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Abstract

After five and a half years of quiescence, Piton de la Fournaise volcam{& Island, Indian
Ocean) entered into a new active period in March 1998. Synthetic aperture radar interferometry
(INSAR) data show complex displacements associated with the first five eruptions that occurred
between 1998 and 2000. A method was developed to find realistic geometries and overpressures
of dike intrusions from the INSAR data. This method is based on a combination of a fully 3D
boundary element method and a Monte Carlo inversion. The noise characteristics of the data are
taken into account in the inversions. Synthetic tests show that a model is successfully retrieved
within predicted narrow confidence intervals. Neglecting topography was shown to result in
poor modelling at depth and in overestimation of overpressure or opening. Application of the
method to each eruption requires specific parameterizations of the model(s); in some cases, a
curved dike surface must be introduced, and in other cases, simultaneous inversions for two
dikes are required. Most of the estimated dikes dip seaward with a typical angle of 65 degrees.
The dike associated with the first eruption of the cycle (March 1998) is found to originate from
sea level (2600 m below the summit), whereas those dikes associated with subsequent eruptions
are estimated to be shallower than about 1000 m below the ground. Laterally elongated dikes,
preeruption deformations and seismic swarms can be explained by a level of neutral buoyancy
less than 1000 m beneath the ground. This is consistent with the presence of magma reservoirs
at this level. For the studied period, the intruded volume amounts to 8% of the lava flow volume.
The spatial periodicity of dike intrusions from the northern to the southern flank is consistent
with stress transfer models. Finally, Coulomb stress analysis shows that the five eruptions
modelled mostly encourage slip on potential subhorizontal planes located 1000-1500 m above
sea level.






Resune

Aprés cing ans et demi de sommeil, le volcan du Piton de la Fourriiske(la Feunion, Oéan
Indien) est en& dans un nouveau cycle d’act&ién mars 1998. Des doges d’interéronetrie
radar (INSAR) montrent que degplacements complexes sont aséeciux cing prengres
eruptions du cycle survenues entre 1998 et 2000. Uataoale @&te developgee pour éterminer
des gonetries ealistes et les surpressions des intrusions de dykestir de donées INSAR.
Cette néthode est b&e sur la combinaison d’'uneéthode delements frontres 3D et d'une
inversion de type Monte Carlo. Les ca@gstiques du bruit des doaas sont prises en compte
dans les inversions. Des tests syitjues montrent qu’un medk est retrou& avec suaes dans

la limite d’intervalles de confiancetroits. Il aétt monté que @gliger la topographie induit
une erreur de mdaisation en profondeur et une surestimation des surpressions ou des ouver-
tures. L'application de la gthodea chaqueeruption requiert des pardtmisations secifiques
des moeéles. Dans certains cas, un dyke in@en surface doitre introduit, dans d’autres,
l'inversion simultarke de deux dykes eséoessaire. La plupart des dykest@ermires ont un
pendage vers la mer de 65 degrLe dyke assoein la preméreéruption du cycle (mars 1998)
s’enracine au niveau de la mer (2600 m sous le sommet), tandis que les dykes suivants sont
situésa moins de 1000 m sous la surface du sol. La formerdédément allonge des dykes,
les ceformations pe-eruptives et les essaims sismiques peugéetexpliq@s par un niveau de
flottabilité neutre sit@a moins de 1000 m sous la surface. Ceci eséoaifit avec la @sence de
réservoirs magmatiquesce niveau. Pour lagpiodeétudiée, le volume inje& dans le volcans
represente 8% du volume des céak de lave. Lagriodicite spatiale des intrusions de dykes, du
flanc nord au flanc sud, est cafente avec les metkes de transfert de contraintes. Finalement,
des analyses en terme de contraintes de Coulomb montrent que lésgrtigns moélisées
ont principalement favoresle glissement sur des plans potentiels subhorizontaugsséntre
1000 et 1500 m au dessus du niveau de la mer.
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Chapter 1

Introduction

\olcanic eruptions mark the final stage of magma transfer from the mantle. In a shallow part
of the crust, magma movements cause detectable changes of various physical parameters that
are detectable on the ground. Geodetic measurements provide data that can be quantitatively
interpreted in order to understand magma transfer mechanisms; this quantitative interpretation
is carried out througmodelling

The recently developed interferometric synthetic aperture radar (INSAR) technique allows
to map ground displacement field in unprecedented precision and resolution. Complex displace-
ments revealed by INSAR call for numerical modelling analyses that can take into account more
realistic situations than simple analytical models.

The field of work of this thesis is Piton de la Fournaise volcano, a very active basaltic shield
volcano that occupies the southeastern part @firifon Island, Indian Ocean. From detailed
analyses of the INSAR data associated with five consecutive eruptions that occurred between
1998 and 2000, this study attempts to develop a model of the magma transfer system of the
volcano as well as to give inference on its volcano-tectonic structures.

In this chapter, introductions are given to Piton de la Fournaise, displacement measurements
using INSAR, geodetic data modelling on volcanoes, and modelling of dike emplacements.
Chapter 2 describes the development of the modelling method based on a combination of a
boundary element and a Monte Carlo inversion methods. Application to the five consecutive
eruptions at Piton de la Fournaise is presented in Chapter 3. Overpressure and geometry of
the coeruptive magma intrusions are estimated by inverting INSAR data. Chapter 4 investigates
the magma storage, transfer and emplacement mechanisms, as well as the volcano-tectonics of
the volcano, based on the results obtained in Chapter 3 and complementary analyses. Finally,
conclusions are given on the new findings revealed in this study.

1.1 Piton de la Fournaise Volcano

1.1.1 Geological settings

Réunion Island is a French oversd@partementocated about 700 km east of Madagaskar in

the Indian Ocean (Figure 1.1). This island has a dimension e50km elongated in NW-

SE (Figure 1.2), with a height of 7 km from the sea floograt et al, 1989b] and a volume of

75,000 kni [de Voogd et a).1999]. The northwestern part of the island is occupied by an extinct
volcano, Piton des Neiges (3069 m). As a consequence of deep erosions, Piton des Neiges has

1
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three cirques that open toward the ocean. On the southeastern part of the island lies our field of
work, Piton de la Fournaise (2631 m; Figure 1.2).

The origin of Reunion Island volcanism is a hot spot. This hot spot may be the one that
created Deccan Trapp (India) 65 Ma adoolrtillot et al., 1986], or a recent one (less than
10 Ma) of which activity is only restricted to this islanByrke 1996;Sheth 2005].

Piton de la Fournaise started its activity more than 530,000 yearsGithot fand Native)

1989]. It has a caldera-like depression that opens to the ocean called Enclo€ [ealdpra
(Figure 1.3). This depression, at least its western part, formed 5000 year8agf@lery,

1981]. On the caldera floor, a central cone has two summit craters called Bory and Dolomieu.
The volcano also has arcuate rift zones, oriented°Nit@l N170 with respect to the summit,
where surface fractures and eruptive vents are preferentially located.

Bory crater already existed and was close to its present state in L&6&t[and Bachlery,

1990], whereas the Dolomieu crater, on the contrary, has been experiencing numerous collapses
and refillings Bactelery, 1981]; the most recent pit crater formation in Dolomieu took place

in December 2002 and partial refillings of Dolomieu occurred in May to June and December
2003. The summit craters have concentric fissures that are normally noneruptive, and whose
origin is probably related to crater collaps@afhelery, 1981].

Piton de la Fournaise is often compared with Hawaiian volcanoes, which are also basaltic
shield volcanoes of hot-spot origin. The characteristics of the rift zones, however, are signif-
icantly different. Hawaiian rift zones are associated with numerous vertical dike intrusions,
resulting in distinct ridges that extend for tens of kilometers. In contrast, those of Piton de la
Fournaise open seaward and there is no ridge structure. Since 1644, about five percent of the
eruptions occurred outside Enclos-Foaqaldera $tieltjies and Moutoul 989], with the most
recent ones in 1977 and 1998 to the north and in 1986 to the south (Figure 1.4).

The submarine part of &inion Island provides important information on the volcano-
tectonic evolution of Piton de la Fournaise. The age and volume of landslide materials on the
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Figure 1.3: Map showing the geological setting of Piton de la Fournaise volcano. Colors corre-
spond to altitudes. Contours are drawn every 100 m. The summit craters, Bory and Dolomieu,
are outlined. The coordinates are given in Gauss-Laborde kilometric coordinates.
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submarine eastern flank of the volcano clearly indicate recurrent seaward landséidagyy
1996]. It is still under debate whether the most recent one, associated with the formation of
Enclos-Fouqa caldera, was caused by a single landsligdbpzuy 1996;Lénat and Bachlery,
1990;Lénat et al, 2001], or by a coupled mechanism involving a landslide close to the ocean
(the Grand-Biilé area, Figure 1.3) and a collapse in the central 8aelflery, 1995;Bactelery
and Mairing 1990;Chevallier and Bacélery, 1981;Duffield et al, 1982]. Merle and Enat
[2003] showed by analogue experiments that the latter scenario is possible when the core of the
volcano is hydrothermally altered.

A drilling in the Grand-Biilé area evidenced a large intrusive and cumulate comBlangon
etal, 1989] 1000 m beneath the ground. Gravitational and geomagnetid @atzt [et al, 2000,
2001] strongly support the presence of such a complex. Accordihgnat et al.[2001], this
complex is related to an ancient volcano (named theé&lizand it may have provided the basal
plane for the eastward landslides of Piton de la Fournaise.

1.1.2 Eruption monitoring

Quantitative eruption monitoring started when a volcano observi@ipgervatoire Volcanologique
du Piton de la Fournaisgvas installed in 1980. As of October 2005, it maintains dense seismic
(short period and broad band), deformation (tiltmetry, extensometry, distansometry and con-
tinuous and campaign GPS), radon probe and magnetometric networks (information from the
website of the observatory: http://volcano.ipgp.jussieu.fr:8080/reunion/stationreu2.html). Data
of these networks have largely contributed to the understanding of the eruption dynamics.
INSAR provides an excellent complement to the geodetic monitoring networks. Although
this technology is not useful for short-term eruption forecasts, which require continuous mon-
itoring, it instead measures precise displacements in the area uncovered by vegetation with
resolution of 20 m. This advantage has enabled us to model the dike emplacements at Piton
de la Fournaise in detaiFfoger et al, 2004; Fukushima et a).2005; Sigmundsson et al.
1999]. Since 1995, SAR images on Piton de la Fournaise have been captured by the satellite
RADARSAT-1 lauched by the Canadian Space Agency. It is these data that the present study
benefits from. In March 2002, the European Space Agency launched a satellite ENVISAT. At
the Laboratoire Magmas et \Volcans, interferograms are systematically computed and archived
for all the eruptions after August 2003.

1.1.3 Magmatic system

In the last two centuries, Piton de la Fournaise experienced more than 200 eruptions; this corre-
sponds to one eruption in every ten months on averdgelfjes and Moutoul989]. The mean

lava output rate is about 0.32fm, which is one order less than that at Kilauea and comparable

to that at EtnaBachelery, 1999].

Since the installation of the observatory, geodetic data showed no clear preeruptive inflation
and posteruptive deflation that show evidence of a common magma reservoir responsable for
all or majority of the eruptions. (However, in the last several years, systematic preeruptive
inflation of typically several weeks is observed, A. Peltier, personal communication, 2005.) The
hypocenters of the preeruption volcano-tectonic microearthquakes are, in many cases, restricted
above sea level, and do not always occur in the same region. These observatlgsleand
Baclelery[1990] to propose the presence of a shallow magma reservoir that consists of many
small interconnected dikes and sills, between sea level and several hundred meters beneath the
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Figure 1.4: Lava flows between 1972 and 2000. [From the website of Observatoire Vol-
canologique du Piton de la Fournaise.]
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Figure 1.5: Magma reservoir model proposed bgniat and Bacblery [1990]. It consists
of many storage units of dikes and sills, connected to each other (Adteatland Bachlery
[1990])).

summit (Figure 1.5)Carter[2004] proposed an existence of a magma reservoir 1 km below the
Dolomieu floor from applying field fracture observation to the result of analogue experiments
on crater formation oRoche et al[2001]. Recent pit-crater formationsdngpié et al, 2004]

show evidence of magma storage at a very shallow level.

In contrast, seismic and geodetic (INSAR and photogrammetry) data suggest a deeper magma
reservoir. A seismic tomography found a low velocity zone of 1.5 km in diameter at a depth of
1.5 km below sea level, which was proposed as a magma chahéeessian et al1996]. Aki
and Ferrazzin{2000] proposed a model that consists of relatively deep reservoirs and channels
(between 0 and 5 km below sea level), from their analyses on coda localization and preeruption
long-period eventsCayol and Corne{1998a] estimated the shallower limit of the depth of
the magma reservoir that fed the 1983-1984 eruption at 19 km, from the fact that no deflation
source was indicated by photogrammetric d&mmundsson et al1999] calculated interfer-
ograms from RADARSAT-1 images for pre-, co- and post-eruption displacements associated
with the March 1998 eruption at Piton de la Fournaise, and modelled them. These interfero-
grams did not also show any deflation, which led them to conclude that magma should have
been transported from more than 7 km depth below sea level.

Geochemical and petrological studies indicate at leat two levels of magma storage beneath
the volcanoVlastlic et al.[2005] studied the Pb isotopes and trace elements of the lava emitted
during 1998 and 2002, and found two levels of magma storage: one at the level of oceanic crust
and the other at a shallower level in the edifiBeireau et al[1998] proposed, from a study of
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melt inclusions in olivine phenocrysts, that magmas were stored at different depths, from shal-
low levels to 15 km or more, beneath the summit. SimilaBlyivin and Backlery[2003] found

two populations of clinopyroxene in the lavas emitted between 1977 and 1998, indicating that
the magma evolution took place at two different, intermediate and shallow, depths. The shallow
storage system is probably located within the edifice, as evidenced by the interactions of magma
with hydrothermally-altered materials. Data dispersion of Al/Ti ratio further suggested the evo-
lution in different isolated storage units (at the same depth level), which supporténlaeand
Bactelery model (Figure 1.5)Sigmarsson et a[2005] identified two different magma storage
depths from analyses of residence times using U-series disequilibria. They concluded that the
deeper reservoir system is poorly replenished and magma resides on timescales of the order
of 1000 years, whereas the shallower one is consistent with a residence time of 25 years and
a volume of 0.35km The latter, according to them, might correspond to the reservoir at the
volcanic edifice—oceanic crust interface (7 km beneath the summit).

1.2 Displacement Measurements by SAR Interferometry

1.2.1 Background

Radars, as the origin of the worddio detecting and ranginghdicates, detect distant objects

and determine their position and velocity [see &gbker et al.2000]. The processed radar

image, called Single Look Complex, contains the amplitude and phase of radar career sig-
nals (electromagnetic waves). The principle of interferometry is to compare the phase in two
radar images in order to map range changes, where range means the distance between the radar
antenna and the object. Its first applications in the 1970s and 1980s concerned topography map-
ping [seeMassonnet and Feigll998, for a review]. After technical developments in the late
1980s [Gabriel et al, 1989;Massonnet1985], geophysical applications of radar interferometry

to measure small (of the order of 1 cm) ground displacements have exploded in the early 1990s
and thereatfter, with the launches of ERS-1 satellite and successors.

INSAR is revolutionary with respect to conventional geodetic methods in that it can map
surface motions with fine resolution (20—100 m) over large swaths (tens of kilometers), and that
no instrument is needed on the field. The former characteristic obviously contributes to better
constraining geophysical models of the deformation source, while the latter enables studying
volcanoes that lack on-site deformation monitoring networks (due to remoteness of the volcano,
financial limitations, etc.), as in Aleutian and Alaskai[et al, 2000a,b,c, 2002, 2008/ann
et al, 2002;Masterlark and Lyu2004], GahpagosAmelung et al.2000a;Jobnsson et aJ.1999,
2005;Yun et al, 2005], and the Andedfitchard and Simons2002, 2004a,b].

Since its birth, INSAR has experienced persistent and rapid methodological developments.
Permanent ScattererBdretti et al, 2001;Salvi et al, 2004] or Persistent Scatteretddoper
et al, 2004] (PS) technique can detect displacements on terrestrial spots where backscattering
characteristics change little with time, even in regions where incoherency of signals dominates.
PS can also be used to enhance the signal-to-noise ratio of interferodggons pnd Sandwell
2003]. Efforts have also been made to obtain a fine time series of INSAR Blathdr and
Zebker 2004;Lundgren et al.2001;Schmidt and Brgmann 2003]. It is, in principle, possible
to develop a time series of INSAR data with temporal resolution equivalent to the repeat period
of the satellite. Apart from interferometry which treats the phase information, amplitudes of
backscattered radar signals can also be useful. By detecting the offsets of corresponding points
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in two images, ground displacements in azimuth (direction parallel to the satellite’s traveling
direction) can be extracted/ichel et al, 1999a]. Despite relatively large uncertainty in data

of typically several tens of centimeters, this technique often provides complementary data in
a horizontal direction for studying large earthquakiesidl et al, 2002;Fialko et al, 2001b;
Jonsson et a).2002;Michel et al, 1999a,b].

1.2.2 Production of interferograms

Resolution of a radar depends on its aperture. Synthetic aperture radars are designed for particu-
lar signal processings to synthesize a large aperture, that is, to have a fine resolution. Taking the
difference of career signal phase in two processed images (Single Look Complex) acquired at
different times generates fringes that are associated with topography, ground displacements that
accumulated between data acquisitions, and difference in atmospheric properties (principally
water vapor distributionHansserj2001]). Here, one fringe corresponds to half the wavelength

of the radar career signal. The phase differences caused by topography (topographic fringes) are
removed by forming synthetic fringes from a digital elevation model (DEM). Those created by
the difference in atmospheric properties, on the contrary, are in many cases difficult to remove,
and they normally put limitation on the precision of an interferogram (order of one to several
centimeters; e.ghlansserf2001]; Massonnet and FeidlL998]).

Theoretically, two images taken from the same viewpoint should generate fringes that are
uncorrelated with topography. In reality, this condition is never met and the satellite is posi-
tioned at slightly different locations for the two acquisitions. The larger the difference in view
angles of the two images, the more sensitive the interferogram is to topography. This sensitivity
is often expressed through the altitude of ambighijtythe elevation difference that corresponds
to a fringe (2r phase changeMassonnet and Rabayt&993]

RXtan@

ha
2B,

(1.2)
where B, is the horizontal separation between the image acquisition points (the horizontal
baseline) R is the observation rangé,s the incidence angle, andis the wavelength.

1.2.3 Unwrapping of interferograms

For data inversions, it is normally desirable to convert the phase values (known only modulo
2m) to physically-meaningful displacements along the line-of-sight direction of the satellite, by
counting the phase cycles (fringes). This conversion is called phase unwrapping (or simply
unwrapping). For a phase value of a pixei-tl row and;j-th columng,; of a two-dimensional
array, the unwrapped displacement at the correspondingpixean be written as

_ énij¢ij

= l 1.2
5 or Th (1.2)

Ujj
where) is the wavelength of the radar signa); is an integer, andlis a constant. Unwrapping
consists of determining,; for all combinations of and;. The constant can be determined
in such a way that the displacements far from deformation sources are zero, or as done in this
study, that the discrepancy between observed and modelled displacements becomes minimum
(Section 2.3.4).
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Numbers of unwrapping algorithms exist, but they all assume that the true unwrapped dis-
placement field varies slowly enough that in most places, neighboring phase values are within
one-half cycle £ rad) [Chen and Zebker2000]. Unwrapping intrinsically includes a risk of
errors because supplementary information (integerst all the pixels) is added to the orig-
inal phase data. It is therefore important to check if unwrapping was properly done. Proper
unwrapping provides smooth displacements consistent with the number of fringes in the origi-
nal interferogram where no displacement discontinuity is expected, and discontinuity correlated
with geological features (earthquake faults, for example).

1.2.4 Applications

Applications of INSAR covers various fields: tectonic deformation, volcanism, subsurface fluid
movement, terrain classifications, glacial processes, landslides, and 8iirgmpnn et al.

2000; Massonnet and Feigll998]. Burgmann et al[2000] gives an exhaustive review on
previous works (before 2000) that used INSAR data of coseismic, postseismic and interseismic
deformation, volcano deformation including inflation and deflation of magma chambers and
dike and sill intrusions, and land subsidence. Indeed, more than 90 papers have been published
in these research areas from major journals at the time of writing (July 2005).

The fine spatial resolution of INSAR data allows estimating a detailed slip distribution of an
earthquake fault [e.glonsson et a).2002;Pedersen et al2003, see also the next section]. Ma-
jor studied regions are: California (Landers in 1992 [&lgssonnet et al1993], Hector Mine
in 1999 [e.g.Jonsson et a).2002]), Alaska (Nenana Mountain in 200&/fight et al, 2003] and
Denali in 2002 Wright et al, 2004]), IcelandPagli et al, 2003;Pedersen et al2001], Turkey
(Izmit in 1999 Bos et al, 2004;Feigl et al, 2002], Dizce in 1999 Burgmann et al. 2002]),
and Bam earthquake in 200Biglko et al, 2005;Talebian et al. 2004]. Besides the studies of
coseismic deformation, postseismic deformation is also actively studied using INSAR because
it can reveal valuable information about the rheology of the Earth’s crust. INSAR studies in this
category include afterslips following major earthquakes [@agobs et a].2002;Peltzer et al,

1998], poroelastic rebound [elgeltzer et al. 1998],viscoelastic deformation [eBollitz et al,
2000], and reactivated slip on nearby faukglko et al, 2002].

On volcanoes, INSAR elucidated complex displacement fields that originate from inflation
and deflation of magma chambers, dike and sill intrusions, lava flow subsidences, and geother-
mal activities. In addition, INSAR also drew great attention as a means of eruption monitoring
of remote and “non-equiped” volcanoes. Studied volcanic systems include Etn8ielg.
et al, 1997;Froger et al, 2001;Lundgren and Roser2003;Massonnet et al.1995;Ranvier
2004], Campi Flegrei [e.dAvallone et al. 1999;Lanari et al, 2004;Lundgren et al.2001],
Alaskan volcanoes [e.d.u et al, 2000a,b,c], Icelandic volcanoes [eRpdersen et gl.2003;
Sigmundsson et al1997], volcanoes and geothermal field in Western United StatesHe.g.
alko and Simons2001; Fialko et al, 2001c;Wicks et al. 1998], Kilauea volcanoQervelli
et al, 2002], the AndesHritchard and Simons2002, 2004a,b], Gapagos volcanoe&Mmelung
et al, 2000a;Jonsson et a).1999;Yun et al, 2005], Piton de la Fournais€rpger et al, 2004;
Fukushima et a).2005;Sigmundsson et al1999], Fogo Amelung and Day2002] and some
others.

On Reunion Island, volcanic deformation at Piton de la Fournaise and local landslides
at Piton des Neiges have been studied using InS&Bmundsson et aJ1999] estimated a
seaward-dipping dike from an interferogram that recorded the coeruptive displacements of the
March 1998 eruption at Piton de la Fournaigaukushima et al[2005], the paper presented
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in Chapter 2, developed a method based on a 3D mixed boundary element n@@ayotignd
Cornet 1997] and a Monte Carlo inversion algorith®gmbridge1999a,b]. They applied the
method to interferograms of the Februrary 2000 eruptionger et al.[2004] studied the Au-

gust 2003 eruption from the interferograms calculated from ENVISAT images with the method
of Fukushima et al[2005]. Raucoules et al2003] identified landslides in the Salazie Cirque
(northeast cirque of Piton des Neiges). They worked on interferograms computed from both
JERS-1 (L-band: wavelength 23.5cm) and RADARSAT-1 (C-band: wavelength 5.7 cm) im-
ages, and concluded that data from L-band satellites would be useful to monitor landslides at
Réunion Island.

1.3 Ground Deformation Data Modelling on Volcanoes

Dvorak and Dzurisin1997] compiled the geodetic measurements and modelling studies that
had been made on active magmatic systems until 1997 (i.e., before the extensive applications of
INSAR), with the major findings obtained from the modelling studies. According to them, the
dawn of ground deformation measurements of active volcanoes dates back to 1819 on Campi
Flegrei. Since then, monitoring networks have been developed on about 50 volcanic areas and
a considerable amount of knowledge has been achieved through modelling. Today, we are
in the next stage of great advance in modelling of volcanic systems with the aid of the new
technologies of GPS and InSAR.

1.3.1 Whatis modelling?

In scientific contexts, anode] when used as a noun, means a schematic and simplified de-
scription of a phenomenon or an objedb modelmeans, depending on the context, either to
(conceptually) construct a model, or to quantitatively explain data based on a model.

In the domain of geodesy, modelling (in both meanings) gives light on the characteristics of
the source of signals, such as the position, spatial dimensions, amount of dislocation, as well
as on the rheology of the medium. Namely, modelling helps explaining the physical processes
that occur beneath the ground. Modelling first requires a mathematical, numerical or empirical
expression (model) that predicts signals when characteristics of the source is known. Obtain-
ing this relation is referred to dsrward problem Several assumptions are made at this step
because we have to approximate or idealize the complex Earth as a simple body. Once such
an expression is obtained, the next problem is to infer the characteristics of the buried source,
which are normally unknown, from the observed (known) signals. This kind of problem is
referred to asnverse problemwe invert data to know about their source. Solving an inverse
problem is callednversion(Section 1.3.4).

SeeChevallier and Verwoerf1988] andDe Natale and PinguglL996] for a review of the
methods and problems in modelling of ground deformations in volcanic areas.

1.3.2 Analytical models

Mogi[1958] developped an analytic formulation for the ground deformation due to the inflation

of a deep magma body, by considering a point pressure source of radial expansion in an elastic
half-space. Because of its simplicity, Mogi’'s model has been extensively applied to inflation or
deflation of a magma chamber or a geothermal sourceBggisson et a].1977;Dvorak et al,
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1983;Furuya 2004;Lu et al, 2000a,b,c, 2002, 2008jogi, 1958;Pritchard and Simon2002,
2004a,b;Sigmundsson et al1997;Vadon and Sigmundsspoh997;van Dalfsen et a).2004;
Yokoyamal986]. Other analytical expressions for a volumetric pressure source in elastic media
have been developed for a finite sphavieTigue 1987], an oblate ellipsoidvng et al. 1988]

with applications by several workerBifilko and Simons2000;Lanari et al, 2004;Lundgren

et al, 2001;Pritchard and Simons2004a], and a penny-shaped fractUfalko et al, 2001a]

with applications byFialko et al.[2001c] andFialko and Simon§2001]. By distributing point
sources in a 3D spac¥asco et al[1988], Vasco et al[2002], Mossop and Sega]ll999], and
Masterlark and LUy2004] modelled an arbitrary shape of pressure source.

Okada[1985] formulated analytical expressions for the ground displacements due to a fi-
nite rectangular dislocation (having both slip and tensile components) in an elastic half-space.
Okada’s model has also been extensively applied to dike and sill intrusioné\feejung et al.
2000b;Jénsson et a).1999, 2005 undgren and Roser2003;Okada and Yamamaotd 991,
Okamura et al. 1988;0wen et al. 1995, 2000Sigmundsson et al1999;Ueda et al, 2005;

Wicks et al. 1998, 2001] and fault slips [e.dmelung and Bell2003; Cervelli et al, 2001;
Fujiwara et al, 1998;Lohman et al. 2002;Pagli et al, 2003]. When enough data points are
located close to a deformation source, we can go further and estimate the opening distribution
for intrusions Amelung et al.2000a;Aoki et al, 1999;Pedersen and Sigmundss@904a,b;

Troise et al, 1999;Yun et al, 2005] or the slip distribution for earthquakes [eBjirgmann

et al, 2002;Feigl et al, 2000;Jonsson et a).2002; Nishimura et al. 2001;Pedersen et al.
2003;Segall and Harris1986;Ward and Barrientos1986;Wright et al, 2003] on an assumed
source geometry. Most of these studies first invert for the geometry of the rectangular source by
assuming a constant slip, and then invert for the slip distribution on the determined fault. Some
studies chose more appropriate approach; they grid-searched for some of the optimum source
geometry parameters, with a slip (opening) inversion for each set of model parameters defining
the source geometryfalko, 2004;Fialko et al, 2005;Simons et a).2002;Yun et al, 2005].

Williams and Wadg§000] and others developped an approximate analytical technique for
including topographic effects. Relaxing the assumption of linear elasticity, analytical solu-
tions are obtained also for a point source in viscoelaganpfede et a].1986], thermoelastic
[Bonafede1990;Furuya 2005] and anisotropic media.

1.3.3 Numerical models

Numerical model computations are time consuming compared to analytical ones, but this dis-
advantage is becoming less crucial with recent advances in computer performance. Numerical
models can, depending on their functionalities, incorporate several structures of arbitrary shape,
topography, and take into account various rheological characteristics.

One of the main applications of numerical modelling methods is to investigate the effects
of complex conditions, such as complex source geometries, often to assess the limitations of
more simplistic analytical models. Using a finite element metBoeterich and Deckef1975]
examined the effects of different geometries of either axisymmetric or plane strain (two dimen-
sional) sources.Pollard et al. [1983] made two-dimensional boundary element calculations
to obtain useful empirical relationships between the parameters that define dike characteristics
and the ground displacemen@ayol and Cornef1998b],Williams and Wadgf000] andLun-
garini et al. [2005] investigated the effects of topography with an application to Mount Etna.
Masterlark[2004] systematically examined the possible biases of model estimation that result
from the assumptions of homogeneous, isotropic, Poisson-solid, and half-dpaagkeet al.
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[1987] applied a two-dimensional numerical method called “Bloc”, derived from a finite ele-
ment method, to the landslide of Mount St. Helens in 1980. This method can take into account
anisotropy, heterogeneity, linear and nonlinear elasticity, elastoplasticity of the media, as well
as fractures.

Another main axis of applications of numerical models is the inversion of data for which the
position and/or geometry of the source is relatively constrained a priori. By applying the mixed
boundary element metho@ayol and Cornef1998a] andBeauducel et al[2000b] searched
for the overpressure and a combination of the overpressure and shear stress on a fixed pressure
source that best explain data, a@dyol et al.[2000] searched also for the source geome-
try. Beauducel and Corndl999] performed an inversion for the source location and volume
change, though with limited iteration®2ubin[1992] studied the normal faulting induced by
dike propagation and resulting graben subsidence in volcanic rift zones, with application on lev-
eling data at Krafla, Iceland, by using a three-dimensional boundary element m€grvelli
et al. [2002] used a boundary element method to model a dike of uniform overpressure, after
inverting for the best fitting uniform opening source, in pretty much the same way as the “two
step inversions” made for estimating an opening distribution described in Section Yi$2.
et al.[2005] tested a diapiric geometry for a magmatic source with a boundary element method
and compared the result with their sill model determined from inversions of analytic sources.

The present study belongs to the latter axis of applications, but performs a thorough inver-
sion on the dike geometry associated with fissure eruptions at Piton de la Fournaise. This has
become possible by the combination of an optimized boundary element calculation procedure
and an efficient inversion algorithm. This method was successfully applied to the August 2003
eruption at Piton de la Fournaigerpger et al, 2004].

1.3.4 Data inversion

Suppose that we havedata points and that a given model explains the datawigarameters.
If we define the data vectat = (dy, ds, ..., d,,) and the model vectam = (my, ma, ..., my,),
we can write that

F(m) = d, (1.3)

whereF is an operator that relates the model vector to the data vector. To solve such problems,
m should be equal to or less thanWhenF consists of linear equations, then Equation 1.3 can

be solved by a linear least-square method. If the opeFatannot be expressed by linear equa-
tions, then the problem is called nonlinear, and the woversionnormally refers to solving

such nonlinear problems.

