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Abstract Ice in both terrestrial and planetary settings often contains rock particles. Here we present
an experimental investigation of the influence of intergranular particles on the rheological behavior of ice.
Experiments were performed on samples fabricated from 10-μm ice powders +1-μm graphite or 0.8-μm
alumina particles and subjected to elevated confining pressures. A critical particle fraction, ∼6%, was
observed, below which samples behave like pure ice and deform by both grain boundary sliding (GBS)
and dislocation creep, and above which GBS creep is impeded. Above this critical fraction, ice grains occur
in particle-free clusters surrounded by bands of particles mixed with fine-grained ice, resulting in the
impedance of GBS in the bands as well as sliding between the ice clusters. Our results imply that South Polar
Layered Deposits and midlatitude lobate debris aprons on Mars must contain >94% ice and that the shallow
subsurface of Ceres could contain >90% ice.

Plain Language Summary Ice on Mars, Ceres, and icy satellites often contains rock particles.
The presence of particles in ice changes its flow behavior and thus is important for understanding the
composition and evolution of planetary ice masses. Based on laboratory experiments on samples made
of fine-grained ice and intergranular particles, we determined a critical quantity of particles, about 6% by
volume, below which the ice-particle samples flow like pure ice, and above which, sliding between grains
(so-called grain boundary sliding, or GBS) is impeded. The impedance of GBS by particles has not previously
been observed. At planetary conditions, GBS is often the dominant flow mechanism for pure ice. Our result
thus imply that the South Polar Layered Deposits and midlatitude lobate debris aprons on Mars must
contain >94% ice and that the shallow subsurface of Ceres could contain more than 90% ice.

1. Introduction
Mixtures of insoluble rock particles and ice occur in both terrestrial and planetary settings, such as at the
base of terrestrial ice sheets and glaciers (e.g., Drewry, 1986; Moore, 2014), in permafrost and polar ice caps
on Mars (e.g., Kieffer, 1990; Squyres, 1989; Squyres & Carr, 1986), and on the surfaces and in the interiors of
icy satellites (e.g., Anderson et al., 1996; Schubert et al., 2004; Showman & Malhotra, 1999). Knowledge of the
flow behavior of ice-particle mixtures in these settings is critical for understanding the dynamics of terres-
trial ice masses (e.g., Cohen, 2000; Dahl-Jensen et al., 1997), the dynamics of Martian glaciers (e.g., Fastook
et al., 2014; Koutnik et al., 2013; Parsons et al., 2011), the viscous relaxation of impact craters throughout the
solar system (e.g., Bland, 2013; Parmentier & Head, 1981; Pathare et al., 2005; Thomas & Schubert, 1988), and
the subsurface structure of icy satellites (e.g., Friedson & Stevenson, 1983; Grindrod et al., 2008; Mueller &
McKinnon, 1988). To describe the flow of ice-particle mixtures, rheological properties are often determined in
well-controlled laboratory experiments and extrapolated to conditions found in nature using flow laws (Baker
& Gerberich, 1979; Durham et al., 1992; Hooke et al., 1972; Mangold et al., 2002; Middleton et al., 2017; Yasui &
Arakawa, 2008).
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The flow law of ice for a given deformation mechanism can be described by a constitutive equation of the
form

�̇� = A
𝜎n

dp
exp

(
−Q + PV∗

RT

)
, (1)

where �̇� is strain rate, A is a material parameter, 𝜎 is differential stress, n is the stress exponent, d is grain size, p
is the grain-size exponent, Q is the activation energy for creep, P is the hydrostatic pressure, V∗ is the activation
volume for creep, R is the gas constant, and T is absolute temperature. Goldsby and Kohlstedt (2001) proposed
a composite flow law that, for a wide range of planetary and terrestrial conditions of interest, can be simplified
by expressing the total strain rate as

�̇� = �̇�diff + �̇�GBS + �̇�disl. (2)

