alley (1992) has shown how n can vary
between 1 and 3 under the various deformation regimes encountered in ice sheets. The
material constant. A, is dependent on a number of factors including crystal size,
orientation and impurity content, and is known to vary with temperature according to;

A=Aoexp(-Q/RT)

(2.24)

Where Q is the activation energy of volume self-diffusion (Paterson 1981), T is
absolute temperature, R is the molar gas constant and Aq is a constant independent of
temperature. The value of Q describes the energy required to move individual
dislocations through the lattice and has been experimentally determined to be between
60 and 78kJmol^ (Weertman 1983). An apparent increase in the value of Q in
polycrystalline ice at temperatures > -10°C has been explained by Bames et al. (1971)
who suggested that melting at grain boundaries allows a greater propensity for grain
boundary sliding. This has been confirmed by Jones and Brunet (1978) who showed
that the value of Q does not increase for single ice crystals near to the melting point.
The value of Aq is known to be dependent on the size and shape of ice crystals as well
as their orientation and concentration of impurities within the ice. Aq also depends on
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hydrostatic pressure, however Paterson (1981) states that the pressure effect is very
small even for hydrostatic pressures that exist at the base of very large ice sheets such
as the Greenland ice cap.
Hobbs (1974) and Paterson (1981) illustrate how the general flow law (eqn 2.23)
can be expressed in terms of component strain rates and stress deviators, thus making
the law of more use to glaciologists. An important point to note is that the above flow
law was derived from a combination of experimental data and theoretical analysis and
describes the relationship between strain rate and applied stress during the phase of
steady state (secondary) creep where deformation is primarily due to dislocation glide.
Under natural conditions ice deforms by a variety of mechanisms germane to its
loading conditions and strain history. Alley (1992) points out that diffusional processes
such as dislocation climb and Nabbaro-Herring creep are likely to occur alongside
dislocation glide considering the low strain rates and high homologous temperatures
of most natural ice deformation.
Doake and Wolff (1985), using data derived from borehole tilt measurements in
both Arctic and Antarctic ice sheets, suggest that a linear flow law (e=A(j, i.e where
the apparent value of n is 1) may be equally appropriate for describing the flow of
polar ice sheets. This conclusion was reached on the basis that if n is taken to equal
3, calculated values of A vary by over an order of magnitude through the thickness
of the ice sheet. Under these conditions the isotropic flow law ceases to have any
predictive value for large ice sheets and thus a flow law which takes into account the
anisotropy of ice sheets is needed. To account for anisotropy Shoji and Langway
(1988) suggest the use of an enhancement factor, E, in the isotropic flow law. To
calculate the value of E, a series of uniaxial deformation tests was performed on
oriented ice samples obtained from the Dye 3 ice core in southern Greenland. The
value of E was seen to vary between 0.1 and 17 with samples cut 45° to the vertical
having the highset values, (laboratory ice has E = l). It was concluded that E is
controlled primarily by the degree of orientation of the c-axes and that impurity
content had little effect on the parameter.
It must be pointed out that such enhancement factors are completely empirical and
as such have no sound theoretical base. Whilst they are adequate for crude modelling
of ice in shear (Paterson 1991), for detailed modelling of polar ice sheets anisotropic
flow relations must be used. This is because deep glacier ice has a strongly developed
structural anisotropy which has a strong affect on the flow stress in any particular
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direction. Since the flow stress is known to change with orientation of the sample, the
stress exponent, n, will also change with both orientation and depth, since orientation
increases with depth. Thus detailed modelling of ice flow can only be achieved by
detailed knowledge of the changing mechanical properties with depth and a knowledge
of how these mechanical properties are affected by increasing structural anisotropy.
Ice sheet modellers would be better served using experimentally derived flow stresses
measured on natural samples and extrapolated to relevant stress levels.

2.6 Concluding Remarks
How ice deforms, whether in the laboratory or under natural conditions, is
phenomenologically very complex and dependent on a number of physical and
environmental parameters. Under natural conditions the dominant behaviour is plastic
and this is therefore arguably the most important type of behaviour to study in the
laboratory. However fracture behaviour is equally relevant to the overall mass balance
of large ice sheets (in the form of calving events at ice sheet termini), and as such
demands equal attention. Through a combination of laboratory experiment and
theoretical analysis a number of yield criteria have been developed which attempt to
quantify the conditions under which brittle materials fail. These have been applied to
ice with varying degrees of success. Similarly flow laws have been derived which
illustrate the relationship between rate of deformation and applied stress, but, as with
the yield criteria their application to natural phenomena such as glacier flow and
calving is not simple. Flow laws and yield criteria are however powerful tools in
predicting the behaviour of large ice masses, if used with some thought and idea of
the underlying deformation processes involved. It is only by continuing laboratory
experiments that such processes can be fully understood.
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3 The Greenland Ice Sheet and the Greenland Ice-Core Project

3.1 Introduction
The circulation of ocean currents in the North Atlantic has a fundamental influence
on the climate of the northern hemisphere and it is widely believed that changes in the
direction of these currents can cause rapid climatic changes. During cold periods the
extent of sea ice and land bound glaciers is much greater than in warm periods,
consequently sea levels are lower and more land is exposed. Conditions are also more
arid allowing winds to carry more particles (dust and salts) up into the higher levels
of the atmosphere. The Greenland Ice Sheet has existed in its present form for some
250,000 years and during this time has acted as a particularly effective sink for these
airborne particles. Therefore by analyzing the chemistry of ice-cores a high resolution
picture of recent climatic evolution and fluctuations can be derived, and the data used
to model present day climate evolution. Rheological studies of ice are necessary for
a number of reasons including the accurate modelling of ice sheet evolution and the
dating of the deeper highly deformed ice.

3.2 The Greenland Ice Core Project
The Greenland Ice Core Project (GRIP), the objective of which was to retrieve a
complete ice core through the depth of the Greenland Ice Sheet to bedrock, was
organised by the European Science Foundation, with logistics co-ordinated by the
Danes. In total 8 European member states were involved including the U.K.
Construction of the drill site was begun in the Summer of 1989, and drilling was
completed in July 1992, with a final core length of 3028.65m being retrieved (Peel
1992). The location of the drill site is shown in Fig 3.1, the site chosen being the
highest point of the ice sheet. Summit, which lies 3230m above sea level. Cutting of
the core lengthwise into sections for various types of analysis was done immediately
on retrieval of the core. Since the coring phase of the operation was scheduled to last
3 years provisions were made to carry out some analysis of the core at the drill site.
The small proportion of the core that remains untested is currently in storage at the
Geophysics Institute at the University of Copenhagen. All research undertaken on
GRIP ice core is co-ordinated by a steering committee who manage ice sample
requests and ensure that no duplication of research occurs.
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Fig 3.1 Location of the GRIP ice core at the highest point of the Greenland ice sheet,
3230m above sea level. The location of other deep ice coring sites are also shown.
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Previous deep drill sites to bedrock in Greenland are also shown in Fig 3.1. The
first of these, drilled at Camp Century, was completed in 1966 and had a final length
of 1390m, the ice at the base being dated at 130,000 years BP. Due to technical
problems with the drilling equipment there was no deep drilling in Greenland for a
further 13 years until 1979 when the Dye 3 project was initiated. This was a joint
venture between the Danes, the Swiss and the Americans using a new drill designed
and developed by the Danes (Gundestrup and Johnsen 1985). Whilst the Dye 3 project
was successful both technically (because of the drilling techniques developed) and
scientifically (because of the analytical methods and system of field analysis that was
introduced). Dye 3 has often been regarded as a poor site for retrieving a deep ice
core for a number of reasons. Firstly, from a final core length of 2038m only
approximately 1(X),000 years can be dated with any accuracy due to highly disturbed
basal ice, secondly the site at Dye 3 often experiences relatively high Summer
temperatures which can cause surface layers to thaw and refreeze. Such thawing and
refreezing can alter the ice chemically and causes problems when dating the ice. The
GISP2 core, drilled concurrently with the GRIP borehole, was a U.S. venture located
approximately 30km down a flowline from the GRIP borehole. The hole reached
bedrock in the summer of 1993 after experiencing some difficulties with drilling
equipment. Data from the core should provide confirmation of the results obtained
from the GRIP core as well as giving valuable information on the flow regimes of the
ice sheet immediately around the Summit station.
The advantages of a central Greenland site are outlined by Langway et al (1985).
The fact that the Summit site lies at the highest point of the ice sheet and therefore
on the ice divide, ensures that no rotational deformation of the ice will have occurred
and stratigraphie layers will be undistorted. A second major advantage is that since
mean annual air temperatures are very low at the GRIP site, no annual melting of
surface layers occurs, thus the sensitive climatological indicators remain undisturbed.
It is also known that the interglacial accumulation rate lies between 25 and 40 cmyr %
therefore the depositional sequence should be continuous as far back as the core
extends.
The main objective of the GRIP project was the retrieval of a complete ice core
through the thickness of the Greenland Ice Sheet for detailed chemical analysis to
assess the climatic changes that have occurred within the history of the ice sheet. This
information will enable a clearer understanding of the way the global climate operates,
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why it changes and how it has responded to anthropogenic influence. As each annual
layer of snow deposited on the surface is buried, compressed and transformed to ice,
important climatological indicators are incorporated into the layers which can then be
analyzed by a variety of methods. Climatic indicators include dust, stable isotopes and
gases trapped in bubbles or air hydrates.
Once drilled the core was raised from the borehole at a slow controlled rate to
minimize the effects of thermal and pressure changes. From the final core diameter
of 102mm a number of cutting schemes were adopted. These were agreed beforehand
by the steering committee and designed to make optimum use of the core. They are
illustrated in Fig 3.2. The depths from which the UCL samples were taken were cut
according to schemes A, B and D (see Fig 3.2 for full details). The actual UCL
samples were cut from the upper 38mm wide section. This serves to illustrate the fact
that, whilst it would have been desirable to have vertical, horizontal and oriented
samples cut with respect to the long axis of the ice core, only vertical samples could
be cut from the ice provided.
Alongside the tests performed in the Rock and Ice Physics Laboratories at UCL,
mechanical testing of ice is also been carried out by a number of other laboratories
including the Geophysics Institute at the University of Copenhagen, The CNRS in
Grenoble and Toyama University in Japan. The testing programmes carried out by
each laboratory have different objectives and are therefore complementary. There are
a number of reasons why mechanical testing of glacier ice is important; (i) Ice
deformation is strongly dependent on its strain history and it is only by using natural
samples that have undergone tens or hundreds of thousands of years of deformation
that the rheology of ice sheets can be accurately ascertained, (ii) Accurate
chronostratigraphy of deep ice cores is not possible using methods based on the
identification of annual layers because of the high degree of compression and
recrystallization of deep ice (Dansgaard et al. 1993). In these cases good rheological
models are necessary to accurately date climatic data that is derived from the core,
(iii) Since the GRIP borehole lies on an ice divide, traditional methods of deriving
flow properties by observing the amount of borehole tilt cannot be utilized.
The tests performed at Copenhagen were performed at fixed nominal stress and
temperature and the tertiary strain rate (which occurs at strains greater than 10%) has
been measured as a function of impurity content which itself is a function of climate.
Since new fabrics develop in the ice, as the tests progress to high tertiary strains they
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Fig 3.2 Cutting scheme of the GRIP ice core, the samples tested at UCL were taken
from the 38mm wide section, the core diameter was 102mm.
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are no longer measuring the flow of the original ice with its fabric, but are instead
measuring the effect of other factors such as impurity content. The tests performed
at Grenoble were similarly performed at fixed stress and relatively high temperature
(-10°C). The minimum strain rate, which occurs at strains of about 1%, has been
measured as a function of the c-axis distribution in the sample. The c-axes become
increasingly oriented in the vertical direction with depth and this causes the measured
strain rate in the verical direction to decrease with increasing depth. In all
investigations thin sections are routinely prepared on both deformed and undeformed
samples.

3.3 Stratigraphy of the GRIP core and climatological data
The 3029m long GRIP ice core is comprised of two interglacial events (the present
Holocene event and the Eemian interglacial) separated by the Wisconsin ice-age. The
bottom 160m is formed of glacier ice from the Saale ice-age. A full stratigraphie
column with depths and ages is illustrated in Fig 3.3. Dating of the GRIP core has
been achieved by using two methods. Johnsen et al. (1992) dated the upper 40,000
years by identifying seasonal variations of Ca^^, microparticles, NH '^ 4 and nitrate.
Beyond this Dansgaard et al. (1993) have dated the ice by using a steady state ice
flow model. Dansgaard et al. (1993) also point out that although the GRIP borehole
was drilled at the current location of the ice divide, the ice divide has probably shifted
with time. A consequence of this is that very deep layers, which at one time may have
existed some distance along a flow line, may have been thinned to the extent that they
are now missing from the GRIP core.
The chemistry of the ice and associated inclusions is a direct measure of the bulk
atmospheric composition (dust plus gases) at the time the ice was deposited. Thus
palaeoclimatological conditions can be inferred from ice cores by measuring the
quantity of certain chemical species trapped within both the ice lattice and air bubbles
or air hydrates.
Past studies on ice cores have revealed ice-ages to be periods of climatic instability
with rapid changes in global temperatures taking place over relatively short time
periods (Dansgaard et al. 1985). This has been confirmed by the GRIP core which
has revealed that the Wisconsin ice age was interrupted by some 24 interstadials
(Dansgaard et al. 1993). These events lasted between 500 and 2000 years and began
with very sudden temperature increases of between 5 and 8 C which took place over
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just a few tens of years. Cooling at the end of interstadials was more gradual. Due to
the favourable conditions of the Summit location, the Eemian interglacial has been
examined in detail for the first time (GRIP project members 1993). This has revealed
that the Eemian interglacial, which is often regarded as being analogous to today’s
climate (Moore, 1994), was also a period of relative climatic instability with the
climate switching from warm to cold over surprisingly short periods of time (Fig 3.4).
It has also been revealed that the longest stable period in the Eemian, a period when
the climate was only a few degrees warmer than the present, existed for only 2000
years. This is in contrast to the climatic stability experienced since the end of the
Wisconsin ice age some 11,500 years ago. After the initial phase of warming, the
climate has not varied by more than 1°C from the mean (Dansgaard et al. 1993).
Thus it now appears that the climatic stability experienced during the Holocene is the
exception rather than the rule. This is of significant interest to climatic modellers,
none of whom have yet derived a global climate model that shows such rapid swings
during warm climatic conditions. It has been suggested (Bond et al. 1993) that rapid
changes in the pattern of circulation of the North Atlantic could occur and
consequently this could have a profound effect on the climate of the Northern
Hemisphere.
Early comparative studies (Taylor et al. 1993 and Grootes et al. 1993) with the
GISP2 core have revealed a number of discrepancies between the data sets,
particularly in the bottom 10% of the core. Alley et al. (1995) report that the deep
Eemain ice of both the GRIP and GISP2 cores show some level of disturbance and
suggests that some layers may be inverted, stating however that there is no hard
evidence to support this. The presence of disturbed layers deep in the GRIP core does
however confirm the fact that the ice divide has migrated with time.

3.4 Characterization of the Greenland Ice Core and structure of the ice sheet
The nature of the ice and how this varies with depth in the Greenland Ice Sheet is
dependent on a number of physical and environmental parameters, for example;
physical parameters such as impurity content (which is a function of atmospheric
composition at the time of deposition) have a fundamental effect on the growth of
individual grains, whilst environmental factors, such as hydrostatic pressure and
temperature, affect the response of the ice to shear stresses and gravitational loading.
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Such physical and environmental parameters vary greatly with depth and this variation
results in the complex variation of structure observed in the Greenland ice cores.
Samples acquired from the GRIP project for testing at UCL are listed in table 3.1.
Thin sections were prepared according to the method outlined in chapter 4,
photomicrographs of the thin sections are shown in Figs 3.13 to 3.14 and are
discussed hilly in the following section (3.4.2 and 3.4.3).

Depth (m)

Bag Number

Temperature/°C

Confining
pressure (MPa)

Stratigraphie
horizon/
palaeotemp.

549

999

-31.1

4.8

Holocene
warm

1155

2101

-32.0

10.2

Holocene
warm

1162

2114

-32.0

10.3

Holocene
warm

1435

2610

-32.5

12.8

Holocene
warm

1590

2891

-32.2

14.2

Holocene
warm

1745

3172

-31.6

15.6

Allerod/
Bolling-warm

1768

3215

-31.5

15.7

Wisconsin
cold

2050

3727

-29.1

18.3

Wisconsin
cold

2318

4215

-25.2

21.0

Wisconsin
warm

2845

5172

-13.1

25.5

Eemian
warm

2945

5316

-11.4

26.2

Saalean
cold

Table 3.1 Location of GRIP samples tested at UCL. Bag number refers to GRIP numbering
system, temperature and confining pressure refer to in-situ conditions..
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3.4.1 Variation of Environmenml parameters with depth
The dominant environmental factors that influence the physical nature of the ice
sheet are hydrostatic pressure and temperature. At depths below the low density fim
ice, hydrostatic pressure. P. varies linearly with depth according to the relationship:

P=dg(h-24)

(3.1)

Where d is the fully consolidated ice density (d=921kgm^), g is the acceleration due
to gravity (g=9.8178ms

and h is the depth in metres. Thus at the base of the

Greenland Ice Sheet, where h = 3029m, hydrostatic pressure will equal 27MPa.
Hydrostatic pressure plays a crucial role in inhibiting cracking activity in ice, whilst
it has only a minimal effect on the plastic flow of ice. The effect of hydrostatic
pressure on the deformation behaviour of ice is more fully discussed in chapter 2.
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Fig 3.5 Variation of temperature with depth of the GRIP borehole, UCL sample
depths are shown.
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The variation of temperature with depth is somewhat more complicated. Fig 3.5
illustrates the relationship together with the UCL sample depths. The evolution of
temperature within an ice sheet is dependent on a number of factors. Whilst the
present day climate has a strong influence on the near surface temperatures, deeper
temperatures tend to be controlled, at least to some extent, by the temperature of the
ice when it was deposited as snow on the surface of the ice sheet (Dansgaard and
Gundestrup 1993). Thus the coldest portion of the ice sheet coincides with the upper
half of the Wisconsin ice-age. At the deepest levels geothermal heat generated within
the crustal rocks also becomes a controlling factor. However this heat generated in
central Greenland does not adversely affect the basal temperatures (Dansgaard and
Gundestrup 1993). The temperature distribution within the ice sheet is also in part
controlled by advection of heat associated with ice flow. At the Summit location the
temperature at the base of the ice sheet (-9°C) is not high enough to cause pressure
melting of the basal ice.

3.4.2 Air bubbles, air hydrates and the brittle zone
When snow falls on the surface of the ice sheet air becomes trapped in the
interstices of the surface fim. The fim is buried, compressed and transformed into
glacier ice and as this transition is taking place the interstices become closed off and
form individual air bubbles within the ice. Thin sections were produced and a detailed
examination was made of two samples of GRIP ice at UCL prior to conditioning and
testing. In the shallow levels of the ice sheet such air bubbles are numerous and easily
seen in thin section (Fig 3.6, taken from a depth of 549m). When the ice is in-situ,
the intemal pressure of the air in the bubbles is in equilibrium with the hydrostatic
pressure imposed on the ice. Therefore after the ice is removed from the borehole a
certain amount of stress relaxation will take place. Shoji and Langway (1983) reported
ring cracks forming around individual bubbles within several hours of the core being
recovered and by comparing their observations with indentation tests concluded that
such cracks form when the resolved shear stress on the basal plane is equal or close
to zero. These cracks were reported to be only marginally larger than the diameter of
the bubble, which was 300jLtm. The samples examined at UCL had been in storage
many months prior to examination and consequently crack rings had expanded to form
large pressure cracks which extend along the basal plane, these are between 1 and
1.5mm across their largest diameter (Figs 3.7 and 3.8). More rarely bubbles were
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seen to form hexagonal facets (Fig 3.9), Shoji and Langway (1983) reported these
features to form about 24 hours after core recovery.
With increasing depth in the ice sheet the bubbles become increasingly compressed
until a point is reached when the gas that forms the bubbles is incorporated into the
crystallographic lattice of the ice. These structures are known as clathrate hydrates and
were first described by Miller (1969), a full description of their structure is given by
Miller (1973). Miller (1969) calculated that air hydrates should begin to form at a
depth of 800m and that by 850m all air should have formed hydrates. In the GRIP
samples examined at UCL, the lowest sample containing normal air bubbles was from
1162m. The sample below this, from 1435m, contained bubbles which had formed
due to the partial decomposition of air hydrates. Shoji and Langway (1982), using
deep ice retrieved from the Dye 3 borehole, identify a number of different forms that
air hydrates can adopt. These include triangular, hexagonal and polygonal platelets,
tetrahedrons, polyhedrons, spheroids and irregular ’graupel-like’ hydrates. The
hydrates described by Shoji and Langway (1982) were observed immediately after ice
core recovery whereas the samples examined at UCL had been in storage for many
months prior to examination. As a consequence many of the hydrates where wholly
or partially decomposed and the form was difficult to distinguish. Typical partially
decomposed hydrates are shown in Fig 3.10, taken from a depth of 1435m. The air
bubble is the spheroidal feature at the centre whilst the remains of the hydrate are the
irregular extensions protruding from the bubbles surface. Air hydrates were
occasionally observed that did have a distinct form (Fig 3.11, taken from 1435m), this
occurs as a hexagonal platelet approximately 300;^m across and is partially
decomposed. The transition from bubbles to hydrates occurs between 1162 and 1435m
in the GRIP borehole and between 1280m and 1642m in the Dye 3 borehole (Shoji
and Langway 1982). These depths are much greater than the depths calculated by
Miller (1969) and are accounted for by errors in the hydrate composition, temperature
and density profiles used by Miller in his calculations.
Ice recovered from the GRIP borehole between depths 800m and 1200m was found
to be highly fractured when removed from the coring tool. This phenomenon was also
observed in the Dye 3 borehole and also between depths 800m and 1200m. This
brittle zone coincides with the upper limit for air hydrate formation and occurs
because the air that does not form hydrates immediately is under such great pressure
that the release of that pressure causes large cracks to develop which fracture any core
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retrieved. Once the air enters the hydrate phase any release of pressure will merely
cause the air hydrate to decompose gradually over a period of time.

m

Fig 3.6 Thin section of GRIP ice from depth 549m, cut horizontal to core axis. Note
presence of numerous air bubbles.

0m

Fig 3.7 Ring crack forming about an air bubble from 549m. The crack forms along
the basal plane of the ice crystal. Diameter of crack is % 1mm.
6 6

Fig 3.8

Ring cracks forming around air bubbles from depth 549m, cracks are

» 1.5mm in diameter.

Fig 3.9 Air bubble with polygonal facet from depth 549m. Bubble is «0.8mm
diameter.
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is

mm

Fig 3.10

Partially decomposed irregular air hydrate from 1435m. Hydrate is

« 1.1mm in diameter.

Fig 3.11 Hexagonal air hydrate from depth 1435m. Note presence of air bubble,
hydrate is «0.7mm across.
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3.4.3 Variation in crystallographic size with depth
The variation of ice grain size with depth in the GRIP ice core is shown in Fig
3.12. Both the UCL GRIP samples and GRIP samples measured by T.Thorsteinsson
(pers. comm.) of the Alfred Wegener Institute are shown on the plot, in both cases
grain size was determined by the linear intercept method. The discrepancies between
the two data sets are due to the difference in thin section diameter, the UCL thin
sections being smaller and therefore having the larger error.
From below the fim-ice transition at about 110m, grain size increases steadily from
1.6mm to about 4mm at 700m depth. Alley (1992) describes this as the region of
normal grain growth. Interfacial energy exists between individual ice grains and can
be thought of as being analogous to the surface energy that exists between two
immiscible liquids or liquid and air. In an attempt to reduce this energy to a
minimum, larger grains will grow at the expense of the smaller ones thus reducing the
total area of grain boundaries in the system.
For the remainder of the Holocene ice, from 700m to 1625m, (Figs 3.13 A to E),
grain size remains approximately constant at 4mm. This constancy of grain size below
about 700m has also been observed in the Dye 3 ice core (Herron et al. 1985). It is
generally accepted that grain size remains constant due to recovery processes operating
within strained ice crystals (Alley 1992). Recovery occurs when dislocations within
the lattice of the strained grain group themselves into stable low energy configurations
that take the form of low angle grain boundaries. This will eventually lead to an old
strained grain being composed of many smaller polygonal grains, the lattice
orientation difference between adjacent sub-grains being very low. In thin section,
under cross polarized light, this phenomena can be identified by the occurrence of
undulose extinction patterns in single grains, (different parts of the same grain reach
extinction at different times due to mis-orientation of parts of the grain). Additionally
sub-grain boundaries can be observed as thin lines within grains. These features were
first observed at 380m depth in the GRIP core and commonly occur below 600m (T.
Thorsteinsson pers. comm.). Providing the rate of sub division equals the rate of
normal grain growth, the mean grain size will remain constant.
Below the Holocene-Wisconsin transition at 1625m, ice grain size decreases sharply
to about 2.9mm (Figs 3.14 A and B) and decreases still further until it reaches a
minimum of 2.0mm at about 2000m (Fig 3.14 C, taken from a depth of 2050m).
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: J|. Su
A: 549m. x5.5

B: 1155m (brittle zone) x2.2

C: 1162m (brittle zone) x2.2

D: 1435m x5.5

E: 1590m x2.2

Fig 3.13 Thin sections of GRIP ice to the base of the Holocene viewed under cross
polarized light.
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f

A: 1745m (Bolling interglacial) x2.2

B: 1768m (Wisconsin) x2.2

C: 2050m (Wisconsin) x2.2

D: 2318m (Wisconsin) x2.2

►
E: 2845m (Eemian) x2.2

F: 2945m (Saalean) x2.2

Fig 3.14 GRIP ice thin sections, Wisconsin and lower viewed under cross polarized
light.
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Hereafter the grain size increases slightly but remains at between 2 and 3mm down
to the base of the Wisconsin. The decrease in grain size across the HoloceneWisconsin boundary is a feature common to all ice cores that reach back into the last
ice-age (Patterson 1991). A number of reasons have been put forward to explain this
characteristic. Petit et al. (1987) suggest that the change in grain growth rate results
from variations in grain structure imposed upon the grain during the first stages of ice
densification and that these variations in structure are dependent on the temperature
prevalent at the time of deposition. This temperature memory effect can be discounted
as an explanation of the grain size reduction of Wisconsin ice since it was made after
considering data from the relatively shallow (900m) Dome C ice core and does not
account for the recovery features observed in the GRIP ice core. A more reasonable
explanation is that the higher concentration of soluble and insoluble impurities that
occurs in ice age ice, impedes grain growth. Alley et al. (1986) concluded that high
concentrations of soluble impurities, such as chloride and sulphate ions, significantly
affect the migration rate of grain boundaries and as such drasticly reduce grain growth
rates. Duval and Lorius (1980) have shown that the concentration of insoluble
particles (i.e dust particles) is too low to affect grain growth rates. Results of chloride
and sulphate analysis of the GRIP core have yet to be published, however Mayewski
et al. (1994) have analyzed a suite of insoluble ions from the GISP2 ice core to a
depth corresponding to 41,000 years BP. Most of the ionic species analyzed, including
chloride and sulphate, show a marked increase in concentration across the HoloceneWisconsin boundary and a corresponding decrease in concentration during the late
Wisconsin interstadials.
At 2790m there is a marked increase in grain size corresponding to the WisconsinEemian transition (compare Figs 3.14 D, taken from 2318m and 3.14 E, taken from
2845m). This increase is due to the rapid growth of strain free grains by the process
of migration recrystallization (T.Thorsteinssson pers. comm.), where large strain free
grains are able to grow at the expense of smaller ones. This process occurs below the
Wisconsin-Eemian transition for two reasons, firstly because the relatively high
temperatures in the basal region of the ice sheet favours migration recrystallization,
and secondly because dissolved impurities within the ice are at a minimum during the
Eemian allowing grain boundaries to migrate freely. It can be seen from Fig. 3.12
that midway through the Eemian grain size decreases to less than 4mm. This reduction
corresponds to a cold event within the Eemian during which time relatively high levels
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of impurities were dissolved in the surface ice. As in the Wisconsin ice, these
impurities inhibit the movement of grain boundaries and thus keep the overall grain
size small.
The steady increase in grain size observed during the Saalean glacial has been
attributed to the very great age of the ice combined with the high temperatures
experienced at the base of the ice sheet (T. Thorsteinsson pers.conun.). The bottom
6m of the GRIP ice core (3023 3029m), often referred to as the silty ice because of
the high content of visible impurities, has been studied in detail by Tison et al.
(1994). They suggest that because of the very different characteristics of this ice from
the overlying Saalean ice, it represents an in-situ build up of ice which was
subsequently overridden by the advancing ice sheet.

