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Last Week – 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 q=60o)

– Normal, thrust, strike-slip faulting

• Tectonics across the solar system



Midterm

• This Thursday (25th)

• Mix of short answers (compulsory) and long 

answers (choice from list)

• Closed book, no cheat sheets, but I will supply 

a list of equations

• Bring a calculator!



This Week – Volcanism

• Silicate volcanism
– How and why are melts generated?

– How do melts ascend towards the surface?

– What controls the style of eruption?

– What controls the morphology of surface volcanic features?

– How does volcanism affect planetary evolution?

• Exotic volcanism
– Cryovolcanism

– Ferrovolcanism (?)



Volcanism

• Silicate volcanism is an important process on many solar 

system bodies (either now or in the past)

• It gives information on the thermal evolution and interior 

state of the body

• It transports heat, volatiles and radioactive materials 

from the interior to the surface

• Volcanic samples can be accurately dated

• Volcanism can influence climate

• “Cryovolcanism” and “ferrovolcanism” can also occur 

but are less well understood



Melting

• Only occurs at a single temperature for a pure 

single-component material.

• Most planetary materials are mixtures. 

Components melt at different temperatures

• Solidus: Temperature at which the first melt 

appears

• Liquidus: Temperature at which the last solid 

crystal disappears



Eutectic Phase Diagram

Eutectic (Di+An

crystallize)



Solid Solution Phase diagram



Other Effects

• Usually have more than two components
– Ternary, quaternary diagrams

– Computer models (e.g. MELTS)

• Pressure
– Modifies volume, entropy, melting temperature

– Solid-state phase transitions

• Volatiles
– Water lowers melting temperature

– CO2 lowers solubility of water

• “Cryo”magmas
– At low temperatures, ice behaves like rock

– Limited evidence on icy satellites



Effect of Water



Clausius-Clapeyron Equation

• Melting temperature Tm depends on pressure P

– Increases with depth

• Clapeyron slope given by:

• Depends on change in specific volume DV upon 
melting and latent heat L

• g ~ 50 – 100 K/GPa for most mantle minerals

• On Earth, this gives 1.5-3 K/km (why?)

• Ice I has a negative g
– What does this mean?

g =
dTm

dP
=Tm

DV

L



Adiabatic Gradient

• Compression changes the 
temperature even with no added 
energy

• Temperature increases with 
depth following an adiabat :

• ~ 0.5 K/km for Earth

• Most of the mantle is adiabatic 
(except in boundary layers)

• How does adiabatic gradient 
compare with the solidus slope?

• What does this imply?

dT

dz
=
gaT

Cp

Most melting 

occurs here

Solidus 



Why does melting happen?

• Material (generally silicates) 

raised above the melting 

temperature (solidus)

– Increase in temperature 

(plume e.g. Hawaii)

– Decrease in pressure (mid-

ocean ridge)

– Decrease in solidus 

temperature (island arcs)

Temperature
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Reduction 

in pressure

Increase in 

temperature

Reduction 

in solidus

• Partial melting of (ultramafic) peridotite mantle 

produces (mafic) basaltic magma

• More felsic magma (e.g. andesite) requires additional 

processes e.g. fractional crystallization



Flow in a porous medium
• In the magma source region, melt forms an interconnected 

network around mineral grains and flows through these pores

• The timescale to extract melt from a layer of thickness h is 

known as the compaction timescale and is given by

Image courtesy Wen-Lu Zhu
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C=100 (constant),  is the melt 

viscosity, a is the grain-size,  is the 

porosity, D is the density contrast

• At Hawaii, =0.05 (say), h=20 km, =103 Pa s, so t=25 Myr

• What does this answer suggest?



Dike Ascent
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Balance the buoyancy driving flow (Dgw) against 

viscous stresses ( du/dx): 
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Does this make sense?

What is the maximum velocity?

Volume flux per unit length (m2/s):
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What is the minimum width of a dike ascending a height h which 

allows it to erupt before freezing?



Cooling timescale
• Conductive cooling timescale 

depends on thickness of object and 

its thermal diffusivity k

d

• Thermal diffusivity is a measure of 

how conductive a material is, and is 

measured in m2s-1

• Typical value for rock/ice is 10-6 m2s-1

hot

cold

Temp.

