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Grain Size Evolution in Icy Satellites: New Experimental Constraints
 Tess E. Caswell1, Reid F. Cooper    1 Brown University, Providence, RI, USA 2  (tess_caswell@brown.edu)

Grain size is a critical parameter in the viscosity of 
polycrystalline ice under icy satellite conditions.

GBS is one of four mechanisms by which 
polycrystalline ice deforms:[2]

• Dislocation Creep
• Grain Boundary Sliding
 · Limited by grain boundary viscosity;     
     Grain size-sensitive
 · Limited by Basal slip
• Di�usion Creep
 · Grain size-sensitive
 · Steady-state never observed experimentally

Grain size is generally considered using piezometers - formulae relating 
stress to grain size, assuming a balance between dynamic 
recrystallization, which reduces grain size, and grain growth.[3,4,5]

Models of Grain Size

Methodology

Results

Implications for Icy Worlds

Experiment Conditions:
 • Constant stress: 0.4 - 1.85 MPa
 • Temperature: 230, 240 (±0.5) K
 • Strain Resolution: 10-7

 • Grain size: 9-200 µm
 • Duration: 2 - 11 days
Sample types:
 • Starting Material
 • Deformed Sample
 • Thermal History Sample
 • “Grow” Sample

Key Question
How does grain size evolve in a deforming ice shell?

Cryogenic microscopy
 • Re�ected Light[6]

  • Grain size analysis by grain boundary etching
 • Electron Backscatter Di�raction (EBSD)[7]

  • Grain orientation analysis

Starting Material

Boundary-limited GBS (Grain size-sensitive)

Dislocation Creep (Grain size-insensitive)

Basal slip-limited GBS (Grain size-insensitive)

A. Conductive Lid (T=175 K)

C. Convecting Interior (T=265 K)
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At pressures and temperatures expected within an icy satellite, ice deforms 
via the grain size-sensitive process of Grain Boundary Sliding (GBS).[1]

Modeling the tectonics of icy satellites thus requires knowledge of 
grain size and its evolution with deformation.

Grain growth dissipates energy by 
reducing
• Total grain boundary area
• Grain boundary curvature

Recent work showed that recrystallization does not occur during GBS in 
ice.[6] How does this a�ect the piezometric relationship?

Rotation Recrystallization
splits larger grains apart when 
subgrains mature into grain 
boundaries.2 cm

Grain 1

Grain 2

r
ΔP = γGB/r

We have conducted creep in the GBS regime and simultaneous, 
stress-free, grain growth experiments, along with careful microstructural 
analyses to understand how the lack of recrystallization a�ects grain size 
during GBS in ice.

Natural log of calculated values for K determined from 
Thermal History samples. These samples, which experienced 
identical time-temperature conditions to deformed samples, 
show grain growth consistent with previous studies on �rn 
and ice.

Initial and �nal grain sizes for our Deformed (black) and 
Thermal History (gray) samples. In all cases, Thermal History 
samples show substantially more grain growth than the 
Deformed samples. 

The rheology observed in our experiments is GBS 
rate-limited by sliding on the grain boundaries. Our 
experimental steady state-stress and strain rate pairs are 
shown here compared to the composite ice rheology of 
Goldsby & Kohlstedt (2001).
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Grain growth kinetics 
are expressed as:

D: Final Grain Size
Do: Initial Grain Size

K: Grain Growth Constant
t: Elapsed Time

Microstructural E�ects and Dissipation Dynamics 

Thermal HistoryDeformed - Optical Deformed - EBSD

Regulating Grain Growth

Possibilities: Reducing Driving Force
 Dissipate energy faster via GBS 

Our results suggest that the �eld boundary approach[8] is best to determine the grain size 
in a deforming ice shell.
However, if tectonic processes locally reduce the grain size, the grain size will remain 
constant as long as the ice continues to deform via grain size-sensitive GBS.
  This could generate geologically long-lived zones of weakness within an ice shell.

