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Deforma2on	
  mechanisms	
  
for	
  ice	
  sheet	
  dynamics	
  

(1)Normal	
   Grain	
   Growth	
   (NGG):	
   steady	
  
increase	
   of	
   the	
   average	
   grain	
   size	
  with	
   age/
depth,	
  foam-­‐like	
  structure.	
  
	
  

( 2 ) N GG	
   i s	
   b a l a n c e d	
   b y	
   r o t a 2 o n	
  
recrystalliza2on	
   or	
   “polygonisa2on”	
   (RRX),	
  
spli^ng	
  of	
  grains	
  along	
  sub-­‐grain	
  boundaries,	
  
leading	
  to	
  a	
  sta2onary	
  average	
  grain	
  size.	
  	
  
	
  

(3)Strain-­‐induced	
  boundary	
  migra2on	
  (SIBM)	
  
including	
   nuclea2on	
   of	
   new	
   grains,	
   resul2ng	
  
in	
   larger	
   average	
   grain	
   sizes	
   and	
   a	
   bulk	
  
anisotropy	
   o_en	
   characterized	
   by	
   mul2ple	
  
maxima	
  in	
  the	
  c-­‐axis	
  orienta2on	
  distribu2on.	
  
	
  

Historical	
  background	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
The	
  analysis	
  of	
  microstructural	
  data	
  of	
  deep	
   ice	
  cores	
  within	
  the	
   last	
  
decades	
   contributed	
   significantly	
   to	
   the	
   understanding	
   of	
  
recrystalliza2on	
   processes.	
   The	
   review	
   paper	
   by	
   Faria	
   et	
   al.	
   (in	
  
prepara2on)	
  revisits	
  some	
  historic	
  results.	
  
Below:	
   2me	
   line	
   of	
   ice	
   core	
   drilling	
   ac2vi2es	
   shown	
   in	
   map.	
   Green	
  
bars	
   indicate	
   Antarc2c	
   campaigns,	
   blue	
   bars	
   	
   indicate	
   Greenland	
  
campaigns.	
  
	
  
	
  

Introduc2on	
  
	
  

The	
   microstructure	
   of	
   polycrystalline	
   polar	
   ice	
   is	
   affected	
   by	
   many	
  
recrystalliza2on	
  processes,	
  which	
  can	
  occur	
  simultaneously	
  as	
  well	
  as	
  
in	
  succession.	
  The	
  size	
  and	
  shape	
  of	
   individual	
  grains,	
  the	
  orienta2on	
  
of	
   c-­‐axes	
   and	
   the	
   occurrence	
   of	
   sub-­‐grain	
   boundaries	
   are	
   all	
  
influenced	
   by	
   a	
   number	
   of	
   agents,	
   including	
   stress,	
   strain,	
   impurity	
  
content,	
   and	
   temperature	
  within	
   the	
   ice.	
   To	
   interpret	
   the	
   structures	
  
found	
   in	
   ice	
   core	
   data	
   with	
   respect	
   to	
   the	
   genera2ng	
   deforma2on	
  
mechanisms,	
   it	
   is	
   necessary	
   to	
   beder	
   understand	
   the	
   feedback	
  
between	
  microstructure	
  and	
  rheology	
  of	
  the	
   ice.	
  A	
  beder	
  knowledge	
  
of	
   ice	
   rheology	
   is	
   also	
   required	
   for	
   improving	
   macroscopic	
   ice	
   flow	
  
models	
  and	
  producing	
  realis2c	
  projec2ons	
  of	
  the	
  mass	
  balance	
  of	
  ice	
  
sheets.	
  

	
  

New	
  Recrystalliza2on	
  diagram	
  
How	
   best	
   visualize	
   the	
   different	
   recrystalliza2on	
   regimes	
   and	
   the	
  
weighted	
   influence	
  of	
   the	
   individual	
  processes?	
  Here	
  we	
  show	
  the	
  first	
  
dra_	
  of	
  a	
  new	
  recrystalliza2on	
  diagram.	
  Dis2nct	
  recrystalliza2on	
  regimes	
  
can	
  be	
  achieved	
  by	
  different	
  combina2ons	
  of	
  grain	
  boundary	
  forma2on	
  
and	
  annihila2on	
  rates.	
  In	
  par2cular,	
  SIBM	
  without	
  nuclea2on	
  (SIBM-­‐O)	
  is	
  
dominant	
   at	
   the	
   le_	
   of	
   the	
   diagram,	
   with	
   a	
   low	
   grain	
   boundary	
  
forma2on	
  rate,	
  while	
  RRX	
  is	
  stronger	
  at	
  the	
  bodom	
  right.	
  	
