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Cemented Devonian sandstone from Illinois.
            (Roberts and Schwartz, 1985)

Transport of oil or gas through rocks depends
strongly on  the connectedness of  the pores. 
Below a critical  porosity φ fluid cannot flow. c



Bond percolation was originally introduced by Broadbent and 
Hammersly (1957), the former of which was interested in the 
design of gas masks for coal miners.

Lattice Percolation Models



Basic, yet interesting, application: Consider a porous rock placed 
in a bucket of water. Does the center of the stone become wet?

DISCUSS!
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UNIVERSAL critical exponents for lattices -- depend only on dimension

non-universal behavior in continuum

1 < t < 2  (for idealized model), Golden, Phys. Rev. Lett. 1990 ; Comm. Math. Phys. 1992

geometry transport



percolation

theory of connectedness





Non-universal behavior in the continuum:
critical exponents for transport in Swiss cheese 
model take values different than for lattices, e.g.  t  > 2

                                                   e = t Halperin, Feng, Sen, Phys. Rev. Lett. 1985

Swiss cheese model
 d = 2

conducting neck in d = 3
    Swiss cheese model

in general, non-universal exponents arise from 
a  singular distribution  of  local conductances

Gilbert disc model for
wireless networks 1961



  Thus, the permeability exponent for 
sea ice is 2, the universal lattice value.

In sea ice, this distribution is lognormal.
           (excluding inclusions below cutoff)



ESTIMATE  fluid conductivity scaling factor 0

CRITICAL  PATH  ANALYSIS

bottlenecks control flow

2

Microstructural analyses yield rc

Friedman, Seaton 1998:  CPA in fluid and electrical networks
Golden,  Kozlov   1999:  rigorous CPA on long-range checkerboard model
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Ambegaokar, Halperin, Langer 1971: CPA in electronic hopping conduction 

critical fluid conductivity

k = r / 8

critical pore

for media with broad range of conductances
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lattice and continuum percolation theories yield: 
 critical
exponent

exponent is UNIVERSAL lattice value                  

critical path analysis -- developed for electronic hopping
conduction -- yields scaling factor  k 0

sedimentary rocks like sandstones also exhibit universality
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theory :

statistical best fit:
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φ − 0.05



thin silver �lm Arctic melt ponds

optical properties

(Davis, McKenzie, McPhedran, 1991)

microns kilometers

composite geometry -- area fraction of phases, connectedness, necks

(Perovich, 2005)

0.4 microns



Invasion Percolation

In 1983, Wilkinson and Willemson introduced the invasion 
percolation model describing �luid distributions for slow im-
miscible �luid invasion in porous media.

They found that the mass of the invaded �luid M grew as a 
function of the length L of the lattice like LD where D is the 
fractal dimension of the percolation cluster taking account for 
the trapping.

D≃1.82

It was found in their 1983 paper and con�irmed in subsequent 
experiments by Lenormand and Zarcone that:



Image Credit: Lenormand, R. and Zarcone, C. (1985)

Displacement of the invaded �luid (think oil) by the 
slow invasion of the invading �luid (think water) from 
the left. The cluster size varies from the pore size to 
the network size, the latter of which is pictured above.

forest �res
invading species, ...

invasion percolation



Carbon Capture and Sequestration (CCS)

This application of the theory created by Broadbent 
and Hammersly became of great interest!

Captured carbon can be stored into underground geo-
logical formations, e.g. depleted oil reservoirs and un-
mineable coal beds.

The process of collecting carbon emissions from  large 
sources such as fossil fuel plants, and storing them.

Carbon could also be sequestered in the ocean, either 
by injection into water depths of 1000-2000 m, the 
release of solid carbon in deep water, or other 
methods.

The technology to utilize these methods is already 
available to humans!



Image Credit: Wikipedia



    Create a strategy to store 
carbon dioxide underground. 



Exploration geophysics





medical imaging
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Golden, Eicken, Gully, Ingham, Jones, Lin, Reid, Sampson, Worby   2016

critical behavior of electrical transport in sea ice 
electrical signature of the on-o� switch for �uid �ow 

percolation theory percolation theory

cross-borehole
  tomography

cross-borehole tomography - electrical classi�cation of sea ice layers 



cross borehole tomography

Ingham, Jones, Buchanan
Victoria University, Wellington, NZ



sea water sea water

melt pond
impermeable - ponds can grow

impermeable for CO2 exchange & 
build-up of nutrients and biomass;
supports surface ponding

highly permeable  - CO2  pumping, 
build-up of nutrients and biomass

Golden, Eicken, Gully, Ingham, Jones, Lin, Reid, Sampson, and Worby 2016

Cross-borehole tomographic reconstructions of sea ice resistivity

before and after melt pond formation








