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•  Critical role of gases in volcanic and other processes 

•  Gas measurement techniques 

•  Volatile exsolution, degassing processes, quiescent 
degassing 

•  Supercritical fluids 

•  Constraints on source processes for geophysical and 
volcanological observations 

•  Endogenous growth of volcanoes 
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Volatiles are prime drivers of volcanic activity 
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Volatiles are prime drivers of volcanic activity 
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Volatiles are prime drivers of volcanic activity 
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Volcanic degassing plays a major role in Earth’s 
climate, particularly through CO2 
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Volcanic gas compositions reflect mantle melting 
processes 

Volcano	
  
Tectonic	
  Style	
  
Temperature	
  	
  

Kilauea	
  
Summit	
  
Hot	
  Spot	
  
1170°C	
  	
  

Erta`	
  Ale	
  
Divergent	
  
Plate	
  
1130°C	
  	
  

Momotombo	
  
Convergent	
  

Plate	
  
820°C	
  	
  

H20	
  	
   37.1	
  	
   77.2	
  	
   97.1	
  	
  
C02	
  	
   48.9	
  	
   11.3	
  	
   1.44	
  	
  
S02	
  	
   11.8	
  	
   8.34	
  	
   0.50	
  	
  
H2	
  	
   0.49	
  	
   1.39	
  	
   0.70	
  	
  
CO	
  	
   1.51	
  	
   0.44	
  	
   0.01	
  	
  
H2S	
  	
   0.04	
  	
   0.68	
  	
   0.23	
  	
  
HCl	
  	
   0.08	
  	
   0.42	
  	
   2.89	
  	
  

From Symonds et al., 1994 
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Volcanic gas compositions reflect crustal-magma 
interactions 

Iacono-Marziano et al., Role of non-mantle CO2 in the dynamics of volcano 
degassing: The Mount Vesuvius example Geology 2009,  
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Volcanic gases mediate geophysical phenomena 
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Volcanic gas fluxes are controlled by magma fluxes 

Mt. Erebus, Antarctica, Sweeney et al., JVGR, 2008 
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Supercritical H2O and CO2 
 
The main components of magmatic gases are H2O and CO2 
 
These gases are often modelled as ideal gases, whose density increases 
linearly with pressure. 
 
Instead, they are non-ideal, supercritical fluids at magmatic temperatures 
and pressures. 
 
  

CO2 
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Supercritical H2O and CO2 
 
 
 
  Table	
  1.	
  CriQcal	
  properQes	
  of	
  various	
  solvents	
  (Reid	
  et	
  al.,	
  1987)	
  

Solvent	
  
Molecular	
  
weight	
  

CriQcal	
  
temperature	
  

CriQcal	
  
pressure	
  

CriQcal	
  
density	
  

g/mol	
   K	
   MPa	
  (atm)	
   g/cm3	
  

Carbon	
  
dioxide	
  (CO2)	
  

44.01	
   304.1	
   7.38	
  (72.8)	
   0.469	
  

Water	
  (H2O)	
  
(acc.	
  IAPWS)	
   18.015	
   647.096	
   22.064	
  

(217.755)	
   0.322	
  

At	
  criQcal	
  point	
  H2O	
  is	
  4.4	
  Qmes	
  denser	
  than	
  an	
  ideal	
  gas,	
  and	
  CO2	
  3.6	
  
Qmes	
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Supercritical H2O and CO2 
 
 
 
  

Water density is highly non-linear wrt P 



Volcanic gas measurement techniques 

•  Gas flux 
•  Gas composition 

•  Gas sampling 
•  In-situ direct measurement 
•  Remote sensing, from ground, air and space 
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Gas Sampling: Giggenbach bottles 
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Gas Sampling: Filter Packs 
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Gas Sampling: Pumping CO2 into dry bags 
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In-situ direct measurements: MultiGas 
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In-situ direct measurements: Soil Gas CO2 flux 
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Remote sensing: Space 

OMI 

GOME-2 
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Retrieving time series of SO2 emissions from 
MODIS imagery: Mt. Etna 
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Remote sensing: Beer-Lambert Law 
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Remote sensing: Beer-Lambert Law 
 

Transmittance is I/I0  = exp (-εcl) = τ	



Therefore observed intensity is I0.exp(-εcl) = I0.τ	



Adding more gases produces a multiplicative effect, e.g. 

I = I0.τgas1.τgas2.τgas3.τgas4… 
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Remote sensing: SO2 flux 
 



SZA Θ  

Offset for clarity only! 

Remote sensing: SO2 flux 
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Remote sensing: SO2 flux 
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Remote sensing: SO2 flux 
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using Hg line ILS calibration with USB2G25236. 

