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MODELING RECRYSTALLIZATION OF BASAL ICE IN GLACIERS 

V.P. Epifanov
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Mechanisms of frictional ice motion on a dry bed have been studied by means of experiments and theoretical 
simulation. Deformation changes in basal ice at the ice-bed interface are estimated quantitatively using an 
acoustic-mechanic approach. The approach consists in measuring acoustic emission and pulse-phase responses 
of ice subject to loading and is applied to the cases of ice fl owing past an asperity and extruded through a hole. 
The relations between the natural resonance frequency of the source and its micro- and macroscopic properties 
are found using an exact analytical solution to the diff erential equation for an oscillator consisting of two or more 
particles of ice with elastic bonds between them. The stiff ness of the bonds is estimated for ice of empirically 
known density, grain size and natural resonance frequency of mobile particles. The processes at the glacier base 
can be monitored remotely using acoustic spectra.
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INTRODUCTION

This work continues acoustic studies of basal ice 
in glaciers with implications for ice motion. Basal mo-
tion is commonly modeled in terms of friction (con-
tact deformation of solids) [Makkonen and Tikan-
mäki, 2014] using data on ice cores or geophysical 
(GPR or seismic) surveys.

Few direct observations in the glaciers of Suess 
in Antarctica [Sirota, 1999], Engabereen in Northern 
Norway [Cohen et al., 2006; Iverson et al., 2007] and 
No. 1 in China [Echelmeyer and Zhongxiang, 1987] 
show ice motion patterns to be controlled by soft-bed 
deformation in a layer of ice-cemented till (cobbles, 
pebbles, sand, and clay) between ice at the glacier 
base and rock. Its properties resemble those of the in-
termediate layer in construction materials. This layer, 
produced by degradation of softer material, has its 
properties and structure notably diff erent from those 
of the degrading solid. They are these properties that 
control the ultimate ice motion patterns (fl ow and 
stick-slip motion [Iverson, 2012]) and the fl ow of con-
struction materials (purely plastic fl ow or that with 
asperity friction). 

Ice motion is commonly studied in theoretical 
models [Makkonen and Tikanmäki, 2014], which pre-
dict that the layer at the ice-bed interface reduces 
bed friction [Blackford et al., 2012; Pritchard et al., 
2012; Sukhorukov and Loset, 2014]. The modeling re-
sults have been validated by core studies indicating 
basal ice to be 1.4–2.2 times lower in eff ective viscos-
ity than bulk ice and its mechanic strength increases 
by a factor of 1.2 [Castelnau et al., 1996]. The viscos-
ity decrease was attributed either to changes in ice 
fabric and texture [Alley, 1992; Wang et al., 2003; 
Eastgate and Sammonds, 2007] or to bed roughness 
[Wang et al., 2003]. 

The thickness and density of ice are often stud-
ied by radar [Booth et al., 2013] or seismic methods. 

However, the radar (GPR) technology is yet imper-
fect while seismic soundings are applied rather to 
larger objects. The discovery of intracrystalline slip 
on diff erent planes upon increasing hydrostatic pres-
sure provided a breakthrough in understanding ex-
perimental results [Piazolo et al., 2013]. However, 
rheology research long remained focused on fi tting 
the data to the Glen fl ow law [Durham et al., 2010] 
and on the physics of its constants [Gödert and Hut-
ter, 2000; Gillet-Chaulet et al., 2006]. Strain-related 
changes to ice crystal microstructure were evaluated 
using neutron diffraction analysis [Piazolo et al., 
2013], and acoustic methods were applied to monitor 
deformation at diff erent scales from ice crystals to 
glaciers [Epifanov, 1982; Epifanov and Glazovsky, 
2010]. 

These studies have provided a quantitative back-
ground for modeling the processes in basal ice, which 
is critical for predicting ice motion patterns. Together 
with the method of reduced variables extending the 
eff ective time range in experiments [Amundson et al., 
2006], this allows reproducing long-lasting natural 
deformation in laboratory. 

