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This Week - Surfaces 
• What are the surficial expressions of volcanic 

activity? 
– Intrusive; extrusive/effusive; explosive 

• What controls eruptive processes? 
– Volatile content 
– Viscosity 

• How do we relate surface expression to 
process? 



Different types 

Intrusive  Extrusive (effusive)  Explosive 

Density Viscosity 



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 



Michaut & Manga 2014 

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

Europa.  
Pits are ~10 km across. 



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 



Surface expression of dikes 
• Often appear as paired normal faults 

(graben) or collapse feature (pits) 
• If lava makes it to the surface, it usually 

covers up the source vent 
• Not all graben have dikes underneath 

 

Io, Williams et al. 2004 

Becuma Mons, Venus 

40km 

Pantheon Fossae, Mercury 



Coronae on Venus 
• “Volcano-tectonic” landforms 
• Radial and circumferential graben (dikes?) 
• Surface expression of subsurface intrusion/plume 

activity (?) 
• Not seen on Earth or Mars 

 

Fatua corona, Venus (~500 km across) 



Gerya (2014) 



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 



Surface flow rates and viscosity 
Balance the shear stress driving flow (ρgh x slope) against viscous stresses (η du/dz):  
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Viscosities 
• Cryomagma viscosities 

and silicate viscosities 
overlap 

• Crystal fraction has a large 
effect 

1 Pa s = 10 poises 
Boichu, M. et al. (2008) JGR 



Surface flows 
• Surface morphology depends mainly on lava viscosity 
• Low-viscosity edifices are shallow, high-viscosity 

edifices are steep 

• If we assume that flow timescale is governed by cooling 
timescale (~h2/κ) we can derive: 
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where V is the flow volume (hL). Does this make sense? 



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: 
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where YB is the Bingham yield stress and ηB 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 
Mare Cognitum, Moon 

We can use observations to infer 
YB and thus the physical 
characteristics of the lava 
(also true for debris flows) 



Pancake domes on Venus 

What viscosity was the magma that formed these objects? 
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(McKenzie et al. 1992) 



Cryolavas? 

Ariel (Schenk 1991) 

Charon (Moore et al. 2016) 

• Implied viscosity ~1015 Pa s 
• This is very high – like glacial ice on 

Earth or Mars i.e. solid not liquid. 

 



Asteroid Ceres 
• Ahuna Mons 
• Cryovolcanic 

deposit? 
• Ceres known to 

be ice-rich 
16 km 

4 km 
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• Implied viscosity ~1018 Pa s 
• This is comparable to the lowest 

terrestrial mantle viscosities . . . 



Thicknesses > 1 km 
Volumes > 106 km3 

Main eruption phase < 1 Myr 
Identifying source vents usually impossible – buried by later lava 

Flood basalts (“Large igneous 
provinces”) 

Columbia River flood basalts 



More flood basalts  

• 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) 



Lunar mare basalts 

• Dark, voluminous, late-stage basalts 
• Volcanism delayed by several 100 Myr 
• Flood craters & basins (low-standing topography) 
• Mostly found on the near-side – thinner crust? 



Lava or Ice? 

Murray et al. Nature 2005 

Higher-resolution 
images have 
landforms more 
consistent with lava 
(Jaeger et al. 2007) 
 
Radar sounding 
indicates lava not ice  
(Boisson et al. 2009) 

• Identifying low-viscosity lavas using images alone can 
be tricky! 

• Spectral or compositional information really helps 



Mercury “smooth plains” 
Byrne et al. (2016) 

False-colour image (orange=iron-poor) 
Iron-poor lavas appear to be younger 
(similar to lunar maria?). 
These lavas fill the Caloris Basin (C) 
and other regions (white arrows) 
Black arrows might be sites of 
explosive eruptions Robinson et al. (2008) 



Compositions 
• We have in situ or sample analysis of rocks from Earth, the 

Moon, Mars, asteroids and (remarkably) Venus 
• Almost everything looks like a mid-ocean ridge basalt 
• There are hints of more evolved rocks on Venus and Mars, but 

whether they are volumetrically significant is unclear  

Treiman 
AGU volume  
on Venus 
(2007) 

 



Lava tubes and rilles 

Hadley Rille  
(Moon) 
1.5km wide 

Io, lava channel? 
 Schenk and Williams 2004 

Venus, lava channel? 
50km wide image 



Lava tubes & skylights 

Moon 
 
10km 

Skylight on Mars 
(on Pavonis Mons) 
200m across 



Pit chains 

Venus (Davey et al. 
LPSC 2012) 

Mars (Wyrick et al. LPSC 2010) 

• Not all pit chains 
imply volcanism! 

• Common problem 
in planetary 
geology – does 
similar 
morphology 
imply similar 
process or not? 
 

