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Introduction: Planetary explorations revealed
various flow features on Mars and icy satellites related
to water ice mixed with silicate materials. For example,
polar layered deposits on Mars include exposed se-
quence alternating dark dust and bright ice, so each
layer is expected to contain various ratios of water ice
and dust [1-4]. Also, the surface on Ganymede consists
of two colored areas, bright area and dark area, and it
is expected that these areas have different ratios of ice
and rock. Many topographic features related to ice-
solid particle mixtures are found on these surfaces.
Therefore, rheology of ice-solid particle mixtures is
important to study the formation condition of these
topographic features. Furthermore, the surface tem-
peratures of these bodies are very low: it is -60°C on
Mars, and -160°C on Galilean satellites (except for To)
in the average. So, we must examine the temperature
dependence of the rheology of ice-solid paricle mix-
tures.

Thus, we focused our attention on the flow law,
and carried out deformation experiments of the ice-
solid particles mixtures. At the temperature on the sur-
face of icy satellites, the deformation type of ice could
not be ductile and change to brittle. In the case of pure
water ice, the brittle-ductile boundary is on the line
expressed by the following equation, de/df[s™']
=1.6x10%xp(-42.6[kJ/mol]/RT), where de/dt is strain
rate [5]. This boundary could be affected by the silica
inclusion. So, we examined the brittle-ductile bound-
ary of the mixtures.

Experimental methods: The sample was pre-
pared by mixing ice particles (0.3-1mm in the diame-
ter) with silica beads having the diameter of 1um. The
silica contents are from 1 to 80wt.%, and at the
temperature below -15°C, they are 30, 50, and 80wt.%.
We made the samples by following method. The sam-
ple was made of ice grains, beads and liquid water.
The ice particles were mixed with beads homogene-
ously. This mixed grains were put into a cylindrical
mold and pore space was filled with cold water (0°C).
We call the sample prepared by this method frozen
sample (f.s.). We used other method to prepare fs.
with the silica content higher than 50wt.%: the sus-
pention of silica beads was frozen at -10°C. We also
prepared pure ice sample for the comparison with the
mixtures. The samples removed from the cylindrical
mold were kept in a cold room at the temperature of —
10°C for one day. The sample has a cylindrical shape
with the diameter of 30mm and the length of 60mm.

We made the uniaxial compression tests under con-
stant strain rates from 2.9x10” to 8.6x10” s in a cold
room at -10, -15, -20, and -25°C.

Results: We used the flow law expressed by the
relationship between the applied strain rate de/dt and
the maximum stress Op. on the stress-strain curve,
de/dt=Aoexp(-Q/RT) Onax', Where Q is activation energy,
R is gas constant (8.314 JK'lmol'l), T is absolute tem-
perature, and 4, and 7 are constants dependent on sili-
ca content. This equation is equivalent to a flow law
derived from creep tests [6].

Effect of silica content. The relationship between
strain rate and maximum stress for various silica con-
tents at the constant temperature of -10°C is shown in
Fig.1. At the silica contents up to 10wt.%, the maxi-
mum stresses become almost a constant with increas-
ing the strain. However, at the silica contents from 10
to 80wt.%, the maximum stress becomes larger as the
silica content increases. At the temperature of -10°C,
the deformation type is ductile deformation. So, we
examined the flow parameters, 4 and n, for various
silica contents. Here, we defined the parameter
A =Apexp(-Q/RT). Firstly, the 4 exponentially decreas-
es with increasing the silica content and can be fitted
by the exponential equation, 4=9.7x10exp(-8.4
x107C), where C is the silica content in wt.%. Sec-
ondly, the n is almost constant of #=3-4 at the silica
contents up to 10wt.%. However, it becomes 6-7 at the
silica contents from 30 to 80wt.%.
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Effect of temperature. The relationships between
strain rate and maximum stress for 30 and 50wt.%
samples at various temperatures are shown in Fig.2a
and 2b, respectively. In the case of 30wt.%, the maxi-
mum stress becomes larger, but the slopes of fitting
lines do not change when the temperature becomes
lower. On the other hand, in the case of 50wt.%, the
deformation type changes from ductile deformation to
brittle failure below -20°C. Furthermore, the maximum
stress is almost constant when the deformation type
shows brittle failure. The similar behavior is found in
the case of 80wt.%. So, we examine brittle-ductile
boundary of 50 and 80wt.% samples. Figure 3 shows a
deformation map, which is written by 7 and de/dt, ob-
tained by the experiments for 50 and 80wt.% samples.
As a result, the temperature of brittle-ductile boundary
of the mixtures is 40-60°C higher than that of pure ice
at the same strain rate [5]. Thus, we found that the
mixtures of 50 and 80wt.% samples could break easily
in comparison with pure ice. Next, we examine the
flow parameters in the region of ductile samples (at
higher than -15°C for 50 and 80wt.%). As a result, the
n is found not to change for the samples with the same
silica contents at any temperatures. We suppose that
the deformation mechanism does not change with the
decrease of the temperature. It is well known that the
parameter 4 depends on the temperature. So, we exam-
ine the activation energy, O, of 30wt.% sample becau-
se all of the 30wt.% samples show ductile deformation.
As a result, the O is about 130 kJ/mol and is close to
that of pure ice at the temperature higher than -8°C [7].
From this previous work, we know that the deforma-
tion mechanism of pure ice at higher than -8°C is grain
boundary sliding (gbs) of ice crystals. So, the deforma-
tion mechanism of 30wt.% sample might be also gbs at
the temperature lower than -10°C. The silica beads
distributed among ice grains could be responsible for
this deformation mechanism.
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Figure 2. Maximum stress vs. strain rate at various
temperatures. The open symbol means that
the deformation type is brittle failure.
a) 30wt.% b) 50wt.%.
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Figure 3. Deformation types of mixtures for 50 and
80wt.% samples. The brittle-ductile bound
-ary of pure ice is referred to the retults of
Arakawa and Maeno [5].
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