Ice motion has important implications for stabil-
ity of glaciers. Predicting ice motion may be diffi  cult 
due to the lack of knowledge about basal ice deforma-
tion. In this respect, modeling can furnish the re-
quired quantitative constraints under the assumption 
that strain accumulation across the ice-bed interface 
is detectable in acoustic responses. The results can be 
used further for setting up remote monitoring of gla-
ciers. 

The present study aims at simulating the forma-
tion of the basal ice layer and the structure of the fric-
tional contact by estimating, with acoustic methods, 
of continuous strain changes in ice fl owing around an 
asperity and extruding through a hole. The model has 
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been tested in fi eld observations of ice motion on a 
dry bed and of local stability of glaciers. 

OBJECTS AND METHODS

Ice motion was studied in the fi eld and in labora-
tory. The fi eld experiments were performed on the Al-
degondabreen glacier in Spitsbergen (with reference 
to data from the Bezenghi glacier in the North Cauca-
sus, Fig. 1), as well as on the Central Tuyuksu and 
Molodezhny glaciers in the Northern Tien-Shan. 
Physical modeling was applied to samples of natural 
freshwater ice and frozen distilled water, at the Ishlin-
skiy Institute for Problems in Mechanics (Moscow). 

Acoustic-mechanic approach 
The integrate acoustic-mechanic approach con-

sists in measuring acoustic emission and pulse-phase 
responses of ice subject to loading. The acoustic mea-
surements provided quantitative estimates of strain 
changes to microstructure of ice fl owing around an 
asperity and extruding through a hole. The changes 
were observed directly in ice thin sections. The in-
struments, methods, and data processing procedures 
were detailed in earlier publications [Epifanov, 1982, 
2014; Epifanov and Osokin, 2009, 2010]. The field 
surveys were run using a portable acoustic line, at an 
operating frequency of f = 15–20 000 Hz, with a 
transducer fi xed on a waveguide penetrating at least 
750 mm into the ice (Fig. 2). 

Acoustic responses of deforming ice 
Acoustic monitoring of basal ice motion allows 

evaluating changes to the microstructure of loaded 
ice, reproducing bed conditions, and relating acoustic 
emission (AE) parameters with properties of freshwa-
ter ice [Skudrzyk, 1971]. 

1. Eff ect of deformation on acoustic responses 
of ice. Freshwater ice samples have been tested under 
compression and extension (Fig. 3, A, B, respective-
ly), two types of stress best documented in experi-
mental ice mechanics. Changes in strain (curves 2, 4 
in Fig. 3, A, b) correlate with those in acoustic velo-
city and attenuation (curves 1, 3 in Fig. 3, A, b, c) and 
AE amplitude (Fig. 3, А, а). Attenuation (α) becomes 
more than three orders of magnitude greater on com-

Fig. 1.  Ice motion in Bezenghi glacier (Northern 
Caucasus).

Fig. 2. Tools for fi eld acoustic measurements in glacier ice. 
a, b: measurement line (PC not shown): 1, 2 is waveguide with a fi xed transducer, 3 is preamplifi er with a power cable; c: waveguides. 
White circles mark fi xing points of transducer (accelerometer) and high-frequency connector; d: sketch of measurement line, with 
waveguide (1), transducer (2), preamplifi er (3), acoustic unit (4), monitor (5), and memory (6).
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pression while wave velocity ||
pV  decreases for 30 m/s 

(α and ||
pV  being accurate to ±2.5 % and ±0.01 %, re-

spectively). These changes result from accumulation 
of strain defects in the ice structure. 

Attenuation increment under extension (curve 2 
in Fig. 3, B) is

 Δα = α – α0,

where α0 and α are attenuation coeffi  cients in unloaded 
and loaded ice, respectively.

In the same way, the velocity decrement Δ ||
pV  

(the dislocation component of ultrasonic velocity) is 
found from strain dependence of velocity ( ||

pV , 
curve 3 in Fig. 3, B, b). The length L and concentra-
tion Λ (total length in a unit area) of dislocations are 
[Truell et al., 1969]
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where B is the drag; C is the eff ective tension of a 
dislocation; G is the shear modulus; b is the magnitude 
of the Burgers vector. The obtained dislocation 
components of ultrasonic velocity (ΔV/V0) and at te-
nuation (Δα, dB/μs) are used to calculate the pa ra-
meters Λ = 106 m–2 and L = 5⋅10–6 m.

