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Ice Deformation at the South 
Pole
Determining borehole shape and size using an acoustic 
televiewer



• Sonic borehole logging tool


• Collects:


• Travel time and amplitude of 
returned signal (up to 288 pts/
revolution)


• Borehole inclination


• Temperature, Roll, etc.

Acoustic Televiewer
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• Bottom of the  
borehole is ~16m at 
157 degrees SW of  
surface hole


• Shearing of the  
borehole is unlikely  
since it is not near the 
bed

Borehole Trajectory
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• The first run down into the 
borehole shows a fluid level of 
118.08m

Borehole Fluid Depth



Borehole Diameter
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NOTE: Drawing is not to scale.
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SPICEcore Borehole Schematic

Casing
Diameter:  191.7 mm 

Diameter:  177.8 mm

Diameter:  126.0 mm

Diameter:  129.6 mm



• See Drill Artifacts


• Good for aligning 
depths of 
different runs


• Can be used to 
reorient core 
where tilted 
layers are 
present

Amplitudes

Obbard et al., 2011



• Diameter shows differences 
between up/down runs, which is 
likely due to temperature 
differences within the tool oil


• Expected diameter follows 
Talalay et al., 2013


• Deviations from the expected 
diameter could be drilling-related 
and/or the influence of ice 
properties
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Influence of ice properties on flow

• Fabric

Crystals slip along  
basal planes

Shoji and Langway, 1988
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Influence of ice properties on flow

• Fabric


• Impurities


• Grain Size

Grain-Scale Structures and Deformation of Ice 69

Figure 3.15: Covariation of measured strain rates with ice properties in the basal layers of
Meserve Glacier. Left panel: variation with soluble impurity concentration C. Right panel:
variation with grain diameter raised to the power −0.6. The coefficient γ and the exponent of D
have both been optimized to give the best possible relationships. Adapted from Cuffey et al.
(2000a and 2001) and used with permission from the American Geophysical Union, Journal of
Geophysical Research.

(Figure 3.15). In this analysis, all the known possible controls on viscosity were measured and
used in the relations. Only those relations including a direct dependence of viscosity on D could
match the measured strain rates.
The result p = 0.6 is not supposed to be general, but, for illustration, consider that grain

sizes of importance to ice dynamics problems range from about 1 to 10mm. With p = 0.6,
this corresponds to a four-fold range of ice viscosities, smaller than the potential influences of
temperature and fabric, but nonetheless significant. For the sites given in Table 3.2 an effective p
value can be calculated using the measured constrasts of grain size and strain rate. Specifically,
for two adjacent layers, the log of the ratio of ε̇ ∝ FD−p provides a p value, listed in the
final column in the table. Here F denotes the fabric effect, estimated from an anisotropic creep
relation (Section 3.4.7). Because of limited data, F could only be calculated for Dye 3, Agassiz,
and Meserve; we used F = 1 at the other sites.

3.4.5.6 Effect of Impurities

For a summary of the types of impurities in glacier ice, see Section 3.3.2.
Soluble impurities sometimes soften ice. Experiments on single ice crystals show that adding

a fewparts permillion of the substitutional impuritiesHFandHCl increases deformation rates by
at least a factor of 10 (Jones and Glen 1969). This happens because substitutional impurities cre-
ate additional defects in the crystal lattice, facilitating the movement of dislocations. Interstitial
impurities, on the other hand, probably do not affect deformation rates.
In polycrystalline ice, segregation of impurities to the grain boundaries contributes to forma-

tion of liquid layers, at temperatures above the eutectic point (e.g., Mulvaney et al. 1988). Liquid
at boundaries softens ice by facilitating adjustments between grains and mass transport along

Grain-Scale Structures and Deformation of Ice 69

Figure 3.15: Covariation of measured strain rates with ice properties in the basal layers of
Meserve Glacier. Left panel: variation with soluble impurity concentration C. Right panel:
variation with grain diameter raised to the power −0.6. The coefficient γ and the exponent of D
have both been optimized to give the best possible relationships. Adapted from Cuffey et al.
(2000a and 2001) and used with permission from the American Geophysical Union, Journal of
Geophysical Research.

(Figure 3.15). In this analysis, all the known possible controls on viscosity were measured and
used in the relations. Only those relations including a direct dependence of viscosity on D could
match the measured strain rates.
The result p = 0.6 is not supposed to be general, but, for illustration, consider that grain

sizes of importance to ice dynamics problems range from about 1 to 10mm. With p = 0.6,
this corresponds to a four-fold range of ice viscosities, smaller than the potential influences of
temperature and fabric, but nonetheless significant. For the sites given in Table 3.2 an effective p
value can be calculated using the measured constrasts of grain size and strain rate. Specifically,
for two adjacent layers, the log of the ratio of ε̇ ∝ FD−p provides a p value, listed in the
final column in the table. Here F denotes the fabric effect, estimated from an anisotropic creep
relation (Section 3.4.7). Because of limited data, F could only be calculated for Dye 3, Agassiz,
and Meserve; we used F = 1 at the other sites.

3.4.5.6 Effect of Impurities

For a summary of the types of impurities in glacier ice, see Section 3.3.2.
Soluble impurities sometimes soften ice. Experiments on single ice crystals show that adding

a fewparts permillion of the substitutional impuritiesHFandHCl increases deformation rates by
at least a factor of 10 (Jones and Glen 1969). This happens because substitutional impurities cre-
ate additional defects in the crystal lattice, facilitating the movement of dislocations. Interstitial
impurities, on the other hand, probably do not affect deformation rates.
In polycrystalline ice, segregation of impurities to the grain boundaries contributes to forma-

tion of liquid layers, at temperatures above the eutectic point (e.g., Mulvaney et al. 1988). Liquid
at boundaries softens ice by facilitating adjustments between grains and mass transport along

Soluble Impurities

Grain Size

Small

Large

High

Low

Cuffey and Paterson, 2010



Influence of ice properties on flow

• Fabric


• Impurities


• Grain Size


• Temperature


• Stress

ε̇jk = Aτn−1
E τjk

A = Ao exp
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A hypothesis
Borehole Eccentricity
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Next Steps

• Return to South Pole with the acoustic televiewer


• Gather ice properties data


• Run borehole deformation and ice properties data through our inverse flow 
model to determine best fit parameters


• Investigate eccentricity hypothesis



Thanks to the IceCube team, and 
especially to Delia, who took the 
acoustic televiewer to South Pole 
in 2019/2020!

Thank you!


