Application of the statistical physics of

evolving surfacesto the growth and form of
microbial matsand laminated structures

M.T. Batchelot, R.V. Burne, B.l. Henry’ and T. Slatyet

1. Theoretical Physics & Centre for Mathematics and its Agapions, Australian
National University

2. Earth and Marine Sciences, Australian National Universi

3. Applied Maths, University of New South Wales, Sydney, #aisa

4. PhB student, Australian National University

Non-equilibrium Satistical Physics of Complex Systems
Seoul, 29 June - 2 July, 2004

NSPSC 2004 — p.1/31



Examples of laminated structures

NSPSC 2004 — p.2/31



Examples of laminated structures

- paper burning fronts

NSPSC 2004 — p.2/31



Examples of laminated structures

- paper burning fronts
- chemical electrodeposition

NSPSC 2004 — p.2/31



Examples of laminated structures

- paper burning fronts
- chemical electrodeposition
- yeast colonies

NSPSC 2004 — p.2/31



Examples of laminated structures

- paper burning fronts

- chemical electrodeposition
- yeast colonies

- rocks
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From Kahanda et al. PR&S (1992) 3741
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Kardar-Parisi-Zhang eqprL 56 (1986) 839]

— Y ox

Oh(z,t)  9%h(z,t) X [Oh(z,t)\’
ot Ox2 +§ il )

h(x,t) — the height of an interface at substrate positicand timet
v — growth parameter related to surface tension
A — growth parameter related to lateral growth

n(x,t) — white noise term
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Microbialites
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Microbialites
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Microbialites

- cyanobacteria (blue-green algae)

- form microbial mats which trap sediment and/or
secrete calcium carbonate

- harden to form successive layers of rock over long
periods — stromatolites

- “living rocks"
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Modern stromatolites
EWEINES

Survive Iin strong currents
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Modern stromatolites

Shark Bay, Western Australia

Survive in high salinity
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Ancient stromatolites
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Ancient stromatolites

- first appeared approx 3,500 million years ago
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Ancient stromatolites

- first appeared approx 3,500 million years ago

- reef builders

- released @into the atmosphere and thus
contributed to the boom In invertebrate evolution
around 570 million years ago
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Ancient stromatolites

- first appeared approx 3,500 million years ago

- reef builders

- released @into the atmosphere and thus
contributed to the boom In invertebrate evolution
around 570 million years ago

- cf Homo sapiens evolved only in the last 2 million
YEETES
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Ancient stromatolites

Vast array of shapes

- domes, organ-pipes
- branches
- Cones
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Controversy

1980 3450 million year old stromatolites located at North Pol¢hia
Warrawoona Group, Western Australia
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Controversy

1980 3450 million year old stromatolites located at North Pol¢hia
Warrawoona Group, Western Australia

1987 Microfossils identified in the stromatolites by Schopf aratker
1990 Interpretted in terms of chemical and physical processdslme
1999 New conical-shaped “stromalities” found

2002 Microfossils not bacterial, but chains of crystals, Brasieal.

Oldest evidence of life on Earth??
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Outback Australia
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Branching

Jay Creek, Northern Territory
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ipes

Organ p

N/W Queensland
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Vologdin’s dream
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Conophyton
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Longitudinal section of Conophy-
tons from the 1,700 million year
old Dungaminnie Formation, Northern
Territory, Australia (grid ref. 53K NB
0578973 8154545).

Coin 28mm for scale
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Transverse section of Conophytons in th&,670 million year old Amelia
Dolomite, Macarthur Group, near the Kilgour River Junctwith Archie
Creek, Northern Territory, Australia
(grid reference 53K NB 0596496 8109117).
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The model

We propose a model which involves two processes only:
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The model

We propose a model which involves two processes only:

1. upward growth of a phototropic or phototactic microbatrenunity
2. mineral accretion normal to the surface

oh 1 /Oh\°
[975”—1_)\[1—1_2(833) ]

v — average rate of vertical growth due to photic response
A — average rate of surface-normal growth due to mineral &oare

Can be solved for various initial profiles using the methodtwracteristics
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Can be readily extended to the (2+1)D case:
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Can be readily extended to the (2+1)D case:

@_V—F)\—Fé @ 2_|_ % i
ot 2 |\ Ox oy

NSPSC 2004 — p.23/31



Can be readily extended to the (2+1)D case:

&) -(5)]

Radially symmetric solutions reduce to almost exactly th€l(D case.

6h—u—|—)\—|—é
ot 2
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Can be readily extended to the (2+1)D case:

(Y4 (2)]

Radially symmetric solutions reduce to almost exactly th€l(D case.

6h—u—|—)\—|—é
ot 2

Can follow the evolution of conical or paraboloid initialgfies
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Longitudinal axial section of two evolving contiguous cene
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Transverse cross-section of an evolving paraboloid field
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Long term solutions

An isolated protrusion centred at the origin and evolvindenthe KPZ
equation approaches the smooth radially symmetric pavabsoblution

2

A, y:1) = h(0,0,0) = o + (v + M)t
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Long term solutions

An isolated protrusion centred at the origin and evolvindenthe KPZ
equation approaches the smooth radially symmetric pavabsoblution

2

A, y:1) = h(0,0,0) = o + (v + M)t

For an initial profile consisting of a field of protrusionsetltong-term solution

will therefore consist of smooth radially symmetric paraids separated by
shocks.
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Surface diffusion

The more general deterministic KPZ equation

oh 2+ on\* N 82h(z, t)
ox oy T o2

has a radially symmetric paraboloid solution given by

oh —1—)\4—)\
Ty Z
ot 2

r2 2v

h(r,t) = % T % log(2At) + AN +v)t+ A

wherev Is the surface diffusion.
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Effect of A andv

The relative magnitudes df andv determine the rate at which the paraboloid
changes in shape relative to its rate of upward growth.
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The relative magnitudes df andv determine the rate at which the paraboloid
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If A <<v,then even after a long period of time, as measured by the @atnodu
upward growth, the paraboloid will still closely resemUeinitial form.
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Effect of A andv

The relative magnitudes df andv determine the rate at which the paraboloid
changes in shape relative to its rate of upward growth.

If A <<v,then even after a long period of time, as measured by the @atnodu
upward growth, the paraboloid will still closely resemUeinitial form.

If A > v, the transition from the initial profile to a smooth radiasymmetric
paraboloid takes place over a much shorter period of védrcavth.
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Addendum

More angular coniform structures, similar to the
stromatolites in the 3450 million year old
Warrawoona Group, Western Australia, claimed as the
oldest macroscopic evidence of life, form when the
photic effects dominate over mineral accretion.
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