Each term in this Goldsby-Kohlstedt composite flow law is a flow law of the form of equation (1). The subscript
diff refers to the diffusion creep regime, the subscript GBS denotes grain boundary sliding (GBS) accommo-
dated by basal dislocation slip with n ≈ 1.8 and p ≈ 1.4 (Goldsby & Kohlstedt, 1997; 2001). The subscript disl
denotes dislocation creep with n = 4 and p = 0 (Durham et al., 1983; Kirby et al., 1987). Diffusion creep is not
observed for the grain sizes and conditions of the experiments in this study. Thus, for the purposes of this
paper, equation (2) can be further simplified to

�̇� = �̇�GBS + �̇�disl. (3)

Previous experimental studies on the rheological behavior of ice-particle mixtures have revealed that, below
a critical particle fraction of ∼10% to 15%, the strength of ice-particle mixtures is similar to that of pure ice,
and above this critical fraction, strength increases with increasing particle fraction (Durham et al., 1992; Hooke
et al., 1972; Middleton et al., 2017; Yasui & Arakawa, 2008). However, because these experiments were per-
formed under various conditions, for example, at unconfined versus confined conditions, over a range of
temperatures, and for larger versus smaller particles, it is difficult to synthesize the observations from differ-
ent studies and determine the physical mechanisms that explain the influences of particles on rheological
behavior. To date, the best description of the influence of particles on ice flow behavior is provided by the
two experimental studies of Durham et al. (1992) and Middleton et al. (2017). In these studies, the strain rate
of particle-bearing ice is described by an equation of the form

�̇�ice-particle = exp(−b𝜙)�̇�ice, (4)

where b is a dimensionless parameter and 𝜙 is the volume fraction of particles. However, in spite of the good
agreement between equation (4) and the experimental data in these studies, parameterizing the effect of
particles on strain rate in terms of only the particle fraction (and not, e.g., the spatial distribution of particles,
or their size) is likely an oversimplification.

Based on observations from previous studies and theoretical considerations, the influence that insoluble
particles have on the rheological behavior of ice is a function of the following variables:

(1) The distribution of particles. Intragranular particles may impede the motion of lattice dislocations (Orowan
hardening), while intergranular particles may increase the strength of grain boundary regions and impede
GBS. Different distributions of particles may lead to different effects on the rheological behavior.

(2) Particle size. Intragranular particles of different sizes may induce different levels of distortion in the lattice
of ice and impede the motion of dislocations by different amounts (Ebeling & Ashby, 1966). Intergranu-
lar particles of different sizes may have different effects on GBS and the strength of the grain boundary
regions.

(3) Mechanical strength of particles. The strength of a matrix of particles may contribute to the strength of the
ice-particle aggregate (Arenson et al., 2007; Goughnour, 1968; Moore, 2014).

(4) Volume fraction of particles. Previous experiments have shown that the strength of the ice-particle aggre-
gate increases exponentially with increasing particle fraction (Durham et al., 1992; Middleton et al., 2017;
Yasui & Arakawa, 2008).

In this study, we focus on the latter two variables, the mechanical strength of the particles and the fraction
of particles, by carrying out laboratory deformation experiments on samples fabricated with intergranular,
comparatively weak or strong particles, in both the dislocation creep and GBS creep regimes.
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Figure 1. (left) Schematic of the pressure vessel with the deformation assembly inside. (right) Photos of hot-pressed and
deformed samples. Details and dimensions of the pressure vessel can be found in Heard et al. (1990).