3.4.4 Variation of crystallographic orientation with depth
The development of a strong anisotropic fabric has been recorded in the GRIP ice
samples by T.Thorsteinsson (pers.comm.), who measured c-axes distributions using
a universal stage and plotted the results on Schmidt diagrams. In the highest levels of
the ice sheet the distribution of crystallographic c-axes is seen to be random. There
is a steady development of anisotropy with depth and at 1200m a broad single
maximum is formed. The increasing anisotropy with depth was also observed on
Schmidt plots produced by the author (Fig 3.15) at the Alfred Wegener Institut in
Bremerhaven. Two samples were measured, one taken from 549m the second from
1435m. The degree of orientation quoted for each sample is calculated first by
calculating the vector sum, S, of n axes. This value has been shown to vary between
n/2 for a randomly distributed fabric and n when the axes have the same orientation.
The degree of orientation, R, can then be calculated as a percentage by:

R=((2S-n)/n).100%

(3.2)

Thus R will be 0% for a totally random distribution and 100% for completely parallel
orientations (Wallbrecher, 1978). As can be seen from Fig 3.15, there is a marked
increase in the degree of orientation with a value of 34.2% at 549m and 68.3% at
1435m.
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Fig 3.15 C-axes distribution of GRIP samples 549m and 1435m, n=number of grains
measured in sample, degree of orientation. R, is defined in section 3.4.4.
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The broad single maxima continues to strengthen into the Wisconsin and by 2200m
a strong single maximum has developed with very few c-axes oriented outside of the
central maximum. There is no strong fabric contrast reported across the HoloceneWisconsin transition at 1625m. This is in contrast to the Dye 3 ice-core where a
strong single maximum was seen to develop immediately below the transition. Near
the base of the Wisconsin the degree of orientation is generally greater than 90% with
a maximum value of 98% reported by T. Thorsteinsson (pers. comm) occurring at a
depth of 2586m. The development of c-axes orientation under natural conditions is
discussed fully in chapter 2 (section 2.4). The fabrics observed to the base of the
Wisconsin are consistent with conditions of uniaxial compression and pure shear, with
the progressive increase in orientation indicating a stable flow regime.
Across the Wisconsin-Eemian transition (2790m) there is a marked decrease in the
degree of orientation from 90% to 79%. This occurs concurrently with a coarsening
of the grain size of the Eemian interglacial ice, however during the cold periods of
the Eemian the degree of orientation is seen to increase together with a decreasing
grain size. This suggests that the process of polygonization causes the development
of a stronger fabric than the grain boundary migration processes which are responsible
for the coarser grains. In the lower parts of the Eemian (2861m), ice fabrics show a
girdle-shaped distribution about a point which is not vertical, the points are not
uniformly distributed about the girdle but appear to be clustered into four or five
groups. This is coincident with a warm phase of the interglacial and consequently the
ice has a grain size of about 15mm. Similar fabrics have been observed at depth in
Antarctic ice cores (Lipenkov et al. 1989) and form when extensional strains cause
rotation of the c-axes away from the axis of compression.
The Eemian-Saalean transition occurs at 2865m and is coincident with a sharp
decrease in grain size and a re-strengthening of fabric. This is assuming that the
layering in the lower part of the core has not been seriously disturbed, a question that
has not yet been fully resolved. The fabrics measured in the Saalean ice show
elliptically shaped single maxima. The long axis of the elliptical distribution has a
north south orientation, which is parallel to the strike of the ice divide and consistent
with an east west tensional axis (Alley 1988). The occurrence of such fabrics in the
lower Eemian and Saalean confirm current ideas regarding migration of the ice divide
(Dansgaard et al. 1993). It is thought that lower Eemian and Saalean ice was
deposited some way down a flowline away from the ice divide.
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3.5 Deformation and flow of the Greenland Ice Sheet
The mass of ice that forms the Greenland Ice Sheet is continuously flowing
outwards from its central region, driven by gravity and replenished by precipitation.
The Summit location lies on the ice divide and because of this stress conditions differ
significantly from those elsewhere in the ice sheet. The stress conditions at Summit
are a combination of vertical compression and pure shear in the upper regions with
simple shear affecting the deformation from about 2400m depth. A schematic
illustration of the variation in strain along flowlines is shown in Fig. 3.16. Below a
depth corresponding to 14,500 years BP, the GRIP core has been dated (Dansgaard
et al. 1993) using a modified flow model derived by Dansgaard and Johnsen (1969).
The calculated age of the ice is closely dependent on the thickness of annual layers,
a parameter which is estimated from accumulation rates and the 60** value. The
increasing orientation of c-axes towards the vertical with depth will have the effect of
hardening the ice in the vertical direction, this will also have a profound affect on the
process of thinning of annual layers. Annual layer thicknesses of 2.5mm are quoted
for the top of the Eemian (GRIP project members 1993).
Fabric diagrams from the lowest part of the ice sheet (> 2850m), at the ice divide,
indicate that the ice here is subject to an east-west extensional strains. Warm Eemian
and Saalean ice also has a significantly larger grain size than the overlying ice, this
will affect its response to applied stress. The GRIP project members (1993) observed
individual layers to be inclined up to 21 ° in the lowest parts of the Eemian during the
transition from a warm to a cold period. This transition is accompanied by a
significant decrease in grain size which suggests that changes in grain size are
accompanied by significant changes in ice rheology.
Away from the ice divide deformation is by a combination of both pure shear and
simple shear, with simple shear becoming progressively more dominant as the ice
moves downwards and outwards towards the margins. The stratification of deeper ice
is strongly affected by flow over irregular bedrock topography as was observed with
the lower layers of the Dye 3 ice core. In the central part of Greenland bedrock
topography is relatively smooth (Paterson 1981). However, as mentioned previously,
because of disturbed deep ice there is some confusion surrounding the correlation of
the deep ice from the GRIP and GISP2 ice cores which were sited only 30km apart
(Alley et a l 1995, Grootes et al. 1993 and Taylor et a l 1993). At its peripheiy, the
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Greenland Ice Sheet is fringed by mountains which act to channel the ice into about
20 veiy large outlet glaciers.
A feature which is common to all large ice sheets is the significant contrast between
the flow properties of recent ice and ice deposited during the last ice-age, with the
ice-age ice being significantly softer and flowing 3 to 4 times more readily than the
recent ice in a direction parallel to the ice sheet bed. Borehole tilt measurements from
both Camp Century and Dye 3 show this to be the case across the HoloceneWisconsin transition in the Greenland Ice Sheet. There are a number of physical and
chemical changes which occur across this transition which could explain the softness
of ice-age ice. A strong near vertical single maxima is seen to develop in the ice sheet
below the transition, ice grain size is reduced and dust concentrations are seen
between 3 and 70 times greater in the Wisconsin ice (Hammer et al. 1985). Soluble
impurities (sodium, chloride, sulphate and nitrate ions) also show significant changes
in concentration across the Holocene-Wisconsin transition. The main source of sodium
and chloride is sea salt, whilst sulphuric acid is produced by biogenic activity at the
ocean surface (Herron and Langway 1985). The source of nitrate ions has not yet been
established. The mean concentrations of these ions in the Holocene and ice-age ice of
the Camp Century and Dye 3 boreholes has been published by Paterson (1991) and
is partly reproduced here (table 3.2). Both the chloride and the sulphate ions show a
significant increases in concentration in the ice-age ice whilst the nitrate ions show a
less significant decrease in the ice-age ice.
Alley et at. (1986) studied grain growth in polar ice and concluded that chloride,
sodium and possibly sulphate ions were the impurities that reduced grain growth rates
of ice-age ice. Fisher and Koemer (1986) suggest that the softness is caused by the
higher impurity content and the smaller grain size, whilst Paterson (1991) suggests
that the softness of Wisconsin ice is caused by the marked increase in crystallographic
anisotropy observed across the Holocene-Wisconsin transition. Paterson (1991) further
states that although soluble impurities (chloride and sulphate) will have no direct effect
on the deformation rate, they play an essential part in the development of the soft ice
and as such higher ice-age impurity concentrations are a necessary condition for
allowing ice-age ice to deform more readily than Holocene ice. However it is also
pointed out that because properties such as impurity content, grain size and orientation
are strongly interrelated it is difficult to determine which of them is responsible for
the differing viscosity. Paterson (1991) also states that ice-age ice will only deform
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Fig 3.16 Schematic illustration of the variation in strain along flowlines within a
typical large ice sheet. E represents the equilibrium line. From Paterson 1981.

Period

Borehole

Mean concentration (ng/g)
Cl

Holocene

Wisconsin

scy

NO

Camp Century

34

34

73

Dye 3

19

22

58

Camp Century

95

168

40

Dye 3

73

104

45

Table 3.2 Relative ionic concentrations from the Holocene and
Wisconsin in the Greenland Ice Sheet, from Paterson (1991).
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more readily providing the shear stresses are parallel to the ice sheet bed. This will
enhance the anisotropy and further strengthen the fabric. Ice under different stress
systems, such as ice in the upper 60% of the ice sheet or deep ice in bedrock hollows
will not have enhanced flow.
The dominant mechanism of fabric development in polar ice sheets is rotation of
crystallographic glide planes with respect to external crystallographic co-ordinates,
controlled by dislocation glide on the basal plane. This may or may not be modified
by recrystallization. Paterson (1991) suggests that recrystallization will occur more
readily in ice-age ice for two reasons; l.Fine grained ice has a larger area of grain
boundaries per unit volume than coarse ice and therefore has more potential for grain
nucléation by bulging of existing grain boundaries, 2.a larger area of grain boundaries
per unit volume will lead to a higher dislocation density since grain boundaries block
the movement of dislocations. A consequence of this is that finer grained ice has more
stored energy and so recrystallizes more rapidly. Ice fabrics measured from the Dye
3 ice core (Herron et al. 1985) show the development of a strong single maximum
below the Holocene Wisconsin transition («18(X)m). A weaker fabric is apparent
above the transition to about 800m depth. Fabrics below this often show two maxima
which is indicative of simple shear accompanied by recrystallization (Alley 1992),
whilst the deepest Wisconsin fabric shows a strong single maximum. This indicates
that the ice is deforming in simple shear but recrystallization is not taking place (see
Fig 2.17).
The very deepest levels of the ice sheet are of silty ice which contains a large
amount of visible dirt and pebbles derived from the bedrock. This silty ice occurs in
the lowest 16m of the Camp Century ice core, the lowest 23m of the Dye 3 ice core
and the lowest 6m of the GRIP ice core. It is probable that the concentration of
microparticles in this ice will be sufficient to inhibit grain growth in a similar manner
to the soluble particles in the higher levels of the ice sheet. Tison et al. (1994) studied
the fabric patterns of the basal GRIP ice in detail and concluded that the ice is not
presently subject to strong deformation and that any horizontal shear stresses will be
considerably reduced in favour of vertical compressive stresses. It is suggested that
these findings have implications for the flow model currently used to date the GRIP
core. This model supposes a highly deforming basal layer of ice (Dansgaard et al.
1993).
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3.6 Conclusions
The Greenland Ice-core Project has provided a unique opportunity to study the
detailed physical and chemical characteristics of the Greenland Ice Sheet in a position
where disturbance due to ice flow is at a minimum. It is also a position where the
chronostratigraphic record extends further back than any other potential ice-coring site
in the Northern hemisphere. Mechanical testing of samples retrieved from the GRIP
core forms an important component of the overall science plan. These tests will
provide invaluable information on the flow properties of the Greenland Ice Sheet and
how the flow is affected by such characteristics as impurity content, ice grain size and
increasing crystallographic orientation. Detailed information on the flow properties of
the Greenland Ice Sheet will enable accurate models of ice flow and ice sheet
evolution to be developed and from these the interaction between climate and ice sheet
can be more fully understood. Accurate ice flow models are also necessary for
accurate dating of deeper highly deformed ice from which much interesting
climatological data has already been derived.
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4. Characterization of Laboratory Ice and sample preparation

4.1 Introduction
Two types of ice were tested in this study. Alongside the samples of Greenland ice
described in chapter 3 samples of laboratory ice were also tested under the same
experimental conditions. Laboratory ice differs significantly from glacier ice in a
number of ways. Unlike glacier ice laboratory ice has a well defined grain size and
the orientation of the c-axes is completely isotropic. Laboratory ice is also produced
from distilled, de-aerated and de ionized water and as such contains only minimal
amounts of impurities and air bubbles. There have been numerous studies carried out
to determine the mechanical response of laboratory ice under a variety of experimental
conditions and consequently the behaviour of laboratory ice and the mechanisms
responsible for its deformation are well documented. Nevertheless, there are a number
of reasons why it was felt important to perform tests on laboratory ice alongside the
samples of glacier ice. Firstly, because of the difference in its structure and
composition, laboratory ice provides a useful reference frame for assessing the degree
to which deformation is affected by anisotropy, grain size variations, impurities etc.
Secondly since the acoustic interrogation techniques employed in this study are unique
in their application to ice, a study based on laboratory ice alone would provide
original data on the deformation mechanisms active. Also since the modes of
deformation of laboratory ice are well documented, their typical acoustic signatures
can be more easily recognized and in turn modes of deformation of glacier ice can be
inferred by comparing acoustic signatures.
In this chapter the method of producing laboratory ice is outlined and the
differences between this ice and glacier ice are highlighted. The quality of the samples
is an important consideration and procedures for assessing ice quality are described.
The method of preparing both laboratory ice and glacier ice for testing is also
described together with a technique for making thin sections.

4.2 Laboratory ice
To perform a systematic investigation the results of which can be readily compared
with other studies, it is necessary to have reproducible samples of comparable quality
to those samples used in other investigations. The laboratory ice used in this study was
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produced following the method outlined by Rist (1989) which itself was based on a
method outlined by Jacka and Lile (1984). A thin section of undeformed laboratory
grown ice is shown in Fig 4.1.
The ice is produced from distilled, de-aerated and de ionised water, has a mean
grain size of 1mm and has an isotropic distribution of c-axes. Cylindrical samples
25mm in diameter and 65mm in length were used in the final testing programme.
Jones and Chew (1981) have shown that the mechanical integrity of experimental ice
samples is maintained providing there are more than 12 grains across the diameter.
It is also recognized that sample length to diameter ratio should be between 2.5:1 and
3:1 (Jaeger and Cook 1979). Thus the sample size to grain size ratio of the laboratory
ice is acceptable as is the length to diameter ratio.

Fig 4.1 Thin section of laboratory grown ice, grain size 1mm. The section is 40mm
in diameter.
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4.2.1 Laboratory ice production
Distilled water was provided by the geochemistry lab in the geological sciences
department at UCL. To remove any remaining impurities and to de ionize the water
it was passed through a Seradest S600 deioniser. The water was then sealed in a bell
jar which was connected to a vacuum pump and de-aerated for approximately 1 hour.
The de-aerated water, kept under a vacuum, was allowed to cool in the cold room
until it reached 0°C
Ice seeds of the required grain size were prepared by freezing quantities of distilled
de ionized water and then crushing the ice using a commercially available ice crusher.
This created large angular grains of between 5 and 10mm diameter, these grains were
ground to a finer size using a coffee grinder and a system of sieves were then used
to separate the correct size fraction. For a grain size of 1mm a sieved fraction in the
range of + 1.400mm -0.800mm was used.
With the ice seeds prepared and the water cooled to around 0°C, the seal on the
bell jar was broken and an approximately equal volume of ice seeds was mixed with
an equal volume of water to produce an ice/water slurry. The slurry was then spooned
into a tall perspex tube, approximately 350mm long with an internal diameter of
40mm. As the tube was filled a long thin piece of steel was used to agitate and
remove any large bubbles that formed. Finally, with the tube approximately 90% full,
a brass cap was placed into the top of the tube and the slurry was compressed using
a purpose built screw driven press. In this way excess pore water in which further
bubbles may form was driven out and, on removal from the press, could be poured
away. The sample was allowed to freeze thoroughly for a few days prior to removal.
This was achieved by gently warming the perspex tube with the hands and allowing
the cylinder of ice to slide out. On removal the samples were seen to be clear for the
most part, with a hazy centre. This haze was caused by tiny air bubbles which for
some reason formed along the central axis of the core, the size of the bubbles was
estimated to be between 0.05 and 0.1mm from thin section observations. Schulson,
Hoxie and Nixon (1989) have demonstrated that defects such as pores, bubbles or
small cracks are not strength limiting features in polycrystalline ice providing they are
significantly smaller than the grain size of the sample. Chemical impurities are
however known to significantly affect the flow of ice and as such purity of the water
and cleanliness of the equipment was an important consideration when preparing the
samples.
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4.2.2 Preparation of laboratory ice for testing and quality control
After removal from their moulds the 40mm diameter samples were machined down
to 25mm diameter on a miniature lathe. The ends of the sample were also smoothed
and made parallel. Cylinders of ice were removed from their tubes and machined as
close as was practically possible to the test time. Since the tests themselves were
usually of the order of several hours, removal and machining of the sample was done
the day before with the samples being stored overnight in a storage freezer at -40° C.
Samples were stored in small sealed plastic bags with a quantity of ice scraped from
the outside of the pressure vessel. This prevented sublimation of the sample during
the brief storage period.
A number of observations were made to assess the quality of the laboratory ice
sample prior to testing. A visual inspection of the sample was carried out, any
samples containing large visible voids, bubbles or visible cracks was rejected. The
sample was accurately measured and weighed and the bulk mean density was
calculated. The density of the samples was fairly consistent at 915 + 1 kgm ^, and can
be regarded as a measure of the small amount of air included in the sample.
Measurements were also made of the meltwater conductivity of undeformed samples.
Values were comparable to that of distilled, de-aerated and de ionized water (0.50 to
0.75 ^mhos/cm at 20°C) which indicated that no contamination had taken place during
the production of the sample. Occasionally thin sections were taken off the ends of
newly prepared samples as a further method of assessing the quality, however this was
a time consuming method and it was soon realised that any sample that was not up to
standard would be revealed by visual inspection, density or conductivity
measurements.

4.3 Glacier ice preparation.
The glacier ice tested was acquired from the Greenland Ice-core Project. In all 13
samples were made available for testing from various palaeoclimatological and
structural horizons within the ice sheet. Since completion of the coring programme
in July 1992, the ice has been stored in cold rooms maintained at approximately -3(PC
at the Geophysics Institute in Copenhagen. A full list of samples, depths and the
horizons from which they originate is given in table 3.1. Sections were cut from the
core that were large enough in cross section to accommodate the 25mm diameter core
barrel and long enough ( =»90mm) to fit in the coring jig and at the same time allow
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approximately 70mm of core to be taken. The samples were then wrapped in bubble
wrap and packed in a large insulated box, where they were surrounded with chemical
refrigeration elements and scraps of snow and ice from the cold room. The time taken
to travel between the Copenhagen cold rooms and those at UCL was no longer than
6 hours, whilst this method of transporting ice is regularly used for journeys of 24
hours or more. On arrival at UCL the samples were removed from the insulating box
and transferred to a storage freezer maintained at -40°C.
Cores of 25nun diameter were cut from these samples using a purpose built coring
barrel mounted on a Bosch power drill. The power drill was in turn mounted on a
coring stand in which the ice could be clamped. The entire assembly was temporarily
housed inside one of the cold rooms at UCL, however once coring of the samples was
completed the coring stand had to be removed due to limitations in cold room space.
The ends of the cored sample were then machined flat and parallel on the miniature
lathe in the same manner as the laboratory ice. The samples were then sealed in small
air tight plastic bags together with a quantity of snow to prevent sublimation of the
core. These bags were then stored in the storage freezer at about -40°C prior
conditioning of the sample (see section 5.3). No cracking of the sample was observed
during sample preparation.
After preparing the core a small block of Greenland ice remained, this was used to
produce thin sections of undeformed samples (see chapter 3). Small scraps were also
melted down and measurements made of the melt water conductivity. Values of
conductivity varied between 7.5 and 14. l^mhos and, though significantly higher than
the values obtained for laboratory ice, they did not show any systematic variation with
palaeotemperature or any physical ice properties. Finally, after testing, a visual
inspection was made of the sample noting any interesting features and thin sections
were made.

4.4 Thin section preparation
Thin sections were produced using a technique adapted from the technique used at
the Alfred Wegener Institute in Bremerhaven (H.Oerter pers. comm). A disc
approximately 1cm in length was taken from the desired region of the core (usually
the central region) and mounted on a glass slide using water cooled to 0°C. The top
face of the disc was then worked smooth on a base sledge microtome housed in the
cold rooms at UCL. This smooth face was then held against a second glass slide and
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lightly forced against this slide using a G-clamp. Care must be taken not to be too
heavy handed with the G-clamp as this would cause the disc of ice to fracture. Using
a pipette, water at 0°C is laid onto the second slide around the ice and, since the
water freezes in a short period of time, the ice is adhered to the glass slide. Providing
it is clamped strongly enough no water will pass underneath the disc of ice, but the
disc will be firmly frozen in place about its rim. The first glass slide used can be
easily removed by resting it on a piece of brass or some other metal which is kept at
room temperature and brought into the cold room solely for this purpose. The upper
surface can then be microtomed to a thickness of approximately 200/>im. The
advantage of this method over that described by Rist (1989) is that both sides of the
finished section are worked smooth with the microtome resulting in a clearer thin
section and no cyano acrylate adhesive is used, this was found to form bubbles
between the thin section and the glass slide. To prevent sublimation of the slides, they
are stored in small sealed plastic bags together with a quantity of waste ice in storage
freezers maintained at -40°C.
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5. Equipment Description and Experimental Procedure.
5.1 Introduction
Much of the equipment in the Ice Physics Laboratory at UCL was designed and
developed by Sammonds (1988) and further significant modifications to the testing
procedure and data handling system were made by Rist (1989) which are also detailed
by Rist et al. 1991 and Sammonds et al. 1991. At the inception of this project the
deformation system and stress-strain logging routines were fully functional. A method
had also been developed to produce high quality laboratory standard ice (Rist 1989)
which was followed for this project. The significant contributions made to the system
during this project were mainly in the field of acoustic measurement techniques. Both
acoustic emissions and P-wave velocities were monitored and logged. The data
logging and analysis programmes were modified accordingly. Modifications were also
made to the load string of the pressure vessel (endcaps and top ram). These were due
primarily to the new sample size but also necessary for accommodating acoustic
equipment. A modified method for producing thin sections has also been developed.
Two cold rooms are available in the Rock and Ice physics Laboratory at UCL. The
first is used primarily for deformation tests and houses a triaxial deformation cell
comprising a pressure vessel and an electro mechanical actuator. The cold room is
maintained at approximately -10°C. The second cold room is devoted to specimen
manufacture and microscopy. This is a two chambered cold room, the outer chamber,
used for specimen preparation, is kept at 0°C whilst the inner chamber, which is also
used for specimen preparation and microscopy, is kept at -10°C. For storage purposes
a number of chest freezers are available, these are maintained at -40°C.
Fig 5.1 is a schematic diagram illustrating the layout of the testing system.
Pressure vessel assembly, deformation control, pressure control, temperature control
and data logging will be described in this chapter. The acoustic emission and P-wave
measuring systems will be mentioned briefly, but for a more detailed description of
this equipment the reader is referred to chapter 6. Due to the size restrictions of the
GRIP samples it was necessary to modify existing deformation equipment and design
and develop new equipment to allow GRIP samples to be conditioned. These
modifications and the development of new equipment are also discussed in this
chapter.
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5.2 Experimental Set-up
Natural glaciological conditions of pressure and temperature were achieved by using
a thick walled pressure vessel with associated temperature control. Deformation of the
sample is induced by a piston which is able to slide against a number of seals and
deformation is controlled by a servo-controlled electro mechanical actuator. This
equipment is described in the following section.

5.2.1 Pressure Vessel Assembly
The pressure vessel was designed and developed by Sammonds (1988, see also
Sammonds et al. 1991 and Rist et al. 1991) and is situated inside a cold room
maintained at -10°C (Fig 5.2). The design of the cell is based on that of conventional
triaxial rock testing equipment in which a uniaxial stress is superimposed on a
hydrostatic pressure, the specimen being jacketed in an indium metal sleeve. The
vessel is Im in length and 40cm in diameter, a scale diagram illustrating the pressure
vessel assembly is shown in Fig 5.3. The confining medium used is oxygen-free
nitrogen gas, the pump is able to supply pressures up to 345MPa, however a burst
disc incorporated into the pumping system limits the maximum pressure to 300MPa.
The working volume of the vessel, that is the space that must be pressurized by the
confining medium, is greatly reduced by placing a purpose built aluminium filler piece
into the vessel during assembly. Charging the vessel to 26MPa (the maximum
pressure used in this study) takes between 2^/i and 3 minutes. A system of plugs with
sliding seals is used to seal the vessel, the plugs being held securely in position by two
large

retaining

nuts.

Seals

are

composed

of

silicone

rubber

with

a

polytetrafluoroethylene (PTFE) backing. Below -55 °C the rubber becomes too brittle
to form an effective seal, however PTFE remains flexible and forms a satisfactory seal
down to -1(X) C. The vessel incorporates a pressure-balanced ram from a design
concept of Prof.S.A.F.Murrell at UCL. A vent in the top plug allows gas to pass
above the shoulder in the upper ram. Since the intermediate section below the
shoulder is maintained at atmospheric pressure, a downward pressure is applied which
is counterbalanced by the upward force from the working volume. The ram is thus
pressure-balanced and only a differential load greater than the confining pressure need
be applied by the actuator.
Initially the vessel was only able to accept specimens 40mm in diameter and
l(X)mm in length, however modifications were made to the endcaps to accommodate
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Fig 5.2 The cryogenic triaxial deformation cell, the pressure vessel is lagged in black
insulating material, the load string with dummy specimen is also shown.
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Fig 5.3 scale diagram of pressure vessel assembly, the vessel is 40cm diameter by
iiii ill IciigUi.
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25mm diameter and 62.5mm long samples acquired from the GRIP project. The new
endcaps, illustrated in Fig 5.4, each had to accommodate a *4" diameter acoustic
transducer and allow for the wiring of the transducer to pass outside the vessel, whilst
at the same time not allowing gas to escape from the vessel. Small 0-rings within the
endcaps prevent gas escaping, these are assisted by the indium jackets which extend
over the interface between the endcap proper and the transducer housing. Electrical
contact between the outside and inside of the vessel is made possible by a system of
lead-throughs located in the bottom plug. Sealing on individual lead-throughs is made
by a Bridgman cone seal which is forced into a conical recess and up against a
pyrophylite cone when the vessel is pressurized. For full details see Sammonds et al
(1991). The transducer in the upper end-cap is connected to the outside of the vessel
by a wire passing up through the upper ram. Sealing is effected in the end-cap by
means of a small 0-ring.

Ductile indium
Metal Jacket

Piezo—electric
Transducer

Ice Specimen

Piezo—electric
Transducer
Endcap

Fig 5.4 25mm endcaps and sample, showing location of piezo electric transducers
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The vessel is mounted on a rigid frame and is able to rotate about an axis
orthogonal to the bore of the vessel. This allows access to the bottom plug and nut of
the vessel. When rotating the vessel it is imperative that the ciyostat is set to -5°C or
warmer. At colder temperatures the refrigeration pipes become two brittle to
manipulate and easily fracture. Great care must also be taken when a replacing plugs
and retaining nuts in the vessel. These must be dry and rust free and any sliding
surfaces must be coated with anti-scuffing paste.

5.2.2 Deformation Control
Ice specimen deformation is controlled by an Instron 3800, lOOKN electro
mechanical actuator which is driven, via a power amplifier, from an Instron 2160
control console. The actuator is housed in an environmental chamber, (the white
container above and to the right of the pressure vessel in Fig 5.2). This is an insulated
box that contains heating elements which serve to keep the actuator at room
temperature and thus prevent freezing and deterioration of essential components. The
control console is situated outside of the coldroom and is comprised of 3 servo-control
modules (position control, load control and strain control), a ramp function generator
and a digital readout. The three control modules are each connected to a transducer
connected to the actuator or the pressure vessel. Position control is maintained by a
linear variable differential transducer (LVDT) permanently installed between the
crossheads of the actuator.
For the suite of tests conducted in the course of this thesis, an Instron 2518 lOOKN
load cell was used. Sample strain was monitored using a Sangamo LVDT connected
to the strain control module on the control console. Tests were carried out under
closed loop servo-control. This means that during testing under constant displacement
rate conditions, the LVDT provides a feedback signal which was continuously
compared with a pre-set command signal generated by the ramp function generator.
The difference between the two signals was amplified and then used to drive the
actuator so as to minimize the error. The LVDT is positioned on the outside of the
vessel therefore the compressional strain measured is the total strain in the load string
(sample plus upper ram). To correct for this Rist (1989) constructed a ram
deformation correction circuit which subtracts the amount of elastic strain induced in
the upper ram from the overall deformation.
The load and the strain modules on the Instron control panel were checked every
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fifth test with an oscilloscope in accordance with the manufacturers instructions to
ensure that no significant drift of control voltages had taken place. The LVDT was
similarly checked with a barrel micrometer to ensure the values it was sending to the
strain conditioner module remained consistent. Carrying out these checks regularly
ensured that only minimal amounts of adjustment were needed.

