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Volcanism 
•  Volcanism is an important process on most 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” can also occur but is less well 
understood 



This Week - Interiors 
•  How is melt generated? 

– What are the heat sources? 
– How does melt production change over time? 

•  How does it get to the surface? 
– Density contrasts 
– Ascent timescale (viscosity) vs. cooling 

•  We will consider conventional (silicate) 
volcanism and low-temperature cryovolcanism 



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 
–  See later 



Effect of Water on Peridotite 
melting 



Clausius-Clapeyron Equation 

•  Melting temperature Tm depends on pressure P 
–  Increases with depth for most materials 

•  Clapeyron slope given by: 
 

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

•    γ ~ 50 – 100 K/GPa for most mantle minerals 
•  On Earth, this gives 1.5-3 K/km (why?) 
•  Ice I has a negative γ

–  What does this mean? 

γ =
dTm
dP

= Tm
ΔV
L



Earth Mantle Phase Diagram 

3000 km 120 GPa 

perovskite 

Post-perovskite 
(Bridgmanite) 

Negative Clapeyron slope 



Adiabatic Gradient 
•  Compression changes the 

temperature even with no added 
energy 

•  Except in the (conductive) 
lithosphere, in a convecting 
mantle temperature increases 
following an adiabat with 
gradient: 
 

•  ~ 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

=
gαT
Cp

Most melting  
occurs here 

Solidus  
   

lithosphere 

Convecting 
mantle 

Mantle potential temperature is 
adiabat extrapolated to surface 



Why does silicate 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) 
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•  Partial melting of (ultramafic) peridotite mantle 
produces (mafic) basaltic magma 

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



Melt production rate variations 
•  Flood basalt provinces arise by rapid (<1 Myr) 

emplacement of large (>106 km3) lava volumes (e.g. 
Schoene et al. 2015) 

•  Subsequent volcanism lasts longer but at lower rates 
•  Melting may be aided by incipient extension 
•  Initial melting rates are high because plume head is 

hottest  



Heat Sources 
•  Usually assume radioactive decay (ongoing) 

plus any initial heat deposited during accretion 
•  Melting moves incompatibles (inc. K,U,Th) to 

surface, thus reducing heating in interior 
•  Rapidly-accreted bodies might also melt 

because of 26Al decay (short-lived) 
•  Late impacts might trigger melting via mantle 

uplift and decompression 
•  For satellites like Io, tidal heating is the main 

contributor 



Thermal evolution and volcanism 
•  In general planetary mantles cool down with time 
•  An exception may be Venus (?) 
•  Reduction in mantle temperature reduces melting 



Earth Mantle Paleotemperatures (1) 
•  Basic approach – Mg#      liquidus T      mantle Tp 
•  A potentially very useful constraint, but problematic: 

–  Sparse rock record in the Archean (and subsequent alteration) 
–  Are there selection effects? (e.g. normal vs. perturbed mantle) 
–  Are we comparing like with like? (e.g. OIB vs. MORB) 
–  Melting processes are often complex (e.g. wet vs. dry) 

•  Water (subduction) a major factor. Was the Archean 
mantle wet or dry? See Arndt (2003), Grove & Parman 
(2004), Watson & Harrison (2005) 



Mantle Paleotemperatures (2) 

200   100 K ±

Bedini et al. 2004 
(cont’l lithosphere)  

“A few well-constrained temperature estimates are probably better 
than many unconstrained estimates” (Grove & Parman 2004) 



Example: Mars 

•  Numerical models 
•  Melting decreases with 

time 
•  Melt advects heat  

Ogawa & Yanagisawa (2011) 

time 

time 



Mars Observations 
•  Uses remote sensing to 

infer chemistry and thus 
melting properties 
–  Pressure derived from 

FeO and SiO2  
–  Melt fraction derived 

from Th (incompatible) 

Baratoux et al. Nature 2012 



Mars observations (2) 
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•  Pressure and melt fraction can be mapped into lithospheric 
thickness and potential temperature 
•  This allows us look at how cooling happens as a function of 
time 

geotherm 



Heat Loss 
•  Three Major 

Processes 
–  Lithospheric 

Conduction 
–  Plate Recycling 
–  Volcanism 

 

•  Mode of transport 
depends on 
temperature 
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After Moore, Icarus, 2001 

Advective heat flux: 

)( TCLuF padv Δ+= ρ

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? 



What about Venus? 
•  Venus’s surface is all the same age (~500 Myr) 
•  It probably underwent some kind of catastrophic 

resurfacing (tectonic or volcanic) 
•  Maybe the mantle undergoes episodic overturn (see next 

slide)? 
•  What about feedbacks with atmosphere? 