Rapid increase in ultrasonic attenuation in the 
linear loading domain is due to transition from micro- 
to macro-plasticity (σu, εu are stress and strain cor-
responding to elastic limit) and, respectively, is ac-
companied by an almost 2000-fold Λ increase and a 
two-fold L increase (σp and εp are stress and strain 
corresponding to plastic limit). The limit stress at 
which the fi rst visible fracture appears is denoted as 

ν
TR  in Fig. 3, A. The parameters of dislocations (mi-

crofractures) are evaluated from the dependence of 
ultrasonic attenuation (σ = 0.5–80 MHz) on normal-

Fig. 3. Behavior of freshwater ice in compression (A) and extension (B) tests.
A: normalized stress (σ) dependences (ice temperature –40 °C) of AE amplitude (a), P-wave attenuation α (curve 1), relative axial 
and lateral strain (ε ⎜⎜ and ε⊥, curves 2 and 4, respectively) (b); P velocity decrease ( Δ ||

pV , curve 3) (c); B: strain (ε⎜⎜) dependences 
(ice temperature –10 °С) of stress (σ, curve 1) and fracture parameter (Ω = ΛL2, where Λ and L are density and length of defects, 
respectively, curve 4) (a); attenuation increment (Δα, curve 2) and P velocity ( ||

pV , curve 3) (b). Roman numerals are zones of 
elastic (I) and plastic (II–IV) deformation.
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ized scattering section of user-induced microcracks 
[Epifanov, 1982]. Structure changes with strain also 
can be estimated from AE spectra (to 20 kHz) using a 
theoretical relationship between natural resonance 
frequency of structure elements and acoustic com-
pressibility [Epifanov, 2014]. 

Both extension and compression tests show that 
each point of strain curves has its corresponding val-
ues of acoustic parameters. Note that the empirical 
strain dependence of attenuation Δα (Fig. 3, B, b) fi ts 
the classic division into domains of elastic (σu, εu) and 
plastic (σp, εp) deformation (Fig. 3, B, a). The do-

mains of elastic (I) and plastic (II–IV) deformation 
in smooth strain curves are detectable from sharp 
acoustic changes. Changes in deforming ice are ex-
pressed quantitatively via the parameter Ω that refers 
to accumulation of defects [Epifanov, 2004]. 

Thus, acoustic measurements are applicable to 
evaluate changes in ice deforming under loading. 

2. Ice-bed interface. Ice deformation must cause 
the greatest changes at contact with obstacles (as-
perities) which are commonly present on the bed and 
act as stress concentrators. Deformation across the 
ice-bed interface was simulated by indentation of a 
circular stamp into an ice plate. The interface layer 
(2 in Fig. 4) appears in thin sections of freshwater ice 
samples cut across the long axis of the stamp (1 in 
Fig. 4). It forms immediately on the stamp surface by 
recrystallization and consists of round ice crystals 
(3 in Fig. 4) about two orders of magnitude smaller 
than the initial grain diameters ( D  ~ 0.2–0.3 mm 
against D  ~ 15–20 mm). The faces of the initial crys-
tals remain angular, and the interface layer looks like 
a tube with 1.5 mm thick walls. Its apparent local 
thickening is due to cracks (pinnate joints) produc-
ing color bands (4 in Fig. 4) and to pre-fracture zones 
in the ice matrix (Fig. 5) [Epifanov and Yur’ev, 2006]. 

The AE spectra correlate well with the stages of 
plastic deformation, and hence with the mechanisms 
of fracture in freshwater ice (Fig. 6). AE responses of 
ice to stamp indentation have peaks on transition 
from static friction to sliding (Fig. 6). Peaks, as mark-
ers of the transition from viscoplastic shear to stick-
slip (slider block) motion, rise above continuous 
acoustic emission of low amplitude and frequency. 
The reason is that the stick-slip mechanism includes 
basal creep, which is of small scale relative to the mo-
tion of blocks. 