• Characteristic cooling timescale  t ~ d2/k
• How long does it take a metre thick lava flow to cool?

• How long to boil an egg?



Ascent timescale

u
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Dikes ascend because of a density contrast 

D with the surrounding rock

Maximum velocity is given by:
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D= Does this 

make sense?

For a dike to reach the surface, the ascent timescale (L/umax) 

has to be shorter than the freezing timescale (w2/k)

This yields: 
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A basaltic dike 1m wide can make it through the whole crust



Ascent and Eruption

Melt transport changes from diffuse (flow in porous medium) 

to localized (dikes) as it ascends

Melt stalls at level of neutral buoyancy



Dikes

Exhumed dikes 

(Mars & Earth)

Mars image width 3km

MOC2-1249 

Ship Rock, 0.5km high

New Mexico

Dike Swarms, Mars and Earth

Radiating dike field, Venus



Summary (part 1)

• How and why are melts generated?
– Increase in mantle potential temperature; or

– Reduction in solidus temperature (e.g. water); or

– Thinning of the lithosphere

• How do melts ascend towards the surface?
– Initially via porous flow through partially-molten rock

– Later by flow in macroscopic fractures (dikes)



Magma properties

• Viscosity  : resistance to 

flow

– Depends on silica content

– Mafic magmas have low 

silica (45 – 50%)

– Felsic magmas have high 

silica (65 – 70 %)

• Also function of T and P
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Composition

• Yield stress, viscosity depend on silica content

• Basalt: 40 wt% SiO2

– YB = 100 Pa

–  = 100 - 106 Pa s

• Andesite: 65 wt% SiO2

– YB = 105 Pa

–  = 109 - 1013 Pa s



Crystals and Bubbles

• Water lowers viscosity

• Crystals increase viscosity

– High crystal fraction  may 

prevent magma flow 

entirely

• Beyond critical , material 

behaves more like a solid

• Roscoe Law (for small ):

h µ(1-f)-2.5
Boichu, M. et al. (2008) JGR

Critical 



Bingham Rheology

• Similar to Newtonian, 

but there is a yield stress 

YB that must be 

overcome before fluid 

will flow.

e =

0 for s <YB
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Level of neutral buoyancy

• Magma will typically ascend until it reaches 

surroundings of the same density as itself (the level of 

neutral buoyancy). Why?

• This effect can be modified if there are significant 

external stress gradients driving flow (e.g. tectonics)

• Liquid magma is typically less dense than solid rock

• But near-surface materials are often low density 

(composition,porosity, alteration etc.)

• So magmas often get stranded – intrusions

• This is especially likely to happen for water/ice 

systems – why?



Eruptions
• Magma ascends (to the level of neutral buoyancy)

• For low-viscosity lavas, dissolved volatiles can escape as 

they exsolve; this results in gentle (effusive) eruptions

• More viscous lavas tend to erupt explosively

• We can determine maximum volcano height:
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What is the depth to the melting zone 

on Mars?

Why might this zone be deeper than 

on Earth?

a



Intrusion

• If the level of neutral 

buoyancy is reached 

before magma reaches 

the surface, it stalls.

• May pond up as a 

magma chamber

• May cool into a pluton

• May spread out as a 

sheet intrusion



Sheet intrusions

• Dike

– Discordant, usually 

vertical

• Sill

– Concordant, usually 

horizontal

• Laccolith

– Concordant, pressure 

high enough to dome 

overlying strata



Examples of Intrusions

Cross-Island Trail, AK Salisbury Crags

Edinburgh, Scotland



Eruption

• Magma reaching the surface is called an 

eruption

• Two broad categories:

– Central: Volcanic materials pile up in a heap near 

the exit

– Fissure: Material flows over a broad low-lying 

area, often obscuring the fissure. This makes them 

hard to identify in remote-sensing images!



Central Eruptions 



Fissure Eruptions



Style of Magmatic Eruptions

• At low pressures, volatiles are not soluble

• Gases exsolve, and expand, so the magma 

becomes more buoyant.

