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Large, and often complex summit collapse calderas are typical of many, but not all, actively 
growing large basaltic shield volcanoes on Earth and Mars. Examples are the calderas at the 
summits of Mauna Loa and Kilauea in Hawaii (Walker, 1984), Masaya in Nicaragua (Harris, 
2009), Piton de la Fournaise on La Réunion (Lénat et al., 2012), Karthala Volcano (Strong & 
Jacquot, 1972), the Western Galápagos volcanic islands (Munro & Rowland, 1996), and 
Olympus Mons and other shield volcanoes on Mars (Mouginis-Mark & Rowland, 2001). 
These are usually interpreted as collapse structures associated with magma drainage from a 
long-lived shallow magma plexus below the volcano summit.  

Volcanological studies focused on documenting basaltic volcano structures, describing the 
stratigraphy exposed in the caldera walls to analyse cross-cutting relationships of volcanic 
rock units, geophysical surveys of seismicity to reveal eruption and collapse dynamics and 
chronology, analysis of gravimetry anomalies or InSAR remote sensing data to reveal the 
structure of underlying magmatic systems, resistivity or self-potential profiles to characterize 
hydrothermal fluid circulation etc… (e.g. Strong & Jacquot, 1972; Walker, 1988; Rowland & 
Garbeil, 2000; Geshi et al., 2002; Savin et al., 2005; Yun et al., 2006; Stix & Kobayashi, 
2008; Harris, 2009; Howard, 2010; Michon et al., 2011; Lénat et al., 2012). These studies 
focused however on calderas at only a few basaltic shield volcanoes such as Kilauea, Masaya, 
Piton de la Fournaise, Miyakejima and some of the Western Galápagos. Many other calderas 
exist on poorly studied but recently active basaltic shield volcanoes, such as Karthala. 
Volcanic activity at basaltic calderas is predominantly effusive, with the formation of internal 
caldera lava lakes, and the major hazard of this effusive activity occurs when lava flows 
breach caldera walls and spill down the volcano flank to impose a threat to villages on their 
way, as happened at Karthala in 1860 (Strong & Jacquot, 1972). However, basaltic calderas 
do show a minor component of explosive activity, with cases of substantial fissure eruptions 
or phreato-magmatic explosions (Savin et al., 2005). 

Several so far untested hypotheses or pending questions exist on basaltic summit calderas: 

- The calderas are mostly not simple near-circular depressions, but exhibit a complexity of 
several morpho-structural collapse units, and are often a combination of nested or 
overlapping lobate subunits (e.g. Mauna Loa, Karthala, Olympus Mons). So far it has not 
been investigated how this complex structure can be reconciled with the assumption of a long 
lived magmatic plexus controlling the collapse mechanism. The question is therefore to 
unravel in which way the complexity of the caldera structure provide information on the 
spatio-temporal evolution and structure of the underlying magmatic system. 
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- There is a mismatch between the volume of the collapsed caldera depression and the 
volume of magma erupted or intruded elsewhere on or in the flanks of the basaltic shield. 
This contrast was for example documented at recent caldera collapse phases at Miyakejima in 
Japan (Geshi et al., 2002 & 2011) and Piton de la Fournaise at La Réunion (Michon et al., 
2007). The erupted volume of magma largely exceeds the subsidence volume at the surface of 
the summit caldera and/or pit crater(s). A combination of intrusion of new magma and 
expansion of the collapse column were invoked to explain this apparent volume mismatch.   

- At several volcanoes, large km-scale calderas were observed despite the fact that the 
present magmatic system imaged through geophysical methods was of a much smaller size 
(e.g. Piton de la Fournaise; Merle & Lénat, 2003). Broad flat plateaus at the top of volcanoes 
(e.g. Etna, Karthala, Mauna Kea) have also been repeatedly interpreted as evidence for 
infilled calderas despite their large size (Walker, 1988; Bachèlery & Coudray, 1993). Several, 
so far untested, caldera formation models were proposed to explain large scale caldera’s at 
basaltic volcanoes: loading by dense cumulates in a magma chamber (Walker, 1988) or 
deformation of a broad hydrothermal system (Merle et al. 2010) were proposed to account for 
large caldera formation in contrast to a pure magma withdrawal origin for subsidence 
(Walker, 1984). 

-  Many analogue modelling studies investigated the collapse mechanism at calderas with a 
horizontal topography of the rock column overlying the draining magma chamber analogue. 
Only one study investigated systematically but concisely the slope-dependence of their 
experimental cones on the caldera structures formed during magma withdrawal simulations 
(Walter & Troll, 2001). The role of volcano flank slope on the caldera structures formed is 
thus poorly constrained, while it might be of importance for basaltic calderas at shield 
volcanoes with significant flank slopes such as Karthala Volcano, or the Galápagos Volcanoes 
(Rowland & Garbiel, 2000).  

- Documentation of analogue models simulating subsidence-related caldera structures formed 
during magma withdrawal, is based on one out of two approaches: either the topographical 
surface of a 3D model is imaged during the deformation with advanced high-resolution 
cameras or lasers and models are destroyed afterwards by sectioning to observe internal 
collapse structures in 2D, or simulations are performed against a glass plane to observe the 
deformation evolution with high-speed cameras to perform motion velocity and strain 
analysis. No non-destructive technique was used that would document syn-deformation 
morpho-structural evolution of analogue models and allow a quantitative analysis of 
physical deformation parameters. 
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Identifying the scientific problems in analogue caldera collapse modelling focused on basaltic 
shield volcanoes lead to the following research aims in this MSc thesis work: 

1.  To develop a new analogue model series to investigate the geometrical effect of 
variations in experimental average cone slope on the collapse structures formed during 
drainage of a magma chamber analogue. 

2.  To develop a new experimental set-up capable of simulating complex – overlapping –
calderas based on the drainage of a system of several fluid bodies as magma chamber 
analogues. 

3.  To investigate the application of X-ray computerized micro-tomography (µCT) to 
non-destructively image a new analogue modelling set-up accounting for magma withdrawal 
and subsequent caldera collapse in high-resolution 3D. 

4.  To develop techniques to quantify the deformation at analogue caldera collapse 
models during fluid withdrawal, based upon the non-destructive virtual reconstruction of 
analogue models using the µCT scanning data. 

5.  To compare the findings in points 1 to 4 with caldera collapse structures at natural 
volcanoes described in the literature and documented in the field at one case study. 

We selected the Karthala Volcano on the oceanic island of Grande Comore as natural case 
study as it proved suitable to address the research questions listed above and to compare with 
analogue models. Karthala Volcano possesses a highly-complex summit caldera with several 
overlapping caldera collapse structures and nested pit craters. The caldera structure and 
morpho-structural evolution through time are not well understood, even as the recent shift 
from disperse overall effusive volcanic activity on the volcanoes’ flanks and summit to more 
explosive phreato-magmatic activity concentrated within the summit area of the Karthala 
Caldera complex. Two phreatic explosions in 1991 and 2005 respectively dispersed ash fall-
out and scoriaceous pumice over the island of Grande Comore and posed major threats to the 
population and local economy. A five-week mission was undertaken during the summer of 
2011 on Grand Comore island and the Karthala Caldera complex. The mission aimed at 
collecting the available documentation at the local ‘Observatoire Volcanologique du Karthala’ 
(OVK), at interacting with the local volcanologists and at conducting two short field missions 
to the summit calderas to map morpho-structural characteristics of the different caldera units 
and to describe the general intra-caldera volcano-stratigraphic units. 
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This work will first provide in chapter 2 an overview of relevant knowledge and problems 
from the literature connected to collapse calderas in general and to collapse mechanisms at 
calderas on basaltic shield volcanoes specifically. Chapter 3 reviews the literature on the 
physical volcanology of Karthala Volcano and the Karthala Caldera complex, answering to 
the need of assembling all insights on Karthala into one concise document. In chapter 4, new 
field observations are presented and an update of the existing volcano-tectonic map of the 
Karthala Caldera complex (Bachèlery & Coudray, 1993) is proposed as a result of the Grande 
Comore field mission. A fifth chapter provides the results from our analogue modelling series 
imaged by photogrammetry techniques and by X-ray CT. Collected field observations and 
analogue modelling results are integrated in chapter 6 in a discussion highlighting new 
insights gained into caldera collapse mechanisms at active basaltic shield volcanoes in nature. 
At last, we present our most important conclusions together with future perspectives for the 
continuation of our research. 
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2.1 Introduction 

The word ‘caldera’ is a Spanish term translated as ‘cauldron’ or ‘kettle’, and hails originally 
from the Latin term ‘caldaria’, which means ‘boiling pot’. It is mainly used in a 
geomorphologic context to refer to kettle-shaped topographical depressions present in 
terrestrial and planetary volcanic regions. The exact definition of the term has been subjected 
to scientific debate due to the wide variety of geographical and geological settings in which 
calderas are present. 

The study on calderas and caldera structures has accelerated over the last two decades with a 
vast amount of field studies of natural calderas (Lénat et al., 1998; Naumann & Geist, 2000; 
Mouginis-Mark & Rowland, 2001; Jónsson et al., 2005; Yun et al., 2006; Michon et al., 
2008), eruptive episodes at calderas (Dzurisin et al., 2006; Almendros et al., 2007) and 
comparisons with experimental studies of caldera-forming processes by analogue (Martí et 
al., 1994; Acocella et al., 2000; Roche et al., 2000, 2001; Walter & Troll, 2001; Kennedy et 
al., 2004; Holohan et al., 2005, 2008; Burchardt et al., 2010; Merle et al., 2010) and 
numerical (Gudmundsson, 1998, 2007; Holohan et al., 2011) modelling. Findings of these 
studies were summarized in key reviews by Lipman (2000), Cole et al. (2005) and Acocella 
(2007). For an exhaustive bibliography of all representative caldera studies and reviews, the 
reader is redirected to the reference list in Cole et al. (2005). 

This chapter provides basic concepts, terminology and processes used in all subsequent 
chapters, supported by key diagrams and illustrations from classic studies, without attempting 
to be an exhaustive review. The first section reviews caldera definitions and classifications, 
including the most widely used end-member classification scheme. As we assume that 
volcano morphology and structure could influence the caldera morphostructure, secondly 
attention focuses on  basaltic shield volcano morphology and the structural elements of their 
summit calderas as accepted in the literature, from field observations and modelling data. 
Thirdly we discussion the most important collapse caldera processes evidenced in previous 
research on analogue modelling of collapse caldera processes, and subsequently we provide 
the most important caldera structures documented in such analogue studies. At last, 
instabilities occurring on and around existing calderas in a later stage of their evolution are 
discussed. 
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2.2 Definition, classifications and mechanisms of caldera collapse 

2.2.1 Caldera definition 

The number of caldera definitions is almost as large as the number of caldera studies. It lasted 
till the ‘Calderas’ chapter in the Encyclopedia of Volcanoes (Sigurdsson et al., 2000), that a 
clear definition of the term was proposed by Lipman: “Calderas are large volcanic 
depressions, more or less circular in form, the diameter of which is many times greater than 
that of included vents”. This definition describes vaguely the ratio between the overall caldera 
diameter and the diameter of any included vents. Mouginis-Mark and Rowland (2001) define 
terrestrial calderas as “depressions > 1 km across that form by gravitational collapse into an 
evacuated or partially evacuated magma storage complex”. In this definition, only a 
minimum diameter of 1 km – also postulated by Roche et al. (2001) - and a general caldera-
forming mechanism is taken into account. It nevertheless introduces gravitational collapse of 
the magma chamber roof as the main caldera-forming process and renders it possible to 
separate calderas from pit craters, shown to be collapse structures with a diameter equal to or 
smaller than a few hundred meters, formed at the summit of many volcanoes in different 
settings (Roche et al., 2001).  

The majority of the most recent studies on the topic automatically add the word ‘collapse’ to 
‘caldera’ in so-called ‘collapse caldera’ studies (e.g. Acocella et al., 2000; Michon et al., 
2008; Howard, 2010). Cole et al. (2005) adapted the definition of Lipman (2000) to: “Caldera 
- a volcanic structure, generally large, which is principally the result of collapse or 
subsidence into the top of a magma chamber during or immediately following eruptive 
activity”, focusing on the main formation mechanism of a collapse caldera and acknowledging 
the direct relationship with eruptive processes. The authors nevertheless omit caldera 
morphometry or a quantitative scale that distinguishes collapse calderas from pit craters. On 
the contrary, Cole et al. (2005) for the first time clearly separate a caldera from a caldera 
complex1, a cauldron2, and a ring structure3. 

 

 

                                                

1 “Spatially and structurally associated nested or overlapping calderas of different ages.” Cole et al. (2005) 
2 “An eroded caldera in which most of the eruptives accompanying caldera collapse have been removed by 
erosion, and older volcanic or sedimentary units below the caldera floor are exposed.” Cole et al. (2005) 
3 “A magma chamber or chambers, exposed by deep erosion (generally >2 km), beneath an inferred caldera 
structure.”  Cole et al. (2005) 
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The description of collapse calderas by Acocella (2007) can be condensed to: “Collapse 
calderas are subcircular, or more commonly elliptical, depressions formed under various 
tectono-magmatic conditions in volcanic areas, possibly reflecting the influence of a regional 
tectonic control, whose diameter is considered to be larger than that of explosive vents and 
craters, possibly reaching many tens of km, and  may be characterized by a variable amount 
of subsidence, ranging from a few m to few km.” Again, the proposed minimum size to 
separate from pit craters is rather qualitative than quantitative and no collapse caldera 
formation processes are considered.  

The most recent definition proposed by Merle et al. (2010) is “A caldera is a large circular 
flat-lying floor depression bounded by vertical cliffs that can truncate horizontally the upper 
part of a volcano. The size of a caldera ranges from the kilometre scale (…) to as much as 80 
km in width.” The definition is again limited to geomorphologic characteristics and does not 
take into account any formation processes. This creates confusion about the influence of 
volcano morphology, as it is not clear in what way ‘vertical’ cliffs would be able to truncate a 
volcano summit ‘horizontally’. 

Combining all of the above definitions and considerations, we propose the following 
definition: Calderas, and caldera complexes, are circular to elliptical flat-lying floor 
depressions, larger than 1 km in diameter, present in volcanic regions. They are (partially) 
bounded by circumferential faults that result in (sub)vertical cliffs. They are the result of 
gradual, incremental or catastrophic gravitational collapse - with a variable amount of 
subsidence - of the summit of a volcanic edifice in an underlying partially or completely 
emptied magma storage complex. 

2.2.2 History of caldera classification 

Due to the wide range of field-observed expressions of collapse calderas, many attempts have 
been undertaken to classify calderas into caldera groups that are similar in one or several 
aspects. Table 2.1 summarises the most important caldera classifications. The first record of 
such an attempt, the classification of Williams (1941), combined many contrasting 
morphological and structural features of volcanoes in an ambiguous grouping, including the 
usage of field examples as caldera subtypes. Williams and McBirney (1978) condensed the 
1941 classification into a scheme purely based on the assignment of calderas to one out of 7 
type field examples.  
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Due to each caldera’s uniqueness, the awareness has recently arisen that any classification 
based upon field examples is limited, as it is essentially purely artificial. Lipman et al. (1997, 
2000) proposed to replace any classification scheme by a series of five end-members, based 
upon mainly structural characteristics produced by processes that dominate the collapse of a 
specific caldera. It is this new classification that was reconfirmed by Cole et al. (2005). 
Although the latter did stress their review did not aim at presenting a classification, it is now 
this classification scheme that is widely used in caldera literature. The elegance of classifying 
calderas according to their main collapse process(es), is that each caldera is considered as 
unique and can be defined using objective criteria. It also allows for recognizing a specific 
caldera as a composite result of more than one end-member collapse process. The end-
member caldera classification of Roche et al. (2000), which is based on those of Lipman 
(2000) and Cole et al. (2005), will be discussed in Section 2.3. 

At last, calderas could be clustered based upon the average composition of the eruptive 
products of a caldera system: ‘Basaltic’, ‘Peralkaline’, ‘Andesite-dacitic’ and ‘Rhyolitic’ 
calderas (Cole et al., 2005). Due to the fact that almost all volcanoes on earth show a variation 
in their eruptive composition over time, such a classification should be regarded as artificial 
and exclusive, or to be only used for certain periods in eruptive activity in and around a 
specific caldera. No single recent author, including Cole et al. (2005), did consider such a 
classification as particularly valuable, and we agree. The nomenclature is nevertheless used in 
cases were collapse processes are not clear or in studies focused on a group of calderas with a 
common average eruptive composition (Michon et al., 2011; this work). 

Table 2.1: summary of caldera classifications (adapted from Cole et al., 2005) 

Williams (1941) Williams & 
Mc Birney (1979) 

Lipman 
(1995 & 2000) 

Roche et al. 
(2000) 

Cole et al. 
(2005) 

Explosion 
 
Collapse 

Krakatau 
Kilauea 
Katmai 
Cryptovolcanic 
Glen Coe 
Miscellaneous 
 

Erosion 
 
Volcanic graben 

Summit 
Sector 
 

Volcanic vents 
or fissure troughs 
 
Major volcano- 
tectonic depression 

Krakatoan 
 
Hawaiian 
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The terms ash-flow caldera and lava-flow caldera are in the above context frequently used 
for respectively large calderas mainly collapsed in thick tuffs and ignimbrite deposits 
originating from a history of large pyroclastic density currents (PDC’s) eruptions (e.g. Taupo, 
New Zealand, or Glenn Coe, Scotland; e.g. Walker, 1984, Lipman, 1997), and smaller-sized 
calderas collapsed in thick sequences of tabular lava flows of mainly basaltic composition, 
with or without pyroclastic intercalations (e.g. Mauna Loa and Kilauea, Hawaii - Lipman, 
2000; Fernandina, Galápagos - Howard, 2010). 

2.3 Morphologic end-members of caldera subsidence 

The most recent end-member division proposed by Cole et al. (2005), omits the observation 
of Roche et al. (2000) for trapdoor collapse to be explained by the same mechanism as piston 
collapse. Therefore we propose to follow the scheme of Roche et al. (2000) and all references 
therein (Figure 2.1). The end-member styles of caldera collapse described below are: 
piston/plate collapse, noncoherent collapse, downsag and funnel collapse. 

Figure 2.1: Summary of end-member mechanisms of caldera-collapse: (a) piston collapse
with respectively inward dipping or outward dipping faults, or with a trapdoor geometry;
(b) noncoherent collapse; (c) downsag; and (d) funnel collapse (after Roche et al., 2000). 
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Piston collapse 

In piston/plate collapse (Figure 2.1.a), the main collapse mechanism is the vertical subsidence 
of a coherent block (the piston/plate) along one or more ring faults into a depressurized 
magma chamber (e.g. Miyakejima 2000 summit collapse, Burchardt & Walter, 2010). Roche 
et al. (2000) summarise three types of piston collapse described in the literature according to 
the ring fault geometry: inward-dipping ring faults, outward-dipping ring faults and trapdoor 
collapse. Faulting of the caldera floor itself and subsidence of discrete blocks relative to each 
other within the piston should be at least one order of magnitude smaller than the 
displacement along the caldera bounding ring fault(s). 

Inward-dipping normal ring faults (Figure 2.1.a) introduce an important space problem of a 
plate whose lateral size is larger than the space in which it collapses, confined by the caldera 
bounding ring fault. The combination of precollapse tumescence and syncollapse reactivation 
of the subvertical ring faults to explain the accommodation problem (e.g. Gudmundsson, 
1988) was countered by Roche et al. (2000) due to the geometric impossibility of this model 
to result in subsidence on the km-scale at large calderas. The second piston collapse geometry 
with vertical to subvertical outward-dipping ring faults (Figure 2.1.a) has especially been 
described for natural examples where deeper portions of caldera ring faults are exposed. The 
above discussed space problem for the collapsed plate is nonexistent in such geometry. 
Underpressurisation of the underlying magma chamber has been proposed as a mechanism to 
generate outward dipping faults coinciding with ring dike emplacement (e.g. Walker, 1984; 
Martí et al., 1994; Roche et al., 2000; Walter & Troll, 2001).  Analogue models have led to 
the suggestion that both inward and outward dipping ring faults might coexist in the same 
collapsed caldera structure (see Section 2.8). 

Trapdoor collapse (Figure2.1.a) represents the asymmetric subsidence of the caldera block 
along an incomplete ring fault (Cole et al., 2005), with the largest amount of subsidence at 
this caldera side where the underlying magma chamber lies closest to the surface, and the 
smallest amount or no subsidence at the opposite hinge side. The 1968 asymmetric collapse of 
the Fernandina caldera (Howard, 2010) and the structures of the Sierra Negra caldera 
(Jónsson et al., 2005; Jónsson, 2009), Galápagos, are examples of trapdoor collapse. 
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Noncoherent collapse 

Noncoherent collapse (Figure2.1.b), often referred to as piecemeal or chaotic disruption, 
occurs when a block fails to remain intact as it is subsiding. The result is a caldera existing of 
several blocks and or multiple collapse centres, with the internal caldera-faulting and 
subsidence in the same order of magnitude as the displacement along the caldera bounding 
ring fault(s) (Lipman, 1997, 2000). This style of collapse is considered to take place where the 
cohesion of the rock body making up the piston is too low. Loss of support of the magma 
chamber roof (e.g. due to magma withdrawal) results in gravity forces that exceed the elastic 
shear strength of the rocks, resulting in roof failure into several blocks. Pre-existing networks 
of regional faults and tectonic stresses were suggested by several authors to play an important 
role (e.g. Roche et al., 2000).  

A series exists from only minor piston breakup to strongly noncoherent collapse. Noncoherent 
caldera floors can be expected where multiple nested and overlapping calderas occur, formed 
after incremental subsidence over time spans of tens to thousands of years (Lipman, 2000). A 
situation of multicyclic overlapping calderas was for example observed at the Bolsena and 
Latera calderas in Italy (Lipman, 2000). The term ‘chaotic subsidence’ has been used in some 
schemes as a discrete end-member style of caldera collapse, where the caldera floor is 
proposed to be broken up catastrophically into a mega-breccia (Cole et al., 2005). This model 
was used by Scandone (1990) to account for negative gravity anomalies at ignimbrite 
calderas. However, Roche et al. (2000) and Lipman (2000) both argue for chaotic collapse to 
be an extremely evolved state of piecemeal disruption. In such cases the observation of mega 
breccias is attributed to substantial failure of the caldera rim, partially or totally covering the 
caldera floor by intensively brecciated landslide units. 

Downsag 

Downsag collapse (Figure2.1.c) is proposed to be present where the main component of 
subsidence is flexure, in the absence of major caldera bounding faults or at least their 
continuation to the surface (Lipman, 1997, 2000; Roche et al., 2000; Cole et al., 2005). The 
centre of the resulting depression subsides most, while continuing outward of the caldera the 
surface is gently tilted inward. A magma chamber roof will be subject to pure flexure as long 
as strain caused by the loss of the underlying support does not become larger than the brittle 
shear strength of the roof rocks. Till the present no large calderas have been documented that 
accommodate loss of underlying support by pure downsag. An important component of 
downsag has been proposed for Taupo and Bolsena calderas (Walker, 1984), supplemented by 
a major faulting system to account for full subsidence accommodation.  
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In analogue models, downsag is an early phase of collapse which precedes the nucleation of 
ring faults (e.g. Martí et al., 1994; Roche et al., 2000; Walter & Troll, 2001). Downsag was 
even so registered during the early phase of recent caldera collapse events on basaltic shield 
volcanoes, before any substantial ring fault reached the surface (Geshi et al., 2002; Longpré et 
al., 2007). 

Funnel calderas 

An end-member distinguished rather on its collapse geometry than on its collapse mechanism 
is the funnel caldera type (Figure 2.1.d), introduced by Yokoyama (1981). A funnel caldera 
consists of a flared, V-shaped breccia-filled caldera (the funnel), mainly ascribed to calderas 
with a relatively small diameter of 2-4 km and a caldera infill width decreasing downward, as 
evidenced by drilling (Roche et al., 2000 and all references therein). Cole et al. (2005) infer 
the ambiguity of funnel calderas to originate from the fact that all proposed formation 
mechanisms can be assigned to one of the above end-member styles: piecemeal collapse with 
pervasive break-up of the caldera floor (Scandone, 1990), collapse along concentric 
telescoping ring faults, collapse into a small and deep magma chamber (Roche et al., 2000), 
and explosive coring of the conduit. Roche et al. (2000) argued that funnel calderas might 
exhibit a morphology formed at cases of high chamber roof aspect ratio. Upwards propagating 
caldera bounding reverse faults would then intersect below the surface and shallow peripheral 
normal faults with consequent caldera wall collapse would account for substantial caldera 
infill with landslide debris. Lipman (2000) and Cole et al. (2005) agree that ‘funnel calderas’ 
should not be considered as a unique end-member style of caldera collapse. It is on the other 
hand a caldera geometry that is documented far too much among all calderas to be 
disregarded from the terminology of collapse morphology. 

2.4 Structural type model for calderas 

All calderas can be simplified to a certain extent to one structural model. The piston-plate 
collapse end-member enables a clear identification of all structural units. Summarizing the 
model of Lipman (2000), the following structural caldera units are distinguished (Figure 2.2). 

The topographic rim 

The topographic rim originally defines the structural outer boundary of pure collapse, and is 
the surface trace of the caldera-bounding ring fault(s) prior. Subsided volcanic rock sequences 
lie within this boundary, while the rock sequences outside of this large escarpment are largely 
unaffected by the collapse, except for some additional circumferential extensional fractures. 
At older calderas erosion will enlarge the caldera diameter displacing the topographic rim 
caldera-outward. 
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The inner topographic wall 

The inner topographic wall represents the ring fault plain, if erosion would not be accounted 
for. The profile of the inner topographic wall is typically concave: steepest in its upper section 
and decreasing in slope downward. Especially the upper half of this wall will be largely 
affected by rock failure due to oversteepening. As thus landslides and smaller-scale rock falls 
will enlarge the upper wall diameter – so-called ‘scarp retreat’ - and collect debris fans at the 
foot of the slopes. These debris fans in their turn cover unaltered ring fault planes, rendering a 
clear observation of their dips difficult to impossible in most calderas. It is this caldera infill 
of wall rock breccia deposits that has been wrongly interpreted as the original subsided piston 
broken up by chaotic subsidence (Cole et al., 2005). 

The collapse collar 

The collapse collar represents the rock volume that has been removed during erosion and 
failure of the exposed inner caldera wall, and is as thus limited by the topographic rim on the 
outer side and the structural caldera boundary on the inside. 

The caldera bounding faults 

Caldera bounding faults are the outermost ring faults in a caldera structure, within which all 
of the subsided caldera rock volume is confined. They can be dipping subvertically caldera-
inward, vertically or dipping subvertically caldera-outward in some of their portions.  

Figure 2.2: Generalized structural model of plate (piston) caldera subsidence, displaying simplified geometric relations. 
Typically steeply dipping ring faults are arbitrarily shown as vertical. The landslide breccia is shown schematically at the base 
of caldera fill, in contrast with a more complex interfingering present in many calderas. The model omits the presence of a 
subcaldera magma chamber, any resurgent structures, and postcollapse volcanic constructs. (after Lipman, 2000) 
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Mostly, the bounding ring faults are dipping inward in their upper section, to steepen 
downward and become outward dipping in their section closest to the magma chamber (Roche 
et al., 2000; see Section 2.8). Arcuate ring faults are only exposed where erosion has removed 
most of the volcanic edifice above a magma chamber, like in cauldrons, but are covered by 
caldera infill at most active young volcanoes.  

The intracaldera infill 

Rock slide debris, ash-fall deposits, ignimbrites and effusive products such as scoria cones 
and lava flows accumulate within the subsided caldera, evidencing the different phases, 
relative timing and geometry in the collapse evolution of a caldera. Where calderas are 
affected by partial failure and sliding of the caldera rim, or where pit crater subsidence occurs, 
volcano-stratigraphic units and their structural relation might be directly observed. In the post-
caldera stage, the caldera might become entirely filled, causing new lavas to overflow the 
topographic rim, as on Mauna Loa, Hawaii, obscuring partially or completely any surface 
exposure of caldera units (Mouginis-Mark & Rowland, 2001 and references therein). 

The caldera floor 

Caldera floor morphologies range from horizontal plains unaffected by disruption to complex 
terrains that display different eruptive, volcano-sedimentary features or large structures such 
as plateaus. Distinction has to be made between the structural caldera floor, that is the primary 
subsided rock surface, and the present topographic caldera floor. As the structural floor 
becomes covered by lava flows, ash and scoria deposits, rock fall breccias etc…, post-caldera 
erosion is needed to expose this buried surface. 

The subcaldera magmatic plumbing system 

Any notice of possible geometries of magma plumbing systems underneath subsided calderas 
is based on field observations of ancient solidified and strongly eroded cauldrons, where 
magma chambers, vents and dikes are now exposed at the surface. At young and active 
volcanoes the only data are acquired through geophysical methods based on seismicity, 
gravity anomalies and electric surveys such as Self-Potential measurements. The structural 
geometry of a magma chamber, or magmatic system, is subject to vivid discussion, and is 
probably not restricted to one geometry, but more of a large range in between typical end-
members. 
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Peripheral fractures 

Peripheral fractures are extensional fractures that form on the close outside of a caldera. They 
are due to caldera-inward wall instability and might develop into caldera-inward dipping 
faults that might act as possible caldera wall failure plains with landslide events into the 
caldera. 

2.5 Caldera collapse mechanisms 

Several mechanisms have been suggested to result in the vertical collapse of calderas, of 
which the most important are: partial to near-complete explosive magma chamber emptying, 
tumescence, lateral magma withdrawal, hydrothermal alteration of the volcano core and all 
combinations of the above. 

Druitt and Sparks (1984) showed that when a shallow silicic magma chamber is rapidly 
decompressed during a large eruption, the chamber roof and thus the top of the volcanic 
edifice has a high chance of collapsing into the created space.  As effusive and/or explosive 
eruptions on basaltic shield volcanoes are in general relatively small in volume compared to 
large silicic volcanoes, basaltic calderas are not interpreted to result from catastrophic 
explosive emptying of the magma chamber. Nevertheless, many structural aspects are shown 
to exist at both silicic ash-flow calderas and basaltic effusive calderas, and analogue 
simulations have shown that the essential collapse mechanism is the same for both end-
members and all intermediary cases (Michon et al., 2011). 