2. Methods

Samples were fabricated from mechanical mixtures of fine-grained powders of ice and nanopowders of
graphite (1 μm in size) or alumina (𝛼 phase Al2O3, 0.3–0.8 μm in size). Both particles are approximately the
same size relative to the ice grain size. The compressive strength of alumina is ∼20 times that of graphite.
Details of the sample preparation are given in the supporting information. Experiments were carried out in
axial compression at T = 236 K and a confining pressure of P = 20 MPa in a cryogenic, gas-medium appa-
ratus (Durham et al., 1983) illustrated in Figure 1. Prior to deformation, each sample was “hot-pressed” at
the experimental temperature and pressure for about 2–3 hr, so that the sample became fully dense. After
“hot-pressing”, each sample was taken out of the pressure vessel and its length and diameter measured. The
sample was then repressurized and allowed to equilibrate at the deformation temperature and pressure for
about 1 hr. Deformation experiments were performed at constant displacement rate (yielding a nominally
constant strain rate), which was stepped multiple times during an experiment, yielding strain rates in the
range 10−6.5 to 10−3.5 s−1. Each strain rate was maintained until a peak in the load (stress) was reached, typically
after an axial-strain increment of∼0.02. The duration of each strain-rate segment was kept as short as possible
to help maintain a roughly constant microstructure. Strain rates were stepped sequentially from low to high
values, and experiments were terminated after completing the fastest strain-rate step. The raw mechanical
data were processed to obtain strain, strain rate, and stress, as detailed in the supporting information. After
each run, the deformed sample was photographed and stored in liquid nitrogen for subsequent analysis of
particle distribution and grain-scale characteristics by cryogenic scanning electron microscopy (cryo-SEM).

3. Results
3.1. Microstructural Data
The cryo-SEM micrographs in Figures 2a–2c reveal the distribution of graphite particles in the ice after defor-
mation. In the micrographs, an individual graphite particle is below the resolution of the microscope, but
clumps of particles can be easily seen (as indicated by the red arrows). The ice “grains” are actually polycrys-
talline clusters of smaller grains, with cluster sizes in the range of 30 to 80 μm. These ice clusters are formed in
the water droplets frozen in liquid nitrogen during the spraying process (see the supporting information). Each
cluster of ice grains is separated from its neighbors by graphite particles that are likely mixed with fine-grained
ice. Within each ice cluster, no graphite clumps are observed, and ice-ice grain boundaries are widely observed
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Figure 2. Cryogenic scanning electron microscopy images comparing three ice + graphite samples (a–c) with three
ice + alumina samples of comparable particle fraction (d–f ). Particles are generally the small/bright pixels; red arrows
mark several examples of regions containing particles. The large rounded grains are clusters of fine-grained ice, with blue
arrows pointing to examples of ice-ice boundaries within the clusters (see also supporting information Figure S2). Panels
(a) through (f ) compare samples containing 0.82% graphite (PIL111), 6.6% graphite (PIL99), 16% graphite (PIL115), 2.4%
alumina (PIL125), 6.3% alumina (PIL120), and 9.5% alumina (PIL124), respectively. Larger regional views of the samples in
(c) and (f ) are compared in supporting information Figure S3. With increasing particle fraction, both the graphite-bearing
and alumina-bearing samples show progressive development of bands of particles surrounding the ice clusters.

(blue arrows). The grain size of the ice grains in the clusters is about 10 μm, which is estimated based on a line
intercept method for a section shown in supporting information Figure S2. In the sample with 0.82% graphite
(PIL111, Figure 2a), graphite particles lie between the clusters of ice grains. In the sample with 6.6% graphite
(PIL99, Figure 2b), graphite particles similarly lie between clusters of ice grains, and a narrow band of graphite,
or graphite mixed with ice, forms. In the sample with 16% graphite (PIL115, Figure 2c), graphite particles form
bands that completely separate ice clusters. The exposed surfaces of the graphite bands, created by cleav-
ing the samples for SEM analysis, are rough in character. Tiny ice grains likely exist in the bands of graphite
particles, as the bands are mottled with brighter (graphite) and darker (ice) colors.
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Figure 3. Plot of strain rate versus stress on logarithmic scales for samples of
(a) ice + graphite particles and (b) ice + alumina particles. The black curve
represents the flow law for pure ice for a grain size of 10 μm (Goldsby &
Kohlstedt, 2001). The volume fraction of particles for each sample is shown
as a percentage in the bottom right of each panel. In panel (a), from colder
to warmer colors of the markers are samples PIL116, PIL114, PIL111, PIL112,
PIL99, and PIL115. The dashed red line is a linear fit of the data from
experiments on high-fraction samples (PIL99 and PIL115) with a slope of
4.4 ± 0.2. In panel (b), from colder to warmer colors of markers are samples
PIL125, PIL122, PIL119, PIL121, PIL120, PIL124, and PIL123. The dashed red
line is a linear fit of the data from experiments on high-particle-fraction
samples (PIL120, PIL124, and PIL123) with a slope of 4.8 ± 0.1.