In inversions, a misfit function, or a cost function, is defined to quantify the discrepancy
between observation and model expectation. An inversion algorithm then searches for model(s)
that minimizes the misfit function in the model space which can be bounded by predefined
model parameter limits.

Since measured data are given as an input, inversions are inherently concerned with uncer-
tainty that stems from measurement uncertainties. In geophysical applications, we normally
have, in addition to measurement uncertainties, modelling uncertainties that come from model
assumptions. Moreover, ground observations in two dimensions obviously put a limitation for
resolving three-dimensional processes. Due to these features, inverse problems generally have
non-unique solutions. We must therefore bare in mind that inversions only give possible solu-
tions in the assumed conditions. A model that well explains data is not necessarily realistic, and
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even worse, a model that looks realistic might not correspond to what is happening in the Earth.
To deduce reliable results from inversions, it is important to know the applicability limit of the
assumptions, and also to compare obtained results with other data including field observation
and expectations from theoretical studies.

To solve an inverse problem, one must choose between derivative (gradient) based or Monte
Carlo (direct) algorithms. The former are generally suitable when the problem is expected
to have a simple data-model relationship (a concave misfit function) as they require fewer
model calculations than Monte Carlo methods. When the relationship becomes complex, the
misfit function will increase complexity with multiple local minima of the function. In this
case, Monte Carlo methods are favoured because they are (1) more reliable in the optimiza-
tion/parameter search stage (a derivative based search would normally converge to a local
minimum), and (2) usually more reliable in the estimation of uncertainfi@snbridge and
Mosegaard 2002].

The neighbourhood algorithnSambridge1999a,b] used in this study is one of the Monte
Carlo methods. It consists of two stages: search and appraisal. The search stage aims to pref-
erentially search good data-fitting (low misfit) regions in the model space, rather than find a
single optimal model$ambridge1999a]. This algorithm has been used in crustal deformation
inversions Froger et al, 2004; Fukushima et aJ.2005;Lohman et al. 2002; Pritchard and
Simons 2002, 2004a,b]. The appraisal stage can estimate the statistical characteristics of the
model parameters, such as uncertainties and trade-offs, without further forward model calcula-
tions (which are more time-consuming for numerical modelling methods than anlytical ones)
that are required in other appraisal methd8arhbridge1999b].

1.4 Modelling of Dike Emplacement

1.4.1 Force of Dike Opening

A number of theoretical solutions have been derived on the shape of a stationary fluid-filled
crack [e.gPollard, 1976;Rubin and Pollard 1987;Secor and Pollard1975;Weertman1971].

Such solutions can be compared to the shape of an actual dik®pdamey and Pollard1981;

Pollard and Muller, 1976;Reches and FinKL988] by assuming that the dike was in equilibrium

at the end of its emplacement, more specifically, that the dike was emplaced while being molten
and solidified while keeping its shape. The present study is also based on this assumption (see
also Section 2.1). It should be noted that, for accurate modelling of dike propagation, i.e., its
spatio-temporal evolution, one should consider a more complex system including the dynamics
of magma flow [e.gFialko and Rubin1998;Lister and Kert 1991;Mériaux and Jaupart1995,

1998; Turcotte et al. 1987], fracturing at the dike tip [e.¢hgraffea 1987;Khazan and Fialkp

1995; Rubin 1993b], heat transfer including viscous dissipation (heat generated by viscous
flow) [e.g.Fialko and Rubin1998, 1999Rubin 1993a], and so on; see also a reviewRoibin

[1995] on propagation of magma-filled cracks and the references therein.

For a dike connected to the magma reservoir to remain open, the overpressure of internal
magma, defined by the magma pressure subtracted by the normal stress on the dike surface,
should be positive on majority of the dike wall. The overpressure is first created at the magma
reservoir, by oversaturation of volatile species in the reserVait et al, 1989] or by replen-
ishment of the reservoir from a deeper level. During ascent, magma can change its density
by vesiculation and degassing [eJgupart 2000]. The geometry of the dikes arrested in the
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edifice can be, therefore, determined by several different processes.

When the dike reaches the ground, i.e., when an eruption starts, the situation greatly changes.
To explain the behaviour of dikes in such a case, a two-dimensional vertical dike is considered
(Figure 1.6). For simplicity, host rock and magma are assumed to have constant dengities of
andp,,. Magma is subject to buoyanciR{ibin 1995]

Apg + d(AS,)/dz, (1.4)

whereAp = (p, — pm), ¢ IS the gravitational acceleration, ands,, is the deviation of the
horizontal stress from the vertical lithospheric str8ss- p.gz. The termd(AS,,)/dz) can be
several times\ pg within the brittle crust Rubin 1995]. For this reason, buoyancy cannot be
solely discussed in terms of the density contragtin this thesis which works on the shallowest
several kilometers of the crust.

For positive buoyancy, magma can ascend with any value of reservoir overpressure. The
buoyancy provides an overpressure for dike opening such that the overpressure is larger for
shallower depth. The shape of the dike reflects such an overpressure profile (Figure 1.6a, b).
If, on the other hand, magma is submitted to negative buoyancy, then the magma flow is driven
solely by the overpressure at the reservoir. In this case, the dike is submitted to an overpressure
such that the greater the depth, the larger the overpressure (Figure 1.6c, d).

Dikes submitted to negative buoyancy should not be able to propagate upward to the ground
[Rubin and Pollard 1987]. Observations indicate that Piton de la Fournaise start with lava
fountaining, sometimes associated with a whistling nd¥iésineuve 2000], which is consistent
with very low density and large buyoyancy of magma. On the other hand, gravity measurement
performed after a dike emplacemehgpat et al, 1989a] suggests that dikes are denser than
the surrounding rock. These observations indicate that dikes open because of buoyancy forces
associated with a gas rich magma and that this magma is progressively replaced by a denser
magma.

1.4.2 Direction of Dikes

Theoretical studies predict that dikes intruding into intact rock should propagate perpendicular
to the direction of the minimum principal stress [eAnderson 1938]. Several field studies
found, on the other hand, dikes that intruded on faults or other preexisting fractureBde.g.
laney and Gartner1997; Gudmundssanl983]. By calculating the stress at the dike @y
et al.[2000] investigated the ability of magma to propagate along preexisting fractures oblique
to the least principal stress. They concluded that dikes can intrude into preexisting fractures if
one or more of the following conditions are satisfied: (1) the fracture is nearly perpendicular to
the least principal stress, (2) the resolved shear stress on the fracture is small compared to the
excess magma pressure, (3) the effective ambient dike-normal stress is small compared to the
rock tensile strength. These conditions make dikes difficult to intrude into faults at midcrustal
to lower crustal depth<Zv et al, 2000].

At Piton de la Fournaise, numerous dry fractures are observed on the gf@anter] 2004],
with a slight preferential distribution along the rift zones. Anomalies in spontaneous polariza-
tion, which reflect fractured zones in which fluids are preferentially channeled, are consistent
with this surface fracture distributiorMichel and Zlotnicki 1998]. Considering the in situ
compressive strength of rocks and the gravitational stress field, open fractures may exist down
to about 1 km beneath the grourifybin 1995]. Existence of these open fractures are not ex-
pected to modify the direction of dikes since the fractures themselves should have been created
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Figure 1.6: Cross-sectional sketches for a two-dimensional vertical dike. Dike thickness is
greatly exaggerated. When the buoyancy is positive, the dike opening reflects the positive over-
pressure gradient toward the ground and vice versa. (a) Buoyancy is positive, dike reaching
the ground. (b) Buoyancy is positive, dike far from the ground. (c) Buoyancy is negative, dike
reaching the ground. (d) Buoyancy is negative, dike far from the ground.
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by the similar stress field as the dikes are subjected to. Therefore, it can reasonably be con-
sidered that dikes are emplaced perpendicular to the direction of the minimum principal stress
even at these superficial levels.

1.5 Aim of the Study

The first aim of this study is to develop a method to estimate the overpressure and detailed
geometry of intrusions from INSAR data. The mixed boundary element me@ayb[ and

Cornet 1997] is used to model the ground displacements caused by intrusions. This method
can take into account arbitrary geometries of intrusions as well as topography, which allows
complex and realistic modelling. The neighbourhood algoritBanibridge 1999a,b] is cho-

sen as an inversion method, because it efficiently samples the model space with a small number
of forward calculations, and also because it offers a model appraisal without any supplemen-
tary forward calculations, which is important for a problem using a time-consuming numerical
modelling method.

The second, and broader, aim is to get a better image of the magmatic and volcano-tectonic
systems of Piton de la Fournaise from analyzing the displacements associated with the five
eruptions that occurred between 1998 and 2000. Dike geometries estimated from INSAR data
give direct evidence on the path in which magma had propagated, as well as the direction of the
minimum principal stress. INSAR data can further detect the presence of any shallow magma
reservoir that fed an eruption. Dike intrusions also lead to volcano growth and instability; it is
important to consider the cumulative effect of such intrusions for predicting future development
of the volcano.



Chapter 2

Method for Realistic Dike Model
Estimation - SAR Interferometry, Mixed
BEM and Monte Carlo Inversion

This chapter presents a method to find realistic and detailed dike models from INSAR data,
using a combination of the mixed BEM and a Monte Carlo inversion algorithm. A dike model,

in this thesis, constitue an ensemble of dike position, geometry and overpressure. First of all,
assumptions on dike emplacements and mechanical state of the edifice are presented. Next,
a paper published by Journal of Geophysical Resedrakuyshima et aJ.2005] describes the
method with application to the February 2000 eruption at Piton de la Fournaise. The paper also
discusses the magma storage system and tectonics of the volcano, which will be resummarized
in the following chapter. Figures and explanations that complement the description of the paper
are added at the end.

2.1 Model Assumptions

This study models the coeruptive ground displacements by assuming pressurized fractures in
an elastic medium. This assumption is validated by large aspect ratios of basaltic dikes and by
short time scales (order of a few days) associated with their formdtistef and Kerr 1991,

Rubin 1993c]. Viscous effects (ductile flow) of host rock would become important for more
viscous magma at greater depth and larger time scale of deformation, in which case magma
ascends as a diapir instead of a dikubin 1993c]. Theoretical studies predict that some
plastic deformation or microcracking should occur at the dike tip region (called process zone)
[Delaney et al.1986;Maalog 1987;Pollard, 1987]. Indeed, inelastic deformation, associated
with the formation of joints, breccias, fluidized clastic rocks, etc., is sometimes observed to
extend from tens of centimeters to tens of meters from eroded didsrf 1995]. This pro-

cess zone, however, little affects the shape and dynamics of propagatingMédads¢ 1987].

During a fissure eruption, the dike, being the magma path, is in a mechanical equilibrium; and
it can solidify retaining its shape (Section 1.4). Moreover, no time-dependent displacement is
observed after eruptions (dike formations) at Piton de la Fournaise, except for those associated
with magma contraction due to cooling, suggesting that time-dependent viscoelastic and poroe-
lastic deformations need not to be considered. With the above reasons, the formation of dikes
can be suitably analyzed by elastostatic models.

17
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This study assumes that dikes are only submitted to normal stress (overpressure) and to no
shear stress. This is valid if the stress field is isotropic or if dikes intrude perpendicular to the
direction of the minimum principal stress. Indeed, field observations show that the majority
of dikes crosscut horizontal or nearly horizontal layers of lava flows and sediments without
creating any vertical offset of the horizontal laye@ujdmundssqgr2002;Pollard, 1987;Rubin
1995], validating the assumption.

The submitted overpressure is assumed constant. A vertical overpressure gradient may give
a better approximation; however, a preliminary study showed that this overpressure gradient
cannot be constrained by inversions, suggesting that such a model does not describe the real-
ity any better than the constant overpressure model. Considering more complex overpressure
distribution prevents an inversion from converging in acceptable duration of time.

This study assumes that the edifice is homogeneous. However, obviously, the edifice is
heterogeneous. A tomographic stutiefcessian et al1996] found a high velocity plug of 1.5
km in diameter below the summit crater, surrounded by a lower velocity ring. This is the most
distinct heterogeneity that we expect around the depth we are concerned with. Observations of
the INSAR data indicate no correlation with this potential plug and ring structure, suggesting
that the heterogeneity has a negligible effect and that the homogeneity assumption can be made.
The effects of local heterogeneities of rock properties due to indivisual dike intrusions etc. are
averaged out by considering effective elastic moduli.

This study assumes that the edifice is isotropic. Anisotropy, however, can be caused by
stratified lava flows on volcanic edificefRRyan et al. [1983] estimated a 1.4 times greater
Young's modulus in the horizontal direction than in the vertical direction at Kilauea volcano.
Such anisotropy certainly biases the estimated models obtained with the isotropy assumption.
Because the respective ratio of vertical versus horizontal displacements are not properly ac-
counted for, this simplification probably affects the depth and dip of dikes, but little affects the
parameters that define the lateral length of dikes. The degree of such biases should be exam-
ined by a further study. The remaining question, however, concerns what kind of anisotropy
model should be considered, because our studied area has many intruded dikes that locally
cause anisotropy in different directions.

This study takes realistic topography into account. With improvements in amount and qual-
ity of data, the effects of topography on inverting deformation data has caught atteDapol |
and Cornet 1998b;Lungarini et al, 2005;Masterlark 2003, 2004McTigue and SegallL988;
Williams and Wadgel 998, 2000]. As for Piton de la Fournaise, the average slope of the eastern
flank of the central cone exceeds 20 degrees. This causes a significant effect even if the source
is located below the edificeClayol and Cornet1998b]; the effect is enhanced in this study
where the source (dike) reaches the ground surface. The effects of topography will be shown to
be important in Section 2.3.5.

This study assumes that the system is in mechanical equilibrium when dikes are being em-
placed, and that dikes solidify while keeping their shapes. Dikes can be practically solidified
when lava stops being emitted from the eruptive fissubetgney and Pollard1982]. Indeed,
dikes of a thickness of 1 m, which is thicker than typical dikes at Piton de la Fouri@aiasgo
and Baclelery, 1995], would solidify in about 2 days assuming typical values for temperatures
of magma and rock and thermal diffusivity (Section 4.1.3). After emplacement, solidified dikes
contract due to cooling. The amount of contraction is time-dependent, but it can be up to 10—
15% [Yoder 1976]. Since interferograms generally record ground displacements several days
to several months after dike solidification, such contraction inherently leads to underestimation
of overpressure of up to 10-15%.
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Figure 2.1: Geometries of the four pressure source models used in this study. (a) Quadrangle-
like fracture with segmented superficial parts reaching the ground (for dikes), (b) rectangular
fracture not reaching the ground (for dikes and sills), (c) oblate ellipsoid (for magma reser-
voirs), and (d) half oblate ellipsoid (for laccoliths).

In general, fissure eruptions are localized to one or several vents in an order of several hours
to a day after the eruption onset. Such localizations do not affect the estimation of dike char-
acteristics, since the magma paths connected to the localized vents are created by brecciation
and removal of surrounding wall [e.Belaney and Pollard1981;Walker, 1993], a process that
only causes local deformation around the vents.

2.2 Geometry of Pressure Sources

The present study assumes four models for the pressure source to explain the ground displace-
ments. This section gives detailed descriptions for how the geometrical parameters of these
models are defined. Explained models are (Figure 2.1): (a) quadrangle-like fracture with seg-
mented superficial parts reaching the ground (for dikes), (b) rectangle not reaching the ground
(for dikes and sills), (c) oblate ellipsoid (for magma reservoirs), and (d) half oblate ellipsoid
(for laccoliths).

2.2.1 Quadrangle-like fracture with superficial segments

This model is applied to the dike intrusions that reach the ground, i.e., that are associated with
an eruption from segmented eruptive fissures. The top of the dike can be fixed at the location
of the eruptive fissures, which is known from field observation. It is assumed that the direction
of en echelon eruptive fissures are due to rotation of the maximum principal stress close to the
ground and that these fissures are linked to a single dike at depth. Under this assumption, a dike
is modelled with two parts: a segmented superficial part and a deeper main part.

The geometry of the bottom side of the main part is defined by six parameters (Figure
2.2). These parameters are chosen to be able to restrict the geometry to physically plausible
models. Three parameters determine the position of the bottom middle point: (1) angle of the
maximum gradient measured from horizontal (Dip), (2) angle between the line connecting the
middle points of the top and bottom sides and the vector of the maximum gradient (Shear), and
(3) elevation of the bottom middle point (Botelv). The other three parameters determine the
position of the two end points of the bottom side relative to the bottom middle point: (4) length
of the bottom side scaled by that of the top side (Botlen), (5) horizontal angle between the top
and bottom sides (Twist), and (6) vertical angle of the bottom side (Botang). The top side of the
main dike that connects to the segments is a curve parallel to the topography; for this reason, the
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Botlen

Figure 2.2: Six parameters used to determine the bottom side geometry of the mesh of type
(A). These parameters were chosen to be able to restrict the geometry to physically plausible
models. See text for explanations of the parameters. This figure is the same as Figure 4 in JGR
paper.

main part is not exactly a quadrangle. Because the top of the dike is segmented, and because the
segments’ strike are generally not the same as that of the main part, a virtual top side is defined
(Figure 2.3). This virtual top side is used as the reference axis for determining the bottom side
geometry.

In the JGR paper presented later in this chapter, the geometry of the superficial segmented
part was fixed for the February 2000 eruption because it was less sensitive than that of the
main part. It is not always the case, however, and some additional parameters are introduced to
allow different geometries of the superficial part. The along-dip length of the segmented part
is defined by Dtop (Figure 2.4). The relative lengths of the bottom side of the segments can
also be specified. For a March 1998 dike model (Model A in Section 3.3.3), two segments are
considered with the ratio of the lengths of the two segments as a model parameter (Segratio;
Figure 2.4).

We can further introduce parabolic curvatures of dikes: Botcurv and Vertcurv, correspond-
ing to curvatures along the strike and along the dip, respectively. The curvature along the strike
Botcurv is called for shallow dikes, whose bottom sides have large influence on the dike geome-
try. This curvature is defined by the angle between the line connecting the bottom endpoints and
the tangential line at the endpoints. The curvature along the strike is introduced in models of
the July 1999 dike (Section 3.4.3) and the September 1999 dike (Section 3.5.3). The curvature
along the dip Vertcurv is also possible and is introduced when data are not well explained. This
curvature is defined by the angle between the line connecting the top and bottom points and the
tangential line at the top and bottom points. The vertical curvature is introduced in a June 2000
dike model (Section 3.7.3).
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Virtual Top Side
(Computed from
the Trajectory)

Eruptive Fissures
Reaching the Ground
(Defined by User)

Bottom Side
(Defined by the
Parameters)

Eruptive Fissure Trajectory
(Defined by User)

Figure 2.3: Virtual top side, which is used as a reference to determine the geometry of the
bottom side, is defined from the eruptive fissure trajectory in such a way that it parallels the line
connecting the endpoints of the trajectory and its midpoint coincides the mean of the trajectory.

(a) Segments whose bottom (b) Segments whose bottom
endpoints are shared endpoints are separated
Topography

l1: 1, = 1-Segratio : Segratio

Figure 2.4: Schematic figure explaining the parameterization of the segmented p#op iB

the along-dip length of the segmented parts. (a) Two segments share an endpoint. Segratio
defines the ratio of the bottom lengths of two segmentsapCand Segratio define the position

of the joint point A on the curved dike surface. (b) Two segments can also be apart from each

other.
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(b)

Vertcurv

Botcurv

Figure 2.5: (a) Curvature along the strike, defined by the angle between the line connecting the
bottom endpoints and the tangential line at the endpoints. (b) Curvature along the dip, defined
by the angle between the line connecting the top and bottom points and the tangential line at
the top and bottom points.

2.2.2 Rectangle not reaching the ground

A rectangle is assumed for a dike or sill not reaching the ground. Figure 2.6 explains the
eight parameters that define the geometry: the position of the midpoint of the top line (X,Y,2),
horizontal length (Length), strike angle (Strike; clockwise from north), vertical angle (Vertang;
from horizontal) of the top and bottom sides, dip angle (Dip; the direction of the maximum
gradient measured from horizontal), distance between top and bottom sides (Height). This
model is used in the March 1998 analysis (Model C, Figure 3.19).

2.2.3 Oblate ellipsoid

A magma reservoir can be modelled by an oblate ellipsoid. The geometry is defined by nine
parameters (Figure 2.7). (X,Y,Z) define the position of the cente/S{S;) define the lengths

of the three axes (S>S, >S;), Az and Vertang define the horizontal (clockwise from north)
and vertical (from horizontal) angles of the longest axis, and Rotang defines the rotation angle
around the longest axis. This model is used in the March 1998 analysis (Model C, Figure 3.20).

2.2.4 Half oblate ellipsoid

Laccoliths have a domed shape with their bottom surface concordant to the country rock bed-
ding, as is the case for sills. A half oblate ellipsoid is used to model a laccolithic intrusion
associated with the September 1999 eruption (Figure 3.30). The geometrical parameters are:
position of the center of the bottom ellipsoid (X,Y,Z), lengths of the long and short axes of the
ellipsoid (S, ), and height (Height). The directional parameters introduced in the oblate el-
lipsoid model are not used for this model because they are well constrained from data (Section
3.5.3).
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Figure 2.6: Parameters defining the geometry of the rectangle pressure source. See text for
explanations. (a) Plane view. (b) Lateral view.
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Maximum Gradient

Figure 2.7: Parameters defining the geometry of the oblate ellipsoidal source. See text for

h

Figure 2.8: Parameters defining the geometry of the half oblate ellipsoidal source. See text for
explanations.
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[11 Dike intrusions often cause complex ground displacements that are not sufficiently
explained by simple analytical models. We develop a method to find complex and realistic
dike geometries and overpressures from interferometric synthetic aperture radar
(InSAR) data. This method is based on a combination of a boundary element method with
realistic topography and a neighborhood algorithm inversion. Dike model geometry is
roughly a quadrangle with its top reaching the ground. The inversion has two stages:
search and appraisal. The appraisal stage involves calculations of model marginal
probability density functions using misfit values calculated during the search stage. The
misfit function takes into account the variance and correlation of data noise. Synthetic
tests show that a model is successfully retrieved within predicted narrow confidence
intervals. We apply the method on InSAR data of the February 2000 flank eruption at
Piton de la Fournaise and get a trapezoid dike dipping seaward (61.0°-67.3°) with its
bottom passing 800— 1000 m beneath the summit. A model with a basal slip plane does not
better explain observed asymmetric displacements, and thus this asymmetry is solely
attributed to the dipping dike. The dike lies above a narrow band of preeruption seismicity,
suggesting that lateral magma propagation occurred. Neglecting topography results in
poor modeling at depth and in overestimations of overpressure (or opening), height (both

about 30%), and volume (about 20%).
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1. Introduction

[2] In the domain of ground deformation modeling,
analytical solutions have frequently been used [e.g., Mogi,
1958; Okada, 1985]. There are mainly three reasons for this:
(1) the calculations are simple and rapid, (2) observations
were in some cases sufficiently explained by the models,
and (3) the quality and quantity of deformation data were
not enough to consider more complex models. The second
and third reasons are linked; indeed, we can only evaluate
models within the resolution and precision of data.
Interferometric synthetic aperture radar (InSAR) data
measure high-resolution and large-scale ground displace-
ments [Massonnet and Feigl, 1998]. InSAR data often
indicate complex displacements that cannot be sufficiently
explained by simple analytical models.

[3] On the other hand, numerical modeling methods
offer more complex and realistic analyses. For example,
a three-dimensional mixed boundary element method
(BEM) for linear elastic media [Cayol and Cornet, 1997,

Copyright 2005 by the American Geophysical Union.
0148-0227/05/20041B003268$09.00
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1998] can incorporate realistic topography and any number
of pressure sources and/or shear faults of arbitrary shape.
The main disadvantage of numerical modeling in inversion
problems is long calculation time. Previous studies only
applied inversions with limited iterations [Beauducel and
Cornet, 1999] or restricted its use to overpressure or slip
estimation on a fixed source geometry [Cervelli et al.,
2002; Masterlark, 2003]. However, advances in computer
performance and modeling techniques are making detailed
inversions practicable.

[4] The method presented here aims to extract more
complex and realistic dike models from InSAR data than
simple rectangular dikes assumed by most previous studies.
The mixed BEM is used to compute the ground displace-
ments. The neighborhood algorithm [Sambridge, 1999a],
one of the Monte Carlo inversion methods, is used to search
for good data-fitting dike models. Each forward modeling
involves a remeshing of the dike and a boundary element
computation. Once the search converges, the models eval-
uated during the search process are used to estimate the
model confidence intervals and trade-offs [Sambridge,
1999b]. This model appraisal is done by constructing the
posterior probability density function (PPD), which is, by
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Figure 1. Geographical setting of Piton de la Fournaise.
The volcano has two summit craters, Bory and Dolomieu,
and a horseshoe-shaped depression called Enclos Fouqué
caldera. The coordinates are given in Gauss-Laborde
kilometric coordinates.

definition, the solution to an inverse problem from the
Bayesian viewpoint. The appraisal stage involves no for-
ward modeling, contrary to the procedures normally taken
in Monte Carlo inversions [e.g., Cervelli et al., 2001; Wright
et al., 2003].

[s] The developed method is tested with synthetic data,
in order to find appropriate inversion settings and to check
the method capabilities. It is then applied to the dike
intrusion associated with the February 2000 eruption at
Piton de la Fournaise volcano (Figure 1). The displace-
ments caused by this dike intrusion were captured by the
Canadian RADARSAT-1 satellite from two ascending and
two descending orbits. This rich data set is suitable for
testing and evaluating the developed method.

2. Method
2.1. Modeling: Mixed BEM

[6] The mixed BEM is based on a combination of
two boundary element methods: the direct method and
displacement discontinuity method. The direct method
allows accurate and fast modeling of structures such as
topography, cavities or reservoirs, whereas the displace-
ment discontinuity method is suitable for fractures. The
edifice is assumed to be linearly elastic, homogeneous and
isotropic. The prescribed boundary conditions are trac-
tions; they represent perturbations of an initial state of
stress, and are null on the ground and equal to overpres-
sure on deformation sources. Precision of the mixed BEM
has been carefully tested [Cayol and Cornet, 1997] and
the method has been applied to several studies [e.g.,
Beauducel and Cornet, 1999; Cayol et al., 2000; Dieterich
et al., 2000].

FUKUSHIMA ET AL.: FINDING REALISTIC DIKE MODELS FROM INSAR
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2.1.1. Boundary Meshing

[7] Structures (in our case, the ground surface and a dike)
are meshed by planar triangle elements. The ground mesh
used in this study (Figure 2) is made from a digital elevation
model (DEM). The mesh size is chosen in such a way that
the edge effect can be neglected; we use a mesh covering a
circular area of 6 km in radius. This area is about 5 times as
large as the presumed deformation source dimension. The
mesh is denser close to the eruptive fissures (bold lines in
Figure 2) where displacement gradients are large, and
coarser farther away. The caldera boundary is not explicitly
considered because the data show no displacement conti-
nuity across the caldera wall. A dike mesh is generated
automatically before each forward boundary element com-
putation. Its geometry is determined by six model param-
eters that will be defined later.

[s] Model computation time is proportional to the square
of the number of calculation points when disk swap is not
required. We seek mesh densities that minimize computa-
tion time without significant loss of precision. Precision is
evaluated by the following two error functions. The first one
is

Err(%) = M %

100, 1
] W
which compares displacements on a coarse mesh u with the
reference displacements on a fine mesh u,.. The second one
is

rof — Ki
Errrel(%) = M x 100, (2)

>t |

where a constant & is determined analytically to minimize
the function. This second function evaluates the differences
only in displacement patterns. As ground mesh nodes are

40|

8

North (km)
g

176 177 178 179 180 181 182 - 183
East (km)

Figure 2. Part of the ground mesh used in this study
superposed on a shaded relief map. The mesh includes
eruptive fissure lines (bold line) which are shared by the
dike mesh.
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Table 1. Calculation Time and Precision for Different Mesh
Intervals

Average Interval, m  Calculation Time, s  Err, % Err, % k
30* 332
90 30 9.8 0.98 091
150 20 15.3 1.80 0.87
300 15 29.1 3.60 0.78

“Reference mesh.

heterogeneously distributed, computed displacements are
interpolated within a 100 m spacing uniform grid covering
significantly displaced area to evaluate the errors.

[¢] For a ground mesh with 376 elements, we obtain a
negligible displacement error with Err 2.4%, where the
reference displacements are computed using a very dense
mesh (1286 elements). For dikes, we test three mesh
densities with average node intervals of 90, 150, and
300 m, where the reference mesh assumes 30 m. Table 1
shows that relative displacement errors Err, are 1 order
less than displacement errors Err. It suggests that displace-
ments with acceptable precision can be obtained by
multiplying the displacements computed using a coarse
dike mesh by the scaling factor &. We observe that k is
smaller than unity for all the cases, which indicates that
displacements are overestimated. This seems to be a
general effect of discretization in the displacement discon-
tinuity method [Crouch and Starfield, 1983]. In the
framework of linear elasticity, displacements are propor-
tional to the imposed overpressure. Thus, using a coarse
mesh only results in overpressure underestimation by a
factor of k. By taking into account the calculation time and
Err.;, we consider that dike mesh density with 150 m of
node interval is most appropriate to our problem. Over-
pressure values are rescaled once a search run is finished
(section 4.3.1).

2.1.2. Model Parameters

[10] We assume that the directions of the en echelon
eruptive fissures are due to rotation of the maximum
principal stress close to the ground and that these fissures
are linked to a single dike at depth. Under this assumption,
we model a dike with two parts: a superficial part and a
deeper part (Figure 3).

[11] The superficial part is made of several segments;
their top is connected to the ground at the locations of the

Figure 3. Example of a dike mesh. It consists of a
superficial part and a deeper part. Each segment of the
superficial part reaches an eruptive fissure on the ground
surface and is connected to the deeper part. The deeper part
is roughly a quadrangle whose geometry can change while
its top side is fixed to the superficial part at 100 m from the
ground.
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Figure 4. Six parameters used to determine the dike model
geometry. These parameters were chosen to be able to
restrict the geometry to physically plausible models. See
text for explanations of the parameters.

eruptive fissures, and their bottom is connected to the
deeper part. The deeper part is roughly a quadrangle. Its
top is a smooth curve that runs 100 m below the surface
fissures. We verified that varying this depth in the range
0—200 m has a negligible influence on our problem. The
bottom of the quadrangle is a straight line whose position
and geometry are determined by six parameters (Figure 4).
These parameters are chosen in order to be able to restrict
the search to mechanically plausible dike geometries.
Three parameters, i.e., dip angle (Dip), angle between
the line that connects the middle points of the top and
bottom sides and the direction of the maximum gradient
(Shear) and elevation of the bottom middle point (Botelv),
determine the position of the bottom middle point. The
other three parameters, i.e., length of the bottom side
scaled by that of the top side (Botlen), horizontal angle
between the top and bottom sides (Twist) and vertical
angle of the bottom side (Botang), determine the position
of the two end points of the bottom side. We use constant
overpressure (Py) as another model parameter, which
makes a total of seven model parameters.
2.1.3. Elastic Moduli

[12] Deformations in linearly elastic, homogeneous and
isotropic media are controlled by two elastic moduli. We
use Young’s modulus E and Poisson’s ratio v. Displace-
ment amplitudes are proportional to Young’s modulus. We
use £ =5 GPa, which was estimated by Cayol and Cornet
[1998] for Piton de la Fournaise from in situ density
[Rangon et al., 1989] and seismic velocities [Nercessian
et al., 1996] with correction to a static value. As for
Poisson’s ratio, we evaluate its effect using the error
function (equation (1)) in the range 0.1-0.4. The maxi-
mum error found is Err = 4.0%, with v = 0.25 assumed as
the reference. This error is much smaller than what we
obtain by changing the model parameter values in a
realistic range, suggesting that fixing this modulus will
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Figure 5. Example showing the search process, in the case
n =5 in two model dimensions. (a) Initial. Five initial
models (dots) are randomly generated, and Voronoi cells are
defined. (b) First iteration. Five new models (pluses) are
generated in the Voronoi cells around the five best models
(in this case, in every initial cell), and new Voronoi cells are
defined. (c) Second iteration. Five new models (crosses) are
generated around the five best models, and new Voronoi
cells are defined. Note that the newly generated points
modify the shapes of the surrounding cells.

little affect the estimation of the model parameters. We use
v = 0.25 for our calculations.

