ACTIVITY #2: THE BIRTH OF THE EARTH SYSTEM AND THE CONVECTION PARADIGM
A Geophysical Discussion of the Universal Phenomenon of Convection
Type of Activity: a combination lecture sequence + problem set

Context: for first portion of lecture sequence: an introductory course in geoscience
Context: for second portion of lecture sequence and problem set: an advanced course in geophysics (students should have seen partial derivatives, the diffusion eq’n)
Goals: illustrate the importance of convection throughout the Earth System; and, 

            provide a mathematical / physical basis for further study of convection
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ACTIVITY #2.
The Birth of the Earth System: 
Convection as the New Geophysical Paradigm
Outline of Lecture Sequence

I.  The Earth Accreted, then Differentiated

A.  Earth did not start out with its current structure

· Earth’s gross interior structure today

· Earth grew ‘well-mixed’, i,e. with no distinct core or mantle

· Earth’s accretionary atmosphere was doomed – by the Sun, by gravity, and (down the line) by the Heavy Bombardment


B.  Earth’s interior heated up

· heat of formation

· heat of compression

· radiogenic heat


C.  The core formed catastrophically

· it was an ‘avalanche’ process

· it caused a huge release of heat

II.  Core Formation Produced the Earth System
A.  The core came alive 

· heat of differentiation ( core convection ( geomagnetic field        (or, convection ( core began to cool ( inner core formed + outer core convection ( geomagnetic field)


B.  The mantle came alive

· a rocky mantle was the other result of differentiation

· heat of differentiation ( mantle convection ( plate tectonics began – as a by-product of mantle convection!

C.  On Earth’s surface, a new atmosphere and oceans appeared

· plate tectonics ( prolific outgassing (volcanic activity, etc., “The Big Burp”) ( much H2O, CO2 vented ( new atmosphere and oceans

III.  Convection Dominates the Earth System
A.  Convection transports large amounts of heat more efficiently than does conduction

· basic concepts 

· archetypal example (pot of boiling water), conduction versus convection, (thermodynamic) efficiency

>> NOTE: for teaching purposes, the remainder of this activity could be postponed,        at least until Activity #1 has been completed <<

B.  Advection

· example of river flow through a narrowing channel: advection of velocity

· total derivatives (explain spatial rates, partial derivatives first if not already done in Activity #1) 

· something to think about (or, h.w./test question): expressing incompressibility (e.g. within flowing river) using total derivatives 
· the need to add advection to the diffusion equation (discuss diffusion equation first if not already done in Activity #1)

· advection  in a convecting fluid: conceptually, mathematically         ((T/(t = k(2T/(z2 becomes DT/Dt = k(2T/(z2), and pictorially 


C.  Thermal digression

· adiabatic experimental conditions and adiabatic temperature gradients

· the adiabatic temperature gradient and fluid instability: a necessary condition for convection 


D.  Fluids in motion: convection as a struggle between buoyancy and viscous drag

· buoyancy forces: a result of gravity; mathematical expression

· thermal convection: buoyancy forces from thermal expansion ((); mathematical expression

· viscous drag forces: diffusion of momentum; viscosity (() as a diffusion coefficient; mathematical expression 


E.  Convection as a struggle between advection and diffusion of heat

· the struggle in physical terms

· scaling the advective heat flow equation 


F.  The Rayleigh Number as a measure of the likelihood of convection

· completing the scaling of the advective heat flow equation 

· interpretation of the Rayleigh Number – size matters the most

· applications to mantle and core, oceans, atmosphere, the lunar interior, and other planets: the universality of convection

Problem Set: Convection in the Earth System
1.  Reynolds by Advection 

In class we defined the Reynolds number Re as the typical ratio of the ‘inertial’ force in a fluid (i.e. the acceleration of a fluid parcel) to the viscous force acting within the fluid, both expressed per unit volume.  We found that by scaling the forces the Reynolds number reduced to 

Re  =  LV/( ,  

where L denotes the characteristic size of the body, V its characteristic velocity, and ( the kinematic viscosity.  

Show that we obtain the same result using advective acceleration in the numerator.

2.  A novel view of incompressibility 

At the southern edge of the Greenland Ice Sheet, a sudden Springtime warm spell causes fresh water from melting ice to drain through a channel into the Sea, diluting the seawater.  This dilution hypothetically causes the seawater density to decrease at a rate of 0.1 gm/cm3 per day.  Meanwhile, a persistent ‘along-shore’ current beginning far to the west of the channel carries the diluted seawater eastward at a velocity of 11.2 cm/sec.  

In general, we would expect to find the density of any given parcel of water to decrease over time as it is carried past the mouth of the channel and experiences dilution.  With that expectation, the seawater is sampled, and its density measured along the coast, at points on either side of the channel mouth.  But there is one particular ‘density gradient’, i.e. change in density with distance eastward along the coast, for which it will appear as if the density of a parcel of water in that current does not vary over time.  Find that density gradient, in units of gm/cm3 per km.

[Hint: be careful to distinguish between spatial and temporal gradients of density.]

[Comment: If the density of any parcel does not change with time (no matter how it moves) we might infer that we are dealing with an incompressible fluid – though not a fluid of spatially uniform density.  So here, an apparent incompressibility is achieved by the ‘local’ decrease in density (from dilution) being balanced by the input of more dense fluid form the west….]

3.  Turbulent or Laminar? 

Calculate the value of the Reynolds number (i) in mid-ocean, where wind-driven currents typically ~ 0.1 m/sec in magnitude penetrate at least 1 km down; and (ii) in the Susquehanna River (choose your own characteristic values for the River…).  In each case, would you expect the flow to be laminar or turbulent?

4.  Dead Moon? 

Assume that the moon is chondritic in composition, thus similar in density, radiogenic heat production, and thermal properties to the Earth's mantle.  Assume also that the viscosity of lunar material is similar to that of mantle material.  Finally, recall that the lunar radius & surface gravity are, respectively, 1/4 and 1/6 that of Earth.  
Use characteristic values to predict `theoretically' whether convection is taking place within the moon.  Take the critical Rayleigh number to be 103.  