• What happens depends on whether the gas 

bubbles can escape the magma or not

• Escape rate of bubbles is controlled 

mainly by the magma viscosity and initial 

volatile content

• At high viscosity, bubbles do not escape –

an explosive eruption results

• At low viscosity, bubbles can escape – we 

get effusive eruptions

• Bubble exsolution is suppressed by high 

pressures (e.g. Venus)



Bubble escape (Stokes flow)

• A classic physics problem:

Viscous fluid

Bubble

The viscous fluid drag force is

6p  r v

The buoyancy force is 

D g 4/3 p r3

So the ascent velocity is

𝑣 =
2

9

𝑔∆𝜌𝑟2

𝜂

2r

v

So for a 1cm size bubble, ascent speed in basaltic magma (100 Pa s) is 7 mm/s.

But in andesitic magma (109 Pa s) ascent speed is 0.7 nm/s

So to escape a conduit 100m high takes the bubble 4 hours in basalt, but 4500 

years in andesite

So high-viscosity lavas are likely to lead to explosive eruptions.



Temperature-entropy (Kieffer) plots

• Eruptions involve rapid, adiabatic expansion

• In this case entropy is constant and set by initial conditions

Example: vapour starts to exsolve at 

320oC, reaches 40% by mass at 0oC

Enthalpy change appx. 1200 J/kg



Speed of volcanic ejecta
• Expanding gas does work  (enthalpy 

change) 
– Internal energy converts to kinetic 

energy

– Propels itself and anything in the way up 
and out!

• Can predict maximum exit velocity u
from magma temperature T

• Cp is that of the gas (or mixture) –
care is required when calculating this 
quantity!

u @ 2CpT

a



Example - Io
• What’s the exit velocity?

• How do speeds like this get 

generated?

• Volcanism is basaltic – how 

do we know?

• Resurfacing very rapid, ~ 1cm 

per year

April 1997 Sept 1997 July 1999

400kmPele

Pillan
Galileo images of 

overlapping 

deposits at Pillan 

and Pele

Pele

Loki

250km



Effect of atmosphere

• Pyroclastic flow

– Eruption column collapses 

– Ash hits dense cloud of gas

– Flows 100s of km

• Airless body

– Ash follows ballistic 
trajectory

• Dense atmosphere

– Column rises to neutral 
buoyancy

– Drifts on the wind

– Similar processes in 
underwater eruptions



Plumes on Triton

• Seen in Voyager images

• Uncertain whether they 

are driven by heating 

from above (Sun) or 

below

• Triton has a thin 

nitrogen atmosphere 

(like Pluto)
wind

8 km

geyser



“Spiders” on Mars

• Seem to be explosive 

sublimation features 

driven by the Sun

• Geysers cause plume 

fallout 

Appx. 

200m



Surge deposits

• A low-density version of a 

pyroclastic flow

• Can travel at ~100 m/s

• On other planets can 

probably be generated by 

impacts as well as eruptions

Base surge, Sedan nuclear test

Knauth et al. 2005 argue that the 

deposits seen by Opportunity on Mars 

might be surge deposits and not the 

result of  aqueous processes



Flow Morphology

• Lava: magma that erupts 

onto a planetary surface

• Surface is much colder 

than magma

– Cools quickly

– Interior of flow cools 

more slowly

Wohletz et al., 1992

Oxford Univ. Press



Pahoehoe

• Basaltic lava that has a 
smooth, hummocky, or ropy 
surface. 

• Advances as a series of 
small lobes and toes that 
continually break out from a 
cooled crust.

• Most abundant type of lava 
on planetary surfaces

• Tens of meters high, may 
last for months. 

Photograph by J.D. Griggs



`A`a

• Lava flows that have a 
rough rubbly surface 
composed of broken lava 
blocks called clinkers. 

• Forms in de-volatilized, 
fast-moving lava

• Clinkery surface covers a 
massive dense core, which 
is the most active part of the 
flow. 