Fig. 4. Intermediate layer for diff erent indentation depths:
1 – stamp; 2 – intermediate layer; 3 – partially deformed ice; 4 – pinnate joints.

Fig. 5. Deformation upon quasi-static indentation:
1 – pinnate joints; 2 – ice sample (140 × 140 × 140 mm).
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The deformation style changes depending on 
the loading conditions (strain rate and temperature) 
and indenter (stamp) diameter: at a strain rate of 
~0.001 s–1 and a temperature of –11 °C, the deformed 
ice molten from the surface becomes extruded if the 
indenter is less than 6 mm but forms a column with 
pinnate joints if the indenter diameter exceeds 6 mm. 

The interface ice layer has high yield. At shear-
ing stages II and III, its eff ective elastic moduli are 
two or even three orders of magnitude less than the 
initial elastic shear modulus (72 and 1 MPa at stages 
II and III, respectively, against 3.5 GPa). They are 
even lower than those inferred from strain depen-
dence because the latter misses dissipative friction 
losses. 

The generalized empirical D/h dependence of 
maximum stress obtained from experiments with in-
denters of diff erent diameters D and ice plates of dif-
ferent thicknesses h is valid for real objects of several 
meters in size. 

Note that the deforming ice-bed interface is or-
ders of magnitude thicker than a similar layer in met-
als. This basic diff erence is apparently due to a high 
homologous temperature and a particular structure of 
ice crystals. The mechanic properties of the interface 
were investigated using measurements by specially 
designed methods. 

3. Ice fl ow experiments. Ice extrusion through a 
hole is a fi rst-approximation model of glacier-bed in-
teraction. In confi ned conditions (uniform compres-
sion), slip occurs on lattice planes other than basal 
ones, which changes ice rheology. Polycrystalline ice 
becomes as plastic as to fl ow over the bed already at a 
shear stress of στ ≈ 47 kPa [Goldsby and Kohlstedt, 
2001; Gow and Veesse, 2007; Hammann et al., 2007]. 

As shown in the previous experiment, the forma-
tion of a highly yielding ice structure is due to joint 

action of normal σn and shear στ stresses. Mylonitiza-
tion at the bed contact (a substrate in the model and 
rocks in nature) was studied in ice extrusion experi-
ments using a pressure cell (Fig. 7). The cell consists 
of a cylindrical shell, 50 mm in diameter, with a fl at 
bottom and a lid attached to the case. Through a 
screw hole in the bottom, a high-pressure fi tting is at-
tached and water is injected into the cell. There is a 
cone in the lid opening into a 10 mm wide and 25 mm 
long channel with a valve (a ~2 mm thick fl exible cop-
per membrane). High pressure in the cell is created 
either by freezing distilled water or by air pumping 
through the fi tting under a manometer control. After 
being fi lled with distilled water, the cell is shut tight-
ly and placed in a cryostat at –34 °C. The water freez-
ing and ice fl ow processes are monitored, respectively, 
by pulse-phase and AE measurements or visually.

Ice extrusion through a hole requires a stress of 
12.6 MPa [Bell, 1973], which is controlled by hole di-
ameter, temperature, etc., rather than being a mate-
rial constant. The extruding ice changes in micro-

Fig. 6. Time (t) dependences of indenter displacement ( l ) (1), shear stress σ (I–III are shear stages) (2), 
axial force P (3), AE energy (W) (4).

Fig. 7. Pressure cell.
1 – assembly, 2 – shell, 3 – lid.
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Fig. 8. Ice extrusion though holes of diff erent diameters.
a, b: diameter 10 mm; c: diameter 8 mm; d: ice structure in column (grid size 0.2 mm).

Fig. 9. Deformation of freshwater ice samples.
a: initial structure; b, c: recrystallization; d: ice structure in column.