2.2. Model Space Search

[13] In order to find the models that well explain observed
data, a misfit function is defined to quantify the discrepancy
between observed and modeled data. An inversion algo-
rithm then searches for a model that minimizes the misfit
within the predefined model parameter bounds.

2.2.1. Neighborhood Algorithm

[14] The neighborhood search algorithm [Sambridge,
1999a] aims to preferentially search good data-fitting (low
misfit) regions in the model space, rather than find a single
optimal model. It has already been used in some studies on
ground deformation modeling. Lohman et al. [2002] applied
this algorithm to estimate the location and slip of an
earthquake fault from InSAR data and seismic waveforms.
Pritchard and Simons [2002] used it to estimate the loca-
tions and volume changes of volcanic pressure sources from
InSAR data.

[15] The algorithm we use works as follows (Figure 5).
First, n initial models are randomly chosen. This is equiv-
alent to generating n random points in the model space.
Misfits at the n points are then calculated. Next, at each
iteration, n points are newly generated in the neighborhood
of the n lowest misfit points (one point in each), and misfits
for the new points are calculated. Iterations continue until
the misfit is not significantly lowered any more. The
neighborhood around a point is defined by a Voronoi cell,
which covers the region closer to that point than any other
point (see Figure 5). Small n leads to a concentrated search
in a limited model region and quick convergence, while
large n leads to extensive search and slow convergence.
The original method allows more complex algorithms (see
Sambridge [1999a] for details).

[16] We use a misfit function expressed as

Xz(m) = (uo - “m)TCJI(uo - “m)v (3)
where u, and u,, represent observed and modeled displace-

ments, respectively. The data covariance matrix C; accounts
for the uncertainties of observed displacements and their
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correlations. It is determined from InSAR noise analysis as
explained later in this section.
[17] For convenience, we define a maximum misfit X 2ax,

sznax = ugcd_luo' (4)

A misfit is replaced by >§§1ax in the following two cases:
(1) it is greater than Xpjax (2) the dike intersects the
ground. The search stops when the standard deviation of
the n misfit values in one iteration becomes less than 0.3%
of YZax. This threshold was empirically determined and
hence it is not applicable to other problems.
2.2.2. Data Covariance Matrix

[18] SAR interferograms have correlated noise caused by
atmospheric disturbances. Correlated random noise is
expressed by the autocorrelation function or covariance
function [e.g., Tarantola, 1987]. Specifically, the exponen-
tial autocorrelation function is expressed as

C(r) = agexp(—r/a), (5)

where 7 is the spatial lag, 07 is the variance of the noise, and
a is the correlation length. This equation indicates that noise
of two data points between which the distance is over the
correlation distance « is practically uncorrelated.

[19] We calculate the autocorrelation function of InSAR
data noise by assuming its randomness. We follow the
procedure described by Fukushima et al. [2003], who
calculated the autocorrelations of velocity fluctuations in
rocks samples. The autocorrelation function may depend
on the size of the calculation area. We are not interested in
the correlations of wavelengths longer than the maximum
distance between points, thus the autocorrelation is calcu-
lated for spatial lags smaller than the size of the area used
in the inversions. Figure 6a shows the autocorrelation
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Figure 6. (a) Autocorrelation function estimated from the

noise part of the four InSAR data sets (dots) and the best fit
exponential curve (solid curve). The good fit indicates that
the exponential autocorrelation function well represents the
noise characteristics. (b) Histogram of the noise amplitudes.
It is consistent with a Gaussian distribution.
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function averaged over our four InSAR data sets plotted
against spatial lag. The calculation was made in a roughly
circular area of 7 km in diameter, with the area affected
by the eruption masked. The InSAR noise is well
approximated by the exponential-type random noise.
The estimated variance o7 and correlation length a from
the fitting are 8.8 x 107> m® and 2308 m, respectively.
Figure 6b shows the histogram of the noise amplitudes.
It is consistent with a Gaussian distribution, which
validates the Gaussian probability density function of
equation (6).

[20] Once the noise variance o and correlation distance a
are estimated, the data covariance matrix Cy, is determined
from these values. The diagonal terms of the matrix corre-
spond to o3 (single value for all the data points), and off-
diagonal terms are calculated by considering the distance
between points using equation (5) with the estimated values
of 0% and a.

2.3. Model Appraisal

[21] The second stage of the neighborhood algorithm
concerns the appraisal problem [Sambridge, 1999b], i.e.,
estimation of the model uncertainties. The method follows
the framework of Bayesian inference (see Tarantola [1987]
for a summary). It allows to calculate useful properties such
as the mean model, posterior model covariance matrix,
resolution matrix, or marginal posterior probability density
functions.

[22] The Bayesian solution to an inverse problem is the
posterior probability density function (PPD). When the
Gaussian approximation is acceptable, the PPD can be
written as

Plm) = kexp( =5 (m) ). (©

where k is a normalizing constant and we assumed a
uniform prior probability distribution. One of the key
points of the method is that the PPD in a Voronoi cell
around a point is represented by the PPD of that point.
Namely, we accept a neighborhood approximation to the
PPD as

Pna(m) = P(p;), (7)

where p; is the closest point in those generated during the
search stage to point m [Sambridge, 1999b]. Note that
Pna(m) is defined all over the model space. Bayesian
integrals are then calculated from the approximated PPD
by using a Monte Carlo integration technique. The
technique used in the neighborhood algorithm numerically
integrates functions by generating random points (Monte
Carlo integration points) in the model space such that their
distribution follows the approximated PPD [Sambridge,
1999b]. In our problem, 10,000 points are generated for
Monte Carlo integrations with acceptable precision. At this
stage, no further forward modeling is made.

[23] We calculate the mean model and marginal PPDs.
The mean model of the ith parameter m; is given by

(m,->:/Mm,-PNA(m)a'm7 (8)
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where the integral is taken in the model space M. The
marginal PPDs are, intuitively, projections of the posterior
probability density to a model axis (one-dimensional) or to a
model plane (two-dimensional). They are useful even when
multiple maxima exist in the PPD. The one-dimensional
marginal PPD of ith parameter is calculated by

d
M(m;) = /M Pya(m) Hdmk, )

ki

and for the two-dimensional marginal PPD of ith and jth
parameters,

d
M(mi,mj) :AAPNA(m)Hdmk (10)

k#ij

The one-dimensional marginal PPDs provide the confidence
intervals of the model parameters, while the two-dimensional
counterparts provide additional information on trade-offs.

3. Synthetic Tests

[24] We perform some synthetic tests in order (1) to find
a suitable value of the inversion parameter » and a suitable
subsampling method and (2) to check the capabilities of
the method. We test with four synthetic InSAR data sets
that correspond to the two ascending and two descending
data sets we have for the February 2000 eruption at Piton
de la Fournaise. They are created by superposing expo-
nential-type random noise to the line-of-sight displace-
ments caused by a plausible model (which we call the
“test model”) for the eruption (Figure 7). Noise in each
synthetic data is assumed to have the same variance and
correlation length as those for the real data estimated in
section 2.

3.1. Subsampling Method

[25] To make the misfit calculations manageable, we
reduce the number of InSAR data points by subsampling.
Here, we test how the subsampling method affects the
inversion result. The first subsampling method interpolates
the points on a regular 250 m side grid (Figure 8a). The
second one distributes points circularly; points are concen-
trated in the vicinity of the eruptive fissures and become
sparse in farther area (Figure 8b). The third one distributes
points according to a quadtree algorithm [e.g., Jonsson et
al., 2002]; in our implementation, the points are created in
such a way that the density roughly corresponds to the data
amplitude (Figure 8c). The last one is such that the points
correspond to the ground mesh nodes used to compute
model displacements (Figure 8d). Except for the last one,
model prediction is linearly interpolated to obtain the
displacements on the subsampled points. For all the sub-
sampled point sets, points on the recent lava flows are
removed as we do not want to model them, making a total
of 457, 369, 320, and 200 points for the regular, circular,
quadtree and ground mesh node subsampling methods,
respectively.

[26] The four synthetic InNSAR data sets are subsampled
and simultaneously inverted. It means that the length of the
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Figure 7. Synthetic data sets created by superposing
exponential-type noise to modeled line-of-sight displace-
ments caused by our test model. One shading cycle of
black-gray-white corresponds to a displacement of 2.83 cm
toward the satellite. Same line-of-sight directions as the
actual InSAR data were assumed. Four data sets correspond
to (a) F2N and (b) F4F (ascending) and (¢) F3N and (d) FSF
(descending) orbits. Arrows indicate the surface projection
of the line-of-sight directions. See Table 3 for the line-of-
sight vectors. See color version of this figure at back of this
issue.

data and model vectors (u, and u,, in equation (3)) is
4 times the number of subsampled data points. The inver-
sion parameter n is set to 50; that is, 50 models are
generated and evaluated in each iteration.

[27] Figure 9 shows the 95% confidence intervals
determined from the one-dimensional marginal PPDs.
The intervals estimated using the four subsampled data
sets all include the test model as expected, indicating that
all the subsampling methods are appropriate to our
problem. We do not discuss here the differences in the
length of the confidence intervals, because such small
differences might come from the random nature of the
Monte Carlo search method. However, for the overpres-
sure (Py), there is a systematic offset of the center of the
confidence intervals from the test model; this is probably
an effect of added noise. The maximum PPD (best fit)
model is also plotted in Figure 9. It appears that the
maximum PPD model does not necessarily coincide with
the test model, mainly because of insufficient search
within the maximum PPD region. This shows that deter-
mination of acceptable model ranges is more meaningful
than obtaining a single optimum model.

3.2. Inversion Parameter

[28] As mentioned, the inversion parameter n controls
the search behavior. We compare the results obtained using
n =10, 30, 50 and 70, in order to find a suitable value for
our problem. The circular subsampled data set was used.
Figure 9 shows that the test model is equally well retrieved
by the maximum PPD model for the four cases. However,
Figure 9 also shows that the confidence intervals of some
parameters for n = 10 fail to include the test model. This is
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because the search was not extensive enough to find the
global minimum. The results for » = 30, 50 and 70 do not
show any significant difference.

[20] We decide to use n = 50 because (1) the risk of
being caught in local minima is less than using smaller
values, (2) large n leads to a better approximation of the PPD
for the appraisal, and (3) the calculation time is manageable.
Figure 10 shows how a search converges when n = 50 is
taken. After about 20 iterations (1000 forward modelings),
the search starts to focus toward the test model. The speed of
convergence is different for each model parameter. The
search characteristics for real applications are similar to
this test result. One search run with » = 50 converges in
about 20 hours on a Linux computer with a dual processor
of 500 MHz. The appraisal normally takes several days on
the same computer, but it can be shortened by running the
program on several computers in parallel.

3.3. Marginal Probability Distributions

[30] In order to show the capability of the method, the
marginal PPDs estimated using n = 50 and the circular data
points are shown in Figure 11, together with the test,
maximum PPD and mean models. The one-dimensional
PPDs are quasi-symmetric and have a single peak. The
similarity between the maximum PPD and mean models
suggests symmetric and single-peaked distribution of
the PPD also in the full seven-dimensional model space.
The two-dimensional PPDs show insignificant trade-offs.
The same type of confidence regions were obtained by
Cervelli et al. [2002] using a bootstrap method for a dike
intrusion problem at Kilauea volcano. Therefore quasi-
symmetric and single-peaked characteristics of probability

(a) Regular (b) Circular

North (km)
W W W w W
o ~ o W

(c) Quadtree

(d) Ground Mesh Nodes

=37

(=]
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176 182

Figure 8. Points subsampled with different methods.
(a) Regularly gridded points. (b) Circular points. (c) Points
made with a quadtree algorithm. (d) Points coinciding with
the ground mesh nodes (Figure 2). Locations of the eruptive
fissures are indicated by solid lines. Areas without points
correspond to recent lava flows where we do not have
displacements associated with the dike intrusion.
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Figure 9. Maximum PPD (best fit) model and 95% confidence intervals (thick lines) determined from
one-dimensional marginal PPDs, obtained using four subsampling methods (with n = 50) and different n
values (with circular subsampling method). Dashed vertical lines indicate our test model. Estimation of
confidence intervals is considered appropriate when the test model is within the confidence intervals.

distribution may be common characteristics in the inverse
problems of ground deformation caused by dikes.

4. Application to the February 2000 Eruption at
Piton de la Fournaise
4.1. Description of the Eruption

[31] Piton de la Fournaise is an active basaltic shield
volcano of hot spot origin. It occupies the southeast of
Réunion Island (France), situated 800 km east of Madagascar.
The volcano has arcuated rift zones where eruptions and

Twist(°)

surface fractures are preferentially located (Figure 1). After
5 years of quiescence, the volcano entered a new cycle of
activity in March 1998 with one of its largest eruptions of
the last century. The February 2000 eruption was the fourth
eruption in this cycle (Table 2). It occurred along the
northern rift zone and caused a distinct seaward (eastward)
displacements similar to that observed for the March 1998
eruption [Sigmundsson et al., 1999]. At around 2315 LT on
13 February, changes in seismic activity and ground defor-
mation were detected by the seismometer, tiltmeter and
extensometer networks of the Observatoire Volcanologique

Botang (°)

0 20 40 60 80

No. of Iteration

Figure 10. Parameter values plotted against number of iteration, in the case of a search with n = 50
using circularly subsampled synthetic data. Solid lines indicate the test model.
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One-dimensional (diagonals) and two-dimensional (off-diagonals) marginal PPDs plotted

with the test, maximum PPD and mean models, for the synthetic test with circular data points and n = 50.

Contour interval is 0.2 times the maximum value.

du Piton de la Fournaise [Staudacher et al., 2000]. The
eruption started at 0018 LT on 14 February, about an hour
after the detection of the precursors. The main eruptive
activity quickly focused on the lowermost eruptive fissure
and the eruption ceased at 1800 LT on 4 March.

4.2. Data

[32] RADARSAT-1 is a C-band satellite with 24 days
of repeat time. Unlike the March 1998 eruption where a
large number of images were available for one incidence
angle before and after the eruption [Sigmundsson et al.,
1999], we only had a few images available because of the
short interruption intervals before and after the eruption
(Table 2). On the other hand, the archive offered different
incidence angles both from ascending and descending
orbits, which provides slightly different information on
displacements. Four pairs of images with different inci-
dence angles (Table 3) were found to be acceptable with
respect to the time period and altitude of ambiguity
[Massonnet and Feigl, 1998]. The interferograms were

Table 2. Eruptions Since March 1998*

computed with DIAPASON software developed by
French Centre National d’Etudes Spatiales. Topographic
fringes were subtracted using a DEM provided by French
Institut Géographique National. The altitudes of ambiguity
indicate that the topographic effect on the interferograms is
less than a tenth of a fringe. For one of the descending
pairs (F3N), the azimuth spectrum was cut in Single Look
Complex data to maximize the coherence and signal to
noise ratio in the interferogram [Durand et al., 2002].
[33] The four interferograms are shown in Figure 12a.
The two ascending and two descending interferograms
covering different time periods show similar displace-
ments. Considering that the differences in the line-of-sight
vectors are small, it suggests that there is negligible time-
dependent deformation. The data clearly show asymmetric
displacements: large displacements to the east and small
displacements to the west of the eruptive fissures. The
descending interferograms have about 14 fringes, indicat-
ing a maximum displacement toward the satellite of about
40 cm. The ascending data have 4 to 5 fringes, indicating

Eruptive Fissure Location Lava Flow Volume, Mm?®

Period
March 1998 9 March 1998 to 15 Sept. 1998
July 1999 19 July 1999 to 31 July 1999
Sept. 1999 28 Sept. 1999 to 23 Oct. 1999
Feb. 2000 14 Feb. 2000 to 4 March 2000
June 2000 23 June 2000 to 30 July 2000

northern flank 40-50
summit 1.8
summit/southern flank 1.5
northern flank 6-8
southeastern flank 10

Villeneuve [2000].
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Table 3. Interferograms Used in This Study

Orbit Period Line-of-Sight Vector [East, North, Up] Incidence Angle, deg h,," m
F2N (ascending) 7 Feb. 2000 to 13 May 2000 [—-0.63, —0.17, 0.76] 40.7 —272.9
F4F (ascending) 14 Dec. 1999 to 19 March 2000 [-0.69, —0.19, 0.70] 45.7 —130.4
F3N (descending) 22 Oct. 1999 to 25 May 2000 [0.64, —0.17, 0.75] 41.8 —88.0
F5F (descending) 16 Dec. 1999 to 1 June 2000 [0.70, —0.19, 0.69] 46.8 494.1

?Altitude of Ambiguity.

a maximum displacement away from the satellite of about
14 cm. Subsidences associated with lava flow contractions
are observed at the locations of the March 1998 and July
and September 1999 lava flows.

[34] The interferograms were unwrapped with the
SNAPHU unwrapping algorithm [Chen and Zebker,
2001]. The narrow fringes associated with a large displace-
ment gradient in the descending interferograms did not
allow a satisfactory unwrapping in a single calculation.
Therefore the interferograms were unwrapped iteratively
using the following algorithm: (1) unwrapping of the
original interferogram, (2) low-pass filtering of the result
with cutoff wavelength of about 500 m, (3) rewrapping of
the filtered unwrapped data, (4) residual interferogram
calculation by subtracting the phase of the rewrapped
interferogram from that of the original interferogram,
(5) unwrapping of the residual interferogram, (6) addition

Ascending

of the unwrapped data (product of (5)) to the product of (2),
and (7) back to (2) or termination if the maximum ampli-
tude is consistent with the number of fringes. Subsampled
data sets were then created with the circular subsampling
method after removing the speckles by low-pass filtering.
Each of the four unwrapped data sets contains an unknown
constant offset; this offset is adjusted automatically when
evaluating the misfit so as to minimize the discrepancy
between observed and modeled data.

4.3. Analysis

[35] We simultaneously invert the two ascending and two
descending data sets, in order to search for the models that
explain the four data sets equally well. This simultaneous
inversion reduces the influence of atmospheric noise
because each interferogram contains different noise. As
decided from the synthetic tests, the number of models

Descending

North (km)

178 180 '. 180 182
East (km) East (km)

Figure 12.

176 178 180 ) 176 178 180

East (km) East (km)

(a) Four interferograms indicating the ground displacements caused by the dike intrusion

associated with the February 2000 eruption, superimposed on a DEM. Refer to the caption of Figure 7
for the meanings of gray scale shading and arrows and to Table 3 for data acquisition information.
(b) Rewrapped modeled displacements for the four line-of-sight directions corresponding to the maximum
PPD model. Recent lava flow areas not used in the misfit evaluation are masked out. (c) Residual
displacements between observed and modeled data. See color version of this figure at back of this issue.
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Figure 13. One- and two-dimensional marginal PPDs for the dike model. Contour interval is 0.2 times
the maximum value. The 95% confidence intervals are also indicated. Parameters are well constrained

with small uncertainties.

generated per iteration n is set to 50 in the search
program.
4.3.1. Corrections to the Tested Models and the Misfit

[36] When a search finishes, we apply corrections to the
overpressure and misfit values. As mentioned, overpressure
correction is needed because a coarse dike mesh is used.
The displacements for the maximum PPD model obtained
with a coarse dike mesh are compared with those recalcu-
lated with a dense mesh to obtain the scaling factor. Then
the overpressure of all the evaluated models is multiplied by
the factor.

[37] A difference from the synthetic tests is that, in
addition to the statistical uncertainties associated with data
noise, we now have uncertainties which arise from the
simplifications introduced by the model. These are taken
into account by reestimating the data variance o7 used in the
data covariance matrix. This correction is for the appraisal
where the misfit is directly related to the probability density
(equation (6)). In the search stage, the variance can be set to
any value since the algorithm only uses the rank of the
misfits. We first run a search with o = 1 and then rescale
the resulting misfits by the variance calculated from the
residual (observed minus best modeled) data. A typical
reevaluated data variance is around 6 x 10~* m? which
is significantly larsger than the variance of pure atmospheric
noise (8.8 x 107> m?).

4.3.2. Results

[38] Figures 12b and 12c¢ show the modeled displace-
ments for the maximum PPD model and residual displace-
ments, respectively, corresponding to the four InSAR data

sets. Comparisons are shown in the area where the circular
subsampled points are placed. The model well explains the
main characteristics of the observed data, such as limited
displaced area east of the eruptive fissures (both ascending
and descending data), a small lobe south of the fissures
(ascending data), and little displacements west of the
fissures (descending data). However, we observe some
nonnegligible residuals. The model does not sufficiently
explain the displacement asymmetry in the ascending direc-
tions. Also, three to four fringes of residuals are localized
east of the eruptive fissures in the descending directions.
Possible origins of the residuals are: atmospheric noise,
oversimplification of the model, and other pressure sources
such as a deflating deeper magma reservoir. Atmospheric
noise can be ruled out as it is unlikely to have a strong
atmospheric signal at the same place in the two independent
interferograms of ascending or descending directions. The
latter two possibilities are discussed later.

[39] The marginal PPDs (Figure 13) indicate that the
model parameters are well constrained. For example, the
95% confidence intervals of the dip angle (Dip) and eleva-
tion of the middle point of the dike bottom side (Botelv) are
as small as 6.3° and 137 m, respectively. We observe two
peaks in the one- and two-dimensional marginal PPDs
concerning Botlen, as well as minor trade-offs for some
parameter pairs (e.g., Dip and Py); however, these have little
effect because of the small confidence intervals.

[40] The dike geometry of the maximum PPD model is
shown in Figure 14. The geometries of all the acceptable
models which have parameter values within the confidence
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Figure 14. Map view and cross sections of the maximum
PPD dike geometry, plotted with the hypocenters of the
seismic swarm prior to the eruption [Battaglia, 2001]. The
acceptable models have geometries similar to this because
of the small model uncertainties.

intervals would be similar to Figure 14 because of the small
model uncertainties. The acceptable models have common
characteristics: a seaward dipping (61.0°—-67.3°) trapezoid
with its bottom passing 800—1000 m beneath the summit
Dolomieu crater parallel to the rift zone. This result is in
accordance with the seismicity and tilt data. Hypocenters of
the seismic swarm showed an upward migration toward the
summit (see Figure 14), while the tilt data indicated lateral
propagation of magma from the summit area to the eruptive
fissures [Staudacher et al., 2000]. These data sets also
suggest that magma reached the central to southern part of
our estimated dike bottom and propagated laterally.

[41] Dikes open in response to the applied overpressure.
The opening distribution for the maximum PPD model
shows that the dike center opened by 59 cm (Figure 15).
The average opening for the whole dike and that on the
ground are 35 and 25 cm, respectively. The relatively small
opening on the ground is attributed to the limited extent of
the ground surface fissures. The average opening on the
ground is consistent with the field observation of around
30 cm of openings (T. Staudacher, personal communica-
tion, 2003). Most of the old dike intrusions found at the
bottom of deep eroded cliffs a few kilometers away from
the summit have less than 1 m of thickness [Grasso and
Bachelery, 1995], which is consistent with our estimated
value. The volume of the corresponding dike is estimated
to be 6.5 x 10° m>, which is about 6 times smaller than
the estimated lava flow volume (4 x 10° m?, Staudacher
et al. [2000]).

5. Discussion
5.1. Influence of the Misfit Function Definition

[42] Our misfit function is controlled by the variance o2
and correlation length a of data noise. As estimation of
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these parameters inherently contains inaccuracy, it is im-
portant to know what we would obtain if different values
were assumed.

[43] When a uniform variance and independency of data
noise are assumed, the data covariance matrix becomes
diagonal. In this case, the misfit function (equation (3))
becomes

2(m) :0122% — )’ (11)

where N denotes the length of the data and model vectors.
We tested the influence of this misfit definition and obtained
a significantly different maximum PPD model (Dip = 54.0°,
Botelv = 1790 m, Twist = 16.3°) from that obtained
assuming correlated data noise. On the other hand,
assuming a correlation length @ = 1500 m (a plausible
value for different atmospheric conditions) instead of
2308 m did not lead to significantly different maximum
PPD model. From these tests, we conclude that consider-
ing data noise correlation has a significant effect, but the
result is not very sensitive to the assumed correlation
length. Note also that it is indispensable to take data noise
correlation into account in the appraisal stage where the
misfit values are meaningful.

[44] The data variance o7 also affects the appraisal; the
larger the value, the broader the confidence intervals. We
investigated its influence by assuming half the data variance
used in the analysis. We obtained confidence intervals that
are only 71% shorter on average for the seven parameters,
indicating that the data variance has a limited impact on the
confidence intervals.

5.2. Comparisons With Simpler Models

[45] Many dike modeling studies using ground deforma-
tion data assume a rectangular dislocation in elastic half-
space [Okada, 1985]. In order to compare this model with
the three-dimensional mixed BEM, an inversion is per-
formed using Okada’s equations. Model parameters are
the opening (uniform), location (three parameters), length,
width, dip angle and strike angle. We use the same inversion
method and same data set as before.

[46] Table 4 compares the maximum PPD Okada model
with that obtained by our method. The length and strike of
the Okada model are close to those at the top of the mixed

36 365 37 375 385 39

38
North (km)
0.1 0.2 0.3 04 05
Opening (m)

Figure 15. Opening of the dike in response to the constant
overpressure for the maximum PPD model. The maximum
opening is 59 cm, the average on the whole area and that on
the ground surface are 35 and 25 cm, respectively.
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Table 4. Maximum PPD Mixed BEM and Okada Models
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Opening, cm Dip, deg Length, m Bottom Depth, m Strike, °N Area, Mm? Volume, Mm?>
Mixed BEM 35 64.7 930-3257 745 12.5-2.8 1.8 0.65
Okada 63 67.0 1182 1029 12.2 1.3 0.79

For the mixed BEM model, opening and bottom depth are given in average, length and strike are given in dike top, bottom values. Top of the Okada

model is estimated at 51 m below the ground.

BEM model, suggesting that Okada-type models tend to
predict the geometry close to the ground and poorly predict
the geometry at depth. Indeed, the dike bottom depth is 38%
greater than the average depth of the mixed BEM model.
Moreover, it gives an opening 80% larger than the averaged
opening of the BEM model. This is partly because Okada’s
model predicts the dike area where opening is large. If we
calculate the average opening of the mixed BEM model on
an area similar to the Okada model, we get 48 cm, in which
case the discrepancy reduces to 30%. The resulting dis-
placements (Figure 16a) are significantly different from the
observed data (Figure 12a). There are too many fringes west
of the eruptive fissures, and the displacement patterns are
too elongated to east-west direction.

[47] Some more detailed studies assume a realistic open-
ing distribution rather than a uniform opening by consider-
ing a number of Okada-type rectangular segments [Aoki et
al., 1999; Amelung et al., 2000]. These studies do not
generally estimate the dike geometry and opening distribu-
tion simultaneously, but if they did, they would obtain a
similar model to that obtained by the mixed BEM with a flat
ground surface assumption. An inversion is performed for a
flat ground surface at the eclevation of 2300 m. The
maximum PPD model has significantly different values of
Py, Botelv, Botlen and Botang than the model with realistic
topography (Table 5). The overpressure P is overestimated
by 24%. The last three parameters are related to the dike
bottom; in this particular case, the bottom deepens toward
south instead of north and reaches 934 m above sea level at
its southern edge (compare with Figure 14). The difference
in Botelv (the elevation of the middle point of the bottom
line) is about 300 m, which corresponds to about 30% of
difference in the dike height. The similar degree of
discrepancies to those for the Okada model suggests that
part of the differences found with the Okada model
originate from neglecting the topography. The modeled
displacements (Figure 16b) are still too elongated in the
east-west direction.

5.3. Model Assumptions

[48] We assumed that the edifice is homogeneous, isotro-
pic and linearly elastic. Since relaxing these assumptions
lead to different prediction of ground displacements, such
assumptions might bias the dike model estimation.

[49] A tomographic study [Nercessian et al., 1996] indi-
cates a high velocity plug of 1.5 km in diameter below the
summit crater, surrounded by a lower-velocity ring. This is
the most distinct heterogeneity that we expect around the
depth we are concerned with. The InSAR fringes are
uncorrelated to this potential plug and ring structure, sug-
gesting that the homogeneity assumption is valid. The
effects of local heterogeneities due to individual dike
intrusions etc. are averaged out by considering effective
elastic moduli.

[s0] Anisotropy can be caused by stratified lava flows.
Ryan et al. [1983] estimated a 1.4 times greater Young’s
modulus in the horizontal direction than in the vertical
direction at Kilauea volcano. Such anisotropy could be
responsible for the observed asymmetric displacements
between the eastern and western sides of the eruptive
fissures. However, our studied area has many intruded dikes
that locally cause anisotropy in different directions. Thus it
is not clear what kind of anisotropy model is appropriate to
our problem.

[s1] Inelastic deformation generally occurs close to the
eruptive fissures. We do not observe any systematic residual
displacements correlated to the fissure locations, probably
because we masked the area close to the fissures. Thus
inelastic effects do not affect our result.

[52] Volcanic edifices are expected to have complex stress
fields due to surface topography, material heterogeneities
associated with previous dike intrusions, etc. Therefore the
constant dike overpressure assumed in this study is probably
an oversimplification. A vertical overpressure gradient
would give a better approximation; however, a preliminary
study showed that this overpressure gradient cannot be
constrained by the inversion, suggesting that such a model
does not describe the reality any better than the constant
overpressure model. We probably need to consider a

Descending (F5F)

\. -
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Figure 16. Rewrapped maximum PPD displacements
modeled using (a) Okada’s equations and (b) the mixed
BEM with a flat ground surface, in an ascending (F4F) and
a descending (F5F) directions. Gray rectangle line in
Figure 16a indicates the projected model geometry. A set
of small Okada-type segments with different opening
values would create similar displacements as those shown
in Figure 16b. See color version of this figure at back of
this issue.
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Table 5. Maximum PPD Mixed BEM Models With Realistic and Flat Topographies

Py, MPa Dip, deg Shear, deg Botelv, m Botlen Twist, deg Botang, deg Area, Mm?> Volume, Mm?>
Realistic 1.3 64.7 —35.1 1617 3.50 9.7 —4.4 1.8 0.65
Flat 1.7 68.4 —35.7 1333 3.97 10.5 13.2 2.1 0.81

more complex overpressure distribution as well as a
shear stress distribution, for instance by taking into
account the stress associated with topography [Pinel and
Jaupart, 2004].

[53] The top of the dike was fixed at the locations of the
eruptive fissures in our modeling, while the ascending data
(Figure 12a) seem to indicate that the superficial fissures
extend further to the north. However, simple extension of
the dike top by 500 m did not lead to a better fit. Extension
of the dike to the south was also tested by adding a vertex
between the southern top and bottom vertexes of the
quadrangle, which makes the dike model to be pentagonal
(nine dike geometry parameters), but the optimum model
was similar to that obtained by the quadrangle model. These
tests suggest that the data residuals are not caused by an
error in the location of the dike top.

