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Here are two people drilling an ice core at 
Col du Dôme (France) for the project.

All the cores will then be transported to 
Antarctica for long-term storage (>100a)

 within the firn at Dome C 

Other cores have already been drilled at
Illimani (Andes, 2017), Belukha (Altaï,2018), 

Elbrus (Caucasus, 2018)

But this implies a need for a perennial subsurface storage solution !
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Context

Ice Memory

Here are two people drilling an ice core at 
Col du Dôme (France) for the project.

All the cores will then be transported to 
Antarctica for long-term storage (>100a)

 within the firn at Dome C 

Other cores have already been drilled at
Illimani (Andes, 2017), Belukha (Altaï,2018), 

Elbrus (Caucasus, 2018)

Here, we are using the ice/firn flow model                to investigate possible storage
 solutions that would meet the specific requirements of the project.  

We are going two consider two end-member cases in terms of rigidity of the facility: 
an ice cave dug into the firn and a perfectly rigid container buried within it.  

But first we need to construct a model initial state...  
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Model Description

Production of an initial steady state

22.44
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v = - 2.9 cm a-1

u = 0u = 0
B = 0.078 MPa-3a-1

corresponding to

T = -55 °C

We consider this two-dimensional rectangular domain in a (x, z) vertical plan 
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Momentum conservation

Mass conservation

The constitutive law of firn uses both the isotropic and 
deviatoric parts of the strain rates and stress tensors

Deviatoric stress tensor

Deviatoric deformation rate tensor
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Model Description

Production of an initial steady state

22.44

-250

0

z (m)

x (m)ρ(z=0) = 336 kg m-3

v = - 2.9 cm a-1

u = 0u = 0
B = 0.078 MPa-3a-1

corresponding to

T = -55 °C

Constitutive law of firn/ice:

Here, a and b are two functions of relative density D = ρ/ρice 

They were calibrated using a combination of cold room experiments and density
measurements at Site 2, Greenland by [1] before being slightly adpated by [2]

[1] Gagliardini and 
Meyssonnier  (1997)

[2] Zwinger et al. (2007)

They probably constitute the largest source of uncertainty of the model
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Model Description
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field
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field

...until a steady state is reached

10 ka of simulation !

This requires initial conditions ... 

with ρice = 922 kg m-3

ρ(t=0) = ρice - 586 exp(0.017 z) Best fit to in situ measurements by  
Leduc-Leballeur et al. (2015)

... and boundary conditions  

Typical of Dome, i.e purely vertical velocities at boundaries  

  Assumptions of steady altitude of the top surface,  

  with v(z=0) = snow accumulation = -7.79 cm a-1

  i.e ρ(z=0) v(z=0) = ρ(z=-250) v(z=-250)
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Results

Modelled vs observed density profiles

Relative density field Vertical velocity field

Initial density profile
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(a) (b)

Measurements FireTrack core (1999)

In situ measurements core 2 (2012-2013)

In situ measurements core 1 (2012-2013)  

Measurements Volsol core (2010-2011)

Initial density profile
fit of Leduc-Leballeur et al., 2015
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@10ka
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1
0
0
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@
0
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41 cma-141 cma-116 cma-18 cma-1

Here is what we get in terms of relative density and vertical velocity profiles 
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Black lines are the inital relative density and velocity profiles when starting the simulation 
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Each colored line represents the considered profiles after @X years of simulation
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After 10ka of simulation, a steady state has been reached. 
By construction, the steady vertical velocity at the surface corresponds to the annual accumulation.
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Due to uncertainties, the model tends to overestimate densities at depth in comparison to 
measurements. However, density is highly variable within the top layers of interest for this study 

and the modeled densities are consistent in this area.    
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As a consequence, we use these steady relative density and vertical velocity profiles as a 
starting point for the next simulations dealing with the snow cave and rigid container    
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But first let's have a look on how a snow cave is built in practice...   
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Construction

A polar snow cave in practise: a construction recipe

Photo Credit: J.P. Steffensen, NEEM 2012 report  

First, a trench is excavated in the firn 
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Construction

A polar snow cave in practise: a construction recipe

Photo Credit: J.P. Steffensen, NEEM 2012 report  

Second, PVC balloons are 
placed in the trench 
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Construction

A polar snow cave in practise: a construction recipe

Photo Credit: J.P. Steffensen, NEEM 2012 report  

Third, balloons are inflated 
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Construction

A polar snow cave in practise: a construction recipe

Photo Credit: J.P. Steffensen, NEEM 2012 report  

Fourth, the trench is backfilled 
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Construction

A polar snow cave in practise: a construction recipe

Photo Credit: J.P. Steffensen, NEEM 2012 report  

Fifth, the construction is left as such for some
 times to get natural sintering of snow 
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Construction

A polar snow cave in practise: a construction recipe

Photo Credit: J.P. Steffensen, NEEM 2012 report  

Sixth, balloons are deflated
and removed 
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Model Description

Simulations of an ice cave

22.44
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x (m)
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w = - 2.9 cm a-1
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corresponding to

T = -55°C

⌀5m

Free surface with accumulation as = 7.79 cm a-1

Free surface

ρ(z=0) = 336 kg m-3

This is how the snow cave is implemented
 in the model initially
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...one with a narrow trench (same width as
 the balloon)... 
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Model Description

Simulations of an ice cave

...one with a large trench (2 m larger than
 the balloon)...