Lateral magma withdrawal is the most commonly used process to explain the formation of 
collapse calderas on basaltic shield volcanoes. Lateral fissures can nucleate from the walls of 
a shallow magma reservoir, leading magma towards eruptive fissures and vents on the flanks 
or submarine surfaces of a basaltic shield volcano. Due to removal of magma from the 
shallow reservoir, decompression occurs and the magma chamber roof fails and subsides into 
the thus created space. Important recently documented examples connected to submarine 
flank eruptions are the 1968 trapdoor collapse at Fernandina, Galapagos (Simkin & Howard, 
1970) and the Miyakejima, Japan, 2000 eruption and summit collapse (Geshi et al., 2002). 

Many active basaltic calderas have shown to possess a considerably active hydrothermal 
system (e.g. Karthala, Savin et al., 2001; Piton de la Fournaise, Lénat et al., 2012). Especially 
in regions with high precipitation rates, infiltrating meteoric water is heated in the volcanoes 
inner part and ascends through fissures and cracks in the volcanic rocks, to give rise to 
fumaroles at the surface. Most recently, Merle et al. (2010) observed that many basaltic 
caldera diameters outrange the inferred size of the magmatic chamber.  
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They argued through analogue models for the ductile deformation of the volcano’s summit 
and ultimately caldera collapse into the volcano core that is weakened by corrosive altering 
due to hydrothermal fluid circulation. Aoba Island, Vanuatu, counts as an example of a first 
category of summit loading upon a hydrothermally altered volcano core, while Piton de la 
Fournaise Volcano would then belong to a second category where the hydrothermally altered 
core is unbutressed by a sector flank collapse and starts to expand laterally. Finally, Merle et 
al. (2010) argue for an origin of several size scales of caldera collapse through a combination 
of hydrothermal and magmatic caldera subsidence, and the sinking of dense cumulates of a 
deeper-lying larger magma chamber into the crust (Figure 2.3). 

In shallow intrusions with significant cooling, a substantial amount of crystals can form. 
These crystals sink to the bottom of the magma chamber and form there dense cumulates, 
named the ‘crystal mush’. This crystal mush is typically denser than the surrounding rock and 
magma, and would trigger subsidence and subsequent caldera formation through gravity. This 
mechanism was proposed by Walker (1988) and is called the ‘caldera by loading’ mechanism. 

At last, tumescence is the inflation of a volcanic edifice prior to the collapse, generally 
correlated to the more profound emplacement of a magma body or magma injection into an 
already existing magma body. An apical tensile stress is induced above the doming magma 
reservoir, resulting in extensional features such as normal faults and consequent calderas or 
graben structures to be formed (Gudmundsson, 1988; Lipman, 2000). 

 

Figure 2.3: Schematic representation of the three elements proposed by Merle et al. to result in caldera 
subsidence at a volcanic edifice. A magmatic caldera is generated above the shallow reservoir, while a larger 
hydrothermal caldera subsided into a clay-rich altered core. The deep intrusive body might as well induce a 
caldera structure when the dense cumulates start to sink into the crust. (After Merle et al., 2010) 
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However, tumescent structures are difficult to be evidenced in the field, as they are mostly 
overprinted by the more recent caldera collapse structures. Martí et al. (1994) showed that 
tumescence can create a central summit depression by polygonal faulting, in which the faults 
can act as structural pathways for magma ascent and are inverted in sense during subsequent 
decompression of the magma chamber. The influence of tumescence in the formation of 
collapse calderas on basaltic shield volcanoes is generally considered very low or non-
existent. 

2.6 Basaltic shield volcanoes and their calderas 

2.6.1 Introduction 

Basaltic shield volcanoes are typically identifiable by gentle average flank slopes below ~10°, 
with an almost horizontal summit plateau. Hawaiian volcanoes count as the type example, but 
many basaltic shield morphologies significantly deviate from the type shape. Karthala, 
Grande Comore, and Piton de la Fournaise, La Réunion, are two examples of basaltic shields 
that have steep upper slopes and exhibit a substantial asymmetry with steeper flanks and more 
gentle sloping rift zones (Rowland & Garbeil, 2000). The following section discusses basaltic 
shield volcano morphologies and caldera structures as we make the hypothesis that the first 
might exercise an important influence on the morphostructural development of the latter. 

2.6.2 Basaltic shield morphology 

Basaltic shield volcanoes are volcanic edifices with an average basaltic rock composition. The 
rock sequence is mainly made up of stacked basaltic lava flows that are gently dipping 
outward, away from the centre of the volcano, intercalated with pyroclastic deposits and 
scoria cones, originating from explosive eruptions and flank fissure eruptions respectively. 
The term basaltic ‘shield’ volcano describes an edifice profile with gently dipping slopes and 
a flattened summit. This morphology is generally ascribed to the dominant effusive 
emplacement of low-viscosity basaltic lava flows with gentle sloping surfaces.  

Prior to any discussion on slope data of basaltic shield volcanoes, it is worth noting that it is 
difficult, if not impossible, to generalize the morphology of such edifices. This because most 
of the recently active basaltic shield volcanoes show a complexity of superposed structures 
along their flanks and summit, resulting in slope variations both laterally and with elevation. 
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Rowland and Garbeil (2000) analyzed morphology of basaltic volcanoes using  Digital 
Elevation Model-derived slope data (Figure 2.4), and identified two end-members among a 
series of basaltic shield morphologies: Hawaiian-type and Galápagos-type. Hawaiian 
volcanoes possess two or three rift zones along which most of the effusive activity occurs. 
Such preferential zones of construction create an elongated shape of the shield volcanoes, 
with a flattened summit zone. The lower 50 % of the maximum elevation of a Hawaii-type 
volcano in its active tholeiite shield-building stage (e.g. Mauna Loa), exhibits relatively 
constant slopes averaging on ~8°. The upper 50 % steepens with elevation, reaching a 
maximum of ~10 % around 70-80 % of elevation. On the other hand, a less active Hawaii-
type volcano in its post-shield alkalic stage (e.g. Hualalai) possesses steeper upper slopes up 
to ~20 %. The lack of radial symmetry in the slopes of Hawaiian volcanoes is the result of 
their average rift zone slopes being typically ~5 % less steep then the other flanks, especially 
in the upper half of the edifice. (Sub)horizontal surfaces can be found inside calderas or at 
some coastal plain sections. Clusters of cinder cones and landslide fault scarps account for 1-2 
% of oversteepening in slope data. 

Figure 2.4: Slope data for 15 volcanoes covered in the slope study of Rowland and Garbeil (2000). 
Dashed white lines indicate volcano boundaries, in some cases based on distinct changes in slope. Stripes 
in the Galapagos data are artefacts parallel to flight lines. Black areas in Galápagos and Grande Comore 
maps are regions of no data owing to radar shadowing or lack of coherence. 
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One group of the Western Galápagos volcanoes (Wolf, Cerro Azul and Fernandina) represents 
an opposite morphologic end-member: they display a typical so-called inverted soup plate 
morphology, with, from coast to summit, gently sloping (~5°) coastal plains, steeper flanks 
increasing to slopes over 20° and a subhorizontal summit platform (Figure 2.5). The average 
slopes of a second group of Western Galápagos volcanoes (Darwin, Alcedo and Sierra Negra) 
are somewhat different, with more gentle slopes of 10-12° in their upper flanks. Basaltic 
shields such as Karthala or Nicaraguan volcanic edifices cannot easily be ascribed to one, or a 
combination of both, of the above end-members. The Hawaiian and Galápagos types should 
thus be considered as end-members among a series of other basaltic shield volcano 
morphologies. (Grosse et al., 2012). 

 

2.6.3 Oversteepening of shield volcano flanks 

The upper flanks of many shields are too steep to be explained by construction through low-
viscosity effusive basaltic lava flows. So-called ‘slope oversteepening’ is recognized at 
several basaltic shield volcanoes both on oceanic islands as on land, such as Galápagos 
(Rowland et al., 1994), Mt. Cameroon (Mathieu et al., 2011) and Karthala (Bachèlery & 
Coudray, 1993). There are at least as much processes put forward in the literature as there are 
volcanoes where such oversteepened slopes were recognized, and there is no unique 
explaining process to account for all of the oversteepened volcano flanks on earth. 

Figure 2.5: Two cross-sections of the volcanic island of Cerro Azul, Galapagos, illustrating the typical inverted soup-plate 
morphology, the internal stratigraphy and structure, as the result of shield build-up by basaltic lava flows and vertical 
summital caldera collapse. Thin flows constructed the flanks (rim flows); thick flows periodically filled the caldera and 
constructed benches within the caldera (fill flows). (From Naumann & Geist, 2000) 
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In order to account for Galápagos-type shield volcano morphology, three hypotheses have 
been proposed to account for the typical inverted soup plate morphology: structural, erosional 
and constructional (Naumann & Geist, 2000 and all references therein). The structural 
hypothesis invokes intrusive updoming over hundreds of meters, strongly concentrated in the 
volcano centre and bounded by normal faults. In the erosional model, a prolonged eruptional 
hiatus stage after the shield-building stage concurs with pervasive coastal erosion. During the 
subsequent post-shield stage, effusive activity would then drape the eroded volcano, building 
out lava flow deltas developing the coastal plains. Only at Volcán Ecuador such extreme 
erosion was evidenced (Rowland et al., 1994). At last, the constructional hypothesis of 
Rowland & Garbeil (2000) argues for a concentration of circumferential fissures and their 
concurrent pyroclastic products (e.g. spatter cones and ramparts) and short thick lava flows 
close to the volcano summit region, resulting in predominantly vertical volcano growth. On 
the contrary, low-viscous basalts build out gradual slopes and lateral lava flow deltas, that 
only grow slowly vertically. The area between rapid summit growth and slow coastal plain 
growth would thus become moderately steep at slopes between 15 and 40°. 

To account for the steep upper slopes of Mt. Cameroon, a large active elongated basaltic 
shield volcano in W-African, Mathieu et al. (2011) invoke a ‘dike-core’, emplaced parallel 
with the long volcano axis of the (Figure 2.6). With every new intrusion, the already existing 
dikes act as guiding plains for preferential dike emplacement. As such, the upper volcano 
flanks are steepened incrementally. Vent concentration along a single rift zone extending 
along the long axis of Mt. Cameroon evidences the hypothesis, which essentially can be 
classified along with the ‘structural’ model for the Galápagos. Slopes would then be even 
further steepened as dike intrusion causes slope instability and shallow landsliding. 

 

Figure 2.6: Hypothetical cross-section of Mt. Cameroon, Cameroon, an elongated basaltic shield volcano inferred to possess 
a ‘dyke core complex’ above a deeper-lying sill-shaped magma reservoir, oversteepening Mt. Cameroon’s flanks. Mt. 
Cameroon rests on a base of sedimentary formations that are suggested to induce a flank spreading of the volcano. (From 
Mathieu et al., 2011) 
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At last, Rowland and Garbeil (2000) propose that several Galápagos and Hawaiian volcanoes 
display concentrations of vent-related pyroclastic material along a radial (e.g. Fernandina) or 
linear (e.g. Mauna Loa) pattern. Figure 2.7 illustrates the proposed build-up evolution in this 
constructional hypothesis. The higher the concentration of pyroclastic constructs, the higher 
the difference in slope relative to deltaic lava flow zones on the volcano. The flanks of linear 
vent concentrations will as thus grow steep slopes, while the rift zone axes themselves will 
build more gentle slopes (e.g. Mauna Loa). 

Figure 2.7: Diagrams illustrating the development of constructional steep slopes: a. A single eruption 
produces a pyroclastic vent of small areal extent but relatively large height compared to the associated lava 
flow; b. The situation after 20 eruptions, assuming that eruptive vents are concentrated into a small portion 
of the volcano (e.g. A rift zone or acuate vent zone); c. The situation after 100 eruptions, note that the 
steepest slopes correspond to the flanks of the vent-concentration zones; d. A volcano where the vent 
concentration zone forms an annulus around a caldera such as in the Western Galapagos; e. A volcano where 
the vent concentration zone is more or less linear (e.g. Hawaii, Karthala). (From Rowland & Garbeil, 2000) 
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2.6.4 Basaltic collapse calderas 

Almost all basaltic shield volcanoes on earth posses at least one collapsed caldera, with as 
end-members: almost a purely effusive origin through lateral magma drainage with flank 
fissure eruptions, as proposed for Kilauea, Hawaii (Walker, 1981), or the Galápagos calderas 
of Fernandina, Cerra Azul and Sierra Negra (e.g. Munro & Rowland, 1996; Jónsson et al., 
2005); and explosive magma-chamber emptying with predominant post-collapse intra-caldera 
explosive activity, as proposed for the Masaya caldera complex, Nicaragua (Harris, 2009 and 
all references therein). Acknowledged intermediary cases with intercalations of thinner 
pyroclastic beds and vent cones in between thicker sequences of lava flows are the calderas 
collapsed at Piton de La Fournaise volcano, La Réunion (Michon et al., 2007) and Karthala 
volcano, Grande Comore (Strong & Jacquot, 1972). 

The size of calderas on basaltic shield volcanoes is relatively small, in the order of a few 
kilometres, compared to much larger ash-flow calderas at silicic volcanoes such as La Garita 
caldera which produced large ignimbrite deposits (Lipman, 2000). However, immense 
calderas, interpreted to be formed by magma lateral drainage, were discovered on the 
extensive Martian shield volcanoes, with Olympus Mons possessing the largest known 
caldera complex in the Solar System, with an average diameter of  80x65 km² (Figure 2.8; 
Mouginis-Mark & Rowland, 2001). 

Figure 2.8: the summit 
region of Olympus Mons 
volcano on Mars, with its 80 
x 65 km² large caldera 
complex, at least six separate 
calderas can be recognized. 
(Image courtesy: NASA 
Viking Mosaic MG20N133) 
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2.7 The plumbing system of basaltic shield volcanoes 

Keating et al. (2008) showed that field observations of strongly eroded inactive small-volume 
basaltic shields reveal a composite and complex shallow plumbing system that conducted 
magma to subsurface storage complexes or the surface. At most cases, a feeder dike-conduit 
system is observed as a flaring shape within the 100 m below the surface. Processes such as 
contact welding, brecciation of the already present rock, dike and sill bifurcation and stoping 
all contribute to the complexity of the shallow plumbing system. For several basaltic shield 
volcanoes the plumbing system is envisaged to exist of a dike core complex that directs the 
propagation of new ascending magma (e.g. Mt. Cameroon, Mathieu et al., 2011). It is this 
system of dikes and sills that gives rise to the typical high numbers of fissure vents as they 
intersect the volcano surface, in contrast with a single central conduit known for typical 
stratovolcanoes. For most basaltic shield volcanoes, one or more somewhat larger magma 
chambers, still small relative to large silicic magma chambers encompassing whole 
stratovolcanoes, is suggested to exist at or below its base deeper in the lithosphere (e.g. Mt. 
Cameroon, Mathieu et al., 2011; Hawaii, Walker, 1982). 

Ascending magma can also be stored at shallow levels of a few 100 meters deep in sills or 
small ‘chambers’, as evidenced at Masaya volcano (Harris et al., 2009), Piton de la Fournaise 
(Longpré et al., 2007) or Oldoinyo Lengai (Kervyn et al., 2008). Despite the vast amount of 
geophysical studies (e.g. seismicity, gravimetry) on incompletely solidified magma chambers, 
petrologic investigations and field surveys of exposed solidified magma chambers, the insight 
in the complexity of magma chamber morphology remains limited. 

2.8 Insights from analogue and numerical models 

2.8.1 The concept of analogue caldera collapse models 

Analogue models have been used in volcano-tectonic studies to simulate different inferred 
mechanisms of instability or all kinds of regional stress fields influence on volcanic edifices 
(Martí et al., 1994; Roche et al., 2000; Acocella et al., 2001; Roche et al., 2001; Walter & 
Troll, 2001; Lavallée et al., 2004; Girard & van Wyk de Vries, 2005; Holohan et al., 2005; 
Geyer et al., 2006; Holohan et al., 2008; Tibaldi et al., 2008; Burchardt & Walter, 2010; 
Kervyn et al., 2010; Merle et al., 2010). Any volcano-tectonic analogue modelling study 
starts with the postulation of a hypothetical architecture of a volcanic edifice or the 
assumption of a certain mechanism inferred to result in a specific morphology or structure 
observed at volcanic edifices in nature.  
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Through series of models where only a limited amount of model parameters is varied, an 
attempt is made to reproduce the end results as they are visible in nature, under semi-
controlled laboratory circumstances. The ultimate goal is to gain insight in the geometric, 
dynamic and kinematic evolution of the model during the simulated process, in order to reveal 
processes or structures that cannot be observed in nature.  

The results of analogue models are compared to natural observations, in order to validate the 
accuracy and physical properties of the simulated process. For a model to be correct relative 
to natural processes, physical laws are used to design a set of scaled controlling parameters 
and ratios. This method is called ‘scaling’. Only when an analogue model can be shown to be 
properly scaled, an extrapolation can be made from the laboratory model towards the natural 
process. The major criticism on such scaling process and the concept of analogue modelling 
in general is that an analogue model is a persistent oversimplification of the natural process or 
case study. It has nevertheless been proven with considerable confidence, that the simplified 
models are able to reproduce rather complex structures and deformation processes and 
provide radical insights in the field of physical volcanology. The technical details of the 
scaling methodology used in this work will be discussed in chapter 5. 

Early applications of analogue modelling to caldera collapse mechanisms consisted of a rather 
simple experimental set-up of an inflatable/deflatable bladder filled with a low-viscous fluid, 
buried in a granular low-cohesion material to simulate simple inflation/deflation cycles of one 
magma chamber underneath a horizontal or sloping surface (Martí et al., 1994). The first 
systematic investigation of caldera collapse processes was carried out in two classical studies 
by Roche et al. (2000, 2001). 

They deflated a body of silicon putty, a Newtonian fluid, in discrete steps, underneath a 
column of low-cohesive granular material with a horizontal upper surface, to simulate lateral 
magma withdrawal and consequent caldera collapse. The simulation series led to the 
identification of the roof aspect ratio H/D of the magma chamber, with H the height of the 
overlying rock column  and D the magma chamber diameter. H/D was found to be the main 
controlling parameter on the development of one or another caldera end-member type (Roche 
et al., 2000). This insight lead to the assignment of H/D intervals to the different 
morphostructural caldera categories. The main importance of H/D is the possibility to 
estimate the depth of a magma reservoir underneath a caldera from the caldera’s diameter and 
collapse style. However, caldera geometries have been shown to be controlled also by e.g. 
erosion and cliff failure which renders magma chamber depth estimates less straightforward, 
and such estimates should be always approached with caution (Geshi et al., 2002). 
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Since Roche et al. (2000, 2001), many other authors applied analogue modelling to 
investigate more specific parameters of collapse caldera processes, in different experimental 
set-up, sometimes adapted to one specific natural caldera case (Acocella et al., 2001; Walter 
& Troll, 2001; Merle & Lénat, 2003; Kennedy et al., 2004; Lavallée et al., 2004; Geyer et al., 
2006; Acocella, 2007; Holohan et al., 2008; Burchardt & Walter, 2010; Merle et al., 2010). 

2.8.2 Analogue caldera collapse structures 

In general, structures found in collapsing analogue models are all similar to the structures 
proposed by Roche et al. (2000, 2001). They found that an H/D of 1-1.1 marks the transition 
from coherent piston-like (H/D < 1) to non-coherent chaotic collapse structures (H/D > 1.1). 
The value of the transition can be ascribed to the fact that at a lower H/D, the reverse caldera 
faults truncate the surface due to their shallowness, while at higher H/D, the reverse caldera 
faults intersect each other below the surface and as thus will dissect the collapsing volume 
into several collapsing blocks. Such behaviour corresponds to two end-member caldera types, 
with coherent collapse above a shallow, large magma chamber and non-coherent collapse 
above a deep, small chamber (Figure 2.9): 

- In the first case subsidence triggers the upward propagation of caldera-outward 

dipping, reverse ring faults along which a coherent piston-like caldera block subsides. 

On the outer caldera side concurrently shallow caldera-inward dipping, normal ring 

faults nucleate from the surface down to an intersection point with the reverse fault. 

Figure 2.9: Schematic representation of the two structural end-member calderas proposed by Roche et al. (2000). Note 
that caldera bounding faults are varying in dip along their vertical profile, and that the subsurface faults in the schallow 
case are normal faults, while they are reverse to vertical in the deep case. The case of a small, deep chamber might 
enable to explain the formation of funnel calderas. (From Roche et al., 2000) 
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The apparent caldera bounding fault plane thus changes its orientation from a caldera-

inward dip to vertical. A caldera-inward inclined zone and compressional ridges are 

formed in between both fault traces at the surface. 

- In the second case subsidence triggers the upward propagation of caldera-outward 

dipping, reverse ring faults that intersect each other at some point below the surface. 

Later reverse ring faults form on the outside of the previous ones and intersect again 

higher up. In this manner, collapse propagates upwards to the surface by stoping and 

widening of the structural caldera diameter, till the surface is reached (Burchardt & 

Walter, 2010) 

Another radical insight of the caldera collapse model of Roche et al. (2000), is the 
identification of the annular extensional wedge (Figure 2.10.b), situated around the 
vertically collapsing block, as the result of the combination of more inward reverse faults 
and more outward normal faults. The thus created peripheral wedge is not present in 
earlier models with vertical ring faults (Figure 2.10.a), and the authors recognized the area 
of this wedge as the most important source zone for landslide events and rock falls due to 
the extensional regime acting in this intracaldera zone. 

 

 

Figure 2.10: (a) Structural caldera model inferred from natural calderas, from Lipman (1997, 2000); (b) 
Alternative caldera model inferred from laboratory experiments, the source area for landslides is the annular 
extensional zone. The caldera-inward dipping normal ring fault limiting the outer side of the extensional zone 
may not always be present in nature. (After Roche et al., 2000) 
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2.8.3 Insights from numerical models 

Numerical models have been used to account for the limitations of analogue models, in an 
attempt to more accurately simulate mechanical rock behavior. While several authors used 
continuum-based models that only take into account elastic rock strength (e.g. Gudmundsson, 
2007) On the contrary, Holohan et al. (2011) used a bonded discontinuum-based element 
model (DEM), of which the results approximate the behavior observed in analogue models 
that use low-cohesive sand as an analogue to brittle crustal rock. 

The DEM-results of Holohan et al. (2011) generate morphostructural caldera units that were 
also observed in analogue models (see Section 2.8.2), and evidence that the structural 
development of a collapse caldera is depending on an interplay between geometric chamber 
characteristics (aspect ratio H/D, ceiling curvature) and mechanical rock properties (rock 
strength, Young modulus). Just as in nature, the generated numerical model calderas are 
mostly a combinations of several conceptual end-members, and are heterogenous at small 
scales. Asymmetry of model caldera morphologies nevertheless has a significant role, of 
which the controlling factors are unknown.  
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3.1 Introduction 

Karthala Volcano, Grande Comore is one of the largest active volcanoes on earth with as 
much as 9 eruptions in the past two decades. It is an alkali-basalt shield volcano with a 
summit caldera complex. Since the first accounts of Karthala and its eruptive activity in the 
beginning of the twentieth century, only a few studies revealed the basic physical volcanology 
or petrogenesis of Karthala lavas (Strong & Flower, 1969; Esson et al., 1970; Strong & 
Jacquot, 1972; Newitt, 1974; Scrutton et al., 1981; Nougier et al., 1986; Class & Goldstein, 
1997; Bourdon et al., 1998; Claude-Ivanaj et al., 1998; Deniel, 1998; Lénat et al., 1998; 
Rowland & Garbeil, 2000; Savin et al., 2001; Class et al., 2005; Savin et al., 2005). The 
overall surface volcanology and stratigraphy is available in the volcano-tectonic map of 
Grande Comore island (Bachèlery & Coudray, 1993), predating  however the changes due to 
the last eruptive cycle of 2005 – 2007. Despite a few recent Self-Potential and seismic surveys 
focused on the summit caldera complex of Karthala, the physical volcanology and eruptive 
activity of this large basaltic shield volcano remains poorly understood (Lénat et al., 1998; 
Savin et al., 2001; Savin et al., 2005). More reports and unpublished work exists than what is 
published in the international literature. Insights in the volcano remain thus based on poorly 
evidenced observations, rather than on systematic research. There is no single volcanological 
review available in English in the international literature. 

As an exhaustive study is out of the scope of this work, the aim is limited to a review of the 
general geology and petrography of Karthala, focused on the Karthala caldera complex. The 
broader review section is valuable because studying a particular case of a collapse caldera at 
any volcano requires a profound knowledge of the volcanology of the specific volcano, as it 
enables to situate all caldera-related findings in the larger framework of the whole volcanic 
edifice. A caldera is formed within a volcano, and as such one cannot study a caldera in itself, 
while ignoring the volcanic rocks and structures that surround it. 

We will first discuss the regional and local volcano-tectonic setting of Karthala, secondly 
summarize the knowledge on age, petrology, petrography, mineralogy, petrogenesis and 
geochemistry of Karthala’s volcanic rocks. Thirdly we will present the existing stratigraphic 
classification and the eruptive history of Karthala. At last, we will focus on a more detailed 
documentation of the knowledge considering the Karthala caldera complex. 
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3.2 Geographic localization and regional tectonic setting 

The Comores island group consists of four volcanic islands, from West to East: Grande 
Comore (Ngazidja), Mohéli (Mwali), Anjouan (Ndzuani) and Mayotte (Maore) (Figure 3.1). 
The islands are roughly W-NW alligned and extend over 270 km in the Western Indian Ocean 
on the Northern edge of the Mozambique channel, halfway in between Northern Madagascar 
and the Eastern-African continent. Grande Comore is the largest and only Comorian island 
that holds active volcanism in its Southern half, on Karthala volcano (Figure 3.2). Grande 
Comore is situated between 11-13°S latitude and 43-46°E longitude.  

The Mozambique Channel is the expression of a two-phase tectonic evolution (Scrutton et al., 
1981): 1. The Karoo Rifting (Perm to Early-Jurassic) with generation of several N-S and NE-
SW striking extensional basins; and 2. Opening of the Somali and Mozambique Basins 
(Middle-Jurassic to Upper-Cretaceous). During the second phase, oceanic floor was formed 
along spreading ridges, separated by the transform Davie and Mozambique Ridges. The 
tectonic rifting dislocated the micro continent Madagascar to the South, away from the 
African continental plate. 

The Davie Ridge forms the Western limit of the Comores Basin. Scrutton et al. (1981) noted 
that it is unlikely for the Comorian Basin to be of purely oceanic origin, but rather to be 
located above a continental margin at the border between continental lithosphere of the 
Mozambique Channel to the South and oceanic lithosphere to the North. Bachèlery and 
Coudray (1993, and all references therein) evidence however the existence of oceanic 
lithosphere in the Comores Basin to the South of the Comores archipelago. As such, the 
Comores would be underlain by oceanic lithosphere. All Somali, Comores and Mozambique 
Basins are inferred to have a thick cover of sedimentary infill eroded from the African 
continent and Madagascar, accounting for over 2 km of thickness underneath the Comores 
(Scrutton et al., 1981). Detritic xenoliths found in Comorian lavas were inferred to hail from 
this thick quartzarenitic basin sediments (Strong & Flower, 1969). 

Two major regional rift directions were identified and reconfirmed in the Comores region: 
one N0° and one N135° (Esson et al., 1970; Nougier et al., 1986; Bachèlery & Coudray, 
1993). These main directions were recognized on all of the Comorian islands, with a single 
direction on Mayotte and Anjouan, while Mohéli and Grande Comore are shown to be 
situated at intersections of both fissure systems (Nougier et al., 1986). 
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Figure 3.1: Geodynamic overview of the Somali and Comore Basins, the Comores Islands are situated halfway N-
Madagascar and the African continent. 1. Orientation of the Davie Ridge transform; 2. Gravimetric gradient prolonging the 
Davie Ridge to the North; 3. Presumed orientations of the transforms in the Mozambique and Somali Basins; 4. Magnetic 
anomalies; 5. Regional faults; 6. Presumed limit continental domain / oceanic domain (LCO). DOJ = Jurassic Oceanic 
Domain. Bathymetry in meters. Grande Comore is the Westernmost and largest of the Comores Islands. 
(Adapted from Bachèlery & Coudray, 1993 and all references therein) 
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Figure 3.2: Simplified volcano-tectonic map of Grande Comore island with historical lava flows and 
fissure systems. La Grille Volcano constitutes the Northern part of the island, Karthala Volcano the 
South. The black box marks the Karthala Caldera Complex. (Adapted from Savin et al., 2005) 
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3.3 Genesis of the Comores volcanism 

The volcanic rocks of the Comores islands show an Hawaiian-like younging tren in absolute 
age from ESE to WNW (Esson et al., 1970; Nougier et al., undated report). Esson et al. 
(1970) infer oldest volcanism to have started within Cretaceous – Miocene times, after which 
the volcanism migrated to the W, concentrated in the construction of four major volcanic 
edifices. The source of volcanism would be a hot spot mantle plume that migrated from the 
Seychelles over Northern Madagascar towards its present position underneath the island of 
Grande Comore (Esson et al., 1970; Class & Goldstein, 1997). 

However, trace element and isotopic investigation of mafic rocks of the Nosy Be volcanic 
rocks have evidenced that the volcanism of Northern Madagascar could not have the same 
melting source as for the Comores magma (Melluso & Morra, 2000). The same authors did 
show that portions of lithosperic mantle, remaining after the southward Madagascar 
migration, must be involved in the genesis of magma underneath the Comores. The 
Seychelles – N-Madagascar – Comores alignment might have a magmatic melting mechanism 
that is similar to volcanic hot lines, like the ‘Cameroon Hot Line’, that cannot be explained by 
pure Hawaiian hot spot migration, but where mantle plume involvement is undisputed (e.g. 
Déruelle et al., 2007). 

Petrogenetic studies on Karthala lavas were focused on analyses of noble gas contents, 
geochemical and trace element analysis, and U-Th-Pa-Ra, Ra-Th-Sr and Sr-Nd-Pb isotope 
systems (Strong, 1972; Kaneoka et al., 1986; Class & Goldstein, 1997; Bourdon et al., 1998; 
Claude-Ivanaj et al., 1998; Deniel, 1998, Class et al., 2005). These studies found that the 
Karthala magma is generated from an interaction of partial melt of 0.4 to 10% of lithospheric 
mantle with a mantle plume melt. 