The distribution of particles in alumina-bearing samples is very similar to
that of the graphite-bearing samples. Figure 2d shows that the alumina
particles are distributed between polycrystalline clusters of ice grains,
with ice cluster sizes in the range of 20 to 80 μm. Within each cluster, no
alumina is observed, while ice-ice grain boundaries are widely observed
(blue arrows in Figure 2 and supporting information Figure S2). The aver-
age grain size of the ice is about 10 μm. Ice clusters in alumina-bearing
samples are slightly more elongated than those in graphite-bearing sam-
ples, as illustrated in supporting information Figure S3. Alumina particles
assemble as thin bands along the boundaries between the ice clusters
and lie at three- and four-grain junctions between clusters. The exposed
surfaces in the alumina bands are very rough in appearance, as in the
graphite-bearing samples.

3.2. Mechanical Data
During each experiment, multiple strain-rate steps were performed. Four
stress-strain curves are presented in supporting information Figure S4. For
each strain-rate step, the peak stress was determined. Thus, each experi-
ment yielded six or seven data points. The mechanical data for all samples
are summarized in supporting information Table S1.

Samples of ice + graphite deformed at strain rates of 10−6.5 ≤ �̇� ≤10−3.5 s−1

show strengths of 1 ≤ 𝜎 ≤ 17 MPa, as illustrated in the logarithmic plot
of �̇� versus 𝜎 in Figure 3a. For samples with less than 4% graphite, all data
points lie near the curve calculated using the Goldsby-Kohlstedt compos-
ite flow law (equation (3)) for pure ice with a grain size of 10 μm. At higher
stresses (𝜎 >10 MPa), the data points at a given stress lie at higher strain
rates than predicted from the composite law. More importantly, no corre-
lation is observed between the sample strength and the particle fraction
for a particle fraction <4%. For samples with >6% graphite, instead of fol-
lowing the two-mechanism trend of the composite flow law, all data points
lie on a straight line. A linear fit to the data reveals a slope of 4.4 ± 0.2
(dashed red line in Figure 3a). At �̇� ≤ 10−6 s−1, samples with higher frac-
tions of graphite (𝜙>6%) are stronger than samples with lower fractions
of graphite (𝜙 <4%). At �̇� ≥ 10−5 s−1, samples with higher fractions of
graphite (𝜙>6%) are weaker than samples with lower fractions of graphite
(𝜙 <4%).

Samples of ice + alumina deformed at strain rates of 10−6.5 ≤ �̇� ≤ 10−3.5 s−1

show strengths of 1≤ 𝜎 ≤ 16 MPa, as illustrated in the logarithmic plot of �̇�
versus 𝜎 in Figure 3b. The variation of the mechanical behavior with parti-
cle fraction for these samples is very similar to that for the graphite-bearing
ice samples described above. For samples with <6% alumina, all data
points lie near the curve calculated from the composite flow law for pure
ice for a grain size of 10 μm. At higher stresses (𝜎 >10 MPa), the data points
lie to the left of the composite law curve. For samples with <6% alumina,

at stresses <10 MPa, strength increases with increasing particle fraction, except for the sample with 4.6% alu-
mina (PIL119). For samples with>6% alumina, instead of following the curvature of the composite flow law, all
data points lie on a straight line. A linear fit to the data reveals a slope of 4.8± 0.1 (dashed red line in Figure 3b).
At all strain rates, samples with higher fractions of alumina (𝜙>6%) have the same strength as or are stronger
than samples with lower fractions of alumina (𝜙 <6%).