• ~10 m high

Image Credit: USGS



Columnar Jointing

• Lava shrinks when it cools

– Cracks form on surface

– Polygonal fracture pattern

– Propagate inward to form columns ~1 m wide

• Also seen on Mars

Marte Vallis, Mars Devil’s Postpile



Lava flow rheology
Many lavas behave like Bingham materials:

BBY 
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where YB is the Bingham yield stress and B is 

the (Bingham) viscosity

YB typically 103 Pa (basalt) – 106 Pa (andesite)
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Static levee



Levees
• Lava flow forms its own 

channel

• Levees left behind when 

lava runs out

• Easy to measure height 

HL and width WL

YB =
rgHL

2

2WL

= 2rgWL sin2 a

Mare Cognitum, Moon

We can use observations to infer 

YB and thus the physical 

characteristics of the lava

(also true for debris flows)



Flow rates and viscosity
Balance the shear stress driving flow (gh x slope) against viscous stresses ( du/dz): 
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2D, downslope flow Axisymmetric, flat flow
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Pancake domes on Venus

What viscosity was the magma that formed these objects?
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h=1.5 km, r=15 km

(McKenzie et al. 1992)



Lava tubes and rilles

Hadley Rille 

(Moon)

1.5km wide

Io, lava channel?

Schenk and Williams 2004

Venus, lava channel?

50km wide image



Lava flows

• Dark flows are the most recent 

(still too hot for sulphur to 

condense on them)

• Flows appear relatively thin, 

suggesting low viscosity

500km

Amirani lava flow, Io

500km

Comparably-sized lava flow on Venus

(Magellan radar image)



Summary (part 2)

• What controls the style of eruption?
– Volatile content

– Magma viscosity

– Environmental effects (e.g. pressure) 

• What controls the morphology of surface volcanic 
features?
– Volcano morphology depends mainly on flow viscosity

– Flow characteristics can be used to derive material properties 
of flow (e.g. yield strength or viscosity)



Volcanism and thermal evolution

• Two effects:

– Direct transport of heat (advection; “heat pipe”)

– Sequestration of incompatible (heat-producing) elements 

in the near-surface

• Where do these matter?

– Heat pipe dominant at Io and (perhaps) Enceladus; likely 

important on ancient Earth and (maybe) Venus

– Sequestration important everywhere, to varying degrees 

– terrestrial continental crust and lunar KREEP terrain 

are extremely enhanced in heat-producing elements



Heat pipe (advection)

Cold,solid lid

Partially-

molten mantle

Solid

mantle
~

5
0

0
k

m
~

5
0

k
m

After Moore, Icarus, 2001

Advective heat flux:

)( TCLuF padv D+= 

L=300 kJ/kg, Cp=1200 J/kg K

For the Earth, volcanism only accounts 

for ~0.5% of total heat transport.

It may have been (much) more in the 

past

At Io, the magmatic resurfacing rate is 

about 1 cm/year. What heat flux does 

this represent?



Heat Loss

• Three Major 

Processes

– Lithospheric 

Conduction

– Plate Recycling

– Volcanism

• Mode of transport 

depends on 

temperature



Exotic volcanism



Cryovolcanism?

Schenk et al. Nature 2001

Lobate flow(?)

Caldera rim

This image shows one of the few 

examples of potential cryovolcanism on 

Ganymede. The caldera may have been 

formed by subsidence following eruption 

of volcanic material, part of which forms 

the lobate flow within the caldera. The 

relatively steep sides of the flow suggest 

a high viscosity substance, possibly an 

ice-water slurry.  

• Predicted on the basis of Voyager images to occur on icy satellites

• Eruption of water (or water-ice slurry) is difficult due to low 

density of ice

• Might be aided by exsolution of dissolved volatiles (e.g. CO2)



Why is “cryovolcanism” so problematic?
• Water is more dense than ice

• This is opposite to the case for magma/rock

• So it is very hard to get surface eruptions

• Possible solutions:

– Exsolution of dissolved volatiles (e.g. CO2)

– Background stresses (e.g. ocean pressurization from freezing)

Surface expression of sills?

ice
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A water-filled crack 

will only rise to a 

leval about 90% of 

the total shell 

thickness – why?



Michaut & Manga 2014

Why does the sill stall? Maybe near-surface porosity?



Cryovolcanism does happen

Europa (?)

Enceladus



A cryovolcano on Pluto?
Moore et al. 2016

Can’t be made of nitrogen ice (too soft)

Usual density problem if erupting water



Identifying (cryo)volcanism is difficult!

