Basin Analysis-Ch. 2 

Lithospheric Mechanics

(2 lectures)
Fundamental physical properties used in to explain basin subsidence and uplift (SUMMARY)

Most of what we think we know about basin evolution has come from explaining the patterns found in fundamental descriptions of geological surfaces.  In the oceans, these descriptions include such parameters as the depth of the sea floor or the temperature structure in shallow holes.  

Over continents today we are also gaining new insights also by mapping topography and landscape evolution.  e.g. LiDAR data

For those portions of the crust or mantle we can not sample, rock mechanics lab experimental results provide invaluable insights into the behavior of rock properties at high temperatures (> 100 degrees C) and depths (> 1 km).

If we think of the earth as an engine, overall basin evolution can be viewed as the interaction between self gravitation and the movement of the pieces of the engine against gravity.  

But, what is the fuel that drives this engine?  It is in part the residual heat from the early formation of the earth (primordial heat) and the heat generated by radioactively decaying elements in the mantle.

This simple analogy breaks down because whereas the engine remains rigid throughout its performance, in the earth engine only the outer parts of this engine are relatively cool and the interior portions undergo fundamental physical and phase changes under the influence of heat and pressure.

Flexural rigidity

We measure these forces of gravity and reaction to gravity not in terms of Newtons by using  the concept of stress (See structural geology).  Lithostatic stress is responsible for the increase of pressure with overall depth in the earth but it is the differential stress that creates the faults and folds.

The outer skin of the earth down to depths where the temperature is cool enough and rock properties permit the earth can be visualized to be effectively elastic over long periods of time, e.g. hundreds of millions of years.  e.g. rubber ball

A conclusion is that mountain belts will not sag over time but will maintain their mechanical strength indefinitely for practical purposes.  A measure of the strength of the crust is how much it bends to a given load.  This value is known as the flexural rigidity which relates the bending moment (Force. Distance) and the local radius of curvature (degree of bending)

Thermal conductivity

For a given temperature gradient how conductive heat transfer moves heat from areas

of higher temperature to areas of lower temperature.  (Notice that weather patterns show that masses  of high pressure air move toward masses of lower pressure air.  Hence tornadoes.  Notice too that fluid flow around salt domes or in oceans are also affected by salinity gradients.)  

The efficiency of that transfer is the thermal conductivity.  So, for a given temperature gradient (continental or oceanic geotherms) the amount of heat being passed across any given portion of the earth’s surface (heat flux-q) per unit time will depend on the thermal conductivity.


Fourier’s Law:      
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We can measure thermal conductivity with respect to standards as you can see in this overhead of a thermal conductivity measurements on board Leg ODP 150 New Jersey Margin in the summer of 1993.   People are (L toR) Bryce Hoppie and Craig Fulthorpe.  These needles contain heaters and temperature sensors.  These needles measure the speed at which the temperature changes over time to calculate the conductivity of the material into which they are inserted.

Experimental and observational summary of the mechanisms by which rocks deform (ROCK RHEOLOGY 2.3)

You already should know from structural geology that there are at least 6 different factors that can affect rock deformation.  See if you can name them off by heart:

Review of structural geology:

At the microscopic level convection in the mantle can be seen a the movement of a wave of atomic imperfections (diffusion) from areas of high stress to low stress or linear mis-arrangements in the crystal lattice (dislocation creep) through the peridotite(mantle rock). Creep is the plastic deformation of rock without the generation of macroscopic faults (i.e. brittle behavior).  This wave of atoms or dislocations are the micro-geochemical-imperfections and micro-faults that occur when the material deforms.  However, these blemishes in the chemistry and crystal structure can travel through the material aided by heat.  These imperfections may travel to the edges of the body, (changing its overall shape) but leave a pristine mineralogical lattice behind in the inner self.  Greater rates of movement of this imperfections occurs at greater temperatures. Apparent material “flow” can also occur at lower temperatures through assistance in diffusion with fluids in a process called pressure solution creep by dissolution of minerals in regions of high pressure and precipitation in areas of lower pressure. At low pressures and temperatures pressure-solution is an important mechanism to produce apparent linear viscous behavior ( strain rate is linearly proportional to applied stress).

Ductile behavior can also occur at low temperatures (bag example) without diffusion and is known as cataclastic behavior.  E.g. bag of marbles  Cataclastic behavior can provide macroscopically ductile deformation within the brittle regime.

A special case: Heat flow and rock behavior in the mantle

Heat transfer

There are three ways in which heat can be transferred.  One is by simple conduction. Another is by radiative transfer and a third is by convection.

Increase temperature has a marked effect on density without any other changes.  So, material can become less dense than surrounding material and can experience buoyancy and the need to rise away from the earth’s center of mass.

During convection of the mantle at a rate of a few centimeters per year even if no heat is added or taken away from the ascending or descending material temperature and phase changes do take place.

For example by compression we know that materials heat up (air compressor burns,

Pumps)  We also know that if we decompress materials they can change state (e.g. water will boil at lower pressures and hence good cups of tea can not be brewed at high elevations).  Mantle will melt upon decompression.  Mantle will heat up upon compression.

