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Last Week – Rheology 
•  Definitions: Stress, strain and strength 

–  strength = maximum stress supported, σ=F/A, ε=ΔL/L 
•  How do materials respond to stresses?: elastic, brittle 

and viscous behaviour 
–  Elastic σ=Εε
–  Brittle τ=c + fσ
–  Viscous σ=η dε/dt 

•  What loads does topography impose? 
–   σ~1/3 ρgh 

•  Elastic, viscous and brittle support of topography 
–  Flexure, α=(4D/Δρg)1/4 

–  Viscous relaxation and dynamic support 
–  Role of yield stress Y and friction coefficient f in controlling 

topography on large and small bodies, respectively 



This Week – Tectonics 

•  Sources of stress and heat 
•  Ductile response – folding, boudinage, diapirism 
•  Brittle response – faulting 

– Extensional settings 
– Compressional settings 
– Strike-slip settings 

•  Tectonics across the solar system 



Sources of stress 

•  Shape changes 
– Tides, orbital recession, reorientation etc. 

•  Loads 
– Volcanic, impacts, convective, plate tectonics 

•  Freezing/cooling 
 



Shape changes 
•  Global changes in shape will cause global stresses 

 
 

Side View 

Outwards motion: 
Extension (+) 

Inwards motion: 
Compression (-) 
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•  Despinning, reorientation, tides can all change shape 
•  Stresses depend on the change in flattening Δf: 

6
EfΔ≈σ (E is Young’s modulus) 



Global Contraction 
•  Silicate planets frequently exhibit 

compression (wrinkle ridges etc.) 
•  This is probably because the planets 

have cooled and contracted over time 
    (think railway tracks) 
•  Why do planets start out hot? 
•  Further contraction occurs when a 

liquid core freezes and solidifies 
•  Thermal strain given by 

Hot mantle 

Liquid core 

Cool mantle 

Solid core 
Where α is the thermal expansivity (3x10-5 K-1), 
ΔT is the temperature change and the strain is the 
fractional change in radius 

TRR Δ=Δ= αε /



Contraction (cont’d) 
•  Stresses should be isotropic – no preferential direction 
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•  Thickening of an ice shell will produce isotropic 
extensional stresses – why? 



Loads 

Elastic 
plate 

1. Volcanic 2. Impact 

3. Convective uplift 4. Plate tectonics 
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Faults and Folds 

•  Fault (brittle) 
–  Planar fracture (elastic 

failure) across which 
there has been significant 
displacement as a result 
of movement. 

–  Usually occurs by shear 
(which may result from 
tension or compression) 

•  Fold (ductile) 
–  Plastic deformation of 

geologic layers as a 
result of tectonic stresses 

–  Usually occurs by 
compression 

–  Usually initiates as 
buckling of an initially 
horizontal layer 



Elastic Buckling 
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Simplified version of 
Melosh’s analysis. 
What we miss is the 
fact that the most 
rapidly-growing 
wavelength λ∼α, 
where α is the 
flexural parameter 

α

σmin is the min. stress required 
to cause buckling 
σmin=Pmin/te 



Buckling and Folding 
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Even very thin elastic layers require stresses far 
greater than failure strength of rock.  
Conclusion: simple elastic buckling is not an 
important process on planets 

Elastic buckling might be important in 
cases where there are many thin layers 
which can slide over each other. If there 
are N layers, the stress required to cause 
buckling is reduced by 1/N.  

Or it may be that temperatures are high 
enough that buckling is a viscous, rather 
than an elastic process 



Boudinage 
Viscous response to 
extensional stresses 
when rheology is non-
Newtonian  
(i.e. stress α strain raten) 

Probably 
responsible for 
grooved terrain on 
Ganymede, and 
Basin and Range 
province on Earth 

12 km 



Diapirism 
•  A diapir is a viscous blob moving due to buoyancy 
•  Salt diapirs are oil exploration targets on Earth 
•  Venus coronae may be (magmatic) diapirs 
•  Triton’s cantaloupe terrain may be a collection of diapirs 