4. Discussion
4.1. The Influence of Rock Fraction
As illustrated in Figures 3 and 4a, the particle-bearing ice samples exhibit two distinct types of rheological
behaviors determined by a critical particle fraction 𝜙c ≈ 6%.
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Figure 4. Comparison for data of this study, Durham et al. (1992) and Middleton et al. (2017). Data for ice + fluorite
(Middleton et al., 2017) were extrapolated to T = 236 K, using an activation energy of Q = 60 kJ/mol (Goldsby &
Kohlstedt, 2001). Data for ice + quartz (Durham et al., 1992) were extrapolated to T = 236 K, using values of activation
energy published in Durham et al. (1992). (a) Plot of strain rate versus particle fraction. Strain rates corresponding to
differential stresses of 2 MPa (green) and 10 MPa (orange) are presented for pure ice, ice + graphite, alumina, fluorite,
and quartz particles. At 2 MPa, the dominant deformation mechanism is grain boundary sliding, whereas at 10 MPa,
dislocation creep dominates. Data for pure ice were calculated using equation (3) with d = 10 μm. Data for
ice + graphite and ice + alumina were interpolated or extrapolated from our results. Data for ice + fluorite and
ice + quartz were not extrapolated to 2 MPa, as these samples were deformed via dislocation creep. (b) Plot of strain rate
versus stress on logarithmic scales. The lines are linear fits of the data from our experiments and those of Middleton
et al. (2017) and Durham et al. (1992).

(i) For 𝜙 < 𝜙c, particle-bearing samples deform in the same manner as pure ice; that is, the rheological
behavior of the aggregate is characterized by dislocation creep with n ≈ 4 at high stresses/strain rates and
GBS creep with n ≈ 1.8 at low stresses/strain rates. No obvious correlation between sample strength and
particle fraction is found for 𝜙 < 𝜙c. At higher stresses (𝜎 >10 MPa), particle-bearing samples are slightly
weaker than pure ice, which may be due to the fact that these data points were obtained at relatively high
strains (∼0.1), such that deformation has weakened the samples, for example, due to the development
of a crystallographic preferred orientation (e.g., Hansen et al., 2016). As suggested by the microstructures
shown in Figure 2, at𝜙 < 𝜙c, only a small number of ice grain boundaries are replaced by ice-particle phase
boundaries. The existence of a large fraction of ice-ice grain boundaries allows GBS to occur readily at low
stresses. Assuming the ice grain size in samples of ice with particles remains roughly constant during an
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experiment, due to grain boundary pinning effects (Smith, 1948) and perhaps dynamic recrystallization
due to subgrain rotation, the rheological behavior of particle-bearing ice at 𝜙 < 𝜙c can be approximated
by using the simplified pure-ice flow law:

�̇�ice-particle(𝜙 < 𝜙c) ≈ �̇�ice = �̇�disl + �̇�GBS. (5)

(ii) For 𝜙>𝜙c, particle-bearing ice samples deform by a single deformation mechanism characterized by an
effective stress exponent neff >4. As suggested by the microstructures illustrated in Figure 2, for𝜙>𝜙c, the
clusters of ice grains are bounded by complex regions of mixed particles and ice (see Figures 2c and 2f),
and ice-ice grain boundaries may only exist within the polycrystalline ice clusters. The existence of particles
in the regions between ice clusters may prevent GBS between ice grains and ice clusters. Thus, with GBS
impeded, the sample deforms by dislocation creep. The high value of the effective stress exponent is thus
the result of dislocation creep of the ice. The rheological behavior of particle-bearing ice samples at 𝜙>𝜙c

can be described as
�̇�ice-particle(𝜙>𝜙c) ≈ F�̇�disl, (6)

where F is a factor reflecting the strength and fraction of the particles. At low strain rates (�̇� ≤ 10−6 s−1),
F ≈ 3 for ice + graphite and F ≈ 1 for ice + alumina.