5.2.3 Pressure Control
The vessel is pressurized using a three stage gas booster-intensifier system,
designed and built by Stansted Fluid Power. The confining medium, oxygen free
nitrogen gas, is supplied by three K size bottles via a regulator at a pressure of about
7MPa (lOOOpsi). The first two stages comprise a gas booster which compresses the
gas up to 70MPa (10,000psi). When the pressure reaches 70MPa the third stage, the
hydraulic pump driven intensifier, automatically cuts in and cycles with the gas
booster. The system is capable of generating 345MPa (50,000psi) confining pressure,
this is limited to 300MPa by a burst disc and a system of interstage relief valves. The
entire pumping assembly is enclosed in a steel plated, sound insulated safety chamber.
Pressure is measured by a Control and Readout Ltd 951 34MPa strain gauge
pressure transducer, for pressures above 34MPa an Intersonde XR17 400MPa
transducer is available. The transducer in use is connected to a Digitron P420 pressure
controller which provides a digital readout of the pressure. The controller is also able
to regulate the pressure through a system of relays and switches built into the pumping
system. This is particularly useful for long tests such as those conducted in the course
of this research, (typically upwards of 7 hours), when a certain loss of pressure is
inevitable. When the pressure falls to a pre set value the pump is switched on for a
short period of time and the vessel is charged until an upper pressure limit is reached.
In this way pressures could be maintained to within ±3% of the nominal test
pressure. For lower pressure tests, (5MPa or less), bottle pressure was sufficient to
generate the confining pressure required, confining pressure could then be controlled
and adjusted using the bleed valve.

5.2.4 Refrigeration Control
The temperature of the pressure vessel is controlled using a Colora Ultra-Kryostat
KT90. This is a three stage refrigeration system which originally operated with
refrigerants R ll, R13 and R502. These refrigerants are no longer produced and
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therefore have since been replaced by non CFC refrigerants. The system operated by
cooling R ll in a bath and circulating the cooled refrigerant round copper coils
wrapped tightly round the outside of the vessel. Due to the high thermal inertia
associated with the vessel its temperature remains very stable when the cryostat
reaches equilibrium, not varying by more than 0.1 °C. The main problem encountered
with this cooling system was the extensive icing up of the vessel that occurred when
the cryostat temperature was set significantly colder than the cold room temperature.
When this occurs ice must be regularly chipped away from the outside of the vessel
to prevent damage to the thermometers and other pieces of equipment located about
the vessel. Great care must also be taken to ensure the internal bore of the vessel
remains ice free.
Three resistance thermometers are mounted on the surface of the pressure vessel
and connected to a Kent Clearspan Multipoint chart recorder. These provide a
continuous record of vessel temperature and are particularly useful when deciding if
the vessel temperature has reached equilibrium. No direct measurements of
temperature within the vessel during testing are possible. Internal vessel temperature
is measured immediately before and after testing by inserting a platinum resistance
thermometer down the bore of the top ram. It is not possible to keep the thermometer
in this position throughout the test because the LVDT clamp obstructs the hole when
in place. When measured in this manner, the temperature was not seen to vary by
more than 0.1 °C throughout the test.

5.3 Conditioning of Glacier Ice Samples
The Greenland glacier ice used in this study was retrieved from a borehole some
3000m deep and consequently will have undergone a number of physical changes
since its removal from the borehole due both to the drop in hydrostatic pressure and
the change in temperature. There have been a number of studies carried out which
illustrate the changes that take place to glacier ice when it is extracted from a borehole
(Shoji and Langway 1983, 1985). In an attempt to reverse these effects the samples
of Greenland ice were conditioned for a period of two to three days under simulated
downhole conditions of temperature and pressure immediately prior to testing. To
achieve this a small pressure vessel was designed and constructed and a storage freezer
modified to house the pressure vessel (Fig 5.5 and Fig 5.6), temperature was
controlled by regulating the temperature of the storage freezer. The confining medium
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used was silicone oil since this was found to maintain its essential confining properties
down to -60°C, whilst the minimum temperature the vessel was required to operate
at was -32.5°C. The vessel is pressurized by an Enerpac handpump, a burst disc is
incorporated into the design of the system which limits the maximum pressure to
60MPa, the maximum pressure required in this study was 26.2MPa. An analogue
pressure transducer is fitted to the pressure tubing immediately before it passes into
the storage freezer. Over the conditioning period, the internal freezer temperature
varied by no more than lVi°C and pressure remained constant. The whole system
(storage freezer plus pumping system) is housed inside one of the cold rooms in the
Ice Physics laboratory at UCL to insure against failure of the storage freezer.
Jones and Johari (1977) monitored the closure of air bubbles in samples of
Antarctic ice placed under pressure and concluded that there is a rapid initial decrease
in bubble size in accordance with accepted flow laws of ice. Their results also show
that this rapid closure occurs in less than

1 2

hours of pressure being applied, and

bubbles continued to close slowly for the duration of the test (30 days). Due to the
time constraints of this project and the number of samples that needed conditioning
it was therefore decided to condition the samples for two or three days only to ensure
any air bubbles had been reduced. The conditioned sample will not have precisely the
same hydrate structure as the sample originally had and it is expected that tiny bubbles
will still remain in the conditioned sample. However it is important that some attempt
be made to recreate the ice/hydrate structure and reduce the size of any air bubbles
that may affect the mechanical response of the ice. Any bubbles that did remain were
comparable in size to the veiy small bubbles that occur in laboratory grown ice (0.05
and 0.1mm compared to initial bubble diameters of 0.5 to 1mm).
The conditioning vessel was able to accommodate two samples at any given time,
however for the majority of pressure-temperature conditions only one sample was
available and therefore an aluminium filler piece was added to reduce the amount of
confining fluid used. Safety regulations require that pressurized equipment must be
surrounded by some form of safety cubicle which will act to restrict damage should
the equipment fail catastrophically. To this end a %" thick steel cubicle was
constructed to fit inside the storage freezer surrounding the pressure vessel (Fig 5.6).
To prevent rusting and deterioration in the hostile environment of the storage freezer,
the safety cubicle was painted with Hammerite.
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Fig 5.6 Conditioning vessel housed inside the safety cubicle and storage freezer.
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■

Fig 5.7 Sample assembled between loading rams and 25mm endcaps, note the sample
is jacketed in indium metal.
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5.4 The Protection of Samples against Confining Fluids
When polycrystalline materials are subjected to triaxial testing conditions, the
confining medium is likely to cause flaws or cracks in the surface of the sample to
open up and thus disturb the integrity of the sample. This would have a profound
effect on the mechanical behaviour of the sample and thus it is that samples placed
under triaxial conditions are jacketed in some impermeable material that is, for
obvious reasons, much more ductile than the sample under test. Samples must also be
jacketed when housed in the conditioning vessel for the same reasons. Indium metal
of 99.9% purity is used to jacket the ice samples. The metal has a number of
advantages over other materials that are traditionally used in rock deformation studies.
For example, unlike rubber it remains plastic and impermeable to very low
temperatures and unlike copper it is significantly more ductile than ice.
Indium jackets of the correct internal diameter (25mm) and sleeve thickness
(0.25mm) are extruded using a purpose built press, extrusion die and piston former
(Sammonds et al 1991). The design of this equipment is based on a design by
Dr.H.C.Heard of the Lawrence Livermore Laboratory, California, and one feature
worthy of note is that the indium can be constantly recycled. Used jackets must be
soaked thoroughly in Inhibisol (a cleaning solvent) for two or three days to remove
any grease before being melted down over a Bunsen burner. Whilst molten the yellow
indium oxide skin that forms on the surface can be scraped off, the molten indium is
then poured into a mould and quenched in cold water. The ingot thus produced is
placed into the extrusion die, with liberal amounts of grease covering the sliding
surface between die and ingot, and is ready to be extruded over the piston former
once more. Prior to extrusion the piston former must also be thoroughly cleaned with
Inhibisol and covered with a lubricating mixture comprised of molybdenum disulphide
grease in a lanoline base and a mineral lubricating oil. Prepared jackets must be
cleaned and examined minutely under a bright light to ensure no tiny holes are
present.

5.5 Testing Procedure and Data Logging
Immediately prior to testing, ice specimens were measured using vernier callipers
and weighed on an electronic balance accurate to 0.001 g. The dimensions recorded
were compared with the dimensions of the sample recorded immediately after
machining to ensure no significant sublimation of the sample had taken place during
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the brief period of storage (usually no longer than 24 hours in the case of laboratory
ice) or conditioning.

5.5.1 Loading of the sample
After removal from the conditioning vessel the specimen was placed on the inverted
endcap of the upper ram and a tube of indium approximately

1 0 0

mm in length was

slipped over the sample. Two silicone rubber o-rings and two PTFE o-rings were
slipped over the indium jacket. The first silicone rubber o-ring was pushed firmly to
the base of the jacket whilst the first PTFE ring was pushed onto a small shoulder on
the upper ram endcap where the indium would extruded from beneath the ring and
form a seal. The bottom ram was then put in position with the endcap being pushed
into the indium tube. The remaining o-rings were then pushed onto this endcap in the
same manner as they were on the top endcap. The lower ram and sample were
secured by a pair of brass tie bars which were threaded through holes in the lower
ram and screwed to a yoke attached to the upper ram. A view of the secured and
jacketed sample is shown in Fig 5.7. A 1 tonne mechanical hoist was used to position
the assembled load string in the vessel, the ram collar and breach nut were then placed
in position. A platinum resistance thermometer was the placed down the hole in the
upper ram and the temperature in the vessel was allowed to reach the desired test
temperature. This usually took about two hours for temperatures around -30 C. The
maximum length of time between removal of the sample from the conditioning vessel
and repressurization inside the deformation cell was between 3.5 and 4 hours.
Following the work of Jones and Johari (1977), this is not considered to be a long
enough interval for any significant relaxation to occur.
When the desired test temperature had been reached the thermometer was removed
and electrical connections between the transducer in the upper ram and two pre
amplifiers were made. The LVDT was then clamped into position and the actuator
moved across on lathe bed type rails and fixed into position, finally the safety cubicle
was secured.

5.5.2 Testing procedure and data logging
To ensure the load string was seated properly in the vessel prior to testing, the load
cell was advanced under position control. The load rose sharply ( » 1.8KN) when the
load cell made contact with the top of the load string, this initial rise being caused by
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the friction between seals and load string. The load cell was advanced fhrther until a
second sharp rise occurred ( «0.2KN). This second increase in load corresponded to
the load string making contact with the bottom plug. Limiting trip switches on the
Instron control console prevented the applied load from exceeding too high a value
and thus damaging the sample at this stage. During pressurization the load string rises
out of the vessel by a small amount, therefore to protect the load cell from damage
it was moved back by approximately 0 . 1 mm prior to pressurization.
The vessel was pressurized using the pump or, if the confining pressure required
was sufficiently low, bottle pressure. When test pressure was achieved data logging
was initiated. The logging programme was adapted from a number of programmes
currently used in the Rock and Ice Physics Laboratory at UCL and was designed to
monitor stress, strain, acoustic emissions, P-wave travel time and test time. A
problem encountered during early acoustic testing was swamping of acoustic emission
readings by transmitted P-waves. To overcome this problem a computer controlled
switch was incorporated into the system between the pulse generator and the pulsing
transducer (see Fig 5.1). The logging cycle was then spilt, approximately half the time
being allocated to acoustic emission monitoring, the switch would then connect the
pulse generator to the pulsing transducer and the second part of the logging cycle
would be devoted to logging P-wave travel times. Thus a typical 60 second logging
routine would be made up of the following steps:
1. Test time logged from the computer’s internal timer
2. Stress and strain logged from Instron control panel via analogue to digital
converter
3. Acoustic emission analyzer initialized and acoustic emissions logged (35
seconds)
4. Switch connects pulse generator to pulsing transducer
5. P-wave travel times logged (25 seconds)
6

. Switch disconnects pulse generator from transducer

7. Return to step 1
Over the 25 second period used, approximately 200 travel time readings were taken.
A mean and standard deviation were calculated by a sub routine in the programme and
the values displayed on a monitor.
With the logging programme running the Instron control panel was switched to
strain control and the load cell advanced at a pre-set strain rate controlled by the ramp
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function generator. During testing the development of the stress strain curve was
monitored using a chart recorder which was connected to the relevant ports on the
Instron control panel. Values of stress, strain, P-wave travel time, travel time standard
deviation, number of acoustic emissions and test time were displayed on a monitor,
a print out was also produced during testing. During the test the strain rate was
periodically changed. This was achieved by switching to a second controller circuit
set at the required strain rate, built into the function generator. The first controlling
circuit could then be reset and the function generator transferred back to this circuit
when the test conditions required.

5.5.3 Post test procedure
Once the test was completed the load cell was raised and the confining pressure
released. It is known that rapid release of the applied load and confining medium can
cause cracks to form in the ice (Couture and Schulson 1994). To inhibit this type of
cracking it was necessary to unload the sample slowly by reversing the ramp direction
and allowing the load cell to lift off the load string at the same strain rate at which
deformation was carried out. Once the load was released, the confining pressure was
released slowly over a period of time. Once the load and confining pressure were
removed the equipment was disassembled and the sample examined. Due to the length
of the tests and the unloading phase it was often not possible to make thin sections of
the deformed sample immediately on removal from the vessel. A visual examination
was made of the sample and measurements were taken. The sample was then stored
overnight in a storage freezer maintained at -40 °C, such a low temperature is
sufficient to inhibit any diffusive activity or rearrangement of grain structure. Finally,
after removal of the load string, an inspection was made of the internal bore of the
vessel to ensure it was free of any ice. Ice in the vessel, particularly on the bottom
plug, can cause the load string to be improperly seated and thus affect the overall
mechanical response. A vacuum cleaner with a long nozzle is available to remove any
ice from the vessel. Covers were then placed over the bore of the vessel to ensure no
ice was able to build up inside the vessel between tests. After removal from the vessel
the rams would immediately become covered in frost. This was more severe if the
testing temperature was significantly lower than the cold room temperature. A
minimum period of

1 2

hours was required to allow the rams to reach cold room

temperature and the frost to disappear, before the next sample could be loaded. Due
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to the extensive preparation time and lengthy testing time and post test procedure it
was not usually possible to perform more than 3 tests in a single week.

5.5.4 Stress relaxation testing
During the testing progranune a number of attempts were made to performs stress
relaxation tests on samples after the constant deformation rate phase of the test, with
limited success. Rutter et al. (1978) discuss the merits of stress relaxation testing,
stating that such testing can be performed at any point in the history of a constant
strain rate or creep test. To perform stress relaxation tests the length of the sample
must be held constant. As a result the stored elastic strain energy in the sample is
dissipated through plastic deformation processes and thus the measured value of stress
decays with time. The Instron ramp function generator allows the load cell to be held
stationary at any point during the test thereby allowing stress relaxation to proceed.
Since it is the load cell that is held stationary, it is not the length of the sample that
is held constant but the sample plus the upper ram. Any elastic change in length of
the upper ram will also be dissipated through permanent deformation in the sample
as the load decays. A stiff testing machine will be able to unload elastically at a
greater rate than the specimen. Rist et al. (1991) discusses machine stiffness and its
importance in the compression testing of ice (which shows a far greater strain rate
sensitivity than rocks) and showed that the testing machine at UCL was of sufficient
stiffness to allow unloading in a controlled manner at a very high rate ( > 3 tonnes per
second). With softer testing machines, a greater amount of permanent strain must
occur in the sample to produce a given amount of stress relaxation and hence tests
become unfeasibly long.
An attempt was made to perform stress relaxation tests on a number of samples
with limited success. Due to unsolved instabilities in the machine it was impossible
to hold the load cell totally stationary for very long periods. However with a greater
amount of time and resources it is probable that these problems can be overcome.
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6

Acoustic emission and elastic wave velocity measurements and

presentation and analysis of early test results

6.1 Introduction
For the purpose of this thesis two types of acoustic measurement were made during
deformation of the samples. Firstly acoustic emissions (AE) were monitored, these are
generated by the rapid release of elastic strain energy in the sample during, for
example, crack nucléation or crack propagation. Acoustic emissions can also be
generated by mechanical twinning, phase transformations, frictional sliding on grain
boundaries or cracks, or any mechanism of deformation that results in the rapid
release of elastic energy in the form of transient elastic waves. The second acoustic
measurement made was of elastic P-wave velocities (Vp) through the sample during
deformation. P-wave velocity is dependent on the bulk elastic modulus of the sample
and consequently Vp changes in response to cracking activity and also in response to
the development of crystallographic fabric (providing individual crystals are elastically
anisotropic).
There have been a great many studies carried out on the acoustic properties of
crustal rocks deformed in the laboratory (for a review see Paterson 1978, also
Sammond et al. 1989 and Jones and Murrell 1989). Techniques of monitoring both
acoustic emissions and elastic wave velocities in rocks under simulated crustal
conditions are highly developed. Consequently the analysis of the results is also highly
developed and as such the monitoring of acoustic properties allows detailed inferences
to be made about the processes active during rock deformation. Fig 6 .1 illustrates AE
and Vp measurements made on a sample of Darley Dale sandstone deformed at a
strain rate of 10 ^s % under a confining pressure of 50MPa and at room temperature.
Compaction of the sample and crack development can both be traced using the Vp and
AE measurements, the relative ratio of large to small cracks can also be traced using
the seismic b-value. This is a parameter derived from AE amplitude distributions, its
derivation is fully outlined in section 6.4.2.
Syn-deformational acoustic measurements on ice samples are somewhat more
limited with only a few studies of acoustic emissions carried out during uniaxial
deformation (e.g Gold 1960, St.Lawrence and Cole 1982 and Rist 1989). The study
of acoustic emission events can take a number of forms, e.g event rate counting.
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examination of amplitude distribution, frequency characterization and spatial
distribution of events. In the following chapter acoustic work on ice is reviewed and
measurement techniques and modifications made to the equipment in the course of this
research are discussed. The results of early tests on laboratory grown ice are presented
and used to illustrate the methods of data analysis employed and the conclusions that
can be drawn from such studies.

6.2 Previous acoustic work on ice
Acoustic studies on ice generally fall into one of two groups. Firstly acoustic
emission studies on model ice deformed under a variety of experimental conditions
have revealed important data on the cracking activity in ice. Secondly elastic wave
velocity measurements have been made down boreholes drilled on ice sheets and on
core samples retrieved from boreholes and, from the results, inferences have been
made about the structure of glacier ice. To date, no studies have been performed of
P-wave velocity changes in ice during deformation under laboratory conditions.

6.2.1 Acoustic emission studies
Acoustic emission studies of ice deformation are surprisingly rare considering the
vast amount of qualitative and modelling work that has been done on the cracking
activity in ice during deformation. The earliest AE studies on ice were carried out by
Gold (1960) who performed a series of tests on columnar grained ice under constant
loading conditions. AE event rate was monitored and it was shown that there was a
logarithmic dependence of the rate of cracking on the stress. Gold continued to make
observations on the cracking activity in ice (e.g Gold 1972) but preferred to visually
count cracks rather than monitor them using AE techniques. Using this method Gold
(1972) identified two populations of cracks, a strain independent population which
grew. Gold suggested, from nuclei already present in the ice. A second strain
dependent population formed by dislocation pile-up or similar processes, the
probability of these cracks forming increases with strain.
St.Lawrence and Cole (1982) also performed AE measurements in a suite of
uniaxial tests under constant loading conditions on isotropic polycrystalline ice. Whilst
Gold (1960) assumed that cracking activity in ice was the only source of AE activity,
St. Lawrence and Cole (1982) recorded AE when no visible cracks were observed (at
constant loads below 2MPa) and found that the amplitude of these emissions was
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considerably lower than that associated with visible cracking activity. The low
amplitude activity was attributed to intragranular cracks formed by a number of
mechanisms including dislocation pile up at grain boundaries and cracks formed by
bending of the ice lattice. The higher amplitude AE was caused by the larger
intergranular fractures. St.Lawrence and Cole (1982) also monitored single crystals
of ice under constant loading conditions but detected no measurable AE activity. This
supports the idea that low amplitude AE is caused by dislocations interacting with
grain boundaries and thereby causing intragranular cracks to form.
Meredith and Atkinson (1983) recorded the AE from samples of dolente rock and
concluded that low amplitude events were caused by intergranular cracks which grew
incrementally whilst high amplitude events were caused by large transgranular cracks
forming in single events. A similar conclusion was reached by Rist (1989) who was
able to differentiate between the different cracking mechanisms by using amplitude
distribution plots of AE data recorded from isotropic polycrystalline ice under triaxial
test conditions and deformed at constant strain rate. It was also shown that AE activity
was produced exclusively by cracking activity with plastic processes contributing few
or no detectable events. Fonseka et al. (1985) noted that AE event rate from deformed
calcite marble was much lower than the AE generated by stronger more brittle
materials such as dolerite and microgranodiorite, further suggesting that plastic
deformation processes do not contribute significantly to the AE event rate.
To date it has not been possible to relate acoustic emission events to cracking on
a one to one basis. Rist (1989) produced a number of thin sections showing, at most,
a few hundred cracks for tests where tens of thousands of AE events had been
recorded. There are two main reasons for this. Firstly the threshold setting on the AE
detection system, necessary to eliminate electronic noise, precludes the recording of
veiy low amplitude events. Secondly it is likely that a crack growing incrementally
will generate many AE events.

6.2.2 Elastic wave velocity studies
There have been many studies of the elastic P-wave velocity (Vp) in glacier ice.
Bentley (1972) measured seismic wave velocities in and around the borehole at Byrd
station, Antarctica, whilst Herron et al. (1985) measured the P-wave velocities
through samples retrieved from the Dye 3 borehole in Greenland. P-wave velocities
are essentially used to observe changes in the crystallographic orientation that occur
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in glacier ice with increasing depth, the underlying principle being that single crystals
of ice are elastically anisotropic and as such P-waves will propagate approximately
170ms'^ faster in the direction of the c-axis than along the a or b-axis. Therefore a
sample in which the c-axes are completely randomly oriented will appear acoustically
isotropic, alternatively if a fabric has developed, Vp will be faster in the direction of
c-axes alignment. It must be noted that crystallographic orientation is not the only
parameter that affects Vp. Vp is affected by any variation that alters the bulk elastic
modulus of the ice such as the density of the ice, the development of cracks or the
presence of fluid filled pores. However properties such as ice density and the presence
of pores are essentially non-directional in small samples and as such will not be
responsible for differences in Vp measured across different orientations of the same
sample. Crack development may or may not be directional depending on the stresses
responsible for their formation. If cracks do form with a strongly parallel orientation
(as has been experimentally demonstrated by Ayling, 1991 on triaxially deformed
samples of Darley Dale sandstone) they will significantly reduce Vp in the direction
perpendicular to the crack direction.
Gow and Kohnen (1979) measured Vp parallel (V pi) and perpendicular (Vp->) to
the long axis of cylindrical samples of ice core retrieved from the Byrd station
borehole in Antarctica. It was found that the velocity difference,
6

8

Vp (where

Vp=Vpi-Vp->), was greater than 140ms^ for ice from depths greater than 1300m.

However core recovered from below 18(X)m showed a decrease in the value of ôVp
which was attributed to the formation of cracks in the sample due to removal from insitu stress conditions. The velocity measurements were carried out some 10 years after
recovery of the core. The values of V pi obtained in this study agree well with,
though are somewhat lower than those obtained by Bentley (1972). Bentley (1972)
measured the changes in Vp I immediately after drilling was completed using a tool
lowered down the Byrd borehole. This comprised four receiving transducers hung
below a transmitting transducer and pulse generator and by using this method only the
vertical Vp could be found. The lower Vp i values found by Gow and Kohnen (1979)
are attributed to relaxation effect on the core.
Herron et al. (1985) made Vp measurements on samples retrieved from the Dye 3
borehole in southern Greenland and found a significant increase in ôVp below the
Holocene Wisconsin transition. It was reported that overall there was a remarkable
similarity between the measurements made on the Dye 3 borehole samples and those
108

made on samples retrieved from the Byrd station borehole. Both these studies (Herron
et al. 1985 and Gow and Kohnen 1979) emphasize the importance of carrying out Vp
measurements on ice immediately the ice core is retrieved, prior to any significant
core relaxation.
The temperature dependence of seismic waves (P-waves and S-waves) in glacier ice
has been investigated and reported by Kohnen (1974) who synthesized data from
various laboratory and in-situ investigations. The gradients dVp/dT=-2.30ms^deg^
and dVs/dT = 1 .Zms^deg ' were obtained (Fig 6.2) and no significant discrepancy
between laboratory and field measurements was reported. Kohnen (1974) also reported
no significant variation of Poisson’s ratio with temperature.

6.3 Acoustic measurement techniques
As mentioned previously, there is a large body of work on the measurement of
acoustic properties during the experimental deformation of rocks. In contrast to this
there have only been a few studies of acoustic emissions applied to ice and, it is
believed, this is the first time P-wave velocities have been measured across samples
of ice undergoing deformation. The techniques used therefore are taken directly from
the techniques used in experimental rock mechanics (e.g Jones 1988) using equipment
readily available in the Rock and Ice Physics Laboratory at UCL.

6.3.1. Transducer characteristics
Syn-deformational acoustic measurements are made using piezoelectric transducers
housed in the end-caps of the upper and lower rams (Fig 5.4). This is a particularly
suitable location for acoustic transducers located inside pressure vessels since there are
no problems with bonding the transducer to the side of the sample and access to the
outside of the vessel is relatively easy to arrange. The transducer is held in position
against the end cap by the transducer shoe and a small o-ring which are inserted into
the recess of the transducer housing. The purpose of the shoe is to provide an
electrical contact point with the transducer. When piezoelectric transducers are
subjected to pressure their surfaces become oppositely charged. The potential
difference set up between the surfaces can then be ampliried and recorded.
The efficiency of transducers with respect to their transmitting and receiving
properties is discussed by Silk (1984), and based on parameters proposed by
Callerame et al. (1979). The transducer can be represented in terms of a transmitter
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efficiency parameter (Yj) and a receiver efficiency parameter ( Y r) . The value of these
parameters is dependent on their electromagnetic coupling coefficient, the dielectric
constant (e) and the compressional wave velocity through the material. The value of
Yt is proportional to (e^s)^ whilst Yr is proportional to

1

/( 6 3 3 )*^, thus a good

transmitting transducer should have a large dielectric constant and a good receiver a
low dielectric constant. The reason behind this is that a transducer with a large
dielectric constant has a larger surface displacement and hence better transmitting
qualities for a given voltage. A low dielectric constant corresponds to an increase in
capacitance of the material and will therefore reduce the electrical output for a given
surface displacement of the material. The product of YjYr can be regarded as a
measure of the overall performance of a transmitter/receiver pair. The values of Yj,
Yr and YjYr for a number of different transducer materials, normalized to quartz, are
shown in table 6 . 1 .
It can be seen from the table that the most effective transmitter material is PZT, a
lead zirconate titanate ceramic, whilst PVDF is the most effective receiving material.
This material is however difficult to obtain and is only available as a thin film.
Initially lithium niobate crystals were used following the work done by Rist (1989)
and because spare crystals were already available. However, whilst these transducers
gave acceptable acoustic emission results, they did not produce acceptable P-wave
arrivals particularly when paired together. It was found that PZT in both the
transmitting and receiving positions gave the most favourable results for both acoustic
emission and P-waves results. The transducers used were 5mm in diameter and 2mm
deep and had an optimum response frequency of l.OMHz.

