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This Lecture

Review of everything we’ve done

A good time to ask if there are things you don’t
understand!

Almost all of the equations in this lecture are things
you could be asked to derive

Some of them (in red boxes) you should know — they
are listed on the formula sheet
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Solar System Formation

1. Nebular disk
formation

2. Initial coagulation
(~10km, ~10° yrs)

3. Orderly growth (to
Moon size, ~10° yrs)
4. Runaway growth
(to Mars size, ~107
yrs), gas loss (?)

S5. Late-stage
collisions (~107-8 yrs)
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Solar Nebula Composition

* Derived from primitive
(chondritic) meteorites and
solar photosphere

* Compositions of these tw
sources are very similar
(see diagram)

SOLAR ATMDEBH'EEE

* Planetary compositions
can also be constrained by
samples (Moon, Mars,
Earth, Vesta) and remote
sensing (e.g. K/U ratio)
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Basaltic Volcanism Terrestrial Planets, 1981
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Gravity

Newton’s inverse square law for gravitation:
r

Gm.m « >
— 12 O F
F omr  re0)
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Gravitational potential U at a distance » (1.¢.
the work done to get a unit mass from [] — GM

infinity to that point): 7

Balancing centripetal and /\
. a | .ag

gravitational accelerations gives 7

us the mass of the planet ) focus
GM — a3 0)2 e 1S eecentricity

Mass and radius give (compressed) bulk density — to
compare densities of different planets, need to remove
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Moment of Inertia

* Mol 1s a body’s resistance to rotation and depends pn

the distribution of mass

I = Z:mr2 = jrzdm

 Uniform sphere|/=0.4 MR’

* Planets rotate and thus are f

moments of 1nertia (C>B>A)

* The flattening means that gravity 1s smaller at the
poles and bigger at the equator

C X;‘Q Mass deficit at poles

i

-

attened and have three

/ \\.\ * By measuring the
* = AorB

gravity field, we can

/
1
1
\ I
\ /
\ /
~ _ Mass excess at

a7 equator

obtain

J,=(C-A)/Ma?
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Mol (cont’d)

 If the body 1s a fluid (hydrostatic) then the flattening
depends on J, and how fast it 1s rotating

 How do we get C (which 1s what we are interested 1n,
since 1t gives the mass distribution) from C-4?

— Measure the precession rate, which depends on (C-4)/C.
This usually requires some kind of lander to observe how
the rotation axis orientation changes with time

North Star
— Assume the body is in hydrostatic *

equilibrium (no strength). This allows Cto ...y /7
be obtained directly from (C-A4). The J S B
assumption works well for planets which are
big and weak (e.g. Earth), badly for planets
which are small and strong (e.g. Mars)

Precession
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Using Mol

« Compare with a uniform sphere (C/MR°=0.4)

e Value of C/MR? tells us how much mass is
concentrated towards the centre

Same dens1ty

leferent Mol
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* Local gravity variations arise from

Gravity

lateral density variations
* Gravity measured 1n mGal
« 1 mGal=10~ ms?~10° g, .

Observer

Gravity profile

_ N

 —

<

R

>

« For an observer close to the centre (z<<R) of a flat plate
of thickness /4 and lateral density contrast Ap, the
gravity anomaly Ag 1s simply:

Ag=2r1AphG

 This equation gives 42 mGals per km per 1000 kg m™3

density contrast
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Attenuation
* The gravity that you measure depends on your distance
to the source of the anomaly

» The gravity 1s attenuated at greater distances

observer  The attenuation factor is
) given by exp(- kz)l where
k=2 1\ 1s the wavenumber
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* Stress:

Basic Elasticity

c=F/A

« Hooke’s law

E ="

E

o, = 2G &,
dp _dP
p K

strain:|&=AL/L yielding failure
E is Young’s % \PlaStiC
Modulus (Pa) “ :
elastic
—>

strain

The shear modulus G (Pa) 1s the shear
equivalent of Young’s modulus £

The bulk modulus K (Pa) controls the
change 1n density (or volume) due to a
change 1n pressure
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Equations of State

Hydrostatic assumption |dP = p g dz

Bulk modulus (1n Pa) allows the variation in pressure
to be related to the variation in density

k- _pdP_ P
dV dp

Hydrostatic assumption and bulk modulus can be
used to calculate variation of density with depth
inside a planet

The results can then be compared e.g. with bulk
density and Mol observations

E.g. silicate properties (K,p) insufficient to account
for the Earth’s bulk density — a core 1s required
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Flow & Viscoelasticity
« Resistance to flow 1s determined by viscosity (Pa s)
n=oc/&
NB viscosity 1s written as both x and 77 — take care!