100 km 
30 km 



Brittle-ductile transition 
•  Cold, shallow material will 

fail in a brittle fashion 
•  Warm material at depth 

deforms plastically or 
viscously 

•  There is a characteristic 
temperature (roughly 70% 
of the melting temperature) 
which defines the base of 
the elastic layer, or brittle-
ductile transition (BDT) 

•  See Week 2 for more details 



Faulting 
•  At low temperatures, 

materials under stress fail 
first in a brittle fashion – a 
fault 

•  The style of faulting 
depends on the stresses 

•  There are 3 principal 
normal stresses σ1>σ2>σ3  
(smaller=more extensional) 

•  In the principal stress 
reference frame, there are 
no shear stresses 

Rupes Recta normal fault, 
110 km long with a scarp a 
few km high (Moon) 



Byerlee’s law 
•  Byerlee’s law says that faults don’t 

move unless the shear stress σs exceeds 
the normal stress σn times the friction 
coefficient f 

•  For almost all geological materials, f=0.6 
(unless the fault is lubricated somehow) 

fault 

Shear stress Normal 
stress 

•  In general, the normal stress is simply  
the overburden pressure, reduced by fluid pressure pf: 

•  The shear stresses are provided by tectonic effects 
•  Typical tectonic stresses on Earth are usually 10-100 MPa 
•  So we expect faulting to be a relatively shallow process 

(deep Moonquakes?)  

fn pgz −= ρσ



Normal Faults 

•   σ1 vertical 
•   σ3 horizontal, towards 

fault plane 
•  Fault plane parallel σ2 

•  Blocks pulled apart, 
hanging-wall slips 
downwards 

•  Forms by extension 

Image: USGS 

(most compressive) 

(most extensional) 

Hanging-wall Foot-wall 



Reverse Faults 

•   σ1 horizontal, towards 
fault plane 

•   σ3 vertical 
•  Fault plane parallel σ2 
•  Blocks forced closed, 

hanging-wall deflected 
upwards  

•  Forms by compression 

Image: USGS 

(most compressive) 

(most extensional) 



Strike-slip Faults 

•   σ1 horizontal, along 
fault plane 

•   σ3 horizontal, along 
fault plane 

•  Fault plane parallel σ2 
 
•  Blocks slide past each 

other 
 

Image: USGS 

(most compressive) 

(most extensional) 



Map View 
• This analysis of σ1,σ2,σ3 is also useful for predicting tectonic 
patterns in map view. 
• To do this, we typically assume that the vertical stress is small 
compared with the tectonic stresses (why?). 
• We then have three options: 

σ1,σ2 > 0 – thrust faults striking perpendicular to σ1 
σ2,σ3< 0 – normal faults striking perpendicular to σ3 
σ1>0, σ3<0 – strike slip faults, striking at an intermediate angle 

• Example (mascon loading, see Melosh Fig 4.22):  

distance 
stress 

compr. 

exten. 

σr  (radial) 

σt  (tangential 

σr  (radial) 

σt  (tangential 

Radial  
thrusts 

Strike- 
slip 

Concentric 
normal faults 

Map view: 



Global Patterns 
Non-synchronous rotation 

Polar wander Satellite orbital recession 

Despinning 

Collins et al., Tectonics of the outer planet satellites chapter, 2009 



Fault Angles 
We can resolve stresses (see Week 2) in combination with Byerlee’s 
law to obtain the dip angle θ at which failure first occurs. This 
depends on the friction coefficient f: 

)(tan 11
2
1

f±= −θ
The +/- sign gives you two answers: for  f=0.6, θ~30o (thrust fault)  and θ~60o 
(normal fault). What happens if f is reduced? 

α



Surface expression of tectonics 
•  Normal and strike-slip faults are (usually) steep-dipping 
•  They usually appear straight in map view (why?) 
•  Thrust faults usually have an arcuate surface expression 
•  Beware – sometimes normal faults can get reactivated as 

thrust faults (or vice versa) 

Black Mountains, Death Valley (normal fault) 

Lunar wrinkle ridge (thrust fault) 



Examples of Tectonics 
•  Global tectonic patterns give us information 

about a planet’s thermal evolution 
•  Abundance and style of tectonic features tell us 

how much, and in what manner, the planet is 
being deformed i.e. how active is it? 