The magma is extracted from the source area and collected in large pockets. Within the 
residing magma pocket, cooling results in fractionation, after which a part of the fractionated 
magma migrates rapidly upwards to become arrested again a higher level within the 
lithosphere, where again fractionation in a magma chamber happens. In this manner, the 
magma ascends gradually and is fractionated. Olivine and pyroxene crystals in the final 
erupted lava are the cumulate minerals from the last fractionation phase in the shallowest 
magma pocket (Strong, 1972; Class & Goldstein, 1997; Claude-Ivanaj et al., 1998). Ra-Th 
systems reveal that magma ascent rates are 1-2 cm/yr, and it would take a 100-650-year 
journey from source to surface (Bourdon et al., 1998; Claude-Ivanaj et al., 1998). As thus, the 
ascent occurs rather through an interconnected vertical array of smaller magma pockets than 
through a large magma chamber (Claude-Ivanaj et al., 1998). 
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3.4 Volcanology of Grande Comore and Karthala Volcano 

3.4.1 General volcanology 

The island of Grande Comore consists of two major shield volcanoes: La Grille in the North, 
and Karthala in the South, with the oldest Karthala rocks exposed in the Southernmost Badjini 
Massif (Figure 3.2). Only Karthala shows recent volcanic activity. The island is elongated 
along a N-S axis in its Northern part and a NW-SE axis to the S of Karthala’s summit. The 
deflected geometry was assigned to the influence of the two regional N-S and NW-SE fissure 
directions, expressed by the presence of two axial rift zones on Karthala Volcano, with its 
summit centered above the intersection of both fissure systems (Bachèlery & Coudray, 1993). 
Due to the presence of fissure systems on a shield shape and basaltic composition of the lavas 
of Grande Comore, Karthala is classified as Hawaiian-type volcano (Bachèlery & Coudray, 
1993 and all references therein). La Grille volcano will not be discussed any further. 

3.4.2 Karthala stratigraphy 

Bachèlery and Coudray (1993) proposed for three major units to construct Karthala: 

1. Ancient Karthala: the oldest formations, pervasively altered, with total disappearance 

of lava flow surface textures and the development of a decimetric to metric clayey 

alteration soil. Only exposed on the East flanks of Karthala, from the coast up to 1900 

m altitude, and in the Southernmost region in the Badjini massif. 

2. Recent Karthala: completely to near-completely unaltered formations that constitute 

most of Karthala’s surface, with sometimes well-conserved, sometimes largely blunt, 

lava flow surfaces that permit an estimation of their relative age. 

3. Actual Karthala: the youngest formations, with sparcely to unvegetated, unaltered 

lava flow surfaces, with emission ages mostly after 1850. While absolute ages are well 

established for the 20th century, they remain more approximate for the 19th century. 

3.4.3 The Badjini Massif 

The Badjini Massif forms the Southernmost extremity of Karthala Volcano. It is distinguished 
through its geomorphology, superficial alteration, a relatively denser fracture network 
compared to Karthala and different intrusion orientation than in Karthala units (Bachèlery & 
Coudray, 1993). Several landslide scarps and connected fracture networks were reported, 
along with a N 145° directed fracture set, localy covered by thin tephra deposits from recent 
Karthala eruptions. The above lead Bachèlery and Coudray (1993) to classify the Badjini 
Massif as older and independent from the Karthala massif. 
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Bachèlery and Coudray (1993) argue for the Badjini Massif to be the eroded base of a third 
volcanic center on Grande Comore, acknowledging the lack of considerable petrologic or 
physic volcanic evidence to support this hypothesis. The Badjini Massif might as well be an 
exposed remnant of an older structural base of Karthala volcano, that is now entirely overbuilt 
by the vast Karthala edifice. This discontinuity may be an erosional hiatus in between two 
active volcanic phases in the shield build-up evolution of Karthala, as is known for many 
other volcanic island groups (eg. Canarian Islands, Acosta et al. 2003). No absolute dates 
exist for Badjini basalts to establish such time gap with more recent Karthala units. 

3.5 Petrography of Karthala’s lavas  

Bachèlery & Coudray (1993) described the petrography of the Karthala lavas. In most Grande 
Comore solidified lavas, olivine is the only crystalline phase, with additional pyroxene in 
some exceptions. Plagioclase microcrystals are often absent in the matrix, or associated with 
nepheline. Numerous xenoliths of ultrabasic rocks (wehrlites, dunites and lherzolites) and 
rarely quartzarenites were also observed (Flower & Strong, 1969). These xenoliths are often 
disaggregated into xenocrists of olivine, clinopyroxene, orthopyroxene, spinel and rarely 
quartz and feldspars. Chemically, the Karthala lava rocks are alkaline to subalkaline basalts, 
hawaiites and potassic trachybasalts. They are silica-saturated to slightly -undersaturated 
(Figure 3.3).  

Macroscopically, four different facies of dark gray basic lavas are distinguished in the field: 

- Aphyric basalts: aphyric or with small amounts of crystals visible with the naked eye 
- Basalts with olivine: weakly porphyric, with millimetric olivine crystals. 
- Basalts with plagioclase: porphyric, with millimetric to centimetric plagioclase and 

olivine crystals, sometimes with additional pyroxene crystals. 
- Ankaramites: very porphyric, with numerous millimetric to centrimetric olivine and 

pyroxene crystals. 
- Oceanites: very porphyric, with numerous millimetric to centrimetric olivine, 

sometimes with additional pyroxene crystals. 
- Hawaiites: subaphyric, with submillimetric plagioclase crystals. 

The oldest absolute radiocarbon age of an ash layer on the SE rift zone of Karthala, at an 
altitude of 1870 m, yielded 5045 ± 75 years, while the youngest absolute radiocarbon age of 
625 ±130 years is that of a level of scoria lapilli at 2320 m altitude. Only two absolute dates 
exist on the rocks of Grande Comore: 0.01 ± 0.01 Ma and 0.13 ± 0.02 Ma (Bachèlery & 
Coudray, 1993, and all references therein). 
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3.6 Shield morphology of Karthala 

From low-resolution bathymetry data, Grande Comore rises above a 3000 m deep ocean floor, 
with a dome shaped ridge at 49 m below sea level to the West of the island (Bachèlery & 
Coudray, 1993). The shield morphology of Karthala volcano itself was described as 
transitional between Hawaiian-style and Galápagos shields from satellite data (Rowland and 
Garbeil, 2000; Figure 3.4). Similar to Mauna Loa on Hawaii, Karthala exists of two major rift 
zones, striking NNW towards the North and SW to the South of the volcanoes’ summit, with 
average slopes of 5-6° (Figure 3.5). Recent effusive fissures and scoria cones are concentrated 
along these rift zones. A cluster of eruptive vent cones is also present on the uppermost 
Western flank and induces a steepening effect in the slope data. 

The Western and Eastern flanks have respective significantly steeper average slopes of 10-14° 
and over 20°, the latter connected to the presence of several shallow landslide fault scarps that 
have a slope steepening effect. This Hawaiian rift zone morphology is combined with a 
summit that has a circular dome shape, that accounts for a Galápagos-like morphological 
aspect. The summit itself is marked by the Karthala caldera complex, with steep subvertical 
walls and horizontal caldera floors. The shield shape is completed with ~5° sloping coastal 
plains, that are at a maximium width of 2.5 km at the base of the Eastern and Western flanks. 

 

Figure 3.3: Alkali/SiO2 plot for the lavas of Grande Comore with IUGS nomenclature. Black circles represent La Grille 
lavas, white circles represent Karthala lavas. The dashed lines separate tholeite lavas (T) from medium-alkaline lavas (MA) 
from high-alkaline lavas (FA). (After Bachèlery & Coudray, 1993; and all references therein) 
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Esson et al. (1970) reported the existence of a regular ‘wave-cut’ platform exists at ~25 m 
above sea level on the coastal plains around the whole island, that may have formed during 
periods of higher sea level. As a sea level drop of ~25 m in the past few million years is very 
likely unrealistic, an alternative hypothesis of a recent uplift of the whole island to account for 
this unexplained morphological feature remains untested. 

3.7 Recent eruptive activity of Karthala volcano 

All reported eruptive events since 1800 are assembled in Table 3.1 and 3.2 in the appendix. 
Herein, a rough average volcanic event recurrence time of 4-11 years is present, so Karthala 
has been relatively active during the past 200 years (Bachèlery & Coudray, 1993). While most 
activity was purely effusive during the 19th century, the share of phreato-magmatic to purely 
phreatic explosive events increased in the 20th century. This increase coincides with a shift of 
fissure eruptions dispersed around the volcano flanks, towards a concentration of nearly all 
volcanic activity within the summit caldera complex during the last 50 years. The majority of 
effusive flank eruptions occurred in the rift zone to the North of the summit. 

 

Figure 3.4: Shaded relief image of Grande 
Comore island from ERS-1&2 DEM data. 
Dashed white line separates La Grille from 
Karthala. (After Rowland & Garbeil, 2000). 

Figure 3.5: Plot of the average shield slope vs elevation for 
Karthala and La Grille volcanoes, Grande Comore. Gray 
rectangles mark distinct slope effects produced by specific 
morphostructural features. (After Rowland & Garbeil, 2000) 
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Notable events are (Bachèlery & Coudray, 1993; Venzke et al., 2002-): 

- a 1862 lava flow that breached the Northern summit caldera wall and rushed down to 
the Western coast at Itsandra, immediately to the North of the islands’ capital Moroni. 

- a poorly reported gas release event that might have killed as much as 17 people in 
1903, and that would have originated from the summit caldera. 

- A 1918 fissure flank eruption coincided with a phreatic summit explosion that 
enlarged and lowered the floor of the main pit crater ‘Choungou Chahalé’ by 
explosive excavation, and the collapse of a new pit crater ‘Choungou Changouméni’ 
in the Northern summit caldera. 

- A 1965 intracaldera effusive eruption that partially filled Changouméni. 
- A 1972 effusive eruption that rapidly built a ~50 m high scoria cone with lava lake on 

the Northern caldera floor. 
- A 1977 Strombolian flank eruption with concurrent lava flows halfway the SW flank 

of Karthala, from a fissure that opened to the immediate East of the village of 
M’Djoyézi. No people were killed but the village was severely affected by scoria fall-
out and economic loss through harvest destruction. 

- A 1991 phreatic explosion, for the first time monitored, that further enlarged 
Choungou Chahalé and lowered its floor. After this event a small crater lake got 
installed in the floor of Chahalé. 

- Two phreato-magmatic 2005 episodes that both initiated with a phreatic explosion at 
Chahalé and substantial ash fall-out over the whole Southern island, with severe 
damage to infrastructure, crops and water supplies, and one fatality. After the 
explosions a rapidly cooling lava lake was observed at the bottom of Chahalé. 

- A 2006 magma effusion with lava lake emplacement in Chahalé. 
- A 2007 magmatic effusive fissure eruption that partially filled Changouméni. 

Bachèlery and Coudray (1993) documented the existence of a paroxysmal phreatomagmatic 
eruption that occurred at ~4000 years ago, dated by radiocarbon on charcoal. The pyroclastic 
deposit covers 50 – 60 x 106 m² of the summit region and the ejected volume was estimated at 
40 – 90 x 106 m³. This corresponds to a VEI of 3, which is more explosive than the typical 
documented values of 1 – 2 for Karthala (See App. Table 3.1). Bachèlery & Coudray (1993) 
evidenced a sequence in the deposit from scoriaceous ash and lapilli towards purely fine ash, 
interpreted as an eruptive evolution from phreato-magmatic to purely phreatic. Thus, Karthala 
shows an elevated risk of explosive activity that is different from typically Hawaiian-type 
predominantly effusive activity (Lockwood & Hazlett, 2010). 
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3.8 The Karthala caldera complex 

A unique feature of Karthala Volcano is its highly complex summit caldera (Figure 3.6a). The 
3.5 x 2.8 km², N-S elongated elliptical caldera complex is positioned centrally in Karthala’s 
summit. It exists of several overlapping calderas, nested pit craters and several terraces. 
Strong & Jacquot (1972) proposed a collapse chronology of at least 8 caldera subunits, largely 
based on intersecting relationships of the calderas in plan view (Figure 3.6b). Another 
chronology was proposed by Mouginis-Mark and Rowland (2001), but the latter was 
unsupported by any profound argumentation (Figure 3.7). The caldera was firstly documented 
in detail by Strong & Jacquot (1972). The structural features of the caldera complex are 
discussed below, observations originate from Strong & Jacquot (1972) or the volcano-tectonic 
map of Bachèlery and Coudray (1993; App. Figure 3.15), unless otherwise noted. 

Figure 3.6: The Karthala Caldera 
Complex: a. Aerial photograph, note 
the steep outer caldera walls and the pit 
craters Changouméni and Chahalé;  
b. Caldera outline utline with inferred 
caldera units, which would have 
collapsed chronologically from a to h. 
(After Strong & Jacquot, 1972) 

Figure 3.7: Chronological collapse 
evolution of the Karthala Caldera Complex 
as proposed by Mouginis-Mark & Rowland 
(2001), with  marked collapse depth below 
the caldera rim. 

3.6a 3.6b 
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3.8.1 The caldera rim 

The caldera walls are vertical to at minimum 75° inward dipping and are over 100 m high in 
some places. The combination of several collapse centers results in a scalloped outline of the 
caldera complex (Figure 3.6). Strong & Jacquot (1972) observed that several caldera wall 
section display distinct linear portions, that would line up with the major N-S and NW-SE 
orientations of the regional fissure system. The caldera complex is situated at the intersection 
of both flank rift zones, giving the caldera complex an overall rhombic pattern. At the “Porte 
d’Itsandra” in the North of the caldera complex, no caldera walls are present and it is here that 
the 1862 lava flow is inferred to have breached the Northern caldera. The walls themselves 
consist of a sequence of tabular lava flows irregularly fractured by a dense network of cooling 
joints. 

3.8.2 The peripheral terraces 

Several peripheral terraces exist in the West, South, Southeast and Northeast of the caldera, 
forming an intermediary level in between the caldera rim and the caldera floor. Strong & 
Jacquot (1972) interpreted these terraces as the result of ‘incomplete collapse’. 

3.8.3 Choungou Changouméni pit crater 

Choungou Changouméni (‘new crater’) is a pit crater with a diameter of 250 m, whose 
existence was first reported in 1868 by von der Decken (Newitt, 1974). Changouméni must 
have been filled with ash and lava prior to 1918, as later accounts claim Changouméni 
collapsed for the first time after a flank fissure eruption in 1918 (Strong & Jacquot, 1972). In 
1972, Changouméni was 30 m deep, but it must have been deeper previously, as the 1965 
fissure eruption partially filled Changouméni. The walls of Changouméni are cut vertically 
within a sequence of overlapping tabular basalt lava flows with columnar jointed massif cores 
and scoriaceous tops and bottoms (Figure 3.8). Several thin vertical dykes cut the sequences 
and branch into the scoriaceous cover before reaching the surface. Several fumarolic fissures 
were observed with sulphur crystal precipitation around their outlets. The crater floor is 
covered by scoriaceous lava plates that pile up against the crater walls, and cinder cones were 

documented on the Southern 
and Northern crater rim. 

 

Figure 3.8: picture of the Eastern 
wall of Changouméni, 30 m high 
in 1972. Note overlapping flows 
and the fumaroles to the left. 
(After Strong & Jacquot, 1972) 
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Figure 3.10: Picture of the crater floor of Choungou 
Chahalé and a portion of its wall. The view is probably 
towards the Northwest. Compare to Figure 3.9. (After 
Voeltskow, 1905 in Strong & Jacquot, 1972) 

3.8.4 Choungou Chahalé pit crater(s) 

Choungou Chahalé (‘old crater’) is a complex of two intersecting pit craters, in the center of 
the Karthala caldera complex. In 1868, it was circular in plan view, with 120 m high vertical 
walls and a diameter of 600 m (von der Decken, in Newitt, 1974; Figure 3.10). In 1918, a 
phreato-magmatic explosion excavated a near-circular crater in the Northern wall of the 
previous Chahalé crater. In 1972, Chahalé measured 1300 (N-S) by 800 (W-E) m, and was 
300 m deep from its highest Northern rim (Figure 3.9). From the Southern rim the walls were 
170 m deep. The walls themselves are similar to those in Changouméni, but they are cut by a 
larger amount of vertical thin dykes, and show several fault scarps. In the Eastern wall a fault 
scarp was observed dipping 75° southward, inferred to have formed by subsidence of the 
southern block during collapse of the Eastern caldera (e in Figure 3.6b). A columnar bright 
massif rock body in the south wall of Chahalé was inferred to be an ancient eruptive vent. 

 

 

 

 

 

 

Figure 3.9: Panorama of Choungou Chahalé pit 
crater from its Northern rim in 1972. Note the black 
solidified lava lake at the crater floor and the white
column, an eruptive vent, in the center of the 
picture. (After Strong & Jacquot, 1972) 
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Figure 3.11: Self-Potential maps of the Karthala Caldera Complex acquired during: a. volcanically calm period in 1995 
(Lénat et al., 1998): b. volcanically active period in 2005. Measuring profiles are marked in white. (After Prévot, 2010) 

At last, Strong & Jacquot (1972) reported a 250 meter diameter circular feature to the 
Nortwest of Chagouméni in the Northern caldera floor, confined within a cliff of 1 m high 
(App. Figure 3.15). They inferred this feature to be a third, ancient pit crater, but today it is 
fully obscured by scoriaceous lava flows and ash deposits. 

3.9 The hydrothermal summit system 

A high hydrothermal activity was reported repeatedly from fumarolic fissures in the walls of 
Chahalé and Changouméni, the area in between both, and La Souffrière, a solfatara in the 
upper flanks of the Northern rift zone (Strong & Jacquot, 1972; Bachèlery et al., 1993). 
Controlled Source Audio-Magnetotelluric (CSAMT) and repeated Self-Potential (SP) surveys 
confirmed the existence of hydrothermal water and elevated temperature gradients within the 
Karthala caldera complex (Lénat et al., 1998; Savin et al., 2001; Savin et al., 2005; Prévot, 
2010). 

With Self-Potential profiling, the electric potential difference is measured in between two 
electrods that are in contact with the soil (Lénat et al., 1998). By measuring a grid of SP-
profiles covering the whole or particular zones of the Karthala caldera complex, subsequent 
maps were drawn of SP-anomalies that envisage elevated levels of hydrothermal activity and 
upward fluid circulation in the subsurface. Studies in 1995-1996, 2005  lead to a sequence of 
SP-maps of the Karthala caldera complex that are displayed in Figure 3.11 (Lénat et al., 1998; 
Savin et al., 2001; Prévot et al., 2010). 
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The SP data show that, in volcanically calm periods, there is an elevated hydrothermal 
activity in the Northwestern caldera area and at the Southern rim of Choungou Chahalé, 
concurrent with the fumarolic activity that was reported there (Strong & Jacquot, 1972). In 
volcanically active periods, after the first phreato-magmatic 2005 eruption, the hydrothermal 
activity is at a lower level, evidencing that the hydrothermal system lost heat and is heavily 
disturbed by eruptive events (Prévot, 2010).  

CSAMT methods detect artificial and natural electro-magnetic fields to acquire shallow 
resistivity variation profiles of the subsurface, and have been applied in 1998 in 10 
intracaldera measurement sites on Karthala (Savin et al., 2005). The resistivity data led to the 
distinction of three layers underneath the caldera region (Figure 3.12): 

1. A high-resistivity layer (500-5000 Ω.m) from the caldera floor to 200-400 m, interpreted 
as a dry basaltic rock signature. 

2. A medium-resistivity layer (20-400 Ω.m) beneath layer 1, of which the top is interpreted 
as the piezometric surface, thus the top of the groundwater body, in 2005 close to the level 
of the crater lake, that evaporated during the 2005 eruption. 

Figure 3.12: CSAMT resistivity profiles of the Karthala summit with SP anomaly profiles, displaying the three interpreted 
resistivity layers. The highest dashed line marks the piezometric surface, the lowest dashed line the top of the hydrothermal 
system, K-numbers mark CSAMT sites. Left: W-E profile through the Northern caldera and Choungou Changouméni; Right:
N-S profile through the Northern and Southern calderas with Choungou Chahalé. (After Savin et al., 2001) 
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3. A horizon capping a low-resistivity layer (< 2 Ω.m), the top of the hydrothermally active 
system underneath the calderas. The top of the hydrothermal system lies at an average 
depth of 1000 m below the surface, with shallower excursions of only 700 m underlying 
the Northern caldera and more profound depths of ~1500 m underlying the Eastern and 
Western calderas. This confirmes an elevated temperature gradient, upward fluid 
circulation and hydrothermal alteration of the volcanic rocks underneath the Northern 
caldera close to Chahalé. 

An electric tomography in 2009 resulted in two resistivity profiles, one N-S through the 
Eastern calder and one W-E through the Northern caldera and Choungou Changouméni 
(Prévot, 2010; Figure 3.13-3.14). The profiles document sharp subvertical gradients in the 
resistivity of the subsurface rocks underneath topgraphical escarpments at the surface. As 
resistivity is a measure of hydrothermal fluid circulation, and faults act as fluid circulation 
paths, such sharp resistivity variations can be interpreted as the location of fault planes (Lénat 
et al., 2000). Thus, the presented resistivity  profiles show the presence of  inward dipping 
caldera bounding faults. The ring fault of Choungou Changouméni may be interpreted to have 
a vertical to steeply subvertical outward-dipping continuation in depth (Figure 3.14). 

 

  

 

 

 

 

 

 

 

 

Figure 3.4: North-South resistivity profile through the Northern Karthala summit (K), the Eastern caldera (LE) and 
the Southeastern terrace (TSE). Sharp, 75°caldera inward dipping gradients are marked in black. (After Prévot, 2010) 

Figure 3.5: West-East resistivity profile through the Western Karthala summit (K), the Northwestern terrace 
(TNW), the Northern caldera (NE), the Northeastern terrace (TNE) and the Eastern Karthala summit (K). Note the 
sharp, subvertical to 75°caldera inward dipping gradients at the caldera edges, marked in black. (After Prévot, 2010) 
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3.10 Seismicity at Karthala 

The seismicity in and beneath Karthala volcano is monitored since the installation of a 
monitoring network of seismometers in 1988, with varying set-ups of at least three operative 
stations around the summit. The data are stored, processed and evaluated at the ‘Observatoire 
Volcanologique du Karthala’ (OVK). Two classes of seismic events can be identified (Savin 
et al., 2005): 

- Volcano-tectonic (VT) events, with short-period signals and easily distinguishable P 
and S wave arrival times. These are attributed to fracturing due to fluid intrusion 
and/or withdrawal. 

- Long-period (LP) events, with longer-period signals and no distinguishable P and S 
wave arrival times. These are attributed to resonating cracks or conduits filled with 
fluid, due to fluid pressure transient. LP events may have a hydrothermal origin. 

Savin et al. (2005) studied the seismicity before, during, and after the 1991 phreatic explosion 
at Choungou Chahalé. From VT events, they showed the seismic epicenters are aligned along 
a 2 km long blade-like region that is confined within 2000 m below and above the sea level. 
The N-S alignment of the blade-like affected rock volume would be resulting from the N-S 
elongated shield morphology of Karthala, and the regional orientation of maximal horizontal 
stresses. The documented seismic pattern evidenced that hydraulic fracturing due to forced 
fluid flow, thus pressurization, was the main agent that triggered the 1991 phreatic explosion. 
Thus, not magma ascent, but pore pressure increase due to temperature changes seemed to 
have been the onset for registered VT and LP activity. The temperature changes themselves 
might have been driven by deep-seated magma transport. Untill 1995 the VT and LP 
seismicity rate was elevated with report to calm seismic periods, showing that, even four 
years after the phreatic explosion occurred, the hydrothermal system was not recovered and 
kept being affected by pressurization events and concurrent hydrofracturing. 

  



52 
 

 

 

 

 

4.   Karthala Volcano and the Karthala 
caldera complex: New field observations 
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4.1 Introduction 

When studying analogue models of caldera collapse, it is important to have insight into the 
reality and complexity of the natural process that is studied. The Karthala volcano was chosen 
as a natural case study of a collapsed caldera on a basaltic shield volcano, because: 1. 
Karthala volcano and its summit caldera complex is poorly studied, and more research is 
necessary to provide the local observatory with valuable insight into the volcano-tectonic 
characteristics of Karthala: 2. Specific structural interactions at active complex calderas like 
the one at Karthala are not well constrained, and a need exists of well-documented field cases. 

An internship of five weeks was carried out from the 27th of June till the 31st of July, 2011 at 
the ‘Observatoire Volcanologique du Karthala’ (OVK), based in Moroni, the capital of the 
island Grande Comore. The OVK is a division of the CNDRS (Centre National de 
Documentation et de Recherche Scientifique des Comores), and got installed in 1988. An 
update on the present state of the monitoring network of OVK is shown in Figure 4.1, the 
GPS-locations of all OVK stations are provided in Table 4.1. 

The aims of this field mission were: 1) to carry out an exhaustive literature study on the 
basaltic shield volcano of Karthala and its summit collapse caldera; 2) to carry out one or 
several short field missions to the Karthala caldera complex in order to map structural features 
and possible evidence for the different collapse and build-up stages of the volcanic edifice. 

This chapter first discusses the followed field methods and structural analysis strategy that 
was followed. Secondly, all field observations will be presented. Third, the result of the 
volcano-tectonic analysis will be presented and discussed on satellite data and in rose 
diagrams. At last, future perspectives on necessary research steps at Karthala volcano will be 
presented, as they were identified during the field mission, with a focus on volcanic hazard 
and risk assessment. 
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4.2 Methodology 

4.2.1 Field observation strategy 

Two missions were undertaken to the caldera complex at the summit of Karthala volcano of 
each two half days and one full day. During the first mission a general exploration of the 
caldera complex was made, in order to realize the extent of the collapse structure and its 
general setting. Structural observations were made wherever possible in the Southern side of 
the Northern caldera in between Choungou Changouméni and Choungou Chahalé. The 
orientation and nature of fissures, fault planes, fractures and other linear features was 
systematically measured or estimated. Each observation point was positioned with a GPS 
measurement (App. Table 4.2). Panoramic pictures were collected for later reference. During 
the second mission, the acquired data set was completed with structural observations from 
distance in combination with panoramic pictures, and the focus was on constructing 
hypothetical cross-sections through the caldera complex, based on visual observation from 
distance. This approach was decided on to optimize the limited available time. The OVK 
engineer joined the second field mission and time had to be granted to asses major 
malfunctions and theft of solar panels on several monitoring stations. Stormy weather on the 
first day of the second field mission prevented any work in the misty caldera. The weather 
conditions during the missions are reported in Appendix Table 4.3. 

Figure 4.1: a. Grande Comore; and b. outline of the Karthala caldera complex with locations of OVK’s monitoring stations 
on Karthala volcano, as it was encountered in July 2011. 
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4.2.2 Structural data analysis 

A GIS system was set up for the island of Grande Comore and Karthala in the ArcGIS 
software. Scans of topographic and geologic maps (Bachèlery & Coudray, 1993) were 
georeferenced on the base of satellite pictures that carried UTM WGS84 coordinate data. All 
existing structural linear data from maps (Bachèleru & Coudray, 1993) and new 
measuerements of the orientation of structures i.e. fissures, fractures, faults, grabens, 
peculiarly linear portions of caldera walls, scoria cone alignments, were marked on an Ikonos 
2005 satellite image. The azimuth of the drawn linear structures was calculated within 
ArcGIS and rose diagrams were rendered with the Stereonet software for the whole structural 
orientation data set, and for three subsets of preclustered orientations. The Karthala caldera 
outline was drawn to provide a conceptual map of the caldera units. 

Out of panoramic pictures of the Choungou Chahalé crater, a test of photogrammetric 
restitution into a 3D model of the crater walls and floor was carried out in the Photoscan 
software (Agisoft), available at the Department of Geography (UGent). Such a 3D model 
would be the first high-resolution model of a pit crater that would allow to investigate the 
volcano-stratigraphy and cross-cutting relationships of feeder dykes and caldera faults 
virtually on PC. The advantage is that, if the model does not contain siginificant artifacts, no 
interpretation issues can arise from distorted perspective views present in normal pictures. 
Further, if a pre-eruptive and a post-eruptive 3D-model of a pit crater or caldera would be 
available for a certain eruptive event, it would be possible to evaluate in detail the changes in 
e.g. crater floor level that would be caused by e.g. a phreatic explosion. 

4.3 New observations at the Karthala caldera complex 

The Karthala caldera complex exists of several subunits (Figure 4.2 & 4.23): a Northern 
caldera, an Eastern caldera, several Southwestern calderas, Choungou Changouméni pit 
crater, Choungou Chahalé pit crater, the Western Terraces, the Southern Terraces and the 
Southeastern Terrace. The new structural observations will be discussed below according to 
their caldera unit. For general descriptions of the morphostructural units the reader is referred 
to Chapter 3. All GPS locations of the structural observation points (“Sxx”) and view points 
(“VWPxx”) are listed in App. Table 4.2, and are depicted in App. Figure 4.29. 
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Figure 4.2: outline of the Karthala caldera complex walls, with the major morphostructural caldera units. 
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4.3.1 Choungou Changouméni 

Choungou Changouméni (Figure 4.3 & 4.20) is a pit crater of ~250 m diameter in the caldera 
floor of the Northern caldera unit. While it was previously over 30 m deep (Strong & Jacquot, 
1972), it is now almost filled with scoriaceous lava flows and pyroclastic ash and bomb 
deposits until the level of the surrounding crater floor. The Northwestern crater wall consists 
of a 2 m wide, arcuate zone of cracked scoria plates that are slightly inclined towards the 
crater center. The Northern rim touches the S edge of the aa flows from the 1972 ~50 m high 
scoria cone. These flows built up walls up to 8 m high over a distance of 30 m. Immediately 
to the East there is a planar passage connecting the ash-covered surrounding crater floor with 
the ash-covered part of the Changouméni floor.  