Armann & Tackley 2012 
They also look at “heat pipe” effects 

Venus: Episodic Overturn? 
Convecting mantles can switch between “stagnant lid” and “mobile lid” modes 
This requires careful tuning of the mantle “yield stress” 

For Venus, this may be a good 
way of explaining the observations 
 
It might also work at Enceladus 
(see later) 



Outgassing and 40Ar 
•  Volcanism delivers volatiles to the surface/atmosphere 
•  One gas is 40Ar, produced by 40K decay in silicates (t1/2=1.25 Gyr) 
•  How much 40Ar is in the atmosphere compared with the total 

amount of 40Ar produced tells us about time-integrated outgassing 
efficiency (assuming no 40Ar is lost) 

•  Earth is about 50% degassed 
•  Venus is about 10% degassed 
•  Titan is about 6% degassed 
•  Mars is about 3% degassed 
•  How do we explain these numbers? 

NB There are uncertainties with e.g. what is the correct bulk K abundance. But 
the relative order of the four bodies is robust. A reported value of 40Ar for 
Enceladus is not very secure. 



Melt Ascent and Eruption 



Density contrasts 

•  Melt will ascend if either 
–  It is less dense than the surrounding rock; or 
– There is excess pressure driving it upwards 

•  These conditions are usually satisfied for silicate 
magmas (especially if volatiles exsolve) 

•  But it is a big problem for cryovolcanism: ice is 
less dense than “melt” (water) 



Volatile Exsolution 

•  Gas solubility decreases as 
pressure decreases 

•  Volatiles exsolve 
•  Bulk density of magma is 

reduced 
•  Magma ascent rate increases 

•  Affects ascent and eruption of 
magmas & cryomagmas 

•  On Earth, H2O, CO2, SO2 



Planetary volatile contents 
•  Volatiles are typically incompatible (they go preferentially into melt) 
•  So planetary mantles are less volatile-rich than melts, depending on 

the melt fraction 
•  Estimates of mantle volatile concentrations are based on tracer 

species which partition in a similar manner to volatiles (e.g. Ce, Nb) 
•  E.g. Earth upper mantle has about 150ppm H2O 
•  Martian magmas are drier than Earth melts, but the water content of 

the Martian mantle is uncertain (Filiberto et al. 2016)  

•  The Moon was long thought to be 
completely dry, but some melts (orange 
glasses) have high (several 100 ppm) 
water concentrations (Saal et al. 2008). 
Whether the bulk moon was wet or dry is 
still not clear. 



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 

ρφ
η
Δ

=
ga

Cht 22
C=100 (constant), η is the melt 
viscosity, a is the grain-size, φ is the 
porosity, Δρ is the density contrast 

•  At Hawaii, φ=0.05 (say), h=20 km, η=103 Pa s, so t=25 Myr 
•  What does this answer suggest? 



Dike Ascent 
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Balance the buoyancy driving flow (Δρgw) against 
viscous stresses (η 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 κ  

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/κ
•  How long does it take a metre thick lava flow to cool? 
•  How long to boil an egg? 



Ascent timescale 

u 

w 

Dikes ascend because of a density contrast 
Δρ with the surrounding rock 
 
Maximum velocity is given by: 

2
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Δ= 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/κ) 
This yields:  
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A basaltic dike 1m wide can make it through the whole crust 
Similar analysis can be applied to cryovolcanism 



Magma properties 

•  Viscosity η : 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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&' E and V are the activation energy and volume; 
 R is the gas constant 



Viscosities 
•  Viscosities govern 

rate of ascent  
•  Cryomagma 

viscosities and 
silicate viscosities 
overlap 

1 Pa s = 10 poises 



Crystals and Bubbles 

•  Water lowers viscosity 
•  Crystals increase viscosity 

–  High crystal fraction φ may 
prevent magma flow 
entirely 

•  Beyond critical φ, material 
behaves more like a solid 

•  Roscoe Law (for small φ): 

η∝ (1−φ)−2.5 Boichu, M. et al. (2008) JGR 

Critical φ



Bingham Rheology 

•  Similar to Newtonian, 
but there is a yield stress 
YB that must be 
overcome before fluid 
will flow. 

ε =

0 for σ <YB
σ −YB( )
ηB

for σ ≥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: 

d 

h 

ρc 

ρm 

mmcdh ρρρ /)( −=
What is the depth to the melting zone 
on Mars? 
Why might this zone be deeper than 
on Earth? 

α



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) 

 





Abstract writing – general notes 

•  You don’t have to use the passive voice in 
scientific writing (it’s often clunky) 

•  Don’t forget to have a sentence at the end on 
the broader implications 

•  Words matter; contorted phrases and poor 
word choices hinder understanding. 



Abstract writing 

Crater spatial density and model age analyses . . . 
 
. . . have shown that emplacement at nine major 
sites of effusive volcanism on Mercury ceased by 
about 3.5  Ga. The data we report for these nine sites 
match corresponding crater spatial density and 
model age values for the largest volcanic smooth 
plains on the planet. Our results therefore indicate 
that all major plains volcanism on Mercury ended 
within approximately the first billion years after 
planet formation.  
 
