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Last Week

A Elasticity:Y o u n g 60 s =rsteessu strairs(also
Poi s s oiiwhatdoesit do?)

A Another importantwhy?)variable is théulk modulus
which tells us how much pressure Is required to cause
given change In densitipefinition?

A Flow lawdescribes the relationship between stress an
strain rate for geological materials

A (Effective)viscosityis stress / strain rate
A Viscosity is very temperatuwgependent: expQ/RT)
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This Weeki' Isostasy and Flexure

A See Turcotte and Schubert chapter 3

A
A
A

How are loads supported?
sostasyl zero elastic strength

~lexurel elastic strength (rigidity) is important

A What controls rigidity?
A We can measure rigidity remotely, and it tells us

about a planetos t her ma
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Alry Isostasy

ALet s start by assuming
unable to support loads elastically

Noad Load

Crust r, ~
Mantler, -~

A The crust will deflect downwards until the surface
| oad (mass excess) | S Dba
(mass deficii dense mantle replaced by light crust)

A 90% of an iceberg is beneath the surface of the ocear
for exactly the same reason

A This situation is called(ry) isostasy
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Conseqguences of Isostasy

. A In the case of no elastic strengtt

\i;h the load Is balanced by the
Crust r, Itc mantle root: h/‘C:I’( fm-fc)

Constant ~_~ ¢ r A This also means that there are

‘pressure . .
P Mantie’n|  no lateral variations in pressure
beneath the crustal root

A So crustal thickness contrasf2 £h+r) lead to
elevation contrastdj:
I h= (rm j rc)

Dt

C

r

m

A Note that the elevation independentf the
background crustal thickness
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Pratt Isostasy

A Similar principlei pressures below some depth do
not vary laterally

A Here we do it due to variations in density, rather thar
crustal thickness

ra> rq

h:(rZ- rl)t
r,

Mantler

AWhat 6s an example of whe
on Earth?
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Gravity Effects

A Because there are no lateral variations in pressure
beneath a certain depth, that means that the total mas

above this deptdoes not vary laterally either

A So what sort of gravity anomalies should we see?

A Very small ones! (NB there will actually be a
' small gravity anomaly and

gravity k gravity edge effects in this case)

Crust r, ~
~

Uncompensated loddy=2p (G Compensated load [g~0

A So we can use trszeof the gravity anomalies to tell
whether or not surface loads are compensated
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Example- Mars

A The southern half of Mars is about 3 km higher than the
northern hal{fwhy?)

A But there is almost no gravity anomaly associated with

Nnhemi spheric d| chotomyo
a)

S, Topography, m
L7 | 2000
8000

A We conclude that the CI‘UF
of Mars here must be ‘.
compensated (i.e. weak)

A Pratt isostasy? Say R =
r,=2700 kgm? (granite) - = o R i
andr,=2900 kgn? b N - Sl
(basalt). ThIS gives us a-.




Mar s

A On the other hand, some of the bify £ 8"
volcanoes (24 km high) have grafty &~
anomalies of 2008000 mGal P

A If the volcanoes were sitting on a
completely rigid plate, we would | -
expect a gravity anomaly of say 2|9 x
24 x 42° 2900 mGal

A We conclude that the Martian
volcanoes are almost uncompensated,

so the crust here is very rigid /\

ARemember that what@s Cmsportar
strength of the crustt the time the load
was emplaced this may explain why
different areas have different strengtgcompensated load[y=2p (G
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Flexure

A So far we have dealt with two emdember cases: when
the lithosphere is completely rigid, and when it has no
strength at all (iIsostasy)

A 1t would obviously be nice to be able to deal with
iIntermediate cases, when a load is qdytly supported
by the rigidity of the lithosphere

Al 6m not going to ideethe ve
Supplementary Section (and T&S Sectief)3or the
gory details

A We will see thaturface observations of deformaticen
be used to infer the rigidity of the lithosphere

A Measuring the rigidity is useful because it is controlled
by thethermal structuref the subsurfacer vimmoearrisz spring o8



Flexural Stresses

l load

A

Crust

M IEmampmm

Mantle

A In general, a load will be supported by a combination ¢
elastic stresses and buoyancy forces (due to the differ
density of crust and mantle)

A The elastic stresses will be both compressional and
extensional (see diagram)

A Note that in this example the elastic portion includes b
crust and mantle  NIMMOEARTL62 Spring 08



Crust

Mantle

)

Flexural Equation (1)

a(x)

>

W(X) Iy

Elastic plate

> <

P

P is force per unit length
in thez direction

D

d*w _d*w
+P
dx* dx?

