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Introduction

A good metaphor for the science of modelling at all scales is a Russian nesting doll figuring a
portly mother of a big family stackable up to a variable level < 30, commonly known as the
“Babushka” (grandmother), probably an aberration of “Matryoshka” (from the Latin “mater”).

Fault Groups
Plate g
% \. . Rate & State v. Friction
Mantle _ & Contact Interactions
Convection

Grain/Crystal scale

Atomic Bonds/Elasticity

Figure 1. Crossing the scales from brittle microprocesses to planetary-scale convection. The red lines delineate
boundaries where new constitutive laws emerge out of spatial averaging of discontinuous processes. Inspired by
Kubin’s (2003) unpublished manuscript on electronic to crystal scale processes, which, of course, incorporates a
smaller series of Babushkas with its scale dependent physics and mechanical transitions.

While the physics of multi-scaling is reasonably well understood from dislocation to
crystallographic level (Moriarty et al., 2002), and for isolated cracks (Abraham et al., 2000),
there is a dearth of information crossing the scales from multiple interacting cracks through to
the dynamics of fault groups, from the behaviour of plate boundaries to styles of planetary
convection. Therefore, up to now, it is common practice to model geological processes by useful
phenomenological approaches such as the Coulomb failure criterion, or rate and state variable
friction. While this simplification enables a quantitative description of tectonics, the main
shortcoming is, perhaps, that it does not lend itself to (or is difficult to implement in) a unified
approach coupling chemistry and mechanics. Another criticism is that the phenomenological
approach is blind to the scale transitions marked in Figure 1, i.e., it essentially relies on an
uncritical extrapolation of laboratory laws to plate tectonic behaviour.

Yet numerical models at local scale need (and are severely influenced by) far field boundary
conditions. In the sections to come we briefly describe how we implement a thermodynamic
description of the chemical-fluid-mechanical problems. We begin by deriving a self-consistent
energy based framework for mechanical porosity by discrete modelling of microcracks. We
derive smeared volumes of microcracks to be used at geological terrane scale. Here, we show
how scale variant modelling can be simplified at pre-set scales.
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Multiscale-modelling Framework

At the brittle level, we begin with the smallest scale (micron-decimetre scale), and start by
compiling results of dilatant rock mechanics laboratory experiments for basic rock types, and
reproduce these “ab initio” by particle code (micron - meter scale) (PFC2/3D) calculations. The
particle code solves the Helmholtz free energy evolution in a direct way (see Appendix), tracking
the local cracking and its self-organization into a shear band. It is subsequently scaled up
beyond classical laboratory scale to mining scale observation. At this scale, the discreteness of
the individual crack is lost, and crack populations are handed over into their smeared continuum
calculations. The smeared continuum calculations are done with classical finite element (FE)
methods tracking the Helmholtz free energy fluxes from hundreds of meters - 100 km scale.
This part of the project is done in cooperation with Vladimir Lyakhovsky at the University of
Jerusalem and is illustrated in Figure 2.

Time( Space dependent)

Figure 2 Top panel: displacement vectors of a particle code simulation of an evolving shear band in a virtual biaxial
rock experiment calibrated by a laboratory experiment (see Ord et al., this volume, Fig. 1 and 2, on Gosford
sandstone, Time < 1 hour, Space < 1 m). Second panel: magnitude of displacement vectors of the same particle
code calculation as a spatial average of damage (Time < 1 hour, Space < 1 m). Third panel: finite element (FE)
damage mechanics calculation of a triaxial rock experiment based on Helmholtz free energy evolution, by V.
Lyakhovsky (University of Jerusalem). The dilatancy pattern (damage) mimics the crack evolution of the discrete
particle code simulation in a smeared continuum. The FE approach can be applied to the brittle crust scale, while the
particle code calculation will be useful to verify the upscaling from laboratory to geological scale. The method is useful
for modelling self-consistent dilatancy on shear bands in the brittle part of the lithosphere (Time < 1 day, Space < 10
km). Bottom panel: lithosphere-scale, ductile faulting controls the large-scale tectonics. The dissipation contours of
lithosphere-scale ductile damage evolving by self-organization of interacting small-scale ductile faults. The birth of
this new plate boundary takes less than 100 k years and only occurs if there is an elevated flux of water into the
lithosphere. In this calculation, the feedback with the brittle crust has been ignored (Time < 1 Ma , Space < 100 km).
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At the lithosphere to mantle scale (100 km — 1000 km), fully coupled solid-fluid interaction of
lithosphere and mantle is implemented by embedding the FE domain into a boundary element
domain for the larger scales. In the future, this model will be coupled to the particle code,
thereby obtaining a self-consistent multi-scale geological modeling framework where the
different spatial solution routines can in principle be called, based on critical local dissipation. In
a first step, we will use a simplified approach and formulate a specific region of interest based
on a particle code simulation. We will embed this region within a coupled FEM-BEM method,
thus supplying the full feedback between large-scale geodynamic boundary conditions and
processes in the local regions of interest.