The “�eld boundary” is the boundary between two 
rheological mechanisms (solid line).

If the intitial stress and grain size lead to deformation 
by dislocation creep, recrystallization will reduce the 
grain size toward the piezometer (dashed line).

Grain size stabilizes at the piezometer or 
the �eld boundary - whichever comes �rst.

Temperature pro�le within a convecting 
ice shell [Tobie et al., 2003]. The 
deformation mechanism maps in this 
section illustrate the expected 
deformation regimes in various tectonic 
settings along this temperature pro�le.

Piezometer

Field Boundary

Field Boundary

Piezometer

w/ Tidal Heatingw/o Tidal Heating

100 150 200 250 300
T (K)

-20

-15

-10

-5

0

D
ep

th
 (k

m
) Conductive Lid

Thermal Boundary Layer

Convecting Interior

A

B

C

Possibilities: Reducing Mobility
Grain Boundary Drag

Bubbles? Microstructures show no 
evidence for bubbles on grain boundaries.

Particles? Samples are made from pure 
degassed, deionized water.

Voids? Section of a deformed sample reinserted into 
the cryostat without load experienced growth. 
Cavitation does not produce voids in our samples.

Capillary Pressure:

Energy of the aggregate:
ET = γGBAGB,Tot Nature maximizes energy dissipation rate. 

If GBS dissipates energy faster than grain growth, 
increasing grain size actually slows the process of 
energy dissipation. 
  » Grains will not grow.

Grain Size (µm)
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Dissipation rate vs. grain size for grain growth (solid, red line) and 
boundary-limited GBS at various deviatoric stresses (black lines). Where 
the dissipation rate via GBS exceeds that of grain growth, grain size will 
remain constant. Where dissipation rate by grain growth exceeds that of 
GBS, grains will grow until dissipation by GBS “wins out.”
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If local tectonic stresses drive 
grain size below the �eld 
boundary, the grain size will 
remain diminished until the 
ice shell stops deforming!

Migration Recrystallization
creates inter�ngering grain 
boundaries via grian 
boundary migration.

Subgrain boundaries would be visible as slight 
changes in color across individual grains. Their 
absence con�rms lack of rotation recrystallization.

Extremely �ne grains have been consumed, but 
average grain size is signi�cantly smaller than 
would be expected following normal grain growth.

Grain size signi�cantly larger than that of the 
deformed sample for the same experiment.
Bulging grain boundaries are indicative of 
boundary migration.

Average grain size in this image is ~9 μm.

Abstract
#2000

[1] Barr, A.C. and A. P. Showman (2009) Europa. [2] Goldsby, D.L. and D. L. Kohlstedt (2001) JGR. [3] Poirier, J.P. (1985) Creep of Crystals [4] Twiss, R.J. (1977) Pageoph. [5] 
Barr, A.C. and W.B. McKinnon (2007) JGR [6] Caswell, T.E. et al. (2015) GRL [7]  Prior, D.J. et al. (2015) J. Microscopy [8] De Bresser, J.H.P. et al. (2001) Int. J. Earth Sci. [9] Tobie, 
G. (2003) JGR

Grain Growth 
Occurs

No Grain Growth 
Occurs

Our 
Experiments

240 K
Sample Code Do D D/Do

GVF5 Def 8.7 11.5 1.3
GVF5 Therm 8.7 26.2 3.0
GVF5 Grow 11.5 18.9 1.6
GVF3 Def 8.83 24.4 2.8
GVF3 Therm 8.83 62.19 7.0
GVF1 Def 29.9 24.5 0.8
GVF1 Therm 29.9 66.8 2.2
SD1.85-4 45 51 1.1
SD4 45 44.4 1.0
AVF1 8.7 18.89 2.2
AVF1 Therm 8.7 20.84 2.4
GVF3 Therm 25 62 2.5
GF1 Def 15.9 23.5 1.5
GF1 Therm 15.9 60.25 3.8