Fig. 10. Acoustic emission spectra.
a: ice extrusion through a hole; b: ice motion in Aldegondabreen glacier; 1 “dash-line” pattern in a response to adhesion fracture.
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structure and acoustic properties. For instance, at a 
fl ow rate of 0.64 mm/min (~300 m/yr), P velocity 
( ||

pV ) in ice (average density 883 kg/m3 at –17 °C) 
increases from 3862 m/s to 3889 ± 6 m/s (Fig. 8, c). 
The ~27 m/s velocity increase corresponds to a no-
table increase in dynamic modulus and hence in 
strength of ice, which is consistent with the results 
reported by Gillet-Chaulet et al. [2006]. However, ice 
looses its transparency already after an hour of fl ow 
through the channel. Similar eff ects of fracture and 
partial loss of transparency were often reported for 
ice cores. A goff ered column (Fig. 8, b) results from 
stick-slip motion of ice along the contact surface, pos-
sibly, due to change from dry to lubricated friction 
and the respective change in the external to internal 
friction ratio. 

The evolution of ice deformation (Fig. 9) records 
a transition from stick-slip motion (Fig. 9, b, c) to 
fl ow along the bed (Fig. 9, d). The visual diff erence in 
ice microstructure correlates with diff erence in values 
of acoustic and rheological parameters (e.g., about 
two orders of magnitude for eff ective shear modulus 
and ~ 27 m/s for P velocities). It exceeds the mea-
surement error and thus represents structure changes 
in deforming basal ice measurable both in the fi eld 
and in laboratory.

Stick-slip motion of ice along the channel is ac-
companied by elastic pulses, looking like dash lines in 
AE spectra (Fig. 10, a), with their amplitude and fre-
quency controlled by adhesion and fracture extent. 
Similar responses were recorded at 1 to 5 kHz in the 
Aldegondabreen (Spitsbergen) and Central Tuyuksu 
glaciers (Fig. 10, b).

Compared with “dash lines” obtained by model-
ing, those for natural glaciers are shifted toward low 
frequencies, for several reasons: diff erent source pa-
rameters, long distances traveled by acoustic waves in 
glaciers and, consequently, greater attenuation at 
higher frequencies. Generally, the AE spectra agree-
ment between friction tests and measurements in gla-
ciers confi rm the possibility of using acoustic data for 
monitoring ice deformation. Inasmuch as the acoustic 
wavelengths exceed the crystal size, scattering is 
small, ice is supposed to be homogeneous and isotro-
pic while the thermoelastic eff ect is vanishing. These 
assumptions allow analyzing the spectra in linear ap-
proximation. 

4. Relation between ice crystal microstructure 
and macroscopic properties. The elastic and inertial 

Fig. 11. Model of oscillators.

Fig. 12. Theoretical elasticity vs. number of material 
points for 5.94 kHz (1) and 11.3 kHz (2).

Table 1. Exact formulas for natural frequencies (ωn)
 of oscillators

n ω1 ω2 ω3 ω4 ω5

2 0 2k
m

3 0 k
m

2k
m

4 0 ( )−2 2 k
m

2k
m ( )+2 2 k

m

5 0 ( )−3 5
2
k
m

k
m ( )+3 5

2
k
m

2 k
m

properties of ice can be related using a harmonic os-
cillator model (Fig. 11): 
 + ω =�� 2 0,x x  (2)
where х is the displacement; ��x is the second time 
derivative (acceleration); ω is the angular frequency. At 
the natural frequency ω0 = 2πf0, the exact solution to 
the diff erential equation can be used for two oscillators 
consisting of n (two or more) identical material points 
with the same mass m, linked via elastic bonds of the 
same stiff ness k (Table 1).