•  Some tectonic patterns arise because of local 
loading (e.g. by volcanoes) 



Extensional Tectonics 

37km diameter 

Pappalardo & Collins 2005 
Diam. appx 40km 

Craters on Ganymede 

Valles Marineris, Mars (~8km deep) 

Crater on Venus 



Extension & faulting 
•  Extension accommodated by normal faulting 
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Stretching factor: 

•  Fault blocks rotate as extension proceeds 
•  Typical normal faults start with dips of 60o (why?) and 

lock up when dips=30o, giving stretching factor = 1.7 
•  Stretching factor also controls amount of subsidence 

that happens during extension 

α

(β=1+strain) 



A Martian Rift Valley 

Hauber and Kronberg, JGR Planets, 2001 

• Looks similar to terrestrial 
continental rifts. 
• Not been heavily studied, but 
may provide useful insights 
into crustal properties. 



A Venusian Rift Valley 
1000 km 20 km 

• Also looks similar to 
terrestrial continental rifts.  
•  High topography – 
centred on an upwelling 
plume?  



What controls rift valley dimensions? 

•  Jackson & White (1989) suggest that if the elastic stresses get too 
large, faults will move and reduce the topography   

•  So the max. width/depth of a rift valley is set by the max. stresses 
faults can withstand 

•  For a width w >> Te, the max. stresses are given by 
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•  Note that this is different to the usual Jeffrey’s theorem answer 
•  Stresses are larger because they are concentrated in a narrow 

region (the elastic layer)  



Example: Venus vs. Earth 

100 km 200 km 

Devana Chasma, Venus  East African Rift, Earth 

Foster & Nimmo (1996) 
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•  Rifts on Venus are about 3 times as wide 
•  Throws (h) and gravity (g) are similar  
•  Elastic thicknesses are similar (Te=30 km) 

•   σmax~10 MPa for Earth, ~100 MPa for Venus 
•  What do we conclude about faults on Venus vs. faults on Earth?  



Graben Systems 

across) 

15km 

Steep scarp 

Relay ramp? 

Flat 
floor 

Canyonlands 
graben, Utah, 
2km across 

Graben, Ganymede 



Grooves on Phobos 
•  Are they tectonic? (e.g. due to tidal stresses) 
•  Are they due to a giant impact (Stickney)? 
•  Are they actually crater chains? 



Pappalardo et al. 1997 

Tilted fault block system 

300 km 

Canyonlands graben 

Miranda and Ariel 
Ariel Miranda 



Charon and Tethys 
50 km 

Serenity Chasma, Charon 
Ithaca Chasma, Tethys 
Giese et al. 2007 



Bands (Europa)  

from Sullivan et al.,  
Nature (1998) 

20km 

What mechanism drives the extension? 



100 km 

“Crop circles” on Europa 



Reorientation (Polar wander)? 

80o reorientation 

Schenk et al. Nature 2008 



Compressional Features: Wrinkle 
Ridges and Lobate Scarps 

•  Compressional features, probably 
thrust faults at depth (see cartoon) 

•  Found on Mars, Moon, Mercury, 
Venus 

•  Possibly related to global 
contraction due to cooling? 

•  Spacing may be controlled by 
crustal structure 

Tate et al. LPSC 33, 2003 

50km 

Krieger crater, Moon 

25 km 

Mars, MOC wide-angle 



Io compressional tectonics 
•  Volcanic burial leads to large compressive 

stresses due to change in radius 
•  Stresses easily large enough to initiate 

faulting 
•  Additional compressive stresses may arise 

from reheating the base of the crust 
 

ΔR 

After McKinnon et al., 
Geology 2001 

Low-angle thrust faulting is 
probably responsible for 
many of the mountain 
ranges seen on Io  

Schenk and Bulmer, Science 1998 

550 km 
10km 

stereo 



“Subsumption” on Europa? 