The crater walls are the highest in the South, at ~10 m. A truncated scoria cone of unknown 
age caps the Southern crater rim. Irregular cooling joints in this Southern wall strike 
approximately radially away from the center of Changouméni and several hot fumaroles are 
present (S07). Compas measurements in a Southern wall section of 20 m length (S04) show a 
variation of the local cooling joints of maximum 25° around a N-S trend, with slope angles of 
70-90° (015/80, 010/88, 358/70 and 345/84 from W to E). A fumarolic fissure (S02), with a 
strike of N55°S, exists in the 20m wide 2007 scoriaceous lava that covers the crater floor and 
several hot fumaroles have yellow sulfur mineralizations around the outlets.  

Figure 4.3: sketch of the main structures of Choungou Changouméni with observation points. 
Background image: Google Earth July 2011, shot in 2005. 
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The above described fissure continues into the Southern Changouméni wall behind a welded 
scoria cone hailing from the 2007 effusive eruption, with at least one outlet of fumarolic 
activity. Two scoria cones on the Northern edge of the Changouméni floor, respectively 5 m 
and 2 m high,  possess each several fumarole vents (S03 and S05). The Northern crater wall to 
the West of these two cones shows an apparent system of faults or closed fissures (S06) with a 
strike-dip of 350/50. The air in the close surroundings of Choungou Changouméni has an 
obvious odour of sulfur gas. 

4.3.2 The Northern caldera 

The Northern caldera is largely elliptical in plan view with a long N-S axis. In the Southeast it 
is limited by the vertical walls of Choungou Chahalé, while the Southwestern edge is the 
walls of the Western terraces. In none of these walls or the outer caldera walls distinct fault 
traces with lava flow displacement were yet documented. In the Western wall of the Northern 
caldera, the terrace walls end against outer caldera complex wall.  

Several inclined scarps exist in the wall (Figure 4.4). At the caldera rim, these scarps coincide 
with depressions (S28 and S30) in the topography, while the highest points (S29) of this wavy 
surface are situated halfway in between two such scarps. Rain water erosion truncated gully’s 
in these depressions, with an increased thickness of fans of rock fall debris at the foot of each 
scarp on the caldera floor. No direct evidence was found for a structural control of the 
formation of these scarps. A portion of the Northwestern wall failed in a multiple block slide  
(Figure 4.5). It exists of several subsided blocks that underwent a mainly vertical downward 
movement along normal (sub)vertical faults that are parallel to the outer caldera complex wall 
in this area. Halfway the NE wall another major block slide was observed from distance and 
clearly visible on satellite images (Figure4.6). It consists of at least 3 major blocks that 
subside towards the caldera unit, with slightly inwards inclined top surfaces and nearly 
vertical walls. The configuration is that of a curved failure against the backwall of the largest 
block, with two additional smaller blocks that are leaning against the N section of the largest 
block. The (sub)vertical fault scarps are clearly visible from S23 and their continuation 
outside the caldera is subparallel to each other. 

Figure 4.4: Panorama on the Northwestern outer wall of the Northern caldera, the Northern tip of the Western terraces is 
visible in the South. Red dashed lines mark the inferred scarps or gulleys, note the undulating caldera rim. 

S N 
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Between the Southern rim of Changouméni with its historic scoria cone, and the Southwestern 
walls of the Northern caldera unit, a fissure (S08) is trending N145E. Several minor fumaroles 
(S09) were found in the form of outlets along a fissure trending N170E surrounded by broken 
scoria plates, and as a field of at least 8 vents in an area of 10 x 10 m² (S10). These fumarolic 
fissures and their surrounding scoriaceous lava plates are lying in a landscape of meter-thick 
layered ash deposits that are strongly affected by wind and water erosion. They are covered 
by a large amount of catapulted blocks and bombs from the 2005-2007 phreato-magmatic 
eruptions, evidencing the high explosivity within Choungou Chahalé during such event. Ten 
meter to the West of Changouméni, a historic scoria cone (S32, Figure 4.2) is the source of a 
scoriaceous lava flow towards the North, and is strongly elliptical in shape with is long N-S 
axis at least 2 times longer than the shortest E-W axis. 

4.3.3 Graben-like features 

Strong & Jacquot (1972) reported a graben-like feature in the Northeastern caldera wall to the 
immediate North of Choungou Chahalé, but it remained undocumented in detail. The caldera 
walls delimit here a terrace  of over 60m in height and an average slope of 75° at S17. 
Subvertical graben-like faults were observed in the caldera wall that limits the N extent of this 
plateau (S21; Figure 4.7). The expression in the plateau of the Easternmost of these faults is 
an on average N-S striking, strongly eroded scarp of 1 meter high in weathered red-brown, 
vegetated scoria deposits (S16). The scarp decreases in height and is obscured after 100m to 
the South.  

Figure 4.5: sketch of a block slide in the NW outer 
caldera wall, the position of the slide is marked in 
Figure 4.2. 

Figure 4.6: sketch of a block slide in the NE outer caldera wall. 
Note the arcuate peripheral extensional fractures.  
Background image: Google Earth July 2011, image from 2005. 
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The terrace floor itself subsides in at least 3 steps of 2-4m towards the West, after which a 
wider lower plateau exists. At the Western edge of the terrace two steps again exist, bringing 
the plateau floor each time approximately one meter higher with an average scarp strike of 
N030E.  

In the W wall of the plateau along the caldera floor, a dyke S20 was observed with 
unweathered iron gray massif basalts with millimetric elongated voids in a wedge of 7-8 
meter at its base, at both sides in contact with weathered black scoria blocks in a red-brown 
partially consolidated matrix (Figure 4.8). The Northern contact has an orientation of 030/65. 
The weathered scoria deposits are originating from scoria cones with their historic eruption 
centres to the North of Chahalé. These cones slope on average 35-40° towards the West and 
the inner caldera complex (S14). The Southern half of the scoria cones is removed by the 
1918 explosive excavation of Chahalé. 

Figure 4.7: Photograph from the North on a 
caldera wall with graben-like fault scarps with a 
typical dip of ~75°. For the location see S21 in 
App. Figure 4.29. The Western walls are ~60 m 
high for scale. 

Figure 4.8: wedge-shaped dyke of fresh 
vesicular aphyric basalt injected in scoria cone 
deposits (S20). For the location see S20 in 
App. Figure 4.29. Backpack for scale. 
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Two other graben-like features exist in the Southeastern wall of the Northern caldera, at S11 
(Figure4.9) and at VWP04 (Figure4.10). The first one is 6 m wide with a ~2 m deep 
depression at its top, in a corner of almost 90° in between two walls of about 15m high. The 
estimated fault scarp orientation is N128°E. The walls exist of tabular basaltic flows with 
cooling joints, separated by at maximum 50 cm thick pyroclastic deposits with traces of soil 
formation. A scoriaceous lava flow from a historic scoria cone eruption on top of this plateau 
reached the foot of the scarp. 

The second graben-like feature has an 8m wide depression of 2-3 m deep relative to the 
surrounding terraces. Both its vertical faults have an estimated strike of N120°E. The most 
Southern one shows in its walls at least 3 pyroclastic levels of maximum 50 cm in between 4 
massif lava flows that are decreasing in thickness upwards. The lowest basalt unit is ~10m 
thick, while the upper one is only ~2m thick. On satellite images (Figure 4.23), the two fault 
scarps seem to be the expression of two pairs of extensional curved (sub)vertical faults 
limiting two small collapse caldera blocks. At the top of the above described plateaus. The 
two historic scoria cones that top these plateaus, may originate from one or several fissure 
eruptions along these graben-like fault planes. 

Figure 4.9: graben-like feature 
with two vertifal faults and 
displaced plateaus (S11): a.
picture; b. conceptual sketch, fault 
planes are marked by dashed red 
lines, thin ash layers in yellow and 
a scoriaceous lava flow in black. 
White arrows indicate the sense of 
fault motion. 

a 

b 
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4.3.4 The Western terraces 

In between the Western outer wall and the Northern and Southwestern calderas, a 
configuration of several plateaus exist. A small terrace in the North, with S27 as its Southern 
intersection with the outer wall, subsided at least 10m and shows several smaller fractures 
with stepwise subsided failures towards the inside of the caldera complex (Figure 4.11). The 
caldera walls consist here of weathered red-brown scoria deposits. This terrace continues to 
the North more smoothly into a major depression in the upper Western summit of Karthala. 
Continuing to the East, a wall of over 50 m descends onto the next plateau that is 100 m wide, 
covered by bushes on a floor of thick ash deposits. The plateau ends in a scarp that is filled by 
a debris fan against the Northwestern outer caldera wall. It is as thus difficult to establish a 
structural-stratigraphical relationship between the terrace and the Northern caldera and its 
walls. After an abrupt change in strike of the inner caldera wall, the terrace widens to 400 m 
towards the South. 

Figure 4.10: graben-like feature 
with two vertical faults and 
displaced plateaus (VWP04): a.
picture; b. conceptual sketch, fault 
planes are marked by dashed red 
lines, thin ash layers in between 
massif lava flows in yellow. White 
arrows indicate the sense of motion 
along the fault. 

a 

b 
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The expression of the two graben-like features in Figures 4.9 and 4.10, are two curved scarps 
of around 2m high sloping to the Northeast. To the Southwest a slope of around 10m high in 
blocky massif iron gray basalts, debris deposits and scoriaceous lapilli leads towards another 
elevated plateau. These lapilli and basalt block deposits must have their source in a recent 
2005-2007 phreatomagmatic eruption at Chahalé. 

The highest terrace (housing the field base camp) leans against the Western outer wall, and 
has a surface that is sloping caldera outward to the West. The East-West lateral sequence of 
exposed deposits is: weathered scoriaceous deposits covered by layered pyroclastic deposits 
and blasted trees, a Western edge of layered ash deposits strongly incised by erosion gully’s 
due to heavy rainfall, continuing into a plane of sand-sized dark ash deposits with a small 
amount of ballistic small iron-gray basalt blocks. These planes end immediately to the West 
against the foot of the outer Western caldera wall, that consists of weathered red-brown 
scoriaceous deposits on average 15 meter in height. Several of these caldera outward sloping 
terrace planes follow each other towards the South, and the colluvial planes of ash deposits 
influenced by water and wind erosion are connected through small passages from inclined 
area to inclined area. The sequence finishes in the South at S48. A structural interpretation 
may be that of inclined blocks that collapsed incompletely along subvertically caldera inward 
dipping normal faults (Figure 4.12). 

Figure 4.11: W-E profile sketch from the outer Western caldera wall over the intermediary terraces in observation point S27 
and the Northernmost Western terrace, until the center of Choungou Changouméni. Note that the Western part of Figure 3.14 
is at the same location, evidencing the steeply subvertical inward dip of the caldera faults, while the ring fault of 
Changouméni becomes caldera outward dipping with depth, below the above profile. 
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b 

a 

Figure 4.12: a. picture from VWP26 towards the North on the Southern edge of the Western terraces, note that the massif 
basalt lava flows in the block are parallel to the tilted surface, the rotation of the arrow is very likely exaggerated;  
b. hypothetical cross-section through the caldera-inward rotated block at S48. 
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Another wall instability was observed in the Western Plateau area (S01), close to the base 
camp (Figure 4.13). The rock type is blocky weathered orange-red scoria fragments from an 
unidentified historic scoria cone eruptions in the outer Westernmost caldera wall. The deposit 
is here between 15 and 20 meter high. At least 10 blocks, maximum one meter wide, are 
separated by fault traces of around 10 centimeter wide. These gaps are filled by toppled scoria 
pebbles and eroded ash. The instability extends over 20 meter in the W-E profile and over 50 
m N-S laterally. Arcuate fault traces are bending down towards the caldera floor at the N and 
S edges of the instable zone. Individual block top surfaces are tilted caldera-inward towards 
the East. A hypothetical cross-section with subvertically faulted and slightly tilted blocks is 
presented in Figure 4.13c. The nature of the disattachment fault limiting this unstable wall 
unit could not be identified, but could be lystric or vertical, propagating in depth below the 
subsided terrace. 

b 

a 

Figure 4.13: creep instability 
in the outer Western caldera 
wall at S01: a. panorama 
picture, 1.5 m high tent for 
scale; b. outline of the failing 
blocks and their scarps with 
4.13a. as background; c.
hypothetical cross-section 
with an inferred caldera 
inward dipping slip plane. 
Note that the scoriaceous 
deposits are too loose to 
develop a distinct fault scarp 
and to fail as one solid block. 

N S 

c 
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4.3.5 The Southern terraces 

The Southern part of the Karthala caldera complex consists of several plateaus and 
topographical depressions and ridges (Figure 4.14). The caldera walls are similar to those in 
the Northwestern part of the Northern caldera lobe, and possess also scarps and and 
undulating rim. Studying these scarps closely at the foot of the caldera wall from is 
impossible, as high and steep debris fans cover all structural features for many tens of meters. 
It would be only in the upper half of the caldera wall that a structural survey could render 
usefull information, but the subvertical cliffs are as good as unreachable and mostly densely 
vegetated. The Southern terraces are subsided till almost halfway in between the level of the 
caldera floor and the summit area around the caldera complex. All contacts between the 
different units are covered by pyroclastic deposits and vegetation, not to mention debris fans. 
 

 

4.3.6 The Southeastern terrace 

A large plateau exists in between the Southern caldera and the Southwestern calderas. This 
plateau is limited to the East and South by subvertically caldera inward dipping walls of at 
least 40 meter high. The walls expose a sequence of massif basaltic flows. To the North and 
West a wall of similar height separates the terrace from the lower-lying caldera floor. The 
upper wall seems to be less steep, more affected by erosion and its foot is covered by meters-
high debris fans, while this is much less the case for the lower wall, where the vegetation is 
almost absent. This might be explained by an older age of the upper wall. The main 
subsidence event for the plateau would thus have taken place before the collapse of the 
Southwestern calderas into its present lower level. Alternative explanations are that the 
proximity of the lower wall to Chahalé’s explosive eruptive influence impedes vegetation 
growth. 
 

 

E W 

Figure 4.14: Panoramic view on the Southern caldera wall with its terraces. All topographic escarpments are obscured by a 
dense vegetation, even though a terrace can be identified in the East of the picture. The walls are ~100 m high. 
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4.3.7 Choungou Chahalé 

Choungou Chahalé is the central pit crater in the Karthala caldera floor and exists of two 
elliptical centers excavated by phreatic explosions (Bachèlery & Coudray, 1993). The highest 
point of Karthala volcano lies to the immediate North of Chahalé, at 2361 meter above sea 
level, and the lowest current level on the crater floor lies ~300 m lower at 2057 meter above 
sea level. Prior to 2005, an even deeper crater lake was present at the bottom of Chahalé, and 
the lake level was reported to vary over more than ten meters in periods of a few weeks, 
evidencing the presence of a shallow hydrothermal activity with active groundwater recharge 
and leakage (Bachèlery & Coudray, 1993; Savin et al., 2001). The earliest 2005 phreato-
magmatic explosion evaporated the crater lake and subsequent phreatomagmatic events in 
2005 and 2006 filled the crater of Chahalé with lava lakes till its present level.  

The crater floor is now covered by deposits of ash that is eroded from the pyroclastics around 
the crater rim, and two scoriaceous cones remain on the floor, showing fumarolic activity. 
Substantial debris fans from rock falls cover the feet of all crater walls. On the first of May 
2012 the presence of a new ephemeral crater lake was reported after heavy rain fall, but it 
fully disappeared by the 7th of May (Figure 4.15a&b). At least three concentric fumarolic 
rings were observed in July 2011, within the debris fan deposits (Figure 4.16). These may 
evidence the existence of concentric fissures throughout the upper rock column of Chahalé, 
that act as waypaths for fluid circulation to the surface. 

The walls of Chahalé expose an excellent ~200 m deep window into the volcano-stratigraphic 
sequence of meter-thick to < 1 meter thick basalt lava flows with massif cores and 
scoriaceous top and bottom due to respectively slower and faster cooling rates. In the Eastern 
wall an ancient caldera floor is present, with thick lava flows ponded against its subvertically 
inward dipping walls, with cooling joints that are perpendicular to the fault trace, with cooling 
joints turning perpendicular to the foot of the ancient caldera walls (Figure 4.17). Several 
feeder dykes can be traced towards the surface, feeding now partially or completely 
overflooded scoria cones. Similar features can be seen in the Northern and Western crater 
wall (Figure 4.18). At the base of the ancient eruptive vent in the South of the crater wall, a 
bench feature exists, from incomplete collapse during a previous, undated subsidence event 
(Figure 4.19). A first step towards a detailed volcano-structural analysis of the wealth of 
structural clues within the Chahalé walls, are the stereoscopically restituted images in Figure 
4.21. The pictures were not taken with this specific restitution method in mind, and thus many 
artefacts are present within the model, and only the Northern and Eastern Chahalé walls could 
be reconstructed, as not every model point had a required coverage of 3 images. 
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Figure 4.15: respective presence and absence of a shallow crater lake at Choungou Chahalé, Karthala Volcano in May 2012. 
a. view from the NW; b. view from the N (Photo: H. Godefroid) 

Figure 4.16: zoom-in on the Chahalé crater floor in July 2011, note the two scoria cones remaining from the 2006 lava lake 
activity, and the concentric fumaroles visible as white lines in the debris fans in the right and upper part of the debris fans. 
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Figure 4.17: panorama view on the Eastern and Southern crater walls of Choungou Chahalé. Walls are ~200 m high. Note the onlapping flows in the North, how the lava flows thin upsection, 
how several feeder dykes (dark vertical lines) are connected to scoria cones (with red cores). Angle of view is from VWP07. 

Figure 4.18: panorama view on the Western and Northyern crater walls of Choungou Chahalé. Walls are ~200 m high. Note the onlapping lava flow in the center of the picture, thus in the 
Northern wall of Chahalé, and the obscuring substantial pyroclastic debris fans against the wall feet. The 1991 explosive crater is visible in the Northeast. Angle of view is from VWP15. 
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Figure 4.19: view on the Southern wall of Choungou Chahalé in July 2011. Note the bench feature with a substantial 
pyroclastic cover and deep erosion gulleys, and to the immediate East of it a subvertical scarp inferred to be an ancient 
caldera floor that is now completely filled by tabular lava flows. The most bright rock column in the center of the picture is 
an ancient eruptive vent (compare with Figure 3.10). The crater walls are ~200 m high. 

Figure 4.20: view on the Northern caldera, with Coungou Changouméni in the South and the 1972 scoria cone in the North. 
Angle of view is from VWP09. 

N S 
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Figure 4.21: stereoscopic 3D models of two zones of Choungou Chahalé, and of the whole reconstructed volume. Note the 
many artefacts, which is the most striking in the crater floor. Data were 70 pictures from different angles, processed in the 
Photoscan (Agisoft) software. 
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4.4 Volcano-tectonic orientation analysis 

In total 71 linear volcano-tectonic features were marked on the Ikonos image in Figure 4.23. 
The azimuth orientation calculations show that there are 3 clusters of oriented linear features 
(Figure 4.22):  

- one primary cluster trending on average North – South: N350S - N010S (36 features) 
- one secondary cluster trending on average N135S: N110S – N150S (21 features) 
- one additional cluster trending on average Eeast – West: N080S – N100S (9 features) 

Five features could not be assigned significantly to one of the above clusters. Even though 71 
data points is a rather low-resolution data set, it may be observed that the two major trends of 
our orientation analysis are concurrent with the two documented regional rift zone 
orientations N-S and NW-SE (Bachèlery & Coudray, 1993 and all references therein). This 
observation would concur with the assumption that the Karthala caldera complex is situated at 
the intersection of two regional fissure zones. More data points should be added in the future 
to ensure reproducibility of the result. It might be more valuable to categorize a high-
resolution data set according to the type of volcanic feature: effusive fissures, fractures, 
graben-type faults, eruptive vent alignments etc… as it is presumable that the orientation of 
the stress field at the Karthala caldera complex may result in control on the direction of 
alignment of one specific type of volcanic feature. 

 

 

 

 

  

Figure 4.22: Rose diagrams 
of the observed volcano-
tectonic features at the 
Karthala caldera complex 
with a linear character. 
Colors correspond to the 
structural features in Figure 
4.23: a. total rose diagram; 
b., c., d. partial rose 
diagrams for respective N-S, 
NW-SE and E-W 
orientations. Data were 
obtained from azimuth 
calculations of line shapes in 
ArcGIS, visualization was 
carried out in StereoNET. 
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Figure 4.23: Ikonos 2005 image of the Karthala caldera complex prior to the most recent 2005-2006-2007 eruption phases. Linear 
volcano-tectonic features are marked in green, red, blue and black, representing respectively average N-S, NW-SE, E-W and 
subordinate orientations. The crater lake centrally in Choungou Chahalé disappeared after the 2005 phreatomagmatic eruption and 
the crater floor now exists in June 2012 of a scoriaceous solidified lava lake and substantial ash-and-block deposits. 
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4.5 Note on ash and scoria deposits: stratigraphy and erosion patterns 
A scoria cone (S15) of 10 m 
diameter and 2 m high, with signs 
of strong erosion into meter deep 
gully’s towards the Eastern 
volcano flank lies on the outer 
ENE caldera wall to the N of 
Choungou Chahalé. These deep 
erosion gully’s (Figure 4.24) in 
unconsolidated weathered scoria 
deposits exist over the whole 

summit plateau and the historic 
scoria cones that constitute the 
highest point of Karthala’s 
summit. S12 and S13 are two deep 
erosion gully’s in the slope of the 
highest historic scoria cone (Figure 
4.25). They are about 100 m high, 
end on the floor of the N caldera 
and strike on average N80E and 
N85E. Where they truncated 
vertical cross-sections in the thick scoriaceous deposits, no sign of failures could be found and 
they seem to follow the topographical valleys on the scoria cones. More obvious signs of this 
erosion by wind and water are found in the numerous truncated pyroclastic deposits that cover 
the ‘Western Plateaus’ and the floor of the caldera lobes. Meter-thick layered sequences of 
ashes, scoria, blocks and bombs are exposed in truncated walls of gully’s. These sequences 
show a stratification that is disturbed by bomb and block impacts showing evidence for the 
explosive nature of the most recent phreat(o-magmat)ic eruptions of 2005 that covered large 
parts of the caldera complex with a considerable package of pyroclastic layers (Figure 4.26 & 
4.27), that are increasing in thickness closer to Choungou Chahalé, the eruption center for 
both the 2005 eruptive events. As thus, numerous pyroclastic sections spreaded over the 
whole caldera complex of Karthala are waiting for detailed volcano-sedimentary analysis in 
order to understand the eruption dynamics of this poorly understood phreatic events for a 
typically effusive basaltic shield volcano (Savin et al., 2005). 
 

Figure 4.24: erosion gully on the gentle sloping top of Karthala, to the N 
of the Choungou Chahalé upper rim, bushes are about 1.5m high.  

Figure 4.25: meter-deep erosion gully’s in the over 50 m high scoria 
cone to the North of Choungou Chahalé, seen from the center of 
Choungou Changouméni. 
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4.6 Volcanic hazard from landslide events on Karthala 

A sharp landslide scarp with a Northward dip constitutes the Northern limit of the Badjini 
massif close to Foumbouni (Figure 4.28). This landslide scarp is evidence of a large failure of 
the Eastern flank of Karthala (Bachèlery & Coudray, 1993). 

Amphitheatre-shaped escarpments have now been recognized at many oceanic islands and are 
ascribed to large sector collapses of the volcanoes’ flanks due to instability of the steep 
volcanic edifice (Mitchell et al., 2012) . Large flank landslides represent a major volcanic risk 
for populated areas at the base of volcanic edifices or from tsunami hazard at nearby 
coastlines (Ward & Day, 2001). The Hawaiian islands have the most rigorously documented 
large submarine flank landslide scarps and deposits. If such landslides truncate a volcanic 
edifice high enough around its summit, they may cause an unloading effect with consequent 
expansion of the underlying magma chamber and the facilitation of magma ascent (Merle & 
Lénat, 2003).  

Figure 4.26: asymmetric bomb 
impact from the direction of 
Choungou Chahalé (E to W) in a 
grain-size-varying sequence of ash 
deposits in CP03, the can shows 
the scale. The bending of the layers 
instead of piercing suggests water 
was involved during the deposition 
of the pyroclastics, thus the 
eruption must have had a phreatic 
aspect. 

Figure 4.27: > 5 m high gully wall 
with an exposed sequence of 
pyroclastic deposits, probably from 
the 2005 events, in CP03 on a few 
meters from the Choungou Chahalé 
NW rim, the largest block in the right 
corner is over 50 centimeter in 
diameter. 
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Models of shield build-up evolution mostly include flank landslides at the relatively inactive 
end of the first shield construction phase, followed by a period of renewed higher eruptive 
activity (Walker, 2000). At basaltic shield volcanoes, stress concentrations develop around the 
caldera after a vertical collapse (e.g. Gudmundsson 1988, Marti et al. 1997), triggering large-
scale destabilization of the volcano’s flanks along a sliding horizon as in La Canadas, 
Ternerife, (Martí, 1997).  

Merle et al. (2008) showed through analogue models that the caldera bounding ring fault itself 
represents a plane of weakness, that might control or trigger catastrophic failure and flank 
collapse. Due to continuing effusive activity within the central caldera, calderas are infilled 
with thick tabular basaltic flows. After full completion of the infilling, lava flows swamp the 
caldera rim and burry the ring fault. Where erosion is lacking, Merle et al. (2008) suggest that 
only geophysical surveys can then detect buried caldera boundaries. At least one buried 
caldera was proposed to exist around the summit of Karthala. Together with the on average > 
20° sloping instable Eastern flank of Karthala volcano (Figure 4.28), it should be realized 
Karthala may be highly susceptible to future flank sector collapse, with possible devastating 
consequences for the local population. 

 

  

Figure 4.28: xsrtm-derived slope map for the North, East and South flanks and the summit of Karthala 
volcano. Note that the North and South-East rift zones are less steep than the Eastern volcano flank. 
Landslide scarps are present in the South-West of the islands and account for the steep Eastern flanks. 
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5.   Analogue modelling of caldera collapse 
on basaltic shield volcanoes 
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5.1 Introduction 

Analogue modelling has been widely used with the aim to provide insight into the processes 
of caldera collapse, in generalized set-ups or applied to specific field cases (e.g. Roche et al., 
2000, 2001; Walter & Troll, 2001; Merle & Lénat, 2003; Kennedy et al., 2004; Lavallée et al., 
2004; Geyer et al., 2006; Acocella, 2007; Holohan et al., 2008; Burchardt & Walter, 2010; 
Merle et al., 2010). The general concept of analogue modelling of caldera collapse processes 
and the consequent main conclusions from such literature were discussed in Chapter 2. 

The specific aim of this chapter was to develop a new series of analogue models investigating: 
1. The geometrical effect of variations in experimental cone average slope on the collapse 
structures formed during drainage of a magma chamber analogue; 2. A new experimental set-
up enabling drainage of a system of several fluid bodies as magma chamber analogues.  
The first aim was identified due to a lack of systematic attention to this model parameter in 
previous studies (Martí et al., 1994), which is important for basaltic volcanoes with 
significant flank slopes such as Karthala Volcano, or the Galapagos Volcanoes (Rowland & 
Garbiel, 2000). On the contrary, most volcanic edifices dominated by explosive caldera 
formation on a relatively larger scale, possess flank slopes of a few degrees at maximum. The 
second aim would seek for a mechanism that would account for the complex caldera 
formation as was documented at Karthala Volcano (see Chapters 3 and 4). 

First, we will present the analogue modelling set-up used in this study and the scaling 
methodology applicable to our model series. Secondly, we will show the results from the 
performed series of analogue laboratory experiments imaged by computerized 
photogrammetry (referred to as ‘large-scale models’) and then separately the specific 
methodology and results for analogue models imaged with X-ray computerized 
microtomography scanning (referred to as ‘µCT-models’).  

Three series of analogue simulations were conducted: 1. A series of large-scale ‘sandbox 
models’ with a horizontal surface, 2. A series of large-scale ‘cone models’ with a sloping 
conical surface and more gentle sloping summit, and 3. A series of downscaled cylindrical 
µCT ‘sandbox models’. The sandbox models serve as a control on the reproducibility of our 
experimental results with respect to previous analogue modelling studies. The main emphasis 
of the discussion will lay on the added value and complementarity of the novel application of 
µCT scanning in contrast to digital laboratory photo imaging techniques to visualize analogue 
caldera collapse models. 
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Figure 5.1: Experimental set-up for a. ‘sandbox’ models, and b. ‘cone’ models: 1. Analogue low-cohesive granular material, 
2. Horizontal solid base, 3. Golden syrup (GS) cylinder as magma chamber analogue, 4. Flexible tube filled with GS, 5. GS-
filled silo with vertically adaptable position, 6. Digital camera(s) with data connection to PC’s. H and D are respectively the 
roof height and the roof diameter of the analogue chamber. 

5.2 Methodology  

5.2.1 Experimental set-up 

Our analogue model set-up (Figure 5.1a) is similar to the ‘sandbox model’ used in most 
fundamental analogue modelling studies (e.g. Martí et al., 1994; Roche et al., 2000). A 
wooden square of 20 cm height and 25 cm width was placed upon a perforated horizontal 
surface. The bottom perforation was connected through a plastic tube with a silo that is 
adaptable in height. The sandbox could be filled to a desirable height with a mixture of sand 
and plaster (SP-mix), a low-cohesive granular material, and the silo/tube with Golden Syrup 
(GS), a fluid analogue (for the material characterization see Section 5.2.2). A GS fluid body 
was emplaced on the horizontal surface by filling an iron cylinder of 6.5 cm diameter with the 
fluid analogue. This magma chamber analogue was 2 cm high in most cases. After 
surrounding the chamber analogue with the SP-mix, the iron mold was removed and the 
sandbox was filled with the SP-mix above the fluid body to the desired height, with a 
horizontal top surface. Upon the top surface a thin film of dry plaster served to accentuate 
surface deformation and black sand grains were sprinkled to enhance contrast in the pictures, 
and to provide tracking points for the image analysis (see Section 5.2.4). 