The added mass of material point is m = 4πR3ρ, 
where R is the oscillator radius in m (for mobile ice 
particles); ρ is the ice density, kg/m3. The stiff ness k2 
for an oscillator comprising two material points 
 (Table 1) is 
 = π ρ3 2 3

2 16k f R . (3)

Similar equations apply to oscillators with n 
points. The exact number of particles producing the 
acoustic pulse being unknown, the elasticity corre-
sponding to the observed spectra fragments is found 
from known ice microstructure parameters for diff er-
ent n (Fig. 10, a). Specifi cally, at the radius of parti-
cles 1⋅10–4 m and the ice density 883 kg/m3, for 5.94 
and 11.3 kHz, the stiff ness values (k) are obtained as 
functions of the number of mobile particles in the os-
cillator (Fig. 12). Note that for n = 3 and the reso-
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nance frequencies 5.94 and 11.3 kHz, k can be found 
as 15.4 and 55.9 N/m, respectively. 

The values found by the acoustic method agree 
with the constants 15.5 and 56.0 N/m that represent 
stretching and bending of the O–Н–О and Н–О–Н 
bonds at 273 K obtained by NMR [Zimmerman and 
Pimental, 1962]. 

DISCUSSION 

Motion is the principal characteristic of a glacier 
as a mass of mostly meteoric ice. The previous ice mo-
tion studies focused more on the yield stress for fresh-
water ice and its viscosity in axial compression tests. 
However, the ice thermodynamics in these experi-
ments diff ers markedly from the state of basal ice in 
glaciers. The motion of a natural glacier along its bed 
can be simulated in terms of confi ned frictional ice-
bed interaction.

In the case of dry friction, the deformation of 
basal ice is given by 

 ⎛ ⎞σ ε σ ε σ
= − = −⎜ ⎟η η⎝ ⎠

,d d dG G G
dt dt dt

 (4)

where dε/dt is the strain rate; η is the viscosity; σ/η is 
the ice creep rate; G is the shear modulus. As follows 
from (4), deformation can occur either as creep at 
dε/dt < σ/η or as stick-slip motion at dε/dt > σ/η. 
Simple mathematical models of glaciers are limited by 
vanishing curvatures of their bed and top surfaces. The 
rheology of basal ice depends on many thermodynamic 
factors, including the normal-to-shear stress ratio. 
Extrusion was used as a way to model boundary 
conditions at the bed. 

On the other hand, stress buildup at dε/dt > σ/η 
makes the ice discontinuous, and the forming kine-
matic couplings lead to stick-slip motion (Fig. 9, b, c). 
This motion corresponds to the descending branch of 
strain curves (the region of supercritical strain in 
Fig. 6). The point of local stability loss and the kinet-
ics of fracture growth show up in acoustic responses 
[Epifanov and Glazovsky, 2010].

Being distant sources, glaciers produce AE re-
sponses with low frequency and amplitude (Fig. 9, b). 
This is consistent with the facts that (i) the calculat-
ed distance to the acoustic source is commensurate 
with the ice thickness and (ii) the acoustic spectra of 
glaciers are similar to the respective spectra of physi-
cal models. Namely, the acoustic spectra of glaciers 
contain periodic pulses and phase shifts as “dash-line” 
features at 1.2 and 2.6 kHz. Such patterns within the 
range 4–10  kHz were observed in experiments 
and originated from fracture at the friction contact 
(Fig. 9, b). Correspondingly, the acoustic spectra of 
glaciers must record fracture during stick-slip motion 
on a rough bed. 

The transition from static to sliding friction is a 
local stability loss (Fig. 6). The stability loss point 

correlates with changes in the AE responses (frequen-
cy, amplitude, peak width) and eff ective elasticity of 
ice. Adhesive and cohesive fracture modes have latent 
times (~0.06 s and 0.8–1.0 s, respectively) which cor-
respond to certain AE parameters. 

Normal stress at the ice-bed frictional contact 
causes polygonization of super-stressed crystals, 
which diminish in size and loose preferred orienta-
tions. Friction heat can cause melting and maintain 
recrystallization by regelation. If pressure at grain 
boundaries is high enough (>10 MPa), the crystal 
fragments melt from the surface and become rounded 
(Fig. 9). Joint action of these factors gives rise to a 
new fabric consisting of fi nely crushed ice and ice ce-
ment (mylonite). All these processes at the ice-bed 
friction contact create conditions for the formation of 
a 1.5 mm thick intermediate layer. 