5.4. Effect of a Basal Plane

[s4] The horseshoe-shaped depression of Enclos-Fouqué
caldera has been interpreted by several authors as the head
wall of an eastward moving landslide [e.g., Lénat et al.,
2001]. This idea is supported by the age and volume of
landslide materials found on the submarine eastern flank of
the volcano [Labazuy, 1996], though the landslides may
have been restricted to the area close to the ocean [e.g.,
Merle and Lénat, 2003].

[55] In order to test the hypothesis that reactivation of the
basal plane of the caldera caused the observed asymmetric
displacement pattern, such a plane is modeled with the
mixed BEM (Figure 17a). We assume that the eastern part
is freely slipping in response to the dike inflation so that it
has a null stress boundary condition. The western part is
assumed to be locked so that it is not modeled. The dike is
assumed to be vertical only to see the effect of the plane. The
basal plane is connected to the ground at sea level on the east
end, and to the dike at 700 m above sea level so that the
westward extension of the plane reaches the caldera wall.

[s6] Modeled displacements with the basal plane
(Figure 17c) have a larger wavelength pattern than those

East (km)

180
32

without it (Figure 17b). This is inconsistent with the InSAR
data. In addition, preliminary inversions with a rectangular
slip plane (seaward dip and elevation of the plane are
additional model parameters) beneath the dike did not
indicate any better fit to the data. We therefore conclude
that the observed asymmetric displacement patterns were
not caused by a basal plane slip but, as we found, by the dip
of the dike.

5.5. Magma Transfer System

[s7] We showed with a high confidence that the dike
bottom side lies 800 to 1000 m below the ground. The
preeruption seismic swarm (Figure 14) indicates that the
dike intrusion started around sea level (2600 m below
the summit), and that magma came from a greater depth.
This leads to two questions: (1) Where was the source of
magma that fed the eruption located? and (2) Why is the
estimated dike model significantly shallower than what is
expected from the seismic swarm?

[s8] An answer to the first question can be deduced
from the fact that the InSAR data do not indicate any
deflation source that accounts for the lava flow and dike
volumes. Geodetic measurements rarely find a deflation
source that accounts for the erupted and intruded
magma volume [Owen et al., 2000; Amelung and
Day, 2002], but this may be due to limited detectability
of signals.

[59] In order to determine the minimum depth for the
source of magma to cause undetectable surface displace-
ments, we assume that the volume leaving the magma
reservoir (Vr) and the erupted/intruded volume (Ve) balance.
The major factors that affect the magma balance are:
(1) magma degassing during ascent, (2) lava contraction
associated with cooling, and (3) vesicles and cavities in the
lava flow. The first factor leads to Vr > Ve by a few
percent [7ait et al., 1989], the second one to Vr > Ve by
10—-15% [Yoder, 1976], and the last one to Vr < Ve by
roughly 20-50% [Cas and Wright, 1987]; in all, the
magma balance assumption is roughly valid.
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Figure 17. (a) Dike and basal plane meshes used to evaluate the effect of a basal plane. See text for
explanations. (b) Line-of-sight displacements in a descending direction (F5F) modeled without the basal
plane. A small overpressure 0.13 MPa was assumed for a better display of the results. (¢) Displacements
modeled with the basal plane. The same line-of-sight direction and overpressure as Figure 17b were
assumed. Note that the basal plane creates a seaward slip of a larger wavelength.
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[60] We modeled a spherical deflation source using the
mixed BEM, with a diameter of 1000 m and a volume loss
equal to the sum of the lava flow and dike volumes (4.7 x
10° m?). It should be noted that the modeled displacements
are mainly sensitive to the magma reservoir volume change,
and insensitive to the reservoir dimension at the considered
depth. We found that if the center of the source was located
deeper than 3000 m below sea level, it would create less
than one fringe along the line-of-sight directions. Such a
small fringe could be hidden by those created by the dike
intrusion and atmospheric noise. Consequently, the source
of magma should be located deeper than 3000 m below sea
level (5600 m beneath the summit).

[61] To answer the second question; that is, to explain the
depth difference between the preeruption seismic swarm
and the dike model, two scenarios are possible. The first one
is that magma intruded through a path too narrow to cause
detectable displacements on InSAR data. Such a narrow
path is suggested by Amelung and Day [2002] on Fogo
volcano, Cape Verde, where InSAR data for the 1995
eruption did not show any evidence of a shallow magma
reservoir as in our case. The second one is that the deeper
magma path closed once the eruption ceased. This scenario
is possible if magma withdrew from the path back into the
magma reservoir or if magma ascended by buoyancy after
the overpressure in the magma reservoir was relaxed
[Dahm, 2000].

[62] Lénat and Bachelery [1990] proposed a shallow
storage system that consists of discrete magma pockets on
the basis of the diversity of preeruptive seismicity and tilt
changes. Petrological characteristics of lavas emitted in
recent 25 years are in accordance with their model [Boivin
and Bachelery, 2003]. Taking into account our consider-
ation, such a system may exist provided that magma in
shallow pockets is pushed toward the ground by the
arrival of magma from depth. If the densities of the two
magmas are the same, such a mechanism would create no
deformation.

[63] To further investigate the magma transfer system, a
comprehensive study of seismicity and continuous geo-
detic data is needed. An interesting feature worth noting
in addition is that the upper limit of the hydrothermal
system has been identified by a geoelectrical study at a
few hundred meters beneath the summit area of the
volcano [Lénat et al., 2000], which is consistent with
the depth of our model. It suggests that the hydrothermal
system might play a role in the magma propagation
behavior.

5.6. What Controls the dip of the Dike?

[64] The inversion results and the discussion on the basal
plane strongly suggests a 61.0°—67.3° seaward dipping
dike. Interferograms for other dike intrusions along the
northern rift zone of Piton de la Fournaise show similar
asymmetric pattern [Sigmundsson et al., 1999; Froger et al.,
2004], suggesting similar dip angles. This indicates that the
minimum principal stress along the rift zone on the northern
flank of the volcano is in east-west direction and inclined
about 25° vertically (the normal direction of the dike
surface). Such a stress condition may be associated with a
weakness area created by gravitational instability, though
further studies are needed to unravel the mechanism. This is

FUKUSHIMA ET AL.: FINDING REALISTIC DIKE MODELS FROM INSAR

B03206

fundamental to the formation of the rift zones of Piton de la
Fournaise and hence is a key point to predict the future
development of the volcano.

6. Conclusions

[65] We showed that a combination of InSAR data, a
three-dimensional mixed boundary element method and a
neighborhood algorithm inversion gives detailed and reli-
able information on a dike intrusion. Inversions with syn-
thetic data showed that a test model can be well retrieved by
the inversion method within predicted uncertainties, and
that all the tested subsampling methods are acceptable for
our dike intrusion problem. For the InSAR data, the
marginal probability density functions of model parameters
indicate small uncertainties and trade-offs. Incorporating
data noise correlation is found to be important; a misfit
function that takes this into account leads to a significantly
different maximum PPD (best fit) model.

[66] The acceptable models of the dike intrusion at Piton
de la Fournaise well explain the main characteristics of the
InSAR data. The maximum PPD dike model predicts an
average ground opening of 25 cm, consistent with field
observation. Acceptable models share common character-
istics: a seaward dipping (61.0°-67.3°) trapezoid with its
bottom passing 800—1000 m beneath the summit Dolomieu
crater parallel to the rift zone.

[67] Models that neglect the topography, including a
single rectangular dislocation model, poorly estimate over-
pressure (or opening) and geometry at depth. Overestima-
tions in overpressure (or opening) and dike height amount
to about 30%, and in volume to about 20%. This indicates
the importance of taking realistic topography into account.
A model with a basal slip plane, which may exist under
Enclos-Fouqué caldera, shows that the dike inflation did not
reactivate the plane, and that the observed asymmetric
displacements are solely attributed to the dipping dike.
The magma which supplied the eruption should be sourced
deeper than 3000 m below sea level (5600 m beneath the
summit), considering the fact that the observed data do not
indicate any deflation source. Taking into account the lack
of inflation related to a magma path from the source and the
estimated dike, we propose one of the following feeding
systems: (1) a narrow path or (2) a path that closes once an
eruption ceases.

[68] This detailed and careful analysis gives constraints
on the mechanisms of the magma transfer system and
formation of the rift zones. Further analyses of InSAR data
for other eruptions and incorporation of other kinds of data
could provide a better understanding on the eruption
behavior and structure of the volcano.
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Figure 7. Synthetic data sets created by superposing
exponential-type noise to modeled line-of-sight displace-
ments caused by our test model. One shading cycle of black-
gray-white corresponds to a displacement of 2.83 cm toward
the satellite. Same line-of-sight directions as the actual InNSAR
data were assumed. Four data sets correspond to (a) F2N and
(b) F4F (ascending) and (c) F3N and (d) F5F (descending)
orbits. Arrows indicate the surface projection of the line-of-
sight directions. See Table 3 for the line-of-sight vectors.
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Figure 16. Rewrapped maximum PPD displacements
modeled using (a) Okada’s equations and (b) the mixed
BEM with a flat ground surface, in an ascending (F4F) and
a descending (F5F) directions. Gray rectangle line in Figure
16a indicates the projected model geometry. A set of small
Okada-type segments with different opening values would
create similar displacements as those shown in Figure 16b.

Descending

North (km)

176 178 180 182 176 178 180 182

East (km) East (km)

Figure 12.

176 178 180 182 176 178 180 182
East (km) East (km)

(a) Four interferograms indicating the ground displacements caused by the dike intrusion

associated with the February 2000 eruption, superimposed on a DEM. Refer to the caption of Figure 7
for the meanings of gray scale shading and arrows and to Table 3 for data acquisition information.
(b) Rewrapped modeled displacements for the four line-of-sight directions corresponding to the maximum
PPD model. Recent lava flow areas not used in the misfit evaluation are masked out. (c) Residual

displacements between observed and modeled data.
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2.4 Supplements

2.4.1 Estimation of noise characteristics

The misfit function used in the method assumes that the noise in INSAR data is random and cor-
related (Section 2.3.2). Correlated random sequences are characterized by the autocorrelation
function (ACF), which is defined as [e.§ato and Fehler1998]

C(r) = (u(x)u(x +r)), (2.1)

where(...) denotes an ensemble averagéx) is the noise displacement at positienr is
a vector having an amplitude For a one-dimensional profile with a regular grid interval
{u(0),u(1),...,u(N)}, the ACF can be calculated as

N—-1-I

Co(l) = Nl—l S wk)u(k +1),  {1=0,1,2,.. N} 2.2)
k=0
and for a grid interval ofil,
C(r)=C(ldl) = Cy(1). (2.3)

In Section 2.3.2, Equations 2.2 and 2.3 were applied, with a slight modification so that masked
area is not taken into account in the calculation, on several profiles of rows and colums of
the four INSAR noise data sets of the February 2000 eruption (Figure 2.9). The ACFs were
averaged and approximated by an exponential curve to characterize the noise by its variance
and correlation distance (Equation 5 and Figure 6 in Section 2.3.2).
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Figure 2.9: Example of an INSAR noise data set showing the range change caused mainly by the
atmospheric perturbation in a period including the February 2000 eruption. The area affected
by the eruption is masked and not used in the calculation of the ACF.
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Figure 2.10: Example showing the calculation of the autocorrelation function for a heteroge-
neous data point set. The product of the noise amplitudes of two points is plotted against the
distance for every combination of subsampled data points, and fitted by an exponential curve
(Equation 5 in Section 2.3.2) in a least-square manner.

The interferometric data for the other eruptions analyzed in Chapter 3 do not contain enough
data points corresponding to undeformed areas, because of fewer interferograms available (only
one for the March 1998, July and September 1999 eruptions) or of a large deformed area (the
June 2000 eruption). Therefore, a different strategy is taken. First, a search (first stage of the
inversion) is made by assuming a plausible value of the noise correlation distance. Then, by
assuming that the residual data are randomly correlated and follow the exponential-type ACF,
the variance and correlation distance of the residual data are calculated. This calculation can be
made in such a way that the product of the residual amplitudes of two points is plotted against
the distance for every combination of subsampled data points, and fitted by an exponential curve
in a least-square manner (Figure 2.10). If the estimated correlation distance of the residual data
is not different from the value assumed in the misfit function more than 30%, then the search
result is considered appropriate, and an appraisal (second stage of the inversion) is performed.
Indeed, Section 2.3.5 showed that a difference in the correlation distance of 35% did not lead
to a significantly different result. If the deviation is larger, another search is made using the
estimated correlation distance.

The noise variance assumed does not affect the search of the maximum probability model
(Section 2.3.4), but it affects the appraisal. Thus, for the appraisal stage, the misfit values
obtained in the search stage is scaled by the variance estimated from the residual data.

2.4.2 Topography effect

Figure 2.11 complements the discussion in Section 2.3.5 on the importance of taking realistic
topography into account. The figure compares the geometry of the maximum probability model
obtained assuming realistic topography (transparent) with those obtained assuming half-space
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Figure 2.11: North-south cross-sectional view of the geometries of the maximum probability
models obtained assuming realistic topography (transparent) and half space (red: mixed BEM,
green: Okada’s model).

(red: mixed BEM, green: Okada’s mod@kada 1985]; see Section 2.3.5 for details). As dis-
cussed, Okada-type models tend to predict a realistic geometry close to the ground but poorly
predict the geometry at depth. The flat topography model obtained using the mixed BEM has a
similar trapezoidal geometry as that obtained assuming realistic topography, however, the south-
ern end of the bottom side is located at twice the depth of that of the realistic topography model.
These differences as well as the opening or overpressure differences mentioned in Section 2.3.5
show that, at Piton de la Fournaise, the half-space assumption may lead to an imprecise estima-
tion of dike geometries and overpressures and hence to an erroneous interpretation.

2.4.3 Recursive unwrapping algorithm

Unwrapping of interferograms having narrow fringes associated with large displacement gradi-
ents does not often produce the expected amount of displacements in a single calculation (Figure
2.12). To overcome this problem, this study makes a recursive unwrapping (Section 2.3.4). This
recursive unwrapping algorithm is reexplained in Figure 2.13, by showing the products created
in an iteration.

The key point of the algorithm is that the low-pass filtered unwrapped data (which include
unsuccessfully unwrapped phase) somewhat mimic the “true” displacements. By taking the
residual of the input phase and the rewrapped phase of the low-pass filtered unwrapped data, we
obtain broader fringes compared to the input interferogram, which enables a proper unwrapping.
The cutoff wavenumber starts from a large value (corresponding to wavelength of typically
500 m), then successively lowered as the iteration proceeds. The iteration finishes when the
mean of the unwrapped residual phase (Figure 2.13e) does not become smaller than that of the
preceding iteration.
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Figure 2.12: Schematic figure showing an example of unsuccessful unwrapping. Wrapped input
data corresponding to a large displacement gradient may not be properly unwrapped. As a
consequence, the unwrapped data corresponding to the area having larger displacements than
that of the improper unwrapping point have an offset compared with the true unwrapped data.
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Figure 2.13: Products in an iteration of the recursive unwrapping algorithm, with an example
of the March 1998 interferogram. Scales are given in radian. (a) The original interferogram
(phase) to be unwrapped. (b) The unwrapped phase of the preceding iteration (corresponding
to (f)) is low-pass filtered with a smaller cutoff wavenumber than that of the preceding iteration.
(c) The filtered unwrapped phase (b) is rewrapped. (d) The residual phase of the original phase
(a) and the rewrapped phase (c) is calculated. (e) The residual phase (d) is unwrapped. (f) The
filtered unwrapped phase of the preceding iteration (b) is summed to the unwrapped residual
phase (e).



Chapter 3
Dike Models for the Eruptions 1998-2000

The method developed in the previous section is applied to the five consecutive eruptions that
occurred between March 1998 and June 2000 (refer to Table 2 in Section 2.3.4 for the eruption
periods, locations and volumes of the eruptions). The first section introduces the interferograms
used in this study. In the second section, the basic analysis strategy is given. The following
sections present an eruption overview, explanation of different sources of signals, and anal-
ysis settings and results for each eruption. The eruption overviews are based on the reports
to Bulletin of Global Volcanism Network from the Observatoire Volcanologique du Piton de

la Fournaise $taudacher and Chemnég 1999; Staudacher et al.1998, 1999, 2000] an¥il-
leneuve[2000]. Procedures specific to application of each eruption are explained in the text.
The final section summarizes the results obtained for the five eruptions.

3.1 Data

3.1.1 Processing and selection of data

The displacements associated with the five eruptions that occured between March 1998 and June
2000 have been recorded by RADARSAT-1, a Canadian C-band (wavelength 5.7 cm) satellite.
This satellite has several view angles with 24 days of repeat time. From the images recorded in
fine mode, a total of 18 ascending and descending interferograms were computed by Philippe
Durand (CNES; Centre National d’Etudes Spatiales). The DIAPASON software developed by
CNES was used for the computation. Topographic fringes were subtracted usinga 20 m

digital elevation map (DEM) provided by French Institué@raphique National. This DEM

was originally created from a 100 m 100 m DEM of about two meters of precision.

Figures 3.1-3.5 show the ten interferograms that will be modelled in this chapter (Table
3.1). The interferograms have a good coherence in areas covered by old lava flows within
Enclos Fougé caldera. The eastern part in the caldera (Grandes Pentes and Gragd Brul
see Figure 1.3) is largely covered by vegetation, which prevents us from obtaining meaningful
signals in this area. One descending interferogram is used for the March 1998 (Figure 3.1), July
1999 (Figure 3.2) and September 1999 (Figure 3.3) eruptions; four interferograms, two from
ascending and two from descending orbits, are used for the February 2000 eruption (Figure
3.4); two ascending and one descending interferograms are used for the June 2000 eruption
(Figure 3.5). The interferograms are unwrapped and converted to line-of-sight displacements
(Section 2.3.4) to compare with the model expectations. Inspite of the risk of unwrapping
explained in Section 1.2.3, unwrapping allows to define a misfit function with a physically-

45
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Table 3.1: Interferograms used in this study

Eruption Orbit* Period Line-of-Sight Vector Incidence Altitude of
(DD.MM.YY) [East, North, Up] Angle ) Ambiguity (m)
March 1998 F5F (D) 30.04.97 -30.07.98 [0.70, -0.19, 0.69] 47.1 348.0
July 1999  F5F (D) 01.04.98-11.09.99 [0.70, -0.19, 0.69] 46.8 40.1
Sept. 1999 F5F (D) 11.09.99-16.12.99 [0.70,-0.19, 0.69] 46.7 -162.6
Feb. 2000 F2N (A) 07.02.00-13.05.00 [-0.63,-0.17,0.76] 40.7 -272.9
F4F (A) 14.12.99-19.03.00 [-0.69, -0.19, 0.70] 45.7 -130.4
F3N (D) 22.10.99-25.05.00 [0.64,-0.17,0.75] 41.8 -88.0
F5F (D) 16.12.99-01.06.00 [0.70, -0.19, 0.69] 46.8 494.1
June 2000 F2N (A) 13.05.00-30.06.00 [-0.63,-0.17,0.76] 40.7 -190.4
FAF (A) 19.03.00-03.09.00 [-0.69, -0.19, 0.70] 45.8 -55.2
F5F (D) 08.05.00-25.06.00 [0.70,-0.19, 0.69] 46.6 53.8

*A: Ascending orbit, D: Descending orbit.

meaningful quantity, i.e., displacements (Equation 3 in Section 2.3.2), which enables relating
the misfit function to probability (Equation 6 in Section 2.3.2). Explanations of different sources
of signals in the interferograms are given in the following sections.

Besides the interferograms used in the inversions, Figure 3.6 shows an interferogram cover-
ing the periods of the March 1998, July and September 1999 eruptions. These eruptions orig-
inated from three different eruptive fissure locations, i.e., north and southwest (March 1998),
summit (July 1999) and south (September 1999), and created a broad eastward (seaward) dis-
placed area as if it were caused by a single long dike. As discussgidimyindsson et 11999,
accumulation of such eastward displacements would facilitate seaward landslides such as those
recurrently occurred on this volcano [eRachelery, 1995;Duffield et al, 1982;Labazuy 1996;

Lénat et al, 2001;Merle and lenat 2003;Oehler et al, 2004]. The effect of displacements
accumulated between March 1998 and June 2000 will be discussed in Section 4.3.1.

The eruptions occurred in a spatially-periodic manner, with eruptive fissures opening suc-
cessively on the northern flank (March 1998), at the summit (July 1999), on the southern flank
(Sept. 1999), again on the northern flank (Feb. 2000), and then on the southeastern flank (June
2000). The reason for the spatial periodicity will be examined by stress change analyses (Sec-
tion 4.3.2).
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Figure 3.1: Interferogram showing the ground displacements associated with the March 1998
eruption. One color cycle of blue-red-yellow corresponds to a displacement of 2.83 cm toward
the satellite. The arrow indicates the surface projection of the line-of-sight direction of the
satellite. Refer to Table 3.1 for information on the interferogram. Dolomieu and Bory craters
are outlined. Black thick lines on the northern flank indicate the position of the eruptive fissures
drawn after Villeneuve [2000]. The white line is the position of the southwestern eruptive
fissure assumed for inversions, whereas green line indicates the position of the eruptive fissure

measured by the observatory. Interpretation of the signals visible in this interferogram are given
in Figure 3.14.
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Figure 3.2: Interferogram showing the

ground displacements associated with the
July 1999 eruption. See caption of Figure
3.1 for meanings of the color, curves and
lines. Interpretation of signals are given in
Figure 3.24.
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Figure 3.3: Interferogram showing the

ground displacements associated with the
September 1999 eruption. See caption
of Figure 3.1 for meanings of the color,

curves and lines. Interpretation of signals

are given in Figure 3.27.



3.1. DATA 49

February 2000
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Figure 3.4: Interferograms showing the ground displacements associated with the February
2000 eruption. (a) Ascending direction (F2N orbit). (b) Ascending direction (F4F orbit). (c)
Descending direction (F3N orbit). (d) Descending direction (F5F orbit). See caption of Figure
3.1 for meanings of the color, curves and lines.
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Figure 3.5: Interferograms showing the ground displacements associated with the June 2000
eruption. (a) Ascending direction (F2N orbit). (b) Ascending direction (F4F orbit). (c) De-
scending direction (F5F orbit). Interpretation of signals are given in Figure 3.32. See caption
of Figure 3.1 for meanings of the color, curves and lines.
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Figure 3.6: Interferogram for a time period covering the March 1998, July and September 1999
eruptions.
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3.1.2 Removing altitude-correlated fringes

The descending interferogram of the June 2000 eruption (Figure 3.5¢) includes some altitude-
correlated fringes. Since a pressure source beneath the summit would create displacements
uncorrelated with the altitude (because of the oblique line-of-sight diredBeauducel et al.
[2000a], see also Figure 4.1), these altitude-correlated fringes are probably created by differ-
ent atmospheric stratification for the two days of image acquisiBea{iducel et al.2000a;
Hanssen2001]. These fringes are removed in such a way that the number of altitude-correlated
fringes becomes minimum. This correction is done on the interferogram, i.e., before unwrap-
ping the phase.

To explain the algorithm, let us first concentrate on pixels that correspond to a certain al-
titude range, say, between 2000 and 2200 m (Figure 3.7a). The pixels contain phase values
¢ = (¢(1),(2),...) correlated with the altitude,;; = (pu; (1), dar(2),...) and uncorrelated
with the altitudepoiner = (Gother (1), Gotner(2), -..); that is, for thek-th pixel,

¢<k) = ¢alt(k) + ¢other(k)~ (31)

Note thatp(k), ¢u:(k), andoose. (k) take values between 0 and.ZThe histogram o shows
no preferred phase value (Figure 3.7b).

Next, we assume a model such that, in the considered altitude range, the unwrapped phase
of the altitude-correlated component is linearly correlated with the altitude:

Paie(k) = a(z(k) — 21), (3.2)

wherea is a constantz (k) is the altitude corresponding to tleth pixel, z; is the minimum
bound of the considered altitude range (2000 m in our example). The wrapped phase value
corresponding t@”, (k) is,

ait(k) = mod [pgp,(k), 27]
= modla(z(k) — z1), 27, (3.3)

wheremod [..., 2| denotes modulo2
The residual phase between the observed value and that asssuming a linear dependency of
the unwrapped phase to the altitude is

Ag(k) = (k) — duu(k)
= o¢(k) — mod[a(z(k) — z1), 27]
= mod [par(k) — a(z(k) — 21), 27] + Dother (k). (3.4)

To remove the altitude-correlated component, we determine the coefficitwat makes
the first term of Equation 3.4 close to constant over considered pixels (Figure 3.7c). Under
the assumption that,,.. has a uniform distribution of phase values between 0 andtie
optimum value fora gives a phase distribution df¢ peaked at a certain phase value (Figure
3.7d). Inversely, the optimum value farcan be estimated in such a way that the maximum
frequency of the histogram ak¢ becomes the largest. As the algorithm of this optimisation
problem, the downhill simplex method [e Melder and Mead1965;Press et al.1992] is used,
with multiple initial values to avoid being caught in a local minimum.

To remove the altitude-correlated fringes in the whole area of interest, we simply perform
the optimisation at different ranges of altitudes. For the application to the June 2000 interfero-
gram, only the area having clear altitude-correlated phases was used in the calculation (Figure
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Figure 3.7: Example showing the algorithm of removing altitude-correlated fringes. (a) Origi-
nal interferogram (phase values). Only the pixels corresponding to altitudes between 2000 and
2200 m are shown. (b) Histogram of the phase values shown in (a). In this example, the phase
range 0 to Zr is divided into 64 boxes. The distribution is close to uniform. (c) Residual phase
values where altitude-correlated phase values are subtracted from (a) (Equation 3.4 for an op-
timiseda; see text for explanation). (d) Histogram of the phase values shown in (c). Since the
altitude-correlated component is removed, the histogram shows a single peak.
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Figure 3.8: Enclosed area is used in the calculation of altitude—unwrapped phase relationship.

3.8), though the algorithm could be applied to areas containing phases uncorrelated with the
altitude (we may want to do this when the area having enhanced altitude-correlated phases is
not sufficiently large to give reliable estimates). After trials and errors, the phase width of the
histogram boxes is set tor /256, and the optimisation is performed at several ranges of alti-
tude having an interval of 200 m. Once the altitude—unwrapped phase profile is obtained for the
whole altitude range of interest, the curve is smoothed by taking a moving average (Figure 3.9).
Then the altitude-correlated phases in the original interferogram can be removed by creating
a synthetic altitude-correlated interferogram based on the smoothed altitude—unwrapped phase
relationship (Figure 3.10), and subtracting it from the original interferogram.

By comparing with the original interferogram (Figure 3.8), we notice that the corrected
interferogram (Figure 3.11) no longer contains the wide fringes around the central cone. In
addition, the displacements south of the eruptive fissures in the corrected interferogram, which
are associated with the dike intrusion, seem to be mechanically more plausible. This further
confirms that the altitude-correlated fringes were atmospheric artifacts.
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Figure 3.9: Estimated altitude—unwrapped phase relationship that best represents the altitude-
correlated phases in the descending interferogram of the June 2000 eruption (Figure 3.8).
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3.2 Analysis Strategy

3.2.1 Treating several pressure sources

The complex coeruptive displacements of the March 1998, July 1999 and June 2000 eruptions
may be due to presence of several pressure sources. Inverting for two or more pressure sources
from a data set calls for special care.

When the pressure sources are far from each other (a rule of thumb is more than three times
the characteristic size of the source), then the interaction between the sources is negligible and
the displacements around a source are not much affected by the other sources. In such a case, an
appropriate strategy is first to invert for one source using data surrounding it and then to invert
for other ones using the residual data (Figure 3.12a).

When two dikes are spatially close to each other, but when their emplacements are temporar-
ily separated so that the first dike is solidified before the emplacement of the second one, then
the interaction between the sources is again negligible. However, interferograms covering the
whole period of dike emplacements contain signals created by the two sources. An appropriate
strategy for this case is to invert for the sources by superposing the displacements associated
with boundary element models corresponding to each source (Figure 3.12b).

When the pressure sources are close to each other and when the second source is emplaced
before the first one solidifies, then the mechanical interaction between the sources has a sig-
nificant effect. In this case, inversion should be performed by taking into account the several
sources in a single boundary element model (Figure 3.12c).

The first case allows a relatively large number of source model parameters. The latter two
require, in the problems of this study, either reducing the number of parameters or decreasing
the number of models evaluated in each iteration (Section 2.3.2) so that the search is more ex-
ploitative rather than explorative; otherwise the solution would take too much time to converge.
Decreasing: increases the risk for the solution to be caught in a local minimum.

Because the computation time largely depends on the misfit function structure, there is no
systematic relation between the time required for an inversion and the number of parameters or
the number of models evaluated in each iteratiormypically, for the problems considered in
the present study, an eight-parameter inversion with a sufficient number of models evaluated in
each iteration/{ = 50, see Section 2.3.3) converges in an acceptable time of several days on
Linux computers with a processor of 1 GHz.

3.2.2 Percentage of explained data

The misfit function used in inversions (Equation (3) in Section 2.3.2) do not give a direct in-
dication of data fit because it is a function of data noise variance, correlation distance and the
residual between observed and modelled data. The percentage of explained data defined as
follows gives an intuitive indication of data fit instead:

o _ Z(uo+l_u0)2
S = {1 ORI } x 100, (3.5)

whereu, andu,. are the observed and modelled line-of-sight displacemeéistan offset analyt-
ically calculated in such a way thétis minimized, and the sums are taken for the subsampled
data points used in inversions. Consideration of the offset is necessary because unwrapped
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displacements contain a constant offset of less than half the radar wavelength. When the per-
centage of explained dafais small, it means that the model does not appropriately represent
the reality and/or that the signal-to-noise ratio is large. It should be noted that two values can
be compared only if the same data set is used in inversions.

3.3 March 1998 Eruption

3.3.1 Overview

The March 1998 eruption occurred after an unusually quiet period of five years and a half.
Preeruptive microearthquakes, which started 36 hours before the onset of the eruption, clearly
migrated from 5km below sea level toward the sumrBiatfaglia et al, 2005]. Summit de-
formation began about an hour before the eruption onset, when the hypocenter of the mi-
croearthquakes were located around sea level. The eruption first started from a fissure at 2450 m
on the northern flank, then the activity quickly migrated northward to lower altitudes (Figure
3.13). The activity then focused on two fissures near the bottom of the central cone. Two scoria
cones formed at the place where lava fountains were most active. One of them, Piton Kapor,
continued to erupt until 21 September.

Three days after the northern vent opening, a fissure of about 200 m long opened at the
southwestern flank of the volcano (Figure 3.13). The activity quickly localized to a single
vent, forming a scoria cone later named Hudson crater; this crater was active for less than 20
days. Geochemical and petrological studiBsij/in and Backlery, 2003;Semet et a].2003;
Vlasglic et al, 2005] found more primitive lava for this southern eruption site than that for
the northern one, indicating different origins of the magmas. The magma from the north had
a similar composition to the majority of historical and pre-historical eruptions which involve
storage in the edifice, whereas the magma emitted from the south suggests a rapid transfer of
magma from depths of more than 15 kBejmet et a|.2003].

In middle August, two fissures opened outside the Enclos Feaaldera, emitting degassed
lava. The activity at these fissures continued until a few days before the end of Piton Kapor
eruption.