All fluid flow was performed using the physical law of communicating vessels. The 
simulation was started by lowering the fluid silo to the same level as the horizontal surface on 
which the model rests. As thus, drainage of the fluid body was driven by: 1. The higher 
potential energy of the fluid body compared to the silo, and 2. The gravitational load of the 
overlying granular material. Drainage will stop automatically when the fluid level in the tube 
and in the silo is at the same height. As thus, a near-complete vertically downward drainage of 
a magma chamber is simulated, without any associated eruptive or explosive activity in the 
caldera zone on a volcanic edifice. 
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For the cone models, no square box was used, but a cone of desired height was emplaced 
above the fluid body, ideally with a more gentle sloping summit region then the slopes of the 
cone themselves, to account for a typical basaltic shield volcano morphology with steeper 
slopes (5-30°) and a flattened summit (Figure 5.1b). Some models were given even higher 
slopes of maximum 45° to investigate the effect of the slope value on the caldera collapse. 
The analogue ‘cone’ models had the fluid body emplaced with its top at the same level of the 
cone base, or with its base at the same level of the cone base. Such configuration is 
respectively achieved by the presence or absence of a horizontal layer of granular material 
with the same height of the fluid body. 

Following results of Roche et al. (2000), the aspect ratio H/D is the main controlling factor on 
the structural collapse caldera geometry. Therefore, the sandbox model series varied in height 
H of the overlying granular material column. In the cone models, a similar effect was 
achieved by varying the height H of the overlying cone, and as such also the average cone 
slope α. All magma chambers were kept at the same diameter D to enable to derive a simple 
relationship between the varied geometric parameters (i.e. H, α). 

Edge effects might have an influence on the stress field in the sandbox models, due to the 
finite size of the experimental set-up. Horizontal stresses (σh) against the sandbox walls are 
partly supporting vertical stresses (σv), with σh = K σv where K is a constant depending on the 
analogue cohesionless (dry sand) or low-cohesion (SP-mixture) granular material. However, 
many authors have shown that such edge effect is of only secondary importance in 3D 
sandbox models, as long as the diameter of the sandbox is relatively large in comparison to 
the area affected by the simulated deformation (e.g. Roche et al., 2000; Acocella, 2007). As 
such, we neglect the edge effect in our models by imposing a width of the sandbox of 25 cm, 
which is more than twice the 6.5 cm diameter of the magma chamber analogue. The edge 
effect is absent at the free surface of the cone models. 

After completion of the simulation, large-scale cone models were wettened gently but 
pervasively with water. The plaster content in the model enabled the SP-mix to harden. While 
still wet, the models were cut in parallel sections that were photographed. These profiles 
enabled an approximate 3D insight of the internal caldera fault geometries (Figure 5.14-5.16 
& App. Figure 5.32-5.34). In the same manner, the subsurface caldera collapse structures in 
sandbox simulations were exhaustively documented by Roche et al. (2000) and others (i.e. 
horizontal model top surface). As fault traces themselves are hardly visible in the SP-mix, the 
cone models were constructed of intercalations of SP-mix that was coloured with a slight 
amount of black dying powder used in industrial construction applications.  
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Due to its low concentration, the dye has no influence on the mechanical properties of the 
granular analogue material. The displacement along fault planes is visible in the sections as 
displacement of the black intercalations. 

At last, we only developed experiments with a magma plumbing geometry with one magma 
chamber in our experimental series. Tests with the emplacement of two fluid bodies of which 
one was situated higher and with a small lateral overlap above a second GS cylinder all failed 
as collapse occurred of the granular SP-mix into the lower lying chamber. An undesired 
connection was established between both GS volumes. Consequently, the assumption that no 
deformation takes place before the drainage simulation is started in this highly unstable 
experimental set-up, is very likely invalid. It was concluded that a fluid with a higher 
viscosity is needed to enable the development of an accurate multi-chamber drainage set-up. 
Silicon putty is an analogue Newtonian fluid with a higher viscosity of 104 Pa.s (Poppe, 2009) 
and has been already used in many analogue modelling studies (e.g. Roche et al., 2000). 
However, the usage of silicon putty would require substantial adaptation of our set-up. Thus, 
the development of multi-chamber experiments has proved infeasible within the timescale of 
this thesis project. 

5.2.2 Material characterization 

The simulations used a dry mixture of silica sand and plaster (SP-mix) as a rock analogue, and 
Golden Syrup (GS) as a magma analogue. As there was an insufficient amount of sieved silica 
sand available to perform a long series of analogue models, sand of the Formation of Lede, 
containing small amounts of glauconite, was sieved and added to the silica sand. In order to 
ensure that the physical properties of this new sand approached those of the pure silica sand as 
closely as possible, grain shape and roundness were evaluated visually through microscopy 
for both sands (Figure 5.2). Acknowledging the presence of a minor amount of more rounded 
grains in the Lede sand in comparison with the silica sand, the difference in grain geometry 
between both sands was considered negligible and we proceeded with the glauconite-silica 
mix. Incrementally increasing volumes of the sand-and-plaster mixture (SP-mixture) were 
weighed to define its bulk density at 1.75 x 10³ ± 0.1 x 10³ kg.m-3 (Appendix Table 5.1). 

Figure 5.2: Microscopy 
sample images of the sands 
that are mixed in the analogue 
granular material: a. industrial 
silica sand; b. ‘Lede’ sand 
with a minor amount of 
glauconite minerals and a 
limited amount of grains with 
a relatively higher roundness 
then the mean quartz 
roundness in a. 



82 
 

Most previous analogue models used a cohesionless or low-cohesive granular material as an 
analogue to crustal rock with brittle behavior. Roche et al. (2000) used dry sand, as it is 
cohesionless and possesses Mohr-Coulomb behavior. In order to improve the ability of the 
sand to support vertical cliffs during simulations, two measures were taken: 1. Silica sand was 
sieved to remove the grain size fraction larger then 250µm, and 2. 15 volume percent dry 
plaster was added to increase the cohesion. 

The angle of internal friction ϕ of the SP-mix was averaged at 30 ± 2° from twenty slope 
measurements of a cone under the angle of repose (see App. Table 5.3). The cohesion τ0 of a 
granular material is proportional to the maximum height H of a vertical cliff made in the 
mixture: 

휏 =
1
4 × 휌 × g × H ×

1 + sinϕ
1 − sinϕ 

Where τ0 is the cohesion in Pa, ρ the bulk density in kg.m-3, g the gravitational acceleration, 
equal to 9.807 m.s-2, H the average maximum vertical cliff height in m and ϕ the angle of 
internal friction in degrees (Donnadieu, 2000). Out of 20 measurements of the vertical cliff 
height in our granular material, we obtained an average cliff height H of 2.3 x 10-2 m, and thus 
an average cohesion τ0 of ~300 Pa for our granular analogue material. 

Golden syrup (GS) was used as a fluid analogue for basaltic magma. GS is a Newtonian fluid, 
of which the viscosity was previously determined experimentally at 170 ± 30 Pa.s at 18-20 °C 
(Poppe, 2009). The viscosity of GS is depending on its temperature, but is negligible within 
the interval of temperatures of the laboratory during our experiments (17-20°C). The presence 
of sugar crystals within the GS was avoided as they would increase the fluid’s viscosity. 

5.2.3 Model scaling 

The concept of analogue modelling is based on the usage of materials whose physical 
properties are analogue to the materials that occur in the investigated natural process(es). As 
the laboratory experiments are conducted on a much smaller scale then in nature, the physical 
properties of the used materials have to be downscaled in order to ensure the simulation of the 
same process as in nature. A set of parameters was used to control on the correct geometric, 
dynamic and kinematic scaling of the analogue simulation process, based on the parameter set 
and scaling equations as proposed by Roche et al. (2000). 
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A ratio Π* was defined for each key physical parameter (Table 5.1), with: 

Π* =  Πmodel/ Πnature 

As our focus is on deformation processes in basaltic shield volcanoes, the physical values of 
basaltic rock and magma were used for scaling. The scaled physical Π-parameters are: 

 ρ* : The ratio of the density of our analogue SP-mixture (85:15 volume ratio, Table 5.1) to 
the density of crystallised basaltic rock (3000 kg.cm-3, Lockwood & Hazlett, 2000). 

 g : The gravity acceleration. The Earth’s gravity field is approximately the same in nature 
as in the laboratory. 

 L* : The typical length ratio of calderas collapsed in the experiments to the size range of 
natural collapse calderas. 

 ϕ* : The angle of internal friction ratio, which is approximately the same in nature as in 
our analogue SP-mixture (85:15 volume ratio, Table 5.4). 

 τ0* : The cohesion ratio. A low cohesion of the analogue granular material is required for 
simulating brittle behavior in the experiments. 

 μ* : The ratio of the viscosity of GS to the viscosity of basaltic magma (10²-10³ Pa.s, 
Lockwood & Hazlett, 2000). 

At last, vertical stress in nature or in the models can be calculated from: σ = ρ. g. L 

To scale this stress parameter, σ* was derived from:    σ* = ρ*. g*. L* 

As our analogue SP-mixture and basaltic rock are Coulomb materials:  τ = τ0 + σn tanϕ, 
where τ is the shear stress in Pa, τ0 the cohesion in Pa, σn the normal stress in Pa and ϕ the 
angle of internal friction in degrees.  

Table 5.1: Values of the physical parameters used in the scaling procedure between the experiments and natural calderas. 

Parameter 

 
Density 

ρ 
(kg.m-3) 

Gravity 
Acceleration 

g 
(m.s-2) 

Typical 
Length 

L 
(m) 

 
Stress 
σ 

(Pa) 

Angle of 
Internal 

Friction ϕ 
(deg) 

 
Cohesion 

τ0 
(Pa) 

 
Viscosity 

μ 
(Pa.s) 

Πmodel 1750 ~ 9.8 5 - 10  
x 10-2 

0.87 - 1.70 
x 10³ 29.7 300 4.3 x 10³ 

Πnature 
2700 -
3000 ~ 9.8 2.5 - 25  

x 10³ 
2.7 – 3.0 

x 107 25 - 30 106 10² - 10³ 

Π* 
= Πmodel/ 
Πnature 

~ 0.6 1 0.2 – 4 
 x 10-4 ~ 4.5 x 10-5 ~ 1 7.5 x 10-7 4 - 40 
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Correct scaling requires that σ* = τ0*, thus that τ0,model = τ0* τ0,nature. As a typical rock 
cohesion at 107 Pa is lowered by one order of magnitude due to large-scale jointing and 
fracturing, we define τ0,nature at 106 Pa, following Roche et al. (2000). As consequently τ0* 
equals σ* at 4.5 x 10-5 Pa (Table 5.1), our analogue granular material should have a cohesion 
of 10-6 x 4.5 x 10-5 = 45 Pa. This value is in the same order of the 300 Pa cohesion used in our 
experiments. Such slightly higher value was justified as laboratory tests with an SP-mix with 
a cohesion at a few tens of Pa showed not to be able to support vertical cliffs of considerable 
height. It should be noted that the value of 106 remains a major approximation, and that the 
natural rock cohesion might be still higher than 106 Pa. 

5.2.4 Image acquisition and analysis 

A digital Canon camera with 35.0 mm lens, placed at ~1.50 m vertically above the set-up, 
acquired high-resolution photographs with a temporal interval of 1 minute during the 1-2 hour 
duration of a simulation. The camera was placed the highest as technically possible, to reduce 
the parallax deformation on the digital images. A data connection to a PC allowed controlling 
the camera remotely and save the images immediately upon acquisition. After detaching the 
model from the GS vessel to prevent further drainage of GS and SP-mix, close-up pictures of 
the model were taken to complete the documentation of the formed caldera collapse structure. 
The result section presents pictures of the model surface at the initial deformation phase, 
halfway the drainage cycle and at the end of the drainage (Figure 5.5-Figure 5.13). Sketches 
were made of the caldera structures visible on the pictures at these three time points. Several 
models were placed in a freezer after simulation completion. The frozen model was 
recuperated after one night, the SP-mix was removed and the frozen interaction layer of GS 
and SP-mix was imaged. The GS interaction layer represents the deformed wall of the magma 
chamber analogue. As there was no considerable geometric difference found in between such 
GS remnants, this procedure has not been applied to all models. 

Several analogue simulations were imaged simultaneously with two digital reflex cameras 
with the aim of testing the stereogrammetric restitution of a digital 3D model (cfr. DEM – 
Digital Elevation Model) of the deformed caldera models (Figure 5.1). For this purpose, both 
cameras carried the same type of lens with a 35.0 mm focus length, mounted on a steel 
construction above the experimental set-up as close as possible next to each other in order to 
obtain an as high image overlap as possible. The repetitive interval shooting was started for 
both cameras at exactly the same time to allow image couples to be always acquired at the 
exact same moment.  



85 
 

The advantage of such a stereoscopic approach would be that, in contrast to the 2D set-up 
with one camera, the initial morphology of the experimental cones and their inherent 
asymmetry can be assessed, and the vertical displacement and the experimental caldera 
structures can be documented and analyzed later on in 3D. The stereoscopically processed 
image couples are: 1. Those from the immediate start of a model, allowing a 3D 
reconstruction of the initial cone morphology; 2. Those halfway the drainage and consequent 
deformation; and 3. Those representing the final collapsed caldera structure. The use of 
photogrammetry in analogue modelling is described by Donnadieu et al. (2003). 

Stereoscopic image couples were processed with the Virtuozo software present at the 
Department of Geography (UGent). This software compares corresponding points on a left 
and a right image of an overlapping image couple and calculates the parallax deformation in 
this unique point on both images. The combination of both parallaxes for each image point 
allows to calculate the location of the point in a relative coordinate system, where the 
coordinates along the x and y axis are corresponding to the pixels on the images in their 
overlapping zone, and the coordinates along the z axis to the parallax. As such, a 3D model of 
the analogue caldera model is constructed and projected on the PC screen. Then contour lines 
of ‘equal parallax’ can be drawn on the images. The intermediate result is a relative contour 
map of the experimental model that was photographed, as the results had little or no direct 
value without absolute elevations, we do not present them. 

The next step would be measuring the absolute coordinates of several ‘Ground Control 
Points’ (GCP’s) on the experimental model before and after the caldera collapse simulation. 
These GCP’s would then be used by the software to convert the parallax values of the relative 
3D model into an absolute 3D model where the Z axis represents absolute model height. The 
objective here was to explore the potential of such a technique. Therefore, we explored the 
processing of our data untill the level of relative 3D models, and our first steps show the 
technique might result in enhanced interpretation of modelled caldera collapse structures. 

5.3 Results of large-scale analogue models 

5.3.1 Introduction 

We present in this section a selection of representative results of large-scale sandbox and cone 
models. We carried out 12 sandbox and 11 cone simulations. A series of 4 representative 
sandbox models was selected with an increasing aspect ratio H/D equal to 0.15, 0.45, 1.00 and 
2.00 (Figure5.5-5.8), and discussed below, complemented with examples of an H/D at 0.30, 
0.70 and 1.50 in the Appendix (Figure 5.28-5.30).  
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A series of 4 representative cone models was selected with an increasing aspect ratio H/D 
respectively at 0.45, 1.00, 1.00 and 1.77, and corresponding mean flank slope of respectively 
15°, 19°, 26° and 37° (Figure 5.9-Figure 5.11). The figure legend is provided in Figure 5.4. 

For the case of H/D at 1.00, we compare a geometry in which the fluid body is emplaced with 
the top of the body at the cone base level, or with the base of the body at the cone base level. 
This enables to evaluate the influence of varying average flank slope with equal H/D, as it 
was necessary to adapt the cone height and thus cone slope to obtain an equal H/D value. At 
last, two of the cone models were wettened, sectioned, and presented with a description of 
their internal caldera fault geometries.  

All performed simulations are listed in Table 5.5 & 5.6 (see Appendix), showing the relevant 
model parameters along with systematic measurements of each simulation duration, the outer 
diameter, inner diameter and vertical subsidence of the final caldera. In each experiment the 
GS fluid cylinder, with initial vertical walls and a horizontal roof, was nearly completely 
drained, and the required time interval varied for all simulations between 60 and 240 minutes. 

5.3.2 Results of large-scale analogue ‘sandbox’ models 

Deformation started in all cases with downflexure around a central area that subsided 
subvertically (a. and b. in the figures). Concentric tension fractures opened in a wide annular 
zone with an outer diameter approximating the one of the underlying GS cylinder. One ring of 
fractures accommodated most of the extension by opening more than other fractures. This 
fracture ring (RF) later on accommodated most of the subsidence by forming a subvertical 
cliff, and was in general located close or at the position of the outer limit of the zone affected 
by tensional fracturing (c and d in the figures). As subsidence was commonly asymmetric, the 
fracture ring ‘unzipped’ laterally from one point in two directions, while a smaller amount of 
subsidence was still being accommodated by opening tension fractures on the opposite side of 
the subsiding area. Once a vertical caldera cliff was developed, secondary peripheral tension 
fractures (PF) opened on the caldera outward side. 

Starting from the collapse center and proceeding outwards, all models possessed different 
morpho-structural units (Figure 5.3; bracketed abbreviations refer to the codes in the figures):  

 A central flat-lying area (C), unaffected by fractures, with a vertically downward motion; 

 A more or less-well defined, arcuate fault throw, the inner compressional ridge, mostly 
not fully closed in a ring; 

 A zone of secondary compressional ridges (CR), or a caldera-inward inclined zone (I); 

 A zone of open tensional fractures (TF) defining an area of intersecting blocks; 
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 Debris (D) fans hailing from collapsed portions of the subvertical cliffs; 

 A subvertical cliff, the ring fault (RF), with steeply inward-dipping exposed fault plane; 

 Several arcuate peripheral fractures (PF). 

Where subvertical cliffs of the ring fault reached a substantial height in the models, peripheral 
fractures opened on the outer side of the ring fault, resulting in a sudden landslide collapse of 
complete sections of the subvertical cliffs. The collapsed blocks lost their coherence and the 
resulting landslide debris obscured zones of surface structures within the subsided surface 
(Figure 5.6). In this manner, the ring fault, and thus the caldera diameter, was widening with 
continued drainage. The diameter of the final stable ring fault mostly approximated the initial 
diameter of the underlying GS cylinder for H/D, except where the ring fault did not develop 
into a substantial vertical cliff was formed at H/D = 2.00 (see the ‘inner diameter’ column in 
App. Table 5.5). 

During ongoing drainage, the innermost compressional ridge was propagating towards the 
collapse center, while inner caldera tensional fractures were opening more and more. The 
result is that the average diameter of the central area was decreasing. Subsequently the blocky 
terrain of tensional fractures situated in between the ring fault and the compressional ridges 

became more and more chaotic and 
incoherent. It is in these areas most 
affected by fracturation, that most of 
the black grains necessary for image 
analysis were reworked into the SP-
mix. 

The ring fault itself presents two 
peculiar characteristics contrasting 
with a circular geometry that would be 
expected from a single major caldera 
bounding ring fault: 1. Some large 
portions of ring faults in the type 
examples are approximately linear 
instead of arcuate (Figure 5.6 & 5.7); 
and 2. The ring fault seems to exist of 
discrete linear or slightly arcuate 

sections that form by the 
interconnection of en echelon faults. 

Figure 5.3: a. conceptual plan view, and b. conceptual topographic 
profile of the typical structural units formed in our sandbox caldera 
models. C = central block, CR = compressional ridge, I = inclined 
zone, TF = tensional fractures, D = debris fan, RF = ring fault, PF = 
peripheral tension fracture. 
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As such, the fault geometry is a pattern in which a long fault trace is truncated by a shorter 
fault trace that is oriented under an angle with the longer one. The smaller portion then stops 
where it meets the next long fault trace portion etc… in a geometry analogue to the diaphragm 
of classic analogue camera’s. This phenomenon can be clearly observed in model BS1208 
(App. Figure 5.28). 

All presented sandbox models can be used to describe the variations of surface deformation 
with increasing H/D. At H/D up to 0.45, most asymmetrically collapsing models evolved 
towards a more symmetric collapse, with the inclination of a central flat area gradually 
becoming horizontal again, only lowered vertically in accordance to its initial position. One 
coherent central block subsided vertically in a piston collapse fashion. At H/D higher than 
0.45, it took mainly longer, up to twenty minutes and more, to initiate the development of a 
substantial vertical cliff out of a tension fracture, and asymmetric collapses retained a 
substantial asymmetry in the final deformed surface. The lower H/D in general, the earlier in 
time the ring fracture developed into a subvertical cliff, relative to the time necessary for 
complete drainage. The main expression of asymmetry was in the deeper subsidence along 
one portion of the ring fault in accordance to the opposite caldera side, in a trapdoor fashion 
(e.g. Figure 5.7). Above an H/D value of 0.45, the caldera floor showed an incoherent surface, 
typical for piecemeal subsidence. At H/D = 2.00 (Figure 5.8), the ring fracture did not 
develop further into a vertical cliff, giving rise to a funnel-like surface of the collapsed area. 
The ~13 cm diameter of the subsided area significantly exceeded the value of subsidence, that 
was at the most 1.5 cm vertically downwards.  

At last, if the drainage was not stopped manually in time or if the drainage opening at the 
bottom of the set-up was not blocked in time immediately after removing the flexible drainage 
tube, a column of granular SP-mix with a diameter equal to the drainage opening diameter 
collapsed rapidly along a vertical ring fault into the flexible tube (Figure 5.5). 

Figure 5.4: Legend for the model results presented in figures 5.5 - 5.12. 
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Figure 5.5: Sandbox model BS1207 with H/D = 0.15: vertical images of the surface collapse structures after a. 5 
minutes, c. 31 minutes, e. 62 minutes; b., d. and f.: sketches of the images in a., c. & e.; g. close-up of the final collapse 
caldera surface, the central collapsed pit is an undesired artifact from removing the drainage tube upon simulation 
completion; h. perspective picture of the final analogue collapse caldera. For the legend, see Figure 5.4. 
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Figure 5.6: Sandbox model BS1209 with H/D = 0.45: vertical images of the surface collapse structures after a. 10 minutes, 
c. 54 minutes, e. 108 minutes; b., d. and f.: sketches of surface deformation in a., c. & e.; g. & h. perspective images of the 
final collapse caldera surface under an angle. For the legend, see Figure 5.4. 
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Figure 5.7: Sandbox model BS1211 with H/D = 1.00: vertical images of the surface collapse structures after a. 15 minutes, c. 
47 minutes, e. 93 minutes; b., d. and f.: sketches of surface deformation in a., c. & e.; g. close-up image of the final collapse 
caldera surface; h. vertical view on the frozen deformed interaction layer of GS and SP-mix, the drainage opening is situated 
in the center; i. perspective image of the final collapse caldera surface. For the legend, see Figure 5.4. 
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Figure 5.8: Sandbox model BS1204 with H/D = 2.00: vertical images of the surface collapse structures after a. 15 minutes, c.
85 minutes, e. 160 minutes; b., d. and f.: sketches of surface deformation in a., c. & e.; g. vertical view on the frozen 
deformed interaction layer of GS and SP-mix, the drainage opening is situated in the center; i. perspective image on the 
frozen deformed interaction layer of GS and SP-mix. For the legend, see Figure 5.4. 
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5.3.3 Results of large-scale analogue ‘cone’ models 

Deformation started in all cases with mild downflexure of the central cone summit area that 
subsided subvertically (a. and b. in the figures). Concentric extensional fractures opened in a 
wide circular zone with a diameter that was considerably smaller than the one of the 
underlying GS cylinder. The subsidence started off asymmetrically in most cases, with the 
collapse center decentered from the center of the experimental cone. One ring of fractures 
accommodated most of the extension by opening more than other fractures. This fracture ring 
later on accommodated most of the subsidence and formed a subvertical cliff. As subsidence 
was commonly asymmetric, the fracture ring ‘unzipped’ from one point laterally in two 
directions. The lower the H/D, the earlier in time the ring fracture developed into a subvertical 
cliff, relative to the time necessary for complete drainage.  

In most models first an innermost complete or incomplete caldera outward dipping ring fault 
was formed. As the central caldera block moved vertically downward along this initial fault, it 
can be considered as a reverse fault. At the same time, visible more outerward arcuate 
peripheral fractures started to open. These peripheral fractures acted later on as sliding planes 
for large peripheral blocks that subsided gradually or that failed suddenly when stability was 
lost due to prolonged subsidence of the central caldera block. Thus, the nature of the 
movement along the latter structural planes was normal. 

Starting from the collapse center and proceeding outwards, all models possessed different 
morpho-structural units (bracketed abbreviations refer to the codes used in the figures):  

 A central flat-lying area (C) that subsided vertically ; 

 Minor compressional ridges (CR), observed only sporadically, typically formed in the 
initial 10-20 minutes of drainage, flattening out again later on; 

 An inclined zone (I) in some cases and only for a minor portion of the caldera edge , that 
mostly became horizontal again after prolonged drainage and extensive subsidence; 

 Inner caldera peripheral blocks forming peripheral terraces, dipping caldera outward 
after minor subsidence, but caldera inward after substantial subsidence of the blocks 
themselves together with the central caldera block; 

 Debris (D) fans hailing from collapsed portions of the subvertical cliffs; 

 A wide open fault gap in between the central collapsed block and the major reverse ring 
fault, partially filled in with debris (D) from cliff failure; 

 A steeply outward-dipping exposed fault plane, the ring fault (RF); 
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 Outer ring faults of which the dip orientation could not be unambiguously observed, 
only present around some portions of the caldera perimeter, and with mostly only a minor 
vertical displacement of the collapsing peripheral block; 

 A limited amount of minor arcuate peripheral fractures (PF) close to the ring fault, never 
extending around the whole caldera, and always intersecting the ring fault at several 
points. 

In general, ring faults presented distinct linearity in some fault portions and their fault plane 
geometry was mostly that of an interconnection of en echelon faults, in a camera diaphragm 
analogy (see Section 5.3.2). Especially at low H/D, most asymmetrically collapsing models 
evolved towards a more symmetric collapse, with the inclination of the summit area gradually 
becoming more horizontal again. We did not observe a distinct summit flattening before faults 
truncated the cone surface.  

Both models CS1204 and CS1208 were defined by an aspect ratio H/D equal to 1.00, but a 
different mean cone flank slope of 19° and 26° respectively (resp. Figure 5.11 & 5.10). Both 
models possessed a minor compressional ridge around the subsiding central area of the central 
block, and concurrent inclined zones in between the central area and the reverse ring fault. 
The subsidence at CS1204 accounted for only 1.5 cm, while it was 1.9 cm for model CS1208 
(App. Table 5.6). A comparison of both model sketches learns that the final caldera block 
subsided in the cone with the lower mean flank slope, is affected by a higher number of 
tensional fractures and compressional ridges in a dispersed pattern, contrasting with a lower 
number of tensional fractures at the cone with the higher mean flank slope, concentrated in a 
smaller, more confined area. Further, the steeper model did not possess any extensional 
peripheral fractures on the caldera outward side of the caldera ring fault, while several 
peripheral fractures were still present at the cone with the lower slope. 

It seems that the above observations can be generalized for the whole series of experimental 
cones with an increasing H/D, thus mean cone flank slope. In the particular case of model 
CS1205, two sets of peripheral terraces were established (Figure 5.12). These terraces did not 
collapse, even after drainage was completed. They are bound by substantial inner caldera, 
caldera outward dipping faults that accommodated the major displacement, and an outer 
caldera ring fault with minor displacement. Thus, the inner caldera faults were reverse faults. 
It could not be observed only from the surface deformation if the outer faults were caldera 
inward or caldera outward dipping. Note in Figure 5.12j. that the ‘northernmost’ peripheral 
block was dissected by at least two secondary arcuate faults that provided a terrace 
morphology of downstepping subterraces towards the caldera center.  
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The terrace surfaces themselves are sloping gently inward. Sudden failure and disintegration 
of such peripheral blocks was accidently captured in model CS1211 at minute 149 (App. 
Figure 5.31), where at least two blocks lost their stability. A multiphase debris slide took 
place in which the innercaldera block slided first and failure progressed in a caldera outward 
direction. The debris from the disintegrated blocks covered a substantial area of the centrally 
subsided caldera block, filling in almost all of the subsided area. 

At last, model CS1200 was emplaced and observed for over one hour without performing any 
drainage, with the aim to evaluate a presumed gravitational loading effect of the cone summit 
on the cone deformation (Figure 5.12). Deformation started with millimetric subsidence of the 
cone summit as a central block. An inner compressional ridge and an outer fracture ring were 
formed consequently. A peripheral zone became gradually inclined towards the subsidence 
center. The frozen GS fluid body itself possessed a slightly larger diameter of ~7 cm in 
comparison with the original cylinder diameter, and showed two ridges and a central subsided 
zone (Figure 5.13i & j). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 
 

 

Figure 5.9: Cone model CS1210 with H/D = 0.45 and an average slope of 15°: vertical images of the surface collapse 
structures after a. 20 minutes, c. 100 minutes, e. 185 minutes; b., d. and f.: sketches of surface deformation in a., c. & e.; g.
vertical overview of the model, the white box locates the a.-f. area; h. profile image of the experimental cone with summit 
caldera; i. perspective image on the final collapse caldera, note the reverse major ring fault and gap with the collapsed block. 
For the legend, see Figure 5.4. 



97 
 

 

Figure 5.10: Cone model CS1208 with H/D = 1.00 and an average slope of 26°: vertical images of the surface collapse 
structures after a. 5 minutes, c. 50 minutes, e. 118 minutes; b., d. and f.: sketches of surface deformation in a., c. & e.; g. 
vertical overview of the model, the white box locates the a.-f. area; h. profile image of the experimental cone with summit 
caldera; i. perspective image on the final collapse caldera, note the reverse major ring fault. For the legend, see Figure 5.4. 
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Figure 5.11: Cone model CS1204 with H/D = 1.00 and an average slope of 19°, the top of the GS body is at the level of 
the cone base: vertical images of the surface collapse structures after a. 3 minutes, c. 27 minutes, e. 84 minutes; b., d. and 
f.: sketches of surface deformation in a., c. & e.; g. vertical overview of the model, the white box locates the a.-f. area; h.
profile image of the experimental cone with summit caldera; i. vertical close-up image on the final collapse caldera, note 
the reverse major ring fault, the gap with the collapsed block and the fissures in the central caldera block floor. For the 
legend, see Figure 5.4. 