Cataclastic deformation of ice and its changes 
during fl ow, especially, on extrusion through a hole, 
produce 5 mm high “columns” of transparent ice, at a 
temperature above –10 °C and a pressure of ~15 MPa 
(Fig. 8, c, d). Such ice has a fi ne granular structure 
and is highly plastic, which allows the columns to re-
main transparent and keep shape for a while despite 
large residual stress. As the water freezing conditions 
in the pressure cell change, ice entraps small air bub-
bles and becomes opaque (Fig. 8, a). Goff ered col-
umns of extruded ice form when the exterior pressure 
exceeds the interior one (Fig. 9, b). The diversity of 
ice microstructures (Fig. 9) and the changes to col-
umn surfaces (paratectonic recrystallization, cata-
clasis, and extrusion) are similar to patterns of blue 
bands, friction breccias, etc., commonly observed in 
natural glaciers. 

According to laboratory physical modeling of 
stress metamorphism in ice samples, basal ice in most 
of glaciers must be fi ne-grained. Indeed, such ice was 
found in Antarctic ice cores. Thus, physical modeling 
can simulate prolonged natural processes in perma-
frost. Time-scale consistency [Paterson, 1994] poses 
no problems in such experiments: Modeling recrys-
tallization and laterally confi ned deformation of gla-
cier ice (motion along slip planes or grain boundaries) 
takes just a few hours. The reported results allow out-
lining approaches to prediction of ice motion patterns 
as prerequisites for acoustic monitoring of glaciers. 

CONCLUSIONS 

Defects in deforming polycrystalline freshwater 
ice subject to loading can be estimated from acoustic 
responses at high and low frequencies: from 500 kHz 
to 100 MHz (pulsed responses) and from 100 Hz to 
20 kHz (acoustic emission). AE spectra are recorded 
synchronously with small-amplitude ultrasonic pulse 
(≤5⋅104 Pa) records, and the acoustic parameters (fre-
quency, amplitude and waveform of signals, as well as 
attenuation and velocity of waves) are correlated to 
strain and stress. 
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Acoustic responses of deforming ice measured 
over the whole range of stresses, till fracture, place 
more rigorous constraints on the elastic and plastic 
limits and have implications for parameters of dislo-
cations. The mechanic and structural ice properties 
correlate with accumulation of micro- and macro-
scopic dislocations.

Rapid recrystallization produces an intermediate 
layer at the ice-bed interface, orders of magnitude 
thicker than a similar layer in construction materials 
(~1.5 mm against ~0.0001 mm). This basal ice is fi ne-
crystalline, with ~0.2 mm round gains, and it fl ows at 
0.64 mm/min. Changes to the ice crystal microstruc-
ture and motion patterns can be monitored from 
acoustic emission. 

Oscillations generated at the ice-bed frictional 
contact have been analyzed in terms of a linear model, 
tested against the known bond constants for water 
molecules. The obtained fi rst-approximation consis-
tency for two model material points makes the model 
applicable to physical modeling and suitable for ex-
plaining the acoustic spectra of glaciers. The reason is 
that the model material point and the stiff ness of its 
bonds with other points are used in chain models in 
continuum mechanics.

The microscale patterns of ice deformation and 
fracture revealed in the laboratory tests remain valid 
for large natural ice masses. Namely, samples up to a 
few meters in size show similar shifts in the low-fre-
quency acoustic spectra. The correlation between the 
fracture scattering section and the acoustic parame-
ters measured by the pulse-phase and AE methods 
likewise holds for the meter scale. 

The experiments confi rm the possibility for deep 
recrystallization associated with short-term ice creep 
under laterally confi ned shear. Thus, laboratory phys-
ical modeling can simulate very slow natural perma-
frost processes in a reasonably short time. 

This line of research appears to be promising and 
important, both in theoretical and applied aspects. 
The developed methods and instruments are suitable 
for performing the research objectives. The results 
can be used for monitoring of basal ice in glaciers and 
ice fracture at obstacles.
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