
From Micro- to Macro-Scale Ice Flow Erin Pettit - UAF

McCarthy Summer School 201

Grain-Scale Processes in Ice - Why do we care?

•Constitutive Relation: large scale flow

patterns depend on grain-scale rheological

processes. Spatial and temporal variation in

rheology affects the ice flow. We must be

careful how the grain-scale physics is

parameterized in continuum model for ice

flow.

•Ice-Core Records: climate information is
stored in the crystals through physical and
chemical processes.

•Ice Fracture: whenever continuum
assumptions break down, crystal scale
processes are critical. 1cm

From thin section of ice

Ice Crystal Observations

Ice crystal phot

•Size?

•Shape?

•Bubbles?

•Bubble Size and Shape?

•Impurities?

•Water present?

•Glint of crystals on surface with polarized

sunglasses?

These all can affect how ice flows.

Spatial variations in these mean spatial variations in effective viscosity of ice.

1cm

Ice Crystal Structure

Ice IH: Hexagonal Crystal Structure

Other types of ice exist (including Ice 9),

but not at stresses and temperatures we 

mostly care about.

•Regular crystal lattice: a crystal lattice is not

perfect, it is the imperfections (defects) that make

it interesting and allow it to deform.

•Basal plane (defined by the c-axis vector) exists

between layers of hexagons (and is the easy glide

plane).

•Hexagonal Symmetry and Radially isotropic within

the basal plane.

•Relatively open lattice (low density): at

depth in an ice sheet, the air molecules in bubbles

becomes distributed within

“cages” of the crystal lattice, creating

bubble-free ice (clathrate hydrate).

•Impurities are concentrated at crystal boundaries.

•Crystal boundaries are typically a tangled mess of

an imperfect lattice structure: water can exist

down to -17C.

A few key aspects of an ice crystal

Imperfections in the Ice Crystal

•Point Defects:

•Vacancies - empty molecular site

•Interstitial - molecule in open space

•Ionic defect - H atom on wrong side of a bond

•Bjerrum defect - 2 or zero H atoms



Imperfections in the Ice Crystal

•Line Defects:
•Edge dislocation

•Screw dislocation
•Mixed dislocation

Defects

increase the

strain energy of

the crystal.

Movement of Dislocations

Diagram of line defects

Diagram of point defects

Using dimensional analysis, can you come up with a possible description

for the strain rate caused by the movement of this dislocation?

Hint: simplest definition of strain is 
L

L

Similar

to a

deck of

cards

Movement of Dislocations

Shear Strain rate due to dislocation glide: 

|burger’s vector|x dislocation density x velocity 

c = b dvd
b d

r vd
q

Is a constant

.

q=1 for isolated dislocationsDislocation density is balance between creation of dislocations

through applied stress and recovery of the crystal by creating

subgrain boundaries, nucleating new crystals, diffusion of vacancies

and interstitial defects.

Movement of Dislocations

Shear Strain rate due to

dislocation glide:

|burger’s vector| (m)

x

dislocation density (m/m3)

x

velocity (m/s)

c = b dvd
b d

r vd
q

Is a constant

.

q=1 for isolated disl.

Sometimes 

r~2 for polycrystal

Dislocation density is balance between

creation of dislocations through applied stress

and recovery of the crystal by creating

subgrain boundaries, nucleating new crystals,

diffusion of vacancies and interstitial defects.
c = A

3.

Dislocation Glide Mechanism (Weertman, 1973) Glen’s Law?



Movement of Dislocations

Screw dislocations can also

glide under applied stress

Point defects diffuse based

on the applied stress

- vacancies diffuse from low

compressive stress regions to

high compressive stress

regions through the crystal

(Nbarro-Herring Creep) or

along grain boundaries

(Coble Creep)

- Interstitials diffuse from high

compressive stress to low

compressive stress.

They also move through self

diffusion (a recovery process)

 An applied stress causes dislocations to multiply and get tangled up or

stuck on obstacles (grain boundaries, solid impurities), thereby increasing

strain energy in the crystal. Recovery processes work to decrease the

strain energy.

It is very difficult for a dislocation to

climb up a basal plane

Climb

Deformation of a polycrystal

Summary of crystal defects movement under and applied stress:

• Dislocations multiply under applied stress, get tangled up, and move

through the crystal.