6.3.2 Measurement of acoustic emissions
The transducer in the end cap of the upper ram is connected to the outside of the
vessel by a wire running up the centre bore of the ram. Once outside the vessel this
wire bifurcates with one half completing the AE circuit and the second half
completing the P-wave circuit (Fig 5.1). The wire completing the AE circuit is
connected to a Physical Acoustics Corporation 1220A preamplifier which amplifies
the signal to approximately 500mV. This is a bandpass amplifier which allows signals
between 0.1 and 1.2MHz through but filters out other frequencies not in this range.
It is important to locate the amplifier as close to the vessel as is practically possible
thus keeping the unamplified signal lead as short as possible. This lead must also be
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carefully shielded and the vessel and ram carefully earthed to keep electrical noise to
a minimum. The amplifier used had a variable gain (40 or 60dB) which, for the
purpose of this study, was set at 40dB.
The signal from the amplifier was passed outside the cold room and to the acoustic
emission analyzer. The analyzer is comprised of three modules produced by
Dunegan/Endevco. Initially the signal is picked up by a model 921 Amplitude
Detector which allows a threshold to be set (in dB) below which no signal will be
registered. When an event occurs that exceeds the threshold, a circuit is energised and
will remain energised for the duration of the event and for a short period after the
event. This brief period is called the dead time and is illustrated diagrammatically in
Fig 6.3. The duration of the dead time was set to lOOfis which is the minimum time
selectable with this equipment. The detection threshold was usually set to 35dB but
had to be increased on occasion due to poor earthing or wire shielding causing
excessive noise in the system. For each event registered, the amplitude detector
detects and sends a signal proportional to the log of the peak amplitude to a model
920 Distribution Analyzer. The distribution analyzer sorts the events into IdB
windows over a lOOdB dynamic range. The amplitude array is accumulated for 35
seconds before being logged by the computer via a model 950 computer interface. The
computer logs both the event rate (i.e. number of events per unit logging cycle) and
the amplitude distribution of the events in the logging cycle. The analyzer is re
initialized (i.e the values in all the windows are set to zero) at the beginning of each
logging cycle.

6.3.3 Measurement of P-wave velocities
The measurement of elastic P-wave velocities is performed using a method similar
to that first outlined by Birch (1960) who measured the travel time of compressional
waves through cylindrical samples of rock by using piezoelectric transducers mounted
on each end of the sample. In this study the pulsing transducer is housed in the lower
ram and is connected, by a system of lead-throughs (described in chapter 5), through
the bottom plug of the vessel to a Hewlett-Packard 214B pulse generator. The
configuration of the pulse generator, sample, counter-timer and oscilloscope is
illustrated schematically in Fig 5.1. The pulse generator supplies a variable voltage
square wave pulse at a pre-set frequency to the pulsing transducer, the rise time of the
pulse is only a few nanoseconds. For the purposes of this study the amplitude was set
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to

1 0 0

volts, the width of the pulse to between

0 .1

and l^s and the pulse repetition

rate to between 400 and lOOOHz. The pulse generator also emits a trigger pulse which
is coincident with the leading edge of the emitted square wave. This trigger pulse is
fed to the counter-timer where it resets and starts the timing mechanism. The trigger
pulse is also used to start the trace on the digital oscilloscope.
The mechanical waveform generated by the pulsing transducer travels through the
sample and is picked up by the receiving transducer. The small signal generated is
taken through the lead up the central bore of the upper ram and passed through a
25dB amplifier which is situated as close as possible to the vessel to prevent the signal
being swamped by noise. The signal is further amplified outside the cold room before
being passed into the counter-timer and oscilloscope. To monitor the travel time a
Hewlett-Packard HP5328A universal counter-timer was used, these can be set to
perform a variety of tasks such as frequency recording, measuring the ratio of two
frequencies or averaging a number of measurements over a set time period. To
measure the travel time of the P-wave the counter-timer is set to the T.I A-B function.
This enables the time difference between two inputs (i.e the trigger pulse and the
pulse received from the sample) to be accurately measured. The counter-timer is
accurate to ± lOOps.
The counter-timer is linked to the logging computer via a HP-IB interface and
during a typical 25 second logging cycle (see chapter 5) between 200 and 300 travel
time measurements are made. The logging programme calculates the mean and
standard deviation of these readings and displays the results on the monitor during
testing. For good arrivals the standard deviation was less than 10 nanoseconds. The
logging computer was also linked to a Hewlett-Packard HP54501A digitizing
oscilloscope. This provided a visual representation of the arriving waveform and
allowed certain corrections to be made to the travel time before the P-wave velocity
is calculated (see section 6.3.4).
The frequency response of the elastic waveform capture equipment has been studied
in detail by Ayling (1991). P and S waves were pulsed through an aluminium sample
through which the attenuation of the waveforms was assumed to be negligible. The
frequency spectrum of the recorded waveform is therefore a result of the band
limitations of the transducer/amplifier/recording equipment. The frequency spectrum
of the P-wave arrivals is illustrated in Fig 6.4. It is reasonably wide with the highest
energy levels between 600kHz and 1.4MHz and a peak at about 1.1 MHz.
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6.3.4 P-wave travel time corrections and waveform characteristics
The mechanical waveform generated by the transducer will travel through the
sample with the velocity of a compressional wave travelling through an infinite
medium providing certain wavelength :sample-diameter and wavelengthisample-length
conditions are met. Jaeger and Cook (1979) suggest a minimum wavelength to sample
diameter ratio of 3:1 is sufficient providing care is taken to pick the first arrival. This
allows any near-field effects of the transducer to be fully eliminated. A typical arrival
is shown in Fig 6.5. The arrival, after amplification, has an amplitude of about
500mV and has a decay time of approximately 500/as.
To calculate Vp the length of the sample is divided by the travel time of the Pwave, however before Vp can be calculated it is necessary to make a number of
corrections to the travel time data. The first correction made accounts for the endcaps. Since the transducers are located inside purpose built housings which are fixed
to the end-caps it is necessary for the P-wave to pass through both end-caps before
it reaches the receiving transducer. After initially constructing the transducer housings
and end-caps, the end-caps were pressed closely together and the P-wave travel time
was measured through them. This value is subtracted firom the travel time data during
processing. No correction is made for the effect of confining pressure or load on the
end-caps as this has been found to be too insignificant (Jones 1988).
A second correction arises from the fact that the counter-timer does not measure the
exact point of the first arrival but a point a few tenths of a micro-second later (see Fig
6.5, the position of the dashed line is the measured position of the arrival). This is
because the input voltage must reach a certain level before stopping the timer. This
rise time can be easily corrected for by using the oscilloscope and is monitored
repeatedly throughout the test. The values are also subtracted from the measured travel
time values during processing. Finally, since the distance between the acoustic
transducers is constantly changing during the test at a known rate, a correction must
be made to the length of the sample. The effect of these corrections is to impose a
small error on the final travel time value. Jones (1988), who performed triaxial tests
using the same acoustic equipment, calculated the error in the travel time readings,
and hence in the final velocity measurements, to be ±1.5%.
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6.4 Analysis of acoustic data and presentation of early results
During the early stages of equipment development a number of tests were
performed on samples of isotropic polycrystalline ice with a mean grain size of 1 mm.
The results of four of these tests are shown here to illustrate the typical form of the
AE and Vp results and how event rate and amplitude distribution data can be
analyzed. The tests were performed at a constant strain rate of 5.0xl0'®s * and a
temperature of >31.0+1.0 C. These conditions were chosen to allow both brittle and
plastic processes to be observed. The low strain rate and increasing confining pressure
would act to inhibit cracking and promote plasticity whilst the low temperature would
ensure some crack formation at lower confining pressures. The range of confining
pressures used was O.lMPa (atmospheric pressure) to 13.0MPa. The results of two
tests performed at higher temperatures, one of which was also performed at a higher
strain rate are also included. Of the six tests performed, acoustic emissions were
successfully monitored in five of the tests whilst both AE and P-wave travel times
were successfully monitored during three of these five tests. The remaining test shows
Vp only.

6.4.1 Presentation of results
The results of the six tests are illustrated in Figs.

6 .6

to 6 . 8 , with stress and, where

data is available, acoustic emissions, seismic b-value and P-wave velocities being
plotted against sample strain. The method used to calculate seismic b-value is outlined
in section 6.4.2. Where large numbers of AE events were recorded, cumulative AE
is plotted, however where only very few events were recorded, event rate is plotted.
The test numbers, test conditions and other test information are shown in table 6.2.
Broadly speaking, the tests fall into 3 groups; the low strain rate/low temperature tests
(Fig

6 .6

and 6.7), the low strain rate/high temperature test (Fig 6 . 8 b) and the high

strain rate high temperature test (Fig 6 .8 a).
The deformation mode for all tests bar LABOll, (Fig 6 . 8 b, low strain rate/high
temperature) is pseudo-ductile. During such deformation a period of initial grain-size
scale cracking is followed by true crystal plasticity, with the stress-strain curves
showing no abrupt stress drop after peak stress was reached. The high temperature,
low strain rate test (Fig 6 . 8 b) had a more rounded stress strain curve and exhibited
no evidence of brittle behaviour. The amount of strain required before peak stress was
reached varied according to the confining pressure with the unconfined samples (Fig
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6

.6 a and Fig 6 . 8 a) reaching peak stress after approximately 0.7% strain regardless of

strain rate or temperature, whilst the confined samples reached peak stress only after
being strained to > 1% (Fig 6 .6 b, 6.7 and 6 . 8 b).
The value of the peak stress was highest for the low temperature (-31.0±1.0°C)
confined samples though confining pressure has little influence on the value of peak
stress once a confining pressure is imposed (Fig 6.9). This variation of peak stress
with confining pressure is typical of polycrystalline ice under triaxial conditions and
has been reported previously (Rist and Murrell 1994, Jones 1982), though for
different temperature/strain rate conditions. This effect is due to the applied confining
pressure inhibiting cracking activity. For low strain rate tests the effect is much less
pronounced than at higher strain rates. This is because under low strain rate conditions
cracking activity plays a lesser role in deformation and plastic processes, which are
not affected by confining pressure, a greater role.
After testing, the low temperature/low strain rate samples (Figs

6 .6

and 6.7) were

found to contain many small grain size cracks which gave the sample a hazy opaque
appearance. Similarly the high strain rate/high temperature test (Fig 6 . 8 a) was also
seen to be full of small cracks. These samples appeared to show the same degree of
cracking though no quantitative analysis was undertaken. The sample deformed at low
strain rates and high temperatures appeared clear (Fig 6 . 8 b). Rist and Murrell (1994)
define three levels of cracking that can occur during semi-brittle deformation; dense
cracking, intermediate cracking and sparse cracking. In this scheme the degree of
cracking activity for the bulk of the present tests would be defined as intermediate to
sparse.
The AE plots cannot be directly compared since, for different tests, different
thresholds were adopted. They do however provide accurate information about the
relative amount of cracking activity occurring at any point in an individual test. The
amplitude distributions and seismic b-values were also calculated and are discussed
elsewhere in this chapter (section 6.4.2). In all tests where significant AE occurred,
acoustic emissions reached a peak value before the peak stress was reached after
which they fell off to some constant level which was reached between 2.5 and 3.5%
strain. That peak AE event rate is reached before peak stress illustrates the fact that
deformation is controlled only in part by microcracking, but to a greater extent by
some non brittle process. A smaller peak in AE is also seen to occur before the major
AE peak, during the initial rise of the stress strain curve and coincides with a knee
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in this curve. This knee and its associated AE peak is most clearly seen in test
LAB012, (Fig 6 .6 a). Such a feature has been reported previously in the literature
(Rist and Murrell 1994, Mellor and Cole 1982) and has been associated with the onset
of internal cracking.
It was found that P-wave velocities were particularly difficult to measure during the
early stages of testing. The reason for this is unclear but it most likely arises from
inadequate coupling between the acoustic rams and the specimen, sufficient coupling
being achieved only after a certain level of load was reached. In rock deformation
studies, when Vp is measured, it is common practice to use some form of acoustic
couplant between the rams and the sample. An acoustic couplant was used
subsequently for a number of tests. However, when used it was found that any
cracking activity was concentrated at the ends of the sample rather than in the central
region of the sample and because of this its use was discontinued.
Two Vp curves were recorded from the low temperature (-31.0±1.0°C) tests, at
O.lMPa (Fig6 .6 a) and 13.0MPa (Fig 6.7b) confining pressure. These curves both fall
at an initially shallow gradient which appears to steepen as cracking progresses. After
peak stress is reached the curve begins to level out and subsequently begins to rise
linearly. The test performed at the higher strain rate (Fig

6

. 8 a) shows a similar

pattern. Prior to falling the Vp curve is seen to rise for a brief period before cracking
begins, this increase being associated with sample compaction. The initial drop in Vp
is clearly coincident with the peak stress level and high levels of AE activity. All the
Vp curves begin to rise after peak stress has been reached. The value of the drop in
Vp associated with the cracking activity was approximately equal for the low
temperature/low strain rate tests, being of the order of 150ms \ The value of the Vp
drop for the high temperature/high strain rate test was however much smaller, being
approximately 45ms \ The gradient of the rise was similar in both low temperature
test, being of the order of 25ms^ per percentage of strain. In the high temperature
tests this gradient was somewhat reduced, being of the order of

1 2

ms^ per percentage

of strain.
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Test no.

strain rate

tem p./T

conf. pres.

max stress

strain at
max stress

LABOlO

1.0x10 V

-7.5

O.lMPa

3.8MPa

0.63%

Vp

LABOll

S.OxlO'V^

-12.2

5.5MPa

5.5MPa

1.03%

Vp, AE

LA B O ll

S.OxlO'V’

-31.5

O.lMPa

5.7MPa

0.65%

Vp, AE

LABOl 3

5.0x1 O'

-30.5

5.5MPa

6.0MPa

1.26%

AE

LABOl 4

5.0xl0-^s-'

-30.0

8.5MPa

8.4MPa

0.99%

AE

LABOl 5

5.0x10-^s'^

-31.5

n.OMPa

6.9MPa

2.50%

Vp, AE

acoustic
data

Table 6.2. Specifications and results of early tests used to assess acoustic interrogation
techniques. Vp=P-wave velocity, AE=acoustic emissions.

Fig 6.9. Peak stress against confining pressure
conditions: strain r a te = 5 .0 e -6 /s , tem peratu re=“ 3 1 .0 ± 1 .0 *C
10

-I

9 -

8 to

7 -

a.

6 —
5 4 to

4>

a.

3 -

2 1 0

I I I I I I r I I I-1 I I I I I i I I I• I I I I 1 1 T ~T'~|

0.0

2.5

5.0

7.5

10.0

12.5

15.0

Confining pressure (MPa)

123

6.4.2 Amplitude distribution and the seismic b-value
The acoustic emissions recorded over a 35 second logging interval are stored by the
analyzer in individual IdB windows over a lOOdB range. This amplitude distribution
is recorded for each logging interval at the end of the logging cycle together with the
event rate and stored in a separate file. Discrete amplitude distribution plots from
individual logging intervals can be constructed or amplitude distributions for the whole
test can be summed and a cumulative amplitude distribution produced (Fig 6.10 to
6.12). Pollock (1973) illustrated how amplitude distributions can be used to infer
deformation mechanisms active in various types of steel, by measuring the gradient
of the amplitude distribution plot. This method has been used on polycrystalline ice
by Rist (1989) who suggested that two cracking mechanisms, intragranular and
intergranular cracking, were responsible for the two distinct gradients observed in the
amplitude distribution plots.
The value of the gradient of the amplitude distribution plot, the seismic b-value, is
of particular significance and has been used extensively in rock mechanics studies (e.g
Sammonds et a/. 1989, Jones and Murrell 1989) to support AE event rate
measurements and wave velocity measurements in following the evolution of cracking
during the various stages of deformation. The seismic b-value is calculated using the
maximum likelihood method of Aki (1965) and is given by:

b=logeN/(EMi-N.MJ

(6.1)

Where EMj is the sum of all event amplitudes having amplitudes exceeding M<., Me
is half theamplitude interval length (0.5dB) less than the thresholdamplitude and N
is the total number of AE events in the interval considered.The standard deviation,
S, of the calculated b-values is given by:

S=b/v/N

(6.2)

As can be seen from eqn 6.2, the error in the b-value calculation is inversely
proportional to the number of events used in calculating it. Because of this b-values
are not calculated for every logging interval since the number of counts per logging
interval is not large particularly following peak stress. The number of events from
subsequent logging intervals are summed until sufficient events (a minimum of 400)
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are counted to give a reasonably accurate value. The points at which b-values have
been calculated are coincident with the inverted triangles on the seismic b-value plot
in Figs 6.6 and 6.7. The number of values calculated decreases with decreasing AE
event rate. The amplitude range over which the b-values were calculated varied from
test to test, the cumulative amplitude distribution plot being used to determine the
optimum range. The range was taken to cover the whole of the amplitude distribution,
avoiding any spurious high amplitude noise. For example in the unconfined test
LAB012, (Fig 6.6a and Fig 6.10a) the specified range was from 40dB to 80dB.
Amplitude distributions and seismic b-values were only calculated for the low strain
rate/low temperature tests (Fig 6.6 and 6.7), where sufficient AE events were
recorded. The tests carried out at 0.1 MPa and 5.5MPa both show similar cumulative
amplitude distribution plots (Figs 6.10a and b) with an obvious kink visible in both
plots at 62dB. The peak seen at the lowest amplitudes of the unconfined data (Fig
6 .10a) is attributed to machine noise, since the threshold was set to a particularly low
value (32dB) for this test. A much more subtle inflection in the line can be seen at
about 77dB in both plots. At the higher confimng pressures (8.5 and 13.0MPa) fewer
acoustic events were recorded and consequently the plots are less easy to interpret (Fig
6 .10c and d) however, a significant change in the gradient is still evident in both plots
between 60 and 65dB.
Discrete amplitude distribution plots were also taken from a number of intervals
during each test. These intervals are indicated by the vertical dashed lines on Figs
6.6a and b. The difference of the gradient at »62dB is clearly evident in the plots
from the low pressure tests (0.1 and 5.5MPa, Figs 6.11 and 6.12), however there are
very few readings above 62dB in plot 6.1 Ic. This corresponds to a point when a low
level of AE activity was being recorded but Vp was seen to be increasing. The plots
taken from the higher pressure tests (8.5 and 13.0MPa) are not shown since they were
of limited use due to the lack of acoustic events recorded during these tests.
The variation in seismic b-values is plotted for each test in Figs 6.6 and 6.7, the
inverted triangles representing the positions were b-values where calculated. All tests
carried out under confined conditions (5.5, 8.5 and 13.0MPa) show a similar pattern
of an initial drop in b-value being followed by a rise in b-value, the change being
approximately coincident with peak stress. The b-value plot for the unconfined test
(Fig 6.6a) shows only an increase from the first value calculated, this value occurring
a short time before peak stress and peak AE activity were reached.
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Fig 6.10b. T est LA8013
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Fig 6.10 Cumulative amplitude distribution plots for tests LAB012 to LAB015
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Fig 6.11a, Test LAB012, from line 1 -1 .
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Fig 6.11 Discrete amplitude distribution plots for test LAB012. Line numbers refer
to lines on fig 6.6a.
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Fig 6.12a, Test LAB013. from line 1 -1 .
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Fig 6.12 Discrete amplitude distribution plots for test LAB013, line numbers refer
to lines on fig 6.6b.
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6.4.3 Discussion
The experimental conditions were such that for the majority of tests deformation
fell into the intermediate cracking regime of Rist and Murrell (1994), the only
exception being the low strain rate/high temperature test (Fig 6.8b) where no AE was
recorded and no cracks were observed. In all cases where AE was recorded the peak
AE event rate was reached before the peak stress and appears to coincide with the
departure of the stress strain curve from an approximately linear path. The actual
stress at which cracking begins is difficult to ascertain because cracking activity begins
almost immediately and the zero AE event rate is difficult to pin point because of a
continual background noise. In the tests carried out under low temperature/low strain
rate conditions (Fig 6.6 and 6.7), AE activity fell to a constant low value at some
time after peak stress was reached. This can be interpreted as a cessation of crack
formation and propagation, further evidence (increasing Vp) points to deformation
being controlled entirely by crystal plastic processes beyond this point. The post-peakstress rise in the Vp curve is interpreted as being due to crystallographic rotation of
the c-axis towards the direction of maximum compressive stress by sliding on the
basal planes as outlined in chapter 2 (section 2.4 and Fig 2.18). There is also strong
evidence of recrystallization in the low strain rate/high temperature test (Fig 6.8b).
Fig 6.13 shows two thin sections from this test, taken under both plane polarized and
cross polarized light conditions. The photomicrograph taken under PPL clearly shows
an absence of cracking activity whilst the photomicrograph taken in XPL shows
textures similar to those seen in recrystallized quartzites.
In the two tests where both AE and Vp were recorded, Vp initially falls coincident
with cracking, it then levels out and begins to rise before AE activity has reached its
minimum value. Rist (1989) observed two patterns of AE event rate in the post failure
regime: firstly a pattern similar to that seen in the tests presented here where event
rate decreases to some low constant value and secondly, event rate may continue at
a high level throughout the test. This second pattern, not seen in the tests reported
here, was attributed to low temperature and/or high strain rate conditions allowing
cracks to continue to nucleate and grow throughout the test. Cracking is clearly seen
not to affect the Vp curve in the post peak stress regime of the tests reported here.
Cataclastic behaviour, that is the crushing and rolling of grains after peak stress,
would also produce AE activity and further reduce the Vp value. From Vp and AE
evidence neither of these phenomena can be inferred here and therefore it is suggested
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Fig 6.13 Photomicrographs of sample from test LABOl 1. The upper slide was taken
in plane polarized light and illustrates the absence of cracking, (the large crack present
occurred during thin section preparation), the lower slide is the same view in cross
polarized light and illustrates the recrystallization textures. Field of view is »7mm
across.
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that, under the particular strain rate/temperature regime of these tests, post-peak-stress
deformation was controlled by the rotation of grains by the mechanism of dislocation
glide on the basal planes and, at higher temperatures, the recrystallization of the
individual grains in the sample. This mode of deformation appears to occur at about
1% strain in the unconfined samples (Fig 6.6a and 6.8a) and at about 3% strain in the
confined sample (Fig 6.7b). Fig 6.8b cannot be directly compared since no cracking
activity (AE events) was observed in this test.
In all tests where sufficient AE activity was monitored, seismic b-values were
calculated and their variation with strain is plotted in Fig 6.6 and 6.7. The b-value is
a measure of the gradient of the amplitude distribution, therefore as the amplitude
distribution of AE events changes during the tests, so the b-value will change. This
change can thus be regarded as a change in the proportion of low amplitude to high
amplitude events occurring at any one time in the test. The amplitude distribution
plots (Figs 6.10 to 6.12) are clearly bimodal, having two distinct gradients. Rist
(1989) also observed this bimodality and suggested that intergranular cracks growing
incrementally between grains were responsible for the low amplitude events
(< »62dB) whilst transgranular cracking was responsible for the higher amplitude
events. Gold (1972) also observed both intergranular and transgranular cracking in
columnar grained ice under constant loading conditions, the first cracks to form being
the intergranular cracks during the initial elastic phase of deformation. Meredith and
Atkinson (1983), using results obtained from basic rocks, suggested that intergranular
cracks are likely to be associated with lower amplitude AE and therefore higher bvalues, than transgranular cracks. This is because intergranular cracks tend to grow
by a series of incremental jumps as opposed to transgranular cracks which form
abruptly and show no tendency to propagate once formed. Thus a higher proportion
of transgranular cracks (high amplitude AE) would give a correspondingly lower bvalue. This contradicts the suggestion of St.Lawrence and Cole (1982) who suggested
that low amplitude emissions originated from a variety of intragranular sources. These
include crack formation on bend planes within the lattice, cracks originating at grain
boundaries, presumably due to dislocation pile-up, and propagating into the grain and
cleavage cracking along the basal plane. Gold (1972) observed a marked tendency for
transgranular cracks to propagate parallel or perpendicular to the basal plane and
likewise, for intergranular cracks, usually one or both of the grains making up the
boundary had the basal plane either parallel or perpendicular to it. From these
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observations it was concluded that cracks tended to be cleavage cracks and formed in
or adjacent to grains that could not readily deform by crystal plasticity. Gold (1972)
examined his samples visually and therefore may not have been aware of the much
smaller intragranular cracks formed by dislocation pile-up and lattice bending and
discussed by St. Lawrence and Cole (1982). It appears therefore that these cracks,
being of much smaller size, must be responsible for the low amplitude AE. The large
cleavage cracks (both intergranular and transgranular), which form abruptly and show
no tendency to propagate once formed (Hawkes and Mellor 1972) are obviously much
larger events and thus responsible for the high amplitude AE.
Under confined conditions and low temperatures, and at low strain rates (Fig 6.6b
and 6.7) b-values calculated are all between 0.4 and 0.6 and all show a similar pattern
of development with strain. Initially the b-value is high ( «0.55) but drops as the load
increases. Bearing in mind the above discussion, this drop must be associated with the
increasing number of cleavage cracks forming as the load increases to a value which
allows cleavage of individual grains and along grain boundaries. The position of the
minimum b-value with respect to the stress-strain curve is not consistent but occurs
both before and after peak stress. This could be an effect of the different thresholds
adopted for these tests or it could be real.
Under unconfined conditions, the b-value is initially «0.65 and is associated with
the sharp rise in AE that occurs before peak stress is reached. The b-value rises
steadily throughout the test to reach a maximum value of I.(X). Under these
conditions, stress rises very rapidly and consequently the onset of cleavage cracking
occurs that much sooner than under confined conditions. In all tests, after the
minimum b-value was reached, the b-value was seen to increase steadily as AE event
rate fell. This is interpreted as a return to the dominance of cracking caused by
dislocation pile-up or lattice bending, during strain softening, producing a higher
proportion of lower amplitude events.
Tests Fig 6.6a and 6.7b illustrate how the b-value varies with respect to the change
in Vp. In both cases it appears that the minimum b-value coincides with the beginning
of the initial fall of Vp. This point is approximately coincident with the sharp rise in
AE immediately prior to peak AE and suggests that Vp is largely unaffected by the
formation of small cracks formed by dislocation pile-up or lattice bending. If Vp were
affected by these cracks, the fall in the Vp curve would be expected to coincide with
the rise of AE. This is a phenomenon that is not seen. That small non-cleavage cracks
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do not affect VP is further supported by the fact that in the post peak stress regime,
Vp begins to increase as AE activity is still being recorded, albeit a very low level of
AE. The discrete amplitude distribution plot taken from this point (Fig 6.11c) shows
very few AE events occurring above 62dB. The fact that cracks formed by dislocation
pile-up and lattice bending, whilst responsible for AE activity, do not appear to affect
Vp must be an affect of the relatively low number of events and the small size of
these cracks combined with the fact that as they are forming lattice rotation by basal
sliding is also occurring and thus their effect is further diminished.

6.4.4 Conclusions
By recording acoustic emissions and acoustic wave velocities during deformation
it is possible to draw a number of conclusions regarding the deformation processes
involved.
Firstly under conditions of low strain rates (5.0xl0'^s ') and low temperatures (Fig
6.6 and 6.7), as load rises, deformation proceeds by a combination of grain diameter
scale cleavage cracking along grain boundaries and through grains and smaller scale
cracking caused by dislocation pile-up and lattice bending. This latter type of cracking
becomes more pronounced in the pre-peak stress regime if a confining pressure is
applied. In the absence of a confining pressure the rapid rise in stress allows cleavage
cracking to dominate. The large scale cleavage cracking occurs over only a relatively
short period of the deformation, being concentrated about the peak stress. The small
scale non-cleavage based cracking continues after cleavage cracking has stopped and
continues for a short period in combination with grain rotation by basal slip. At
strains between 2% and 3.5%, depending on confining pressure, cracking activity all
but stops and deformation proceeds by grain rotation controlled by basal slip. It is
suggested that a very low level of small scale cracking is occurring, together with
grain boundary sliding to maintain contiguity between grains.
At low strain rates (5.0xl0'^s *) but higher temperatures (-12.2°C, Fig 6.8b), no
cracking activity occurred but deformation proceeded by a combination of grain
rotation by basal slip and recrystallization. This is confirmed by the recrystallization
textures observed in thin section (Fig 6.13). It is probable that, in this case also, some
minor small scale cracking activity acted to maintain contiguity between grains.
Finally at high strain rates (1 .OxlO^s ^) and higher temperatures (-7.5°C, Fig 6.8a),
a small phase of sample compaction was observed with the Vp curve followed by a
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phase of cracking activity. Interestingly, even though the strain rate was higher than
in other tests where Vp was recorded (Fig 6.6a and 6.7b), the amount of cracking
activity indicated by the drop in Vp was significantly lower due to the higher
temperature. The strain required before the cessation of cleavage cracking and the
domination of plasticity and non-cleavage controlled cracking was approximately the
same for tests LABOlO (Fig 6.8a) and LAB012 (Fig 6.6a), both these tests being
performed under unconfined conditions though under significantly different
temperatures and strain rates.
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7. Overview of experimental programme and presentation of results o f
deformation tests and acoustic interrogation on GRIP ice.