99 
 

 

Figure 5.12: Cone model CS1205 with H/D = 1.77 and an average slope of 37°, the top of the GS body is at the level of 
the cone base: vertical images of the surface collapse structures after a. 30 minutes, c. 110 minutes, e. 193 minutes; b., d.
and f.: sketches of surface deformation in a., c. & e.; g. vertical overview of the model, the white box locates the a.-f. 
area; h. perspective image on the final collapse caldera, note the two terrace levels bounded by an inner reverse ring fault 
and an outer normal ring fault; i. profile image of the experimental cone with summit caldera; j. perspective close-up of 
one the terrace areas, note the arcuate fissures dividing the terrace in three separate levels. For the legend, see Figure 5.4. 
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Figure 5.13: Cone model CS1200 with H/D = 1.38 and an average slope of 35°, without GS drainage: vertical images of the 
surface collapse structures after a. 40 minutes, c. 60 minutes, e. 102 minutes; b., d. and f.: sketches of surface deformation in 
a., c. & e.; g. vertical overview of the model, the white box locates the a.-f. area; h. vertical image of the frozen deformed GS 
fluid body with interaction layer of GS and SP-mix, the drainage opening is situated in the center; i. perspective image on the 
frozen GS fluid body. For the legend, see Figure 5.4. 
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5.3.4 Results of wet cross-sections of two cone models 

The final caldera collapse structures of models CS1210 and CS1211 are presented along 
cross-sections through the collapse center, as they are assumed to display the actual fault dips. 
The Appendix holds complementary cross-sections of the collapsed area. The sections are 
from left to right in the pictures and sketches of Figure 5.9 and Appendix Figure 5.32. 

Subsidence in cone model CS1210 was confined within one caldera bounding ring fault 
(Figure 5.14 & 5.15). The main subsided volume was a coherent central caldera piston that 
subsided vertically. The caldera bounding ring fault was dipping subvertically caldera 
outward in its upper portion, to become vertical and even subvertically inward dipping in its 
lowest portion. Peripheral blocks of inward tilted strata, in between an inner reverse fault and 
the caldera bounding fault. Figure 5.15 shows that the central piston was affected by a reverse 
fault dipping approximately 60°, and that along this cross-section no peripheral blocks are 
present, but a fault gap, that was filled in by debris from the failed upper caldera wall. 

Figure 5. 14: Wet cross-section through experimental cone CS1210: a. photograph of a central cross-section, the black infill 
above the subsided block is post-simulation infill to stabilize the collapse structures; b. sketch of the collapse structures and 
fault traces, the undrained GS remnant is shown in dark gray, the initial top surface before collapse in light gray, arrows mark 
sense of movement. Note the peripheral blocks that formed due to failure along subvertical to normal faults, after initial 
subsidence along faults that are reverse at the top but change orientation to become vertical or even caldera inward-dipping 
with depth. 
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The stratification in the brecciated peripheral blocks seems to be substantially affected, but 
still recognizable. No unambiguous observations can be made about probable changes in dip 
of the dyed black tracker layers, as there is no information on the initial dip of these layers 
before the deformation occurred. The combination of Figure 5.14 and 5.15 shows that the dip 
of each fault is varying substantially throughout the caldera. Comparing Figure 5.14 with 
Figure 5.9 shows that the subsurface continuation of the inner compressional ridge was a 
reverse fault that became increasingly steeper downward. 

 

Model CS1211 had a 0.70 aspect ratio H/D that was higher than the value of 0.45 for model 
CS1210 (Figure5.16). Similar to CS1210, we observed one major caldera bounding ring fault, 
a main central subsided piston, and a debris filled caldera bounding gap along some fault 
portions (right), while along the opposite fault portion (left) subsided blocks are in immediate 
contact with unfaulted caldera outward SP-mix. At least two reverse faults cut through the 
caldera piston, with the deepest subsidence at the central caldera block. Black dyed layers in 
the caldera block closer to the caldera bounding fault showed down drag along the reverse 
fault plane. The subsided summit surface became covered with debris fans from repeated 
caldera bounding cliff collapse (see App. Figure 5.31). 

Figure 5.15: Wet cross-section centrally through experimental cone CS1210, to the South of the section in Figure 5.14: a.
photograph of the cross-section, the black infill above the subsided block is post-simulation infill to stabilize the collapse 
structures; b. sketch of the collapse structures and fault traces, the undrained GS remnant is  in dark gray, the initial top 
surface before collapse in light gray, arrows mark sense of movement. The subsided block is broken up by a reverse fault, 
initial subsidence occurred along a ring fault that is reverse at the top but becomes subvertical with depth. 
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A main difference with model CS1210 is that the caldera bounding ring fault in CS1211 is 
dipping caldera inward in the upper fault portion, becoming vertical and even dipping caldera 
outward in some of its lower portions. Cross-sections through the edges of the caldera volume 
of models CS1210 and CS1211 are provided (App. Figure 5.33 & 5.34), but observations and 
interpretations of the fault nature and fault plane orientations are difficult to be assessed, as 
sections are no longer orthogonal to the main fault orientation. 

The cross-sections also show clearly that our experimental set-up is unable to drain all GS, as 
immediately after initial contact between the SP-mix and the GS, the GS will infiltrate in the 
interstitial pores of the SP-mix. The thickness of the interaction layer will increase gradually 
during the simulation. Drainage was not able to remove this interaction layer, and after 
complete drainage, what is left at the base of the models is a ring structure with a central 
circular depression in which the caldera piston subsided. Pictures of such interaction layers 
are depicted in Figure 5.7 & 5.8. No significant differences in between the GS chamber 
remnants were observed. 

Figure 5.16: Wet cross-section through experimental cone CS1211: a. photograph of the central cross-section, the black infill 
above the subsided block is post-simulation infill to stabilize the collapse structures; b. sketch of the collapse structures and 
fault traces, the undrained GS remnant is shown in dark gray, the initial top surface before collapse in light gray, arrows mark 
sense of movement. The subsided block is broken up by several reverse faults. Initial subsidence occurred along a ring fault 
that is reverse at the top. Due to numerous block slides, caldera bounding faults now represent normal fault movement. The 
caldera floor is covered by debris fans from the disintegrated blocks. A peripheral block collapsed along a caldera bounding 
normal fault, the internal structure of the tracker layer is severely folded and truncated, while a part of the initial 
topographical surface remained intact during collapse. Note the drag of the tracker layers along some of the faults. 
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5.4 Results of analogue models visualized by X-ray microtomography scanning 

5.4.1 Introduction 

A  most inconvenient limitation of advanced laboratory techniques used in analogue studies, 
is that they only document surface deformation in 3D, structural internal evolution in 2D 
visible through a glass plane, or discrete cross-sections through hardened models. The latter is 
a destructive technique in which analogue models are inherently destroyed during sectioning. 
In analogue simulations against a glass plane, edge effects are systematically neglected, as 
authors argue they did not observe significant differences in deformation structures in 
comparison with those formed in experimental 3D set-ups (Ruch et al., submitted). 

X-ray computerized microtomography (µCT) is a non-destructive technique that allows to 
visualize small millimetric to centimetric rock volumes in 3D. Kervyn et al. (2010) applied 
µCT scanning for the first and only time on visualizing analogue models of volcano-
gravitational loading structures. We explored the development of a novel analogue set-up 
designed to scan centimetric analogue models of caldera collapse structures. 

First, we describe the adaptations to the experimental set-up to meet the challenge of 
downscaling ‘large-scale’ experiments from half meter size to a few centimeter. We present 
the methodology of µCT scanning and consequent image processing and analysis. Secondly, 
we scale the models to caldera collapse cases in nature. At last, we present the results of the 
most representative scanned models. 

5.4.2 X-ray computerized microtomography methodology and image processing 

X-ray computerized microtomography is based on the physical process of X-ray beam 
attenuation while it passes through a volume of material. The most important attenuation 
factors are material density, material thickness and the effective number of the elements 
composing the material. Fault formation in the granular material of sandbox models causes 
dilation in the granular packing, subsequently attenuating differently from the surrounding 
material unaffected by fault formation (Panien et al., 2006). As such, a volume of dilated 
grains has a gray value different from undilated, more densely packed grains. 

Scans of 10 models were carried out with the µCT scanners of the Ghent University Centre 
for X-ray Tomography (UGCT; http://www.ugct.ugent.be; Masschaele et al., 2007). The 
experimental set-up is depicted in Figure 5.17. The beam source was a high-power directional 
tube head, used at a voltage of 150 kV and a tube current of 400 µA target current. This 
resulted in an effective target power of 60 W. To avoid beam hardening effects, 3 mm Al 
filtered the X-ray beams.  
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A PerkinElmer XRD 1620 CN3 CS a-Si flat panel detector with CsI screen was placed 
vertically behind the models, allowing an image width of 2048 pixels of 200 x 200 µm². 
While the model rotated, 1200 projection images were acquired, where each projection was 1 
frame with 2000 ms exposure time. The total scanning time for each model was slightly less 
than 1 hour. A magnification of 4.74 was obtained through a source-to-object distance of 282 
mm and a source-to-detector distance of 1338 mm. The detector was used in binning 2 mode, 
which means that 4 pixels are averaged out in 1 pixel, dividing the amount of pixels in the 
height and in the width by two. Such binning method comes at the expense of the spatial 
resolution, but attenuates noise. The corresponding spatial resolution, or voxel size, amounted 
84 µm. This resolution is much better than in medical CT scanners, but it has two major 
limitations. Firstly, the full scan duration is much longer, and thus no deformation can take 
place during the scanning. A high-resolution scan of a deforming model was thus infeasible. 
Secondly, rotation of the sample is required during scanning. Even when the rotation speed 
was set significantly low at similar speeds as proposed by Kervyn et al. (2011), the 
acceleration when starting the motor is presumed to have resulted in collapse of instable 
portions of the caldera bounding cliffs in some of our experiments. 

Radiographs of some of the models were taken with a time interval of two minutes during 
drainage. As a radiograph requires only a short exposure time of 2000 ms and no rotation of 
the sample, a radiograph sequence was used to document the deformation evolution. On a 
radiograph image, the 3D spatial information is projected on a 2D plane. As such, it can be 
stated that radiograph sequences provide 2.5D documentation of the model deformation 
evolution during drainage. Drainage typically lasted between 200 and 500 minutes, thus 3.3-
5.3 hours. 

 

 

 

Figure 5.17: X-ray tomography set-
up used at UGCT for imaging our 
analogue caldera models. 1. X-ray 
beam source; 2. Plastic stand with 
central perforation and outlet; 3. 
Plastic tube; 4. SP-mix; 5. Thin garnet 
sand intercalations; 6. GS analogue 
fluid body; 7. Silo containing GS, 
adaptable in elevation; 8. PerkinElmer 
flat panel detector. 
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All data sets were reconstructed with the Octopus software package. Garnet sand tracker 
layers were emplaced within the model to enhance contrast (see Section 5.4.3). The in-house 
software Morpho+ enabled extraction of images of the garnet sand layers from the models. At 
last, 3D rendering was carried out using the VGStudioMax software.  

Radiograph image sequences were processed in the ImageJ freeware package to optimize 
image contrast. Deformation analysis was carried out in the same software by subtracting an 
image in a radiograph sequence from a previous image in the same sequence. The result was 
an image in which white zones represent volumes that disappeared, while in black zones 
volume was added during the analyzed time interval in between both images. The model 
parameters are listed in Table 5.7. 

5.4.3 Material adaptations and scaling considerations 

The overall experimental set-up and methodology is similar to the one followed for large-
scale analogue models, and we will only clarify the necessary adaptations. The major 
challenge of developing a µCT scanning methodology for volcano-tectonic modelling, is 
downscaling the models to a size feasible for scanning. As the image resolution depends 
among others on the object thickness, our model diameter could not be larger than 10 cm at 
maximum to obtain a spatial resolution below 100µm. This is necessary to image the smallest 
faults, that may only be 2 grain sizes thick (Kervyn et al., 2010). Therefore, our analogue 
models were contained within a plastic tube of 6.5 cm diameter and 10 cm high, fixed upon a 
plastic base with a 0.8 mm circular central perforation (Figure 5.17 and frontpage picture). A 
flexible plastic tube of 0.6 mm inner diameter connected the perforation with a silo, both were 
filled with GS as a fluid analogue for basaltic magma. Emplacing the GS and the SP-mix in 
the initial state was done in a similar manner as for the large-scale models. The model was 
then placed upon the scanning rotor and drainage was initiated. 

While the viscosity of the GS still scaled correctly, the cohesion of the SP-mix used in the 
analogue simulations would be too high for a correct scaling. In order to obtain an SP-mix 
with a lower cohesion, two measures were taken: 1. The maximum sand grain size was 
lowered by sieving the sand at 180 µm, and 2. The volume ratio of sand to plaster was 95/5. 
The resulting SP-mix had a bulk density ρ of 1588 ± 34 kg.m-3 (Table 5.2). The angle of 
internal friction ϕ of the SP-mix was averaged at 23 ± 2° from twenty slope measurements of 
20 cones under the angle of repose. The average cliff height H was estimated at 0.2 x 10-1 ± 
0.1 x 10-1 m from 20 measurements of the maximum vertical cliff height in our granular 
material. Thus, inserting all data in the cohesion equation (Section 5.2.2), we estimated τ0 at 
180 Pa.  
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Table 5.2: Values of the physical parameters used in the scaling procedure between the µCT-models and natural calderas. 

Parameter 

 
Density 

ρ 
(kg.m-3) 

Gravity 
Acceleration 

g 
(m.s-2) 

Typical 
Length 

L 
(m) 

 
Stress 
σ 

(Pa) 

Angle of 
Internal 

Friction ϕ 
(deg) 

 
Cohesion 

τ0 
(Pa) 

 
Viscosity 

μ 
(Pa.s) 

Πmodel 1560 ~ 9.8 3 x 10-2 4.6 x 10² 23 180 4.3 x 10³ 

Πnature 
2700 -
3000 ~ 9.8 2.5 - 25  

x 10³ 
2.7 – 3.0 

x 107 25 - 30 106 10² - 10³ 

Π* 
= Πmodel/ Πnature 

~ 0.55 1 0.12–1.2 
 x 10-3 

1.5-1.7  
x 10-5 0.8-0.9 1.8 x 10-4 4 - 40 

 
All model parameters and nature to model ratios are similar to those for the large-scale 
analogue models (Section 5.2.3, Table 5.2). As correct scaling occurs when σ* = τ0*, τ0,model = 
τ0* τ0,nature. We define τ0,nature at 106 Pa (Roche et al., 2000). As τ0* = σ* at 1.6x10-5 Pa, our 
analogue granular material should have a cohesion of 1.6 x 10-5 x 106 = 16 Pa. The slightly 
higher τ0 value required for correct scaling, was justified as laboratory tests with an SP-mix 
with a cohesion at a few tens of Pa showed not to be able to support vertical cliffs of 
reasonable height. It should be noted that the value of 106 remains a major approximation, and 
that the natural rock cohesion might be still higher than 106 Pa. τ0 for the µCT models is still 
significantly lower than for the large-scale analogue models (Kervyn et al., 2010). 

Finally, to ensure high contrast and easy detection of deformation structures in the µCT scans:  
1. Horizontal layers of garnet sand with a thickness of typically 2-3 grain sizes were 
interlayered within the models. Due to the different elemental composition of garnet sand, it 
shows a high contrast with silica sand. The used garnet sand had a bulk density ρ of 2.28 x 10³ 

± 0.06 x 10³ kg.m-3, which is higher than the bulk density for the SP-mix. The 
garnet sand was sieved at 250 µm, but possessed a higher mean grain size of 
~200 µm in comparison with ~150 µm for the silica sand. As we emplaced 
only thin layers, did not observe any significant difference between models 
with and without garnet sand layers, and did not detect significant shifts in 
fault propagation steepness in between the SP-mix and the garnet sand layers, 
we neglected the kinematic effect of the above differences. 
2. A radiograph was taken of a sample with a unit of pure garnet sand, a unit 
of an SP-mix with additional Lede sand (see Section 5.2.2) and one without 
additional Lede sand, all placed vertically above each other (Figure 5.18). The 
garnet sand and SP-mix with Lede sand display a high difference in gray 
value, suitable for our application. Note that in the scans, the gray scale is 
inverted and garnet sand layers have a lower gray value than the SP-mix. 

Figure 5.18: Radiograph of a sample tube with from bottom to top: pure garnet sand sieved at <250 µm; SP-
mix in a 95:5 ratio, with the sand a mix of silica and Lede sand; SP-mix in a 95:5 ratio, with pure silica sand. 
The height of the plastic container is 10 cm. 
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5.4.4 Results 

We present here two end-member models, one with a low H/D at 0.80 and one with a higher 
H/D at 1.17, one cone model with H/D at 0.83 and a case of failed collapse and cavity 
formation. The analogue µCT models were initially constructed as a series of increasing H/D 
(App. Table 5.7). Radiograph images at the approximate start of GS drainage made it possible 
to measure the real chamber roof diameter D, the height of the overlying column H and to 
evaluate the shape of the GS body roof. As only 10 scans were possible, after each scan it was 
decided on the most optimal configuration of H/D and roof shape for the next scan.  

The initial radiographs show that the emplaced GS body did not have a cylindrical shape with 
a horizontal roof, but that the shape varied from parabolic concave upward roofs, over gently 
curved roofs with subvertical walls, to cylindrical. This can be observed when comparing the 
GS chambers in Figures 5.20 and 5.23. 

Interval radiographs for an aspect ratio H/D at 0.80, show that the GS fluid body had a 
parabolic concave upward roof (Figure 5.20). A ~80° outward dipping caldera bounding ring 
fault nucleated halfway the upper portion of the roof curvature and propagated upwards 
through the SP-mix, and intersected the surface after ~10 minutes. The circular subsided 
surface area had a diameter smaller than 1 cm, compared to a diameter at the fault base that 
was almost twice as long. The collapse structure evolution is also documented by the 
subtracted image sequence in Appendix Figure 5.35. Immediately after drainage initiation, 
loss of roof support is accommodated by dilatation of the SP-mix volume confined within the 
caldera bounding fault. This is visible through a decrease of gray value of the dilating volume 
compared to the surrounding unaffected SP-mix (Figure 5.20). During the whole drainage, all 
subsidence was confined within the SP-mix volume inside the caldera bounding faults (Figure 
5.20 and App. Figure 5.35). During drainage and consequent subsidence of the subsiding 
caldera block, the outward dip of the caldera bounding fault became more vertically, the 
caldera diameter at the surface became larger, and garnet sand layers were dragged gradually 
more and more in a boundary layer close to the fault plane. 

After over 100 minutes of continued drainage, the previously coherent central collapse block 
became affected by a second set of ring faults, along which the most caldera outward annular 
block subsided with greater speed than the innermost central block. Thus, a set of normal 
faults was established. Upon complete drainage, a GS ring-shaped remnant was left with the 
approximate diameter of the initial GS fluid body base. 
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Collapse of a volume relatively small compared to the volume of the whole subsided caldera 
volume, occurred immediately above the drainage opening at the base of the model, as the GS 
withdrew itself slightly below the level of the GS fluid body base. The result was a cylindrical 
volume bound by a vertical ring fault with a diameter less than 0.8 mm, in which the tracker 
layers flexured down substantially (Figure 5.20j.) 

Figure 5.21 illustrates possible manners of presenting portions of the 3D rendered volume. 
Model surfaces can be shown in plan or perspective view, and slice planes can be cut through 
the model volume in virtually any direction. A red color was allocated to the thresholded 
garnet sand layers to allow a clear observation of the deformation structures. Model cross-
sections show that wall collapse enlarged the exposed caldera bounding diameter slightly, and 
the fault scarp was dipping steeply caldera inward compared to a subvertical dip on the last 
acquired radiography images (Figure5.20 & 5.21). An outward dipping ring fault confined the 
upper portion of the central subsided block, along which subsidence occurred of a caldera 
outward annular block. In that annular block, garnet sand layers were substantially flexured 
downwards. The initial topographic surface was completely covered by debris fans from 
failed caldera walls. The boundary between the coherent blocks and the debris was dipping 
caldera outward and is very likely the reverse fault along which initial collapse occurred. The 
dip of the caldera bounding ring fault shifted from steeply outward at its base to subvertical 
and inward dipping in its upper portion. The shift in fault direction is located at the 
intersection of the primary outward dipping ring fault and the secondary inward dipping wall 
collapse fault. 

Scanning artifacts were present in the volume above the collapsed surface, where material 
was removed (Figure 5.21j). These artifacts give the impression that garnet sand layers would 
still continue where is actually air. Such artefacts oppose difficulties when extracting the 
garnet sand layers from the reconstructed scanned model, and care was taken not to include 
them in the pixel population of low garnet sand gray values. 

 
Figure 5.19: Legend for the profile sketches of radiography images in Figure 5.21. 
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Figure 5.20: Deformation evolution of µCT-model CTS1215 with H/D at 0.80: a.-e. radiography images at discrete time 
intervals; f.-j. profile sketches through the central caldera collapse structures depicted in respectively a.-e. 
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Figure 5.21: 3D rendered images of µCT model CTS1215, displaying contrasted 3D model representation: a.
reconstructed model; b. plan view of the collapsed caldera zone; c. zoom of a portion of the collapsed caldera, note the 
linearity of some caldera bounding cliff portions; d. perspective view from the ‘South’ on the collapsed caldera zone 
surface; e. sliced model through the central caldera area,; f. perspective view on a sliced block of the central caldera 
volume, with garnet sand layers rendered in red, note that noise of red pixels is present in the SP-mix; g. sliced model 
through the central caldera, with garnet sand layers rendered in red; h. slice of the rendered garnet sand layers at the edge 
of the caldera volume; i. slice of the rendered garnet sand layers at the center of the caldera volume; j. perspective view 
on a slice through the central caldera volume, displaying artifacts in the air above the collapsed volume. Garnet sand 
layers are lighter gray than the surrounding SP-mix. The legend is provided in Figure 5.19. 
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Figure 5.22: a., b., e. & f.: 3D rendered slice images of µCT model CTS1215, from most at the edge of the collapsed caldera 
volume in a. to most central in f., garnet sand layers are rendered in light red; c., d., g. & h.: simplified sketches of the 
respective profile slices in a., b., e. & f. Note that a clear interpretation of collapse structures is most difficult at the caldera 
edges, and that an undesired collapse occurred vertically above the drainage opening in the center of f. and h. The legend is
provided in Figure 5.19. 
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Model CTS1211 represents the case of higher H/D at 1.17 (Figure 5.23 & 5.24). Nucleation 
and propagation of an outward dipping primary caldera bounding ring fault took place in the 
same manner as for low H/D. The fault propagation was documented by subtracted 
radiography images (Figure5.23i.-l.). As the reverse fault propagated upward, the concave 
upward roof collapse with discrete steps, and garnet sand layers were flexured downward. The 
mean dip of the fault plane steepened while propagating upward, and the model surface was 
truncated at a 0.5 cm diameter pit crater. This collapse pit was even smaller than at low H/D, 
at least four times smaller than the size of the GS body roof diameter. Also here the caldera 
diameter is enlarged by minor collapse of the caldera wall during ongoing drainage, but the 
radiography sequence did not document any major flank collapse. No deformation was 
detected outside of the caldera bounding ring fault and all collapse and dilatation in grain 
packing was confined within the collapsed caldera volume. 

On the radiography images, only one set of outward dipping reverse faults is present (Figure 
5.23). The slices of the 3D rendered model volume document the caldera collapse structure 
after a substantial widening of the caldera diameter with respect to the radiography images 
(Figure 5.25). The collapsed volume was affected by several sets of stacked fault planes, or 
unconformities in between stacked debris fans. Inside the debris fans, garnet sand layers were 
stretched and truncated, but still overall remained recognizable. Garnet sand layers in the 
downmost central caldera block subsided most in the ‘West’ side of the collapsed volume, 
giving rise to an asymmetry in the stratification after collapse. This stratification was 
undetectable through the 2.5D insight in the radiography images. The caldera bounding fault 
is dipping steeply outward in its lowermost portion and shifts abruptly to a caldera inward dip 
above the top limit of the caldera debris infill, as visible in central profile slices (Figure 
5.25h.&i.). Thus, the higher H/D value shows a much more complex structural geometry 
inside the collapsed caldera volume than the lower H/D value. 
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Figure 5.23: Deformation evolution of µCT-model CTS1211 with H/D at 1.17: a.-d. radiography images at discrete time 
intervals during drainage; e.-h. profile sketches through the central caldera collapse structures depicted in respectively a.-d.; 
i.-l. substracted radiography images of the initial ten minutes of collapse, showing the upward propagation of the caldera 
bounding fault, the subtraction time interval was 2 minutes, white zones represent removed volume, while black zones 
represent added volume of mostly the garnet sand layers. A layer at the position of a white horizontal zone thus moved after 
two minutes down to the underlying black zone. Fault planes are recognisable as white lines. Where no movement occurred, 
only background noise is present. Note that the deformation was confined within the volume defined by the caldera bounding 
fault. The legend is provided in Figure 5.19. 
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Figure 5.24: 3D -rendered images of µCT model CTS1211, with a H/D at 1.17: a. plan view on the reconstructed model 
surface; b. plan view of the collapsed caldera zone; c. perspective view on a sliced block of the central caldera volume; d.
horizontal slice halfway through the reconstructed model with the collapsed area situated centrally; e. horizontal slice 
through the base of the reconstructed model with the collapsed area situated centrally, surrounded by the remaining GS ring 
structure in light gray; f. slice of the rendered garnet sand layers at the center of the caldera volume; g.-i. 3D rendered slice 
images, from most at the edge of the collapsed caldera volume in g. to most central in i., garnet sand layers are rendered in 
light red; j.-l. simplified sketches of the respective profile slices in g.-i. Note that a clear interpretation of collapse structures 
is most difficult at the caldera edges, and that garnet sand layers were incorporated in the interaction layer of GS and SP-mix 
with preservation of their stratification. The legend is provided in Figure 5.19. 
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Figure 5.25: Sequence of images of the subsidence deformation evolution of µCT-model CTS1212, with H/D = 1.00. Each 
image is the result of a subtraction of a radiography image at a discrete time during the drainage simulation, from a radiography 
image acquired 20 minutes earlier in the simulation. White zones represent removed volume, while black zones represent 
compacted volume. A layer at the position of one of the white horizontal zones thus moved after twenty minutes down to the 
underlying black zone. Fault planes are clearly recognizable along offsetting layers. Where no movement occurred, only 
background noise is present. Note the asymmetric subsidence geometry, the set of outward dipping and subvertical caldera 
bounding faults in a and b, and how layers get more and more affected by downflexure and faulting during subsidence. j. and o.
represents discrete events of caldera wall collapse with the formation of debris fans located at the black areas in the images.  
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Figure 5.26: 3D rendered images of µCT model CTS1213, with H/D at 0.83: a. perspective view on the shaded relief of 
the reconstructed model; b. plan view on the shaded relief of the reconstructed model of the collapsed caldera zone; c.-f.
horizontal slice through the reconstructed model with the collapsed area situated centrally, respectively through the top, 
halfway and at the base of the model; g.-i. rendered slice images, from most at the edge of the collapsed caldera volume 
in g. to most central in i., garnet sand layers are rendered in light red; j.-l. simplified sketches of the respective profile 
slices in g.-i. Garnet sand layers are rendered in light red. The legend is provided in Figure 5.19. 
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In µCT-models CTS1212 and CTS1213, the model surface was not horizontal, but a cone. 
This geometry was only tested for 2 out of 10 models due to a limited availability for more 
scans . The interval radiography acquisition failed for model CTS1213, while no µCT scan 
could be acquired from CTS1212 as the model was destroyed during decoupling of the 
drainage tube, necessary to allow the model to rotate (App. Table 5.6). 

In model CTS1212, the deformation evolution shows in general a subsidence mechanism 
underneath a cone that is similar to the one underneath a horizontal surfaces (Figure 5.25). 
The documented collapse here was asymmetric, with deeper subsidence in the ‘East’ side of 
the collapsed volume. 

In model CTS1212, initially a subvertically outward dipping ring fault propagated to the 
surface, but it was complemented already in the first 20 minutes of drainage by subvertical 
caldera bounding faults with a slightly outward dipping component. As such collapse 
occurred within a central caldera piston flanked by wedges with a higher elevation, forming 
peripheral terraces. 

Further in the drainage sequence the collapse became more asymmetric, and the 3 collapsing 
blocks evolved into a stack of tilted blocks with caldera outward dipping surfaces. The faults 
separating these blocks were dipping to the ‘West’ of the model. After prolonged drainage 
and formation of a substantial caldera wall scarp, substantial portions of the summit region 
and upper flanks of the cone failed at 2 discrete time intervals, and covered the subsided 
caldera floor (Figure 5.25j. & o.). The black zones in the respective images then represent 
newly formed debris fans. The outer limit of the collapse zone in Figure 5.26.o. marks an 
inward dipping orientation of the failure plane, thus a normal fault. No clear nucleated fault 
scarp was visible on radiography images close to the time of flank failure. Subsidence became 
undetectable from image noise at ~400 minutes after drainage initiation. 

The reconstructed µCT-scan of model CTS1213 showed a more symmetric final collapse 
structure of the central caldera. The surface of the collapsed zone was, as with initially 
horizontal top surfaces, a funnel shape with a hummocky appearance. The garnet sand layers 
subsided mainly by downflexure. They possessed a distinct bowl shape, thus the center of the 
block subsided most. The central collapsed caldera block was dissected by two sets of ring 
faults, of which the inner was dipping more steeply outward than the outer one. The caldera 
bounding ring fault itself dipped subvertically outward and shifted into an inward orientation 
in its most upper portion above the upper limit of the debris fans. 
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Figure 5.27: 3D rendered images of µCT model CTS1207, with H/D at 1.25, and where the upward fault propagation was 
arrested before intersection with the surface: a. plan view on the shaded relief of the reconstructed model without collapsed 
caldera zone; b. slice into the upper half of the 3D model of the arrested cavity structure; c. sliced portion of the model volume 
through the central cavity; d.-f. rendered slice image through the reconstructed model, respectively through the center, halfway 
and at the edge of the arrested cavity; g.-i. simplified sketches of the respective profile slices in g.-i. Garnet sand layers and the 
interaction layer of GS and granular material are rendered in light red. The legend is provided in Figure 5.19. 
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At last, several models did not show any surface subsidence, while it was clear that GS did 
drain from the GS fluid body. One of these uncollapsed models was scanned and showed the 
presence of a large cavity inside the model (Figure 5.27). Radiographs at the initial drainage 
phase showed that the GS body had a concave upward roof shape. In the reconstructed model 
sections, it is clear that the lower half of the arrested cavity wall is supported by a GS ring 
structure of at least few mm thickness, with an inward curved top ridge. A dome shaped 
caldera bounding fault did nucleate at the upper portion of the GS body, but stopped its 
propagation upward halfway in between the chamber roof and the surface, to form a 
metastable cavity. Only a slight movement of the model container after the scan was needed 
to allow the cavity to collapse and form a caldera structure resembling our other collapsed 
model surfaces. 
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6.   Discussion: comparing analogue models 
and natural calderas 
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In this chapter, we will discuss the implications and limitations of the findings from our 
different chapters. We will pay a specific attention to situate our new results in respect to 
previous literature as reviewed in chapter 2. The factors controlling the differences between 
our different analogue models will be highlighted. Finally the relevance of the analogue 
model to the specific case of Karthala caldera are briefly described. 