Kattenhorn & Prockter 2014 

•  Subduction is not 
possible (ice is less 
dense than water) 

•  But maybe cold ice 
(dense) can be forced 
into warm ice beneath 
(less dense) – 
“subsumption” 

•  Still requires large 
horizontal stresses of 
unknown origin 

•  Testable with Europa 
Clipper 



water 

ice 

Mechanisms: Extension 
•  For icy satellites, one possible 

explanation for the ubiquitous 
extension is that they possess 
floating ice shells which 
thickened with time (see below) 

•  Why should the shell thicken? 



Strike-slip Motion 

•  Relatively rare (only seen on Earth & Europa) 
•  Associated with plate tectonic-like behaviour 

Europa, oblique strike-slip (image width 170km) 



Tidally-driven strike-slip faults 
•  How do they form? A consequence of the way tidal 

stresses rotate over one diurnal cycle (Tufts et al. 1999). 
Friction prevents 
block motion Tidal  

stresses 

Vertical (map) view 

•  This ratcheting effect can lead to large net displacements 
•  Strike-slip motion will lead to shear heating if 

sufficiently rapid (c.f. San Andreas on Earth) 



“Cycloids” on Europa 

Hoppa et al. 
1999 

•  Features formed during single orbits 
•  Model has three free parameters 
•  Nobody has come up with a convincing alternative 



Summary – Tectonics 
•  Sources of stress 

– Shape changes, loading/curvature 
•  Ductile response – folding, boudinage, diapirism 

– Failure of elastic buckling instability analysis 

•  Brittle response – faulting 
– Byerlee’s law 
– Andersonian fault mechanics (f=0.6 implies θ=60o) 
– Normal, thrust, strike-slip faulting 

•  Tectonics across the solar system 



•  Backup material follows 



Compression on icy satellites 
•  Rarely observed. Why not? 
•  Is it hidden somewhere?  
•  Icy satellites are dominated by extension 

Prockter and Pappalardo, Science 2000 

The only example 
of unambiguously 
documented 
compressional 
features on 
Europa to date 



The Moon 

•  R  = 1737 km 
•  Density = 3.346 g/cm3 

•  Composition 
–  Small (300 km) iron core 
–  Crust ~40 km thick 

•  Anorthositic gabbro 
(80%) 

•  Basaltic (20%) 



Wrinkle Ridges 

•  Low sinuous ridges 
•  Up to several 100 km 
•  Found on maria 
•  Form by cooling and 

contraction of lava 
–  Compression! 

Mare wrinkle ridge transitions to a highland lobate 
scarp in Mare Frigoris. Illumination is from the 
lower-left in this 2.9 km wide mosaic of LROC NAC 
images M107069913L and M107069913R [NASA/
GSFC/Arizona State University]. 



Grabens 
•  Two normal faults with 

a down-dropped block 
in between. 
–  Extension! 

•  Often found on maria 
near impact basins 

•  Recent (< 50 Myr) 
grabens found (Watters 
et al., 2012) suggesting 
ongoing activity 

Graben cutting Rima Ariadaeus, a linear rille. The crater to the south of the rille 
in the left half of the image is Silberschlag crater.  Image Credit Apollo 10/ 
NASA 



Large lunar dikes? 
• Seen in high-precision 
gravity measurements 
• Ancient – no surface 
expression 
• Suggests early phase 
of lunar expansion? 

Andrews-Hanna et al. 2013 



Tectonic Evolution of the Moon 

•  Early history dominated by impacts, mare 
volcanism 

•  Mild expansion followed by contraction 
•  Observed tectonics associated with: 

– Global thermal stress (warming and cooling of the 
interior) 

– Local loading by mare basalts 
•  One-plate planet 
•  Continued mild tectonic activity (moonquakes) 



Mercury 

l  Radius = 2439 km 
l  Density = 5.431 g/cm3 

l  Composition 
l  Extremely large iron 

core 
l  Surface depleted in iron 

but rich in volatiles 



Lobate scarps 

50 km 

•  Reverse faults 
–  Compression! 

