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the possibility of conduit development due to severe
underpressuring and mechanical erosion. Subsequently
domes can be preferentially fed along the cylindrical
conduits created by explosive activity.

This brief summary of conduit development during
lava dome eruptions indicates that both dykes and cy-
lindrical conduits can occur. Both can be present to-
gether and furthermore can be interconnected to one
another. Explosive activity favours cylindrical geome-
tries in the relatively shallow part of the system. In this
study for the sake of modelling practicalities we sim-
plify complicated natural geometries by envisaging a
deeper dyke of length Ld=L−LT, width Wd=2a and
thickness Hd=2b connected to a straight-sided cylinder
of length LT and radius R (see Fig. 1).

2. Governing equations

Melnik and Sparks (2005) modelled the ascent of
magma along the conduit from the chamber using a set

of 1-D transport equations. In order to generalise the
equations to a variable cross-section shape, we assume
that the conduit has an elliptical cross-section with area
S=πab, with a and b major and minor semi-axes,
respectively (similar assumptions are made in Mériaux
and Jaupart, 1995). We also assume that vertical varia-
tions in cross-section area of the dyke occur at length-
scales that are much larger than the dyke width; there-
fore cross-section averaged variables can be used to
describe magma flow in the conduit. The set of cross-
section averaged equations is now presented.
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Fig. 1. Schematic view of the volcanic system. In the upper part the conduit is cylindrical with a radius R. A transition from the cylinder to a dyke
occurs at depth LT. The length scale for the transition from cylinder to dyke is wT. The dyke has an elliptical cross-section with semi-axis lengths a0
and b0. The chamber is located a depth L. In the text we used also the following auxiliary variables: D=2R for conduit diameter, Ld=L−LT for the
dyke vertical length, Wd=2a0 for the dyke width, and Hd=2b0 for the dyke thickness.
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A WORKING MODELSHV magmatic system (Figure 10). Our best fitting mid-
crustal magma chamber has a slightly prolate spheroidal
geometry centered approximately 640 m NE of the vent at
11.5–13 km below sea level. Calculations on source di-
mensions and related overpressure values indicate that so far
unexplored thermomechanical conditions in the midcrust
may have a major influence on the scale of surface defor-
mation. Our results hint toward a low rigidity layer in the
intermediate crust and/or toward viscoelastic behavior of
rocks in proximity to the main zone of melt accumulation.
[51] Accounting for magma compressibility, a magma

body with a minimum volume of 8 km3 being depressurized
by 20 MPa provides the most consistent model to explain
the reported volume of extruded dense rock material. Our
favorite model to explain the documented ground inflation
involves a source volume of 32 km3, pressurized by 20 MPa
and surrounded by a viscoelastic shell with a radius of
1400 m. Our first‐order exploration of the parameter domain
(source dimensions and internal pressure changes) to explain
the recorded deformation data does not claim to be exhaus-
tive, but to provide a quantitative basis to simultaneously
incorporate crustal heterogeneity, magma compressibility
and time‐dependent rheology in future modeling.
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Figure 10. Sketch of the proposed structure of the mag-
matic system beneath Soufrière Hills Volcano.
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SOUFRIERE HILLS VOLCANO
Wednesday, 18 April 2012



MONTSERRAT, BWI

Wednesday, 18 April 2012



DOME GROWTH 
AND 

DESTRUCTION
SINCE 1996

Wednesday, 18 April 2012



July 29 and Dec 3, 2008, VE at Soufriere Hills Volcano, 
Montserrat

AIR (barometer, strainmeter)

TRT (barometer, strainmeter)

SDV (barometer, gravimeter, 
cGPS)

SGH (seismometer, barometer)

OLV (cGPS)

(Gottsmann et al., 2011 EPSL)
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Vulcanian explosions
July vs December 2008
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measured using a power tester (HIOKI 3334 AC/DC POWER
HiTESTER). The value was 2.5 W.
[8] We use a coordinate system in which each point on a

plane is determined by an angle and a distance (the distance
between the detector and the object: R). The muon trans-
mission image (muon radiograph) is therefore mapped in
the angular coordinate. The angular coordinate (also known
as the vertical angle or the horizontal angle denoted by q or
f) denotes the positive or anticlockwise angle required to
reach the point from the 0! ray. Minimum resolvable
distance (spatial resolution: DX, DY) at an object is defined
by minimum resolvable angle of the detector. (angular
resolution: Dq, Df) and the distance between the object

and the detector (R); (DX, DY) = R ! (Dq, Df). The
radiograph is essentially a cross section through the volcano
parallel to the plane of the detector, on which the average
density along all the muon paths is projected.

3. Results and Discussions

[9] The muon telescope system with an area of 1 m2 was
installed at an observation point 1.2 km from the summit
crater of Satsuma-Iojima volcano (Figure 1a). The observa-
tion altitude was 95 m a.s.l. The systematic error of the
detection efficiency for each arriving angle was estimated
from the isotropic horizontal distribution of events arriving
from the backward direction (Figure 2a). The experimental

Figure 2. (a) Horizontal angle distribution of the muon events ranging from 80 to 440 mrad (4.6–25 degrees). Muon
events are normalized to the events arriving from the elevation of 440 mrad (25 degrees). (b) Muon transmission intensities
versus horizontal angles for different elevations ranging from 40 to 520 mrad (2.3–30 degrees). The intensities are
normalized to the events passing through a rock with a thickness of 1200 meter water equivalent. (c) The average density
distribution projected on the cross sectional plane that is parallel to the detector plane and that includes the crater floor of
Mt. Iwodake. In order to incorporate the errors in density determination into the image, the density anomalies only below
95% of the average density are mapped. (d) Model of magma convection in a conduit at shallow depth modified after
Kazahaya et al. [2002].
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Resistivity model for Mt St. Helens
(courtesy of C. Flinn, USGS)

Cross sections from Mt. St. 
Helens resistivity models!

Dome!glacier! glacier!

Water +?! Water +?!Intrusive material?!

DOI!
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Flank instability/collapse
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HOW TO MAKE MUON RADIOGRAPHY AN 
ASSET 

• complimentary to other geophysical/geochemical timeseries

• tool for pre-eruptive hazard assessment

• static to dynamic (<1image per day) imaging

• calibration of imaged rock density 

•  are % contrasts sufficient?

•tool for non-eruptive hazard assessment (lahars, flank collapse) 
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