3.3.2 Sources of interferometric signals in data

The dike intrusion associated with this eruption caused an asymmetric fringe pattern (Figure
3.14) similar to that of February 2000 (Figure 3.4), except for a few wide fringes that link the
northern and southern eruption sites. The maximum displacement toward the satellite amounts
to 60 cm east of the northern eruptive fissures, while little displacements of one frirgjenq)

are observed on the west side. The wide fringes indicate a deeper intrusion than that associ-
ated with the February 2000 eruption. The origin of these fringes will be investigated later
in this section. As for the southern eruptive fissure associated with Hudson crater, the loca-
tion corresponds to the green line on Figure 3.1 according to the observatory (T. Staudacher,
personal communication, 2005); however, the data seems to indicate an eruptive fissure about
250 m farther south as indicated by the white line. Thus, the white line is assumed to be the
position where the southern dike reaches the ground. One or two fringes between the green and
white lines probably result from a superficial intrusion of a small volume of material and are
not modelled. Several interferograms spanning later periods show continuous but exponentially
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March 1998
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Figure 3.14: Interpretation of signals of the March 1998 interferogram (Figure 3.1). Red dashed
curve: displacements toward the satellite. Blue dashed curve: displacements away from the
satellite. Black dashed curve: decorrelated area due to lava flows.

decaying deflation in this area (Figures 3.2 — 3.4), which suggests thermal contraction of the
injected magma.

3.3.3 Analysis and results

At the time of the second image acquisition (30 July, 1998), the eruption still continued at Piton
Kapor. For the reason previously given in Section 2.1, this continuation of eruption at Piton
Kapor should not affect the dike and our interpretation of the displacements. The validity of
this assumption is supported by the interferogram of the July 1999 event (Figure 3.2), whose
first image was taken on 1 April 1998, showing no global signal corresponding to the vent of
the ongoing March 1998 eruption. The eruption outside the caldera occurred in a vegetation
area where coherent interferometric signals cannot be computed, thus it will not be investigated
in this study.

The coherent areas of the interferogram were successfully unwrapped using the procedure
explained in Section 2.4.3. The unwrapped data were subsampled on circular points as was
done in Section 2.3.4 for each inversion.

The short-wavelength displacements (dense fringes) east of the northern eruptive fissures
are undoubtedly caused by a dike intrusion. It is not obvious, however, whether the large-
wavelength displacements (wide fringes) are attributed to a deep root of the dike or to another
pressure source. Thus, the displacements are inverted assuming the following four models:

(Model A) Y-shaped single dike, with two segmented parts reaching the northern
and southern eruption sites,

(Model B) Dikes to the north and the south,
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(Model C) A deep inflation source and dikes to the north and the south,

(Model D) A deep dike at the location of the preeruption earthquake locations (only
to explain large-wavelength displacements).

Model A: single dike

First, a Y-shaped dike with two segmented parts reaching the northern and southern eruption
sites is assumed to explain both the short and long wavelength displacements. For simplicity,
the seven eruptive fissures on the northern flank (Figure 3.13) are approximated by a smooth
single fissure, so that the northern and southern eruption sites are approximated by two fissures.
This approximation leads to inaccurate prediction of displacements close to the northern erup-
tive fissures, but has little effect on the estimation of the whole geometry and overpressure,
as there are only few subsampled points close to the northern eruption site. In addition to the
seven model parameters (PO, Dip, Shear, Botelv, Botlen, Twist, Botang) assumed in the JGR
paper (Figure 2.2), two additional parameters are introduced to determine the geometry of the
segmented part: Dop and Segratio (Figure 2.4a)._tDp defines the along-dip length of the
segmented part, whereas Segratio defines the ratio of the bottom lengths of the two segments.
The solution of an inversion converged to a geologically unrealistic model; the horizontal angle
between the top and bottom sides (Twist) converged to its minimum bound of -60 degrees (Fig-
ure 3.15; inversion #980301 on Table 3.2). Supplementary inversions confirmed that separating
the two superficial segments (Figure 2.4b) or introducing the dike bottom side curvature (Figure
2.5) do not lead to a more realistic model and to a significantly better data fit.

To force a more realistic solution, an inversion was performed with the parameter Twist
fixed to zero (inversion #980302 on Table 3.2). However, similarly to the previous inversion of
#980301, the maximum probability model little explained the displacements east of the southern
eruptive fissure.
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Figure 3.15:[March 1998, Model A](a) Geometry of the maximum-probability Y-shaped dike
model that reaches the northern and southern eruption sites (#980301 on Table 3.2), plot-
ted with the preeruption seismicity (green stars) relocated based on similarity of waveforms
[Battaglia, 2001]. (b) Observed, modelled and residual interferograms corresponding to the
model shown in (a). The dike was assumed to reach the ground at the location indicated by
black lines. White dots denote subsampled data points.
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Model B: northern dike + southern dike

Next, two distinct dikes are considered to be associated with the northern and southern
eruptions. As these two fissures are far from each other (Section 3.2.1, Figure 3.12), a two-step
inversion is made. The data close to the northern eruptive fissure are first inverted to model
the northern dike, and then the residual data around the southern eruptive fissure are inverted to
model the southern dike.

The first inversion is for the northern dike (inversion #980303 on Table 3.2). The dike is
assumed to consist of seven superficial segments reaching the eruptive fissures and a deeper part.
In addition to the six geometry parameters taken in the JGR paper (Figure 2.2), the along-dip
height of the segmented parts_(Dp) is additionally taken as a parameter. The data fit is fairly
good (Figure 3.16b), with about two fringes 6 cm) of residuals east of the eruptive fissures
and less than a fringe to the west. The residual interferogram (Figure 3.16b, right) shows wide
fringes east of the southern eruptive fissure. Interestingly, the deepest point of the dike model
is located 2200 m beneath the Hudson crater at sea level. Appraisal indicates a good constraint
on the model (Table 3.2).

The residual displacements (Figure 3.16Db, right) are then inverted to estimate the geometry
and overpressure of the southern dike. Note that the superficial part of the dike is not segmented
because there is only one eruptive fissure for the southern eruption. Taking the same six param-
eters as were taken in the JGR paper (Figure 2.2) leads to a model whose bottom side extends
5km to the east (Figure 3.17), because of the large-wavelength displacements. Presence of such
a dike is, however, neither indicated by seismicBaftaglia et al, 2005] nor by tilt change
[Battaglia and Bachlery, 2003]. Thus, these large wavelength displacements probably result
from either an oversimplified parameterization of the northern dike or the presence of a third
pressure source that accounts for large-wavelength displacements (this latter one is considered
in Model C). Assuming the first possibility, the parameters Twist (horizontal angle between the
top and bottom sides) and Botang (vertical angle of the bottom side) of the southern dike are
fixed to zero in order to obtain a more realistic dike geometry. The superimposed displacements
of the northern and southern dike models of maximum probability (Figure 3.18a) well explain
the observed data (Figure 3.18b). Both dikes were estimated to have practically the same dip
angle of about 70 degrees. The estimated overpressure for the southern dike (0.36 MPa) is half
that for the northern dike (0.7 MPa), suggesting that the single Y-shaped dike model with a
constant overpressure (Model A) was less appropriate.



3.3. MARCH 1998 ERUPTION 67

(@)
€
=<
<
S
pa
2000 0
Elevation (m)
2000
1000
0
-1000
-2000 5K
176 178 180 182
East (km)
(b)
Observed Modelled Residual
40
:52/2323 -
e
o 36
pd
34 :

176 178 180 182 184176 178 180 182 184176 178 180 182 184
East (km) East (km) East (km)

Figure 3.16: [March 1998, Model B](a) Geometry of the maximum-probability single dike
model that reaches the northern eruption fissures (#980303 on Table 3.2), plotted with the
relocated hypocenters of the preeruption microearthquakes [Battaglia, 2001]. Interestingly, the
southern endpoint of the bottom side lies 2200 m beneath the Hudson crater. (b) Observed,
modelled and residual interferograms corresponding to the model shown in (a). The dike was
assumed to reach the ground at black lines. White dots denote subsampled data points.
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Figure 3.17: [March 1998, Model B] Geometry of the maximum-probability dike model of
seven parameters that reaches the southern eruptive fissure obtained from inverting the residual
data shown in Figure 3.16b. Green stars are the relocated hypocenters of the preeruption
microearthquakes [Battaglia, 2001]. The used data points are shown in green dots in Figure
3.18b. This geometry is not consistent with seismicity and tilt change data.
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Figure 3.18: [March 1998, Model B] (a) Geometry of the maximum-probability model
(#980304 on Table 3.2) for the southern dike whose twist angle and vertical angle of the bottom
side are fixed to zero, plotted with the northern dike of Figure 3.16a. The dikes have a common
dip angle of about 70 degrees. The northern end of the southern dike bottom, located close to the
hypocenters of the preeruption microearthquakes, is consistent with a common magma path for
the two dikes. Green stars are the relocated hypocenters of the preeruption microearthquakes
[Battaglia, 2001]. Note that the hypocenters do not include those which occurred after the
northern eruption onset. (b) Observed, modelled and residual interferograms corresponding to
the model shown in (a). White dots are the subsampled data points used in the first inversion
for the northern dike, and green dots are those used for the second inversion for the southern
dike.
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Model C: Deep pressure source + northern dike + southern dike

Next, a pressure source not reaching the ground is assumed to account for the large-wavelength
displacements. Then, the residual data are inverted by assuming that individual dikes corre-
spond to the northern and southern eruptions.

To explain the large-wavelength displacements, a rectangular pressurized source is first
tested; the nine model parameters are: position (three parameters), height, length, strike, dip,
inclination of the top and bottom sides, and overpressure (see Section 2.2 for a complete descrip-
tion). Inverting the subsampled data (inversion #980305 on Table 3.2) predicts a subhorizontal
sill-type source that moderately dips (30°) toward the southeast (Figure 3.19a). This model
well explains (93%) the large-wavelength displacements (Figure 3.19hb).

An oblate ellipsoidal source is next assumed for inverting the same data set. The 11 model
parameters are: center coordinate (three parameters), axis lengths (three parameters), horizontal
and vertical angles of the longest axis, rotation angle around the longest axis, and overpressure
(Section 2.2). The predicted model (#980306 on Table 3.2, Figure 3.20a) is consistent with the
rectangular model; they have comparable width, length, dip and strike angles and location. This
ellipsoidal model also well explains (93%) the large-wavelength displacements (Figure 3.20b).

In both models, the volume change is in the order of that erupted during one succesive
eruption (Table 3.2). Because of its thickness, the oblate ellipsoidal model reaches about 1300 m
a.s.l.whereas the average elevation of the rectangular model is about 500 m a.s.l. The difference
between the estimated overpressures, 3.5 and 0.6 MPa for the rectangular and ellipsoidal sources
respectively, is mainly due to this depth difference.

As shown, the rectangular and oblate ellipsoidal models both explain the long-wavelength
displacements. The ellipsoidal source, however, is probably inappropriate because such a large
reservoir at a shallow level with a roof aspect ratio (thickness/width) of less than 0.5 should
not be stable when underpressuriz@bg¢he et al.2001]. In addition, if it existed, we would
expect some evidence from geophysical, petrological and geochemical data. The rectangular
sill model is thus preferred to the oblate ellipsoidal model.

The residual displacements for both the rectangular sill (Figure 3.19b) and the ellipsoidal
source (Figure 3.20b) show fringes in the area connecting the northern and southern eruption
sites. Although these fringes are consistent with a subsidence, there is no reasonable explanation
for such a process, and they are likely to be an artifact. The rectangular source creates less
fringes in this area and thus it is prefered to the ellipsoidal model also in this respect.

The short-wavelength residual displacements obtained from the rectangular model (Figure
3.19b) are further inverted by assuming that separate dikes reach the northern and southern
eruptive fissures (#980307 and #980308 on Table 3.2). The shallow dip for the northern dike
(~ 35°) is questionable as it is different from the results from other eruptions on the northern
flank [Froger et al, 2004, Section 2.3.4]. Figure 3.21a shows the geometries of the maximum
probability models corresponding to the northern and southern dikes and the sill. Itis beyond the
resolution of INSAR data to predict the connections between the three intrusions. The modelled
ground displacements with the three sources are superimposed and compared with the observed
interferogram (Figure 3.21b); the data fit is fairly well except the area connecting the northern
and southern eruption sites and that east of the northern eruptive fissures.
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Figure 3.19:[March 1998, Model C](a) Geometry of the maximum-probability rectangle pres-
sure source obtained from inverting large-wavelength displacements (#980305 on Table 3.2),
plotted with the relocated seismicity [Battaglia, 2001]. (b) Observed, modelled and residual
interferograms, corresponding to the model shown in (a). White dots indicate subsampled data
points.
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Figure 3.20: [March 1998, Model C](a) Geometry of the maximum-probability ellipsoidal
pressure source obtained from inverting large-wavelength displacements (#980306 on Table
3.2), plotted with the relocated seismicity [Battaglia, 2001]. (b) Observed, modelled and resid-
ual interferograms, corresponding to the model shown in (a). White dots indicate subsampled
data points.
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Figure 3.21: [March 1998, Model C](a) Geometry of the deep sill of Figure 3.19a and two
shallow dikes (#980305, #980307, #980308 on Table 3.2) plotted with the relocated seismicity
[Battaglia, 2001]. (b) The modelled interferogram created from superposing the displacements
created by the three sources shown in (a) is compared with the observed data. White and green
dots are the inverted subsampled data for the northern and southern dikes, respectively. See
Figure 3.19b for the inverted data for the sill.
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Figure 3.22:[March 1998, Model D]Geometry of the deep dike model surrounded by seismicity
at the elevation of 0-1500 m below sea level. Color indicates the depth of the hypocenters.

Model D: Deep dike surrounded by preeruption earthquake locations

Finally, another possibility of the origin of the wide fringes is tested. A region of very
high seismicity is observed at elevations of 0—-1500 m below sea |Battaglia et al.[2005]
discusses that the lateral elongation of this region has the same orientation as the alignment
connecting craters Hudson, Kapor and Krafft. Here, we assume that the microearthquakes were
generated around the propagating dike, and we fix the geometry to the region of high seismicity.
Figure 3.22 shows the geometry of the tested quadrangle dike, plotted with the seismicity. The
predicted fringes continue outside the Enclos F@aucpidera (Figure 3.23), unlike the observed
fringes limited inside the caldera. In addition, an extremely high overpressure of 150 MPa was
required to produce two fringes. Therefore, the wide fringes could not have been caused by a
dike at the elevation 0—1500 m below sea level.

Preferred Model

The single Y-shaped dike model (Model A) did not well explain the interferogram east of the
southern eruption site and therefore this model is not preferred. To quantitatively compare the
data fit of Models B and C, the percentages of explained data (Equation 3.5) are calculated from
INSAR data points (without subsampling) in the area covering the vicinity of the northern and
southern eruption sites excluding lava flows. In these calculations, the modelled displacements
are interpolated. The percentages for the two models do not indicate a significant difference:
84% for Model B and 83% for Model C. The two dikes model (Model B, Figure 3.18) and the
three sources model (Model C, Figure 3.21) equally well explain the observed displacements.
Tilt data [Battaglia and Bachlery, 2003] do not seem consistent with a sill intrusion, though
this should be verified with a quantitative analysis. The two dikes model (Model B, Figure
3.18) is proposed as the preferred model for the March 1998 event. The preferred model is
originated at sea level; this is significantly deeper than the res@igmundsson et gJ1999]
who estimated the depth of the dike bottom to be 760 m using Okada’s model. The dip angle of
Model B, 70 is also significantly different from 4%f the model ofSigmundsson et g11999],
although it should be noted that the dip angle of this study is the averaged value.
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Figure 3.23: [March 1998, Model D]Interferogram modelled with the dike at the elevation

of 0—1500 m below sea level as indicated by the seismicity (Figure 3.22). The assumed dike
geometry is indicated by white line. The overpressure of 150 MPa was assumed. Note that the
fringes open outside the caldera contrary to observation (Figure 3.1).
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3.4 July 1999 Eruption

3.4.1 Overview

On 19 July 1999, a seismic swarm above sea level and ground deformations (tilt and extenso-
metric data) were detected almost simultaneously about 50 minutes before the eruption onset.
The eruption started at two fissures, one located at the eastern rim of Dolomieu crater and the
other on the eastern flank next to it, almost simultaneously (Figure 3.13). Several other fissures
opened a few hours later, forming a set of en echelon eruptive fissures in an N110 direction
within and east of Dolomieu crater. About 36 hours after the eruption onset, the activity almost
ceased except for some gas emissions. However, a new eruptive fissure opened two or three
days later, about 1 km southeast of the en echelon eruptive fissures. The activity on this new
fissure continued until 31 July.

3.4.2 Sources of interferometric signals in data

The interferogram for the July 1999 eruption (Figure 3.2) has a low signal to noise ratio due
to several reasons: (1) The altitude of ambiguity is relatively small (40.1 m), which enhances
noise that result from errors in the DEM and from atmospheric disturbalaesgonnet and
Feigl, 1998]. (2) Displacements associated with the March 1998 eruption are included. The day
of the first image acquisition is 1 April 1998 when the March 1998 eruption was still continuing;
thermal contraction of magma of the March 1998 intrusion is observed (see Section 3.3.2). (3)
The strike of the eruptive fissures is subparallel to the line-of-sight direction. This makes the
interferogram insensitive to the largest displacements, which are expected to be perpendicular
to the dike surface.

Figure 3.24 shows the interpretation of the signals. Some fringes corresponding to about
10 cm of displacements toward the satellite are observed east of the eruptive fissures. If we look
into details, two lobes are observed east of the fissures; this seems to suggest a dike intrusion
reaching the summit eruptive fissures and another one beneath the area connecting the summit
fissures and the southeastern fissure. The area between the two sets of fissures is displaced away
from the satellite, probably indicating a subsidence above a dike. Unfortunately, the northern
lava flow covers a large part of this area and thus the detailed displacements cannot be known.

3.4.3 Analysis and results

Due to the bad quality of data, the interferogram could not be unwrapped with the unwrapping
software SNAPHU. Fringes are thus counted by hand and converted to displacements in the
line-of-sight direction, resulting in 79 data points (white dots on Figure 3.25b) .

Two models are considered:

(Model A) Single dike,

(Model B) Simultaneous inversion: summit and southeastern dikes.

Model A: single dike

First, a single dike extending from the main summit eruptive fissures to the secondary
(southeastern) one is assumed to account for the observed displacements. The dike bottom
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Figure 3.24: Interpretation of signals of the July 1999 interferogram (Figure 3.2). Red dashed
curve: displacements toward the satellite. Blue dashed curve: displacements away from the
satellite. Black dashed curve: decorrelated area due to lava flows.

is assumed to have the same curvature as its top because preliminary inversions indicated a
better fit for such models than those with a straight bottom. Except for that, the same model
parameters as in the JGR parer are assumed (Figure 2.2). This single dike model is not expected
to explain the two lobes but may explain general data characteristics. Since no displacement as-
sociated with the southeastern eruptive fissure is observed, it is assumed that the dike segment
connecting the main part of the dike and the fissure caused negligible ground displacements,
and thus the segment associated with the southeastern fissure is not modelled.

An inversion (#990701 on Table 3.2) predicts a dike whose deeper quadrangle-like part is
short, with a height of about 100m. It lies almost at a constant depth of 350 m below the
ground (Figure 3.25a). The northwestern part connected to the main eruptive fissures in and
next to Dolomieu crater dips toward northeast, while the southeastern part slightly dips in the
inverse direction. The model explains the general data characteristics, though the data fit around
the southwestern half of the model (i.e., the part connecting the main and secondary eruptive
fissures) is not good (Figure 3.25b). The confidence intervals are relatively large; for example,
about 6 MPa for the overpressure and 260 m for the bottom elevation (Table 3.2). This results
from the small number of data points associated with only one satellite direction. The relatively
large estimated overpressure compared to other eruptions (9.1 MPa) may be due to the deep
superficial segmented part; when segmented, a dike would require a larger overpressure to
create the same amount of ground displacements.

Model B: Simultaneous inversion: summit and southeastern dikes

Next, two dikes are considered; the first one corresponds to the main eruption site in and
at the rim of the Dolomieu creater, the second one to the connection between the main and
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Figure 3.25:[July 1999, Model A](a) Geometry of the maximum probability model for a sin-

gle dike, assumed to explain the whole displacements caused during the July 1999 eruption
(inversion #990701; Table 3.2). The green stars denote the relocated hypocenters of the mi-
croearthquakes [Battaglia, 2001]. (b) Observed, modelled and residual interferograms for the
dike model shown in (a). Assumed eruptive fissures and top of the deeper part are drawn in
thick black lines and green curve, respectively.
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secondary (southeastern) eruption sites (inversion #990702 on Table 3.2). Due to the proximity
of the sources, a simultaneous inversion is performed. The eruption from the southeastern fis-
sure started 3 days after the end of the eruption from the main fissures, suggesting that the dike
connecting to the main fissures might have already been solidified when the second one started.
Therefore, the simultaneous inversion is made in such a way that the modelled displacements
corresponding to the two dikes are summed and compared with the observed data (Section 3.2.1
and Figure 3.12b). The first dike is modelled by seven parameters instead of eight taken for in-
version #990701, by fixing @op to 200 m as determined from preliminary inversion results.
The second dike is modelled with four parameters. It is practically a rectangle (note that the top
side is a curve parallel to the topography) with parameters PO, Dip, Botelwp DBecause of

the relatively large number of model parameters (eleven), the inversion tuning parameter (num-
ber of models evaluated in each iteratian)= 10 is assumed so that the inversion converges in

an acceptable interval of time (Section 3.2.1). It should be noted that this increases the risk for
the solution to be caught in a local minimum of the misfit function, and it leads to less precise
determination of the confidence intervals.

Figure 3.26a shows the geometries of the maximum probability model for the two dikes.
The main dike is an inverted triangle dipping toward northeast, which is consistent with the
single dike model (Figure 3.25a). The appraisal indicates that the nearly horizontal bottom side
(Botang~ 0°) is also acceptable (inversion #990702 on Table 3.2). This large uncertainty can
be explained by the presence of the second dike close to the southeastern end. The second
southeastern dike moderately dips toward northeast. The top of the second dike was estimated
at 254 m below the ground with a large confidence interval of 500 m. The bottom of the second
dike lies at 600 m below the ground, which coincides with that of the first dike model. The
two-lobed observed displacements are better explained by the two dikes (Figure 3.26b). The
two dikes probably share a common feeding path and thus are expected to be located closer
to each other, but more detailed geometries of the two dikes cannot be determined due to the
limited resolution of the interferogram.

Preferred Model

The consistencies between the estimated geometries of Model A (Figure 3.25a) and B (Fig-
ure 3.26a) indicate the reliability of both results. The percentage of explained data on Table 3.2
for Model A (#990701) and Model B (#990702) can be directly compared because the same
data set was inverted. The percentages indicate a better fit for Model B (96%) than for Model
A (93%). For this reason, the two dike model (Model B) is proposed as the preferred model for
the July 1999 event.
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Figure 3.26:[July 1999, Model B](a) Geometry of the maximum probability models obtained
from a simultaneous inversion for two dikes that explains the coeruptive displacements for the
July 1999 eruption (inversion #990702; Table 3.2). The green stars are the relocated hypocen-
ters of the microearthquakes [Battaglia, 2001]. (b) Observed, modelled and residual interfer-
ograms for the two dike models in (a). The black lines indicate the eruptive fissures which are
connected to the main dike under Dolomieu crater, and the green line indicates the top of the
second dike. White dots represent subsampled data points used in the inversion.
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Figure 3.27: Interpretation of signals of the September 1999 descending interferogram (Figure
3.3). Red dashed curve: displacements toward the satellite. Blue dashed curve: displacements
away from the satellite. Black dashed curve: decorrelated area due to lava flows.

3.5 September 1999 Eruption

3.5.1 Overview

On 28 September, about two months later, a seismic swarm was detected below the summit
crater, above sea level. It started 81 minutes before the eruption onset and had 188 events. 30
minutes after the onset of the seismic swarm, i.e., 50 minutes before the eruption onset, ground
deformations were recorded by tiltmeters and extensometers. Then the eruption started from a
fissure in the western part of Dolomieu crater. The following eruptive fissures opened first to
the north-west, then to the south of the initial point, forming a curved fissure trajectory (Figure
3.13). Less than 8 hours after the eruption onset, activity localized on the upper south flank.
On 8 October, steam release was observed close to the Enclosfosouthern border. Three

days later, a new lava flow was found to have erupted from the location of the steam release.
This vent was active until 21 October. The eruption close to the summit ended on 23 October.

3.5.2 Sources of interferometric signals in data

The descending interferogram shows clear fringes associated with the dike intrusion, indicating
similar atmospheric conditions for the two days of image acquisition (Figure 3.27). The main
eruption caused a symmetric heart-shape displacements with 17 cm of displacements toward
the satellite east of the fissures and 12 cm of displacements away from the satellite west of the
fissures.

A superficial intrusion along the southern rift zone, connecting the main and southern erup-
tion sites, is indicated by an incoherent zone and displacements less than one fringe around it.
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New dry fissures in this zone were observed in the field (T. Staudacher, personal communication,
2003), which further support the presence of such an intrusion. The zone where interferometric
coherency is lost probably experienced intense surface fracturing associated with the intrusion.
The east-west dimension of this zone is about 200 m, suggesting the formation of a small lac-
colith, i.e., a shallow intrusion between two subhorizontal layers with a domed Jobh§on

and Pollard 1973;Pollard and Johnson1973]. IndeedPollard and Johnson1973] showed

from analogue experiments and theoretical derivations that laccoliths can fracture the ground
surface over the top of the intrusion. The depth of the intrusion is estimated by an inversion
later in this section.

3.5.3 Analysis and results

The main dike that created the heart-shaped displacement pattern and the superficial intrusion
along the southern rift zone is modelled. The secondary eruption close to the southern border
of the Enclos Fouqgicaldera is not associated with any ground displacements.

For the main dike intrusion, inversions with superficial segments corresponding to those
reported by the observatory (Figure 3.13) resulted in the vertical length of the segmented part
(D_top) close to zero. As the precise eruptive fissure locations are difficult to identify because
of lava flows, it is possible that the eruptive fissure was not segmented. For this reason, the
different fissure segments are neglected and the dike top is assumed to be entirely connected to
the ground. Preliminary inversions also found that data are better explained if the bottom side
has the same curvature as the top side instead of being a straight line, as was the case for the
single dike model of July 1999 (Figure 3.25). Thus, the same curvature as the dike top side is
assumed for the dike bottom side.

The maximum probability model (Figure 3.28a; #990901 on Table 3.2) explains 93% of the
observed data (Figure 3.28b). The model has a mean depth of around 250 m below the ground
and a subvertical dip. The residuals on the eastern side in the Dolomieu crater area may indicate
a deeper source.

The presence of a deeper source is tested by extending a part of the dike at depth at its
northern end (Figure 3.29a). The extended part is subvertical, with its horizontal position at
the border between Bory and Dolomieu craters. The bottom is set to 1700 m above sea level:
the same bottom elevation as the February 2000 dike (Section 2.3.4). Assuming the same over-
pressure as the main part, this dike model better explains the heart-shape displacement pattern
(Figure 3.29b). The percentage of explained data for this model was calculated to be 94%,
using the same data set as the maximum probability model corresponding to a single dike (Fig-
ure 3.28a, 93% of data explained). This model is also consistent with the seismicity which is
immediately below the bottom of the extended part. This result may indicate the existence of
a subvertical feeding path under the summit, which was perhaps shared by the February 2000
eruption.

Displacements of 2.8 cm maximum (one fringe) associated with the shallow laccolithic in-
trusion connecting the main and southern secondary eruption sites are next modelled. The
principal aim here is to estimate the depth of the laccolith. Here, the source is modelled by
a half oblate ellipsoid, convex upward (Section 2.2). The bottom plane of the half ellipsoid is
fixed to be parallel to the topography. Inversion of the data surrounding the incoherent area only
explained the displacements east of the incoherent area with a geometry close to a dike (Figure
3.30, #990902 on Table 3.2). This is probably due to the simplified geometry considered. The
horizontal extension of the model is probably far from reality. However, the vertical extension
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Figure 3.28:[September 1999a) Geometry of the maximum-probability dike model (#990901
on Table 3.2) associated with the main eruption site in the summit and southern flank zone,
plotted with the relocated seismicity [Battaglia, 2001]. Appraisal indicates deepest part lying
230-270 m beneath the ground. (b) Observed, modelled and residual interferograms for the
dike model in (a). The residual in the Dolomieu crater area may indicate a deeper source
connecting to the dike. The black line indicate the eruptive fissures which is connected to the
dike. White dots represent subsampled data points used in the inversion.
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Figure 3.29:[September 1999)a) Geometry of the dike of the maximum-probability dike (Fig-

ure 3.28a) connected to a narrower magma path rooted 1700 m above sea level. (b) Observed,
modelled and residual interferograms for the dike model in (a). The heart-shaped displacement
pattern is well reproduced.
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Figure 3.30: [September 1999Dbserved, modelled and residual interferograms, correspond-
ing to a half oblate ellipsoidal pressure source whose bottom plane lies parallel to the topog-
raphy. White dots and black mesh indicate subsampled data points and the pressure source
estimated from an inversion, respectively.

(depth) can give an inference on the intrusion depth. The top and bottom of the laccolith were
estimated at about 45 m and 120 m below the ground, respectively.

Preferred Model

For the dike intrusion corresponding to the primary eruption site, a subvertical dike whose
depth lies around 250 m (Figure 3.28a) and the subvertical dike connected to a dike-like feeding
path (Figure 3.29a) equally well explained the observed interferogram (explained data 93%
and 94%, respectively). The latter is proposed as the preferred model, however, because the
symmetric fringes are better reproduced. For the shallow laccolithic intrusion connecting the
primary and secondary eruption sites, no model was reliable enough to be proposed; however,
the intrusion depth was roughly estimated at 45-120 m below the ground.
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Figure 3.31: Interpretation of signals of the February 2000 interferograms. (left) For an as-
cending interferogram (Figure 3.4b). (right) For a descending interferogram (Figure 3.4c).
Red dashed curve: displacements toward the satellite. Blue dashed curve: displacements away
from the satellite. Black dashed curve: decorrelated area due to lava flows and atmospheric
noise.

3.6 February 2000 Eruption

Figure 3.31 gives interpretation of the signals of an ascending (Figure 3.4b) and a descending
(Figure 3.4c) interferograms for the February 2000 eruption. Refer to Section 2.3.4 for the
analysis. The inversion result is included in Table 3.2 (inversion #000201).
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3.7 June 2000 Eruption

3.7.1 Overview

Unlike the preceding eruptions, long-term anomalies in seismicity and deformation were ob-
served for about two weeks before the eruption started on 23 June: (1) 12 deep earthquakes
were recorded at around 6 km below sea level between 9-14 June, (2) a summit extensometer
recorded a change from the beginning of the month, and (3) a tiltmeter recorded a tilt change
since 12 June. One day before the eruption, a small seismic swarm with 36 events occurred.
On 23 June, another seismic swarm occurred with much stronger earthquakes (magnitude up
to 2.5) coincident with tilt changes. The seismicity and tilt changes indicated an intrusion that
migrated toward the summit and then to the southeastern flank. Two sets of eruptive fissures
opened on the southeastern flank of the volcano. The activity quickly localized to the lower one
and lasted until 30 July.

3.7.2 Sources of interferometric signals in data

As stated, two ascending and one descending interferograms are available for inversions (Fig-
ures 3.5a, b and Figure 3.11). To the north of the eruptive fissures, the ascending interferograms
show about 10 cm of displacements away from the satellite in the summit area and 17 cm of
displacements toward the satellite on the southeastern flank (Figure 3.32). The area south to the
fissures moved about 8 cm away from the satellite. The second image of the interferogram from
an ascending orbit F2N (Figure 3.5a) was captured on 30 June 2000, only 7 days after the erup-
tion onset. The similarity in the displaced area indicated in the two ascending interferograms
shows that the dike had finished its formation 7 days after the eruption onset.