Remote sensing: SO2 flux 

16	
  May	
  2013	
   Mike	
  Burton	
  INGV	
  -­‐	
  PASI	
  Workshop	
   28	
  



Traverses 

Plume Velocity 

Technology for measuring SO2 
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Technology for measuring SO2 
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Technology for measuring SO2 
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Technology for measuring SO2 

16	
  May	
  2013	
   Mike	
  Burton	
  INGV	
  -­‐	
  PASI	
  Workshop	
   32	
  



Helicopter-borne measurements of SO2 flux 
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COSPEC on Stromboli, traverse 2, 28 April 2003
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Helicopter-borne measurements of SO2 flux 
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Fixed networks for SO2 flux monitoring 

Static 
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Fixed networks for SO2 flux monitoring: Etna 
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MiniDOAS networks: Montserrat 
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MiniDOAS networks: Stromboli 
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MiniDOAS networks: Stromboli 



16	
  May	
  2013	
   Mike	
  Burton	
  INGV	
  -­‐	
  PASI	
  Workshop	
   40	
  

MiniDOAS networks: Stromboli and Etna 
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MiniDOAS networks: NOVAC 
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MiniDOAS networks: NOVAC 
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MultiGas + DOAS Networks = CO2 & SO2 Flux 
monitoring 

 

CO2/SO2 ratio increase can be produced by increase in 
CO2 or decrease in SO2 

Fluxes allow unique interpretation of the gas variations 

This reveals degassing from different depths in the 
Stromboli system  

Empirical data leads to new models of eruptive 
processes 
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MultiGas + DOAS Networks: Stromboli 
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Aiuppa et al., Solid 
Earth, 2011 

CO2 fluxes from 
MultiGas+DOAS  
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Aiuppa et al., Solid 
Earth, 2011 

CO2 fluxes from 
MultiGas+DOAS  
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The SO2 Camera 
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The SO2 Camera 
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The SO2 Camera 
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The SO2 Camera: Advantages 

•  Resolves two main sources of error in fixed networks , 
plume velocity and plume height 

•  Allows high frequency sampling rates, comparison with 
geophysical parameters  

16	
  May	
  2013	
   Mike	
  Burton	
  INGV	
  -­‐	
  PASI	
  Workshop	
   52	
  



The SO2 Camera: Disadvantages 

•  More complex data analysis compared with older methods 

•  Large data rates (up to 200 MB / minute) 

•  Not quite ready for use as an automatic monitoring tool 
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SO2 Camera:  
Stromboli Explosions 
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SO2 Camera: Santiaguito Explosions 
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SO2 Camera: Fuego VLP events 



Scattered sunlight UV measurements 

 

SO2 transmittance spectrum 1e18 molecules.cm-2
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Light Dilution 

 

SO2 transmittance spectrum 1e18 molecules.cm-2
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Some potential magma tectonic interaction 

 



Melt Inclusions and Quiescent Degassing 
 

We can determine the minimum mass of magma required to produce an 
observed gas flux. 

 

•  Typical original S contents of Etna basalt is 0.32 wt% 

 

 

   



Melt Inclusions and Quiescent Degassing 
 

We can determine the minimum mass of magma required to produce an 
observed gas flux. 

 

•  Typical original S contents of Etna basalt is 0.32 wt% 

•  Typical final S content of erupted Etna basalt is 0.005 wt% 

   



Melt Inclusions and Quiescent Degassing 
 

We can determine the minimum mass of magma required to produce an 
observed gas flux. 

 

•  Typical original S contents of Etna basalt is 0.32 wt% 

•  Typical final S content of erupted Etna basalt is 0.005 wt% 

•  To first approximation all S is lost during ascent to the surface  

 

 

   



Mass Balance from S and SO2 
 

Typical SO2 fluxes from Etna are 3000 tonnes of SO2 per day (0.6x1012 g/yr) 

 

It’s a lot. Typical of a large unfiltered coal-burning power station. 

 

Indeed the total SO2 emission from volcanoes (while very poorly constrained) is 
estimated to be about 10% of that produced by human activities 

 

7.5–10.5×1012 g/yr S, amounting to 10–15% of the annual anthropogenic sulfur 
output ( 70×1012 g/yr S during the decade 1981–1990)  Halmer et al., 2002   

 

Note that Etna is 5% of global volcanic S emissions -> suggests underestimate 



Mass Balance from S and SO2 
 

Typical SO2 fluxes from Etna are 3000 tonnes of SO2 per day 

 

How much magma is needed to produce this gas flux? 

 

SO2 flux of 3000 t/d = S flux of 1500 t/d            (SO2 MW=64g, S AW=32g) 

S content of Etnean magma is 0.32 wt% 

1500 tonnes = 1.5 million kg of S, divided by 0.32 wt% gives the magma mass: 

4.7 x 109 kg of magma required per day 

Typical magma density is 2500 kg/m3, so magma volume required is 

 



Mass Balance from S and SO2 
 

Typical SO2 fluxes from Etna are 3000 tonnes of SO2 per day 

 

How much magma is needed to produce this gas flux? 

 

SO2 flux of 3000 t/d = S flux of 1500 t/d            (SO2 MW=64g, S AW=32g) 

S content of Etnean magma is 0.32 wt% 

1500 tonnes = 1.5 million kg of S, divided by 0.32 wt% gives the magma mass: 

4.7 x 109 kg of magma required per day 

Typical magma density is 2500 kg/m3, so magma volume required is 

 

173,000 m3 of magma per day. 

 



 

 

What is Etna doing most of the time, in terms of activity, while 
processing this voluminous magma supply? 