4.2. The Influence of Particle Strength
For 𝜙 < 𝜙c, both ice + graphite and ice + alumina samples exhibit the same rheological behavior, which
is similar to that of pure ice. However, for 𝜙>𝜙c, ice + alumina samples are 1.3 to 1.5 times stronger than
ice + graphite samples throughout the full range of investigated strain rates, as illustrated in Figure 4. Pre-
vious studies have shown that the strength of ice-particle aggregates increases rapidly and becomes similar
to that of dry sand when the sand fraction exceeds 56% (Durham et al., 1992). At such high fractions, the
increase of the strength of the aggregate is attributed to the strength of an interconnected, stress-supporting
matrix (Arenson et al., 2007; Goughnour, 1968; Moore, 2014). In our experiments, when particles are located
in bands that separate clusters of ice grains, deformation must occur within the aggregates of particles, and
thus, the strength of the particle matrix may become important. The strength of an aggregate of alumina par-
ticles is higher than that of graphite particles (Paterson & Edmond, 1972). Our observations demonstrate that
the strength of the aggregate of particles has a modest effect on the rheological behavior of the ice-particle
samples for 𝜙>𝜙c (6%).

4.3. Comparisons With Previous Studies
Durham et al. (1992) reported results from deformation experiments on ice containing three types of particles,
with particle fractions in the range of 0.001 to 0.56. An exponential increase in the strength of particle-bearing
samples with increasing particle fraction was observed in their study. Since variations in ice grain size, particle
size, and particle distribution existed in the samples of Durham et al. (1992), we can only make a few direct
comparisons with the results of our study. Agreement between the observations of Durham et al. (1992) and
this study is summarized as follows: (1) Samples of ice containing 0.1% of 20-μm silicon carbide particles in
the Durham et al. (1992) study show a similar strength to that of pure ice. (2) A comparison between data from
experiments on samples of similar particle fractions (∼10%), illustrated in Figure 4, reveals that the values of
the effective stress exponents are similar for ice + 100-μm quartz particles and for our ice + alumina samples
but that the ice + quartz samples are ∼1.2 times stronger than our ice + alumina samples.

Recently, Middleton et al. (2017) reported results from deformation experiments on ice with a grain size of
185 ± 50 μm containing intergranular fluorite (CaF2) particles 100–200 μm in size under a confining pressure
of 48 MPa at temperatures of 263 and 253 K. The data from these experiments were analyzed in a similar man-
ner as ours were and included data from both the dislocation creep and GBS creep regimes, thus allowing for a
relevant comparison with our data. Middleton et al. (2017) observed an effective stress exponent with values
between 4 and 5 in experiments on samples bearing 10%, 25%, and 50% particles. Samples with 10% and 25%
particles exhibit similar strength, while samples with 50% particles were stronger than the other two groups.
Observations of Middleton et al. (2017) and from this study are in good agreement and can be synthesized
as follows: (1) GBS creep is impeded for samples with 𝜙> 6% in this study and in Middleton et al. (2017), and
(2) a comparison between data from experiments on samples of similar particle fractions (Figure 4b) reveals
that the value of the effective stress exponent is the same for ice + fluorite samples and for ice + alumina sam-
ples but that the strength of ice + fluorite samples is higher than that of ice + alumina samples, and similar to
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that of ice + quartz samples in the Durham et al. (1992) study. These differences in strength between samples
containing different particles may be due to the difference in the relative particle size. The particle size is ∼0.1
times the ice grain size in our study versus ∼1 times the ice grain size in Middleton et al. (2017).

4.4. Implications for Planetary Ice Masses
The inhibition of GBS creep at relatively low (>6%) intergranular particle fractions has important implications
for the composition and evolution of ice masses on Mars, Ceres, and outer planet satellites. For example, con-
sider the Martian South Polar Layered Deposits (SPLDs), which based on the crater counts of Koutnik et al.
(2002) exhibit a relatively young crater retention surface age of 30–100 Ma. Pathare et al. (2005) showed that
the ubiquitous shallowness of SPLD craters is most consistent with modification primarily via viscous relax-
ation over these timescales—provided that GBS creep occurs within the SPLD. That is because, at typical SPLD
subsurface conditions (T = 175 K, driving stress 𝜎 = 100 kPa, ice grain size of d = 1 mm), the effective viscosity
of ice only undergoing dislocation creep is approximately 3 orders of magnitude greater than ice undergoing
GBS creep (which as discussed in the appendix of Pathare et al., 2005, applies for a wide range of plausible
variations in rheological parameters).