The satellite captured an image from the descending orbit F4F at 1458 UT on 23 June just
an hour after the tremor emergence. The interferogram showing the displacements accumulated
until this moment was created by taking the residual of two interferograms of F4F orbit; the
first one includes the displacements caused by the February dike and by the June dike before
23 June (31 Jan. 2000 — 23 June 2000), and the second one only includes those created by
the February dike (14 Dec. 1999 — 19 March 2000) (Figure 3.33). This interferogram is of
better quality than those calculated with an image captured between Februrary and June 2000
eruptions, in which case the values of altitude of ambiguity were smaller than 12.5m. No lava
flow can be recognized in the figure, indicating that no or little amount of lava had been emitted
in the first hour after the tremor emergence. On the other hand, it is interesting to note that the
dike formation had almost completed to its final shape (compare with Figure 3.5b) before or
just after the eruption onset. Indeed, the displaced area in Figure 3.5b is slightly more extended
to the east than in Figure 3.33, indicating that the dike only slightly grew farther to the east after
the eruption onset. The maximum displacement reaches 75% of that shown in 3.5b, suggesting
that around this amount of the dike volume had been emplaced prior to the eruption onset. In
this study, the interferogram shown in Figure 3.33 is not modelled.

From the descending direction, displacements toward the satellite reach 42 cm north of the
eruptive fissures, and those away from the satellite amount to only 4 cm south of the eruptive
fissures (Figure 3.32). In the inversions, the interferogram whose altitude-correlated fringes are
removed (Figure 3.11) is used. Small displacements are indicated in the summit area north of
Dolomieu crater, but these displacements are too small to be distinguished from an atmospheric
disturbance.
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Figure 3.32: Interpretation of signals of the June 2000 interferograms. (left) For an ascending

interferogram (Figure 3.5a). (right) For a descending interferogram (Figure 3.5c). Red dashed

curve: displacements toward the satellite. Blue dashed curve: displacements away from the

satellite. Black dashed curve: atmospheric noise and decorrelated area due to lava flows.
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Figure 3.33: Descending interferogram created by taking residuals of those of 31 Jan. 2000
— 23 June 2000 and 14 Dec. 1999 — 19 March 2000 (both in F4F orbit). This interferogram
shows the displacements until one hour after the tremor onset. Black lines indicate eruptive
fissures [after Villeneuve, 2000]. Note that the extension of the eastern fissures is shorter than
the fissure assumed in inversion (black lines in Figure 3.5).
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3.7.3 Analysis and results

The interferograms from the three directions (Figures 3.5a, b and Figure 3.11) were successfully
unwrapped using the recursive algorithm (Section 2.4.3). For simplicity, the two sets of eruptive
fissures are approximated by two continuous fissures. The one at the lower altitude was slightly
extended downslope from the position givenMileneuve[2000] so that it is consistent with

the interferometric data. The two ascending data (Figures 3.5a and 3.5b) and the corrected
descending data (Figure 3.11) are subsampled and simultaneously inverted. The displacements
are inverted assuming the following three models:

(Model A)  Single dike without along-dip curvature,
(Model B) Single dike with along-dip curvature,
(Model C) Two dike model.

Model A: single dike with along-dip curvature

First, a single dike with a straight bottom side is assumed. The assumed parameters are:
PO, Dip, Shear, Botelv, Botlen, Twist, Botang (Figure 2.2) antbp (Figure 2.4a), making
a total of eight. The obtained maximum probability model (inversion #000601 in Table 3.2;
Figure 3.34) is close to a trapezoid, as the model found for the February 2000 eruption, with
its bottom side lies parallel to the topography 1300 m beneath the ground. The maximum prob-
ability model is far from explaining the data (Figure 3.35). From a standpoint that this is due
to the approximation of a straight bottom side, a curved bottom side is then assumed (inversion
#000602; see Figure 2.5 for the definition of the bottom side curvature). The maximum prob-
ability model, however, has a geometry very similar to the one corresponding to #000601 with
the bottom side hardly curved (Table 3.2).
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Figure 3.34:[June 2000, Model AlGeometry of the maximum probability dike having a straight
bottom side (#000601 on Table 3.2).
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Figure 3.35: [June 2000, Model A]Observed, modelled and residual interferograms corre-
sponding to the dike model in Figure 3.34. This model is far from explaining the observed data.
White dots and black lines indicate subsampled data points and the assumed eruptive fissures
(top of the dikes), respectively.
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Figure 3.36:[June 2000, Model B]JGeometry of the maximum probability dike having a cur-
vature of the bottom side and along-dip curvature as model parameters (inversion #000603 on
Table 3.2). The bottom side lies subparallel to the topography at about 1300 m beneath the
ground.

Model B: single dike with along-dip curvature

Next, along-dip curvature of the dike (see Figure 2.5) is additionally introduced to explain
the data, making a total of nine model parameters (#000603 on Table 3.2). This model explains
the data to a certain extent (81%), with about 4 fringes of residual displacements for each
direction (Figure 3.37). The geometry of the maximum probability model is significantly curved
in the along-dip direction (Figure 3.36). While such curved dikes are not often found in the field,
some were identified in the exposure of the Cilaos dike complex, Piton des N&igédof,

1999]. This result may also indicate two different intrusions, one horizontal (sill) and the other
vertical (dike), starting from more or less the same point.

Model C: Two dikes

Finally, it is assumed that, on the ascending interferograms, the displacements toward the
satellite to the east and away from the satellite to the west (Figure 3.5a) were caused by dif-
ferent pressure sources in the east and west. In order to determine the source of the western
displacements, an inversion was performed without the data in the eastern area (#000604 on
Table 3.2). This naturally creates large residuals in the eastern area unused in the inversion; but
the displacements toward the satellite especially in the descending direction are well explained.

The result of the preceding inversion (#000604) is consistent with the idea that there were
two independent intrusions corresponding to the two sets of eruptive fissures. This idea is
tested by a simultaneous inversion, because the two sources are close to each other and their
interaction cannot be neglected. Here, a forward modelling is done in such a way that a single
boundary element computation takes into account the two sources (Section 3.2.1 and Figure
3.12c¢). Preliminary inversions with some fixed parameters did not lead to a better fit and to
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Figure 3.37: [June 2000, Model B]Observed, modelled and residual interferograms for the
dike model in Figure 3.36. This model explains 81% of the observed data. Three to four
residual fringes for each satellite direction suggest that the intrusion was more complex than we
assumed. White dots and black lines indicate subsampled data points and the assumed eruptive
fissures (top of the dikes), respectively.
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Figure 3.38: [June 2000, Model C]Maximum probability model for the two dikes obtained
from a simultaneous inversion (#000605 on Table 3.2).

a realistic model than the single dike models (Model A and B). Thus, an inversion with 14
parameters, i.e., the same seven parameters taken in the JGR paper for each dike, is attempted.
A reduced number of models = 5 at each iteration is used for a quick convergence of the
solution. The western dike indicated by the maximum probability model (shown in red in Figure
3.38; inversion #000605 on Table 3.2) extends beneath the summit, dips toward the north (Dip
63°), and is originated from sea level on the eastern end of the bottom side. The eastern dike
(shown in blue in Figure 3.38) is closer to a rectangle, and also dips toward the north (Dip
74°). The overpressure of the eastern dike is three-fold larger than that of the western one, and
the volume of the eastern dike amounts to half that of the western one. The two clusters of
hypocenters of the preeruption microearthquakes may reflect a magma feeding path for the two
dikes. However, the strike direction of the bottom side of the western dike is different from that
of the top side by about 7qparameter Twist), which makes the geometry to be mechanically
unexplainable. Figure 3.39 compares the modelled displacements with the observed data. The
model explains 80% of the observed data, which is similar to that of Model B (81%). Note that,
due to an exploitative manner of the inversion, it is possible that the solution is caught in a local
minimum.
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Figure 3.39: [June 2000, Model C]Observed, modelled and residual interferograms for the
dike model in Figure 3.38. This model explains 80% of the observed data. White dots and
black lines indicate subsampled data points and the assumed eruptive fissures (top of the dikes),
respectively.
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Preferred Model

The vertically-curved dike (Model B) best explains the observed displacements and thus
this model is proposed as the preferred model. However, even this model did not fully explain
the observation. What would we need to better explain the data? Three possibilities can be
considered: (1) the overpressure is non-uniformly distributed, (2) the dike has a more complex
geometry than that assumed, and (3) the inversions did not converge toward the global mini-
mum. The third possibility is less likely because the same kind of inversions successfully find
realistic models that well explain data for the four other eruptions.

Regardless of the significant misfits, all the inversion results indicate that the deepest part of
the intrusion is shallower than about 1500 m, that the dike dips (dikes dip) toward the northeast,
and that the eastern end of the bottom side is located beneath the summit Dolomieu crater.

3.8 Summary

The analyses in this chapter indicate detailed geometry and overpressure of the intrusions asso-
ciated with the 1998-2000 eruptions at Piton de la Fournaise. Figure 3.40 shows the preferred
models determined after the analysis for each eruption. The wide fringes associated with the
March 1998 eruption were found to originate either from a deep dike (around sea level) connect-
ing to the northern eruptive fissures, or from a sill intrusion at a depth of around 500 m above
sea level. The March 1998, July 1999, February and June 2000 dikes were found to have east-
ward or northeastward dip angles, whereas the September 1999 dike at the summit and southern
flank was found to be subvertical. For the June 2000 eruption, a vertically curved intrusion best
explained the data, though a more complex geometry is needed to fully explain the data. For
the July 1999 and September 1999 eruptions, one intrusion associated with the main eruption
site and another one connecting the main and secondary eruption sites were observed on the
interferograms and were modelled. Inversions indicated that the secondary intrusion associated
with the July 1999 eruption is a dike originating at 350 m beneath the ground, and the secondary
intrusion associated with the September 1999 eruption is probably a shallow laccolith at a depth
range of 45-120 m.
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Figure 3.40: Perspective view for the preferred models determined after the analysis of each of
the five eruptions of March 1998-June 2000, plotted with topographic contour lines of 100 m
interval.
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Chapter 4

Storage, Transfer, Emplacement of
Magma and Volcano Growth

This chapter discusses the volcano-tectonic system of Piton de la Fournaise based on the dike
emplacement geometries and overpressures estimated in Chapter 3 for the five eruptions be-
tween March 1998 and June 2000. The first section discusses the magma storage system. The
lower limits of the depth of the magma source for the five eruptions are first calculated. Then,

a shallower storage system above sea level is discussed with considerations of buoyancy and
cooling rate of magma. The second section concerns the magma transfer and emplacement
mechanisms. The geometry and size of the conduit are first investigated, then lateral dike prop-
agation and possibly-associated pit-crater collapses, and relations between dike emplacements
and seismicity are discussed. In the third section, effects of dike intrusions on the evolution of
the volcano are discussed. This last section includes stress change analyses to quantitatively
discuss (1) the influence of the stress field associated with dike intrusions on the following
intrusions, and (2) the possible triggerings of seaward landslides by dike intrusions.

4.1 Magma Storage System

4.1.1 Depth of the source magma reservoir

Section 2.3.5 considered the factors affecting the volume balance of the magma leaving the
source and the intruded and extruded magma, and concluded that the magma balance should
roughly hold. However, the compressibility of exsolved gas in magma in the source also affects
the volume balancelphnson et a).2000]. From gravity and leveling measuremegdthinson

[1992] showed that, during the 1983-1986 P@LO eruption on Kilauea volcano, the volume
change of the magma chamber was only 20-25% of the volume of magma transferred out of
the chamber. The amount of exsolved gas, however, seems to be significantly different for
each event; during the deflation events in November 1975, August 1981, and January 1983, the
proportion was 50-70%Jphnson et a).2000].

Taking into account the compressibility of the magma in the source, the minimum possible
depths of the magma source are reestimated based on the observation that deflation sources
are not indicated in the interferograms (Figure 4.1; see Section 2.3.5 for other factors that
might affect the magma budget). Consideration on the mechanical evolution of basaltic magma
reservoirs suggests a spherical or a laterally elongated reservoir geoReefiit Et al, 1993].
Therefore, the source is assumed to be a sphere or a sill-type horizontally lying square sheet.

99
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Figure 4.1: Example showing the method for estimating the minimum depth of the magma
source. (a) Spherical magma reservoir of 1 km in diameter beneath the summit is assumed to
deflate corresponding to the amount of intruded/extruded magma volume of the February 2000
eruption. (b) Modelled ground displacements when the center of the reservoir is at 2 km below
sea level. (c) Same for the reservoir at 3km below sea level. If the number of fringes are less
than two (for the March 1998 eruption) or one (for the other four eruptions), it is considered
that the fringes corresponding to the deflation source are indistinguishable.

The center of the sphere and sill-type sheet s set to be located beneath the summit. The diameter
of the sphere and the length of the sill-type sheet are assumed to be 1000 m. As the detectability
threshold, it is assumed that if the number of fringes is less than two, for the March 1998 event,
and one, for the other four events, the fringes corresponding to the deflation source are indis-
tinguishable. Ratio of intruded and extruded magma voluriigg)(to source volume change

(AV,) 0.2, 0.5 and 1 are assumed corresponding to progressively smaller compressibility of the
source.

The results are summarized in Table 4.1 for the spherical source, and in Table 4.2 for the
sill-type source. The sill-type source gives systematically larger estimates than those for the
spherical one. As expected, the more compressible the magma in the source is, the shallower
the source can be. This shows that few things can be said about the minimum possible source
depth without a proper knowledge of the exsolved gas content.

For comparison, Figure 4.2 shows the hypocenters of the preeruption microearthquakes.
Since the preeruption microearthquakes are probably induced by magma intrusions, it is rea-
sonable to consider that the source is located below the lower limit of the hypocenters. Accord-
ingly, the minimum possible depth of the source indicated by the seismicity data is 5 km below
sea level for the March 1998 eruption and sea level for the other four eruptions (here the deep
microearthquakes associated with the June 2000 event at 5—7 km below sea level is not consid-
ered because it is not obvious if they correspond to an intrusion). As the source depth estimated
from displacements cannot be shallower than that indicated by seismicity, our results indicate
that, if the source is sphericalV,. must be larger than 012,,,. If we assume that magma can-
not travel at depth without causing microearthquakes, then a spherical source location would be
consistent with an exsolved gas content such gt = 0.5V,,,;, and a sill-like source would
be consistent witlAV, = 0.2 V,,;.

It should be noted that the above consideration does not exclude the possibility of the pres-
ence of shallower magma reservoirs as in the modelésfat and Backlery [1990] (Figure
1.5). As discussed in Section 2.3.5, if magma in shallower reservoirs is pushed by magma of
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Table 4.1: Minimum possible depth of spherical magma source to be undetectable. The mini-
mum possible depth is defined at the roof of the sphere 500 m above the center.

LavaVol. DikeVol. V,,; Elev. (km) Elev. (km) Elev. (km)

(Mms) (Mm3) (Mmg) AVe =Vour AVe=0.5Vou AVe= 0.2V,
March 1998 45 5 50 -7.49 -5.24 -2.89
July 1999 1.8 0.2 2.0 -1.10 -0.24 0.97
Sept. 1999 15 0.2 1.7 -0.80 0.24 1.15
Feb. 2000 7.0 1.7 7.7 -3.91 -2.31 -0.59
June 2000 10 1.7 11.7 -5.01 -3.24 -1.34

Table 4.2: Minimum possible depth of sill-type magma source to be undetectable

Lava Vol. Dike Vol. V,; Elev. (km) Elev. (km) Elev. (km)

(Mms) (Mms) (Mms) Ach = Vout A‘/(: = 0.5V5ut A‘/c = 0.2Vous
March 1998 45 5 50 -11.1 -10.0 -5.07
July 1999 1.8 0.2 2.0 -2.70 -2.17 0.11
Sept. 1999 15 0.2 1.7 -2.33 -1.84 0.24
Feb. 2000 7.0 1.7 7.7 -6.44 -5.72 -2.07
June 2000 10 1.7 11.7 -7.90 -7.09 -3.02
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Figure 4.2: Hypocenters of the preeruption microearthquakes [Data courtesy of the observatory
of Piton de la Fournaise]. Red = March 1998, Green = July 1999, Magenda = September 1999,

Black = February 2000, Blue = June 2000. (a) Map view. (b) West-east cross-section. (c) South-
north cross-section.
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the same pressure and density from depth, no displacements are created. In this situation, the
shallower reservoirs only serve as buffers.

4.1.2 Shallow magma storage at a level of neutral buoyancy

It is reasonable to assume that hypocenters of the preeruption microearthquakes are located
around magma feeder paths. Comparisons of the seismicity and the geometries of the dike mod-
els determined in Chapter 3 suggest lateral propagation of dikes at a shallow level, because the
horizontal dimensions of the seismic swarms are narrower than the widths of the modelled dikes
(except for the March 1998 case which is not obvious). Lateral propagation of dikes occur when
magma is neutrally buoyanbDjeterich, 1988;Lister and Kerr 1991;Pinel and Jaupart2004;
Rubin and Pollard 1987]; more specifically, when the negative buoyancy force exerted on the
magma above a certain level (level of neutral buoyancy) balances the positive buoyancy force
exerted on the magma below this level. As mentioned in Section 1.4.1, buoyancy of magma is
governed by the contrast of the densities of magma and host rock and also by the variation in
the gradient of the tectonic stress normal to the dike surface (Equation 1.4). Considering that
most of the dikes analyzed in Chapter 3 were estimated to be rooted at 1000 m or shallower
beneath the ground, the level of neutral buoyancy for the magma in dikes is likely to be located
at shallower than 1000 m in the central cone of Piton de la Fournaise. Since magma reservoirs
are expected to be developed at depths where magma is neutrally buoyant, this suggests the
existence of magma reservoirs at this shallow level.

Indeed, there are pieces of evidence for shallow (depth of 1000 m or less) reservoirs. The
first one is the presence of pit-crater collapgesiprme et al. 1989;Hirn et al., 1991;Longpt®e
et al, 2004]. A typical volume of the reservoirs should be several®Vitonsidering the size
of the collapses (for the March 1986 collapse, diameter 150 m and depthB6lorrhe et al.
1989]; for the November 2002 collapse, diameter 250 m and depth R6mgpé et al, 2004]).
This is comparable to the volume of lava emitted in a typical eruption. The second piece of
evidence is the short duration of preeruption seismic swarms of some eruptions. Two of the
eruptions that occurred during a highly eruptive period between 1985 and 1987 (including about
20 eruptive and intrusive eventisgnat et al, 1989a]) had preeruptive seismic swarms of less
than 20 minutes (Figure 4.Bachelery[1999]). By modelling tilt dataBattaglia and Backlery
[2003] estimated the dike propagation velocity in the last one hour before the onset of the March
1998 eruption to be 0.45m/s on average. If we assume that magma traveled from sea level to
the ground (range of a typical preeruption seismic swarm) in an hour (a typical duration of
preeruption seismic swarm), we obtain a vertical intrusion velocity ef0.7 m/s Battaglia
et al, 2005]. Then, we obtain a range of possible depth of the superficial reservoir 540—-840 m,
by assuming that magma propagated to the ground vertically in 20 minutes with these velocities.
Such reservoirs could be created during a single event (eruption or intrusive event) or several
events, and may not exist permanently.

4.1.3 Thermal viability of dikes and sills

Lénat and Bachlery[1990] proposed a shallow magma storage model that consists of a plexus
of dikes and sills (Figure 1.5). Followingurcotte and Schubef2002], this subsection cal-
culates the time required for a dike or sill to solidify based on heat conduction equations, and
discuss under which conditions théhat and Baaklery’s model is plausible.
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Figure 4.3: (a) Duration of preeruption seismic swarm for the eruptive and intrusive events
between 1980 and 1998. The duration is defined by the time starting from the abrupt seismicity
rate change till the eruption onset (for eruptions) or the end of the swarm (for intrusive events).
The swarms of the March 1986, June 1987 and March 1998 eruptions lasted more than 30
hours. (b) Histogram for the duration of preeruption seismic swarm for the events shown in (a).
Two events had less than 20 minutes of duration. 49% of the events had a seismic swarm of less
than 60 minutes. Data from Baelery [1999].

Here, a one-dimensional dike or sill (i.e., infinite length and finite thickness) is considered.
Note that the finite length of dikes or sills shortens the solidification time, meaning that the
calculations hereby presented give overestimation of the solidification time. For simplicity, it is
assumed that the physical properties of the country rock and solidifying magma are the same.
At time ¢t = 0, a dike or sill of temperaturg),, starts to solidify at the contact of country rock
of temperaturdy. The time required for a dike or sill of thickneg$o completely solidify is

b2
ty= —s 4.1
R TISYL (4.1)
wherex is the thermal diffusivity.\ is solved from the following equation:
L -
VT € (4.2)

(T —To)  M1+erf))’

whereL is the latent heat (energy liberated upon the solidification of 1 kg of magns}he
specific heat (energy required to raise the temperature of a unit mass of material by one degree).
erf is called theerror functionand defined by

erf(n) = \/27_? /On e "2d . (4.3)

Equation 4.2 is solved numerically using Newton'’s recursive methodPeess et al.1992].

Mohamed-Abchir et al[1998] found that hydrothermal minerals of a huge hydrovolcanic
event at Piton de la Fournaise had been formed at 180€4®]ornsson[1985] estimated
the temperature at 4-5km depth in Icelandic rift zones to be 500&6F¥om these studies,
country rock temperaturés, of 200—600C are assumed. Figure 4.4 shows the results for
typical values of. = 320kJ kg™!, T}, = 1200°C andc = 1.2kJ kg 1 K1,
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Figure 4.4: (a) Time required for a dike or sill to solidify, as a function of dike thickness. Results
for country rock temperatures of 200, 300, 400, 500 and’60dre presented. See text for other
parameter values. (b) Same as (a), for larger dike thickness.

Most of the exposed intrusions at Piton de la Fourna&a$so and Baatlery, 1995] and at
Piton des NeigedMaillot, 1999] have less than 1 m of thickness. As such dikes or sills should
solidify within a few days (Figure 4.4a), it is unlikely that dikes and sills serve as magma
storage units. Instead, thicker magma intrusions, laccoliths for instance, may remain molten
for a long time (about one year for a thickness of 10 m, Figure 4.4b). Such thick intrusions
could be created around the level of neutral buoyancy less than 1000 m beneath the summit
(Section 4.1.2). There is no clear evidence or theoretical expectation, however, for the presence
of reservoirs between sea level (2600 m beneath the summit) and about 1000 m beneath the
summit.

4.1.4 Model of magma storage system

The considerations in this section are summarized in Figure 4.5. From seismicity data, the
source that fed the March 1998 eruption should be located at 5km below sea level or deeper.
For the subsequent eruptions, the source can be located at shallower depths, but deeper than sea
level (July and September 1999, and February 2000 eruptions) or deeper than 1.3 km below sea
level (June 2000 eruption) (Section 4.1.1). At a shallow level less than about 1000 m beneath
the summit, small reservoirs having a volume of a few Mmmay be located (Section 4.1.2).

There is no clear evidence or theoretical expectation for the presence of storage units 0-1600 m
above sea level (Section 4.1.3).
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Figure 4.5: Magma storage system inferred from the estimation of the minimum possible depths
of the magma sources, level of neutral buoyancy at a shallow level, and thermal conduction

equations.
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(@) (b)

Figure 4.6: Two possible scenarios for explaining the lack of interferometric signals corre-
sponding to the magma propagation between the source and dike. (a) The conduit is too narrow
to cause detectable deformations, (b) the conduit closed once the eruption ceased.

4.2 Magma Tranfer and Emplacement

4.2.1 Conduit geometry at depth

Transfer of magma in fractures, or dikes, is the most efficient means of moving magma in
the lithosphereRubin 1995]. IndeedDelaney and Pollard1981] showed that less work is

done around an elliptical conduit than a cylindrical conduit for the same volume of magma
emplaced. In other words, an elliptical conduit can accomodate the same amount of magma as
a cylindrical one at a lower pressure. In contrast, cylindrical conduits have advantages against
elliptical conduits (dikes) for magma flow. To transport the same flux of magma, the cross-
sectional area of a cylindrical conduit is 22.3 times smaller than that of an elliptical conduit
having a semimajor axis to semiminor axis aspect ratio of 10@0dgney and Pollard1981].
Cylindrical conduits are, in addition, thermally more efficient and mechanically more stable
once developped.

The separation of more than 1km between the bottom of the dikes estimated in Chapter
3 and the magma sources (Section 4.1.1), as well as the vertically elongated seismicity pat-
terns beneath the estimated dikes (Chapter 3), clearly indicate the presence of magma conduits
between the sources and dikes. Evidence of such conduits are, however, not visible in the in-
terferograms. As discussed in Section 2.3.5, this means either that magma migrated through
a conduit too narrow to cause detectable displacemémzfung and Day2002;Cayol and
Cornet 1998a;Sigmundsson et al1999], or that the conduit between the magma source and
the dike closed once the eruption ceased (Figure 4.6). The latter would be the case if magma
was buoyant [e.gDahm 2000] or it withdrew into the reservoir.

The geometry of the conduits can either be a fracture (dike) that opens for each eruption, or
a cylindrical pipe filled with molten magma commonly used for several eruptions. For the latter,
the radius of the pipe should be large enougB (n) to avoid solidification in the inter-eruption
periods (typically several months, Figure 4.4b).

Tilt changes were detected almost simultaneously as the preeruption seismic swarms (except
for the March 1998 event where tilt changes appeared when the migrating hypocenters of the
swarm reached sea level). This indicates that the magma transfer through the conduit above sea
level was detected by tilt data. In the following, it is shown that a cylindrical conduit cannot
create the observed and detectable tilt changes, but that a dike-type conduit can.

Cylindrical conduit

The radial tilt change due to a vertical cylindrical source in an elastic half-space (Figure
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Figure 4.7: Geometries of the considered conduits. (a) Cylindrical conduit with radius 3 m,
located between the depths of 21000 m and 2000 m. (b) Dike-type conduit of width 500 m, located
between the depths of 2000 m and 2000 m.

1000 m

4.7a) at the radial distaneeon the ground: = 0 is given by Walsh and Deckerl971]
y=fri? + )R = 0% )Y, (4.4)

wherec; andc, are the depths to the top & ¢, = 0) and bottom £ = ¢,,» = 0) of the
cylindrical source. The intensity factgrcan be approximated agdight et al, 1999]

f= 2R2£(1 — %), (4.5)
E
whereR is the radius of the conduit anl P is the magma overpressure in the conditis
Young’'s modulus and is Poisson’s ratio. We determine the maximum possible overpressure
not causing failure. Tensile failure of a vertical cylinder does not occur as lontpagdr and
Cook 1979]
P < 2p,gh+Tp, (4.6)

where stresses in the rock mass are assumed lithostatis.the magma pressurg, is the

host rock densityy (~ 10m?/s) is the gravity,: is the depth, and} (several mega-pascals for
typical rocks) is the tensile strength. From Equation 4.6, the maximum possible overpressure
not causing failure at a depth of 1000 m would®® = P — p,.gh = (2p.gh + Ty) — prgh ~

25 M Pa. Taking other parameter values in Equations 4.4 and 44 as —1000m, ¢; =
—2000m, R = 3m, andFE = 5GPa, v = 0.25 as assumed throughout in this thesis, we obtain

a maximum tilt change o 0.026 microradians. This is way smaller than the observed (and
detectable) values.

Dike-type conduit

We assume that the hypocenters of the preeruption microearthquakes reflect the spatial ex-
tension of the dike-type conduit, and consider a rectangular dike whose top and bottom sides
are located at 1000 and 2000 m beneath the ground and whose horizontal width is 500 m (Figure
4.7b). We further assume an overpressure of 5 MPa, which is of the same order as that for the
emplaced dikes estimated in Chapter 3. To directly compare the result with that of the cylin-
drical conduit, a half-space is assumed. A mixed BEM computation predicts that such a dike
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conduit would create a maximum tilt change amplitude of 19 microradians, which is, indeed, of
the order of detected tilt changes.

As we have seen, magma is likely to be transported to the ground by dike propagation. This
dike-type conduit tends to close when the overpressure at the reservoir decreases, because the
magma between the reservoir and the level of neutral buoyancy (Section 4.1.2). This expec-
tation is consistent with observed tilt signals (Figure 4.8). Typically at Piton de la Fournaise,
anomalies in tilt signals start a few minutes after the onset of the preeruption seismic swarm,
then, around the time of the eruption onset, the sense of the signals reverses. This reversal can
be explained by the closure of the dike-type conduit.

When the overpressure at the reservoir becomes low enough that the whole width of the
dike-type conduit can no longer be kept open, it is expected that the geometry of the conduit
gradually changes to a cylinder, because, as mentioned, cylindrical conduits are more efficient
for magma flows. This corresponds to localization of an eruption to a circular vent that typically
occur a few hours to a few days after the eruption onset. From the above consideration, it is
concluded that both the two scenarios given in Figure 4.6 were responsible for the lack of
interferometric signals associated with magma conduits.

It is worth noting in addition that the preeruption microearthquakes for the March 1998
event showed an upward migration initiating at 5 km below sea |®attfglia et al, 2005],
whereas those for the subsequent eruptions were restricted above sea level (except for a few
for the June 2000 event at 6 km below sea level) (Figure 4.2). Since the tiltmeters did not
detect any signal corresponding to the seismicity below sea level for the March 1998 event, this
seismicity at depth may correspond to reopening or enlargement of a pre-existing cylindrical
conduit, possibly partially molten, as proposedBattaglia et al.[2005]. Once such a conduit
is well developed, next magmas could ascend aseismically.

4.2.2 Size of the magma conduit

Some time after an eruption localizes to a circular vent, the lava output rate settles down and
can be sustained for days to months (190 days for the Piton Kapor eruption of the March 1998
event Btaudacher et al1998]), which allows us to consider the magma flow to be steady. Here
a cylindrical pipe flow is considered, as a model of the magma flow from the source reservoir to
the ground surface, in order to estimate the size of the conduit from observed output flow rates.
The pipe has a radius and a height{, as illustrated in Figure 4.9. Assuming that magma is
well degassed, which is the case some time after the localization of an eruption, it can be treated
as an incompressible viscous fluid of viscosity Let us consider a cylinder with no elastic
interaction with the surrounding medium (i.e., no buoyancy). For a steady-state laminar flow
driven by the pressure gradiefyi/dz — p,,g along the pipeA is reckoned positive downward
from the ground ang,, is the magma density), the magma flow r@tean be written as [e.g.
Jaupart 2000;Turcotte and Schuber2002]

@R (dp
Q= —W (dz - Pm9> . 4.7)

We assume that the magma pressure at the top of the reservoir is equal to the lithostatic
pressure,.gH plus an overpressur&pP,:

P, = p.gH + AP, (4.8)
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Figure 4.8: (a) Tilt signals observed at Dolomieu Sud station on the day of the July 1999 erup-
tion onset. Radial and tangential components are with respect to the summit. Both components
detected tilt changes a few minutes after the onset of the preeruption seismic swarm. Note that
the signal reverses just before the tremor onset, which roughly corresponds to the eruption on-
set. [from Villeneuve [2000]] (b) Location of the tilt station is indicated by an open star. The
preferred model of the dikes formed associated with the eruption (presented on Figure 3.26) is

also shown.
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Figure 4.9: Model for a magma flow through a cylindrical conduit. The conduit cross-section
has a radius of? and height ofH. Magma flow is driven by the pressure gradient between the
reservoir and the ground.