•  Formed by global 
cooling and 
contraction 
–  Predict 1-2 km of 

contraction 
–  Solidification of iron 

core matters 
–  Tidal despinning may 

also be important 
 



Some Extension 

Crater Apollodorus (46km)   
and Pantheon Fossae 

•  Pantheon Fossae 
– Radial grabens 

originating at 
Apollodorus crater 

•  Maximum extension 
in transverse 
direction 



Caloris basin 

•  Giant impact basin 
•  Many concentric 

fractures associated with 
it 

•  Chaotic Terrain at the 
antipode 



Tectonic Evolution of Mercury 

•  High rate of impacts and basin formation 
•  Global expansion associated with 

differentiation of the interior 
– Promotes early volcanism 

•  Cooling and contraction formed scarps 
– Tidal despinning may affect pattern of scarps 
– Suppress later volcanism 

•  One-plate planet 



Mars 
§   R = 3396 km 
§   Density = 3.93 g/cm3 

§   Composition: 
§   Iron core (Rc ~ 1600 

– 1800 km) 
§   Surface mostly 

basalt 
§   Bimodal crustal 

thickness (32 km in 
lowlands, 58 km in 
highlands) 



Plate Tectonics? 

•  One proposed 
explanation for the 
hemispheric dichotomy 
(Sleep, 1994) 

•  No other geologic 
evidence for it exists 

•  Not now generally 
believed 



Magnetic striping 

•  Magnetic lineations in 
the southern hemisphere 

•  Suggestive of seafloor 
spreading? 

•  Much larger than on 
Earth 

•  Stripes on highlands, 
not easily spreadable 

•  Could alternatively be 
dikes? 

Connerney, J.E.P. (2005) PNAS 



Polar Wander on Mars? 

•  Inferred from magnetic paleopoles  
–  (e.g. Arkani-Hamed and Boutin (2004)) 
–  But large error bars on those results 

•  Ancient “shorelines” deform to equipotential 
upon polar reorientation 
–  (e.g. Perron et al., 2007) 

•  Tharsis is certainly big enough to reorient Mars 
–  No tectonic evidence  

•  Dichotomy may have set orientation by itself  
–  (Roberts and Zhong 2006) 



Plenty of Extension! 
•  Valles Marineris is 

(presumably) a large 
extensional feature. 

•  Graben deflecting around Alba 
Patera. Are these the surface 
expression of subsurface 
dikes? 



Tectonic Evolution of Mars 
•  No evidence for global contraction 

–  No large-scale reverse faults 
–  Favours extended period of volcanism 

•  Variable thickness lithosphere 
–  Concentration of volcanic activity to Tharsis and Elysium 

•  One-plate planet 
–  Plate doesn’t shift, volcanoes can grow LARGE 

•  Volcanic loading causes large amounts of extension in 
Tharsis region 

•  Hemispheric dichotomy and/or Tharsis could drive 
True Polar Wander but no tectonic evidence for this. 
 



Earth 
•  R  = 6371 km 
•  Density = 5.15 g/cm3 

•  Composition 
–  Iron Core (5100 km), solid 

and fluid portions 
–  Peridotite Mantle 

•  phase transitions 
–  Crust (35 km avg.) 

•  Basalt in ocean basins 
•  Granite on continents 

–  Large amounts of volatiles 



Plate Tectonics 

•  Lithosphere is relatively thin and rigid 
•  Broken into several rigid plates 



Plate Tectonic Process 
•  New crust formed at divergent plate boundary 
•  Spreads outward, driven by mantle convection 
•  Thickens as it cools, becomes denser 
•  Subducts at convergent plate boundary 

Courtesy USGS 



Plate Tectonic Evolution of Earth 

•  Large-scale recycling of 
lithosphere 

•  Formation of mountains 
at convergent plate 
boundaries  

•  Dichotomy between 
oceans and continents 

•  Surface is very young 
–  Oceanic crust < 200 Ma 

•  Need lithosphere that’s 
thin enough to break 
into plates  

•  Plates rigid enough to 
survive movement 

•  Vigorous mantle 
convection to drive 
plate motion 
–  But not so vigorous as to 

mix protocrust back in 



Venus 

•  R = 6052 km 
•  Density 5.2 g/cm3 

•  Composition 
–  Similar to Earth 
–  Iron core (should be 

partially molten 
–  Dry mantle and crust 

•  Very strong! 