Ptolemaeus crater, Moon Enceladus (Voyager & Galileo images)

50 km 50 km

• Apollo 16 was sent to sample supposed volcanic Cayley plains 

formation. It turned out to be impact ejecta!

• Cryovolcanic interpretations using low-resolution images have 

often turned out to be wrong with higher-res images 

Moore & Pappalardo 2011



“Ferrovolcanism” (?)
• Iron bodies exist in the 

asteroid belt

• They are the cores of 

disrupted planetesimals

• The cores started molten 

(because of 26Al decay)

• Liquid iron is less dense than 

solid iron

• So some iron asteroids may 

have experienced 

“ferrovolcanism”

• This is a new idea

• We might be able to test it 

with existing meteorites



Ferrovolcanism sketch



Summary
• How and why are melts generated?

– Increase in mantle potential temperature; or

– Reduction in solidus temperature (e.g. water); or

– Thinning of the lithosphere

• How do melts ascend towards the surface?
– Initially via porous flow through partially-molten rock

– Later by flow in macroscopic fractures (dikes)

• What controls the style of eruption?
– Magma viscosity, volatile content, environmental effects

• What controls the morphology of surface volcanic 
features?
– Volcano morphology controlled mainly by viscosity

– Flow characteristics can be used to determine material 
properties

• How does volcanism affect planetary evolution?
– Advection of heat; sequestration of heat-producing elements



Deleted/backup material follows



Fragmentation Criteria
• Fragmentation occurs when stress on magma exceeds 

magma tensile strength t:

u

w

L


 t

w

u
=

• So there is a critical  above which fragmentation occurs

• Larger u or  lower the fragmentation threshold

• In a simple analysis, magma conduits need to be quite 

wide to permit fragmentation

• Fragmentation may not occur if the timescale of stress 

buildup exceeds the Maxwell time

 is magma viscosity

 is bubble volume fraction

a



Volcano Morphology

Sif Mons (Venus)

2km x 300km

Note vertical exaggeration!

Hawaiian shield

Olympus Mons, Mars



Example - Mars

Although the Tharsis rise itself 

may be ancient, some of the lavas 

are very young (<20 Myr). We 

infer this from crater counts (see 

last lecture). So it is probable that 

Mars is volcanically active now. 

How might we test this?

Hartmann et al. Nature 1999

The Tharsis rise contains 

enormous shield volcanoes. Most 

of them are about 25km high.

What determines this height?

What about their slopes?

Arsia

Pavonis

Ascraeus

Olympus



Maar Craters

• Formed by explosion 
when groundwater (or 
other volatiles) contacts 
magma (phreatomagmatic
eruption)

• Easily confused with 
impact craters

• Catch it in the act!
– SO2 plumes on Io

– H2O plumes on Enceladus

– N2 geysers on Triton

– Cometary jets

Ubehebe Crater, Death Valley, CA



Cinder cones

• Steep-sided conical 

mound of ash

• Near sources of high-

volume flows

• May be found in 

clusters

• Also on flanks of larger 

volcanoes

NIli Patera, Mars: NASA/JPL-Caltech/MSSS/JHU-APL/Brown University



Lassen Cinder cone



Shield volcanoes
• Low, broad volcanic 

mountains

• Formed by persistent 

eruption of low-viscosity 

magma from a single vent

Olympus Mons: Mars,

Courtesy NASA/JPL-Caltech

Gula Mons, Venus

Courtesy NASA/JPL-Caltech



Strato-volcanoes (Composite)

• Tall conical mountains

• Alternating layers of 

lava flows and ash

• Formed by many 

violent eruptions of 

high-viscosity magmas

• Only seen on Earth

– Why?



Calderas
• Form when a magma 

chamber empties

– Surface collapses in

– Forms a depression

• Often found at the 

summit 

Crater Lake, OR

10 km across

0.35 km deep



“Supervolcanoes”?