Then Equation 4.7 become3aupart 2000]

TR* /P.
Q = —— (H—pmg>

L (A;c + (pr — pm)g) : (4.9)

This equation indicates that the conduit radRigstimated by fixing the other parameters can
be considered robust because it is in the fourth power.

The average temperature of the emitted lavas at Piton de la Fournaise is abo€1160
Magma at Piton de la Fournaise is in a transitional domain between alcalic and tholeiic, but
closer to alcalic Ppton and Wadsworth1966]. Viscosities of an alcali basalt and a tholeiite
of 1160°C is roughly 100 Pas and 1000 Pas, respectively Migase and McBirneyl1973].

From these values, the magma viscosity is assumed to be 300 Pas. For the height of the con-
duit H, 7500 m is taken. This corresponds roughly to the lowest depth of the hypocenters of
the preeruption seismic swarms for the March 1998 eruption. For the subsequent eruptions, it
may be more appropriate to assume a smaller height (see Section 4.1.1), however, this height
little affects the results. The host rock density is assumed to be 2608 kiipenaverage for

the considered depths (taking values from an in-situ density profile of Kilauea; ground surface:
2200 kg/mi, reservoir: 3000 kg/m[Ryan 1987]). Magma should be less dense than surround-

ing rock at the magma reservoir level as otherwise magma would not intrude upward. Here we
assume 2400 and 2600 kg¥ior the average magma density. Note that, in reality, magma can
become heavier than rock by degassing at superficial levels where the rock matrix is made of a
superposition of uncompressed blocks and lava flows.

For the overpressure at the reservoir, we consider the values between two extremes: nearly
zero (0.1 MPa) to the value causing shear rupture of a deep spherical re$&rkj, ... (this
gives a reasonable estimate at the onset of magma propagation). The tensile,stresise
wall of a spherical cavity in an infinite medium having an internal presgyrand an external
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Figure 4.10: Relation between the magma overpressure in the reservoir and the radius of the
cylindrical conduit. Magma flow raté) of 0.1, 1, 10r#¥s are assumed for the two cases of
pr = pm = 2600 (solid lines) andp,, = 2600, p,, = 2400 (broken lines).

pressure,; is (tensile positive) Timoshenko and Goodigt970]
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Rupture occurs when, exceeds the tensile strendth. For lithostatic pressurg,,;, = p.gh
andp;, = p,gh + AP., we can calculatéAP,),,.. as

(APC)max = 2(pTgH+T0)
~ 400 MPa, (4.11)

whereT; of a few mega-pascals is neglected.

For the March 1998 eruptiowjlleneuvg2000] estimated the lava output rate from the Piton
Kapor vent (northern eruption site) to be 15-3srthree days after the eruption onset. From
one week after the eruption onset until the end (which is 196 days after the eruption onset), the
lava output rate sustained at a lower level (N. Villeneuve, personal communication, 2005). The
mean lava output rate for the five eruptions between March 1998 and June 2000 is calculated
by dividing the lava flow volume by the eruption period (see Table 2 in Chapter 2.3.4 for the
values); it ranges from 0.7 to 4.3%a. At the last stage of an eruption, the magma flow rate can
be a fraction of the average rate. From the above considerations, a range of magma flow rates
of 0.1 to 10 ni/s is assumed.

The radiusR of the pipe is estimated by substituting the assumed values to Equation 4.9
(Figure 4.10). At an early stage, the magma flow rate is of the order off/fDand magma
is less dense than host rock due to exsolved gas contents, so we assume400 kg/m?
andp, = 2600 kg/m®. Then, the radius of the conduit should be 0.7—1.4 m for the considered
range of the overpressure in the reservoir. At a later stage, we have a small flow rate of the
order of 0.1 n/s and the magma average density can be comparable to that of the host rock.
When the magma and rock densities are the same, the radius of the conduit is governed by the
overpressure in the reservavP. and is 0.2-1.5m.

As we have seen, the radius should be of the order of one meter. This is consistent with the
result ofPedersen and Sigmundsg@004b] who estimated the radius of a magma conduit to be
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less than one meter at Eyjafjalidqull volcano in Iceland. In reality, the surrounding rock may
“push” the magma in the conduit, a process that generates buoyancy. When the horizontal stress
is equal to the lithostatic pressupggz (hence neglecting the variation of horizontal tectonic
stress) ang, > p.,, the buoyancy works in such a way that the amplitude of the pressure
gradient in Equation 4.7 is increased. Therefore, the radius may even be smaller than our
estimated values.

The estimates would significantly differ if the flow was turbulent. The transition from lami-
nar to turbulent flow occurs at the Reynolds numBer~ 2200 [Turcotte and Schuber2002].
The Reynolds number is given by [eTurcotte and Schuber2002]

Re = 2emlull (4.12)
n
whereu is the mean velocity
_ Q
% 4.13
i=—— (4.13)

The Reynolds number for the considered flow is found to be less than 53, which is significantly
smaller than 2200. Thus, the assumption of laminar flow was appropriate.

4.2.3 Lateral propagation of dikes

As discussed in Section 4.1.2, comparisons of the widths of the vertically-elongated seismicity
patterns and the wider widths of the laterally-elongated dikes estimated in Chapter 3 indicate
lateral propagation of dikes at the shallowest 1000 m or so beneath the ground.

The first magma leaving the reservoir is gas-rich because exsolved gas has accumulated at
the top of the reservoinfergniolle and Jaupart1990], making the magma much less dense
than the surrounding rock. The dike propagation is probably guided by gas pockets at the tip of
the dike Menand and Tajt2001], which is supported by the witness of a strong whistling noise
at the onset of the September 1999 eruptiitigneuve 2000]. This buoyant dike propagates
subvertically.

Lateral dike propagation is expected to start just after this first stage. As the eruption pro-
ceeds, the magma flow rate decreases in response to a decrease of the overpressure in the reser-
voir and to more degassed (i.e., more dense) magma, as in the case of a flow in a cylindrical
conduit (Equation 4.9). The edifice weight creates a compressive stress field such that it pre-
vents magma from ascending toward the sumiib¢l and Jaupart2000]. The tendency is
that the smaller the magma flow rate, the more the magma is encouraged to propagate laterally
[Pinel and Jaupart2004]. At the same time, degassed and hence densified magma also leads
to creation of a level of neutral buoyancy (Figure 4.11). These two, the stress field due to the
edifice weight and the degassed magma, create a level of neutral buoyancy that promotes lateral
dike propagation.

Progressive opening of eruptive fissures, which typically completes in a few minfkes [
leneuve 2000], corresponds to a transition from vertical to lateral dike propagation. For a typi-
cal eruption around the central cone, the center of activity shifts downslope and finally localizes
at the lowest altitude. This is consistent with the above explanation as later-arriving magma is
more encouraged to flow laterally.

More striking lateral magma propagation occurred with the eruption out of Enclos-Eouqu
caldera associated with the March—September 1998 event and that close to the southern border
of the caldera associated with the September 1999 event. As the interferogram of the September
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Figure 4.11: Schematic sketch showing the role of magma density change in the overpressure
profile. See Figure 1.6 for the effect of buoyancy on the overpressure profile. (a) Just after the

eruption onset. Magma is buoyant for the whole depth range. (b) A few minutes to a few hours

after the eruption onset. Densification of magma can lead to create a level of neutral buoyancy,

which is located at some depth around the depth of the maximum overpressure.

1999 eruption (Figure 3.3) indicates, these downrift magma propagations may occur concordant
with the layers of lava flows parallel to the topography (i.e., in sills and laccoliths), in which
case, the magma is not required to be at a level of neutral buoyancy. It should be noted, however,
that magma could also propagate in dikes at its level of neutral buoyancy. Whichever the case is,
magma is encouraged to erupt at the point where the topographic slope levels off, because the
cross-sectional area of the magma flow is increased at that point in the presence of the pressure
gradient change (Figure 4.1Rialko and Rubif1999]). This is possibly the reason why these
secondary eruptions occurred close to the caldera border.

Such superficial lateral propagation of magma seems to be common, yet not frequent, at
Piton de la FournaiseBfaclelery, 1999]. Eruptions along the northern and southern rift zones
outside the caldera occurred in 1977, 1986 and 1998 in the past 30 years (Figure 1.4). For the
1986 event, the eruption outside the southern border of the caldera occurred while the summit
zone experienced persistent microearthquakes, and no gas was observed from the southernmost
eruptive vent close to the seacoabe[orme et al. 1989]. For the March—September 1998
event, the lava emitted from the fissures outside the northern caldera border was also com-
pletely degassedfactelery, 1999;Villeneuve 2000]. These are consistent with the idea that,
for eruptions along the rift zones far from the central cone, magma first rises to the summit zone
(and erupt in some cases) and then laterally propagates along the rift Baodslgry, 1999].

Magma heavier than surrounding rock can propagate downslope with the overpressure created
by its own weight.

4.2.4 Pit-crater collapses

Section 4.1.2 discussed that magma reservoirs shallower than 1000 m beneath the summit are
mechanically favoured. It is interesting to consider what might happen if a new magma reaches

one of such reservoirs. When the new magma is enough overpressurized and enough buoyant,
it passes through the reservoir and erupts. At a later stage when the magma is encouraged
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Figure 4.12: Magma propagating parallel to the topographic slope is expected to erupt at the
point where the slope levels off, because the cross-sectional area of the magma flow is increased
in the presence of the pressure gradient change. [from Fialko and Rubin [1999]]

to propagate laterally, magma pressure may induce a rupture on the reservoir side wall and
create a lateral magma flow driven by magma supply from depth and also by its own weight.
Then, if magma supply from depth stops, the reservoir is likely to be drained. As pointed out
by Bactelery[1999], such drainage associated with a superficial magma flow causes pit-crater
formations, and in some cases, leads to phreatic and phreatomagmatic eruptions due to ascent
of high temperature water in the hydrothermal system.

4.2.5 Model of magma transfer and emplacement

The above discussions are summarized to propose a model of magma transfer and emplacement
associated with typical eruptions in the central cone of Piton de la Fournaise. First, overpressur-
ized magma in the reservoir intrudes upward in a dike (Figure 4.13a). The overpressure keeps
the dike open. The upward dike propagation is driven by the buoyancy of the gas pocket and
gas-rich magma at the dike tip. The dike has a vertically-elongated shape because the upward
propagation is dominantly driven by buoyancy. Just after the eruption onset, the dike shallower
than~1000 m quickly grows laterally because of denser magma, mainly in the direction of the
slope (Figure 4.13b). As a result, eruptive fissures progressively open downslope. As the over-
pressure in the reservoir is relaxed, the magma flow rate decreases and the dike-type conduit
starts to close from its lower end, except at its center where a cylindrical conduit is being devel-
oped. Several hours to a few days after the eruption onset, the eruption localizes to a circular
vent (Figure 4.13c). A cylindrical conduit having a radius~df m is developped and the erup-

tion continues for days to weeks. Magma in the dike solidifies; the laterally-elongated upper
part creates observable static displacements, whereas the conduit part is practically closed and
becomes undetectable by INSAR (Figure 4.14).

4.2.6 Relations with seismicity

It appears, for the five eruptions analyzed in this study, that the dikes were emplaced (solidified)
above the upper limit of the active region of the preeruption microearthquakes. Does this ap-
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Figure 4.13: Mechanism of magma transfer and emplacement associated with typical eruptions
in the central cone at Piton de la Fournaise. (a) Overpressurized magma in the reservoir in-
trudes upward in a dike. The upward dike propagation is driven by the buoyancy of the gas
pocket at the tip and gas-rich magma. (b) After the eruption onset, the dike shallower than
~1000 m quickly grows laterally, mainly in the direction of the slope. The lateral propagation
results from the magma at its neutral buoyancy. As the overpressure in the reservoir is relaxed,
the magma flow rate decreases and the dike-type conduit starts to close. (c) Eruption localizes;
a cylindrical conduit having a radius ef1 m is developped and the eruption continues for days

to weeks. Magma solidifies with leaving practically a laterally-elongated dike shallower than
about 1000 m.

Buoyancy</0¢/

by INSAR
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~1000m or less)
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Buoyancy > 0 ]

Figure 4.14: Cross-sectional sketch showing a thickness profile of a solidified dike. The dike-
type conduit is practically closed and is not detectable by INSAR.
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parent anticorrelation of seismicity and dike emplacement stem from a single physical process,
or is it just a coincidence?

The upper limit of the hydrothermal system of Piton de la Fournaise is located a few hun-
dred meters below the groundgnat et al, 2000], which roughly corresponds to the bottom of
the emplaced dikes except for that associated with the March 1998 eruption. As indicated by
Coulomb’s failure criteria [e.glaeger and CoagKL979], the higher the pore pressure, the easier
shear failures (earthquake) occur. This may explain the more active seismicity at the hydrother-
mal levels. The next question is if magma is discouraged to stagnate around the hydrothermal
area. The larger the difference in the densities of magma and the surrounding rock, the more
magma is discouraged to stagnate at the corresponding level. As a hydrothermal system is in-
dependent of density difference, the hydrothermal system does not probably play an active role
in the emplacement of dikes.

Another explanation for the lack of microearthquakes at depths shallower than 1000 m is
that the differential stress is simply not enough for a fault to slip. IndBedbin and Gillard
[1998] showed that volcano-tectonic earthquakes are likely to be induced by dike intrusions on
preexisting faults when the differential stresses are large enough. Again, since a large differen-
tial stress would not discourage a dike to be emplaced, such a stress field does not explain the
dike emplacements.

The above considerations indicate that the relationship between the lack of microearthquakes
and dike emplacements is complex, if any, and more detailed studies are needed to understand
the apparent anticorrelation. As both seismic and deformation signals reflect stress state of the
edifice, such studies may provide new insights on the mechanical system of the volcano.
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4.3 Evolution of the Volcano

4.3.1 Contribution of dike intrusions to volcano growth

Basaltic shield volcanoes principally grow by dike intrusions and lava flow emplacements.
Here, the contribution of dike intrusions to the volcano growth is discussed.

Assuming the preferred dike models estimated in Chapter 3 (Figure 3.40) allows calcula-
tions of the three-dimensional displacement field and slope changes during the March 1998
— June 2000 period (Figure 4.15). The maximum displacements in the eastern, northern and
upward components are estimated to be 50cm, 36 cm and 83 cm during the period (Figure
4.15a-c), corresponding to 22, 16 and 36 cm/year. The eastern and upward displacement rates
are significantly larger than those estimated from trilateration and GPS data between 1981 and
1995 of 13 and 7 cm/yeaB¥iole et al, 1998]. Since shallow dipping dikes enhance vertical
to horizontal displacement rati®llard et al, 1983], the relatively large upward to eastward
displacement ratio in 1998—2000 may indicate more shallow-dipping dike intrusions than in the
longer period of 1981-1995.

Slope changes, defined by the change in the maximum gradient of the topography, indicate
that the northern to southeastern flank steepend aboutl0—2 degrees (350 microradians)
by the dike intrusions (Figure 4.15d). Since relatively few number of eruptions occur along the
northeastern axidacrelery, 1981;Michel and Zlotnicki1998], such steepening may continue.
Instability caused by such small slope changes, however, may be negligeable compared to that
caused by internal stress buildup due to dikes.

The total volume of all the preferred dike models is 4.9 Mfhis is about 8% of the total
lava flow volume of about 60—70 MhfTable 2 in Section 2.3.4). It should be noted, therefore,
that the effect of lava flow emplacements is required for a more detailed long-term forecast of
the growth of the edifice as was doneAgnen et al[2001].

4.3.2 Predicting Eruption Locations

It is a challenge to quantitatively predict the position and direction of dike intrusions and result-
ing eruptive fissures because they can be governed by complex factors such as heterogeneous
and anisotropic stress field and mechanical properties of rock. In general, nevertheless, dike
emplacements show some regularities on volcanic systems, which manifests the influence of
global stress field and mechanical properties of the edifice. Such regularities include radial
(and sometimes also circumferential) dikings with respect to the summit (e.g., Galapagos vol-
canoesChadwick and Dietericil995]), and persistent dikings along well developped volcanic
rift zones (Hawaiian and Icelandic volcanoes, éWalker[1999]). At Piton de la Fournaise,
the eruptive fissures are preferentially formed in four directions with respect to the summit
[Michel and Zlotnicki 1998]: N-35°N (northern rift zone, corresponding to the March 1998
northern eruption and February 2000 eruptionyNa.20°N (southeast; the July 1999 and June
2000 eruptions), 15M-185’N (southern rift zone, the September 1999 eruption), and55
(southwest; the March 1998 southern eruption). (Note Baadelery [1981] andBactelery
et al.[1983] found a 80N axis instead of 99N-120°N axis from the directions of old eruptive
fissures, and an alignment of scoria cones atll0b

As mentioned before (Section 3.1.1), the locations of the eruptions analyzed in this study
seem to follow a spatial periodicity. This section attempts to quantitatively explain this period-
icity by examining the normal stress changes induced by an intrusion on potential dike surfaces.
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Figure 4.15: Modelled displacements, (a): east, (b): north, (c): upward components, and (d)
slope changes (change in the maximum gradient of the topography) due to the preferred dike
models for the five eruptions (Figure 3.40). Solid curves are the borders of Bory and Dolomieu
craters and Enclos-Fouducaldera. Dotted curves are the elevation contours of 100 m interval.
Unit of the colorbars for the displacements are in meters for (a)—(c), and in degrees for (d).
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Six radial potential dike surfaces are considered: to the north, northeast, southeast, south,
southwest and northwest with respect to the summit. The geometry of these surfaces are defined
after the preferred dike models for the 1998-2000 eruptions determined in Chapter 3 (Figure
3.40) i.e., the northern surface after the February 2000 dike, the southeastern surface after the
June 2000 dike, the southern surface after the September 1999 dike, and the southeastern surface
after the March 1998 southern dike. At the northeast and northwest axes where there were no
intrusions, vertical surfaces are assumed. Table 4.3 lists the geometrical parameters of the
potential dike surfaces considered. The bottom of the potential dike surfaces is set at 1000 m
above sea level, which is lower than the bottom of most of the estimated dikes. The top is set
200 m below the ground parallel to the topography for a technical reason. The normal stress
changedo, due to the preferred dike models for the 1998-2000 events are calculated on the
potential dike surfaces at other axes using the mixed BEM.

A necessary condition for a dike to intrude on a given surface within the edifice is that the
magma overpressues P overcomes the tensile strendth

AP =P, — 0, >Tp, (4.14)

whereP,, is the magma pressure anglis the normal stress. Next, we consider that the normal
stress changed from the initial statgto o/, = o,, + do,,. Then, the change in the overpressure
is

S(AP) = {P,—(0,+00,)} —{Pn—o0n)}
= —do,. (4.15)

A positive§ (A P) leads to more chance that Equation 4.14 is met; namely, a negative (positive)

change in the normal stress encourages (discourages) an intrusion on the considered surface.
It should be noted that a dike does not necessarily intrude whgres minimum, because

of the follwing reasons. (1) The condition 4.14 depends on the pre-intrusion sfredghis

is the reason why it is only possible to say that a dike intrusion is encouraged or discouraged.

(2) Dike propagation depends not only on the initial stress field of the edifice but also on the

stress field created by the dike itself; that is, the stress field is perturbed by the propagating dike.

(3) Magma may intrude through a different path and simply not reach the considered surfaces.

For these reasons, two assumptions are made in order to felat® the direction of dike

intrusions. First, all the six potential dike surfaces are assumed to have the satrtbe initial

stage, which is the case for an isotropic stress field. Next, it is assumed that magma ascends

below the summit to the elevation of the considered potential surfaces, so that the surfaces have

an equal chance to be intruded (for the samg from the tip closer to the summit. Under these

assumptions, the potential surface having the minimdagat the tip closer to the summit has

the maximum probability to be intruded, at the time of next magma ascension.

Results

First, normal stress changes due to each of the March 1998—-June 2000 dike intrusions are
shown, in order to understand the effects of each intrusion. The March 1998 intrusions (Figure
4.16a) encourage intrusions on the upper area of the southern and southeastern surface, with a
preference (larger change of normal stress) on the southern one. The reason why the follow-
ing intrusion (July 1999 on the southeastern flank) was not on the southern flank may be due
to an unfavorable magma pathway for a southern eruption. The July 1999 intrusion (Figure
4.16b) decreases normal stresses on relatively small areas of the southeastern and northeastern
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Table 4.3: Geometrical parameters of the potential dike surfaces

Strike °N) Dip (°) Shear{) Botelv(m) Botlen Twist{) D_top (m) Eruptions

North 10 65 10 1000 1.3 0 200 Mar. 98, Feb. 00
Northeast 70 90 0 1000 1 0 200
Southeast 130 70 0 1000 1 10 200 Jul. 99, Jun. 00
South 190 90 0 1000 1 0 200 Sep. 99
Southwest 230 70 0 1000 1 0 200 Mar. 98
Northwest 290 90 5 1000 0.8 0 200

surfaces, and not significantly on other surfaces. The September 1999 intrusion (Figure 4.16c)
encourages a northern intrusion by giving the maximum decrease at the tip of the northern
surface. The February 2000 intrusion (Figure 4.16d) encourages the southern and southeastern
intrusions. The June 2000 intrusion (Figure 4.16e) encourages northern and southern intrusions.

Next, cumulative normal stress changes up to the February 2000 intrusion are shown; that
is, for example, the normal stress changes by the March 1998 and July 1999 intrusions are
summed to estimate the favoured intrusion location. This is more appropriate for discussing
the likelihood of the subsequent intrusions because, in reality, the stresses are accumulated.
The normal stress changes due to the March 1998 and July 1999 intrusions (Figure 4.17a)
favors a southern intrusion, which is consistent with the occurrence of the September 1999
eruption. The cumulative stress change for the March 1998, July and September 1999 intrusions
gives the maximum decrease at the southern tip of the northern surface (Figure 4.17b), which
is again consistent with the following eruption in February 2000, although northwestern and
northeastern intrusions are also encouraged. Then, the February 2000 dike adds a negative
normal stress change on the southeastern surface (Figure 4.17c), where the following eruption
occurred.

From the calculations, we can conclude that the location of a dike emplacement is influenced
by the stress changes due to previous dikes. That few numbers of eruptions occur at the north-
western and northeastern axes is probably related to the more frequent eruption occurrences
along the northern rift zone, because intrusions on the northern flank do not encourage north-
western and northeastern intrusions as they do to other axes (Figures 4.16a and 4.16d). The
eruptive fissure directions in 50 years before the current eruptive dylitdé¢l and Zlotnicki
1998] indicate that the periodicity of the studied period, with eruptions occurring successively
from the north to the south, is not a general tendency. This may be explained by the fact that
small differences in the intrusion geometries and overpressure distributions might guide the
following eruptions to be at completely different sites.

In a longer term, the stress change analysis procedure made in this section probably cannot
fully explain the eruption location pattern, because it neglects other volcano-scale long-term
stress evolution such as relaxation of stresses by slip on an ancient volcanic complex. One may
be able to estimate a long-term process that alters the stress field by trying to introduce such
stressing process in a way that it well explains the eruption location pattern.
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Figure 4.16: Perspective plots from two view angles showing the changes in normal stress on
potential dike surfaces caused by the preferred dike models determined in Chapter 3. The source
dike is shown in black mesh. The colorscale corresponds to the stress change in megapascals,
with positive values clipped to dark red. Negative and positive normal stress changes indicate
that dike intrusions are encouraged and discouraged, respectively. Stresses at the intersection
of the source and potential dikes are not given because they are singular. (a) March 1998 dikes.
(b) July 1999 dike. (c) September 1999 dike. (d) February 2000 dike. (e) June 2000 dike.
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Figure 4.17: Perspective plot from two view angles for the cumulative normal stress changes
on potential dike surfaces, corresponding to successive dike intrusions. The normal stresses
on the potential surfaces at which a dike is already emplaced are not calculated because of
the singularity. The colorscale corresponds to the stress change in megapascals, with positive
values clipped to dark red. For visibility, only newly-added source dike mesh is drawn. (a)
March 1998 and July 1999 dikes. (b) March 1998, July and September 1999 dikes. (c) March
1998, July and September 1999, and February 2000 dikes.
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4.3.3 Triggering of Landslides by Dike Intrusions

As stated in Section 1.1.1, Piton de la Fournaise has experienced recurrent seaward landslides.
While the driving force of the landslides is gravity, dike intrusions of the type analyzed in this
study can trigger thenmHlsworth and Day1999;Iverson 1995]. To investigate the possibility
of this triggering mechanism, Coulomb failure stress changes due to the preferred dike models
(Figure 3.40) are calculated using the mixed BEM on potential fault planes at several depths
and dip angles.

Using Coulomb’s failure assumptions [eJgeger and CogkL979], we can define Coulomb
failure stress chang@o, as [e.gHarris, 1998;King et al, 1994;Steacy et a).2005]:

Aoy = A1+ p(Ao, + APR,), (4.16)

whereAr is the shear stress change on a fault (positive in the direction of fault&lig)is the
normal stress change (positive in extensialf., is the pore pressure change in the fault zone
(positive in compression), andis the friction coefficient (O< u < 1).

To use Equation 4.16 to study the triggering of fault slips, we have to make a few assump-
tions because of our lack of knowledge about the role of pore fluids. The assumptions are
[Harris, 1998]: (1) The medium is homogeneous and isotropic, (2) The medium is undrained
but fluids do not flow freely (this is equivalent to considering an undrained situation immedi-
ately after a static stress change), (3) Fault zone materials are ductile sg,thaiv,, = o...

Under these assumptions, the pore pressure has a negative correlation with the normal stress
change, i.e.,
AP, = —BAao,, (4.17)

where B is the Skempton parameter [for the detail $tmaris, 1998], and Equation 4.16 be-
comes
Aoy = At + /Aoy, (4.18)

wherey’ = u(1 — B) is called the effective friction coefficient. Although Equation 4.18 is con-
venient and is commonly used in studies on earthquake triggering, we must bare in mind that we
might miss some important clues in interpretating our data due to the simplifying assumptions
mentioned aboveHarris, 1998].

Slip is encouraged whefvo ; is positive, and vice versa. Note that it is not possible from the
Coulomb failure stress change analysis to directly predict if a fault would slip or not, because
we do not know how much Coulomb failure stress had already accumulated on the fault before
the stress changes.

Effective frictional coefficient between 0 and 0.6 are reported from several applications
[Harris, 1998]; here, endmember casesu6fF 0 and 0.6 are presented. The direction of the
fault slip is assumed to be eastward (seaward) because we are interested in the triggering of
seaward fault slips. The eastward dip angles of the potential fault tested afe:021Q0°
and 20. Coulomb failure stress changes for the four dip angles are calculated at five depths:
-1000, 0, 500, 1000, 1500 m above sea level. The range of considered depths include potential
slip planes due to a possible boundary between an old dense intrusive body (remnant of the
Alizés volcano) and the younger Piton de la Fournaise between -1000 and 0 m below sea level
[Lénat et al, 2001;Rancon et a].1989], hyaloclastites at sea lev€¢ghler et al, 2005], and
hydrothermally-altered materials at elevations shallower than 1000 m above sed favat |
et al, 2000].

Results
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Figures 4.18 and 4.19 show the Coulomb failure stress changes due to the preferred dike
models for the five eruptions, fof = 0 and 0.6, respectively. These figures indicate on which
part of the edifice and at which dip angle seaward shear failures are more encouraged by the
type of intrusions that occurred between 1998 and 2000.

If 1/ is uniform in the edifice, slip is more likely to occur at depths of 1000-1500 m above
sea level beneath the northern and the eastern flank of the edifice where Coulomb failure stress
changes are the largest. Dip angles of-tD10° are slightly preferred to 20

In a long term, dikes intruding in different axes may relax the Coulomb failure stress that
accumulated during the five eruptions at some potential slip zones. However, the stress would
probably accumulate beneath the northeast and eastern flank of the edifice, because of a greater
number of intrusions at the northern and southeastern or eastern axes compared to the northeast-
ern axis. The situation may be the same for the southeastern flank of the edifice, because similar
seaward-dipping dikes as that of February 2000 eruption is indicated also on the southern flank
for the September 2003 and May 2004 eruptions (P. Tinard, personal communication, 2005).

Figure 4.20 shows interferograms calculated from the ENVISAT images for the coeruptive
displacements of the January 2004 eruption that occured on the northern flank of the central
cone [Tinard et al, 2004]. The descending interferogram (Figure 4.20b) shows about 33 fringes,
indicating displacements toward the satellite up to 92 cm. The color orders of fringes from the
both ascending and descending directions indicate that the eruption was probably accompanied
by a combination of a sill intrusion and a slip along the sill plane (mode | + mode II). Itis likely
that this event has relaxed the accumulated Coulomb failure stress at a shallow plane. This
event, however, did not trigger any large-scale landslide.

The positive Coulomb failure stress changes at deeper levels (1000 m below sea level and
sea level), although the amplitudes are smaller, suggest that shallow dike intrusions may also
trigger slip at these levels. Indeed, a soft layer with a smaller cohesion and friction coefficient
compared to other layers may slip with a relatively smaller Coulomb failure stress change.

On the other hand, eastward fault slips west of the intrusion zone are discouraged (negative
Coulomb failure stress change). This indicates that rift-zone intrusions only promote eastward
slip (and possibly landslides) east of the intrusion zones.
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1 km asl 0.5 km asl Sea Level 1 km bsl
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Figure 4.18: Coulomb failure stress changes (Equation 4.18) on potential fault planes caused
by the preferred dike models for the five eruptions of March 1998—June 2000 (Figure 3.40). The
effective friction coefficient’ = 0 is assumed. The calculations are made at depths of -1, O,
0.5, 1, 1.5km above sea level. Potential faults are assumed to have an eastward slip with four
eastward dip angles of -200°, 10° and 20 (reckoned positive when the eastern end is lower
than the western end).
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Figure 4.19: Same as Figure 4.18 except that potential faults are assumed to have an effective
friction coefficient.’ of 0.6.
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Figure 4.20: Interferograms showing the coeruptive displacements of the January 2004 erup-
tion. (a) From ascending orbit. On the summit and the northeastern flank area, 11 fringes,
which correspond to a maximum displacement of 30 cm toward the satellite, are recognized.
This area of range decrease is located between the areas of range increase, indicating that the
displacements do not result from a simple inflation. (b) From descending orbit. About 33 fringes
are recognized, indicating a maximum displacement of 92 cm toward the satellite.



Chapter 5

Conclusions and Perspectives

SAR interferometry (INSAR) reveals complexity and variety of displacement patterns and hence
of dike intrusion characteristics at Piton de la Fournaise volcano. To fully benefit from the high
resolution and high precision of the INSAR data, a new method was developed that allows
more complex and realistic modelling of the ground displacement data than simple analytical
methods that were frequently used. The method, with application to interferograms of the five
eruptions between March 1998 and June 2000, provided good constraints on the dike emplace-
ments associated with the eruptions. Taking into account the modelled results with other sets of
observation such as seismicity, tilt changes and lava output rates as well as theoretical expecta-
tions of magma movement, brought new insights on the magmatic processes that take place in
the volcano. The careful modelling of the dike emplacements permitted to further predict the
future development of the volcano.

Method of modelling interferometric data

We showed in Chapter 2 that a combination of INSAR data, a three-dimensional mixed
boundary element method and a neighbourhood algorithm inversion gives detailed and reliable
information on dike intrusions. Synthetic tests showed that a test model can be well retrieved by
the inversion method within predicted uncertainties, and that all the tested subsampling methods
are acceptable for our dike intrusion problem. For the INSAR data, the marginal probability
density functions of model parameters indicate small uncertainties and trade-offs. Incorporating
data noise correlation is found to be important; a misfit function that takes this into account leads
to a significantly different maximum probability (best fit) model.