Simplified Modelling at Preset Scales

Prior to the completion of this software framework, we can use the first results in intermediate
solutions and show how modelling can be simplified at preset scales for the purpose of
hypothesis testing. The multi-scale framework is useful to add rigour to simplified approaches by
exploring the limits of these approaches. If we consider, for example, the crustal scale, we can
feed the results from multi-scale modelling back into a simplified phenomenological description.
We devise a rheology that satisfies aspects of fault nucleation and weakening. Such a rheology
has recently been used to model the genesis of metamorphic core complexes, and is also
reproduced in the fully self-consistent energy approach, allowing faulting and core complex
exposure to occur through thermodynamic feedback (Wijns et al., work in progress). The fully
self-consistent, numerically more expensive simulation is in good agreement with the simplified
laws, i.e., it reproduces the same geometric features. The complete approach therefore
provides a better base for the simplifying assumptions used. In another example for modelling
the Carlin gold trend in northern Nevada, U.S.A. (Wijns et al., this volume), we show how this
simplified rheology can be used to test folding/thrusting hypotheses at a local scale. Similarly, at
the yet smaller upper crustal scale, we use a simplified reactive transport equation as a proxy
for the transfer, dissolution, and precipitation of silica (Sheldon and Ord, this volume). Another
simplified approach is presented for the reactive transport modelling of the Mount Isa Copper
mineralized system (Kihn et al., this volume).

Discussion and the Future

Understanding and explaining emergent constitutive laws in the multi-scale evolution from grain
size to plate tectonic scales is making steady progress. Owing to increasing computer power,
there have been significant breakthroughs in large-scale geodynamic modelling, which are still
awaiting implementation to constrain regional geological modelling. For instance, large-scale
convection models have significantly improved to the point of reproducing basic modes of
planetary tectonics as self-consistent features of the same physical planetary heat transfer
problem (Moresi and Solomatov, 1998; Mulhaus and Regenauer-Lieb, 2004; Stein et al., 2004).
The Earth appears to be the only planet known to have developed stable plate tectonics as a
means to get rid of its heat. The emergence of plate tectonics out of mantle convection relies
intrinsically on the capacity to form extremely weak faults in the top 100 km of the planet, which,
in turn, can be related to the critical quantity of water available for thermodynamic rheological
feedback mechanisms (Regenauer-Lieb et al., 2004). This explains cycles of co-located
resurgence of plate generation and consumption, but also allows a new perspective of
lithosphere-scale faults, which in the future shall be used to constrain terrane scale models of
massive transfer of mantle volatiles, including reactive transport modelling with upper crustal
fluids.

Appendix: A Common Thermodynamic Framework for Chemistry and Mechanics

We summarize the four basic thermodynamic potentials and their interrelation Schroeder, 2000.
The thermodynamic potentials are useful in the chemical thermodynamics of reactions and non-
cyclic processes, as well as in mechanical modelling. They are the internal energy, the enthalpy,
the Helmholtz free energy, and the Gibbs free energy. The four thermodynamic potentials are

185



predictive mineral discovery CRC Conference Barossa Valley 1-3 June 2004

related by offsets of the "energy from the environment" term TS (S being the entropy, a state
variable defining the amount of “disorder” of the system, see second law of thermodynamics)
and the "expansion work" term PV. A mnemonic diagram suggested by Schroeder 2000 can
help keep track of the relationships between the four thermodynamic potentials and their state
variables: S, temperature T, pressure P, and volume V.
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Figure 3. Schroeder’'s mnemonic thermodynamic diagram can be found as an active graphic on
http://hyperphysics.phy-astr.gsu.edu/hbase/thermo/thepot.html .

In reactive transport, we minimize Gibbs free energy (for example, HCh or Perplex software),
and in mechanical modelling, we describe the fluxes of Helmholtz free energy. Both are related
through a transformation (the PV term). The trend in future modelling will go towards predicting
mechanical and thermal properties of materials from thermodynamics. A common framework is
already available for water (Wagner and Pruss, 2002). It has been implemented for upper
crustal convection (Hornby et al., work in progress).

References:

Abraham, F.F., Bernstein, N., Broughton, J.Q. and Hess, D., 2000. Dynamic fracture of silicon: Concurrent simulation
of quantum electrons, classical atoms, and the continuum solid. Materials Research Society Bulletin, 25 (5), 27-32.

Kihn, M., Alt-Epping, P., Gessner, K. and Wilde, A. 2004 Application of reactive transport modelling to the Mount Isa
Copper mineralised system. This volume.

Moresi, L. and Solomatov, V., 1998. Mantle convection with a brittle lithosphere: thoughts on the global tectonic styles
of the Earth and Venus. Geophysical Journal International, 133 (3), 669-682.

Moriarty, J.A., Vitek, V., Bulatov, V.V. and Yip, S., 2002. Atomistic simulations of dislocations and defects. Journal of
Computer-Aided Materials Design, 9 (2), 99-132.

Mulhaus, H. and Regenauer-Lieb, K., 2004. Non Newtonian Effects in Simple Shear and Natural Visco-elastic
Convection. Physics of Earth and Planetary Interiors, in preparation.

Regenauer-Lieb, K., Hobbs, B., Mulhaus, H., Ord, A., Yuen, D.A. and van der Lee, S., 2004. Lithosphere Fault
Zones Rejuvenated. Tectonophysics.

Schroeder, D.V., 2000. An Introduction to Thermal Physics, Addison Wesley, New York.
Sheldon, H.A. and Ord, A., 2004. Coupled processes in faulted environments. This volume.

Stein, C.A., Schmalzl, J. and Hansen, U., 2004. The effect of rheological parameters on plate behaviour in a self-
consistent model of mantle convection. Physics of the Earth and Planetary Interiors, in press.

Wagner, W. and Pruss, A., 2002. The IAPWS formulation 1995 for the thermodynamic properties of ordinary water
substance for general and scientific use. Journal of Physical and Chemical Reference Data, 31 (2), 387-535.

Wijns, C., Hall, G. and Groves, D. 2004. Compressional tectonics of the Carlin Gold Trend. This volume.

186




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