•The presence of dislocations increases the strain energy of a crystal.

•It is very difficult to move a dislocation between different basal planes

(dislocation climb is 2 orders of magnitude more difficult):

•A large tangle of dislocations can become a subgrain boundary and

eventually a new grain boundary (polygonization, this decreases the

strain energy: recovery)

•Dislocations can be annihilated at a grain boundary or when two

oppositely oriented dislocations collide (this is also a recover

mechanism).

• Point Defect (vacancies and interstitials) diffuse through the crystal and

along crystal boundaries.

•The diffusion can be driven by applied stress (this is a deformation

mechanism)

•Or through self-diffusion (recovery)

But each crystal has neighbors,

therefore we need Grain Boundary Processes…

Deformation of a polycrystal

Grain Boundary Processes…

• Diffusion along grain boundaries (Coble Creep)

• Grain boundary sliding: deformation by dislocation climb and glide within

the grain boundary; the disorder of the crystal lattice at the grain boundary

affects the strength of this mechanism. This works best if the crystal

boundaries are uniformly curved.

• Grain boundary migration:

•the curvature of the grain boundary results in an energy difference

across to neighboring crystals.

•Also, the strain energy difference between neighboring crystals can

drive migration.

Big crystal has a smaller

curvature and is a

lower energy boundary

Survival of the Biggest 

(seems a bit oppressive)

Big

Little

Old

Young

Old grains have lots o

dislocations and

defects, a high strain

energy

Nucleation of New Grains

Take back the night! 

Both of these migration methods happen faster at
warm temperatures (above -10C).

Crystal Growth

1cm

These crystal boundary

processes depend on

the crystal (grain) size.

Grains grow by migration 

of their boundaries:

• Applied Stress 

• Temperature

• Time 

If no applied stress:

D2
= Do

2
+ kgt

kg = ko exp
Qb

RT
 

 
 

 

 
 

Qb Activation energy

for self diffusion

Warm or old crystals can grow large

Cold or

young

crystals

stay sma



c-axis

Crystal Orientation

Deformation based on dislocation glide (like the deck of cards) must be

accommodated by grain boundary processes (migration and slipping of

the grain boundary), this results in rotation of the crystal.

Under the typical stresses in the

central regions of ice sheets, c-

axes tend to rotate to the

vertical.

This preferred-orientation fabric leads

to anisotropic behavior of the

polycrystal (it has different viscous,

elastic, and optical properties in

different directions).

Viscous Anisotropy: the effective viscosity is different for

stress applied in different directions (affects ice flow)

Elastic Anisotropy: elastic moduli are different; for example, sound travels 

at a different speed in different directions

Optical Anisotropy: Light is polarized differently depending on the direction

it travels (allows us to view crystals through cross polarized light)

Isotropic  90 30   Anisotropic    5o o o

Examples from Examples from Siple Siple DomeDome
((Diprinzio Diprinzio and others 2005)and others 2005)

Simples description

for crystal fabric:

Cone Angle

Schmidt plots

from thin

sections

(each arrow is a

crystal’s c-axis)

Because the viscous, optical, and elastic anisotropy are

all related to the basal planes and c-axes, we can use

optics or sound to measure the crystal fabric

Crystal Orientation

What does all this mean for the large scale flow of ice sheets??? 

Constitutive Relations for Ice (Creep Relation, Flow Law…)

Viscous Relation for Ice

(Deviatoric Stress versus Strain Rate)

Glen’s Law

•Isotropic (components of stress are

proportional to components of strain and

second invariant of stress is proportional to

second invariant of strain)

•Incompressible (deformation does not

depend on the first invariant of stress or strain)

•Ice behaves as a power-law fluid.

ij = EA(T)
n 1

ij

.
A General Constitutive Relation is a material property

 - includes viscous, elastic, fracture

Key Assumptions in Glen’s Law

There is no “Universal” Constitutive Relation for Ice

Is the second invariant 

of the deviatoric stress tensor

Effective Viscosity:

=
1

2
EA(T) n 1[ ]

1

As       goes to zero,

          goes to infinity.

Can we have infinite viscosity?

.

If n is greater than 1:

Constitutive Relations for Ice

ij = EA(T)
n 1

ij

.

.