We further showed that models which neglect the topography, including a single rectangular
dislocation model, poorly estimate the geometry at depth and overpressure (or opening). Over-
estimations in overpressure (or opening) and dike height amount to about 30%, and in volume
to about 20%. This indicates the importance of taking realistic topography into account. A dike
model coupled with a basal slip plane, as may exist under Enclos-Eaaddera, showed that
the observed asymmetric displacements cannot be attributed to a slip on a basal plane, but are
solely caused by the dip of the dike.

The residuals of the observed interferograms and model predictions indicate oversimplifica-
tions of the model. The homogeneity and isotropy assumptions on the edifice, and the uniform
overpressure assumption could be the origin of the residuals. The effect of overpressure distribu-
tion can be studied by the mixed BEM, but relaxing the homogeneity and isotropy assumptions
requires a different modelling method.

129
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Geometries of the dike intrusions

In Chapter 3, application of the method revealed that the dike intrusions, associated with the
eruptions between 1998 and 2000, were restricted above sea level (2600 m beneath the summit).
The wide fringes associated with the March 1998 eruption were found to be caused either by
a deep dike originating from sea level and reaching the northern eruptive fissures, or by a sill-
type intrusion at a depth of around 500 m above sea level. The subsequent two eruptions in July
and September 1999 were associated with shallow dikes whose bottom side lie less than a few
hundred meters beneath the ground. For these eruptions, INSAR indicated superficial intrusions
(depths shallower than 350 m (July) and 120 m (September)) connecting the main eruption site
at the summit and a secondary one located downslope. The dikes associated with the last two
eruptions analyzed in this thesis, in February and June 2000, are estimated to be rooted 1000
and 1500 meters beneath the ground. The one corresponding to the June 2000 eruption may be
curved along the dipping direction.

Magma storage system

The minimum possible depths of the source magma reservoirs that fed the eruptions were
estimated by taking into account the observation that the interferograms do not indicate any
deflation source associated with the eruptions. It was found that such estimates may provide
better constraints than those indicated by seismicity, if we have a good knowledge of the com-
pressibility of the reservoirs.

The laterally elongated geometries of dikes determined by modelling indicate that a level
of neutral buoyancy for the emplaced magma is located shallower than the bottom sides of
the dikes which mostly lie around or less than 1000 m beneath the ground. This predicts the
existence of shallow magma reservoirs around the level of neutral buoyancy beneath the summit.

Thermal conduction equations predict that magmatic intrusions having a thickness of less
than one meter, which is found to be the case for the intrusions analyzed in this thesis, com-
pletely solidify in a few days. This excludes the idea that sheet like intrusions (dikes and sills)
or cylindrical conduits having a radius of the order of one meter serve as magma storage or
conduits for the subsequent eruptions.

Magma transfer during an eruption

The separation of more than 1 km between the estimated dikes and the magma sources calls
for magma conduits between the sources and dikes. Considering that tiltmeters and extensome-
ters detected upward magma propagation when the preeruption seismic swarm appeared above
sea level, it was shown that the magma was transported in a dike and not in a cylindrical conduit.
This dike-type conduit, however, transforms into a cylindrical conduit as eruption proceeds. The
lava output rate constrained the radius of such a cylindrical conduit to be of the order of one
meter.

The fact that the dike-type conduit practically closes (leaving a narrow cylindrical con-
duit), as indicated by the lack of signal in the interferometric data, is consistent with buoyant
magma and with the location of this dike-type conduit beneath the level of neutral buoyancy.
Shallower, magma stabilized and dikes were formed (did not close), as evidenced by interfer-
ograms, around the level of neutral buoyancy. Along this level, magma can flow downslope
under the ground. This explains the localization of magma vents around the lowest fissures as
well as secondary eruptions that often occur further downslope. If a new magma arrives at one
of the shallow magma reservoirs, and if, at a late stage of an eruption, magma starts to flow
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downslope by gravity along the level of neutral buoyancy, then the reservoir may eventually be
deplenished and a pit-crater collapse may occur.

The appropriateness of the proposed model of magma transfer can be evaluated by mod-
elling the spatio-temporal evolution of dikes using continuous deformation data such as GPS
and tilt. Better knowing about the contrast of magma and host rock densities can provide con-
straints on the stress field of the edifice, as buoyancy is controlled by the density contrast and
variation of normal stress exerted on dikes. Understanding the relationships between propa-
gating dikes and accompanied volcano-tectonic microearthquakes, especially the apparent an-
ticorrelation such that microearthquakes do not frequently occur at the depths where dikes are
emplaced, may further provide important findings on the stress state of the edifice.

Volcano growth

In Chapter 4, possible development of the volcano was also investigated by considering the
effects of the five eruptions analyzed in this thesis. Displacements accumulated during the five
eruptions clearly show east—upward growth of the volcanic edifice east of the rift zones. The
slopes were estimated to have been steepened les8 thdin—2 degrees (350 microradians).
Since the intruded volume for the five eruptions is only about 8% of the total lava flow volume,
the effect of lava flow emplacements is required for a detailed long-term forecast of the growth
of the edifice.

Asymmetric fringe patterns for the eruptions on the northern flank (March 1998 and Febru-
ary 2000) were best explained by dikes dipping seaward by abdut Bnilar asymmetric
fringe patterns obtained on the southern rift zone for the September 2003 and May 2004 erup-
tions indicate a similar seaward dip angle. These indicate that the minimum principal stress
along the rift zones is in east-west direction and inclined aboutv2&ically. Such a stress
condition may be associated with a weakness area created by gravitational instability, though
further studies are needed to confirm the mechanism. This is fundamental to the formation of
the rift zones of Piton de la Fournaise and hence is an important point to predict the future
development of the volcano.

A dike intrusion changes the stress field of the edifice. If the normal stress on a potential
dike plane is relaxed, intrusion on this plane is encouraged. It was found that, in the period
of March 1998-June 2000, a dike intrusion encouraged the following intrusion(s), meaning
that normal stress change analyses provide useful means to predict future eruption locations.
A more mechanically appropriate way to predict the eruption locations would be to model the
dike propagation in the three-dimensional stress field, because a dike propagation itself change
the stress field of the edifice.

The analysis of Coulomb failure stress change indicated that the shallow dike emplacements
most encourage slip of potential subhorizontal basal planes at depths of 1000-1500 m above
sea level. At greater depths, the stress changes due to dike emplacements may be negligeable;
however, a seaward landslide may be triggered by a propagating dike at depth.
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Appendix A

Procedure for Running Inversions Using
NA_MBEM code

This appendix describes the procedure for running inversions (the search stage) on dike intru-
sions using the code developed, MMBEM, named after the Neighbourhood Algorithm (NA)
and the mixed boundary element method (MBEM). The following is a copy of the instruction
file REAME.html, providing the necessary steps users should follow. The instruction is given
for cases where dikes reach the ground surface (type (a) of Figure 2.1). Supplementary notes
are added in italics. The auxilary functions used during the preparation steps are indicated by
uppercase characters in the instruction file.

The codes are written in Matlab, i.e., platform-independent. HoweverlV&M invokes
the mixed BEM program written by Valrie Cayol, which has been compiled only under Linux
and Unix at the moment. Hence the use of NBBEM is restricted to Linux and Unix machines.
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Last modified: 21 August 2005

How to make an inversion using the Neighbourhood
Algorithm and Mixed Boundary Element Method

(version NA_MBEML1.3)

Yo Fukushima

This document explains the procedure to make an inversion with the neighbourhood
algorithm (Sambridge, 1999a), combined with the three-dimensional mixed BEM (Cayol and
Cornet, 1997). This document consists of Procedure, Release Notes, Papers and Condition of
use. Refer to Fukushima et al. (2005) for a more general explanation of the inversion
procedure.

Procedure

(1) Creating fracture files

(2) Creating a topography mesh file

(3) Creating a mask file

(4) Eiltering the unwrapped data

(5) Noise analysis

(6) Creating a data file

(7) Configurations I: na.input

(8) Configurations Il: cdi.input

(9) Reprogramming subroutine programs
(10) Compilation

(11) Ready to lauch? Check for the files
(12) Launch

(13) Checking the result

(14) Scaling the misfit or an alternative way (optional: for those who makes an
appraisal)

(1) Creating fracture files

You need two fracture files; hereafter called fractfile_a and fractfile_b. fractfile_a defines the
eruptive fissures on the ground surface, and fractfile_b defines an approximated curve of the
eruptive fissures. ATTENTION: order of fractures influences dip, shear and bottom angle
direction; when fractures are saved South -> North in the fracture files, then the dike dips
eastward when dip < 90, shears northward when shear > 0, and its bottom line is inclined
toward South when theta > 0, etc.
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Here is an example for fractfile_a.

41

178.895 37.924
178.865 37.984
178.834 38.044
178.804 38.104
21

178.836 38.158
178.809 38.221
21

178.842 38.24
178.816 38.332
31

178.853 38.451
178.837 38.53
178.82 38.609
41

178.995 38.55
178.986 38.6123
178.978 38.6747
178.969 38.737

This is the format used in MAILL_INTERFACE (this program, developed by Jean-Luc
Froger, creates topography meshes). In this example, five segments are defined. If the
fractures are longer than the mesh interval you wish to use (see (8) Configurations II:
cdi.input), then it is recommended to subdivide the fracture as is the case in the first and the
fourth fractures in the example. MKFRACT _A makes this subdivision automatically, so you
might want to use it.

Here is an example for fractfile_b. This is just a list of coordinates (X, y)

178.8707 37.8694
178.8511 38.0047
178.8358 38.1294
178.8277 38.2790
178.8248 38.4132
178.8544 38.5143
178.9719 38.6600
179.0716 38.7776
179.2015 38.9054

You should make this file so that it smoothly approximates the fracture segments registered in
fractfile_a. The easiest way to do it is to use PLOTFRACTS3 to plot the fractures, then use
GINPUT matlab function. The number of points is not important because when it is used
automatic interpolation is done.

If you want to model a dike that has a significantly longer length than the surface eruptive
fissure extension, then you can extend the points in fractfile_b and specify the option
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TOPGEOM = 'keep' in MESHDIKE (see help meshdike).
(2) Creating a topography mesh file

Use MAILL_INTERFACE. This program can create topography meshes with the positions of
the fractures (to which the top of the dikes are connected) specified. Use fractfile_a as the
input fracture file. Or, if you want to control the mesh density close to the fractures, you can
use MKDUMMYC. This function creates circluar points and writes out the coordinates of the
points in the MAILL_INTERFACE input fracture format. After you got the resulting
dummy.dat file, you combine it with your fractfile_a by executing ‘cat your_fractfile_a
dummy.dat > your_fractfile_a_and_dummy.dat’ (under Linux command line). Then use
your_fractfile_a_and_dummy.dat as your input for MAILL_INTERFACE.

In my case for the Feb 2000 eruption at Piton de la Fournaise, | created a dummy fracture file
with MKDUMMYC, with density (average point interval in the inner part) 0.3km, radius for
the inner part = 2km, radius for the outer part (the point interval progressively becomes larger
for this outer part) = 6.5km. Then in MAILL_INTERFACE, | used angle_limite (all the
triangular elements will have angles larger than this value) = 30, circle_creux (hollow circle;
an option to specify just the outside border of a circular mesh) with rayon (radius) = 7km and
number of points (points along the circle) = 20. This mesh was confirmed to precisely
calculate the displacements.

Remember to note down the numbers of box-only nodes and elements. You should also check
the coordinates of the point 1 of the DEM used (that is, the offsets in x and y coordinates in
the DEM). You will need to write down these data in cdi.input file.

(3) Creating a mask file

Mask files are used when making data files. It is for INSAR data, which includes several
unwanted parts (e.g. lava flows).

To make a mask file, simply make a raw file (type UCHAR in matlab) whose size is the same
as your interferogram, with value = 1 where you want to keep and with value = 0 where you
want to screen out. The simplest way to create a mask file is to use Photoshop. You open an
interferogram, create a layer and make it transparent so that you can see the interferogram,
then you save only the created layer in raw format. The same thing can be done with Gimp.
But because Gimp does not read raw format, you should first convert your interferogram to a
bmp or tiff image, work on Gimp, save the mask file in bmp or tiff, then convert the bmp (tiff)
file to raw format. The conversions bmp <-> raw can be done with RAW2BMP and
BMP2RAW, and tiff <-> raw with RAW2TIFF and TIFF2RAW.

(4) Filtering the unwrapped data

You can low-pass filter the unwrapped data you want to use with a matlab function
FILTUNWR. Typically I use cutoff = 80m which corresponds to about 4 pixels.

(5) Noise analysis

This step is necessary if you want to make the appraising (model uncertainty analysis) with
NAB. But you have an alternative way: see (14) Scaling the misfit or an alternative way. You
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use CALCACF to calulate the autocorrelation function of the (noise) data. Autocorrelation
function defines the statistical correlation and the amplitude of the (noise) data. CALCACF
calculates the variance and the correlation distance by assuming two types of theoretical
autocorrelation function: exponential type and Gaussian type. Empirically, exponential type
better represents the data noise characteristics. You can use the same unwrapped data as you
use in the inversion, but you should mask the area where you observe displacements
associated with dike intrusions.

If you want to calculate an average of several autocorrelation functions determined from
different data sets, you can use MERGEACEF.

(6) Creating a data file

Most of the following explanation applies to interferometric data.
First: make a file to specify the coordinates (X, y).

It should look as follows.

179.581 38.551
179.581 38.662
179.581 38.773
179.581 38.884
179.692 37.675
179.692 37.775
179.692 37.886
179.692 37.997
179.692 38.108
179.692 38.219
179.692 38.330

Use MAKEDATAPTS to create such points. This function generates points in a specified
area. There are several options: 'Uniform' will create uniformly-gridded points, 'Circular'
creates circular points, '‘Quadtree’ will create a non-uniform points based on the quadtree
algorithm (it puts more points where the amplitude of INSAR data is larger). For Quadtree
option, you will be asked for an unwrapped data and the necessary information. All the
options will ask you for a mask file. Output file will be in ascii format.

Second step: retrieve the data value for the points specified

Use MAKEDATAFILE. It will create a data file of which format looks like the following (but
saved as a binary).

x1 y1 compx1 compyl compzl datal datatypel
X2 y2 compx2 compy2 compz2 data2 datatype2
x3 y3 compx3 compy3 compz3 data3 datatype3

Here the first two columns specify the coordinate, the following three are for the projection
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vector (radarlook for the case of INSAR data), data* corresponds to data value, and datatype is
d or t where d stands for displacement and t for tilt. For GPS data, the program will ask for an
input file which looks like the above format. Then the program will merge with other data (if
you wish to make a joint inversion) and outputs a binary data file. ATTENTION: for GPS
data, specify the components as [0 0 -1] for vertical, [-1 0 O] for east, and [0 -1 O] for north
component (as a result, three lines are required for data per one three-component GPS
station).

MAKEDATAFILE also creates a covariance matrix file. The program will ask for the data
variance and correlation distance. If you want to put different weights to different data set,
you put different values. For example, when you simultaneously use INSAR data and GPS
data, data variance = 2 for INSAR and = 1 for GPS data will put weights on GPS data twice as
large as those on INSAR data. Note that the absolute values themselves are not at all important
in the behavior of the sampling program, since the algorithm takes into account only the rank
of the misfit. For the correlation distance, it is mathematically appropriate to use the value
estimated by the step (5), but many people just assumes data independency for simplicity. The
covariance matrix becomes a diagonal in the case of independent data.

(7) Configurations I: na.input

The file na.input specifies the inversion parameters and the parameter bounds. The file is self-
explanatory; refer to the file for explanation.

(8) Configurations I1: cdi.input

The file cdi.input specifies the files used in the inversion, and all the other necessary
information. You have to specify the followings.

fractfile_a

fractfile_b

mesh interval

topography mesh file

offset of the topography file (x)
offset of the topography file (y)
number of box-only nodes
number of box-only elements
datafile

data covariance matrix file

(9) Modify the subfunctions

You should reprogram the subroutine programs on your own need, when you want to do
something different, in addition to na.input and cdi.input. Normally, the main program
na_mbem.m does not have to be edited. The main na.m file invokes the following programs
(except the ones written in the end of na.m file).

objfun: returns the misfit value corresponding to a set of model parameters
user_ini: a script that runs before inversion
user_fin: a script that runs after inversion
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(10) Compilation

(optional) If you want to run the inversion on a command line, compile it with Matlab
compiler:

mcc -m -0 all na_mbem

(11) Ready to launch? Check for the files

Confirm if there are the files given below.

na_mbem : the main program you just compiled.

Mc3f : the 3D mixed BEM program (Linux executable; can be in another
directory having a path on your machine)

the fracture file (a) you created in Step (1)

the fracture file (b) you created in Step (1)

the topography file you created in Step (2)

datafile you created in Step (6)

covariance matrix file you created in Step (6)

The files in italic are specified in cdi.input. Make sure that you have the same names.

(12) Launch

Just type
na_mbem #ID

on a Linux or Matlab command line to launch. You specify the inversion ID (e.g., 'na_mbem
123"). When the inversion is finished, it will create a file named, for example, "123.nares".
This file contains all the evaluated model parameters and misfit values. You can visualize this
result using PLOTNARES function. The best-fit mesh files and the result file of modelling are
also saved with the ID number (dike_best_123.res, etc.), if you use the user_fin.m file that |
created.

In every iteration, the evaluated sets of model parameter values as well as the misfit are
diplayed.

When inversion finishes, default user_fin.m program automatically rescales PO (overpressure)
to correct the effect of mesh roughness (it was found that a coarse mesh overestimates the
displacements but less affecting the relative displacements over calculation points; this step
corrects this effect. See Fukushima et al. [2005]).

(13) Checking the result

Use PLOTNARES to plot the result of the inversion. You will have plots of (1) Iteration vs
Misfit, (2) Parameter vs Misfit, and (3) Parameter vs Parameter. To see the best-fit dike
geometry or the best-fit modelled displacements, etc., use the programs in the MATLAB
analysis library (just type 'matlib’) (this library is named MATLIB and includes all the
functions that | (+ Valérie Cayol and Jean-Luc Froger) have developed). To see what
functions are available, type 'help matlib' in the analysis library directory.
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(14) Scaling the misfit or an alternative way (optional: for those who appraise the
ensemble)

This step is necessary if you want to appraise the ensemble and if proper data variance value
was not used in the covariance matrix file. If proper correlation distance was not used, you
cannot make a proper appraisal; you should make another NA inversion with proper
correlation distance which can be defined from the residual data of the first inversion (see
below).

Scaling is done by invoking SCALENARES.
scalenares (naresfile, ND+1, scale)

where ND is the number of dimensions (misfit is saved in the (ND+1)th (last) column in
.nares file) and scale is the scaling factor; if in the inversion you used data variance = 1 and
you obtained, say, variance = 0.0001 for the residual data, then set scale to 1/0.0001.

An alternative and probably more appropriate way to make appraisal is to perform two NA
runs.

1) for the first one, use arbitrary variance (this does not effect the searching behavior at all)
and a plausible correlation distance (for example, 500 m), 2) for the second one, when
creating the new covariance matrix, use the estimated variance and correlation distance of the
residual data corresponding to the best fit model obtained from the first run. Then the result
.nares file for the second inversion can be directly used in NAB, the appraising program
without any correction.

Please inform me if you find some errors in this manual or programs. If you have questions
(even if you thoroughly read this manual and papers), do not hesitate to mail me.

Release notes

(from NA_MBEMZ1.2 to NA_MBEM1.3: 21 Aug 2005)
- Updated meshdike.m. Serious bug fixed. In the case of d_top=0, the dike top nodes were
mistakenly interpolated.

(from NA_MBEML1.1 to NA_MBEM1.2: 18 Aug 2005)
- Updated meshdike.m and meshfrac.m. Now segmentgeom = 'keep' option is implemented.
Some bugs are also fixed.

(WHAT TO DO)
Previous Forward.m template files (Forward.m_for_rectangle etc.) are to be converted to the
current objfun.m form.

(from NA9.3.4 to NA_MBEM1.1: 13 Jul 2005)

1. Overhaul of inversion code.

The inversion codes were overhauled, though the basic user interface has been kept as it was.
The main modification is that | abandonned parallelized code. In fact, the parallelization was
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useless on a platform with one CPU, and it did not really contribute on saving time even on
multi-CPU machines and clusters. So | chose to clean the codes rather than to keep the
functionality of parallelization. Hopefully, I will be able to implement parallelization in the
future on an appropriate platform.

Here explains the main functions for inversion.

- na_mbem: main routine to launch an inversion.

- nasearch: the core program of the inversion. Basically this function works for all the
inversion problems, but the version in this directory is slightly adjusted to the problem we are
concerned.

- objfun.m: equivalent to former Forward.m. It returns a misfit value corresponding to a set of
model parameters. As explained above, this function should be edited for each different
application.

2. Meshdike

Meshing a dike used to be made using meshdike**.m. This function is also overhauled;
meshdike.m is now written in a more sophisticated form (and put also in the library
MATLIB). It calls meshfrac.m to create the main (quandrangle-like) mesh and every
superficial segment mesh, then mergemesh.m to merge the meshes.

Meshdike has also improved in meshing the superficial segments; the element size and
geometry is more homogeneous compared to the previous version, and you can specify how
you want to connect to the main part.

(WHAT TO DO)

In meshdike.m, in the case topgeom = 'keep' is under construction.

Previous Forward.m template files (Forward.m_for_rectangle etc.) are to be converted to the
current objfun.m form.

(from NA9.3.3 to NA9.3.4)

- Now a semispheroid source (that resembles a laccolith) is available to model. If you want to
use this source, copy Forward.m_for_laccolith to Forward.m and appropriately tune it.

- meshdikel0 bug fixed. There used to be a problem (1) when topgeom = 'keep' and a surface
fracture was too short, (2) when botlen was too small (less than 0.2), (3) d_top = 0.

- scaleres.m (it calculates the percentage of data explained at the end) bug fixed; in certain
cases it did not properly calculate the percentage.

(from NA9.3.2 to NA9.3.3)

- a set of programs for creating subsurface quadrangle mesh is added. The main function is
makequadex3.m; this function invokes meshquadrangle.m, quadcorners.m, endpoints.m,
ptrelline.m, axisrot.m, etc. When makequadex3 is used instead of meshdike, then you do not
need fractfilea and fractfileb. However, cdi.input format has the same format for simplicity;
so just give whatever values for the variables you do not use.

- a set of programs for creating subsurface ellipsoid mesh is added. The main function is
triellipsoid.m. When this is used instead of meshdike, then you do not need fractfilea and
fractfileb. However, cdi.input format has the same format for simplicity; so just give whatever
values for the variables you do not use. NOTE: when the aspect ratio is too small, the
boundary element computation does not converge (so the misfit corresponding to models
having small aspect ratio would be 100%).

- Template Forward.m files are added. You find: Forward.m_for_dikereachingsurface,
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Forward.m_for_quadrangle, and Forward.m_for_ellipsoid. Copy the one you wish to use to
Forward.m.

- na.m bug fixed concerning MAXCALCTIME. (MAXCALCTIME is set so that iteration
continues even if forward modeling fails for some reason.)

(from NA9.3.1 to NA9.3.2)
- meshdikel0 bug fixed. Now it meshes properly in the case d_top = 0.

(from NA9.2.3 to NA9.3.1)

- meshdikel10 replaced meshdike9. This version of meshdike lets you bend the dike vertically.
Please see help of meshdikel0 for detail.

- minor revisions of na.m. MAXCALCTIME defined; if a BEM calculation does not finish
within this time, then misfit would be 100%.

(from NA9.2.2 to NA9.2.3)

- meshdike9 instead of meshdike8. The parameter 'botgeom’ is removed. Instead, parameter
'botcurv' is added. This parameter specifies the curvature of the bottom side curve. The
bottom is assumed parabolic, and botcurv is the angle between the line connecting the end
points and that connecting an endpoint and the midpoint. Further, meshdike9 makes a clean
delaunay thanks to a function CURVSPACE.

- loadcdiinput.m and other functions calling this function were modified, so as to reflect the
above modification.

- user_finm was modified in such a way that it outputs the % data explained in
Inversion_*.desc file.

(from NA9.2.1 to NA9.2.2)

- meshdike8 used instead of meshdike7. Now one parameter added to specify the geometry of
the superficial and deeper parts connection. Retain the surface fissure length or let vary with
bottom side length change.

- The above option is to be specified in cdi.input. As a result, loadcdiinput.m and other
functions calling this function were modified.

(from NA9.2 to NA9.2.1)

- Now mesh interval of dike is to be specified in cdi.input. As a result, loadcdiinput.m,
meshdike7_1.m, Forward.m, user_ini.m, and user_fin.m in the NA9.2.1 directory were
updated.

- user_ini.m was modified. Now it writes current directory information in the inversion
description file (Inversion_**** desc).

(from NA9.1 to NA9.2)

- meshdike7_1 is used instead of meshdike7. The way of taking the reference axis of the
geometry change is modified. Now the reference axis is on the top of the dike (it used to be
the filefractb projected onto the ground surface; this was problematic when the dike was not
reaching the ground.).

(from NA9 to NA9.1)

- meshdike7 is used instead of meshdike5, meshdikesurf, meshdikecv, meshdikesurfcv. Now
meshdike7 has all the functions of the four programs integrated. Also, a bug in the previous
versions of meshdike was fixed, in the calculation of dip and shear. The resulting geometry of
dike should not be different by using previous versions, but | expect a small difference in dip
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and a considerable difference in shear.

(from NA8 to NA9)

- meshdike5 used instead of meshdike4. The difference is the definition of the middle point of
the top side. Consequently, the definition of dip and shear would be different. The model
values of the older version and those of the current version cannot be compared directly. The
current version is closer to reality.

We can take several definitions because the top side is a curve and not a line.

- meshdikesurf and meshdikesurfcv now available. Theese meshing programs can completely
connect to the ground surface (it can be buried, too). The former makes a straight bottom side,
while the latter makes a curved bottom side (same curvature as the top side). To use them, just
replace meshdike5 in Forward.m to one of these.

- The scaling factor for PO is now automatically calculated and the overpressure values in the
resulting result file (.nares) are automatically rescaled. At the moment, it is only valid for a
constant overpressure. If you want to introduce two or more overpressure parameters (e.g.,
driving pressure and gradient), then user_fin.m should be modified appropriately.

- The variance and correlation distance of the residual for the best-fit model is now
automatically calculated. It is displayed when the inversion is finished. This is useful if you
want to appraise the ensemble. Further explanations are given close to the end of this note.

(from NA7 to NA8)

- The format of NA result file has changed in such a way that the file includes inversion
information (nsl, ns2, nr, number of dimensions, model space bounds) as a header. Before
version NA7, the result file had names na.res.$I1D, where $ID is the ID number of the
inversion. The new result file will have names $id.nares. This modification enabled NARES
and other programs not to run without specifying na_input_$id.m, which used to contain the
inversion information.

- Input m files, i.e., na_input.m and cdi_input.m are no longer used. Instead, you specify the
necessary information in na.input and cdi.input. These files are read directly by the NA main
program. This means that you do not have to recompile when na.input or cdi.input are
updated.

- meshdike4 used instead of meshdike3. (Fixed the bugs; there used to be a problem in the
connection between the superficial and main parts.)
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Condition of Use

- The codes can be modified on your conveniency, you must indicate that modification is
made from this package.

- Due acknowledgment must be made of the use of this package in research reports or
publications.

- Those who wish to use this package must contact me directly. In this way, | can see if my
programs would fit his/her purpose and also might be able to offer the most stable version.
- Use of any part of this package will be taken as acceptance of these conditions.

| further would like to ask you to report bugs that seem important.






Résune

Apres cing ans et demi de sommeil, le volcan du Piton de la Fourrilesde(la Feunion, Oéan Indien) est erér
dans un nouveau cycle d'actigien mars 1998. Des doges d'interéronétrie radar (INSAR) montrent que des
deplacements complexes sont as@s@ux cing prengireséruptions du cycle survenues entre 1998 et 2000. Une
méthode &t developgge pour éterminer des gonetries Ealistes et les surpressions des intrusions de dykes
partir de donies INSAR. Cette thode est b&e sur la combinaison d'uneétihode deléements frongéres 3D et
d’'une inversion de type Monte Carlo. Les cag@aistiques du bruit des doaas sont prises en compte dans les
inversions. Des tests syritiques montrent qu'un medk est retroud avec suaes dans la limite d’intervalles de
confianceétroits. Il aétt monté que egliger la topographie induit une erreur de ralishtion en profondeur et
une surestimation des surpressions ou des ouvertures. L'application éhladea chaqueeruption requiert des
parangtrisations spcifigues des matdes. Dans certains cas, un dyke in@ien surface doitre introduit, dans
d’'autres, I'inversion simultage de deux dykes estecessaire. La plupart des dykest@rmireés ont un pendage
vers la mer de 65 de@s. Le dyke assogia la premére éruption du cycle (mars 1998) s’enracine au niveau de
la mer (2600 m sous le sommet), tandis que les dykes suivants s@gasituoins de 1000 m sous la surface du
sol. La forme lagralement allonge des dykes, lesttbrmations pe-eruptives et les essaims sismiques peuvent
étre expligés par un niveau de flottab#itneutre sité & moins de 1000 m sous la surface. Ceci eséoatit avec

la presence deéservoirs magmatiquesce niveau. La@riodicite spatiale des intrusions de dykes, du flanc nord
au flanc sud, est c@hente avec les meétks de transfert de contraintes. Finalement, des analyses en terme de
contraintes de Coulomb montrent que les dingptions moélisées ont principalement favoéde glissement sur
des plans potentiels subhorizontaux agentre 1000 et 1500 m au dessus du niveau de la mer.

Magma transfer at Piton de la Fournaise volcano from 3D modelling of
radar interferometric data for 1998-2000

Abstract

After five and a half years of quiescence, Piton de la Fournaise volcaamiéh Island, Indian Ocean) entered

into a new active period in March 1998. Synthetic aperture radar interferometry (INSAR) data show complex dis-
placements associated with the first five eruptions that occurred between 1998 and 2000. A method was developed
to find realistic geometries and overpressures of dike intrusions from the INSAR data. This method is based on a
combination of a fully 3D boundary element method and a Monte Carlo inversion. The noise characteristics of
the data are taken into account in the inversions. Synthetic tests show that a model is successfully retrieved within
predicted narrow confidence intervals. Neglecting topography was shown to result in poor modelling at depth
and in overestimation of overpressure or opening. Application of the method to each eruption requires specific
parameterizations of the model(s); in some cases, a curved dike surface must be introduced, and in other cases,
simultaneous inversions for two dikes are required. Most of the estimated dikes dip seaward with a typical angle
of 65 degrees. The dike associated with the first eruption of the cycle (March 1998) is found to originate from sea
level (2600 m below the summit), whereas those dikes associated with subsequent eruptions are estimated to be
shallower than about 1000 m below the ground. Laterally elongated dikes, preeruption deformations and seismic
swarms can be explained by a level of neutral buoyancy less than 1000 m beneath the ground. This is consistent
with the presence of magma reservoirs at this level. For the studied period, the intruded volume amounts to 8%
of the lava flow volume. The spatial periodicity of dike intrusions from the northern to the southern flank is con-
sistent with stress transfer models. Finally, Coulomb stress analysis shows that the five eruptions modelled mostly
encourage slip on potential subhorizontal planes located 1000-1500 m above sea level.
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