7.1 Experimental programme
In this experimental programme 26 tests were performed, 13 on GRIP samples
acquired from the Greenland Ice-core Project and 13 complementary tests performed
on samples of laboratory ice prepared at UCL. Details of the GRIP tests are given in
this chapter and the results of these tests are presented and discussed. The results of
the tests on laboratory ice and a discussion of the results are presented in the
following chapter.
All tests were carried out under conditions of constant strain rate. Pressure and
temperature conditions were chosen to simulate the conditions from the relevant depth
of the GRIP borehole from which the specimen was retrieved, these are shown in Fig
7.1. The strain rates used were the lowest strain rates achievable using the ramp
function generator in its present configuration.
The term "stress" refers to the differential stress (ui-aa). To enable the peak stress
to be measured at a number of different strain rates, the strain rates were periodically
changed during testing. Of the 13 tests performed on each type of ice, the majority
(10) were started at very low strain rates (5.0x10^s^) and the ramp function generator
used to increase this rate periodically during the test to a maximum rate of 5.0x10

.

A small number of tests (3) were started at the higher strain rate and the strain rate
decreased periodically during the test. However due to crack damage that was incurred
in the sample during the higher rate of deformation, the lower strain rate results
cannot be regarded as a true measure of the flow stress at that strain rate. THe strain
rates used in the tests are roughly five orders of magnitude greater than strain rates
measured in the field. It would be xperimentally impractical to perform tests at any
lower strain rates, however the deformation mechanisms operating will be broadly the
same (Fig 2.14) i.e. power law creep with possibly some grain boundary diffusion.
A typical stress strain curve for an entire test, and its associated acoustic curves are
shown in Fig 7.2. It will be noted that, in this example, the stress curves are plotted
against time which under constant strain rate conditions is equivalent to strain. This
is done purely for clarity, since the low strain rate curves would be tightly bunched
up and their form difficult to ascertain relative to the high strain rate portion of the
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Fig 7.1. P r e s s u r e - te m p e r a tu r e pro file o f GRIP borehole,
with UCL sam ple d e p t h s shown.
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curve. This method of testing has been used in a number of studies (Durham et al.
1983, and Azuma and Higashi 1984), the strain rate being increased when the stress
strain curve levelled out and reached what appeared to be a steady value. In the
following section stress strain curves are plotted separately for each particular strain
rate used. Because of this at higher strain rates, the origin of the stress strain curve
is not zero on the differential stress axis, however strain is normalized to zero on the
strain axis at the initiation of each successive strain rate.

7.2 Deformation of GRIP ice
The principal aim of this study was to investigate changes in the flow properties of
GRIP ice as a function of climatically determined ice characteristics, flow history and
conditions at depth. Because of limitations in the original GRIP ice core size and
cutting scheme, the samples for testing were all cored in the vertical direction to the
ice core and therefore to the ice sheet. Samples therefore have a progressively
increasing crystallographic anisotropy with depth (see chapter 3, section 3.4.4) which
will have a strong effect on the flow stress of the ice, since deformation is induced
in a direction parallel to the vertical axis of the core. However, since the nature of the
applied stresses in the triaxial deformation system most closely resemble those
experienced by the buried ice at the ice divide, the results should provide a realistic
picture of the deformation of the ice in the immediate vicinity of the ice divide.
Moreover by comparing the results with those obtained on isotropic laboratory grown
ice, inferences can be made as to the effect of changing anisotropy, grain size and
impurity content.
The results of the deformation tests performed on samples of GRIP core are listed
in tables 7.1 and 7.2, depth refers to the simulated depth conditions of pressure and
temperature adopted for the test. The colunm labelled "acoustics logged" lists which
acoustic parameters were successfully logged during that test; Vp refers to P-wave
velocity and AE refers to acoustic emissions. In the section that follows (7.2.1 to
7.2.3) results are presented according to the stratigraphie horizon from which they
originate. Strictly speaking there are 4 horizons; the Holocene, the Wisconsin, the
Eemian and the Saalean. However, because of the availability of the samples, only
one sample was tested from the Eemian and one from the Saalean and the results of
these tests are presented together. The results of the tests are discussed in the closing
section (7.4) together with the Vp and AE results.
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Depth / m

Test no.

C.P / MPa

Temp r C

Acoustics
logged

Peak a at
5 .0 x 1O'Vs

Peak a at
1.0 x 10 Vs

Peak a at
5 .0 x 10 Vs

total strain
(%)

549

0131

4.8

-31.1

AE, Vp

1.6

1.9

2.8

3.74

1162

0119

10.3

-32.0

AE, Vp

2.6

2.9

4.2

3.50

1435

0123

12.8

-32.5

AE, Vp

2.3

2.8

3.4

3.30

1590

0125

14.2

-32.2

AE, Vp

4.3

5.7

5.0

3.63

1745

0127

15.6

-31.6

AE

2.7

4.5

4.9

4.59

1768

0128

15.5

-31.5

AE

6.8

8.7

6.1

3.44

2050

0132

18.3

-29.1

AE, Vp

6.9

10.1

8.3

3.90

2318

0134

21.0

-25.2

AE, Vp

7.2

10.0

9.2

2.65

2845

0136

25.5

- 13.1

AE

0.5

0.8

1.9

3.60

2945

0138

26.2

- 11.4

AE

1.2

1.7

3.9

3.58

Table 7 .1. Results of tests performed on GRIP ice, with the lowest strain rate being used initially.
Depth / m

u>
00

Test no.

C.P / MPa

Temp/®C

549

0099

5.5

-31.2

1155

0118

10.2

-32.0

1435

0104

14.5

-32.5

Acoustics
logged
-

AE, Vp
-

Peak a at
5 .0 x 10V

% strain at
peak stress

a at
l.OxlO-^s'

a at
5 .0 x 1OV

Total
strain (%)

6.1

1.17

2.5

2.2

2.52

4.4

0.83

1.4

1.1

3.69

4.6

1.60

1.3

1.0

3.70

Table 7.2 Results of tests performed on GRIP ice, with the highest strain rate being used initially

7.2.1 Deformation of Holocene Ice
A total of seven tests were performed on Holocene ice from five separate depths;
549m, 1155m, 1162m, 1435m and 1590m. The base of the Holocene occurs at
1625m. Two samples tested (1155m and 1162m) originate from within the brittle zone
which extends from approximately 800m to 1200m. The Holocene period is regarded
as a warm period climatologically when the mean temperature is several degrees
warmer and the extent of permanent land bound ice is relatively small when compared
with the Wisconsin ice-age. Thus Holocene ice, and interglacial ice generally, is often
referred to as "warm” ice and this term should not be regarded as being descriptive
of the in-situ temperature, similarly ice-age ice is often referred to as "cold" ice.

Holocene ice at strain rate=5.0xlfrV^: Fig 7.3a illustrates the stress-strain curves
for Holocene ice deformed at the lowest strain rate used, 5 .0 x l0 W The number
adjacent to each curve indicates the depth and thus the pressure-temperature conditions
of the test. The in-situ temperature conditions for these tests varied by no more than
± 1°C and as such they can be regarded as constant temperature tests with increasing
confining pressure.
The shallowest sample, 549m, is clearly the weakest, reaching a peak stress of
1.6MPa after a relatively long period of linearly increasing stress. Peak stress is
reached after 0.6% strain. The deeper samples, 1162m and 1435m have a much
shorter initial linear increase, followed by a longer period of strain hardening before
peak stress is reached. An interesting point to note; the sample from within the brittle
zone, 1162m, has a significantly higher peak stress (2.6MPa) compared with the
sample from below the brittle zone, 1435m (2.3MPa). This is despite the fact that the
deeper sample will have a higher degree of crystallographic c-axes orientation.
T.Thorsteinsson (pers. comm.) observed a broad single maximum to form at
approximately 1190m.
The curve of the deepest sample, 1590m, is initially concave upwards. This is
followed by a short period of linearity which is then followed by a phase of strain
hardening. The linear increase in stress occurs between 0.3% and 0.45% strain,
though the precise delineation of this phase is purely subjective. It is apparent that this
curve does not reach a value which can be described as the peak stress at this strain
rate since the curve appears to be increasing up to the point when the strain rate was
increased. This test was the only test performed on Holocene ice at this strain rate in
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w hich A E activity was recorded. The nature o f this A E is described in section 7 .3 .1 .
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Holocene ice at strain rate= 1.0x10'^s'^: When it appeared that peak stress had been
reached at the lowest strain rate, the strain rate was increased to l.OxlO'^s'* (Fig
7.3b). Under these conditions the two shallower samples (549m and 1162m) show
very similar behaviour. There is an initial small increase in stress up to 0.1% strain,
thereafter the samples flow steadily at a constant value. The deeper ice (1435m and
1590m) showed significantly different behaviour which is possibly a reflection of the
increasing c-axes orientation in these samples. In both cases stress initially increases
to what appears to be a peak value and is followed by a small stress drop, the deeper
sample showing a significantly higher peak stress than the shallower sample. The
sample from depth 1435m then shows a slight increase in stress before flowing at a
steady value. The deeper sample (1590m) also undergoes a period of increasing stress,
this is however terminated abruptly at «0.35% strain by an almost instantaneous
stress drop corresponding to «2MPa. Acoustic emission and wave velocity
measurements indicate that this stress drop is accompanied by some cracking activity,
the nature of which is more fully discussed in section 7.4. Following this abrupt stress
drop the stress-strain curve remains approximately horizontal for the remainder of this
stage of the test.

Holocene ice at strain rate=5.0x1 O

' At the highest strain rate (5.0x10

Fig

7.4a) all four samples show broadly similar behaviour with the stress reaching a peak
value after «0.2% strain at this strain rate. The cumulative strain in the sample is not
indicated, though in all samples it is greater than 1% at this stage. Deformation at this
strain rate is generally accompanied by relatively high levels of acoustic emissions and
a drop in elastic wave velocities caused by extensive crack formation. Generally peak
stress increases with increasing depth, though the sample from 1162m does not
conform to this, having a peak stress greater than that of sample 1435m. The postpeak-stress stress drop appears to increase with increasing depth, though once again
the sample from 1162m does not conform, showing the smallest stress drop of this
group of tests.
Three tests were performed on Holocene ice using the single high strain rate of
5.0x10

The stress strain curves for these tests are illustrated in Fig 7.4b. The

curves are accompanied by extensive AE activity which, though diminished, is still
present at the end of the tests. When tested under these conditions the shallower
sample shows the highest peak stress and the largest stress drop. The sample from
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within the brittle zone (1155m) and the sample from below the brittle zone (1435m)
show very similar peak stresses (4.4 and 4.6MPa) however the deeper sample does
not reach peak stress until a greater amount of strain has been induced. This is most
likely an effect of the increased confining pressure imposed upon the deeper sample.

7.2.2 Deformation of Wisconsin ice
Of the four Wisconsin ice samples, two (1768m and 2050m) were derived from
cold intervals whilst the remaining two (1745m and 2318m) were derived from warm
interglacial intervals. Overall the Wisconsin ice has a finer grain size and a greater
degree of crystallographic anisotropy then the overlying Holocene ice. Its soluble and
insoluble impurity content is also somewhat higher.

Wisconsin ice at 5.0x10

The low strain rate tests (5 .0 x l0 V ) are displayed in

Fig 7.5a. It is apparent that the sample from the Bolling interglacial (1745m) did not
reach peak stress since the stress-strain curve shows a concave upwards form and is
still rising at the end of this stage of the test at 0.9% strain. The deeper ice, from
both warm and cold intervals, display linear stress-strain curves to «0.3% strain
before becoming concave downwards. As with the sample from the Bolling
interglacial, it is apparent that these samples did not reach peak stress at this strain
rate since the curves appear to be rising at the termination of this stage of the test.
One feature worthy of note is the similarity of the stress-strain curves of the two
samples from cold Wisconsin intervals (1768m and 2050m), whilst the remaining two
samples from warm intervals (1745m and 2318m) have very different stress-strain
curves. These warm samples are however separated by 573m and therefore the
difference in physical characteristics will be greater than the two cold samples, only
separated by 282m.

Wisconsin ice at l.OxlO^s

At a higher strain rate (1.0xl0^s\ Fig 7.5b) the

samples behave in a similar manner to the Holocene sample from 1590m. The load
initially increases and the stress strain curve has a concave downwards appearance.
This phase of deformation is followed by a very sudden stress drop which occurs after
«0.1% strain ( «0.3% strain for sample 2050m). These stress drops are generally of
the order of 3 to 4MPa though with the warm Bolling sample (1745m) the drop is not
quite so abrupt and only of the order of IMPa. AE and Vp measurements show that
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this stress drop is accompanied by an equally abrupt period of cracking. Alter the
stress drop the two shallower samples (1745m, warm and 1768m, cold) clearly show
an increase in stress whilst the deeper sample (2318m, warm) show a marked decrease
in stress. Sample 2050m continues to deform at a steady stress level = 6.8M Pa.

Wisconsin ice at 5 .0 x 1 0 ^s ' : At the highest strain rate (5 .0 x l0 ^ s '\ Fig 7.5c) load
rises rapidly to a peak value within 0.5% strain. It must however be borne in mind
that this is the strain at this strain rate only and does not represent the cumulative
strain in the sample, which at the beginning of this stage o f testing is typically 1.1 to
1.3%. AE and Vp measurements show that a high level o f cracking activity occurs
about peak stress, falling of as the stress drops. After peak stress, all samples show
some stress drop. This stress drop is greater for the deeper samples, a pattern which
was also observed in the Holocene ice at this strain rate. The shallower samples
(1745m, warm and 1768m, cold) experience stress drops o f between 0.5 and l.OMPa
whilst the deepest sample (2318m) experiences a stress drop of over 6MPa, and the
curve was still falling at the end of the test. The total strain accumulated in the
samples at the end of the tests was between 3.5% and 4.4% .
Wisconsin ice, strain ra te 5 .0 e - 6 /s

10.0

7.5c

9 .0

8.0

1 7 6 8 m (Cold)
5 .0
2050m
i

a>
o

(C old)

4 .0
1 7 4 5 m (Bolling/warm )
3 .0
2 3 1 8 m (W arm)

2.0
1.0
0.0

0 .5

1.0

1.5

2.0

2 .5

3 .0

3 .5

Nominal strain (X)
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7.2.3 Deformation of Eemian and Saalean ice
Two samples were acquired from below the Wisconsin, one from the Eemain
interglacial and a second from the Saalean glacial. This ice is entirely different in
character from shallower glacial and interglacial ice, particularly with regard to grain
size with grains exceeding 10mm in the Eemain ice. This is primarily due to the fact
that the ice has undergone extensive deformation (i.e grain boundary migration and
shear straining) which is a consequence of its very great age.
At the lowest strain rate (5.0x10

Fig 7.6a) both samples reach an approximately

steady flow value within 0.2% strain. The Saalean ice is marginally more resistant to
flow in the vertical direction under in-situ conditions. This increase is likely to be
caused by the slight increase in c-axes orientation of the Saalean ice over the Eemian
ice, though both samples have significantly lower degrees of anisotropy than the
overlying Wisconsin ice.
This pattern of deformation was repeated when the strain rate was increased to
1.0x10 V ' (Fig 7.6b) with the deeper cold Saalean ice flowing at a stress « l.OMPa
greater than the warm Eemain ice. When the strain rate was further increased (Fig
7.6c, 5.0xl0 V*), the Eemain ice again adopted a steady value before 0.5% strain.
The Saalean ice however continued to harden after an initially linear rise. The values
of stress at which the Eemain and Saalean ice flow, under their particular in-situ
conditions, were found to be the lowest values recorded. Whilst this may in part be
due to the physical characteristics of the ice, this ice was deformed at temperatures
» 12°C warmer than the deepest Wisconsin sample and it is highly likely that this is
the dominantly influencing factor.

7.3 Acoustic Emission and P-wave velocity measurements on GRIP ice
Acoustic emission (AE) and P-wave velocity (Vp) measurements were made on
samples of GRIP ice during deformation. The results are used to discriminate both
brittle and plastic deformation processes. Moreover AE results can be used to
discriminate between large grain size scale cleavage cracks forming between grains
and within grains, and small intragranular cracking forming as a result of plastic
processes operating within the grain. When no cracking or only very minor cracking
occurs and plastic deformation dominates, mechanical re orientation of individual
grains causes an increase in Vp. Under the conditions that the GRIP ice was tested
(low pressures/low temperatures tending to high pressures/high temperatures) all of
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the above deformation mechanisms occur. One would expect microcracking to be
particularly prevalent at the low pressure/low temperature end of the testing regime
and at high strain rates, with the level of activity diminishing as the pressure and
temperature is increased. This holds true as a general rule though variations do occur
and may be attributable to the inherent palaeoclimatological characteristics of the ice.
A systematic presentation of AE and Vp results is given here, for convenience the
section is subdivided according to strain rates.

7.3.1 Acoustic interrogation of GRIP samples at strain rate=5.0xl0~^s~^
Predictably in the majority of tests no AE was recorded at the lowest strain rate.
Typical background values of between 0 and 10 hits per minute were recorded
throughout this phase of the tests. Tests in which AE activity was recorded were all
performed on Holocene ice at temperatures of -32.0+1.0°C and confining pressures
of < IS.OMPa. This AE does not follow the same pattern for each test but differs
somewhat. Test 0125, performed on GRIP sample 1590m, has a peak of activity
centred about the linear increase in the stress-strain curve, whilst tests 0131 (GRIP
depth 549m) and 0123 (GRIP depth 1435m) show low levels of AE activity centred
about the peak stress level. These tests are considered in detail in the following section
(7.3.1). No AE activity was recorded on the Holocene sample originating from within
the brittle zone. Vp measurements made during these tests can also be used as an aid
to interpreting the nature of the AE.

Test 0125. GRIP depth 1590m: The stress-strain curve together with the cumulative
AE curve and Vp curve are shown in Fig 7.7a. AE begins at «0.22% strain, this
being the point where the stress-strain curve approaches linearity. AE continues to
accumulate during the linear phase before falling to background levels as the stressstrain curve becomes concave downwards («0.45% strain). A sharp peak in AE
activity occurs at «0.32% strain and is characterized by a sharp jump in the
cumulative AE curve. AE was also recorded at this strain rate on laboratory ice
deformed under similar conditions of pressure and temperature. The cumulative
amplitude distribution plot (Fig 7.7b) produced for this phase of the test (and hence
this phase of AE), shows the majority of events recorded to occur below 62db. This
amplitude is regarded as being the transition between high amplitude cleavage events
and low amplitude intragranular events in laboratory grown ice (see chapter 6, section
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6.4.3). However in this sample of GRIP ice the change in gradient at this amplitude
does not appear to be that clear. Only very few high amplitude events ( > 62db) were
recorded. Moreover the formation of these cracks does not appear to affect the Vp,
which remains constant throughout this phase of deformation (Fig 7.9a), after initially
increasing due to bedding in of the sample and elastic compression.

Tests 0131 and 0123. depths 549m and 1435m: AE activity appears to take a
different form in tests 0131 (depth 549m) and 0123 (depth 1435m), Figs 7.8a and b.
These are samples of Holocene ice taken from above and below the brittle zone and
AE activity is associated with the stress-strain curve reaching a well defined peak
value. Interestingly test 0119 (GRIP depth 1162m, Holocene ice taken from within
the brittle zone), which also reaches a well defined peak stress at this strain rate,
shows no acoustic activity whatsoever.
The AE recorded in test 0123 (depth 1435m Fig 7.8a) is plotted as AE event rate
since there are so few actual events and a fairly constant background level. AE occurs
as a single peak coincident with the peak stress, with only background AE occurring
either side of this peak. This AE peak is also associated with a sharp drop in Vp
which suggests that, although there are only relatively few events, the cracks formed
are large enough (i.e grain size scale) to affect the bulk elastic modulus. Either side
of the sharp drop, Vp increases at a steady rate.
The AE recorded in test 0131 (depth 549m) shows a more gradual build up with
the onset of AE occurring at =0.8MPa, this is based on the AE event rate being
consistently greater than 15 hits per minute and Vp beginning to decrease. Peak AE
activity is again coincident with the peak stress. The cracking activity is also
associated with a gradual drop in Vp, with a relatively sharp step in the Vp curve
occurring at peak stress. This sharp step in the Vp curve is coincident with a similar
step in the cumulative AE curve. The gradual fall and sharp drop in Vp suggests that
both intragranular and transgranular cracks are forming, with transgranular cracks
dominating deformation at peak stress.
The greater amount of cracking activity observed in the shallower sample (549m)
over the sample from 1435m, is most likely to be a consequence of the lower
confining pressure applied to the sample during testing.
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Wisconsin. Eemian and Saalean ice: In deeper Wisconsin ice AE typically remains
constant at some low background level whilst Vp shows a steady increase due initially
to bedding in of the sample and elastic compression and later, as peak stress is
approached, to grain re orientation. Due to technical problems Vp was not measured
in the Eemian or Saalean samples, however no AE activity was recorded during this
stage of the Eemian and Saalean tests.

7.3.2 Acoustic interrogation of GRIP samples at strain rate=1.0xl0^s ^
AE activity was recorded in the majority of tests performed at this strain rate, the
exception being the test on the samples from depths 1162m (Holocene, brittle zone)
and 2945m (Saalean). The AE activity followed one of two patterns, depending on the
stress-strain behaviour of the sample. If the sample flowed at a steady stress, a small
peak in AE activity was recorded about the point were the stress-strain curve levelled
out. If, on the other hand the stress-strain curve contained an abrupt stress drop, this
stress drop was accompanied by a single peak of AE events occurring over a relatively
short period of time. These two types of activity are further described below.

Shallow Holocene and Eemian ice: Fig 7.9a illustrates the AE and Vp curves of test
0131, the sample from depth 549m. As stress increases, so AE increases and remains
at about 40-50 hits/minute for the duration of this stage of the test. This continuous
low level of cracking activity is accompanied by a steady drop in Vp. This suggests
that, though only relatively few cracks are forming, these cracks are substantial
enough (i.e cleavage cracks and grain boundary cracks) to significantly reduce the
bulk elastic modulus of the sample. Such deformation is not typical of GRIP samples
at this strain rate and is likely to be a consequence of the relatively low confining
pressure applied to the sample during this test.
The deepest GRIP samples, from the Eemian interglacial and Saalean ice age, have
stress-strain curves similar to the shallow Holocene ice. The Saalean ice however
(2945m) shows no AE activity whatsoever, whilst the Eemian ice (2845m) shows
limited AE activity in the region where the stress-strain curve begins to level out (Fig
7.9b). After this peak AE, the AE level drops to some background value indicating
a cessation of cracking activity at this strain rate. Due to technical difficulties Vp was
not monitored for either of these tests. In both tests illustrated (549m and 2845m)
cracking activity reached a peak only after the steady flow stress was reached. This
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is most clearly illustrated by the Vp curve in Fig 7.9a which significantly steepens at
-0 .0 8 % strain. The onset of AE in this particular test was defined as hit rate
increasing above 10 hits per minute.

Fig 7.9a

_

T e s t 0 1 3 1 , GRIP d e p th 5 4 9 m , strain r a t e = 1 . 0 e - 6 / s
4050
4000

6 3950
3900
? 3850
I
5 .0
o_

cum. AE

-

2000

h

1500

LU

UJ

4.0
LU

<
<D
10001
3

3 .0
stress

2.0

E

Ü
h

1.0

500

C .P = 4 .8 M P a , t e m p = - 3 1 . 1 * C

0
0

0.1

0.2

0 .3

0.4

0 .5

strain (%)

Fig 7 .9b

T e s t 0 1 3 6 , GRIP d ep th 2 8 4 5 m , strain r a t e = 1 . 0 e - 6 / s

1200

2.0
cum. AE

(O
Û.

1.5
UJ

800

1.0

UJ

<

stress

400
0 .5

C .P = 2 5 .5 M P a , t e m p = - 1 3 . 1 * C

0
0

0.1

0.2

0.3

0 .4

0.5

S t r a i n (%)

153

Deeper Holocene and Wisconsin ice: With the deeper Holocene and Wisconsin ice,
load increases gradually to a peak value before falling very rapidly and remaining at
an approximately steady level. Fig 7.10 (test 0132, sample depth 2050m,
Wisconsin/cold) illustrates the acoustic signature of such deformation. No AE events
are recorded as the stress-strain curve increases, Vp is difficult to interpret, appearing
to oscillate very slightly about a fixed value. The very rapid drop in load that occurs
immediately after peak stress is reached, is associated with a short burst o f AE that
lasts no longer than a few logging cycles. At this point there is also a large drop in
Vp. It is possible that the drop in stress is associated with the very rapid formation
of a number of cleavage cracks and grain boundary cracks which act to relieve
internal stresses built up within the sample. The very sudden nature of this ’cracking’
activity is not typical of polycrystalline materials under triaxial deformation
conditions. A possible alternative explanation is that a phase change is occurring
within the air hydrates contained in the ice (S.A.F.M urrell pers. comm), this would
explain the gradual onset of this behaviour in lower Holocene ice and the fact that it
is typical of Wisconsin ice deformation.
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7.3.3 Acoustic interrogation of GRIP samples at strain rate=5.0xl0V^
Extensive acoustic emissions occur in all Holocene and Wisconsin samples tested
at this strain rate. Typically the stress-strain curve rises very rapidly to a peak value,
this rise being accompanied by a sharp increase in AE and a fall in Vp. It would be
expected that, at deeper levels, under conditions of relatively high temperatures and
pressures, cracking activity would be reduced. Generally speaking this appears to be
true for the Holocene and Wisconsin ice samples. Moreover no AE activity was
recorded in Eemian and Saalean samples tested at this strain rate. Unfortunately Vp
measurements were not made during the Eemian and Saalean tests due to equipment
failure.

Holocene and Wisconsin: The results of two tests are used to illustrate the change
in AE and Vp with depth to the base of the Wisconsin, Fig 7.1 la, taken from sample
depth 1435m (Holocene) and Fig 7.11b, taken from sample depth 2318m (Wisconsin).
Both tests show initially steep cumulative AE curves centred about peak stress. In the
deeper (higher confining pressure) test the fall off of AE activity towards some
background level occurs much more rapidly than for the shallower sample. It must be
borne in mind that it is not possible to quantify the number of individual AE events
occurring in a single test, nor can AE curves be compared quantitatively between
tests.
Quantitative comparisons can however be made between Vp curves and the effect
of increasing temperature and pressure on cracking activity can be more clearly seen.
In the shallower 1435m depth test, there is initially a very steep drop in Vp associated
with peak stress and the steep rise in the cumulative AE curve. After this initial drop
the curve continues to fall at a lesser rate for the remainder of the test. This indicates
that the majority of cracks are formed around peak stress, as deformation proceeds the
formation of new cracks continues at a fairly constant, though vastly diminished level.
The deeper test (2318m) however shows a much smaller fall at peak stress and peak
cumulative AE indicating that fewer cracks are formed. In the post-peak-stress
regime, the Vp curve has a concave upwards appearance indicating that, as
deformation proceeds, progressively fewer and fewer cracks are forming.
Seismic b-value calculations were not performed for these tests because of the
relatively few events recorded. However, the cumulative amplitude distribution of the
AE recorded in test 0123 (depth 1435m) was calculated and is plotted in Fig 7.12.
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There is no low amplitude peak, as was observed in the amplitude distribution plots
from the low strain rate tests (Fig 7.7b). There is however a greater number of higher
amplitude events caused by the formation of large grain sized cleavage cracks within
grains and along grain boundaries.

7.3.4 Test 0118: the effect of initially high deformation rate on AE and Vp
Test 0118 has been singled out for consideration since during this test only one
strain rate was used, that being 5.0xl0^s % and both AE and Vp were successfully
monitored. The sample tested originates from 1155m depth (the brittle zone of the
Holocene) and its close proximity to sample 1162m allows comparisons to be made
of the test results and test methods.
The results of test 0118 are shown in Fig 7.13. The stress-strain curve is initially
concave upwards followed by a period of linearity. During this period crack formation
begins in the sample at 2.0MPa. The onset of cracking activity can be fairly well
constrained in this test by both the recording of the first AE activity and the departure
of the Vp curve from linearity. Peak AE activity does not occur until after peak stress
is reached. Interestingly Vp continues to rise, albeit at an ever decreasing rate, until
peak stress is reached and only begins to fall when peak AE activity occurs. The
stress drop in the stress-strain curve is associated with the highest rate of AE and the
largest drop in Vp. When the stress-strain curve levels out, the rate of AE
accumulation and the rate of decreasing Vp both fall.
Seismic b-values were also calculated and show a minimum value associated with
both peak AE activity and a sharp drop in Vp. Immediately prior to this minimum bvalue, the b-value was relatively high and associated with an increasing Vp. After the
stress drop, during which time the b-value remains at an approximately constant
minimum value, the b-value increases steadily.
The dominant deformation mechanisms acting throughout the deformation history
of the sample can thus be inferred from the described acoustic data. Compaction, that
is the bedding in of the sample between the loading rams, and elastic deformation of
the sample occur up to 2.0MPa and are associated with a linear increase in Vp. Small
scale intragranular cracking begins to occur at 2.0MPa, the rate of formation of these
cracks increases up to and slightly beyond peak stress when large scale cleavage
cracking begin to happen. This cleavage cracking is responsible for a 1.5MPa stress
drop in the stress strain curve. After this stress drop the formation and growth of
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cleavage cracks is gradually superseded by the formation of small intragranular
cracks. Plastic processes, though undoubtedly occurring, do not dominate the
deformation at any stage during the test.