  

New	
  data	
  -­‐	
  new	
  ideas	
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Recrystalliza2on	
  regimes	
  
The	
  analysis	
  of	
  grain	
  sizes	
  and	
  c-­‐axis	
  orienta2on	
  distribu2ons	
  with	
  depth	
  
of	
   the	
   Byrd	
   deep	
   ice	
   core,	
   Antarc2ca,	
   suggested	
   that	
   microstructural	
  
evolu2on	
  could	
  be	
  characterized	
  by	
   three	
  main	
  depth	
   ranges	
  of	
   the	
   ice	
  
core,	
   defined	
   by	
   their	
   predominant	
   recrystalliza2on	
   regimes.	
   A	
  
generaliza2on	
   of	
   these	
   results	
   gave	
   rise	
   to	
   the	
   tripar2te	
   paradigm	
   of	
  
polar	
  ice	
  microstructure	
  (“three-­‐stage	
  model”):	
  
	
  

NGG	
  coincides	
  with	
  the	
  ver2cal	
  axis	
  
(viz.	
   vanishing	
   grain	
   boundary	
  
f o rma2on	
   r a t e )	
   when	
   t h e	
  
condi2ons	
   for	
   the	
   lader	
   are	
  
achieved	
   (viz.	
   vanished	
   stored	
  
strain	
   energy	
   and	
   a	
   steady	
   state	
  
“foam-­‐l ike”	
   microstructure) .	
  
Nuclea2on	
   (seen	
   as	
   a	
   combina2on	
  
of	
   microscopic	
   subgrain	
   forma2on	
  
by	
  grain-­‐boundary	
  bulging	
  and	
  RRX)	
  
occurs	
   mostly	
   right	
   of	
   the	
   white	
  
dashed	
  line.	
  

Evidence	
  for	
  dynamic	
  
recrystalliza2on	
  

Herron	
  &	
  Langway	
  1982	
  

Some	
   informa2on	
   from	
   ice	
   cores	
  
reported	
   in	
   the	
   literature	
   and	
   recent	
  
studies	
   show	
   that	
   this	
   three-­‐stage	
  
model	
   is	
   not	
   always	
   valid	
   (see	
   review	
  
Faria	
  et	
  al.	
   in	
  prepara2on).	
  Data	
   from	
  
the	
   EDML	
   ice	
   core	
   indicate	
   that	
   here	
  
dynamic	
   recrystalliza2on	
   is	
   equally	
  
present	
  at	
  all	
  depths	
  star2ng	
  from	
  firn	
  
depth	
   on.	
   This	
   has	
   been	
   observed	
   in	
  
studies	
   on	
   subgrain	
   boundary	
  
occurrence	
  and	
  grain	
  shape	
  analysis	
  as	
  
well	
   as	
   classical	
   grain	
   size	
   curves	
  
(Kipfstuhl	
  et	
  al.	
  2009;	
  Weikusat	
  et	
  al.,	
  
2009).	
   The	
   images	
   to	
   the	
   right	
   show	
  
the	
   microstructure	
   of	
   polar	
   firn	
   from	
  
the	
  EDML	
   ice	
  core	
   in	
  60	
  m	
  (a)	
  and	
  80	
  
m	
   (b)	
   depth.	
   The	
   upper	
   shows	
   the	
  
expected	
   NGG	
   fabric,	
   whereas	
   the	
  
lower	
  shows	
  bulging	
  grain	
  boundaries	
  
and	
  subgrain	
  boundaries.	
  

Fu r the r	
   e v i dence	
   f o r	
   d ynam i c	
  
recrystalliza2on	
   in	
  upper	
  part	
  of	
   the	
   ice	
  
core	
  of	
  Dome	
  Fuji.	
  	
  
The	
   image	
   from	
   175	
   m	
   depth	
   shows	
   a	
  
bulging	
   grain	
   boundary,	
   sugges2ng	
  
strain	
   induce	
   boundary	
   migra2o	
   being	
  
ac2ve	
  here.	
  

Another	
  example	
  from	
  EDML,	
  in	
  
304	
  m	
  depth:	
  Again	
  the	
  bulging	
  
of	
   grain	
   boundaries	
   as	
   well	
   as	
  	
  
subgrain	
   boundaries	
   in	
   the	
  
middle	
   of	
   a	
   large	
   grain	
   can	
   be	
  
detected,	
  indica2ng	
  RRX	
  as	
  well	
  
as	
  SIMB.	
  

Kipfstuhl	
  et	
  al.,	
  2009	
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