This history of plains volcanism is strikingly different 
from that of Earth, Mars, and Venus, on which 
continuing (if episodic) effusive volcanic activity has 
occurred within the last billion years. 

From “Concluding Remarks” [Why do it?] 

What did we do? 

What did we find? 

What does this mean? 



My attempt 
Cessation of effusive volcanism on Mercury by 3.5 Ga 
  
The history of widespread effusive volcanism on Mercury 
provides an important constraint on its thermal evolution, 
and is imperfectly understood.  
 
We determined crater size-frequency distributions (SFD) on 
nine smooth plains deposits in the southern hemisphere of 
Mercury to assess their ages. The SFD is consistent with 
predictions assuming the target crust is porous.  
 
We find a span of N(10) values of 29+/- 21 to 145+/- 23, 
similar to the more ancient intercrater plains units. Model 
ages for the nine units range from 3.5-3.8 Ga, suggesting 
that widespread effusive volcanism on Mercury ended 
relatively rapidly. 
 
 The cessation time of such volcanism around 3.5 Ga 
supports models in which the onset of contraction cooling 
causes volcanism to cease. 
[116 words] 

Why do it? 

What did we do? 

What did we find? 

What does this mean? 



Actual Abstract 
Widespread effusive volcanism on Mercury likely ended by 
about 3.5Ga  (Byrne et al., GRL 2016) 
  
Crater size-frequency analyses have shown that the 
largest volcanic plains deposits on Mercury were emplaced around 
3.7Ga, as determined with recent model production function 
chronologies for impact crater formation on that planet. To test the 
hypothesis that all major smooth plains on Mercury were emplaced 
by about that time,  
 
we determined crater size-frequency distributions for the nine next-
largest deposits, which we interpret also as volcanic.  
 
Our crater density measurements are consistent with those of the 
largest areas of smooth plains on the planet. Model ages based on 
recent crater production rate estimates for Mercury imply that the 
main phase of plains volcanism on Mercury had ended by similar to 
3.5Ga, with only small-scale volcanism enduring beyond that time.  
 
Cessation of widespread effusive volcanism is attributable to interior 
cooling and contraction of the innermost planet. 
  
[134 words] 
  

Why do it? 

What did we do? 

What did we find? 

What does this mean? 



This week’s exercise 

•  Make an oral presentation (~12-15 slides) 
explaining your topic paper’s arguments 

•  Use a format similar to the example I show 
•  Be prepared to give presentation in class next 

Tuesday 
•  Describe what the paper says 
•  If you can, analyze the arguments and say 

whether you think they are reasonable 



This week’s exercise 
•  Do a theme outline for your term paper 
•  This means identifying major themes (roughly 

4-6) you’ll cover in your paper (I’ll give some 
suggestions next) 

•  For each theme, list at least one paper which 
gives you a good introduction to that theme 

•  Annual Reviews and Space Sci. Rev. papers are 
often a useful start; so are the papers you 
presented this week 

•  Due in class next Tuesday 



Does Io really have a magma ocean? - 
Nadim 

•  Khurana et al., Science 332, 
1186-1189, 2011. 

•  Induction technique can probe 
magma ocean 

•  Distribution of volcanoes can tell 
us about internal structure 

•  So can distribution of heat 
•  What about tidal response? 
•  What about auroral observations? 
•  What modeling has been done? 



How important is volcanism for heat 
transfer on planetary bodies? - Stephan 

•  Moore and Webb, Nature 
501, 501-505, 2013. 

•  Dominant on Io 
•  Potentially important for 

Earth, Venus, Mars, 
especially early in their 
history 

•  What modelling has been 
done? 

•  What is the evidence? 



How different is volcanism on Venus 
to volcanism on Earth? - Alexa 

•  Jellinek et al. GRL 2002 
•  Compositional differences? 
•  Surface expression? 
•  Effect of plate tectonics? 
•  Rates and amounts of volcanism? 
•  Resurfacing: tectonic vs. volcanic 
•  Effect of atmosphere  and surface 

temperature on volcanic style? 
•  How much outgassing? (40Ar) 



Are there “supervolcanoes” on Mars 
and what are their effects? - Matt 

•  Michalski & Bleacher, Nature 
502, 47ff, 2013. 

•  Define “supervolcano” 
•  Why are Martian volcanoes larger 

than terrestrial ones? 
•  Are there deposits from 

supervolcanoes? 
•  Is the Medusae Fossae Formation 

volcanic in origin? 
•  How can we tell pyroclastic flows 

from impact deposits? 



What is the evidence for 
cryovolcanism in the outer solar 

system? - Tyler 
•  Prockter et al. Space Sci. 

Rev. 153, 63-111, 2010 
•  Define cryovolcanism 
•  Active cryovolcanism 

(Enceladus, Triton?, 
Europa?, Titan??) 

•  Ancient cryovolcanism 
(Ganymede?, Ariel?, Pluto/
Charon?, etc.) 