+(rm B rw)gW: q(x)

ADis

the(flexural) rigidity, T, Is theelastic thickness
ET’
12(1- v°)

D =
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Flexural Equation (2)

A Here the loadj(x)=r,gh
AWedl | ReDso
A The flexural equation is

d*w

D +(r,- r/)gw=r,gh

dx*

A If the plate has no rigidityP=0 and we get
(rm_ rI)W:hrI
A This is just the expression fairy isostasy
A So if the flexural rigidity is zero, we get isostasy
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Flexural Equation (3)
d*w

X p
ALet 6s assume a si nuhshgd«d e
A Then the response must also be sinuseigay ek
A We can relatéy, to w, as follows

W, = 7 _h, HereD r =-ryandk=2p /, /
A\ Dr +% where/ is the wavelength

A Does this expression make sense?
A What happens iD=0 or D ~07?
A What happens at very short or very long wavelength:

What 0s

D

+(rm_ rl)ng r,gh
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Degree of Compensation

I

Dr +
A We also know the deflection in the case of a

completely compensated [odd=0): W, = % h,

A The deflection caused by a given loag:=

Dk* hO

g

A Thedegree of COMPENSAtIOA [~g ™ g
C is the ratio of the C| Uncompensate
deflection to the deflection 0.5-----------------f£---- Cong/:
In the compensated case: T Compensated
c="o _ 1 0 - | wavelengtt
w1+ DK4/D g=1

A Long/, C~1 (compensated); short C~0 (uncomp.)
A C~1 gives small gravity anomalies, C~0 large ones
A Critical wavenumber€=0.5 meang=(D g/D)%
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Example

ALet 6s say the elastic th
( we 06 IEF100uGPay=0.25,0=8.9 m<?, D ~500 kg )

A The rigidity D=ET 3/12(1-V?) ~ 2x13Nm
A The critical wavenumbek=(D g/D)Y/4~1.3x10° mL
A So the critical wavelength=2 o/k=500 km

1.6 kmF
0.8 kmp

1000 km 2000 km 3000 km

Would we expect it to be compensated or not?
What kind of gravity anomaly would we expect?
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Degree of Compensation (2)

4 Weaker (smalll)

~0 MGal/km 1 | ol S0

C | Uncompensatgd

~Long/:
Compensated

’0
*
*
.*

~120 mMGal/kmo lemm s

*
*
&
*
*
*
4
&
. - - —— - - —— - - e = = e e ek e e e e

Short/: / A Stronger (largd,)

>
wavelength

A What gravity signals are associated Wit

N1 andC=07?

A How would the curves move aschanges?

So by measuring the ratio of gravity to topography

(admittance as a function of wavelength,

we can Infer

the elastic thickness of the lithosphere remotely
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Flexural Parameter (1)

r. lload
A Consider a line load I
acting on a plate: =0

r \!_// >

A Except aix=0, Ioad 0 so we can write:

d W What does this
D + (/’ -/ )gW: 0) look like?
dx’* moow

A Boundary conditions for an unbroken plate
are thadw/dx=0atx=0 andw- Oasx- ©

A The solution isw=Ww, exp (- x/a)(cosl +sinl)

1
A Herea is the flexural parameterg — [ ( ]4
g I m

(Note the similarity ofa to the critical wavenumber)
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Flexural Parameter (2)

A Flexural parametea=(4D/g(r,-r,))"
A It is telling us thenatural wavelengtlof the elastic plate

A E.g. if we apply a concentrated load, the wavelength c
the deformation will be given by

A LargeD gives longwavelength deformation, and v.v.

