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Introduction:  Tidal  heating  is  thought  to  sustain         

large  subsurface  oceans  in  several  Jovian  and         
Saturnian  satellites  and  these  icy  ocean  worlds  are          
prime  candidates  in  the  search  for  extraterrestrial         
life  within  our  solar  system.  The  habitability  of  these           
internal  oceans  and  thus  our  ability  to  detect  life  in            
them  depends  crucially  on  energy  and  material         
transport    through    the    surrounding    ice    layers.     

The  migration  of  brines,  generated  by  partial         
melting,  has  the  potential  to  significantly  affect  both          
energy  and  material  fluxes  through  these  ice  shells  and           
hence  their  habitability.  Yet,  it  is  currently  not  clear           
under  what  circumstances  brines  are  mobile  within  the          
ice.  In  particular,  it  is  important  to  understand  if  brines            
are  mobile  at  small  porosities  or  if  there  is  a            
percolation   threshold   for   brine   in   ice.   

Here  we  review  two  strands  of  evidence  that  come           
to  opposite  conclusions  and  discuss  the  implications         
for  the  habitability  of  icy  ocean  worlds.  The  first           
comes  from  observations  of  solidification  of  brines  and          
the  second  partially  melting  of  ice.  Both  processes          
occur  during  the  evolution  of  the  ice  shell,  suggesting           
that   brine   mobility   may   be   process   dependent.   

Solidification  textures:  The  textures  that  form        
during  solidification  of  multi-component  systems  are        
highly  dependent  on  freezing  rate.  At  high  rates  but           
moderate  undercooling,  the  solidification  front       
experiences  an  instability  that  leads  to  elongated         
crystal  growth  and  formation  of  a  mushy  layer  [1].           
This  is  contrasted  with  slow  solidification,  which         
allows  formation  of  eutectic  microstructures  [2],  or         
rapid  solidification  with  large  undercooling,  which  can         
form   amorphous   ice   [3].     

Brine  channels  in  sea  ice.  The  best  example  of  the            
pore  space  resulting  from  rapid  partial  solidification  is          
terrestrial  sea  ice.  The  formation  of  sea  ice  leads  to  the             
development  of  a  “mushy  layer”  where  salts  entrained          
in  the  ice  allow  for  liquid  water  to  remain  stable  as             
brine  below  the  pure  ice  pressure-melting  temperature.         
Figure  1  a&b  shows  that  the  brine  resides  in  elongate            
channels  that  are  perpendicular  to  the  solidification         
front.  The  rejection  of  salts  from  sea  ice  as  seawater            
freezes  involves  a  gravity-driven  drainage  process        
where  brine  is  convectively  overturned  within  a         
permeable   layer   adjacent   to   the   ice-ocean   interface.     

Percolation  threshold  in  sea  ice.  Below  brine         
volume  fractions  of  0.05  the  (vertical)  permeability  of          
sea  ice  decreases  rapidly  to  detection  levels  (Figure          
1c).  Sea  ice  is  therefore  commonly  assumed  to  have  a            
percolation   threshold.   This   has   been   confirmed     

    
Figure  1.   a  &  b)  Brine  channels  in  sea  ice  visualized             
with  CT-microtomography  [6].   c)   Sea  ice  vertical         
permeability-porosity   relationships   and   data   from   [7].   
  

experimentally  and  justified  theoretically  [4],  but  is  not          
used  in  all  sea  ice  models  [5].  This  percolation           
threshold  is  thought  to  govern  the  bulk  salinity  of  sea            
ice  as  it  approaches  equilibrium  thickness,  also         
referred  to  as  the  stable  salinity.  The  brine  layer  width            
and  spacing  has  been  argued  to  influence  the  value  of            
critical  porosity,  which  governs  this  percolation        
threshold,  suggesting  granular  marine  ice  and        
columnar  sea  ice  may  have  distinct        
permeability-porosity   relationships.     