Iceland (Ferrill et 
al. 2011) 



Rootless cones  
• Indicative of 

groundwater (steam 
eruptions) 

• Hard to distinguish 
from regular cinder 
cones without in situ 
observations 

 



Deposits from explosive eruptions 

Deposit style depends on 
height of eruption column, 
which depends on exit velocity, 
solid:gas ratio and initial 
temperature of erupted 
material. A single eruption may 
show several different styles. 



Pyroclastic flow deposits 

Mayon, Philippines Durango, Mexico 

Redoubt, Alaska 

Usually quite thin deposits, can 
travel uphill (momentum) 
Hard to identify from remote 
sensing images alone 
Bomb sags, cross-bedding, 
lithology are all clues 



Pyroclastic flow on Venus? 

• Pyroclastic flows not expected to be common on Venus 
• This flow appears to divert round obstacle, so 

momentum was important i.e. not a lava flow 
 

Ghail & 
Wilson 
(2013) 



Mandt et al. 2008 

Pyroclastic flow on Mars? 

• Medusae Fossae formation on Mars – young and extensive 
• Shows aeolian erosion features (yardangs), layering and 

collapse features 
• Similar to some terrestrial ignimbrites (pyroclastic flow 

deposits) 



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 

 



Cayley Formation (Moon) 

• Smooth mantling 
deposits, interepreted as 
ash falls / pyroclastic 
flows 

• Apollo 16 ground truth 
revealed it was all 
impact ejecta! 

 



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 explosion results 



Bubble rise time 
• Bubbles exsolve and larger ones move faster – 

capture smaller ones and grow further 
 ( )
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• If bubble rise speed is fast enough compared to magma 

rise speed, bubbles will escape 
• If they escape entirely, effusive eruptions occur 
• Both magma and bubble rise speed depend on viscosity 
• Bubbles will grow bigger if initial volatile content is 

larger 
 

α 



Speed of volcanic ejecta 
• Initially hot gas does work  

– Internal energy (enthalpy) converts to 
kinetic energy and PdV work 

– Rapid expansion is isentropic 

Smith et al. 1979 



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 

400km Pele 

Pillan 
Galileo images of 
overlapping 
deposits at Pillan 
and Pele 

Pele 

Loki 

250km 



Fragmentation Criteria 
• Fragmentation occurs when stress on magma exceeds 

magma tensile strength σt: 
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• So there is a critical φ above which fragmentation occurs 
• Larger u or η 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 
 

η is magma viscosity 
φ is bubble volume fraction 

α 



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 
– Rains destruction o’er all 

the land 



Volcanism on Venus 

West Mata volcano, 1.2 km depth 
Resing et al. (2011) 

• Surface is hot (450oC) and pressure is high (40-100 bars) 
• Less cooling of lava in the near surface, but more at the 

surface (because of atmosphere) – effects aren’t very large 
• Exsolution of volatiles suppressed by high P 
• Pyroclastic flows probably rare, eruption columns don’t reach 

as high as on Earth 

Head & Wilson (1986) 



This week’s homework 
• Write a full outline  
• The structure should build on your earlier 

outline 
• Identify sections and sub-sections 
• Give a bullet-point for each 
• And at least one key reference 
• Should be 2-4 pages, ~20 references 
• It’s important to try and make a logical structure 
• See example outline on website 

 



Lava lakes 

• And Io equilibrium gas chemistry? 


	Slide Number 1
	This Week - Surfaces
	Different types
	Intrusion
	Sheet intrusions
	Examples of Intrusions
	Slide Number 7
	Dikes
	Surface expression of dikes
	Coronae on Venus
	Slide Number 11
	Eruption
	Central Eruptions 
	Fissure Eruptions
	Surface flow rates and viscosity
	Viscosities
	Surface flows
	Flow Morphology
	Pahoehoe
	`A`a
	Columnar Jointing
	Lava flow rheology
	Levees
	Pancake domes on Venus
	Cryolavas?
	Asteroid Ceres
	Flood basalts (“Large igneous provinces”)
	More flood basalts 
	Lunar mare basalts
	Lava or Ice?
	Mercury “smooth plains”
	Compositions
	Lava tubes and rilles
	Lava tubes & skylights
	Pit chains
	Rootless cones 
	Deposits from explosive eruptions
	Pyroclastic flow deposits
	Pyroclastic flow on Venus?
	Pyroclastic flow on Mars?
	Surge deposits
	Cayley Formation (Moon)
	Style of Magmatic Eruptions
	Bubble rise time
	Speed of volcanic ejecta
	Example - Io
	Fragmentation Criteria
	Effect of atmosphere
	Volcanism on Venus
	This week’s homework
	Lava lakes