Therefore, our new laboratory results suggest that the SPLD must be composed of >94% ice in order for SPLD
craters to exhibit modification via viscous relaxation creep over multimillion year timescales as indicated by
Pathare et al. (2005). This may seem somewhat counterintuitive, given that the namesake layering of the PLD
is due to the presence of dust, but shallow radar measurements indicate that the Martian North PLD consists
of>95% pure ice (Grima et al., 2009). What is perhaps more unexpected is that Martian lobate debris aprons at
midlatitudes, which exhibit far more evidence of recent glacial flow over the past 100 Myr than the PLD (e.g.,
Parsons et al., 2011), must also contain less than 6% dust despite flowing beneath a protective debris cover.

Our results also have important implications for Ceres and outer planet satellites. Based on the absence of vis-
cous relaxation over billion-year timescales, Bland et al. (2016) concluded that the shallow subsurface of Ceres
contains no more than 30–40% ice by volume. However, this analysis assumed that GBS creep was affected
by dust in the same manner as dislocation creep (see Methods section of Bland et al., 2016). Inhibition of GBS
creep by >6% dust would allow ice fractions greater than 90% in Ceres’ shallow subsurface, which is poten-
tially more consistent with the presence of the recently flowing Ahuna Mons ice mass on the surface (Sori
et al., 2017). Similarly, our work may also help constrain the composition of outer planet satellites exhibit-
ing crater relaxation, such as Ganymede and Callisto (Dombard & McKinnon, 2006) and Enceladus (Kirchoff &
Schenk, 2009).

5. Conclusions

• A rheologically critical particle fraction, 𝜙c, was observed for both graphite- and alumina-bearing samples.
Below𝜙c, particle-bearing samples deform in the same manner as pure ice, exhibiting both GBS and disloca-
tion creep behaviors. Above 𝜙c, particle-bearing samples deform by a single deformation mechanism with
a value of the stress exponent >4, dislocation creep. That is, GBS creep is impeded.

• Both graphite and alumina particles are distributed in the same manner in the samples. Below 𝜙c, parti-
cles are found in clumps between clusters of ice grains. Above 𝜙c, particles are found in interconnected
particle-rich bands that surround particle-free clusters of ice grains. This microstructural observation sug-
gests that the impedance of GBS creep is caused by the presence of particles in the boundary regions
between ice clusters.

• Above 𝜙c, ice + alumina samples are 1.3 to 1.5 times stronger at a given strain rate than ice + graphite
samples. This observation suggests that the strength of the particle-bearing samples is higher for stronger
particles.

• The inhibition of GBS creep by intergranular particles means that if such particles are homogeneously dis-
tributed within icy masses undergoing glacial flow or viscous relaxation at low stresses on Mars, Ceres, and
outer planet satellites, then such flowing or relaxing ice masses are likely composed of >94% ice.
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ammonium sulfate ocean inside Titan. Icarus, 197(1), 137–151.
Hansen, L. N., Warren, J. M., Zimmerman, M. E., & Kohlstedt, D. L. (2016). Viscous anisotropy of textured olivine aggregates, Part 1:

Measurement of the magnitude and evolution of anisotropy. Earth and Planetary Science Letters, 445, 92–103.
Heard, H. C., Durham, W. B., Boro, C. O., & Kirby, S. H. (1990). A triaxial deformation apparatus for service at 77 ≤ T ≤ 273 K. In A. G. Duba

(Ed.), The brittle-ductile transition in rocks, Geophysical Monograph Series (Vol. 56, pp. 225–228). Washington, D. C.: AGU.
Hooke, R. L., Dahlin, B. B., & Kauper, M. T. (1972). Creep of ice containing dispersed fine sand. Journal of Glaciology, 11(63), 327–336.
Kieffer, H. H. (1990). H2O, grain size and the amount of dust in Mars’ residual north polar cap. Journal of Geophysical Research, 95(B2),