14.727.72 22.44

-250

0

z (m)

x (m)

-2.2

-4.7

-7.2

w = - 2.9 cm a-1

5m

B = 0.078 MPa-3a-1

corresponding to

T = -55°C

⌀5m

Free surface with accumulation as = 7.79 cm a-1

Free surface

ρ(z=0) = 336 kg m-3

We are going to run 4 simulations of 150 a 
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...A reference simulation, with the unperturbed 
steady density field as described before ...
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We are going to run 4 simulations of 150 a 
with various initial density fields... 

We are going to run 4 simulations of 150 a 
with various initial density fields... 

...A reference simulation, with the unperturbed 
steady density field as described before ...

...and 3 including the trench of higher initial density where the balloon is placed ...

...one with a narrow trench (same width as
 the balloon)... 

...one with a T-shape trench as such:

2.8m

7.5m

5m

7m

In the trench, the initial density is ρ=550 kg m-3  
Elsewhere, it is the unperturbed steady density field  
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Model Description

Simulations of an ice cave

...one with a large trench (2 m larger than
 the balloon)...
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ρ(z=0) = 336 kg m-3

We are going to run 4 simulations of 150 a 
with various initial density fields... 

We are going to run 4 simulations of 150 a 
with various initial density fields... 

...A reference simulation, with the unperturbed 
steady density field as described before ...

...and 3 including the trench of higher initial density where the balloon is placed ...

...one with a narrow trench (same width as
 the balloon)... 

...one with a T-shape trench as such:

2.8m

7.5m

5m

7m

And now, let's see what happens to the cave ! 
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Results

Cave shape over time

Reference Narrow Large T-shape

This is how the shape of the cave evolves over time for the 4 initial density fields
(animations are available upon request)
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Results

Cave shape over time

Reference Narrow Large T-shape

The lifetime of the cave is highly dependent of the initial density in its surroundings: 
The larger the trench, the more resistant is the cave The larger the trench, the more resistant is the cave 
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Results

Cave shape over time

Reference Narrow Large T-shape

This is because a patch of high density snow surrounding the cave
enables stress transfer around the cave to the underlying firn layers  
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Concept

Shipping containers in Antarctica

Photo Credit: Institut polaire français (IPEV) 

Here is an example of the typical shipping containers
 used in Antarctica for logistical operations 
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 used in Antarctica for logistical operations 

Here is an example of the typical shipping containers
 used in Antarctica for logistical operations 

Here is an example of the typical shipping containers
 used in Antarctica for logistical operations 

It is that kind of container that we want to evaluate
as possible subsurface storage solution for the cores 

julien.brondex@unil.ch EGU Online Meeting



9

Introduction Initial steady state Snow Cave Rigid container Conclusion

Concept

Shipping containers in Antarctica

Photo Credit: Institut polaire français (IPEV) 

Of course, it is an elastic material that will deform
and might break apart under pressure 
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Concept

Shipping containers in Antarctica

Photo Credit: Institut polaire français (IPEV) 

But for simplicity, we assume perfect rigidity ! 
Our goal is to assess the loads it will have to bear 
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Model Description

Simulations of a rigid container

22.44
x (m)

Free surface with accumulation as = 7.79 cm a-1

Rigid 
container

ρ(z=0) = 336 kg m-3

-250

0

z (m)

-10

2.9m

2.44m

-7.1

v = - 2.9 cm a-1

u
 =

 0

u
 =

 0

B = 0.078 MPa-3a-1

corresponding to

T = -55°C

This is how the perfectly rigid container 
 is implemented in the model initially
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Model Description

Simulations of a rigid container
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corresponding to

T = -55°C

We are going to run 4 simulations of 150 a 
with various initial density fields... 

We are going to run 3 simulations of 200 a 
with various initial density fields... 
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We are going to run 3 simulations of 200 a 
with various initial density fields... 

...A reference simulation, with the unperturbed 
steady density field as described before ...
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Model Description

Simulations of a rigid container

...one with a large trench (2 m larger than
 the container).
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Simulations of a rigid container
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We are going to run 4 simulations of 150 a 
with various initial density fields... 

We are going to run 3 simulations of 200 a 
with various initial density fields... 

...A reference simulation, with the unperturbed 
steady density field as described before ...

...one with a narrow trench (same width as
 the container)... 