A(T) = Ao exp
Q
RT( )

The temperature effect is huge

Problems with Glen’s Law

1. What is n? n=3 is most commonly used, from experiments in the

laboratory as well as measurements of real ice flow. Is there a

physical reason for 3 (such as the Weertman 1973 explanation or is 3

just a combination of n=2 and n=4 processes acting simultaneously?

2. Infinite viscosity is difficult physically - what really happens at low

deviatoric stress? This takes too long to observe in the laboratory with

real ice. Method 1: extrapolate from laboratory tests that can be

done. Method 2: find a real ice sheet with low stresses regions.

3. Ice isn’t isotropic - what does that mean for the flow law?

The softness parameter            is for clean, isotropic, Holocene ice.

The enhancement factor           is a spatially variable multiplier that accounts

for impurities, crystal size, and anything else

Ao

E

Testing the flow law, the three phases of creep



What is n?

ij = EA(T)
n 1

ij

.

ij = A(T)(
n1 1 +

n2 1) ij

Primary Creep: dislocations

can move easily at first,

but dislocation density is

increasing as the stress is

applied,  this slows down

deformation.

Secondary Creep:

recovery mechanisms

balance the new creation

of dislocations.

Tertiary Creep: crystal

orientation fabric evolves,

eventually reaching a

steady state around 10%

strain.
We have multiple deformation mechanisms,

we could have multiple terms in flow law.

Constitutive Relations for Ice

ij = EA(T)
n 1

ij

.

1. Dislocation glide: n=3 (n=2 for single crystal)

2. Diffusion creep (Nbarro-Herring, Coble): n=1

3. Grain boundary sliding: n=1.8 and n=4 (Goldsby-Kohlsted)

4. Harper-Dorn creep (low stress dislocation glide): n=1

Microphysical Theory and Lab Experiments Suggest

Example 1: Low deviatoric stress flow of ice

One location to find low deviatoric stresses is near ice divides. 

near the divide…

• pure shear
• lower deviatoric stress

on the flank…
• pure shear

+ simple shear
• higher deviatoric

stress

What happens at low stress?

Under a divide, the

longitudinal stresses are of the

same order as the shear

stresses, both are small

compared to the flank of an

ice sheet: no shallow ice

approximation!

The stiffness (effective

viscosity) of the ice is high in

the low deviatoric stress

underneath the divide. But is

that stress infinite (as

suggested by Glen’s Law)?

At low stresses, an n~1

deformation mechanism will

provide an upper limit for the

effective viscosity. This

linearity at low stress has

been observed for metals.

“Raymond Bump”

South 

Kamb

Ice Stream

-80km 0

Raymond Bump
600m

-800m
image courtesy of Nadine Nereson, Tony Gades

What happens at low stress?

Raymond Bumps exist under many divides… but not all.

Why not?

“Raymond Bump”

This is a small region near the divide, for large scale ice sheet models

this effect may be negligible.

But… ice cores are often drilled at Ice Divides…

that’s one example when these dynamics matter.

Siple Dome



South 

Kamb

Ice Stream

-80km 0

Raymond Bump
600m

-800m
image courtesy of Nadine Nereson, Tony Gades

What happens at low stress?

Raymond Bumps exist under many divides… but not all.

The crossover deviatoric stress (the stress below which the linear flow

mechanisms become dominant) is not known very well and is somewhat

dependent on ice properties.

Divide Migration or wandering

Ice sheet thinning can enhance the bump formation

Sliding under a divide

Temperature can lessen the effect

“Raymond Bump” What happens with anisotropy

Macro-Scale effects… Example 2: Anisotropy
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The problem with anisotropy is that stress in one

direction can induce strain in another direction.

ij = EA(T)
n 1

ij

Linear v nonlinear term

Thorsteinsson’s solution (a simplified version)
Anisotropic part

Crystal orientation fabric can

be estimated using the speed

of sound measured in a

borehole. This can be

converted to cone angle.

Softer
Harder

Softer

Harder
Softer
Harder

Divide Flank

Anisotropy The effect of anisotropy can be as much as an order o

magnitude (nearly as large as temperature) on ice flow

Anisotropy amplifies the

nonlinear effect at divides.

It also can be important

anywhere on an ice sheet!

We don’t necessarily need

the complicated Full Stokes

model to deal with it. It can

be parameterized using the

enhancement factor (not

nearly as good, but it works).