  Low  temperature  gradient  environments.  A  major         
criticism  of  examining  sea  ice  desalination  processes         
for  planetary  ice  shells,  is  their  vastly  different          
formation  conditions  (temperature  and  pressure);       
however  a  recent  work  has  shown  that  conditions          
beneath  terrestrial  ice  shelves  could  be  similar  to  the           
ice-ocean  interfaces  of  Europa  and  Enceladus  [8].         
Columnar  ice  samples  approaching  these  conditions        
showed  evidence  of  strikingly  similar  stable  salinities,         
demonstrating  a  percolation  threshold  likely  exists        
even  in  low  temperature  gradient  conditions  [8].         
Notably,  one  of  these  samples  was  from  ice  between           
400   to   600   years   old   [9].     
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Partial  melting  textures:  The  melt  distribution        
during  partial  melting  is  governed  by  energy         
minimization,  due  to  the  high  homologous  temperature         
of  partially  molten  ice.  This  allows  the  textures  to           
evolve  towards  equilibrium  geometries  that  minimize        
surface  energies.  Partial  melting  generally  leads  to         
small  porosities,  so  that  the  existence  of  a  percolation           
threshold   is   particularly   important   

Textural  equilibrium.   At  textural  equilibrium  the        
distribution  and  connectivity  of  the  brine  is  determined          
by  the  ratio  of  the  interfacial  energies  of  solid-solid           
and  the  solid-liquid  phase  boundaries  [10,  11].  This          
ratio  can  be  expressed  as  the  dihedral  angle,  θ,           
subtended  at  the  corner  of  brine-filled  pores  and  given           
by  where   and  are  the   2 acos(γ γ )  θ =   ss/ sl  γsl   γss   
solid-liquid  and  solid-solid  interfacial  energies  (Figure        
2).  Texturally  equilibrated  melt  networks  are  connected         
at  any  porosity,  if  [11,  12,  13,  14].  Laboratory      0  θ ≤ 6      
studies  have  measured  the  dihedral  angle  of  ice  in           
contact  with  water  [15],  saline  brine  [16,  17],  sulfuric           
acid  [18],  ammonia  [19].  In  all  cases,  the  dihedral           
angle  was  between  20  and  60  degrees.  This  suggests           
that   brines   formed   by   partial   melting   in   ice   are   mobile.   

Further  evidence  for  the  connectivity  of  the  brine  at           
very  small  melt  fractions  comes  from  the  mechanical          
and  transport  properties  of  ice.  An  interconnected  melt          
phase  allows  for  fast  diffusion  along  grain  boundaries          
to  relieve  stress  concentrations.  Without  exception,        
experimental  studies  on  ice  containing  a  melt  phase          
have  shown  a  decrease  in  viscosity  [20,  21,  22].  In            
fact,  studies  of  ice  doped  with  only  trace  amounts  of            
sulfuric  acid  (1-15  ppm),  found  reduction  in  viscosity          
compared  to  undoped  ice,  suggesting  that  the  critical          
melt   fraction   may   be   vanishingly   small   [23,   24].     

Brine  migration  in  ice  shells.  The  evidence  for  lack           
of  a  percolation  threshold  together  with  the         
pronounced  melting  point  depressions  due  to  relevant         
salts,  suggests  that  planetary  ice  shells  experience         
partial  melting  and  brine  drainage  in  significant         
portions   of   the   convecting   ice   shell.   

Implications  for  habitability  of  ocean  worlds:        
Determining  under  what  conditions  brines  experience  a         
percolation  threshold  in  ice  is  critical  because  it          
determines  whether  an  ice  shell  starves  or  nourishes          
the  underlying  ocean.  Solidification  of  the  brine         
generally  leads  to  such  a  percolation  threshold  as          
evidenced  by  sea  ice.  In  contrast,  partial  melting  of           
impure  ice  generally  leads  to  a  connected  brine          
network.  As  such  brine  may  be  connected  in  regions  of            
partial  melting  but  disconnected  near  the  base  of  the           
ice.  Understanding  how  these  two  regions  interact  and          
how  textures  from  both  partial  melting  and         
solidification  are  modified  by  shearing  due  to  solid          
state  convection  in  the  ice  is  therefore  critical  to  assess            
the   habitability   of   icy   ocean   worlds.   

Figure  2.  Comparison  of  porosity-permeability       
relations  measured  in  sea-ice  and  computed  for         
texturally  equilibrated  melt  networks  [14].  Lower        
insert  shows  the  definition  of  the  dihedral  angle  upper           
insert   shows   brine   network   in   ice   [25].     
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