6.1 Comparing results from large-scale sandbox and cone models 

One of our main aims was to evaluate if increasing the mean flank slope of a cone in which a 
caldera is formed by drainage, produces collapse structures significantly different from those 
produced when a caldera is collapsed in areas with a flat topography. Martí et al. (1994) did 
use a cone geometry in some of their models, but it was only Walter & Troll (2001) that 
systematically investigated the influence of variations in mean slope on the formed caldera 
structures. Comparing the structural pattern of caldera collapse of the sandbox models with 
those from the cone models, a major difference comes forward. Peripheral fractures outside of 
the caldera bounding ring fault extend less far away from the caldera rim, almost never affect 
the whole caldera perimeter, and are even totally absent at experimental cones with the 
highest mean flank slope above 30°. 

With an increasing mean flank slope of experimental cones, the subsided caldera block was 
affected by a lower amount of tension fractures or compression ridges, conserving the caldera 
block in a more coherent piston than compared to caldera formation with an equal H/D aspect 
ratio underneath a horizontal surface. As such, the deformation is much more limited within 
the subsided zone bound by the reverse and normal ring faults. This might be a result of a 
more concentrated stress field within the caldera bounding ring fault at a sloping edifice and 
more stable caldera walls. Thus, our experiments suggest that the specific stress field created 
by a cone shape might result in the concentration of deformation during subsidence closely 
around the summit zone, while the influence of subsidence deformation might spread more 
easily away outward from caldera bounding ring faults in a flat configuration. This contradicts 
with the finding of Walter & Troll (2001) that with an increasing flank slope, the fracturation 
of the central caldera block became more chaotic. 

Also, we noted that the diameter of the final caldera that subsided in cone models, seemed to 
become smaller at high H/D and thus with a higher mean flank slope in our cone models. This 
corresponds to the observation of Walter & Troll (2001) that with an increasing chamber 
depth and thus H/D, the diameter of the caldera bounding faults decreased in their models. 
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As our cross-sections and µCT model radiographies show, it is logical that with an increasing 
H/D, caldera bounding faults that are propagating upward, with an outward dip, from the 
draining fluid body on, will intersect the topographical surface in a smaller circle than at low 
H/D values. Thus, in many natural cases, stating that the diameter of the (sub)circular caldera 
bounding ring fault approximates the diameter of the underlying drained magma chamber, 
might be ambiguous, and we suggest that such argument would better be supported by 
secondary geophysical data (e.g. from seismic studies). 

During drainage of the GS body in the models, the diameter of the ring fault  was enlarging 
incrementally by superficial cliff collapse events or large block failure along a normal fault. 
The deeper portion of the outward dipping reverse ring fault in the experiments was 
propagating caldera outward and becoming more vertical. Such caldera outward migration of 
the caldera bounding reverse fault was observed  by Roche et al. (2000), mostly in the upper 
subsurface part of deforming models. Prolonged drainage resulted in an increasing loss of 
roof support, and thus the subsidence became accommodated in an overlying model volume 
that increases in spatial extent. This suggests that the enlargement of the caldera would 
depend on the total amount of subsidence that took place, but also that it is especially near the 
surface that the caldera enlarges in diameter, while in depth the diameter would only increase 
slightly. 

Caldera bounding ring fault traces possessed peculiar linear portions in both sandbox and 
cone models. Ring faults seemed to be rather an interconnection of en echelon faults, than a 
regular concentric conical shape. In plan view, the fault trace pattern resembles most closely a 
camera diaphragm. En echelon faulting is generally a well-known phenomenon, but the exact 
faulting mechanism for its formation is poorly understood. Out of our models, the following 
faulting mechanism can be extracted: as subsidence starts, the elastic strength of the brittle 
SP-mix is fastly overcome, and tension fractures start to form. These tension fractures do not 
extend completely in a circle around the collapse center, but are rather linear. During ongoing 
subsidence, the caldera bounding reverse fault propagates upward and at the surface the 
tension fractures start to link to each other by secondary fractures that are orientated under an 
angle with the primary fractures. As subsidence becomes accommodated mostly along one 
circular caldera bounding ring fault, the fault is exposed and is an interconnection of more 
linear en echelon fault portions. Intersections of previous tension fractures will be points of 
preferential nucleation of new peripheral extensional fractures, that will then act as normal 
sliding planes for caldera wall collapse and incremental outward widening of the caldera 
diameter. 
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While the surface of the caldera-internal peripheral terraces was dipping caldera inward at our 
sandbox models, it was easier to form substantial terraces with horizontal to even 
subhorizontally caldera dipping outward in the cone models. In one case, with the maximum 
subsidence observed in the models, the deformation was accommodated by the innermost 
reverse caldera ring fault, while only minor vertical displacement occurred along the 
outermost caldera ring fault (Figure 5.12). Thus, peripheral terraces seem to be more likely 
formed at calderas collapsed in conical edifices such as basaltic shield volcanoes, than in 
calderas subsided in horizontal areas. Such peripheral terraces are present at several basaltic 
shield volcanoes e.g. Fernandina, Galápagos (Howard, 2010), and the terraces of the Karthala 
caldera complex, Grande Comore (Strong & Jacquot, 1972; see Chapter 4). 

6.2 Analogies with previous analogue and numerical studies 

The overall caldera collapse morpho-structural units that formed in our experiments are 
consistent with what was proposed by other authors (e.g. Martí et al., 1994; Roche et al., 
2000; Walter & Troll, 2001; Kennedy et al., 2004). The zoning of a central coherent or 
fractured subsided block, compressional ridges and peripheral inclined zones, a well-defined 
caldera bounding ring fault, and peripheral tension fractures is well established by previous 
analogue work (Figure 5.3). Our observation that the ratio of inner caldera area affected by 
compression and fracturing to the area of the central collapse block, increases with increasing 
H/D, is concurrent with the evolution proposed by Roche et al. (2001). These authors propose 
that the structurally affected area moves towards the caldera centre with increasing model 
H/D. Further, the existence of inner caldera compressional ridges, peripheral inward dipping 
terraces and landslides of failed caldera walls were well documented numerically by Holohan 
et al. (2011). 

The so-called ‘calibration model’ CS1200 documented that subsidence occurred without 
drainage of the emplaced GS chamber (Figure 5.13). It can be extrapolated to all of our 
experiments that a portion of the subsidence was probably due to this cone loading effect. The 
height to base ratio of the GS fluid cylinder decreased slightly as it subsided vertically and 
expanded laterally due to the gravitational load of the roofing SP-mix. 

Merle et al. (2010) proposed that gravitational summit loading might be a mechanism to 
account for creating wide summit calderas and plateaus at volcanic edifices whose cores are 
weakened due to hydrothermal alteration. They identified the ‘Enclos Fuoqué’ caldera at 
Piton de La Fournaise Volcano as a so-called ‘hydrothermal caldera’, formed by summit 
loading above a weak core. These hydrothermal calderas have a diameter much larger than the 
inferred magma chamber. 
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Thus, they outrange the size of the Dolomieu pit crater, that is inferred to be formed by 
drainage of a small magma pocket below the volcano summit (Lénat et al., 2012). Also the 
wide plateau-like summit zone of Karthala, .i.e. gently sloping circular zones on Karthala 
summit that largely exceed the Karthala caldera complex in diameter already interpreted as a 
paleo-caldera by previous studies (Bachèlery & Coudray, 1993), might be the result of such 
gravitational loading and summit subsidence into the hydrothermal core of the volcano. The 
presence of an active hydrothermal system beneath the Karthala calderas support this 
hypothesis (Lénat et al., 1998; Savin et al., 2001; Savin et al., 2005; Prévot, 2010). 

6.3 Limitations of the large-scale analogue modelling approach 

The usage of analogue modelling to simulate natural geological processes requires several 
assumptions. A first assumption is that the SP-mix is a homogenous mixture with a grain size 
distribution and plaster content that is constant throughout the model. Even when care was 
taken to mingle the SP-mix as properly as possible, segregation of the sand and the plaster 
will take place during poring the sand in the experimental set-up. This effect will be even 
larger when sieving, necessary to obtain an as symmetric as feasible cone. Thus, small 
heterogeneities within the analogue model are inevitable, and it is difficult, if not impossible, 
to assess the influence of these unquantifiably small heterogeneities on the formation 
kinematics of collapse structures. On the other hand, it is unlikely that natural rocks are 
completely homogeneous. A basaltic shield volcano in itself is a stacked sequence of 
interfingering lava flows, pyroclastic cones, weathering soils, and even sparse tuff deposits. 

Secondly, our scaling only accounts for geometric parameters, a general assessment of the 
main stresses and the fluid rheology. An important scaling consideration lies however in the 
kinematic properties of the collapse process in comparison with nature. Natural viscosities, 
heterogeneities, but above all the properties of the collapse kinematics such as deformation 
velocities are poorly constrained relative to nature (Kervyn et al., 2010). No previous collapse 
caldera work took into account all of these scaling considerations, and a development of a 
complete set of dimensionless numbers was out of the scope of this work. 

Even models with the exact same initial characteristics in geometry and material properties 
show a significant variation in collapse asymmetry and morphostructural patterns. Typically 
at least five and even better more simulations should be run for each model geometry to 
obtain reproducible results. We took the option to explore a wide range of model geometries 
with the aim to develop new aspects of analogue modelling approaches within caldera 
collapse research, rather than to focus on a limited set of model geometries. 
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Such approach enables to identify key model geometries that deserve more profound 
attention, investigated with the most feasible and optimal laboratory technique. In order to 
support the here identified trends in the evolution of the caldera structure with cone slope and 
H/D ratio, models with the exact same geometries should be repeated several times to check 
for the consistency of observed results and trends. 

Using GS as a fluid analogue imposes several restrictions. Upon emplacement of a GS fluid 
body within a mixture of dry sand and plaster, the GS will slowly infiltrate in the interstitial 
pores in between the sand. Due to the presence of plaster this effect is lowered, but not 
neutralised. An interaction layer is thus formed of SP-mix and GS, that is up to a few mm 
thick after a few hours. As thus, the initial volume of GS could never be fully drained. The 
interaction layer forms a ring structure at the approximate location of the initial chamber 
sides. This infiltration might also be responsible for part of the subsidence observed in our 
‘calibration model’ CS1200. 

The roof interaction layer subsides together with the subsiding caldera blocks. Drainage will 
end when this roof reaches the model base and seals the drainage opening. An assessment of 
the actual drained volume could be made in future modelling studies by connecting a flow 
meter between the model drainage opening and the GS silo. Such calculated drained volumes 
could then in their turn be linked to the actual collapsed volume of the caldera depression. 

The remaining SP mix and Gs interaction ring structure might have an influence on the 
morpho-structural caldera unit pattern, but might be analogue to the crystal mush that is 
formed due to cooling of a magma chamber in nature at its edges. After magma drainage and 
caldera collapse in the drained chamber, such crystal mush might be still present at the base of 
the magma chamber, and a metamorfized, semi-ductile rock layer around the magma chamber 
may be acting as a weak zone in the volcanic edifice. Even though Roche et al. (2001) used 
silicon putty, a fluid with higher viscosity than GS so it would produce a much thinner 
interaction layer, they obtained similar ring structures of a concentric vertical silicon putty 
wall. 

At last, it should be noted that, even when starting from virtually the same set-up parameters 
for a model, it was possible to obtain significantly different end results after simulation. As it 
was chosen for an exploration of several methodologies and set-ups, rather than for the 
thorough documentation of one, the modeling series should be repeated at least twicefold for 
each experimental set-up, in order to reconcile the observations we made. We are bound to 
assume that our results may be not completely reproducible.  
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As thus, the results that were observed in almost all of our models, should have priority upon 
isolated cases, that in their turn might as well be interesting to develop new research 
hypotheses. 

6.4 Validation of X-ray CT scanning of analogue caldera models 

Using a limited number of scanned analogue µCT-models, we explored the possibilities of X-
ray CT methods for providing new insights into caldera collapse processes. A major 
advantage is that X-ray µCT reconstruction is non-destructive and that scanned models that 
were reconstructed and 3D rendered, can be resliced in any direction. The 3D morphometry of 
fault planes can then be assessed visually, while wet cross-sections of large-scale models can 
only be taken once and the model is destroyed upon sectioning. The garnet sand layers proved 
to enhance the visualisation of deformation structures. Impurities in the experimental SP-mix 
did however render pixels with a gray value that is similar to the one of the pure garnet sand. 
Even after applying a background and foreground filter of the thresholded pixels with the gray 
value of garnet sand in the Morpho+ software, significant noise remained in most of the 
rendered models. Also, where garnet sand was entrained within the interaction layer of GS 
and SP-mix, their gray values matched and both were thresholded. Assigning a red color to 
the thresholded garnet sand layers in the 3D rendering still allowed a more clear view on 
deformation structures in the models. 

In analogy with image interval acquisition at large-scale models, interval radiography image 
sequences were acquired for the last five scanned µCT-models. The resulting radiography 
images give, for the first time, a 2.5D insight into the deformation evolution during drainage. 
In comparison, Roche et al. (2001) needed to arrest their models at discrete time intervals to 
study cross-sections, or analogue models were carried out against glass planes for a 2D view 
during the deformation. Authors systematically neglected edge effects in the boundary layer 
against the experimental glass planes, based upon a qualitative assessment of its effect by 
comparison with 3D models with the same modelling parameters, rather than upon 
quantitative assessment of e.g. the effect of friction of sand grains against the glass pane on 
the stress field (e.g. Geyer et al., 2006; Burchardt & Walter, 2010; Ruch et al., submitted). 
Using radiography images, in a non-destructive way, make it possible to obtain a continuous 
observation of fault propagation and down sag mechanisms and the development of collapse 
structures. 
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Several results from the µCT-models require further attention. First, we observed the 
propagation of a caldera bounding fault in Figure 5.24. The intersection point of the two fault 
traces still lied above the model surface at H/D equal at 1.17. This value is slightly higher than 
the value of 1-1.1 proposed by Roche et al. (2001), above which fault traces would truncate 
each other below the surface and thus result in a more chaotic faulting pattern of the collapsed 
volume. In the documented case the collapsed volume still subsided as one central caldera 
block. The ring fault nucleated at few millimeters at the inner side of the edge of the GS 
chamber roof. 

Holohan et al. (2011) showed that fault orientations and threshold H/D values may largely 
depend on mechanical characteristics of the used analogue material (e.g. strength, Young 
modulus). During its upward propagation, the orientation of the already reverse ring fault 
became gradually more steep as more and more granular material was affected by the 
subsidence (see also App. Figure 5.35). Such caldera outward fault migration, away from the 
initial fault plane was documented in caldera collapse simulations of Roche et al. (2000).  

Visual inspection of radiography images is dubious, as the central collapsed zone is 
overprinted by the projection of unaffected strata that are located in between the source and 
the collapsed volume, or in between the collapsed volume and the detector. A more clear 
evaluation can be made from the ‘subtracted’ radiography images, that only display 
significantly deformed zones against noisy background (e.g. Figure 5.36). These images, that 
are in their nature displaying a deformation analysis, show that for all of the µCT-models, no 
deformation occurred outside of the caldera bounding faults. 

Sequences of these substracted radiography images appear to be the most powerfull outcome 
of this work. They will enable in the future, to calculate rates of subsidence along a complete 
profile of an analogue caldera collapse model. By measuring the change in elevation along the 
z-axis of the model, for the model surface and several marker layers, one could then calculate 
a simple graph displaying the subsidence velocity dz/dt in function of drainage time t for 
different depth and for different distance from the caldera edge. Out of our results, we may 
except a rapid increase in subsidence velocity shortly after drainage started, then a period of 
elevated subsidence with the formation of most of the caldera structures, and then a gradual 
decrease in subsidence rate, just as the deformation is seen to ‘fade out’ on subsequent 
substracted images towards the end of a simulation (see Figure 5.35). 
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On radiography images and in 3D rendered scans, dilated zones are recognized as zones with 
a lower gray value than undilated zones (Kervyn et al., 2011). In all radiography images the 
collapsed zone that is confined within the caldera bounding fault renders lighter gray than the 
surrounding SP-mix. Kervyn et al. (2011) attributed such gray value differences to a density 
difference between the collapsed column and the surrounding unaffected SP-mix. Thus, we 
document for the first time that, during chamber drainage and consequent collapse, the grain 
packing within the collapsed volume is dilated. This dilation of the material is the first way 
the material accomodate for the drainage of the underlying reservoir, until the strength of the 
rock is overcome and a fault initiate. 

At natural volcanoes however, it is hard to imagine that caldera collapse would dilate the 
‘package’ of the massif volcanic rock in a collapse column through brecciation. One would 
rather expect the drainage to be purely accommodated by piston collapse at low aspect ratio 
H/D. On the other hand, a basaltic volcano is not a homogeneous rock, but rather a stack of 
lava flows, interlayered with thin ash, scoria lapilli and scoria cones respectively from minor 
explosive events and fissure eruptions with lava fountaining (Rowland & Garbeil, 2000). The 
basaltic lava flows themselves possess a massif core that cooled slowly, but scoriaceous and 
blocky tops and bases from rapid lava chilling after effusion occurred. It is likely that within 
subsided caldera columns on basaltic shield volcanoes, the dilation becomes concentrated 
within the weakest brittle layers and that the massif cores of basaltic lava flows remain 
unbrecciated. As such, subsidence connected to drainage would enlarge the volume of the 
collapsing rock column, but preserve it’s stratigraphy. 

As a result, the collapsed volume above the caldera floor should be smaller than the volume of 
magma drained from the underlying magma chamber. This could be an additional explanation 
for the famous ‘volume mismatch’ between erupted and collapsed volume as documented 
during several of the most recent flank eruptions with subsequent summit caldera collapse e.g. 
at Miyakejima Volcano (2000, Geshi et al., 2002) or Piton de la Fournaise Volcano (2007; 
Michon et al., 2011). 
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The fact that none of our µCT models formed visible peripheral extensional fractures, that 
caldera bounding faults are dipping typically outward but at a lower angle from the vertical 
than at the large-scale models and that a significantly larger amount of subsidence was needed 
relative to the model size scale to allow caldera walls to fail and produce landslides, might be 
explained by two causes: 1. Model heterogeneities might produce substantial variations in 
fault geometry; 2. The SP-mix might have been subjected to substantial variations in humidity 
due to weather variations, and the SP-mix cohesion might have been higher than expected. 
The latter might be avoided in the future by keeping temperature, atmospheric pressure and 
air humidity constant for all simulations. 

At last, three early model tests failed to produce a caldera collapse structure. Scanning of an 
in-collapsed model revealed the existence of a cavity below the surface, with its base at the 
level of the model base. The initial chamber roof was curved and the resulting cavity roof had 
a parabolic curvature. Similar cases of arrested caldera bounding ring faults were also found 
by Ruch et al. (submitted). Figure 5.28 shows that the roof of the GS and SP-mix interaction 
layer collapsed to the bottom of the cavity and was covered subsequently by debris from 
incremental roof collapse. Such configurations were probably obtained when the reverse 
faults did not initiate at the lateral edge of the reservoir, but more inward, leading to a high 
effective H/D which led to the junction of the reverse ring fault and its consequent arrestation 
well below the surface. Such cavitation might occur due to a too high SP-mix cohesion. Also, 
the sand grain size of the SP-mix might be too high relative to the overall model scale. These 
cavities might relate to other geostructures, such as cavity formation by karstification. It can 
also be related to caldera formation at natural volcanoes which were witnessed to develop 
over extended period of time, probably associated with the upward migration of semi-stable 
cavities formed at depth (e.g. Miyakejima 2000). 

It should be noted that, due to unexpected deviations of analogue magma chamber geometry 
from the cylindrical concept, a randomness in the nucleation point location of the caldera 
faults is induced. In this way, H/D ratios may be significantly higher than initially postulated. 
This was taken already into account by measuring the H/D value on the first radiograph that 
was taken of a µCT model that started to drain. 

 

 



131 
 

6.5 Advantages and limitations of X-ray CT applications in analogue modelling 

The X-ray µCT models showed to be able to provide unprecedented high-resolution options 
to analyse and display structures resulting from caldera collapse simulations. Only recently an 
evolution in literature has started from a qualitative to a quantitative analysis of analogue 
caldera models, and the scans and radiographs make it possible to, for exampl, calculate the 
actual deformation velocity at discrete intervals and places. µCT scanning might be the 
answer in the quest for quantification, as for example the density difference between the 
collapsed column and the surrounding rock could be quantified by scanning a calibration 
sample with known density of the same material as the SP-mix. Also an approach may be 
found to calculate the volumes of the collapsed column prior and after the collapse. The 3D 
reconstruction of a model is accessible at all times after the simulation, and slices can be 
rendered in whichever direction through the caldera, whereas slices cut from a wettened large-
scale model are lost. On the other hand, major challenges remain to optimize the µCT 
scanning method for scanning analogue volcano-tectonic models. 

Due to restrictions in the image resolution, model diameters and heights should not exceed 
~10 cm, posing significant challenges to adapt the experimental set-up and scaling. Our 
experimental SP-mix proved to still have a too high cohesion needed for correct scaling. 
Instead of sand it should be considered to use more fine-grained materials such as silica flour, 
which has a typical grain size less than 50 µm. In our case, the thickness of material affected 
by fault decompation gaps approaches the average grain size, which is inferred to influence 
the fault geometry in a way similar to a case with a material with too high cohesion. 

Further, the small-scale set-up makes it difficult to emplace GS fluid bodies with a diameter 
of few cm and a height of e.g. 1 cm. Due to this small scale, our analogue magma chambers 
possessed a higher chamber height to chamber roof diameter ratio. This resulted in a much 
deeper subsidence than it was the case for large-scale models. The pervasive subsidence 
resulted in a partial destruction and masking of more initial caldera collapse structures, that 
are better recognized at natural calderas. Probably the result is that our µCT-models scale 
more properly to pit craters, that are typically one range of magnitude smaller than collapse 
calderas. Small-diameter vertical pit craters can typically become deeper and remain stable 
(i.e. without the nucleation of extensional peripheral fractures) than calderas. This is observed 
at Karthala volcano, where the unstable outer caldera walls are ~100 m high, while the walls 
of the main pit crater Choungou Chahalé are over 200 m high (see Chapter 3 & 4). Substantial 
debris fans originating from wall collapse occurred during the 2002 pit crater collapse at 
Dolomieu Crater, Piton de la Fournaise, La Réunion (Longpré et al., 2007). 
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Scaling problems might be solved in the future by using the high-energy (HECTOR) scanner 
that will be operational at UGCT soon. This scanner will allow scanning of a larger set-up, 
with a shorter scanning time. As µCT-scanners are highly occupied, only limited amounts of 
scanning slots are appointed for one project, so before each scan it has to be estimated if the 
caldera collapse result would be reproducible and thus suitable for scanning. Just as with the 
large-scale models, we could only perform a limited amount of simulations. Thus, the µCT-
model results can also be expected to be less reproducible than may seem. Additional series of 
models should investigate in the future the reproducibility of each of the structures and 
mechanisms that we documented in this work. 

6.6 Implications for the Karthala caldera complex 

We were not able to develop a set-up that enables to investigate magma withdrawal from a 
magma plumbing system with multiple magma bodies. On the other hand, the large-scale ánd 
µCT models both have implications for the collapse mechanism and subsurface structure 
beneath the Karthala caldera complex. 

Just as analogue models with an average flank slope of ~15-20°, the summit of Karthala is 
capped by a dome shape with similar average flank slopes and a near-horizontal summit 
plateau, in which the caldera complex collapsed. In chapter 4, we showed that many different 
types of volcano-tectonic features exist at Karthala. When looking at the volcano-tectonic 
map of Bachèlery & Coudray (1993), one can see that these features are not diffusely spread 
over the whole of the Karthala caldera complex. Instead, there are zones with graben-like 
faults, zones with a dense concentration of fissures, terraces along the inner caldera periphery 
etc… This concurs with the observation that at analogue models, collapse structures become 
more and more concentrated in deformed zones, while other caldera zones collapse as a 
coherent block. Together with the observation in section 4.4 that the regional rift zones may 
induce linearity of these volcano-tectonic features along the major regional rift orientations, 
we may argue that both regional rift zones and volcano flank slope (variations) may exercise 
significant control on the stress regime at volcano summits where caldera collapse occurred. 
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As for the Changouméni pit crater, resistivity profiles showed the presence of a caldera 
outward dipping ring-shaped, sharp resistivity gradient in the continuation at depth of the 
walls of Changouméni (Figure 3.14). A caldera outward dipping ring-shaped fault was 
observed repeatedly in our analogue µCT-models. This can be interpreted as additional 
evidence that the resistivity gradient beneath Changoumèni does represent a caldera outward 
dipping ring fault that widenes downward towards an inferred magma pocket below the 
Northern Karthala caldera. This magma pocket could thus have a diameter that is significantly 
larger than the surface diameter of Changouméni. 

Linear segments of caldera structures are also observed at Karthala caldera complex. Whereas 
we highlighted that these lineaments seemed to be oriented along three preferential direction 
matching with major volcano-scale or regional tectonic orientations, the comparison with our 
analogue models suggest that such linear segment of caldera-bounding structure are 
systematically occuring, even in the absence of pre-existing fracture or oriented tectonic 
stresses. 
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7.   Conclusion and future perspectives 
 

  



135 
 

7.1 Conclusion 

This work investigated caldera collapse mechanisms at basaltic shield volcanoes. More 
specifically, the focus was on summit caldera and pit crater collapse as the result of 
withdrawal of magma from a shallow magma reservoir. This was done through a twofold 
approach: 1. The volcano-tectonic investigation of Karthala Volcano as a poorly understood, 
active basaltic shield volcano with a highly complex summit system of overlapping calderas 
and nested pit craters; 2. Analogue modelling of magma withdrawal and consequent caldera 
collapse, imaged with photogrammetric methods and X-ray Computerized Microtomography 
at UGCT (UGent). 

A field mission was undertaken in July 2011 to Karthala volcano and the Karthala caldera 
complex. The results are a volcanological review of the existing literature on the volcano, and 
new volcano-tectonic field observations that were used in combination with existing data to 
investigate the control of the regional stress field and volcanic rift zones on the orientation of 
the volcano-tectonic lineaments that characterize the Karthala calderas. 

In agreement with the research objectives that were put forward in the introduction, the 
following conclusions can be made: 

1. The comparison of structural collapse patterns between flat ‘sandbox’ models and 
sloping ‘cone’ models highlight that  flank slopes induce a concentration and 
clustering of collapse structures in confined intracaldera zones, whereas the rest of the  
intracaldera material collapse coherently. 

2. Cone models show that the higher the slope of an experimental cone, the less chance 
there is to form extensional peripheral fractures on the outer side of the modelled 
calderas. This is assigned to more stable upper cone flanks than is the case with 
subvertical cliffs in a horizontal surface. 

3. Analogue models showed that the formation of a caldera rim and a substantial fault 
scarp was established through upward propagation of a reverse ring fault and 
interlinking of extensional fractures, with the development of distinctly linear portions 
of the caldera wall, in a pattern analogue to a camera diaphragm. 

4. We were not able to simulate drainage from multiple, overlapping magma storage 
systems, and new experimental approaches will have to be developed in the future for 
that purpose with higher viscosity analogue fluid material.. 
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5. µCT scanning was successfully applied to image the deformation evolution during 
analogue fluid withdrawal of small-scale caldera collapse models. Interval radiography 
images allowed to image and analyze the subsidence of a collapsing caldera block into 
an emptying fluid body, and our models showed the possibility to quantitatively 
document the deformation velocity during magma withdrawal along a continuous 
profile through radiography images’ differences. 

6. Interval radiography sequences showed that collapse of a from-below-unbuttressed 
modelled rock column starts with the nucleation of reverse caldera outward dipping 
ring faults at the top of the drained reservoir. These fault propagate towards the surface 
through incremental collapse of roof rock above the fluid body. Down flexure of the 
strata within the collapsing caldera column has an important role, and secondary 
outward dipping ring faults form where the gradient between fault drag and down sag 
is the greatest. 

7. Deformation analysis on interval radiography images reveal that all deformation in the 
caldera µCT-models was confined within the outermost caldera bounding ring faults, 
and that incremental caldera wall failure along normal faults could only take place 
after a certain amount of subsidence. 

8. High-resolution 3D-rendered, reconstructed models revealed the dilatation of the grain 
packing in a collapsing column in comparison with surrounding undeformed material. 
This density decrease may be an important process in the question why at many 
documented pit crater collapse events, the volume of intruded or erupted magma from 
flank fissures is greater than the volume of the collapsed summit depression. 

9. Comparison of model results with natural calderas, and the Karthala caldera 
specifically, showed that even small-scale µCT-models can reproduce structural and 
mechanical features that can be immediately linked to collapse events or caldera 
structures at the volcanoes of Miyakejima (Japan), Piton de la Fournaise (La Réunion), 
Karthala (Grande Comore) and the Western Galápagos. 

10. Detailed comparison of analogue results with the Karthala caldera complex provide 
additional evidence for a caldera outward sloping ring fault that confines the collapse 
of Choungou Changouméni pit crater above a shallow magma pocket with a diameter 
that probably exceeds the one of the pit crater itself at the surface. 

11. Orientation analysis of the volcano-tectonic lineaments of the Karthala caldera 
complex argue for a control of the regional rift zone orientations on the collapse 
structures, with predominant N-S and N135E lineaments that coincide with the major 
flank rift zones’ orientations of Karthala volcano. 
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7.2 Future perspectives 

This work complements the work of Kervyn et al. (2011), showing the value of µCT scanning 
applications in analogue modelling of volcano-tectonic processes. µCT scanning demonstrates 
to be one of the most powerful approaches to shift from qualitative analysis of deformation 
processes, towards a quantitative documentation of the kinematics and dynamics of these 
processes. This is a key step to enable linking analogue model results to numerical model 
simulations and to geophysical monitoring data. For the future, it may be most valuable to go 
further on the track of quantifying the deformation rate in ‘substraction interval radiography 
sequences’. Further, it might be possible in the specific case of caldera collapse modelling, to 
develop an approach to quantify the volume changes due to grain packing dilatation, as here 
may be an important clue in the ‘volume issue’ at pit crater collapses (see earlier). A FWO 
and BOF PhD project was applied for to develop the initiated µCT application further into a 
new methodology for the simulation of all caldera collapse processes in a more systematic 
way. 