1481–1493.
Kirby, S. H., Durham, W. B., Beeman, M. L., Heard, H. C., & Daley, M. A. (1987). Inelastic properties of ice Ih at low temperatures and high

pressures. Journal de Physique Colloques, 48(C1), C1–227.
Kirchoff, M. R., & Schenk, P. (2009). Crater modification and geologic activity in Enceladus’ heavily cratered plains: Evidence from the impact

crater distribution. Icarus, 202(2), 656–668.
Koutnik, M., Byrne, S., & Murray, B. (2002). South Polar Layered Deposits of Mars: The cratering record. Journal of Geophysical Research,

107(E11), 5100.
Koutnik, M. R., Waddington, E. D., Winebrenner, D. P., & Pathare, A. V. (2013). Response timescales for martian ice masses and implications

for ice flow on Mars. Icarus, 225(2), 949–959.
Mangold, N., Allemand, P., Duval, P., Geraud, Y., & Thomas, P. (2002). Experimental and theoretical deformation of ice–rock mixtures:

Implications on rheology and ice content of Martian permafrost. Planetary and Space Science, 50(4), 385–401.
Middleton, C. A., Grindrod, P. M., & Sammonds, P. R. (2017). The effect of rock particles and D2O replacement on the flow behaviour of ice.

Philosophical Transactions of the Royal Society A, 375(2086), 20150349.
Moore, P. L. (2014). Deformation of debris-ice mixtures. Reviews of Geophysics, 52, 435–467.
Mueller, S., & McKinnon, W. B. (1988). Three-layered models of Ganymede and Callisto: Compositions, structures, and aspects of evolution.

Icarus, 76(3), 437–464.
Parmentier, E. M., & Head, J. W. (1981). Viscous relaxation of impact craters on icy planetary surfaces: Determination of viscosity variation

with depth. Icarus, 47(1), 100–111.
Parsons, R. A., Nimmo, F., & Miyamoto, H. (2011). Constraints on martian lobate debris apron evolution and rheology from numerical

modeling of ice flow. Icarus, 214(1), 246–257.
Paterson, M. S., & Edmond, J. M. (1972). Deformation of graphite at high pressures. Carbon, 10(1), 29–34.
Pathare, A. V., Paige, D. A., & Turtle, E. (2005). Viscous relaxation of craters within the Martian south polar layered deposits. Icarus, 174(2),

396–418.
Schubert, G., Anderson, J. D., Spohn, T., & McKinnon, W. B. (2004). Interior composition, structure and dynamics of the Galilean satellites.

Jupiter: The planet, satellites and magnetosphere, 1, 281–306.
Showman, A. P., & Malhotra, R. (1999). The Galilean satellites. Science, 286(5437), 77–84.
Smith, C. S. (1948). Zener pinning. Transactions of the Metallurgical Society of AIME, 175, 15–51.
Sori, M. M., Byrne, S., Bland, M. T., Bramson, A. M., Ermakov, A. I., Hamilton, C. W., et al. (2017). The vanishing cryovolcanoes of Ceres.

Geophysical Research Letters, 44, 1243–1250. https://doi.org/10.1002/2016GL072319
Squyres, S. W. (1989). Urey prize lecture: Water on Mars. Icarus, 79(2), 229–288.
Squyres, S. W., & Carr, M. H. (1986). Geomorphic evidence for the distribution of ground ice on Mars. Science, 231(4735), 249–252.
Thomas, P. J., & Schubert, G. (1988). Power law rheology of ice and the relaxation style and retention of craters on Ganymede. Journal of

Geophysical Research, 93(B11), 13,755–13,762.
Yasui, M., & Arakawa, M. (2008). Experimental study on the rate dependent strength of ice-silica mixture with silica volume fractions up to

0.63. Geophysical Research Letters, 35, L12206. https://doi.org/10.1029/2008GL033787

QI ET AL. 12,765

https://doi.org/10.1029/2005JE002445
https://doi.org/10.1029/JB088iS01p0B377
https://doi.org/10.1029/92JE02326
https://doi.org/10.1029/2000JB900336
https://doi.org/10.1029/2008GL036326
https://doi.org/10.1002/2016GL072319
https://doi.org/10.1029/2008GL033787

	Abstract
	Plain Language Summary
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


