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Introduction: As our knowledge about the icy 

moons of the outer solar system improves, ever more 
questions arise with regards to the nature of active 
tectonics in the icy shells, and the diversity of their 
surface expressions. One of the factors that may help 
explain the morphological diversity is the influence on 
rheology of the abundant cryominerals that are present 
in addition to water ice on many of these icy bodies. 
To date, very little is known about how the presence of 
secondary minerals affects the physical properties of 
ice. This work is part of an ongoing experimental in-
vestigation into the phase morphology and deforma-
tion behavior of several multiphase, ice-rich systems 
of interest to outer-planet study. In particular, we are 
examining ice/salt-hydrate binary systems with em-
phasis on some of the highly hydrated sulfates sug-
gested by Galileo’s Near-Infrared Mapping Spec-
trometer[1] and by laboratory[2] and theoretical stud-
ies[3]. Here we present a preliminary flow law for 
two-phase aggregates of Ice-I and MgSO4·11H2O 
(“MS11”) deforming in steady-state that shows the 
relationship between differential stress σ, strain rate ε& , 
and temperature T. 

Methods: Specimens in this study were prepared 
via crystallization from a homogeneous binary liquid 
solution; the protocol is described in detail in Ref. [4]. 
The approach produces two-phase solids intended to 
mimic material likely found at the base of the crust, in 
a crack system if rupture additionally involves upwell-
ing of brine, or in any region experiencing catastrophic 
melting and subsequent solidification. The eutectic 
microstructure that results from the solidification reac-
tion of system H2O-MgSO4 consists of regular and 
complex lamellae of MS11 (undecahydrate)[5] and 
Ice-I (Fig. 1) and can be predicted from the volume 
fraction of the phase having the highest partial molar 
entropy of solution and from the magnitude of that 
entropy[4].  

Compressional creep tests were performed at three 
temperatures (230, 240, and 250K) using both a high-
pressure apparatus (N2 confining medium, P = 50 
MPa) and a 1 atm, dead-weight apparatus [6]. In both 
settings, fully dense cylinders were deformed at con-
stant load in uniaxial compression. The two data sets 
can be compared by incorporating an activation vol-
ume, V*, into the Dorn, or “power-law,” model of 
creep, i.e.:  

n (E * PV*)A exp
RT

− +⎡ ⎤ε = σ ⎢ ⎥⎣ ⎦
& , 

 
where R is the gas constant, n the stress exponent, E* 
the activation enthalpy and A a factor associated with 
aspects of microstructure, chemical potentials and ge-
ometry. (For example, where grain size, d, also effects 
the relationship, the term can be expressed as A = 
A′d-p). In this case, lacking knowledge of the effect of 
pressure on the effective viscosity of the MS11 phase, 
we simply used the published activation volume for 
water ice (V* = –13 cm3 mol–1) [7]. 

Results: The data at various temperatures are plot-
ted as strain-rate vs. stress in Fig. 2. The steady-state 
creep results show that the eutectic aggregates have an 
effective viscosity that is at least an order of magnitude 
greater than that of polycrystalline ice-I at the same 
conditions.[8] We attribute this increase in strength to 
the unique microstructure of the eutectic material. The 
heterophase boundaries are found to be effective barri-
ers to dislocation motion and thus influence the 
mechanism by which deformation occurs. Three sepa-
rate creep regimes can be identified in Fig. 2. At the 
highest stress, and so far only obtainable in the high-
pressure apparatus, is flow characterized by a stress 
exponent of n = 6±0.3. At intermediate stresses, a 
creep regime is observed that is characterized by n = 
3–4. The activation enthalpy calculated for this regime 
is 91.6 kJ mol-1. These two regimes are consistent with 
the steady-state response of materials exhibiting a la-
mellar eutectic morphology.[9] In such materials, two 
parallel mechanisms are believed to be acting in the 
regions, both dominated by dislocation motion. The 
high stress regime is associated with dislocation vis-
cous glide and the intermediate stress regime with dis-
location climb.[10] Finally, a low stress (< 2 MPa) 
regime is identified, with n = 1–2 and an activation 
enthalpy of 52.6 kJ mol–1. Diffusion creep likely 
dominates such a regime. The ratio of activation en-
thalpies for the intermediate and low stress regimes is 
consistent with that predicted for water ice, with one 
difference: whereas no diffusion creep mechanism has 
been observed experimentally for water ice, one has 
been detected here with the eutectic aggregates. Again, 
the heterophase boundaries likely play a large role in 
the process. A study of eutectic Sn-Pb by [11] reports 
a low stress mechanism in which Coble creep is rate 
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limited not by diffusion of vacancies but by the emis-
sion and absorption of dislocations in the heterophase 
boundaries. Further experimental data is needed for the 
system H2O-MgSO4, as well as a detailed microstruc-
tural analysis before we can definitively say which 
mechanisms are acting. Not discussed here are the ef-
fects of grain size, or more accurately colony size and 
lamellar spacing, which effects we plan to explore 
shortly using a misting and high-temperature annealing 
process. 

Conclusions: The mechanical behavior of the ice-
I/MS11 aggregate shows a rheology distinctly different 
from single-phase ice. The flow laws here offer addi-
tional parameters to be considered in the tectonic mod-
eling of Europa and other icy moons.  
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Figure 1: CSEM secondary electron image of fresh 
fracture surface of system H2O-MgSO4. Although the 
composition here slightly off eutectic (19.5wt% vs. CE 
= 17.3wt%), the observed microstructure shows the 
lamellar and complex morphology that is representa-
tive of this system. In the image, the hydrate phase 
stands in relief while the ice phase is recessed due to 
sublimation. 
 
 
 

 

 
Figure 2: Log-log plot of strain-rate versus stress for 
eutectic ice-I/MS11 aggregates at various tempera-
tures. The triangles and one high stress point for 250 K 
are high pressure data that have been normalized from 
a confining pressure of 50 MPa to atmospheric pres-
sure using an activation volume of -13 cm3/mol. Stress 
exponent values have been obtained from the 240 K 
data and transcribed to the 230 K and 250 K data. 
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