Michalski & Bleacher (2013)

60 km



Common minerals

• Olivine

– Mg2SiO4 (Forsterite)

– Fe2SiO4 (Fayalite)

• Pyroxene

– MgSiO3 (Enstatite)

– FeSiO3 (Ferrosillite)

• Various oxides of Fe, 
Si, Mg, Al, Ca, Na

• Water (H2O)

• Methane (CH4)

• Ammonia (NH3)

• Sulfur (S)



Dike Pressure

L =
Ew

Dr g

E is Young’s Modulus



Some terms

• Magmatism: Formation of rocks by solidification 

of magma

– Volcanism: Escape of magma from the interior to the 

surface

– Intrusion: Subsurface migration and solidification of 

magma

• Magma: Mixture of molten rock, volatiles and 

suspended crystals

• Lava: Molten rock erupted onto the surface,and

resulting rock after solidification and cooling. 



Diapirism

• Diapir: Viscous mass of buoyant material 

“mushrooming” up through dense overlying 

material

• Mantle plumes look like this (solid)

• May get melting in plume head as pressure 

drops  



Mantle Plumes

• Plumes are upwellings of 
warm buoyant material in 
the mantle
– Carry heat to the surface

– Partial melting in plume 
heads

• Hotspots are Volcanic 
Regions fed by underlying 
mantle plumes
– Hawaii is a good example

– Tharsis on Mars may be 
due to a huge mantle plume 
that never moves!

Development of single-plume convection on Mars

Roberts and Zhong (2006) JGR



Hawaiian Hotspot

Pacific Plate drifts over hotspot, making a chain of 

volcanoes



Lava Flows

28 March 2012



Rilles

• Long, narrow channels
– Few km wide, 100s of km long

• Sinuous: meander in a curved path like 
a mature river
– Remains of collapsed lava tubes or extinct 

lava flows.

• Arcuate: smooth curve, found on the 
edges of the lunar maria. 
– Form when the lava flows that created a 

mare cool, contract, and sink.

• Straight: Really grabens – not 
volcanic!

Marners Vallis, Mars



Plateaus

• Stacks of lava flows

• Rising mantle plume 

provides heat, magma

– 1000s of flows over long 

period of time

• Lunar Mare

– Plateaus in large impact 

basins

• Tharsis on Mars



Lava Plateaus

Mare Imbrium, The Moon

Apollo 17: Image credit NASA

Tharsis, Mars, Mars Global Surveyor 

(MOLA Topography)

Image Credit: NASA/GSFC



Northern Rise in Caloris

Stereo Topography, Oberst et al. (2010) MLA Topgraphy



Basalt

• Mineralogy

– Ca-Plagioclase Feldspar

– Pyroxene

– Olivine

– Mafic (45-52 wt % SiO2)

• High melting points

– Solidus: ~1000 C

– Liquidus: >1200 C



Andesite

• Mineralogy

– Plagioclase Feldspar

– Pyroxene

– Hornblende

– Intermediate (52-63 wt

% SiO2)

• Moderate melting points

– Solidus: ~750 C

– Liquidus: ~950 C
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Explosive Eruption



Hawaiian Eruption

• Effusive

– Outpouring of lava onto the 
ground

– Not very explosive

• Hot, low viscosity magmas

– Gases can escape easily

• Steady flow of small 
amounts of lavas

• Build shield volcanoes

Pu’u O’o on Kilauea, USGS



Strombolian

• Gas bubbles in magma 
coalesce and burst!

– Throws magma in the air

• Episodic explosive 
volcanism

– Intermediate viscosity 
magma

• Eject volcanic bombs

– Build cinder cones

Stromboli



Vulcanian Eruption

• Highly viscous magma

– Andesitic

– Gas can’t escape

• Explosive clearing of 
vent

– Ejection of bombs and 
blocks

– Large amounts of fine 
ash and gas

– Very little magma

Anak Krakatau, Philippines

Need to understand distinctions beteween types!



Pelean Eruption

• High viscosity magmas 
(rhyolite)

• Lava domes collapse, 
plugging up vent

• Gas, ash, and lava 
fragments blown out 
through side of central 
vent

• Pyroclastic flow down 
the flank of the volcano

Mt. St. Helens, 1980



Plinian Eruption

• Extremely high viscosity 

(felsic) magmas

• Gas bubbles exsolve, 

expand, explode!

• Eruptive column reaches 

up to 45 km

• Rapid Pyroclastic Flows

• Mt. Vesuvius completely 

buried Pompeii and 

Herculaneum