* Viscosity of geological materials 1s temperature-
dependent

* Viscoelastic materials behave 1n an elastic fashion at
short timescales, 1n a viscous fashion at long
timescales (e.g. silly putty, Earth’s mantle)
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Isostasy and Flexure

A

w(x) p

. ﬂ—(lef P ~Often we write g(x)=p, g h(x)

Crust
1 Elastic plate
Mantle
P ‘ h P
d*w d*w
D + P + — =q(x
P+ (p, = p)ew=q(x)

* This flexural equation reduces to Airy 1sostasy if D=0
* D 1s the (flexural) rigidity (Nm), 7, 1s the elastic

thickness (km)

D =

ET’

12(1—v?)
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Compensation

* Long wavelengths or low elastic thicknesses result in
compensated loads (Airy 1sostasy) — small grav. anomalies

* Short wavelengths or high elastic thicknesses result in
uncompensated l(A)ads — big gravity anomalies

Degree of
compensation

1

0 i

C Uncompensate, I
0.3 A

Long A:

Compensated
| —»

D/ Apg=1 wavelength

* The “natural wavelength” of a flexural feature 1s given by
the flexural parameter a. If we measure «, we can infer the

elastic thickness T, [ 4D F
o= 4
g(pm _pw)
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Seismology

* S waves (transverse) V. = G
P
Y K+2G
« P waves (longitudinal) V = 3
p p

e The time difference At between P and S arrivals gives the
distance L to the earthquake

£ :Atz—L
r, .

* Seismic parameter @ allows us to infer the density
structure of the Earth from observations ot V,and V|

2 2
e
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Heat Transport

TO
« Heat flow|F :k(ﬂ_T‘)):kd_T w Id
d dz T,

* kis the thermal conductivity (WmK-1); F units Wm-
 Typical terrestrial planet heat flux ~10-100 mWm-

» Specific heat capacity C, (Jkg'K™") is the change in
temperature per unit mass for a given change in energy:
AE=mC,AT

* Thermal diffusion equation

or  oT (82T 82T) H

—tu—=K + +—

ot Ox ox> 0z’ C )

i is thermal diffusivity (m*s™) {k/p C] Note that k and « are different!

F.Nimmo EART162 Spring 08




Heat Transport (cont’d)

* The time ¢ for a temperature disturbance to propagate
a distance d d 2

f o~ —
K

* This equation applies to any diffusive process

« E.g. heat (diffusivity ~10° m?s-!), magnetic field
(diffusivity ~1 m?s!) and so on
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Fluid Flow

Kinematic viscosity 7 measured in Pa s o=1 (#

Dynamic viscosity [v=n/pmeasured in m?s-!

* Fluid flow described by Navier-Stokes equation

e y-direction | Dv  OP o’v 0%
p—=——+1n —+— |+
Dt ~ oy ox~ Oy
/ : /

Pressure Viscous / Body force

gradient terms
Reynolds number Re tells us whether a flow 1s
turbulent or laminar Re = pul. _ul

n %

Postglacial rebound gives us the viscosity of the mantle;
ice sheets of different sizes sample the mantle to
different depths, and tell us that 77 increases with depth

F.Nimmo EART162 Spring 08



COHVCCthIl Cold - dense

 [ook at timescale for advection of heat
vs. diffusion of heat

* Obtain the Rayleigh number, which
tells you whether convection occurs:

o PR —T)d"

K1}
e Convection only occurs if Ra 1s greater than the critical

Rayleigh number, ~ 1000 (depends a bit on geometry)
(T, +T)/2

cold 7' T,
) - K #5 4

Roughly
1sothermal
interior

Hot - less dense

Thermal boundary
layer thickness:

O~d-Ra'’

T
hot 1 T, F.Nimmo EART162 Spring 08
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Tides

Equilibrium tidal bulge (fluid body)

3 This is the tide
m( R
H=R— (—j raised on mass M
M\ a by mass m

Tidal bulge amplitude d = 1, H
Love number|h, = 5/2

Diurnal tidal amplitude = 3ed
Diurnal tides lead to heating and orbait circularization
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Orbits

* Mean motion of planet 1s independent of e, depends on
GM and a:

2 3
na =GM
* Angular momentum per unit mass of orbit 1s constant,
depends on both e and a:

h=na’ \/ 1—e’
* Energy per unit mass of orbit is constant, depends only
on a. GM
E =
2a
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