These 3 simulations are run twice:  

Once without and once with accounting for weight
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Model Description

Simulations of a rigid container

...one with a large trench (2 m larger than
 the container).
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u
 =

 0

u
 =

 0

B = 0.078 MPa-3a-1

corresponding to

T = -55°C

We are going to run 4 simulations of 150 a 
with various initial density fields... 

We are going to run 3 simulations of 200 a 
with various initial density fields... 

...A reference simulation, with the unperturbed 
steady density field as described before ...

...one with a narrow trench (same width as
 the container)... 

These 3 simulations are run twice:  

Once without and once with accounting for weight

At the firn/container interface there is a free slip BC  
Sensitivity tests show low sensitivity to this choice
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Results

Container position over time

Reference simulation

Narrow trench

Large trench

No weight

Weight container
+ payload

@0a: -7.1m

@50a: ~ -9.5m

@100a: ~ -11.8m

@150a: ~ -14m

@200a: ~ -16.2m

Here we see the position of the container roof relative to the top surface
 over the course of the simulation
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Results

Container position over time

Reference simulation

Narrow trench

Large trench

No weight

Weight container
+ payload

@0a: -7.1m

@50a: ~ -9.5m

@100a: ~ -11.8m

@150a: ~ -14m

@200a: ~ -16.2m

The sinking of the container is very slow: ~ 5 cm a-1. This sinking rate shows
little sensitivity to the initial density field and weight consideration 
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Results

Normal stress on container roof/floor

No Weight Time (a)

200

0

100

Weight
Container 
+ payload

Reference Large trench Narrow trench

Here we see the distribution of the normal stress over the container roof over time
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Results

Normal stress on container roof/floor

No Weight Time (a)

200

0

100

Weight
Container 
+ payload

Reference Large trench Narrow trench

Here we see the distribution of the normal stress over the container roof over timeWe note strong stress concentrations at angles of the roof
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Results

Normal stress on container roof/floor

No Weight Time (a)

200

0

100

Weight
Container 
+ payload

Reference Large trench Narrow trench

Here we see the distribution of the normal stress over the container roof over timeWe note strong stress concentrations at angles of the roofStresses are slightly higher when initial densities around the container are higher
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Results

Normal stress on container roof/floor

No Weight Time (a)

200

0

100

Weight
Container 
+ payload

Reference Large trench Narrow trench

Normal stress 
on middle roof:
@100a: ~90 kPa

@200a: ~120 kPa

Stress 
concentration
at angles:
~350 to 400 kPa

Below are values of normal stresses supported by the container after 100 and 200a  
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Results

Normal stress on container roof/floor

No Weight Time (a)

200

0

100

Weight
Container 
+ payload

Reference Large trench Narrow trench

As shown here, on container floor patterns are similar with slightly higher stresses  

Normal stress 
on middle floor:
@100a: ~90 kPa

@200a: ~120/
                125 kPa
Stress 
concentration 
at angles:
up to ~430/ 
            450 kPa
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Results

Normal stress on container sides

Time (a)

2000 100

Weight
Container 
+ payload

Reference Large trench Narrow trench

Below is the distribution of the normal stress along the container side
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Results

Normal stress on container sides

Time (a)

2000 100

Weight
Container 
+ payload

Reference Large trench Narrow trench

At the top corners, the snow tends to detach from the wall of the container 
which induces low or even null normal stresses

Soft points
at angles !
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Results

Normal stress on container sides

Time (a)

2000 100

Weight
Container 
+ payload

Reference Large trench Narrow trench

Stresses are slightly higher when initial densities around the container are higher

Slightly higher
stresses due to
higher densities

on the sides

Normal stresses are independent of the consideration of weight (not shown)
and are slightly higher for the large trench case due to higher initial densities
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Results

Normal stress on container sides

Time (a)

2000 100

Weight
Container 
+ payload

Reference Large trench Narrow trench

 Normal stresses on sides are lower than that on roof and floor, which 
shows that normal stresses on container walls depart from hydrostatic pressure  

Max normal stress 
on container sides:
@100a: ~40 kPa

@200a: ~60 kPa
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Conclusion

Conclusion

Thank you for your attention !

Here are a few messages to take home ...
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Conclusion

Conclusion

Thank you for your attention !

Here are a few messages to take home ...

A snow cave excavated at Dome C could be perennial over decades provided
that a sufficiently large trench of high density is constructed around it !

After 100a, a rigid container would have to support normal stresses of the order
of 100 kPa in the center of roof and floor and above 400 kPa at angles

Normal stresses on the containers sides after 100a are about 40 kPa

A usual shipping container is not able to bear these loads. A reinforcement 
structure or another ad hoc storage solution has to be designed !

These normal stresses differ from purely hydrostatical loads

This work is the topic of a paper submitted to the journal Cold Regions Science 
and Technology and currently under review...
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