7.4 Discussion of results
Experiments have been performed to determine the strengths and failure modes of
Greenland glacier ice under in-situ conditions of temperature and pressure. At all
strain rates there is a progressive increase in peak stress with depth up until the base
of the Wisconsin. Eemian and Saalean ice, despite its relatively high degree of
crystallographic anisotropy, flows at very low stresses (<2.0M Pa) with very little or
no cracking activity.
Before discussing the results in detail it is worth briefly reviewing the possible
mechanisms that may be active at any stage of the deformation. Cracking activity may
take a number of forms. At low stresses small intragranular cracks form due to a
number of essentially plastic processes operating within the grain. Processes such as
pile-up of dislocations on grain boundaries and bending of the crystallographic lattice
cause stresses to accumulate in the area immediately about the site of deformation
which can only be relieved by the formation of small cracks. It is likely the such
cracks grow incrementally throughout the deformation history of the sample giving
rise to numerous low amplitude AE events. At higher stresses large cleavage cracks,
the order of one grain diameter in size, form as single events rending a single grain
into two. Such events are associated with the peak AE activity and generally occur
before peak stress in laboratory grown poly crystalline ice. The fact that peak AE
generally occurs before peak stress suggests that cracking activity alone is not
responsible for the failure of ice and competing plastic processes must also be
considered. The dominant process responsible for the plastic deformation of ice is
dislocation glide along the basal plane. Dislocation glide occurring within the grain
can lead to the development of a fabric by rotation of the grain (see chapter 2, Fig
2.18). Such rotation does not distort the internal structure of the grain. It is very
probable that during periods of deformation by dislocation glide and grain rotation,
very minor small scale cracking continues to occur and grain boundary sliding may
also occur at higher temperatures. The action of such mechanisms ensures that
contiguity is maintained at grain boundaries.
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Fig 7.14 peak strength of the GRIP ice as a function of depth at various strain rates.
H/W = Holocene, warm; W/W= Wisconsin, warm (interstadial); W/C= Wisconsin,
cold; E/W = Remain, warm; S/C= Saalean, cold.
160

The peak stresses for each sample at each strain rate are plotted in Fig.7.14, Peak
stress is considered since this is the value used in the flow analysis in chapter 9. This
value represents the level of stress required to induce steady state creep at that
particular strain rate (Mellor and Cole, 1982). It must be pointed out that, in a
number of the tests carried out at very low strain rates (5.0x10^s^), peak stress was
not achieved. These tests are highlighted in table 7.1 and Fig 7 .14a. The reason peak
stress was not reached is due to the limitations of the X-Y plotter in measuring very
low amounts of deformation. It must also be pointed out however that an examination
of all the curves for which peak stress was not reached (e.g Fig 7.5a) reveals that this
stage of the test was actually stopped near the beginnings of a roll over in the stress
strain curve, suggesting peak stress was imminent. Therefore the values obtained can
be considered as good approximations to the true values. The curve generated for the
sample from depth 1745m at strain rate 5.0x10

does not appear to be anywhere

near peak stress and has consequently been left out of the final analysis.
At the lowest strain rate (5.0x10

Fig 7.14a) there is a progressive increase in

peak stress to the base of the Wisconsin. Cracking occurs only in the shallow
Holocene samples (< 1590m). In samples from greater depth, where temperatures and
confining pressures are greater, cracking is inhibited and grain rotation is allowed to
proceed, generally after a short period of compaction. In the very deepest Eemian and
Saalean ice no AE activity was recorded and it is suggested that deformation is
controlled purely by dislocation glide and grain rotation.
When the strain rate was increased (l.OxlO^s'), again a progressive increase in
peak stress was observed to the base of the Wisconsin, with the Eemian and Saalean
samples flowing plastically at relatively low stresses (0.8 and 1.7MPa). The form of
the stress-strain curve also changes with increasing depth. The shallow Holocene
samples (549m and 1162m) deformed at an approximately steady stress value with
continuous cracking activity being recorded in the shallower sample and only minimal
cracking occurring in the deeper sample. The form of the stress-strain curve goes
through a transitional stage at depth 1435m, with a small stress drop being recorded.
The size of this stress drop is much larger in the deepest Holocene and Wisconsin
samples and in all cases is accompanied by a short period of AE activity. This AE
activity is coincident with a large decrease in Vp. Such acoustic activity is not typical
of cracking activity in polycrystalline materials and it has been suggested
(S.A.F.Murrell pers. comm) that the stress drop and acoustic activity are associated
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with a phase change occurring in the air hydrates. This phase change would occur
because of the increasing load being applied to the sample (typically between 8 and
lOMPa in the Wisconsin ice). This is not the precise load at which the phase change
would occur since the distribution of stress within polycrystalline materials is
heterogenous, this being due to the presence of inhomogeneities such as grain
boundaries and different crystallographic orientations within the sample. The idea that
a phase change occurring in the air hydrates is the cause of the stress drop is further
supported by the fact that such behaviour only occurs in ice below the air bubble/air
hydrate transition ( « 1500m). The nature of the phase change is difficult to ascertain
since the air trapped within the ice was already in clathrate form due to conditioning
of the specimens. It may be however that the length of time taken to condition the
samples (« 7 2 hours, see section 5.3) was not long enough and small bubbles of air
continued to exist within the grains. Since this phenomenon occurs only at MPa
stresses its relevance to glaciological flow is limited, it is discussed here purely in the
terms of an experimental observation and will not be considered further.
The Eemian and Saalean ice samples show no stress drop at this stage of testing and
only minor AE activity is recorded in the Eemian sample. However, the applied stress
to these deeper samples is never greater than 2MPa at this stage of testing, and at the
higher strain rate never rises above 4MPa.
At the highest strain rate (5.0xl0^s^) stress rapidly increases to a peak value, this
rise being accompanied by a high level of AE activity and a drop in Vp. With the
shallow Holocene samples the peak stress value reached at this strain rate is greater
than the peak stress value reached at the lower strain rate (l.OxlO^s ^), however with
increasing depth this relationship is reversed. The transition between these two states
is not clear but appears to coincide with the development of the large stress drop
which occurred at the lower strain rate. This stress drop and its associated cracking
activity and/or air hydrate phase change must therefore be responsible for the
fundamental weakening of the ice. The stress drop associated with the highest strain
rate (5.0xl0^s'^) also appears to increase with increasing depth to the base of the
Wisconsin. No significant stress drop was observed in the Eemian and Saalean
samples.
The pattern developed therefore appears to be one of increasing peak stress, in the
vertical direction, with depth to the base of the Wisconsin at all strain rates, with the
post-peak-stress drop at any strain rate also showing a significant increase from
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Holocene to Wisconsin ice. Eemian and Saalean ice, under in-situ conditions, flows
readily at a much lower stress then the overlying ice. The reason for this variation in
stress with depth is due in part to the imposed experimental conditions of temperature
and pressure, and in part to the physical characteristics of the ice (anisotropy, grain
size, impurity content etc).
Wisconsin ice, which has the smallest grain size and a strongly developed preferred
orientation in the vertical direction, is clearly the stronger in the vertical direction than
the overlying Holocene ice, with its slightly coarser grain size and less well developed
preferred orientation. The temperature difference between the coldest Holocene ice
and the lowest (warmest) Wisconsin ice tested is no greater than 8.0°C whilst the
pressure conditions increase from 4.8MPa in the shallowest Holocene to 21.0MPa in
the deepest Wisconsin. Such changes in imposed experimental conditions are unlikely
to cause the very much greater changes in measured strength of the ice, and these
variations must be due almost entirely to the physical characteristics of the ice,
particularly the increasing c-axes orientation of the deeper samples. There does not
appear to be any significant difference in the deformation of cold Wisconsin and
deepest warm Wisconsin (2318m) ice which suggests that impurity content has little
influence on the measured peak strength. However it may be that the effect of
impurities is negated by the very strong crystallographic alignment observed in the
deep warm Wisconsin sample since the shallow warm Wisconsin sample (1745m) with
a lesser crystallographic alignment, is significantly weaker.
It is important to bear in mind that the imposed experimental conditions vary for
each sample according to the in-situ condition and it appears that at very deep Eemian
and Saalean levels, where the temperature is -12.0±1.0°C, temperature is the factor
that most influences deformation. It is known that pressure has little influence on
plastic flow stress of polycrystalline materials and these samples are known to have
a relatively strong preferred orientation in the vertical direction (though not as strong
as that found in the Wisconsin ice). It must also be pointed out that these samples
have a much coarser grain size than the Holocene and Wisconsin samples and this
may be a contributory factor to their relative softness.
It has been demonstrated that both imposed experimental conditions and ice physical
characteristics influence deformation. By performing tests on laboratory grown
isotropic polycrystalline ice of a controlled grain size under the same pressure
temperature conditions, inferences can be made as to the characteristics exercising
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greatest control on the deformation. The results of these complementary tests are
outlined and briefly discussed in the following chapter and a comparison between the
two sets of tests is presented in chapter 9.
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8. Results of deformation tests and acoustic interrogation of laboratory
ice.
8.1 Introduction
Alongside the tests performed on GRIP ice, tests were also performed on samples
of

laboratory

grown

isotropic

polycrystalline

ice

under

the

same

pressure/temperature/strain rate conditions. When compared with the GRIP tests, these
tests results provide some idea of the effect of the varying physical characteristic (e.g
anisotropy, grain size, impurity content etc) of the GRIP ice on the deformation. The
results are also of interest in their own right since the Vp measurements made on
laboratory ice during deformation are unique, and only a limited number of AE
studies have been reported in the literature (see chapter 6, section 6.2.1).
The production of isotropic laboratory ice is described in chapter 4 , the ice used in
this suite of tests had a grain size of 1.0 0 m m +

4 0 0 /M m .

The pressure/temperature

regime of the tests is shown in Fig 7.1. As with the tests on the GRIP ice, the low
pressure tests (<15.7MPa) were essentially performed under constant temperature
conditions (-32.0+1.0°C). With the simulation of deeper conditions, both pressure
and temperature were increased. Strain rates used are also the same as those used in
the GRIP tests, with the strain rate being increased periodically during the test in the
same manner as it was in the GRIP tests. Stress-strain curves and associated acoustic
curves are presented with their strains normalized to zero at the beginning of that
particular stage of the test, regardless of the total strain imposed. Three tests were also
performed with the highest strain rate being imposed initially to enable direct
comparison with three similar tests performed on Holocene GRIP ice (see table 7.2
and table 8.2).
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Depth / m

Acoustics
logged

Temp/®C

Peak a at
5.0xl0'Vs

peak a at
l.OxlO'Vs

peak a at
5.0xl0'Vs

total strain
(%)

Test no.

C.P/MPa

549

0130

4.8

-32.5

AE,

Vp

5.1

6.6

8.8

3.75

1162

0121

10.3

-32.0

AE,

Vp

4.5

6.0

9.0

3.72

1435

0122

12.8

-32.5

AE,

Vp

5.1

6.6

9.6

4.50

1590

0124

14.2

-32.2

AE,

Vp

3.0

6.1

9.5

3.80

1745

0126

15.6

-31.6

AE,

Vp

2.9

6.3

9.0

3.60

1768

0129

15.7

-32.5

no data

6.1

9.6

4.46

2050

0133

18.3

-29.1

AE,

Vp

3.1

5.1

7.6

3.95

2318

0135

21.0

-25.2

AE,

Vp

2.2

4.2

7.2

3.85

2845

0137

25.5

-13.1

AE

1.5

2.1

3.8

3.69

2945

0139

26.2

-11.4

1.7

2.5

4.4

3.80

-

-

Table 8.1. Results of tests performed on LABORATORY ICE, with the lowest strain rate being used initially.
Depth / m

Test no.

C.P/ MPa

Temp/°C

Acoustics
logged

549

0095

5.5

-31.0

AE

1155

0120

10.2

-32.0

AE,

1435

0114

11.5

-31.5

AE

Vp

peak a at
5.0xl0'Vs

% strain at
peak stress

G at
l.OxlOVs

a at
5.0x10'Vs

total
strain (%)

7.9

0.79

3.8

3.2

3.21

8.6

1.40

3.6

2.9

3.69

6.9

2.06

3.7

3.0

3.80

Table 8.2. Results of tests performed on LABORATORY ICE, with highest strain rate being used initially

8.2 General deformation behaviour
The results of the deformation tests are given in tables 8.1 and 8.2. and are
discussed more fully in the following section (8.2.1 to 8.2.3). For convenience the
results are presented according to temperature of deformation. Samples deformed at 32.0+1.0°C are grouped together, these consist of all samples tested under Holocene
and upper Wisconsin pressure temperature conditions to a depth of 1768m. Below this
depth, temperature begins to increase significantly (-29.1°C to -11.4°C)
together with pressure and the remaining four tests, referred to as lower Wisconsin,
Eemian and Saalean are also grouped together.

8.2.1 Deformation of laboratory ice at 5.0x10^s^
The deformation behaviour of laboratory ice at 5.0x10^s^ under Holocene and
upper Wisconsin conditions is shown in Fig 8.1a. Under these conditions temperature
is essentially held constant at -32.0+1.0°C and pressure is increased from 4.8 to
15.6MPa. All stress-strain curves exhibit a short period of linear behaviour to between
0.1 and 0.2% strain before becoming concave downwards. The extent of this linear
behaviour is not easily quantified since the precise point at which the stress strain
curve becomes non-linear is subjective. However there does appear to be an increase
in the amount of strain required before the curve becomes non-linear with increasing
pressure.
Under deeper Wisconsin, Eemian and Saalean conditions, with both pressure and
temperature increasing, there is a marked change in the deformation behaviour (Fig
8. lb). All samples show a short linear phase of deformation (between 0.06 and 0.10%
strain) however with increasing pressure and temperature the form of the stress strain
curve changes radically. In the shallowest sample (2050m) stress increasing to some
relatively well defined peak value. Under progressively deeper conditions, after the
initial linear phase, deformation continues as a quasi-linear, steadily increasing curve
with no well defined peak. The level of stress required to induce this style of
deformation decreases markedly with increasing temperature and pressure.
It must again be pointed out that, as with the GRIP ice at this strain rate, peak stress
was not reached in the tests carried out at -32.0°C. However it was felt that the stress
strain curves appeared to have all but levelled out and the values generated provide
a good approximation of the true values.
It can be seen that the increasing pressure conditions cause the ice to significantly
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weaken above a confining pressure of ~ 13 to 14 MPa. Typically under low strain
rate/low temperature conditions, ice strength becomes independent of confining
pressure above a value typically in the region of 5 to lOMPa (Rist 1989). Rist
however did not employ strain rates as low as those used here. It may be that, above
say 13.5MPa confining pressure and under very low strain rate conditions, zones of
stress high enough to cause very localized regions of melting to occur along certain
favourable grain boundary configurations. This would obviously also occur in the ice
deformed under very low strain rate conditions at higher temperatures which, as can
be seen from Fig 8.1b, show a trend of progressively decreasing peak stress.

8.2.2 Deformation of laboratory ice at l.OxlO^s^
At the higher strain rate, under Holocene and upper Wisconsin conditions, the stress
strain curve of laboratory ice increases to some peak value, which is generally reached
at «0.2% strain (Fig 8.2a). After this peak value is reached there is very little, if
any, stress drop observed in any of the samples. It also appears that, with increasing
confining pressure, the strain required to reach peak stress increases. The value of
peak stress for all the samples tested under Holocene and upper Wisconsin conditions
varies by no more than +0.6MPa, illustrating the fact that, at this strain rate,
cracking activity must have very little influence on deformation and the controlling
mechanisms must be almost largely plastic, these mechanisms not being influenced by
variations in confining pressure.
Under deep Wisconsin, Eemian and Saalean conditions, with both temperature and
stress increasing, laboratory ice flows at an approximately constant stress level (Fig
8.2b). The level of stress at which this flow occurs is dependent mainly on the
temperature conditions and decreases significantly under the deepest Eemian and
Saalean conditions where temperatures are highest (-12.0+1.0°C). The sample tested
under conditions simulating 2318m depth shows somewhat different behaviour, after
a short linear increase in the stress strain curve (in common with all the samples tested
at this strain rate) there is a sharp inflexion in the curve after which stress continues
to increase at an approximately steady rate and does not appear to reach a peak value.
Such continued hardening of the sample is also seen, but to a much lesser degree, in
the sample tested under Saalean conditions (2945m).
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Fig 8.1 a
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Laboratory ice, tested under Holocene and Upper Wisconsin

Fig 8.2a
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8.2.3 Deformation of Laboratory ice at 5.0xl0^s '
At the highest strain rate, laboratory ice tested under Holocene and upper Wisconsin
conditions shows a linear increase to a peak stress, reached within 0.5% strain (Fig
8.3a). The initial linear portion of the curve is remarkably consistent and the value
of peak stress is also consistent, varying by no more than +1.0MPa for all samples.
After peak stress, all samples show a significant stress drop of between 2 and 3MPa.
AE and Vp measurements show this period of deformation to be accompanied by
relatively large amounts of cracking activity which subsides after the post-peak-stress
stress drop. A further analysis of AE and Vp measurements shows that the type of
cracking changes from cleavage cracking with intragranular cracking to purely
intragranular cracking at about 15.0±1.0MPa confining pressure (see section 8.3.2).
The stress strain curves illustrating the deformation behaviour of laboratory ice
under lower Wisconsin, Eemian and Saalean conditions are shown in Fig 8.3b. The
two samples of ice deformed under Lower Wisconsin conditions reach approximately
the same peak stress and flow at the same post-peak-stress value. The shallower
sample (2050m) shows a slight stress drop (< l.OMPa) after peak stress, a feature
which is not observed in the deeper (2318m) sample. The ice tested under simulated
Eemian and Saalean conditions both reach a peak value in approximately 0.3% strain,
after which both curves flow at a steady stress for the remainder of the test. The
disappearance of the post-peak-stress stress drop can be attributed to the increasing
temperature conditions under which the Eemian and Saalean ice was tested, since
increasing pressure conditions alone did not appear to have any systematic effect on
the post-peak-stress behaviour of the ice when deformed under low temperature
Holocene and upper Wisconsin conditions.
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L aboratory ice, tested under Holocene and Upper Wisconsin

Fig 8.3a
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8.3 Acoustic emission and P-wave velocity measurements on laboratory grown ice
In this section the typical AE and Vp response of laboratory grown ice under the
outlined test conditions is described. A discussion of the results is presented at the end
of this chapter.

8.3.1 AE and Vp measurements on laboratory grown ice at j.O xltfV '
Where AE and Vp were monitored, the response of the majority of ice samples at
this strain rate was similar regardless of pressure or temperature condition. Typically
only background AE was recorded indicating no significant cracking activity was
taking place. Vp curves generally showed an initial sharp increase due to bedding in
of the sample between loading rams and elastic deformation. This was followed by
a slower increase for the remainder of this stage of the test (Fig 8.4a shows a typical
Vp curve, though not a typical AE curve). From this evidence it appears that
deformation is occurring solely by glide of dislocations on the basal plane causing the
mechanical re orientation of individual grains. It is quite probable that very minor
cracking events may be occurring and, at higher temperatures, grain boundary sliding
may also occur so as to accommodate individual grains as they mechanically rotate
within the granular infrastructure.
As with the GRIP ice however, there was one exception (Fig 8.4a). This was a test
performed on laboratory ice deformed under conditions simulating depth 1435m down
the GRIP borehole (temperature=-32.5°C, pressure =12.8MPa). The nature of the
AE monitored is very similar to that AE monitored on the GRIP sample from depth
1590m at this strain rate (see chapter 7, section 7.3.1). As in this test, the AE
recorded in the laboratory ice sample gradually increases, the hit rate remaining low
(« 5 0 hits per minute) even at the peak value. There is a fairly broad AE maxima of
about 50 hits per minute, which coincides with an inflexion in the stress strain curve.
After this the AE curve falls off to background levels as the stress strain curve
continues to rise. During this stage of the test Vp increased at a continuous steady
level after an initially sharp increase due to elastic compression. Thus the cracking
that does occur at this strain rate is small scale low amplitude intragranular cracking
which does not affect Vp. The AE amplitude distribution plot (Fig 8.4b) shows the
majority of AE events to be low amplitude with a large peak occurring around 38dB.
Very few events were registered above 62dB. From the Vp curve it would appear that
glide of dislocations is causing the steady re orientation of grains.
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Why cracking activity should be of sufficient amplitude to cause AE to be
registered under these particular pressure temperature strain-rate conditions is unclear.
It may be that, at lower confining pressures (< 12MPa), a few large scale cleavage
cracks are able to form thus relieving stresses and reducing the amount of
intracrystalline cracking that occurs. Since only very few large cracks form they may
not appear to be significant and only be registered as background AE. Under these
condition grain rotation by dislocation glide is still the dominant mechanism of
deformation. At higher confining pressures (> 13MPa) both cleavage cracking and
intracrystalline cracking are inhibited and deformation is controlled in the main by
dislocation glide with only very minor intracrystalline cracking. At the transitional
confining pressure (in this case 12.8MPa) cleavage cracking is inhibited but
intracrystalline cracks are allowed to develop freely. This would explain the AE
activity seen in the single samples of both laboratory ice (12.8MPa confining pressure)
and GRIP ice (14.2MPa confining pressure) deformed under very similar pressure
temperature conditions at 5.Ox 10V .

8.3.2 AE and Vp measurements on laboratory grown ice at l.OxlO^s ^ and 5.0xl0^s^
As with the lower strain rate stage of testing, no AE activity was recorded at this
strain rate. Where Vp was recorded a gradual increase was seen to occur for the
duration of this stage of the test (Fig 8.5). The rate of increase of Vp remains
approximately constant throughout both the low strain rate (5.0x10 ^s^) stage and the
mid strain rate (1.0x10 V^) stage with only a very slight increase observed. This
suggests that as the load is increased, dislocation glide controlled rotation proceeds at
a faster rate, though the load is not large enough to initiate major cracking.
At the highest strain rate (5.0xl0^s ‘) the increase in stress is accompanied by a
sharp increase in cracking activity. The AE activity tends to be constrained about the
peak stress and, after the post-peak-stress stress drop, AE activity all but falls to
background levels. The rate at which it drops to background levels after peak stress,
increases with increasing confining pressure. Indeed two distinct types of behaviour
can be recognized (Fig 8.6a and b). At shallower depth simulations and therefore
lower confining pressures and lower temperatures, (Fig 8.6a simulated depth= 549m)
cracking activity has a profound affect on Vp, causing a reduction in measured wave
velocity of approximately 1.5% of the overall measured velocity. Under deeper
conditions, (Fig 8.6b simulated depth= 2050m) where temperatures and pressures are
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higher, Vp no longer appears to be affected by the AE activity but rises at a rate
which increases as AE activity subsides. Thus it appears that the AE activity recorded
under deeper conditions in the laboratory grown ice is caused almost exclusively by
small scale intragranular cracking with only a minimal amount of cleavage cracking
occurring. This is confirmed by an examination of the cumulative amplitude
distribution plots for the two tests described above (Fig 8.7a and b). Whilst the low
pressure low temperature test (Fig 8.7a) contains large numbers of high amplitude
events (>62dB) extending to nearly 90dB, the high pressure high temperature test
contains only very few events over 62dB. The actual pressure temperature position of
this transition is somewhat confused since tests done under very similar conditions
(1435m and 1590m simulated depths) show contradictorary behaviour. The 1435m
sample exhibits no large scale cleavage cracking and a continuous Vp increase, whilst
the deeper (higher pressure higher temperature) test exhibits a substantial Vp drop due
to the occurrence of large scale cleavage cracks. These observations do however tend
to support the inferences made in section 8.3.1, in which it was suggested that the
formation of large scale cleavage cracks is inhibited at confining pressures of between
12 and 13MPa, whilst the formation of intracrystalline cracks is allowed to proceed
freely.
Fig 8 .5 a
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8.3.3 The effect of initially high strain rates on AE and Vp measurement
Three tests were performed with a strain rate of 5.0xl0^s^ being the first strain rate
applied (table 8.2). These were performed to provide a direct comparison with the
tests performed under the same conditions on GRIP ice (table 7.2), The data derived
from one of these tests are illustrated in Fig 8.8, this tests was performed at 10.2MPa
confining pressure and -32.0°C. Initially stress increases linearly with strain. The
onset of cracking can be clearly defined from AE measurements and occurs at 1.9MPa
(line a-a in Fig 8.8). This cracking has no effect on the Vp curve which continues to
increase. At this stage the rate of increase of Vp is very steep and is due primarily to
the elastic compression of the sample. Cracking only begins to affect Vp at «6.7M Pa
differential stress (line b-b in Fig 8.8), when both the Vp curve and the stress strain
curve depart significantly from a linear path. Peak stress occurs concurrently with
peak AE and the beginning of the reduction of Vp. Vp continues to fall by «2% of
its total value, during which time deformation is dominated by cleavage fracture. This
phase is associated with an » 1.8MPa drop in the differential stress and a marked
reduction in AE. The levelling out of the Vp curve (the point which marks the
cessation of cleavage cracking, line c-c in Fig 8.8) also occurs at «6.7MPa.
Subsequent to the stress drop, Vp increases gently in parallel with low and decreasing
levels of AE. Such AE and Vp curves indicate that only low amplitude intragranular
cracking is occurring and deformation is controlled dominantly by dislocation glide
causing mechanical rotation of grains. Thus it seems that under the particular test
conditions in question (-32.0 C, 10.2MPa and strain rate=5.0xl0^s^) transgranular
cleavage cracking controls deformation. Both small scale intracrystalline cracking and
dislocation glide occur, the latter mechanism becoming dominant after the post-peakstress stress drop.
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Fig 8.8a
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8.4 Discussion of results
Under simulated glacier conditions the variation in behaviour of laboratory grown
ice is entirely due to the variation in imposed conditions of temperature, pressure and
strain rate. The peak stress, or flow stress, for each strain rate is plotted against depth
simulation in Fig 8.9a to c. At high strain rates, under approximately constant
temperature conditions (i.e Holocene and upper Wisconsin conditions, above the
dashed line in Fig 8.9c), there is a slight increase in the peak stress reached with
increasing confining pressure. At very low strain rates (5.0x10^s^) peak stress
decreases above a confining pressure of 13.0MPa. These findings are consistent with
other workers findings, particularly those who performed tests under similar strain
rates (Jones 1982). This essential non-dependence of peak stress on confining
pressure, above a low confining pressure, indicates that the mechanisms controlling
deformation are themselves non-dependent on imposed confining pressure. Crack
formation, whether cleavage cracking or intragranular cracking, generally involves the
formation of voids within the samples and consequently such processes are dependent
on the confining pressure. If no confining pressure is applied intragranular cracking
will be the dominant deformation mechanism, however with the application of a small
confining pressure this cracking is suppressed and plastic processes are allowed to
dominate. Dislocation glide is essentially independent of confining pressure, above a
value sufficient to suppress cracking, since in this situation cracks and voids only form
where necessary due to grain rotation.
It is also apparent that as temperature is increased together with pressure (to
simulate deeper levels of the ice sheet, below the dashed lines in Fig 8.9a to c) the
stress at which the ice deforms decreases. The drop in stress after peak stress has been
reached also decreases to the point where it is no longer apparent (compare figures
8.3a and 8.3b). This is a consequence of dislocations (and therefore dislocation glide
induced grain rotation) moving more readily through the lattice at higher
temperatures. Under these conditions the steady state flow stress is reached before any
fracturing occurs.
By careful comparisons of the AE, Vp and stress strain curves a number of
inferences have been made regarding the nature of the cracking activity occurring
during deformation. It has been established that cracking can take two forms. Firstly
there is the large scale transgranular cleavage cracking which forms as a single event
and is responsible for high amplitude AE events (>62dB). Secondly, small
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intragranular cracks form due to plastic processes operating within grains. Processes
such as dislocation glide and bending of the crystal lattice can cause localized stresses
to build up which are relieved by this method of cracking. Results suggest that there
is a certain level of cleavage cracking that may occur, below which Vp is not
adversely affected. This may in part be due to the direction of cracks formed. If they
are preferentially oriented with their long axes parallel to the direction of applied
stress (and applied P-wave) they will not impede the P-wave velocity to the extent that
they would if they formed perpendicular to the direction of P-wave propagation.
Two observations support this, firstly in test 0120 (Fig 8.8) AE initially begins
when the stress reaches a level of 1.9MPa. The Vp curve is apparently unaffected by
this and continues to rise, presumably because of elastic compression. At 6.7MPa
differential stress there is a deflection from this approximately linear increase in Vp
caused by the initiation of cleavage cracking. Vp does not however decrease but
continues to increase albeit at a lesser rate. Only when the differential stress and AE
reach a peak value does the Vp begin to decrease due to an increasing rate of cleavage
cracking. This fall in Vp begins to level out when the differential stress falls again to
a value of 6.7MPa. It seems therefore that under the particular experimental
conditions (-32.0°C, 10.2MPa) cleavage cracking only occurs above stresses of
6.7MPa.
The second observation that suggests low levels of cleavage cracking or
preferentially oriented cleavage cracks do not adversely affect Vp concerns the AE
and Vp measurements made at the lowest strain rates (5.0x10 V^). Low amplitude AE
events were recorded at a confining pressure of 12.8MPa, these were generated almost
entirely by intracrystalline cracking. It is suggested that AE is not recorded at lower
confining pressures since cleavage cracking is occurring albeit only very sporadically,
and not in large enough quantities to register above the background AE. This cleavage
cracking however has the effect of relieving stresses within grains and therefore the
necessity for high levels of intragranular cracking is negated although undoubtedly it
still continues to occur, albeit at very low levels below the background level of AE.
Vp remains unaffected by all this cracking activity, preferring instead to increase
steadily in response to the reorientation of grains due to glide of dislocations. At
12.8MPa the confining pressure inhibits the formation of any cleavage cracks and
intracrystalline cracks occur in increased quantities. These are themselves inhibited by
increasing confining pressure above 13.0MPa. Such behaviour appears to follow the
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path outlined by Murrell (1990) in which it was suggested the transition from fracture
to plastic flow with increasing confining pressure occurs by a transition from cleavage
fracture to microplastic induced fracture with a corresponding increase in peak stress.
With further increases in confining pressure microplastic induced fracture is inhibited
and deformation proceeds by plastic flow.
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9. Comparison of tests on GRIP and LABORATORY ice and analysis of
results in terms of established flow laws
9.1 Introduction and summary objectives of this study
Tests have been performed on samples of both GRIP ice and laboratory grown ice
under in-situ glaciological conditions of temperature and pressure. In this chapter the
results of both sets of tests are compared. The physical characteristics of the GRIP ice
samples are also discussed and their effects, both individually and collectively, on the
deformation of this ice are inferred from the test data. Finally conclusions are drawn
regarding the flow of ice in the vertical direction in the region of the ice divide and
implications for the dating of deep ice cores in the region of the ice divide are discussed.
In the following section the objectives of this study are re stated, prior to critically
analyzing the test results. The flow law of ice is strongly temperature and strain-rate
dependent. Pressure indirectly affects the flow of ice in that it suppresses cracking activity
and, providing it is sufficiently high, converts any air bubbles into air hydrates. It also
has the effect of depressing the melting temperature of the ice. The physical
characteristics of the ice also have a profound effect on its response to applied stress.
Crystallographic anisotropy, a feature common to all deep glacier ice, is associated with
strongly anisotropic flow stress. As ice is buried to greater depths or moves along a flow
line its degree of crystallographic anisotropy changes and so will its strength. Due to this
complexity ice sheet rheology cannot be explained by non-newtonian flow laws derived
from tests performed on laboratory manufactured isotropic ice samples. It is only by
testing samples of real glacier ice, together with all its complex physical characteristics,
under in-situ conditions of pressure and temperature that an accurate picture of ice sheet
rheology and its variation with depth can be derived. Ideally a number of samples should
be tested from each depth, cut at different orientations to the vertical axis of the ice core.
However in this study samples were taken from the vertical direction only due to size
limitations imposed by the cutting scheme of the core (see chapter 3, Fig 3.2). Flow law
parameters can therefore be derived in the vertical direction only. The results will have
significant implications for the dating of the GRIP core and consequently the dating of
pre historic global warming and cooling events.
As well as defining the flow law parameters in the vertical direction, by performing tests
on the GRIP samples and testing laboratory grown ice under the same experimental
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conditions, inferences can be made as to the physical characteristic or characteristics of
the GRIP ice responsible for the variation in flow stress from that of pure isotropic
laboratory grown ice.