Mass Balance from S and SO2 
 

Nothing, apart from quiescently degassing 



Endogenous Growth 
 



Endogenous Growth 
 





Magma Convection in a Conduit 
 



Magma Convection in a Conduit 
 



Magma Convection in a Conduit 
 



Is there any evidence for the accumulated 
degassed magma? 

 



Is there any evidence for the accumulated 
degassed magma? 
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Parameter Total  
volumes 

1993-2001 
(million m3) 

Average volume 
rates 

(million m3/
year) 

Deformation 
source ΔV 

216 27 

Unerupted 
degassed 
magma 
volume 

1030 129 

Erupted lava 
and tephra 

volume 

-125 -16 



The Mogi model allows observations of ground deformation to be directly 
related to changes in the volume of a spherical source within a volcanic 
edifice: 
 
 
 
 
 
 
 
 
 
 
 
 
Where d is the radial distance at the surface from the centre of a deforming 
source at depth f and DVch is the modelled change in volume of the source. 
Note that DVch is implicitly the result of a magma intrusion, but that the 
volume of injected magma (DVmagma) is not necessarily equivalent to 
DVch.  

2/322 )(4
3

df
dV

d ch

+

Δ
=Δ

π

2/322 )(4
3

df
fV

h ch

+

Δ
=Δ

π

          [1a] 

 

          [1b] 



In order to compare DVmagma with DVch we use the work of 
Johnson [1992], who examined the dynamics of magma 
storage on Kilauea volcano, assuming a Mogi source. In such 
conditions, the change of volcanic edifice volume (DVedifice) 
can be estimated by integrating the equation (1b) on the free 
surface. This relate the (DVedifice) and the change of the 
source volume (DVch) as follows (Johnsonn, 1992): 
 
 
 
 
Johnson [1992] demonstrated that if the volume of injected 
magma injected into a magma reservoir (DVmagma) is much 
smaller than the reservoir itself, then : 

( ) chedifice VV Δ−=Δ ν12

⎩
⎨
⎧

⎭
⎬
⎫

+

−
=

Δ

Δ

m

magma

edifice

K
V
V

3
41

)1(2
µ

ν
Where n is the Poisson’s ratio, m is 
the shear modulus of the host rock 
and Km is the (gas free) bulk 
modulus of the injected magma. 



mch

magma

KV
V

3
4

1
µ

+=
Δ

Δ

The compressibility of magma is related to its bulk modulus 
and may be theoretically estimated, starting from chemical 
compositions by applying the Lange and Carmichael (1990) 
model based on the thermodynamic equilibrium of silicate 
melts, which is in the form of    

    
 
 
 

    
Where VT is the volume of a mole of magma at the melt 
temperature T and dV/dP is the volume gradient with respect 
to the litostatic pressure. For magma having a chemical 
composition similar to that erupted on Etna in 2001 and 
2002-03, Km may be estimated to be ~16 GPa, u is 10-20 GPa 

)/( dPdV
VK T

T=



So for expected values of u and K we expect a ratio of ~4 
 
This means we should see a volume change in terms of 
deformation 4 times smaller than the volume of injected 
magma, due to compression and crustal rigidity. 
 
 

mch

magma

KV
V

3
4

1
µ

+=
Δ

Δ

Parameter Total  volumes 
1993-2001 (million 

m3) 

Average volume rates 
(million m3/year) 

Deformation source 
ΔV 

216 27 

Unerupted degassed 
magma volume 

1030 129 

Erupted lava and 
tephra volume 

-125 -16 



Main Point 
 

•  Persistently active volcanoes can produce far more gas than 
is expected based on their erupted magma volumes, based on 
mass balance calculations and original/final volatile contents 

•  This observation implies than endogenous growth takes 
place, a process that appears to be evidenced by the large 
plutonic zone under Etna, and is supported by edifice inflation 

•  Magma convection appears to be the best candidate for 
explaining this process, whereby ascending magma can 
quiescently release its volatiles producing a dense degassed 
magma that sinks back down the conduit in a continuous flow 
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That’s fluxes. 

Now a look at gas compositions with OP-FTIR 

 



16	
  May	
  2013	
   Mike	
  Burton	
  INGV	
  -­‐	
  PASI	
  Workshop	
   84	
  

FTIR: Introduction 

Passive FTIR spectrum of volcanic gases
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FTIR: Masaya  

Burton et al., Geology, 2000 
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FTIR: Masaya  
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FTIR: Masaya  
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FTIR: Masaya  
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FTIR: Stromboli Explosions 
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FTIR: Stromboli Explosions 

Burton et al., Science, 2007 
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FTIR: Mt. Etna plumbing system 
 

High and low CO2/SO2 gas ratios emitted from two main craters of Etna, consistent 
with conduit branching 1-3 km below surface 
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Conclusions 
 

•  Gas measurements give complimentary information about the 
volcanic system 

•  There has been a rapid evolution in gas monitoring capacity 
in last 10-15 years 

•  SO2 camera offers real advantages in quantifying SO2 
compared with existing methods: need to rethink strategies. 

•  Much further work to be done in mass balance investigations. 