Terrae 

•  Two “continents”, 
Aphrodite and Ishtar 

•  Not compositionally 
different from 
surroundings 

•  Large-scale 
compressional features? 



Chasmata 

•  Rift valleys 
– Extension! 

•  5 km deep, 1000s 
of km long 

•  Similar smaller 
fracture belts 



Tesserae 

•  Complex ridged surface 
features 
–  Compression! 

•  Result of crustal folding 
and buckling 

Alpha Regio -- 1500 km in diameter 



Arachnoid/Nova/Corona 

•  Concentric ovals 
surrounded by complex 
network of fractures 

•  Up to several hundreds 
of km 

•  Unknown origin 
–  Surface expression of 

mantle plume? 



Foundering 
•  Surface is all about 700 

Ma 
•  How to resurface 

everything at once? 
•  Dry, stiff mantle  
•  Inefficient convection 
•  Heat builds up 
•  Widespread melting 
•  Catastrophic eruptions 
•  Or possibly not? 



Io 
•  R = 1821 km 
•  Density 3.53 g/cm3 

•  Composition 
–  Iron core (350-650 km) 
–  Fe Olivine-rich mantle 

•  >10% molten 
–  Basalt and Sulfur crust 

•  Strong tidal heating in 
addition to radioactivity 



Mountains 

•  Can be up to 20 km 
high! 

•  Most mountains not 
volcanoes 
–  Form by compression 
–  Source of compressive 

stresses? 

Tohil Mons -- Image Credit: PIRL/LPL/NASA 



Volcanism! 

•  Extensive volcanism 
buries everything 

•  Sinking crustal layers 
decrease in radius 

•  Heated at depth and 
expand 

•  Thrust faulting! 

Tvashtar seen by New Horizons 
Credit: NASA / JHUAPL / SwRI 



A rigid lid? 

•  Rigid lid is implied by high 
mountains and is a result of 
rapid burial of cooled surface 
material 

Cold,solid lid 

Partially- 
molten mantle 

Solid 
mantle 

~5
00

km
 

~5
0k

m
 

After Moore, Icarus, 2001 

200km 

flow 





Example 
•  This is an example of a profile 

across a rift on Ganymede 
•  An eyeball estimate of α 

would be about 10 km 
•  For ice, we take E=10 GPa, 
Δρ=900 kg m-3 (there is no 
overlying ocean), g=1.3 ms-2  Distance, km 

10 km 

•  If α=10 km then Te=1.5 km 
•  A numerical solution gives Te=1.4 km – pretty good! 
•  So we can determine Te remotely 
•  This is useful because Te is ultimately controlled by 

the temperature structure of the subsurface  



Te and temperature structure 
•  Cold materials behave elastically 
•  Warm materials flow in a viscous fashion 
•  This means there is a characteristic temperature 

(roughly 70% of the melting temperature) which 
defines the base of the elastic layer 

110 K 270 K 

elastic 

viscous 

190 K • E.g. for ice the base of the elastic 
layer is at about 190 K 
•  The measured elastic layer thickness 
is 1.4 km (from previous slide) 
•  So the thermal gradient is 60 K/km 
•  This tells us that the (conductive) ice 
shell thickness is 2.7 km (!) 

D
epth 

1.4 km 

Temperature 



Te in the solar system 
•  Remote sensing observations give us Te 
•  Te depends on the composition of the material (e.g. ice, 

rock) and the temperature structure 
•  If we can measure Te, we can determine the temperature 

structure (or heat flux) 
•  Typical (approx.) values for solar system objects: 

Body Te (km) dT/dz (K/
km) 

Body Te dT/dz (K/
km) 

Earth 
(cont.) 

30  15 Venus 
(450oC) 

30 15 

Mars 
(recent) 

100 5 Moon 
(ancient) 

15 30 

Europa 2 40 Ganymede 2 40 



Compressional Features 
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Is there compression at double 
ridges on Europa? 

Confusing – shows extension 