Geotherms and what we can learn about mantle processes

From the mantle geotherm alone and assuming only conduction as a mechanism of getting heat to the surface of the early we would have to have a completely molten mantle at 150 km.  That is because there is a more efficient method of transporting heat than conduction along: convection.


(In contrast for  the continental geotherm all we really need is a background heat flow from the mantle and an exponentially diminishing concentration of heat-producing radioactive elements with depth. (Rb, Th, U) )


From trying to explain the heat flow and the topography of the seafloor several models have been derived.  The simpler one assumes that the surface of the earth is always at 0 degrees C and that initially the mantle temperatures come all the way up to the surface.  Then as cooling progresses the mantle 1330 degree isotherm sinks over time.

This has the effect of also cooling and contracting the upper part of the mantle (lithosphere) so that it sinks in a way that mimics the increase of bathymetry with depth.

This is known as the half-space cooling model and is sufficient to know to understand the first-order patterns in data sets.

Relevant mantle rheological behaviors
Because we can not directly sample the mantle at conditions of high pressure and temperature we rely on the results of laboratory experiments on rocks to infer the mechanisms of deformation in the mantle.  In general the accepted description for

Mantle deformation is given by a power law for strain, i.e. it is not linear.

Fig. 2.27 and
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(for the case of dislocation glide)
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Limitations of rock laboratory experiments

The major limitation is that real systems are complex and different factors may interact with each other in a non-linear way.  We assume that if we can isolate the dependence on

Individual factors we can add up all the effects to get a sum of the whole.  Normally lab experiments can only control one or a few factors simultaneously.


Rheology of the continental crust (2.3.3)
Sibson’s conceptual model connects observed rock types with microscopic mechanisms and experimental results.  

Continental crust is weaker than oceanic crust.  Continental mantle should behave the same as oceanic mantle if rheological behavior is based on composition alone.

The jelly-sandwich concept is an idea that has been around for about twenty years.  

Nowadays, parts of the YSE are being challenged because they say that only the continental crust has earthquakes and not the continental mantle.  Hence the continental crust is the only ‘strong’ part of the continental lithosphere of mantle.

Viscosity in the mantle  (2.26)

Fluids deform continuously while you apply a stress.

Rocks accumulate strain while we apply a stress.  The reaction is proportional.

The coefficient of proportionality is Young’s modulus
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The strain may be recoverable within a regime we call elastic behavior.

In the mantle, where temperatures are high enough, and we have non-elastic and non-linear behavior, (crystal plasticity) where a power of the stress is proportional instead to the rate of strain
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where the constant of proportionality involves a value for viscosity that changes depending on the stress and strain rate! (complicated indeed)

Viscosity is a property of plastic material that speaks of their velocity of deformation under stress. 

Water flows faster than honey for the same stress condition although none of these are rocks are used only as simple-minded analogies.

Over short periods of time (thousands of years) the mantle behaves viscously.  Glacial rebound is seen as an example of this behavior.

What model should we use for the rheology of the mantle?

We know that shear waves can propagate in the mantle so the mantle is an elastic solid on the time of milliseconds that it takes for P and S waves to deform the rock.  

At slightly longer time scales of say thousands of years we know that the mantle can deform viscously.  

That is the mantle responds elastically at first and then reacts viscously over the longer term.  This is the elastic-viscous model I drew last class. Think of a spring combined in series with a dash-pot.

Note that the YSE says that at cool enough temperatures the mantle can also behave elasticly over hundreds of millions of years.

Elastic-perfectly plastic (2.3.5)
What if the elastic lithosphere is actually stressed to the point of breaking as can occur in some geological situations???  Well, then it may bend AND break as a twig does.  If the twig is not completely broken when it is bent will bounce back partly to its former shape once the stress is released but some of the original strain has been converted to deformation of the object.  We can model this behavior with the use of equations that explain plasticity.  If the twig is completely broken when bent we have effectively what has geologically been known as a hinge zone.  A hinge zone on the continent is an area across which there is an abrupt thickening of geological sequences (probably because the lithosphere is bending there more than anywhere else)

Strain-hardening and strain softening

The story on how the earth behaves is not complete.   Rocks can either increase their strength after a deformation, or they actually become weaker during deformation.  

There are real cases we know of from experience.  Rolling mills at ironworks repeatedly squeeze the steel thereby increasing its hardness.  Old smithies in the middle ages used this technique to strengthen the steel.  Note that if we can create enough imperfections including dislocations by repeated bashing of the metal these imperfections can become so numerous as to block each other when moving.  We can of course remove them if we increase the ambient temperature.  A geological situation could arise where deformation is not allowed to heal itself, because say the ambient confining pressure is very high, so that it the differential stresses have to be greater in order to break the material.  (If you remember from structural geology classes higher confining pressures increase the elasticity of a material as well its ability to deform without breaking.)  Weakening can occur if temperatures are high enough to permit the imperfections to move and create effectively new pristine but smaller crystals in the process of recrystallization.  The smaller grain size will lead to an inherently weaker material.

_1108867575.unknown

_1108989493.unknown

_1108991933.unknown

_1108992066.unknown

_1108868010.unknown

_1108869224.unknown

_1108866971.unknown