9.2 Comparison of GRIP test results and LABORATORY ice test results
Before any meaningful comparisons can be drawn between the two sets of results,
consideration must be given to the differences in ice physical structure and chemistry
which can, and undoubtedly do, profoundly affect ice deformation. The physical
characteristics

primarily

responsible

for

affecting

mechanical

behaviour

are

crystallographic anisotropy, grain size and chemistry (insoluble dust and soluble
impurities). In the samples of laboratory grown ice these parameters are controlled and
consistent from sample to sample. On the other hand with the GRIP ice these parameters
vary from sample to sample and are dependent on such factors as strain history and the
climate at the time of ice deposition. Prior to discussing the results, consideration is given
to the effect of the variations in physical characteristics on ice deformation.

9.2.1 The influence of variations in physical characteristics on ice deformation
The physical characteristics considered here are those characteristics of the GRIP ice
that differ significantly from laboratory grown ice and are thought to most affect
deformation of polycrystalline ice. Ice grain size, degree of crystallographic anisotropy
and ice chemistry are considered. Only a brief summary is given here since the reasons
for the variations in physical and chemical characteristics and their influence on
deformation has been discussed at length elsewhere in the thesis (chapter 2 and 3).

Grain size: Generally speaking, there is an inverse relationship between grain size and
fracture strength in polycrystalline materials (Paterson 1978) although few systematic
studies have been performed on polycrystalline ice. Currier and Schulson (1982)
performed a series of tensile tests on ice of varying grain size and found that the tensile
strength of isotropic polycrystalline ice is inversely proportional to the square root of the
grain size (eqn 2.10, chapter 2). The strain rate used was relatively low (lO^s'^) and
cracking was found to be controlled by dislocation pile-ups occurring at grain boundaries.
As regards plastic deformation mechanisms, the duration of transient creep increases for
ice of smaller grain size since the extent to which dislocations can slip on the basal plane
is restricted by grain boundaries (Jacka 1984). The secondary creep rate is not directly
186

influenced by grain size, though Barnes etal. (1971) have predicted that, at temperatures
greater than -10 C, the creep rate for a given stress would decrease with increasing grain
size since the contribution from grain boundary sliding would decrease. Jones and Chew
(1981) demonstrated the independence of grain size on the maximum compressive yield
stress of samples of laboratory grown polycrystalline ice tested under constant strain rate
(5.5xl0^s'*), the variation of grain sizes used for the tests was however relatively small
(0.8 to 1.8mm, Fig 9.1). It was also noted by Jones and Chew (1981) that the maximum
compressive yield stress was not affected by the sample size to grain size ratio providing
this ratio was greater than 12. Below this value of the ratio peak stress was seen to
increase. This criterion does not hold true for the Eemian and Saalean samples, however
under in-situ conditions these samples were weaker than the laboratory grown ice.
Therefore some other physical or chemical characteristic must have a greater influence
on ice deformation.

Where grain boundary sliding is an important mechanism,

irregularities in grain shape also become important since highly irregular grains will act
to impede (or may enhance) grain boundary sliding.

Crystallographic anisotropy: Increasing crystallographic anisotropy has the effect of
hardening the ice in the direction of the c-axes alignment. This is an effect of the bonding
and structure of ice which preferentially allows movement of dislocations on a plane (the
basal plane) which lies perpendicular to the direction of the c-axis (see chapter 2). Duval
et al. (1983) state that the movement of dislocations on non-basal slip systems requires
a stress at least 60 times larger than that required for movement on basal systems at the
same strain rate. Liu et al. (1994) found, by observing dislocation motion using x-rays,
that non basal slip only becomes significant if basal slip is inhibited. Since the glide of
dislocations on the basal plane is the dominant non-brittle mechanism of deformation, it
follows that ice is softest if the applied stress is at an angle of 45 ° to this plane and
consequently the critical resolved shear stress on the basal plane is a maximum. This
softening has been observed experimentally on samples of Greenland glacier ice obtained
from the Dye 3 borehole (Shoji and Langway 1988), who suggested the use of
experimentally derived enhancement factors in conjunction with established flow laws to
account for this anisotropy in flow modelling of glaciers and ice sheets. The enhancement
factor, E, was seen to vary between 0.03 and 17, with E=1 for isotropic laboratory
grown ice.
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The maximum yield stress plotted against grain size for laboratory grown

polycrystalline ice tested at -10.5°C and 5.5xl0^s'*, from Jones and Chew (1981).
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The geometric softness, the Schmid factor, of samples from the GRIP ice core,

LABORATORY ice schmid factor = 0 .3 2 , from T. Thorsteinsson (pers comm.)
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Increasing c-axes anisotropy with depth is a feature common to all deep glacier ice and
results initially from extensive dislocation glide on the basal plane causing a mechanical
reorientation of the grain (chapter 2 Fig 2.16). The degree of anisotropy can be quantified
as a percentage, R, using equation 3.2, where R=0% for a completely isotropic sample
and R=100% for a sample in which the c-axes are all parallel. There are very few
experimental studies in the literature concerning the effect of increasing anisotropy in
polycrystalline ice on deformation, this is a reflection of the difficulty in producing
laboratory ice with a controlled anisotropy and consequently the studies that have been
done use both laboratory ice and glacier ice. One such study (Lile 1978) tested samples
of glacier ice taken from a depth of 318m from the Law Dome summit, Antarctica under
uniaxial creep conditions and compared the results with results obtained from isotropic
laboratory grown ice. No value was given for c-axes orientation, however fabric diagrams
show them to be loosely clustered about the central region. Under constant loading
conditions the glacier ice deforms at a slightly higher rate than the laboratory grown ice
suggesting that isotropic ice is in fact slightly stronger than partially oriented ice. Ice with
a stronger orientation, and consequently a greater proportion of its basal planes in the
hard glide direction, would be stronger than the isotropic ice. This data must however be
treated with some caution since, when comparing the deformation of glacier ice with
laboratory ice other factors, such as variations in ice chemistry and grain size, must be
taken into account.
For an ice crystal subjected to compression. Alley (1988) stated that the resolved shear
stress acting on the basal plane is proportional to the Schmid factor, S;

(9.1)

S=cos<i)Sin<j>

Where <l>is the angle between the c-axis and the direction of applied load. The average
Schmid factor for a polycrystalline sample of N grains is therefore given by;

S=Ecos<^iSin<^i/N

(9.2)

Alley (1988) used computer derived models of ice with varying anisotropies to identify
the cause of fabric development in polar ice and found that for randomly generated
distributions of c-axes (i.eisotropic ice),

had a median valueof 60°.

As a fabric

develops, <f>will progressively decrease, consequentlythe sample will besoftest with a
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partially developed fabric (median 0=45°) before getting progressively harder. The
calculated Schmid factor for increasing depth of the GRIP core, based on measured values
of 0 at different depths, is shown in Fig 9.2 (T.Thorsteinsson pers. comm.). There is an
initial increase in the Schmid factor to a depth of about 1000m, thus in this region ice
would be softer than isotropic ice in the vertical direction.

Ice chemistry: The nature of the impurities that occur in the GRIP ice is discussed fully
in chapter 3. These can take a number of forms such as insoluble dust particles, air
bubbles and, at deeper levels, air hydrates, and soluble ions such as sulphates, sodium,
chloride and nitrates.

Insoluble impurities: Considering first insoluble impurities, Paterson (1981) reports the
results of an extensive series of observations by Kamb (1972), who concluded that air
bubbles had no significant effect on recrystallization or grain growth. The presence of
bubbles containing air under pressure might be expected to reduce the effect of any
confining pressure on deformation by acting in a similar way to pore fluid pressure in
polycrystalline rocks (Paterson 1978). It is likely that such insoluble impurities (air
bubbles, hydrates and dust particles) act as crack nucléation sites providing stresses are
high enough to allow cracks to nucleate. Kuriowa and Hamilton (1963, cited by Hooke
et a l 1972) produced a photograph of a sand grain trapped within glacier ice and
surrounded by a cloud of dislocations. Ashby (1966) suggested that such tangles of
dislocations exist in metals containing controlled amounts of impurities and acted to
impede the movement of primary dislocations, thus effectively hardening the metal.
Hooke et al. (1972) performed creep tests on samples of ice containing dispersed fine
sand. It was found that the creep rate decreased with increasing sand concentration
providing the volume fraction of sand exceeded 10%. Below this level no relationship
between impurity content and creep rate was discerned. A similar observation was made
by Nayar et al. (1971) who performed a series of tensile creep tests on ice containing
varying controlled amounts of fine particles of dispersed silica. Again it was found that
the presence of dispersed insoluble impurities greatly reduced the creep rate for each load
applied, with ice containing 1-volume % silica having creep rates between 10 and 30
times lower than creep rates observed in pure ice. The average particle size in the impure
ice tested by Nayer et a i (1971) was 150Â, whilst Hooke et al. (1972) used an average
particle size of 64^m and typical concentrations of 1.75x10^ particles per ml. The mean
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particle size observed in glacier ice is between 0.1 and l.Ofim with typical concentrations
of around 5000 particles per ml in Holocene ice (Paterson 1991). This is far lower than
the minimum effective particle concentration defined by Hooke et al. (1972) and on the
basis of this it is suggested that dust concentrations in both the Holocene and Wisconsin
are in the main too low to affect ice flow.

Soluble impurities: Soluble impurities that may influence glacier ice deformation are
sodium, chloride, sulphate and nitrate ions (Paterson 1991). Sodium, chloride and
sulphate all show significant increases in concentration in Wisconsin ice, whilst nitrate
shows a decrease. Sea salt is the main source of both sodium and chloride ions whilst
sulphuric acid is produced by biogenic activity occurring at the ocean surface. The source
of nitrate in polar ice is unknown. Paterson (1991) suggests that the concentrations of
soluble impurities in ice-age ice are high enough to reduce grain growth and account for
the relatively small grain size observed in ice-age ice. Paterson further suggests that
sodium and chloride are the impurities that are responsible for reducing grain growth, this
being based on the relative increase in concentrations of soluble impurities across the
Holocene-Wisconsin boundary, with sodium and chloride having a greater increase than
sulphate, and the concentration of nitrate decreasing.
Mulvaney et al. (1988) observed sulphuric acid to be concentrated at triple junctions
in samples of Antarctic ice using X-ray microanalysis, it was further observed that < 1%
of the chlorine in the sample was located at triple junctions. From this it was concluded
that NaCl was distributed evenly in the grains, however it must be noted that grain
boundaries were not sampled during the analysis. Wolff et al. (1988) pointed out that the
location of soluble impurities in ice was controlled by processes by which they are
incorporated into the ice. H2 SO4 and HNO3 are both incorporated into snow crystals in
the cloud while the crystal is growing and remain as a liquid on the outside of the
growing crystal owing to their low eutectic temperatures (-73 °C and -43 °C). NaCl on the
other hand is insoluble below its eutectic temperature (-21°C) and as a result NaCl
crystals act as ice nucléation sites. After the snow is deposited, further processes such as
grain growth and recrystallization alter the position of the impurities. The presence of
impurities in the lattice must cause strain and a lower energy state will result if the
impurities are located at the grain boundaries. Thus soluble impurities (H2 SO4 and HNO3 )
will end up at the grain boundaries, whilst insoluble impurities (NaCl) will not. It was
further suggested by Wolff et al. (1988) that sulphuric acid concentrated along triple
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junctions may cause softening of southern hemisphere ice-age ice. However acidity in
northern hemisphere ice-age ice tends to be neutralized by the relatively high
concentrations of alkaline dust also present in this ice. Any salts occurring at triple
junctions in Wisconsin ice (e.g. Ca salts) are unlikely to be in the form of liquids due to
their high eutectic temperature.
Experimental observations support the idea that the chloride ion is responsible for
softening in ice. Nakamura and Jones (1970) performed constant strain rate deformation
tests on samples of ice doped with HCl and, though the doped ice deformed at lower
stresses than pure ice, no dependence of softening effect on concentration of HCl was
observed. It was suggested that HCl is substitutionally incorporated into the ice lattice,
causing an increased number of Bjerrum L-defects. This leads to a more rapid re
orientation of those bonds which are obstructing the passage of dislocations thus giving
rise to a greater dislocation velocity and softer material. The fact that no dependence on
HCl concentration was observed was explained by suggesting that the concentrations used
in this sequence of tests was above the substitutional solubility limit. Any excess HCl
would be incorporated into interstitial positions in the lattice and have no effect on the
dislocation velocity. Riley et al. (1978) obtained different results from creep tests
performed on monocrystals of ice produced from NaCl solutions. The ice doped with high
concentrations of NaCl deformed at a much lower rate (i.e it was harder) than those
samples doped with low concentrations. The reduction in creep rate was attributed to
cellular structures forming at the ice water interface during freezing of the NaCl solution,
being incorporated into the crystal structure and acting as obstacles to dislocation motion.

9.2.2 Summary: the influence of physical characteristic variations on ice deformation
It has been demonstrated (Jacka 1984, Jones and Chew 1981) that both compressive
yield strength and secondary creep rate are independent of grain size and consequently this
characteristic is discounted as a possible cause of peak stress variation between GRIP ice
and laboratory ice in the following discussion. However Jones and Chew (1981) also
demonstrated that compressive yield stress is affected by sample size to grain size ratio
if this ratio is less than 12. This may have some bearing on the following discussion,
particularly regarding the deeper, Eemian and Saalean ice.
The effect of changing crystallographic c-axis orientation with respect to the direction
of applied stress is well documented in ice monocrystals. The c-axis is perpendicular to
the basal plane and therefore monocrystals of ice deform most easily if the applied stress
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is at 45° to this plane (i.e 45° to the c-axis, Duval et al. 1983). The effect of varying
degrees of anisotropy in polycrystalline ice samples is less simple and there is a paucity
of experimental data with which one can draw any firm conclusions. Lile (1978) observed
glacier ice with loosely clustered c-axes deforming at a slightly higher rate than isotropic
laboratory ice under the constant loading conditions, however a strong c-axes alignment
will most certainly cause an increase in the peak yield stress. Alley (1988) demonstrated
that isotropic samples will be slightly harder than weakly anisotropic samples in the
direction of their anisotropy.
Experiments have clearly shown that high concentrations of dispersed, fine, insoluble
impurities have the effect of reducing the creep rate and consequently hardening the ice
(Hooke et al. 1972, Nayer et al. 1971), however the concentration of insoluble impurities
required is far greater than the amount of dust observed in the majority of glacier ice and
it is suggested that as a hardening mechanism this can be discounted. It has also been
demonstrated experimentally that soluble impurities can act to soften the ice providing
they can be substitutionally incorporated into the ice lattice. Of the chemical species
considered it appears that sodium and chlorine are the only species with this ability (Riley
et al. 1978), whilst sulphate and nitrate tends to concentrate at grain boundaries and triple
junctions (Mulvaney et al. 1988). In northern hemisphere ice-age ice the effect of
sulphuric and nitric acids at triple junctions may be neutralized by the presence of alkaline
dust.
A final point to bear in mind regarding the various physical characteristic outlined
above is that only crystallographic anisotropy is directional. Soluble or insoluble
impurities will harden or soften ice regardless of the direction in which the load is
applied. Crystallographic anisotropy will cause hardening if the c-axis (or a or b-axes) is
oriented towards the direction of applied load. If the c-axis is oriented at an angle of
around 45° to the load axis, softening of the sample will occur.

9.2.3 Comparisons between GRIP ice test results and LABORATORY ice test results
The results of the compressive deformation tests performed on both GRIP ice and
laboratory ice are presented in Fig 9.3a to c. For each strain rate peak stress is plotted
against sample depth. An important point to bear in mind is that all GRIP samples were
tested in the vertical direction of the core. Therefore the degree of anisotropy will
increase with depth in the direction of applied stress. In the absence of any available
soluble impurity data it is assumed that Holocene and interglacial Wisconsin ice contain
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low amounts of NaCl, Ca and dust relative to Wisconsin ice. The presence of sulphuric
acid and nitric acid is not thought to vary by significant amounts due to the presence of
alkaline dust in the Wisconsin ice.

Holocene ice to a depth of 1435m: At all strain rates Holocene GRIP ice is much softer
than laboratory ice tested under the same experimental conditions to a depth somewhere
between 1435m and 1590m. Holocene ice is both low in soluble impurities and low in
dust, and therefore this relative softness in the vertical direction must be due to the
weakly developed fabric observed in the Holocene ice.
The degree of anisotropy for these three samples varies from R=47% to R=65%, this
corresponds to a Schmid factor of < «0.30. At these relatively low values, anisotropy
has little effect on the flow stress (see eqn. 9.2). C-axes oriented both parallel and
perpendicular to the applied stress are in the hard glide direction, whilst c-axes oriented
around 45° to the applied stress are in the soft glide direction. A sample with a high
degree of anisotropy will have a greater proportion of its hard glide directions aligned
towards the direction of applied stress and thus the sample as a whole will be harder. A
weakly developed anisotropy, such as that developed in the Holocene ice, will cause the
sample to be softer since more planes will be oriented in the easy glide direction (c-axis
and basal planes at «45° to the direction of applied stress). This idea appears to be
supported by plotting the peak stresses obtained from the GRIP ice against degree of
anisotropy (Fig 9.4a). Peak strength only begins to increase significantly above R=67%,
this corresponds to a Schmid factor of < «0.30. The relationship between R and the
Schmid factor is illustrated in Fig 9.4b.
Were the Holocene ice to be deformed in a direction perpendicular to the direction used
in these tests, there would be no significant difference in peak strength, however the
Holocene ice would be significantly harder than the Wisconsin ice in this direction.

The Holocene-Wisconsin transition (1590m and 1745ml: The two samples that straddle
the Holocene-Wisconsin boundary (1590m and 1745m) behave somewhat differently from
the upper Holocene ice. The measured peak stress is approximately the same as that
measured for the laboratory grown ice for the lower two strain rates used. Both samples
are from ’warm’ periods, (1590m being in the Holocene and 1745m being located in the
Bolling, the last Wisconsin interglacial) and as such their insoluble and soluble impurities
will be broadly similar to those of the upper Holocene samples. There are however a
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number of important differences between these samples and the upper Holocene samples.
Firstly, the anisotropy of both samples is >68% and therefore has reached a level where
it begins to affect the peak strength of the ice. Secondly, 1500m is the approximate depth
at which air bubbles in the ice are converted to air hydrates, this too will affect both
samples.
It is unlikely that, in sufficient quantities, air hydrates will affect the mechanical
response of the ice any differently than the presence of larger insoluble impurities such
as dust particles. Above certain concentrations these are known to harden the ice (Hooke
et al. 1972) since they are surrounded by tangled networks of dislocations which impede
the passage of other dislocations. Miller (1969) however points out that no more than
0.06% of ice would be in hydrate form. This is based on the assumption that 10% of the
ice is in the form of gas bubbles when the snow is transformed to ice. This is below the
minimum volume fraction of insoluble impurities necessary to cause hardening which,
according to Hooke et al. (1972), is 10%. On the bases of this it is suggested that air
hydrates probably have a negligible effect on deformation and consequently the increased
hardening of this ice in the vertical direction must be entirely due to the increased
anisotropy. Any softening effect from dissolved impurities is negated by the effect of
increasing anisotropy.

Wisconsin ice from 1768m to 2318m: Three samples were tested between these depths.
The samples from depths 1768m and 2050m were from cold periods that make up much
of the Wisconsin ice, whilst the 2318m sample is from one of the 20 or so warm
interglacials that punctuate the Wisconsin ice age. As regard the physical characteristics,
Wisconsin ice has a finer grain size and a higher degree of orientation (75% <R < 89% ,
corresponding to a Schmid factor of 0.3 to 0.2) than the overlying Holocene ice. Both the
dust content and the insoluble impurity content will be higher in the cold Wisconsin ice,
whilst in the warm Wisconsin ice the level of these impurities will be comparable to the
levels found in Holocene ice. Despite the increasing temperature and pressure conditions,
which has the effect of reducing the peak strength of laboratory grown ice, in the
experiments performed the Wisconsin ice samples all reach approximately the same high
peak stress (7.0±0.2MPa at 5.0x10^s^ and 9.4+0.7MPa at l.OxlO^s^) before strain
softening begins.
The increasing strength with depth of Wisconsin ice in the vertical direction must be,
either wholly or partially, an effect of the increasing c-axes orientation in this direction.
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As depth increases in the Wisconsin, so pressure and temperature also increase and
consequently there is a marked softening of laboratory ice tested under Wisconsin
conditions (Fig 9.3a, b and c). Wisconsin ice however gets progressively harder in the
vertical direction with depth, and this progressive hardening coincides with a progressive
increase in c-axes orientation from R=75% at depth 1768m to R=89% at depth 2318m.
The deepest Wisconsin sample (2318m) originated from one of the warm interglacial
periods within the Wisconsin ice age. Consequently its soluble impurity content,
particularly NaCl, will be lower than that of the cold Wisconsin ice. This should further
have the effect of increasing the peak stress of the warm Wisconsin sample relative to the
cold Wisconsin samples. Thus, in summary, it can be said that the increasing hardness
in the vertical direction exhibited by samples from depths 1768m and 2050m is a direct
result of the increasing C-axes orientation and the further increase from sample 2318m
is in part due to the increase in c-axes orientation and in part due to the decrease in
soluble impurities.
If the samples were to be deformed in a direction perpendicular to the direction of
applied stress in these tests (i.e the stress conditions in the ice sheet away from the ice
divide), they would be substantially softer than the overlying Holocene ice due to the
orientation of easy glide planes within the sample.

Eemian (2845ml and Saalean (2945ml ice: Eemian and Saalean ice differs from the
overlying Wisconsin and Holocene ice in a number of ways. One significant difference
in terms of ice deformation is the exaggerated grain size of this deep ice compared with
sample size. Of the samples measured at UCL, Eemian ice had a grain size of 13.3mm
and the Saalean had a grain size of 11.0mm. Thus at most there would have been no
more than three grains across the diameter of the test sample, Jones and Chew (1981)
observed an increase in yield strength of polycrystalline ice if the sample to grain size
ratio fell below 12. On the basis of this one would expect Eemian and Saalean ice to be
stronger than laboratory grown ice, but this is not the case. The Schmid factor for the
Eemian and Saalean samples has not been calculated, however their degrees of orientation
are given as R=65% (Eemian) and R=71% (Saalean). Therefore the strength of
crystallographic alignment in these deep samples is significantly less than that of the
Wisconsin ice. Because of this the Eemian and Saalean ice might be expected to have
similar strengths, or be slightly weaker, than laboratory ice.
The decrease in peak stress of the Eemian and Saalean samples closely mirrors the
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decrease observed in the laboratory ice, the peak stress in the glacier ice being somewhat
lower than the peak stress of the laboratory ice. The decrease in peak stress in the
laboratory ice is due entirely to the elevated conditions of temperature and pressure. These
factors must be in part responsible for the decrease in peak stress observed in the Eemian
and Saalean ice relative to the younger glacier ice. However the glacier ice is markedly
softer than the laboratory ice, suggesting a high (>0.32) Schmid factor in this ice.
The softening seen in the deep glacier ice relative to the laboratory ice cannot be
explained by the presence of dust and insoluble impurities, since these are both relatively
low in this deep ice. Away from the ice divide, under conditions of simple shear, the
Saalean sample would deform most easily, since it has the higher degree of orientation
of the two samples.

9.3 Mono- and polycrystal plasticity and the effect of anisotropy
Before proceeding with the analysis of the experimental results it is worth considering
the physics of plastic anisotropy in greater detail. Crystal plasticity is a function of the
crystal lattice and bonding and is therefore a tensor quantity. Plastic deformation of
crystals (and polycrystals) takes place on well defined crystallographic planes in well
defined directions in the crystal lattice, in response to the application of a critically
resolved shear stress (crss) acting on the slip plane in the slip direction. The Schmid
factor (S) relates the externally applied stress (shear stress) to the resolved shear stress in
the slip direction on the slip plane of the crystal, and so relates the externally applied
plastic yield stress to the crss:

ay=aJS

where Uy is the externally applied shear stress and

(9.3)

is the crss.