A

A

A

If t
ap
ft
ne

ne load wavelength is >&, then the deformation will
oroach the isostatic limit (I.€~1)

ne load wavelength is <&, then the deformation will
small C~0) and have a wavelength givenay

f we can measure a flexural wavelength, that allows

to infer @ and thuD or T_directly. This is useful!
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Elevation, m

600

400

=200

-400
0

200

10 km

Example

A This is an example of a profile
across a rift on Ganymede

A An eyeball estimate of
would be about 10 km

A For ice, we take E=10 GPa,
D £900 kg m? (there is no

Ganymede rift

20

| T 40 :
Distance, km overlying ocean)g=1.3 ms’

A If a=10 km therD=2.9x108 Nm andT=1.5 km
A A numerical solution give$.=1.4 kmi pretty good!
A So we can determing remotely

A This is useful becausgis ultimately controlled by
thetemperature structure of the subsurface
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T, and temperature structure

A Cold materials behave elastically
A Warm materials flow in a viscous fashion

A This means there ischaracteristic temperature
(roughly 70% of the melting temperature) which
defines the base of the elastic layer

AE.g. for ice the base of the elastic 270« 190K 110K
layer is at about 190 K I
S1.4km

AThe measured elastic layer thicknes
IS 1.4 km (from previous slide) |
ASo the thermal gradient is 60 K/km
AThis tells us that the (conductive) ice
shell thickness is 2.7 km (!) Temperature
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T.and age

A The elastic thickness %' mcovem etajora002 SMalTe
. a ' ) " Hellas = P
recorded Is théowest | b
i i | Noachian ™~ N P — 9
since the episode of —wismin ||
: = b o
deformation §fo s Hetes Aimwininrusion  FI=N | 0
2 Solis Planum 25
A In general, elastic 3. ... T o OO N
thicknesses get largel —— c IIIIIIIIIII v ®
Wlth tlme (Why?) PaVDniSMOh:rSiaMOH y
Olympus Mo S Hons Amazonian
0 5 1.0 1.5 2.0 2.5 30

Thermal gradient, K/km

A So by looking at features of different ages, we can
potentially measure hoWy, and thus the temperature
structure, have varied over time

A This is important for understanding planetary evolutior
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T, In the solar system

A Remote sensing observations giverys

A T_depends on the composition of the material (e.g. ice
rock) and the temperature structure

A If we can measure, we can determine the temperature
structure (or heat flux)

A Typical (approx.) values for solar system objects:
Body T.(km) [dT/dz Body T, dT/dz
(K/km) (K/km)
Earth 30 15 Venus 30 15
(cont.) (450°C)
Mars 100 S Moon 15 30
(recent) (ancient)
Europa |2 40 Ganymede 2 140 |
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Summary

A Flexural equatiomletermines how loads are supportec
d*w
D +\r_ - r )Jgw=qg(X
7 T )gw=a0)

A Theflexural parametea gives us the characteristic
wavelength of deformation

. 4D /4
a - \-g(rm' rw)Jl

A Loads with wavelengths >z are isostatically supported
A Loads with wavelengths <& are elastically supported

A We can infera from looking at flexural topography (or by
using gravity & topography togetheradmittance)

A Because the rigidity depends on the temperature structt
determininga allows us to determing@T/dz
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Supplementary Material follows
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- Plate Bending

A Bending an elastic plate
R4 produces both compression:
~2  and extensional strain

A The amount of strain
depends on thexdius of
curvature R

D _yf _y
I Rf R
A Note that there is no strain along the centre §=®Y

A The resulting stress is given by (see T&S):

_ E
Sxx_l_ V2 exx

e -
_ - ~

-
- -

-~“compression -

Strain=¢e,,
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Radius of Curvature

A What is the local radius of curvature of a deforming
plate? Useful to know, because that allows us to calcul
the local stresses

It can be shown that

1 d°w
N R d¥
So the bending stresses are giver

E d°w
XX B yl- V2 dXZ @

S —

e/ > (y Is the distance from the mulane)
Plate shap

described byv(x)
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Bend|ng Moment w(X)(force per unit area)

- Tv+dv
\ l (shear force per
unit length)
M+dM
M @@ & (moment)
[
dx y ,
A Balance torques/ dx = dM e
I" XX
A Balance forces dx + dV =0 Te/ZI
A Put the two together: N
P .
dX2 T./2

Moment: = N
Does this make sense? M rpxxydy @

“T.12
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Putting It all together . . .

A Putting together, B andC we end up with
; ET d4W_Dd4W

2 A A
12(1- n7) dX dx

A HereD is therigidity
A Does this equation make sense?

=q(x)
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Admittance Example

Nimmo and McKenzie 1998
A Comparison of Hawaii and Ulfrun Regio (Venus)

A What is happening on Venus at short wavelengths

A Are you surprised that the two elastic thicknesses are
comparable?
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