In the case of polycrystals one needs to consider the distribution of crystal orientations
and define a statistical mean figure for the Schmid factor. Related to this is the question
of crystal symmetry which may result in a multiplicity of slip systems of the same type
(e.g in the case of some cubic crystals such as NaCl). There is also the question of
interaction between crystals. Von Mises pointed out that crystals needed to have a
minimum of 5 independent slip systems if a polycrystal is to deform without grain
boundary displacements (i.e cracking or grain boundary slip). This helps to explain the
ductility of face centred cubic (fee) metals. A model based on this idea was developed in
200

by Taylor (1938) and Bishop and Hill (1951) and is known as the homogeneous strain
model. This model assumes that each crystal deforms in the same manner as the
polycrystal and has been widely applied in metallurgy and structural geology. An
alternative model, the homogeneous stress model, assumes that each crystal is subject to
the same stress as the polycrystal. Azuma (1995) points out that in the case of ice, in
which basal slip is dominant, neither of these two end member cases can apply and the
reality will lie somewhere between them.
One other important aspect of the interaction between individual crystals is the effect
it has on the development of anisotropic textures. This is further complicated by
recrystallization processes at high homologous temperatures. These matters are discussed
by Azuma (1994, 1995) but will not be further considered here.

9.4 Analysis of experimental data - Background and Approach
The purpose of flow modelling of ice is to relate strain rates to stress, temperature and
ice physical properties in ice sheets under in-situ conditions. A knowledge of ice flow is
necessary for ice flow modelling, dating of deep ice cores and modelling the evolution
of large ice sheets. The flow law of isotropic ice was originally proposed by Glen (1955)
and can be written as:

" A()(Tg^exp(-Q/RT)

Where

is the effective shear strain rate,

(9.4)

is the effectice shear stress, T is the

temperature, R is the gas constant and Q is the activation energy. A is a constant the
nature of which is more fully discussed in chapter 2 (section 2.5). The value of the stress
exponent, n, has been shown experimentally to vary between 1 and 4.2.
GRIP ice differs from laboratory grown ice in a number of ways;
1. Crystallographic anisotropy.
2. Chemistry.
3. Particle (dust) content.
4. Air content.
5. Grain size.
However the creep law is believed to have the same form as Glen’s law (eqn 9.4);

€,=Boa,"exp(-Q/RT)

(9.5)
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For the purpose of ice sheet modelling the equation (9.4) was generalized by Nye (1957)
to the form;

(9.6)

where:

A=Aoexp(-Q/RT)

(9.7)

and where Sÿ is the deviatoric stress tensor. Under experimental conditions the differential
stress, c7i, is given by;

a^=aJy/3

(9.8)

similarly, the strain rate, e,, is given by;

e = {^ m )e ,

(9.9)

Consequently under uniaxial compression conditions, in the vertical direction;

€ i= (2 A /9 )o -i"

( 9 .1 0 )

Therefore in the analysis outlined below, the values calculated for Aq were corrected by
multiplying by 9/2 (see Paterson, 1994 p92).
Azuma (1995) pointed outthat A is generally treated as ascalar quantity even though
it was recognized to have different values for ices of differentanisotropies.Further to this
he said that Aq must in fact be a tensor the value of which is dependent on the Schmid
factor, consequently the strain rate will depend on the stress tensor through fabric
orientation as well as stress orientation. It is suggested here that, because additional hard
slip systems may be involved in plastic deformation to different extents, the activation
energy Q (and hence the temperature factor exp(-Q/RT)) will also have a tensor
characteristic.
At the start of this work Azuma had not published his analysis. Therefore the first
attempt at an analysis was based on a global inversion of the data using equation 9.4. (see
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appendix 1. for the methodology) The results of this analysis gave:

Laboratory ice:

n = 2.5 ±0.2
Q = 64±llkJm ol^
n_-l
In Ao = 17.4±5.2MPa"s

GRIP ice:

n = 3.0+1.7
Q = 175±72kJmol'
In Ao = 47.5±19MPa-"s ‘

In order to test the GRIP data for the effect of anisotropy the data was normalized to a
fixed temperature (-20°C) and a fixed strain rate (l.OxlO^s ') and the data plotted as a
function of the Schmid factor, S. This was done using values of n, Q and Aq derived for
both the GRIP ice and the laboratory ice.
Equation 9.3 suggests that the normalized measured flow stress of the GRIP ice should
be plotted against the inverse of the schmid factor. When this was done the data points
were found to lie close to a well-defined curve to which a linear equation was fitted
(Fig.9.6a is plotted using GRIP ice values and Fig 9.6b using laboratory ice values). This
further suggests that if the normalized flow stress of GRIP ice was further normalized to
the same Schmid factor as isotropic laboratory ice (S=0.32) the GRIP and laboratory data
sets might be reconciled subject only to depth dependent variations (i.e chemistry, particle
content, grain size and the activation energy, Q, which are probably controlled by the
climate at the time of deposition of the ice in question). The results of this are shown in
Fig.9.7a and b, (again using the constants derived for both GRIP ice and laboratory ice)
where the normalized flow stresses are plotted as a function of ice depth. The coincidence
achieved between the data sets is striking, particularly in Fig 9.7a (using GRIP ice values)
and suggests that the creep law above (eqn. 9.5) can be normalised using the values
derived in Fig 9.6a to give:

e-Bo(a(S/l-2.8S))"exp(-Q/RT)

(9.11)

There is however concern regarding this method on the grounds that the Schmid factor
may vary in a similar manner (all be it coincidentally) to the remaining factors on the
right hand side of equation 9.5, since these also (stress and temperature) vary with depth.
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Fig 9.7a Flow stress, normalized with respect to anisotropy and
temperature (n=3, Q=175KJ/m ol, LnA=46M P a/n/s)
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Fig 9.7b Flow stress, normalized with respect to anisotropy and
temperature (n=3, Q =64KJ/mol, LnA =14.4M P a/n/s)
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To address this concern an alternative approach would be to normalize the data set to
an isotropic value for Susing equation 9.3 and then perform a global inversion on the
GRIP ice data set using equation 9.11. The results of thisanalysis give:

Laboratory ice:

n= 2.5 ±0.3
Q = 75±7kJmol‘
In Bo = 24.1±3.8MPa V

GRIP ice:

n= 4.1+2.8
Q = 180±127kJmoL
In Bo = 104.6±63.8MPa"s *

A similar expression to 9.11 was obtained by Azuma (1995), who detailed experiments
on laboratory grown ice samples grown with anisotropic fabrics and demonstrated how
the strain and slip of individual ice crystals are related to the orientations and strains in
the group of immediately adjacent grains and, in turn, to the overall strains and stresses.
From these experiments he proposed a flow law for anisotropic polycrystalline ice under
uniaxial compressive deformation, which he subsequently generalized for application to
ice sheet deformation. From these experiments Azuma concluded that;
(i) The strain of an individual grain is proportional to the Schmid factor of the grain and
to the local mean stress (an average over the area including the nearest neighbour grains)
and inversely proportional to the local mean Schmid factor.
(ii) The local mean strain is proportional to a power of the local mean Schmid factor.
This power, 4 in Azuma’s case, is related to the stress exponent of the creep law.
(iii) The total strain of the specimen is equal to the arithmetic mean of the strain of
individual grains.
Azuma then went on to propose an anisotropic flow law for uniaxial compression:

e,,=BoS,"^ V,/exp(-Q/RT)

(9.12)

where the x axis is the axis of uniaxial compression and:

S,= 1/NE S,(g)

(9.13)
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The difference between this and equation 9.11 is that the right hand side of equation 9.9
is multiplied by anadditional factor S,. This arises from the fact that eqn. 9.11fails to
take account of theneed not only to resolve the shear stress onthe basal plane but also
the shear strain rate. This is brought out more clearly by re-writing equation 9.12 as:

e,=Bo(a,(S/l-0.8S))"exp(-Q/RT)

Where the mean resolved shear strain rate,

(9.14)

and the mean resolved shear stress.

The results of analysis of the data by global inversion using eqn. 9.14 are as
follows:

Laboratory ice:

n = 2.5 ±0.2
Q = 64±llkJm ol^
In Bo = 21.4± 6.5M P aV

GRIP ice:

n = 3.8+2.4
Q - 136±98kJmol *
In Bo = 28.5±17.0MPa-"s-‘

As before the data sets are normalized to a common temperature (Fig.9.8a) and isotropic
state (S,=0.32) and are plotted as a function of depth (Fig.9.8b). The remaining
differences between the GRIP data set and the dashed line representing the flow stress of
isotropic laboratory grown ice are due to the chemistry, atmospheric particle contents and
grain size differences of the GRIP ice samples from various depths, which are related to
the climate at the time of precipitation/formation of the ice.
The standard deviation in the parameters determined for the GRIP ice are larger than
those for the laboratory ice because there are two additional causes of variation; most
importantly the anisotropy (represented by the Schmid factor) and in addition the
chemistry, particle content and grain size. These differences in ice characteristics also
explain the differences in the creep law parameters. In all probability, since basal slip by
itself is insufficient to enable general flow by a polycrystal to take place, there will be
additional mechanisms (i.e non-basal creep) active with their own creep law parameters
which must be accounted for. The values presented here therefore represent the mean
values for a given state of anisotropy. This suggests that eqn 9.14 should be re-written
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as:
e,/(r,”= [Boexp(-Q/RT)],

(9.15)

where the form of the right hand side (i.e the relationship between [Boexp(-Q/RT)] and
the Schmid factor) has yet to be determined both theoretically and experimentally.
Likewise its dependence on chemistry, particle content and grain size requires further
investigation.

9.4.1 Analyses of LABORATORY ice and GRIP ice test results
The differential failure stress for ductile deformation under constant strain rate
conditions is equivalent to the fixed load required to induce that particular minimum strain
rate (secondary creep) in constant loading tests (Mellor and Cole 1982). Therefore the
values taken for a from each test was the maximum differential stress reached at each
particular strain rate. To assess the quality of the data set comparisons were made between
the values of peak stress obtained from laboratory ice in this study and published
minimum creep rates and applied loads (Barnes et al. 1971). It can be seen from Fig 9.9
that the laboratory ice test data obtained from this study are in good agreement with the
published creep data.
It has been suggested that the occurrence of cleavage cracking in polycrystalline ice
may cause the value of n to increase. Jones (1982) performed a series of tests and found
that n=5 under uniaxial conditions where cracking would have been prevalent and n=4
when a confining pressure wais applied and cracking was inhibited. Thus it was suggested
that the drop in n from 5 to 4 was caused by the suppression of cracking. It has however
been pointed out by Rist and Murrell (1994) that the confined tests of Jones (1982), from
which the value of n= 4 was derived, were performed under a range of strain rates (10'^s‘*
to 10'^s ‘) and it is highly improbable that cleavage cracking did not occur at the highest
of these strain rates. Rist and Murrell (1994) further demonstrate that flow parameters
remain consistent over the whole range of observed cracking activity from dense
microcracking to plastic deformation with no cracking. Moreover Duval et at. (1983)
found no relationship between the extent of microcracking and the strain required to reach
minimum strain rate or tertiary creep. Both these studies strongly suggest that cleavage
cracking activity does not iinfiuence the stress exponent and the creep behaviour of
polycrystalline ice.
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The values for the flow law parameters obtained for laboratory grown ice in this study
compare well with those values obtained by other workers. The stress exponent, n, for
laboratory grown ice agrees well with values obtained by previous authors; i.e n=3.1
(Barnes et al. 1971) and n=2.9 (Sinha 1978). Similarly the value of Q obtained for
laboratory grown ice compares favourably to values obtained by other authors, i.e
Q=69kJmof' (Rist and Murrell 1994), Q=75kJmol ^ (Bames et ah 1971) and
Q=67kJmor* (Sinha 1978). The value obtained for In Aq in the initial analysis is in good
agreement with the value obtained by Rist and Murrell (1994) who found
lnA =14±3M Pa"s\
In all the analyses, the values obtained for the GRIP ice have higher standard
deviations, reflecting the greater scatter of the test data and changes in the relative
importance of basal and non-basal glide with increasing anisotropy. The value obtained
for the stress exponent n compares well with values obtained for laboratory grown
poly crystalline ice. The values obtained for the activation energy Q are in all cases
considerably higher than the value obtained for laboratory grown ice in this study. High
values have been obtained on polycrystalline laboratory grown ice tested above -10°C
(Barnes et at. 1971 found Q= 121.4kJmol ' and In Ao=39.6MPa "s ‘). These higher values
were attributed to grain boundary melting and sliding occurring during testing, however
this could not be the case with glacier ice tested at «-30°C. It is probable that the high
values obtained for Q, together with the high standard deviations reflect the fact that nonbasal dislocation glide becomes increasingly dominant as anisotropy increases with basal
glide becoming progressively less important. Thus no single value for the activation
energy can be quoted, however the value derived represents a continuous progression
from purely basal glide to purely non-basal glide. Unfortunately no reliable experimental
data is known to the author for the activation energy of purely non-basal dislocation glide.

9.4.2 Discussion and implication of the results
Past studies have revealed that ice deforms plastically according to a power law with
the rate of deformation being directly proportional to some power, n, of the applied
stress. Alley (1992) has shown that for dislocation glide, n theoretically equals 3. The rate
of deformation is also dependent on temperature and the degree of crystallographic
anisotropy of the ice. Under glaciological conditions these factors vary independently
throughout the thickness of the ice sheet, consequently flow properties will also vary. In
glaciological studies n is generally taken to be 3, though it has been argued on the basis
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of borehole tilt data that n = l would be appropriate (Doake and Wolff 1985). However
n = l (i.e Newtonian flow) suggests the acting deformation mechanism is lattice diffusion
and such a mechanism would destroy any fabric. The value of n obtained in this study for
the GRIP ice (n=3.8±2.4), using Azuma’s (1995) anisotropic flow law, was derived
from tests carried out under in-situ conditions of temperature and pressure. Moreover the
nature of the applied stresses in the triaxial deformation cell are essentially the same as
those experienced by the ice under glaciological conditions at the ice divide (from where
the ice was recovered) and, although the magnitude of applied stresses was some

1 0 0

times greater in the deformation cell, the deformation mechanisms remain the same
(power law creep, see chapter 2, page 26). Under these conditions ice is deformed in pure
shear, with applied compressive stresses in the vertical direction. It has been shown that
there is a sharp increase in the compressive yield stress of the GRIP ice across the
Holocene-Wisconsin transition, this yield stress corresponds to a marked increase in
crystallographic anisotropy.
Below the Wisconsin the yield stress decreases, this is due in part to the increasing
temperature conditions and partly due to the decrease in measured anisotropy at these
depths. The two samples of laboratory ice tested under these conditions were analyzed
independently of the rest of the samples using the method of multilinear regression
outlined above (section 9.3.1). It was found that under these conditions, the value of n
remained at 2.5 ±0.1 whilst the value of Q was 126±30kJmoU (close to the value found
for flow at >-10°C by Bames et al. 1971). This strongly indicates that some form of
grain boundary sliding, enhanced by the presence of liquid along the grain boundaries,
is occurring in these samples during testing. It is reasonable to expect also that such
mechanisms are active in the GRIP ice under these temperature and pressure conditions,
although the data from the GRIP samples were too scattered to perform a similar analysis.
The difference in the value of Bqobtained for GRIP ice and laboratory ice suggest that
factors other than stress, temperature and anisotropy do have some effect on ice flow.
These other factors are almost certainly chemical impurities and possibly grain size. It is
known that significant disturbances occur in the Eemian part of the GRIP ice core (Peel,
1995). These disturbances may arise because of the difference in flow properties between
the chemically purer, warm Eemian stages and the less pure cold Eemian stages. There
is as yet no agreement as to the position of the ice divide in the Eemain, however if the
ice divide is essentially unmoved since the Eemain, the disturbances could be explained
by differences in ice chemistry. The overlying Wisconsin ice is also punctuated by about
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20 warm interstadials which will be chemically different from the cold Wisconsin ice. The
fact that no significant disturbances have been recorded in the Wisconsin is probably due
to the fact that Wisconsin ice has undergone significantly less deformation than the
Eemian ice.
There are also implications for the dating of deep ice-cores by the use of flow laws,
since it is normal practice to take a single flow law and apply it to the entire length of the
core. There are two problems with this approach. Firstly, it has been shown that, at
deeper levels where the ice is strongly anisotropic, deformation is controlled by non-basal
dislocation glide. This necessitates an increased activation energy being used in the flow
law. At shallower levels deformation will be dominated by basal glide and a lower
activation energy typical of this mechanism can be applied. The specific activation energy
that accurately describes the ratio of basal and non-basal dislocation glide occurring at any
single depth will be proportional to the inverse of the Schmid factor at that depth. The
data set produced in the course of this thesis is not comprehensive enough to accurately
define this relationship. The second problem relates to the fact that ice chemistry appears
to have some effect on ice flow, following this cold impure layers will deform at different
rates than warm pure layers.

9.3.4 Comparison of GRIP results with those of other workers
At the time of writing there is no other published mechanical test data of GRIP ice
samples, therefore direct comparison is difficult. However D.Dahl-Jensen has produced
a progress report of creep tests that are being performed on GRIP ice samples at the
Geophysics institute in Copenhagen (Dahl-Jensen 1993, unpublished report) and there are
a number of published papers concerning mechanical testing of ice retrieved from the Dye
3 borehole. Data is also available on borehole tilting measurements carried out at both the
Camp Century and Dye 3 boreholes in Greenland.
Dahl-Jensen (1993, unpublished report) observed a clear trend, showing warm clean
(Holocene) ice to deform more readily in compression than cold dirty (Wisconsin) ice.
This trend, also observed in the present work, can be illustrated by plotting peak stress
values against 60’* values (Fig 9.10), since 60** values are very much dependent on
climatic conditions at the time of ice deposition. It must be noted however that there is
a large degree of scatter in this plot. Dahl-Jensen deformed samples to large strains, thus
effectively eliminating the structure initially present in the samples. These results therefore
relate more to the impurity content of the ice than ice structure.
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Shoji and Langway (1988) performed uniaxial constant strain rate tests on samples of
ice retrieved from the Dye 3 borehole and cut at a number of different orientations to the
core axis. The tests clearly demonstrate that deep anisotropic glacier ice deforms more
readily if the load is applied in a direction 45° to the direction of c-axes orientation. On
the basis of these tests Shoji and Langway defined the enhancement factor, E, of glacier
ice;
E,=e/[Aanexp(-Q/RT)]

(9.9)

where E, is the strain rate enhancement factor for horizontal shear deformation (i.e with
the applied load at 45° to the c-axes direction and e is the measured strain rate) and the
other constants are those of eqn. 9.3. For isotropic polycrystalline ice E s= E = l, E > 1
when the applied stress is near 45 ° to the vertical direction of the core and E < 1 when
the applied stress is parallel or perpendicular to the direction of the core. There are
however a number of limitations to this approach, firstly, the values of n, Q and A used
to calculate E were taken directly from the tests performed on laboratory ice by Bames
et al. (1971). Moreover, the tests performed by Shoji and Langway (1988) on the Dye
3 samples were carried out under uniaxial conditions and all were performed at
approximately the same ambient temperature. Therefore the enhancement factors derived,
whilst accounting for the variations in anisotropy, do not take into account the
temperature dependence of ice flow.
Enhancement factors are purely empirical and as such have no sound theoretical basis.
Whilst they are adequate for crude modelling of ice flow in shear, because of the strong
structural anisotropy of glacier ice, for detailed modelling it is necessary to know the
variation in flow law parameters with direction of applied stress. This can only be
achieved by performing mechanical tests on ice-core ice at different orientations to the
core axis.
Another method of quantifying in-situ shear deformation is to measure the tilting of
boreholes over a period of years. Ice that is softer will deform faster in shear, i.e its shear
strain rate will be higher and consequently the tilt of the borehole will be greater. The
measurements made and subsequent analysis provide useful information on ice sheet
rheology, there are however a number of drawbacks to this method. Firstly, to define a
flow law from borehole tilt data requires a knowledge of stresses within the ice sheet,
such information is generally poorly constrained and in most cases both simple shear and
longitudinal stresses are acting on the ice. Secondly, at the ice divide simple shear
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deformation in the plane of the ice sheet will be at a minimum, deformation will be pure
shear driven by vertical compression. This will result in effectively zero tilting of the
borehole. The inclination of the Dye 3 borehole was measured a number of times up to
1986 together with the borehole closure rate (Dahl-Jensen and Gundestrup 1987, cited by
Paterson 1991). A positive correlation between amount of tilting and closure rate was
recorded, however a fuller analysis of the data was not possible because addition and
mixing of fluid in the hole caused pressure changes which could not be determined.
Tilt measurements made using the Camp Century borehole have been reanalysed by
Doake and Wolff (1985). By regressing measured strain rates in the x,z plane against
shear stresses in the x,z plane (where x describes the horizontal flow direction and z is
vertically downwards) it was found that n = 1.04. This analysis however did not use values
obtained from Wisconsin ice which would have increased the value of n. It is also
possible that the deformation of the borehole had not yet reached a steady state value. The
value obtained for A q, using an activation energy of tiOkJmol

was 1.5xlO ’^s‘*Pa'‘ which

is in general agreement with other values obtained for glacier ice (obtained from Paterson
1981, page 37 and 39). The value of A obtained in the present study varies by many
orders of magnitude from these published values and is more comparable to values
obtained for laboratory grown ice (Rist and Murrell, 1994, Bames et al. 1971). This is
due to the fact that the dominant mechanism of deformation active in this study is
dislocation glide on non-basal planes. In the studies outlined by Paterson (1981) it is
probable that the dominant mechanism of deformation was dislocation glide on the basal
plane.
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10. Conclusions and suggestions for further work
10.1 Summary of conclusions
Constant strain rate compression tests have been performed on samples of
Greenland glacier ice and laboratory ice under in-situ glaciological conditions of
temperature and pressure. Acoustic emissions and elastic P-wave velocity
measurements were also made during testing. By careful analysis of the results a
number of conclusions can be made regarding the flow properties of glacier ice in the
vertical direction and the flow properties and deformation mechanisms active in
laboratory grown isotropic polycrystalline ice. It has been demonstrated that the
variation in mechanical behaviour with depth can be fully explained by the increasing
crystallographic anisotropy with depth, with the presence of soluble impurities having
a negligible effect. This has been made possible because of the research strategy
adopted, under which in-situ conditions of pressure and temperature were adopted for
the tests and comparisons were made with isotropic laboratory grown ice.

Glaciological conditions are such that, under downhole conditions, pressure and
temperature increase with depth (after a small initial decrease in temperature). GRIP
ice was tested in the vertical direction only. The Holocene ice was seen to be
significantly weaker in this direction than the laboratory grown ice whilst the
Wisconsin ice was significantly stronger. This difference in strength is attributed to
the development of a strong crystallographic anisotropy with depth in the GRIP ice,
with the individual crystal c-axes becoming preferentially oriented in the vertical
direction. Eemian and Saalean ice was found to be significantly weaker than the
overlying ice, this was attributed to its lower degree of anisotropy and the higher
pressure and temperature conditions under which it was tested. After an extensive
survey of the literature it was concluded that insoluble impurities did not affect the
flow of the GRIP ice in the concentrations present. By further analyzing the results
and normalizing the results with respect to temperature and anisotropy it was found
that the presence of soluble impurities in the GRIP ice had a minor effect on ice flow.

The results were used to derive flow law constants for the laboratory ice and the
GRIP ice in the vertical direction only. Initially Glen’s (1955) isotropic flow law was
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used. For laboratory ice, values of n= 2.5+ 0.2, Q =64±llkJm ol^ and In
A=14.4+5.2M Pa"s ' were derived. These results are in excellent agreement with
those of other workers. For the GRIP ice it was found that n= 3.0± 1.7,
Q = 175 ±72kJmol'^ and In A =46± 19MPa "s *. Using Azuma’s (1995) flow law which
incorporates an expression for the anisotropy, values obtained for GRIP ice were
n = 3 .8+2.4, Q=139+98kJmoU and In Bo=27+17MPa"s ^ These results represent
flow in the vertical direction only and it is suggested that the high values obtained for
Q and In A, together with the high standard deviations are a result of the dominant
mechanism of deformation being a combination of basal glide and dislocation glide
occurring on non-basal planes, with non-basal dislocation glide becoming increasingly
dominant. An attempt was made to derive flow law constants separately for both
Holocene and Wisconsin ice however the scatter of the separate data sets was found
to be too great and the results unreliable. Analysis of the results obtained on
laboratory ice at very high pressures and temperatures (Eemian and Saalean
conditions) indicate that grain boundary melting was occurring and therefore was
responsible for the very low flow stresses measured in both the GRIP ice sample and
the laboratory ice samples deformed under these conditions.

Under the experimental conditions both glacier ice and laboratory ice deform by a
combination of plasticity, grain scale cleavage cracking and smaller intracrystalline
cracking caused by plastic processes occurring within the grain. In isotropic laboratory
grown polycrystalline ice dislocation glide occurs on the basal plane causing re
orientation of individual ice grain c-axis towards the direction of compressive stress.
In glacier ice the c-axis moves towards the vertical with increasing depth, this results
in deformation being primarily controlled by non-basal dislocation glide. By
monitoring acoustic emissions and P-wave velocities, and by analyzing AE amplitude
distributions it is concluded that cleavage cracking of individual grains was inhibited
at between 12 and 14MPa confining pressure at -32.0+1.0°C, corresponding to
depths of between 1400 and 16(X)m, whilst intragranular cracking was inhibited at
slightly higher confining pressures.
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10.2 Suggestions for fiirther work
The conclusions that can be drawn regarding flow of the Greenland ice sheet on the
basis of this study are limited by the fact that ice was tested in the vertical direction
only. Ideally samples should be cut from the core at a number of orientations between
the vertical and the horizontal and tests performed to determine flow law constants for
these differing orientations. This was not possible with the GRIP core due to the
cutting scheme of the original core as outlined in chapter 3, which limited the
orientation of the test sample to the vertical direction only. The core cutting schemes
of further ice coring programmes should allow for oriented core to be cut.
Secondly, a fuller experimental study is needed of the effect of crystallographic
anisotropy on the flow properties of polycrystalline ice. This should provide data for
a detailed theoretical analysis.
Whilst the equipment in the Ice Physics Laboratory performed well for the duration
of the testing programme, modifications would allow greater stability of the
equipment, thereby allowing stress relaxation tests to be performed. These would
allow flow stresses to be measured at very low strain rates, under controlled pressure
and temperature conditions.
It has been demonstrated that acoustic emission and P-wave velocity measurements
can be used to identify brittle and plastic deformation processes, and accurately
delineate the brittle to ductile transition in isotropic poly crystalline ice. The pressures
and temperatures used in this study were designed to simulate glaciological conditions,
however it would be perfectly feasible to extend the study to different pressure and
temperature regimes.
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Appendix

Method of Analysis
A number of methods where considered for use. One of the simplest methods would
be take each test individually and plot Ina against Ine to derive a value for n, then by
plotting Ina against 1/T for each strain rate the activation energy could be derived.
However the value of n derived by such methodology would, in this instance, be open to
doubt since only three relatively closely spaced strain rates where used in the testing
programme providing only three values of Ine vs Ina on which to perform a linear
regression.
To determine the stress exponent, n, the activation energy, Q, and the constant Bq for
the GRIP ice, multilinear regression analysis was performed on the data set. Sotin and
Poirier (1984) and Poirier et al. (1990) have outlined a number of advantages of this
method over more traditional methods involving linear regression of data points derived
from individual experiments. In the traditional methods experimental errors are not
properly taken into account and consequently the flow law parameters derived have no
statistical meaning. It is also possible that several laws may fit creep data particularly if
the data is non linear. In this case the fit of a creep law to experimental data becomes
subjective and is therefore open to question.
On the basis of these and other disadvantages Sotin and Poirier (1984) outline a method
of multilinear regression analysis, whereby the data from all experimental runs performed
under various strain rate and temperature conditions can be regressed simultaneously.
Consider the isotropic flow law;

e=Ao(/’exp(-Q/RT)

(A.l)

Where e is the strain rate, a is the applied stress, Q is the activation energy, T is the
absolute temperature, R is the gas constant and A and n are suitable constants. This can
be re-written as;

IncTs= (-InBg/n)+ (Ine/n) + (Q/nRT)

(A.2)

For N tests carried out under constant strain rate conditions, there will be a set of values
of peak stress;

These will correspond to the experimental conditions ej, eg..
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and Ti, T2 ...Tn. A system of N linear equations can be written in the form of matrices;

Inf]

^ino-r
lncT2
Unov>

1 In f2
J

Ine^

l/RTi
1/ RTn^

Mn

(A.3)

< QIn j

which can be expressed as;

Y = X.A

(A.4)

where Y is the matrix containing the experimental results, X is the matrix containing the
experimental conditions and A is the matrix containing the unknown flow law parameters.
Sotin and Poirier (1984) illustrate how the matrix can be inverted using the least squares
criterion;

A=(X"’.X)-‘.X^.Y

(A.5)

Equation A.2 can further be changed to allow Ine and 1/RT to be placed in the Y matrix
and the inversion carried out as in equation A.5. Using this method three values of n, Q
and A can be derived. A best value with a standard deviation cannot be obtained,
however the spread of the values obtained for the three runs does give some idea of the
uncertainties involved.
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