For the analogue models, the technique of stereophotogrammetry was not developed to a fully 
quantitative level due to lack of time. Also here, it will be worth to further develop this 
method, as it would deliver ‘DEM’like data of deforming cones that can immediately be 
linked to DEM data that were assembled for natural volcanic edifices. It will enable to 
quantify the subsidence rate of the caldera surface over time. To control the reproducibility 
and accuracy of our analogue modelling data with respect to the influence of sloping cone 
flanks on the structural evolution of calderas, the initiated analogue model series should be 
continued and repeated. Also, a new model set-up remains to be developed, that would 
account for magma withdrawal and circulation at complex magmatic plumbing systems, as it 
can be inferred to exist beneath Karthala volcano, but also with its implications for e.g. 
Olympus Mons on Mars. This is the second question that is proposed to be addressed in the 
running PhD application. 
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At last, the author would like to express the hope that his work and field mission on Karthala 
volcano and at OVK are the first in a succesful collaboration with Belgian volcanology 
groups. Karthala volcano remains too poorly studied, and the risk for the Comorian people, 
among the poorest globally, is ubiquitous. During the July 2011 mission, vast lahar deposits 
were spotted and ash from the 2005-2006-2007 phreatic explosions was still detectable in the 
streets of the Comorian villages. Only a month prior to this writing, flash floods due to heavy 
rainfall destroyed more than six villages on the Southwestern slopes of Karthala, affecting 
over 16.000 people directly, and over 80.000 indirectly due to drink water shortage and a 
pending threat of famine, cholera and other diseases due to threatened hygienic facilities (H. 
Godefroid, pers. comm.). Studying the details of the caldera structure and stratigraphy could 
provide key evidence on the eruption history and dynamics at Karthala over the last thousands 
of years. This, combined with urgent risk mapping based on field documentation and 
numerical modelization, would contribute to a short- to long-term volcanic hazard assessment 
on Grande Comore island. 
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Table 3.1: chronology of eruptive events at Karthala volcano since 1900. Assembled after Bachèlery & Coudray (1993) and 
the Smithsonian Global Volcanism Program (Venzke et al., 2002-). 

Year Date Location Eruption type 
V
E
I 

Covered 
surface 
(106 m²) 

Estimated 
erupted 
volume 

(106 m³) 

Noticable 
Seismicity

? 

Damage 
(land, 

property, 
fatalities) 

2007 12-15 Jan Choungou 
Chahalé 

Explosive 
Magmatic: 
Lava lake 

2    No 

2006 28 May – 
3 Jun 

Choungou 
Chahalé 

Magmatic: 
Lava lake 0    No 

2005 24 Nov – 
8 Dec 

Choungou 
Chahalé 

Phreatomagmatic: 
Lava lake 3    

Ash coverage, 
water shortage, 
1 fatality 

2005 16-18 
Apr 

Choungou 
Chahalé 

Phreatomagmatic: 
Lava lake 2    

Lahars: road & 
home destruction 
Evacuation 

1991 11 July Choungou 
Chahalé Phreatic 2  1.5 (tehpra) Yes Evacuation 

1977 5-10 
April SW-flank Magmatic fissure 1 1.8 

6.5 + 0.32 
(tephra, GVP) 
10.8 

Yes Evacuation, minor 
property damage 

1972 8 Sept – 
5 Oct 

Northern 
caldera 

Magmatic: lava 
lake and lava flow 1 2.5 12 

5 (GVP)   

1965 12 July 

Between 
Choungou 
Chahalé and 
Changoumeni 

Magmatic fissure 2
? 0.05 0.15   

1959 
or 
1956 

1 June Choungou 
Chahalé 

Magmatic: lava 
flow and lava lake 

2
?     

1952 10-14 
Febr 

Choungou 
Chahalé 

Phreatomagmatic: 
crater lake 2     

1948 22 Apr – 
4 May 

Choungou 
Changoumeni 

Magmatic: lava 
lake 2     

1948 13-16 
June 

Choungou 
Chahalé Phreatomagmatic      

1941?         
1929 
or 
1928 

 Choungou 
Chahalé unknown 1     

1926?         

1918 11-13 
Aug 

Northern rift 
zone Magmatic fissure  2.7 10   

1918 25-26 
Aug 

Choungou  
Changoumeni 
and Chahalé 

Phreatic 
excavation 3   yes  

1910 March 
Northern rift 
zone  
(1300 m) 

Explosive 
magmatic fissure, 
lava flow 

1     

1904 25 Febr – 
April 

Northern rift 
zone 

Explosive 
magmatic, lava 
flow 

2 11 44 yes 1 fatality 

1903  South-East 
rift zone Gas emissions     17 fatalities? 
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Table 3.2: chronology of eruptive events at Karthala volcano between 1800 and 1900. Assembled after Bachèlery & 
Coudray (1993) and the Smithsonian Global Volcanism Program (Venzke et al., 2002-). 

Year Date Location Eruption type 
V
E
I 

Covered 
surface 
(106 m²) 

Estimated 
erupted 
volume 
(106 m³) 

Noticable 
Seismicity

? 

Damage 
(land, 

property, 
fatalities) 

1880 
(or 
1883) 

March South-East 
rift zone 

Explosive magmatic 
fissure, 
Lava flow 

2 2.4 10 yes yes 

1880  
South-East 
rift zone 
(Badjini) 

Explosive magmatic 
fissure, lava flow 2     

1876  
South-East 
rift zone 
(Badjini) 

Magmatic fissure, 
lava flow 0 4 17  yes 

1872  
Northern 
rift zone 
(Diboini) 

Explosive magmatic 
fissure, lava flow 2 1.6 7.2   

1865  ? Explosive magmatic 
fissure? 

2
?     

1862?  ? Explosive magmatic 
fissure, lava flow? 

2
?     

1862 
or 
1860 

29 Dec 

South-East 
rift zone 
(Badjini 
1200 m) 

Magmatic fissure, 
lava flow(s) 0 5.5 30   

1859  
Northern 
rift zone 
(Diboini) 

Explosive magmatic 
fissure, lava flow(s) 2 3.9 20   

1858  

Caldera and 
Northern 
rift zone 
(2200 m) 

Explosive magmatic 
fissure, lava flow(s) 2 12.5 63   

1857 
(and/o
r 
1855) 

 

South-East 
rift zone 
and 
caldera? 

Explosive magmatic 
fissure, lava flow(s) 2 10 56  yes 

1855 1 July ± 
30 days 

South-East 
rift zone 

Explosive magmatic 
fissure, lava flow(s) 2    yes 

1850?  
South-West 
flank  
(400 m) 

Magmatic fissure, 
lava flow 0     

1848?  South-East 
rift zone 

Magmatic fissure, 
lava flow 0 3 16   

1833?  Caldera? Magmatic      

1830?   Explosive magmatic 2
?     

1828?   Explosive magmatic 2
?     

1821?   Magmatic      

1814?   Magmatic      

1808?   Magmatic      
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Table 4.1: specifications of the monitoring network stations of the Observatoire Volcanologique du Karthala in July 2011. 

Station 
Type Name Localization Latitude 

(°.’.”) 
Longitude 

(°.’.”) 
Altitude  

(m) 

Observatory OVK Moroni 11.42.12 S 43.15.22 E 36 

Seismometer 

SNC N of the caldera complex 11.44.65 S 43.20.83 E 2240 

SSC S of the caldera complex 11.46.43 S 43.21.44 E 2308 

SOC W of the caldera complex 11.45.92 S 43.20.18 E 2240 

SEC E of the caldera complex 11.45.95 S 43.22.03 E 2340 

SBC Bahani N-flank 11.38.71S 43.17.20 E 660 

KOC S-flank Missing data 

NBC Nioubadjou W-flank 11.44.78 S 43.17.50 E 500 

MOC Moroni 11.41.99 S 43.14.86 E 25 

Extenso-
meter 

EXT Fissure NW off Changouméni 11.45.20S 43.21.32 E 2271 

Self-Potential 
Station 

SP1 SE profile in Changouméni 11.45.28 S 43.21.33 E 2256 

SP2 Profile of W section in N unit 11.45.20 S 43.21.15 E 2309 

Gas Station CO2 On the SE plateau 11.46.24 S 43.22.20 E 2286 

Camera 
CAM 1 NW wall Changouméni 11.45.32 S 43.21.14 E 2339 

CAM 2 SE wall Chahalé Missing data 

RELAIS NW of the caldera complex 11.45.29 S 43.21.11 E 2243 
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Table 4.2: UTM WGS84 GPS-coordinates of field 
observation points, CAM=camera, CP=pyroclastic 
deposit; EXT=extensometer; PS=Self-Potential station; 
S=structural observation; SSK=Western seismic station; 
VWP = View Point 

Name 
 

Latitude 
(S11) 

Longitude 
(E43) 

Altitude 
(± 10 m) 

001 45.739 21.259 2323 
002 45.739 21.259 2334 

003 45.437 21.647 2259 
004 45.407 21.661 2274 

005 46.349 21.974 2241 
006 46.351 21.997 2242 

BASECAMP 45.737 21.217 2332 
CAM1 45.526 21.235 2339 

CO2 46.407 22.337 2286 
CP02 45.740 21.257 2336 

CP03 45.727 21.737 2246 
EXT 45.333 21.524 2271 

OVK 42.194 15.361 36 
PS01 45.463 21.557 2256 

PS02 45.331 21.243 2309 
RELAIS 45.487 21.188 2243 

S01 45.735 21.211 2318 
S02 45.437 21.647 2258 

S03 45.395 21.639 2262 
S04 45.486 21.583 2259 

S05 45.407 21.661 2265 
S06 45.386 21.617 2277 

S07 45.452 21.679 2267 
S09 45.567 21.600 2267 

S10 45.576 21.564 2268 
S11 45.688 21.569 2271 

S12 45.527 21.805 2274 
S15 45.435 22.027 2341 

S16 45.338 21.961 2326 
S17 45.371 21.835 2278 

S19 45.403 21.795 2268 
S20 45.408 21.839 2265 

S21 45.293 21.938 2267 
S22 45.342 21.652 2269 

S23 45.570 21.483 2271 
S24 46.321 21.966 2237 

S25 46.333 21.973 2242 
S26 46.349 21.974 2241 

S27 45.457 21.226 2325 
S28 45.367 21.230 2315 

 

 

Name 
 

Latitude 
(S11) 

Longitude 
(E43) 

Altitude 
(± 10 m) 

S29 45.358 21.231 2321 

S30 45.337 21.236 2313 
S31 45.341 21.301 2258 

S32 45.457 21.506 2264 
S33 45.406 21.300 2264 

S34 46.743 22.099 2297 
S35 46.752 22.083 2296 

S36 46.777 22.041 2307 
S38 46.784 21.924 2303 

S39 46.776 21.849 2314 
S40 46.708 21.742 2300 

S41 46.685 21.717 2300 
S42 46.650 21.672 2302 

S43 46.640 21.647 2302 
S44 46.589 21.575 2300 

S45 46.579 21.543 2289 
S46 46.563 21.520 2322 

S47 46.370 21.391 2308 
SSK 46.716 21.729 2314 

VWP01 45.773 21.547 2269 
VWP03 45.691 21.588 2269 

VWP04 45.764 21.597 2268 
VWP05 45.765 21.621 2265 

VWP06 45.743 21.712 2265 
VWP07 45.702 21.790 2264 

VWP08 45.666 21.805 2262 
VWP09 45.481 21.853 2338 

VWP10 45.506 21.930 2364 
VWP11 45.510 21.958 2360 

VWP12 45.621 21.514 2302 
VWP13 46.267 21.405 2327 

VWP14 46.241 22.280 2268 
VWP15 46.155 22.021 2253 

VWP16 46.214 21.915 2260 
VWP17 46.258 21.917 2256 

VWP18 45.459 21.216 2337 
VWP19 45.428 21.232 2319 

VWP20 45.342 21.330 2255 
VWP21 45.438 21.448 2256 

VWP22 46.777 21.865 2307 
VWP23 46.473 21.459 2302 

VWP24 46.426 21.439 2311 
VWP26 46.404 21.428 2316 
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Table 4.3: weather conditions and working program during Karthala caldera field mission in July 2011. 

 Caldera Mission 1 
 July 10th  July 11th July 12th 
Weather 
conditions 

cloudy upon arrival at 2 p.m. l.t. (local 
time), temporary mist and rain with 
limited visibility. Around 3 p.m. l.t. 
mist and clouds partially disappeared.  
 

mist, slight rain with limited visibility; 
sunny and dry from 10 a.m. l.t.. 

dry with a partial cloud cover, no 
mist. 

Program after installation of the base camp a 
first exploration to Choungou Chahalé 
was made, in order to overview the 
caldera complex and acquire a first 
series of pictures from a Western view 
point (VWP01).Close to the base 
camp a first visual inspection was 
made of the ash deposits and erosion 
processes (CP01, CP02). 

start of data acquisition at Choungou 
Changouméni at 8.30 l.t., 23 structural 
observations (S01-S23) were collected, 
and pictures taken from 11 view points 
(VWP01-VWP12), all in the Southern 
half of the Northernmost caldera lobe as 
far South as the Northern edge of 
Choungou Chahalé (see Figure4.1). One 
ash deposit profile was photographed in 
an erosion gully close to Choungou 
Chahalé (CP03). 

clean-up of the base camp, short 
exploration of the SE caldera lobes 
close to the Southern edge of 
Choungou Chahalé. Visit to the CO2 
gas monitoring station, solar panels 
and batteries found to be stolen, the 
detector is easily accessible while it 
should be locked. Collection of 
panoramic pictures (VWP13-
VWP16) and structural-
stratigraphical observations (S24-
S26). Return started at 11 a.m. l.t., 
arrival in Moroni around 4 p.m. l.t. 

 Caldera Mission 2 
 July 16th July 17th July 18th 
Weather 
conditions 

sunny during the climb; heavy rain, 
wind and mist upon arrival for the rest 
of the dat 

changing the whole day rapidly from a 
partly clouded with average 
temperatures to cold and windy with 
rain and mist, rendering observations on 
distance difficult 

partly clouded sky, dry. 

Program because of the very bad weather 
conditions, it was impossible to 
conduct observations or station 
maintenance of any kind. 

technical maintenance of the transfer 
station for transmission of seismic and 
visual data to OVK on the NW outer 
caldera wall. Acquisition of panoramic 
pictures (VWP18-VWP20) and sketch 
of a cross-section of the N caldera lobe. 
Monthly data-collection from two SP4-
stations, check-up of the extensometer 
station in a fissure on the Northern 
caldera floor. Structural observations 
and pictures (S27-S33). After lunch visit 
to the CO2 station to collect the 
expensive electronic measuring unit to 
bring it into safety at OVK. Seismic 
station SSK was controlled. Visual 
mapping of the S plateaus of the caldera 
complex (S34-S48, VWP21-VWP26). 
Return to base camp around 6 p.m. and 
night-fall. 
 

clean-up of the base camp, return 
started at 8 a.m. l.t., arrival in Moroni 
around 1 p.m. l.t.. 
 

  

                                                

4 Self – Potential station 
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Table 5.3: density measurements of the SP-mix in an 85:15 volume ratio for the large laboratory experiments; of the sand-
plaster mixture in a 95:5 ratio for the µCT-models; for the garnet sand used as a tracker in the µCT-models. 

Weighed 
Volume 
(x10³ m³) 

SP-mixture (85:15) SP-mixture (95:5) Garnet Sand 

Net weight 
(g) 

Density 
(x10³ kg/m³) 

Net weight 
(g) 

Density 
(x10³ kg/m³) 

Net weight 
(g) 

Density 
(x10³ kg/m³) 

100 192.51 1.93 163.8 1.64 237.2 2.37 

200 352.36 1.76 317.6 1.54 442.09 2.21 
300 517.47 1.72 480.7 1.57 684.07 2.28 
400 669.37 1.67 652.5 1.61 891.56 2.23 
500 827.93 1.66 800.2 1.58 1148.73 2.30 

Mean: 1.75x10³ ± 0.1x10³ kg.m-³ 1.59x10³ ± 0.03x10³ kg.m-³ 2.28x10³ ± 0.06x10³ kg.m-³ 

 

 

 

Table 5. 4: measurements of the internal angle of friction and the maximum cliff height of the experimental Sand-and-Plaster 
mixtures, with their respective calculated mean. 

SP-mixture 85/15 SP-mixture 95/05 
Angle of internal 

friction ϕ 
(°) 

Maximum cliff height 
H 

(cm) 

Angle of internal 
friction ϕ 

(°) 

Maximum cliff height 
H 

(cm) 
30 31 1.9 2.3 25 23 0.2 0.3 
32 32 2.3 2.5 24 23 0.3 0.1 
29 27 2.5 2.5 25 22 0.1 0.4 
32 28 1.8 1.9 20 19 0.2 0.2 
34 30 1.9 2.2 23 23 0.1 0.1 
33 31 2.4 2.4 24 24 0.2 0.2 
24 28 2.3 2.7 26 22 0.3 0.3 
26 30 2.1 2.5 23 24 0.1 0.2 
28 29 2.5 2.6 22 25 0.1 0.1 
30 30 2.7 2.7 24 22 0.1 0.2 

Mean: 30 ± 2 2.3 ± 0.3 23 ± 2 0.2 ± 0.1 
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Table 5.5: All performed ‘sandbox’ experiments listed along with their main initial parameters and measured caldera geometry. ‘x’ marks missing data, the presented experiments are 
highlighted in green. 

Experiment Name Type Start 
GMT+1 

End 
GMT+1 

Duration 
(min.) 

Model parameters Chamber parameters Caldera parameters 
Box width 

(cm) 
SP-mix Depth 

(cm) H/D Height 
(cm) 

Diameter 
(cm) Volume (cm³) Aperture 

(cm) 
Outer Diameter 

(cm) 
Inner Diameter 

(cm) 
Subsidence 

(cm) 

BS1201 SC 14:38 16:15 97 36 x 40 7 0.72 2.3 6.5 76 Circular 
Diam. = 2.0 11.2 6.5 x 

BS1202 SC 12:18 13:25 67 36 x 40 10 1.23 2 6.5 66 Square 
0.5 12.7 no fault exposure x 

BS1203 SC 11:53 13:04 61 25 x 25 20 2.77 2 6.5 66 Rectangular 
0.2/2.0 9 no fault exposure x 

BS1204 SC 16:40 18:08 88 36 x 28 15 2.00 2 6.5 66 Sq. 
0.5 12.9 9.3 x 

BS1205 SC 15:53 16:38 101 25x25 5 0.45 2 6.5 66 Rect. 
0.2/2.0 8.3 5.6 x 

BS1206 SC 9:34 10:33 119 25x25 5 0.45 2 6.5 66 Rect. 
0.2/2.0 9.4 7.3 x 

BS1207 SC 14:47 15:49 62 25x25 3 0.15 2 6.5 66 Circ. 
0.6 7.8 6.5 1.5 

BS1208 SC 15:14 17:14 120 25x25 4 0.30 2 6.5 66 Circ. 
0.6 7.9 6 1.6 

BS1209 SC 10:51 12:38 109 25x25 5 0.45 2 6.5 66 Circ. 
0,6 7.7 5.1 1.8 

BS1210 SC 14:35 15:18 104 25x25 6.5 0.70 2 6.5 66 Circ. 
0.6 8.5 6.6 1.9 

BS1211 SC 16:19 17:50 91 25x25 8.5 1.00 2 6.5 66 Circ. 
0.6 8.1 5.9 1.8 

BS1212 SC 14:56 17:13 137 25x25 11.75 1.50 2 6.5 66 Circ. 
0.6 7.3 4.9 1.9 
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Table 5.6: All performed cone model experiments listed along with their main initial parameters and measured caldera geometry. ‘x’ marks missing data, the presented experiments are marked 
in green. 

Model 
Name Type Start 

GMT+1 
End 

GMT+1 
Period 
(min.) 

Cone model parameters Chamber parameters Caldera parameters 
Base 
depth 
(cm) 

Base 
Diameter 

(cm) 

Heigth 
(cm) 

Slope 
(°) H/D Height 

(cm) 
Diameter 

(cm) 
Volume 

(cm³) 
Chamber 
base level 

Outer 
Diameter 

(cm) 

Inner 
Diameter 

(cm) 

Subsidence 
(cm) 

CS1200 SC 
Calib. 15:06 16:46 100 0 40 11 35 1.38 2 6.5 66 At cone base 7.3 6.5 x 

CS1201 SC 17:02 18:42 100 2 30 10 45 1.54 2 6.5 66 Model base 11.5 8.3 x 

CS1202 SC 13:23 14:51 92 0 30 10 45 1.15 2.5 6.5 83 Cone base 9.4 6.8 x 

CS1203 SC 11:28 14:47 199 2 40 5 15 0.77 2 6.5 66 Model base 6.6 5.9 1.6 

CS1204 SC 12:51 14:12 81 2 40 6.5 19 1.00 2 6.5 66 Model base 5.6 5.0 1.5 

CS1205 SC 15:22 18:33 191 2 40 11.5 37 1.77 2 6.5 66 Model base 8.1 7.0 1.4 

CS1206 SC 11:07 13:01 114 0 40 5.5 16 0.54 2 6.5 66 Cone base 6.1 5.4 1.4 

CS1207 SC 15:45 17:29 104 0 40 6.5 19 0.70 2 6.5 66 Cone base 6.8 6.2 1.6 

CS1208 SC 12:51 14:48 117 0 40 8.5 26 1.00 2 6.5 66  Cone base 5.7 4.5 1.9 

CS1209 SC 15:58 18:58 180 0 40 11.75 38 1.50 2 6.5 66 Cone base 5.4 4.6 x 

CS1210 SC 
Wet 11:01 14:11 190 0 40 5 15 0.45 2 6.5 66 Cone base 5.5 4.2 1.9 

CS1211 SC 
Wet 12:44 15:42 238 0 40 6.5 19 0.70 2 6.5 66 Cone base 7.0 5.0 1.8 
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Table 5.7: All performed µCT-model experiments listed along with their main initial parameters and measured caldera geometry. ‘x’ marks missing data, the presented experiments are marked 
in green. 

Model 
Name Type Period 

(min) 

Model Parameters Chamber parameters Caldera 
Interval 

radiographs? SP-mix 
Depth 
(cm) 

Roof Height 
(cm) 

H/D Height 
(cm) 

Approx. 
Diameter 

(cm) 

Minimum 
Volume 

(cm³) 

Roof Shape Subsidence 
(cm) 

Diameter 
(cm) 

CTS1201 Test x 3.0 1.5 0.60 1.5 2.5 7 x x x No 

CTS1202 Test x 3.5 1.5 0.60 2.0 2.5 10 x x x No 

CTS1203 Test x 4.0 2.5 0.83 1.5 3.0 11 x x x No 

CTS1204 Hor. x 4.5 2.5 0.83 2.0 3.0 14 Curved Cavitation No 

CTS1205 Hor. x 3.5 1.5 0.50 2.0 3.0 14 Curved Cavitation No 

CTS1206 Hor. x 4.0 2.0 0.67 2.0 3.0 14 Horizontal 1.4 3.2 No 

CTS1207 Hor. x 4.4 2.5 1.25 1.9 2.0 14 Curved Cavitation No 

CTS1208 Hor. x 3.0 1.5 0.58 1.5 2.6 8 Horizontal 1.6 3.6 No 

CTS1209 Hor. x 3.5 1.5 0.75 2.0 2.0 14 Horizontal 1.6 3.4 No 

CTS1210 Hor. x 4.0 2.5 0.83 1.5 3.0 11 Horizontal 1.4 3.5 No 

CTS1211 Hor. > 260 5.0 2.8 1.17 2.2 2.4 10 Gently curved 1.7 3.1 Yes 

CTS1212 Cone 450 4.3 2.3 1.00 2.0 2.3 8 Horizontal 1.4 2.4 Yes 

CTS1213 Cone 310 2.5 1.5 0.83 1.0 1.8 3 Horizontal  1.7 Yes 

CTS1214 Hor. x 2.4 1.5 0.83 0.9 2.2 3 Horizontal  2.5 No 

CTS1215 Hor. 220 2.5 1.6 0.80 0.9 2.0 3 Curved  1.7 Yes 
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Figure 3.6: volcano-tectonic map of the 
intracaldera units of the Karthala Caldera 
Complex, Grande Comore, prior to the 2005-
2006-2007 eruptive events. Inset: exposed 
pyroclastic deposit assigned to the ~4000 yBP 
paroxysmal eruption. Left: symbol legend. 
Coordinates are UTM (WGS84) 
(Adapted from Bachèlery & Coudray, 1993) 
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Figure 4.29: Outline of the Karthala caldera complex, with localization of the observation points of the Karthala field missions in 
July 2011. 
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Figure 5.28: Sandbox model BS1208 with H/D =~0.30: vertical images of the surface collapse structures after a. 15 minutes, 
c. 85 minutes, e. 160 minutes; b., d. and f.: sketches of surface deformation in a., c. & e.; g. & i. perspective images of the 
final collapse caldera surface under an angle; h. vertical view on the GS remnant after drainage. For the legend, see Figure 
5.4. 
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Figure 5.29: Sandbox model BS1210 with H/D = ~0.70: vertical images of the surface collapse structures after a. 15
minutes, c. 22 minutes, e. 44 minutes; b., d. and f.: sketches of surface deformation in a., c. & e. For the legend, see Figure 
5.4. 
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Figure 5.30: Sandbox model BS1212 with H/D = 1.50: vertical images of the surface collapse structures after a. 40 minutes, 
c. 90 minutes, e. 138 minutes; b., d. and f.: sketches of surface deformation in a., c. & e.; g. & h. perspective images of the 
final collapse caldera surface under an angle. For the legend, see Figure 5.4. 
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Figure 5.31: Cone  model CS1211 with H/D = ~0.70 and an average slope of 19°: vertical images of the surface collapse 
structures after a. 15 minutes, c. 75 minutes, e. 156 minutes; b., d. and f.: sketches of surface deformation in a., c. & e.; g.
vertical overview of the model, the white box locates the a.-f. area; h. vertical image acquired during a caldera wall collapse 
along a sequence of subertically caldera inward dipping, normal faults at simulation minute 149. For the legend, see Figure 5.4 
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Figure 5.32: Wet cross-section through the ‘Southern’ edge of experimental cone CS1210: a. photograph of the cross-
section, the black infill above the subsided block is post-simulation infill to stabilize the collapse structures; b. sketch of the 
collapse structures and fault traces, the undrained GS remnant is shown in dark gray, the initial top surface before collapse in 
light gray, arrows mark sense of movement. The subsided block remained coherent during collapse. Initial subsidence 
occurred along a ring fault that is reverse at the top. Note that a correct estimation of the fault dip is not possible as the 
section is no longer perpendicular to the fault planes. 
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Figure 5.33: Wet cross-section through the ‘Southern’ edge of experimental cone CS1211: a. photograph of the cross-
section, the black infill above the subsided block is post-simulation infill to stabilize the collapse structures; b. sketch of the 
collapse structures and fault traces, the undrained GS remnant is shown in dark gray, the initial top surface before collapse in 
light gray, arrows mark sense of movement. Initial subsidence occurred along a ring fault that is reverse at the top. Due to 
numerous block slides, caldera bounding faults now represent normal fault movement. Note that a correct estimation of the 
fault dip is not possible as the section is no longer perpendicular to the fault planes. The caldera floor is covered by debris 
fans from the disintegrated blocks. The edge of a peripheral block that collapsed along a caldera bounding normal fault, is 
visible in ‘West’ of the collapse structure.  



167 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34: Wet cross-section through the center of experimental cone CS1211, to the immediate North of the section in 
Figure 5.16: a. photograph of the cross-section, the black infill above the subsided block is post-simulation infill to stabilize 
the collapse structures; b. sketch of the collapse structures and fault traces, the undrained GS remnant is shown in dark gray, 
the initial top surface before collapse in light gray, arrows mark sense of movement. The subsided block is affected by a 
secondary reverse fault, and a vertical fault delimits a narrow collapse zone with less profound collapse between the caldera
block and the caldera bounding ring fault. Subsidence occurred along a ring fault that is reverse at the top and becomes 
vertical with depth. 
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Figure 5.35: sequence of images of the subsidence deformation evolution for model CTS1215, with H/D = 0.80. Each image 
is the result of a subtraction of a radiography image at a discrete time during the drainage simulation, from a radiography 
image acquired 20 minutes earlier in the simulation. White zones represent removed volume, while black zones represent 
added volume. A layer at the position of one of the white horizontal zones thus moved after twenty minutes down to the 
underlying black zone. Fault planes are recognisable as white lines. Where no movement occurred, only background noise is 
present. Note the funnel-like downsag surface in b, how layers get more and more affected by downflexure and faulting 
during subsidence with the formation of a secondary, more inner caldera, caldera outward dipping, normal ring fault along 
which an outer annular block collapses deeper than the central caldera block. l. represents undesired subsidence confined to 
small central volume immediately above the drainage tube, due to subsidence of the SP-mix in the GS fluid within the 
drainage tube. 
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Nederlandstalige samenvatting 
Grote en meestal complexe instortingscaldera’s zijn typisch aanwezig op de toppen van vele, 
maar niet alle, actief groeiende basaltische schildvulkanen op Aarde en op Mars. Voorbeelden 
zijn de caldera’s aan de toppen van Mauna Loa en Kilauea op Hawaii (Walker, 1984), Masaya 
in Nicaragua (Harris, 2009), Piton de la Fournaise op La Réunion (Lénat et al., 2012), de 
Karthalavulkaan op Grande Comore (Strong & Jacquot, 1972), de westelijke vulkanische 
Galápagoseilanden (Munro & Rowland, 1996), en Olympus Mons en andere schildvulkanen 
op Mars (Mouginis-Mark & Rowland, 2001). Ze worden meestal geïnterpreteerd als 
instortingsstructuren die geassocieerd zijn met het draineren van magma vanuit een 
langlevend ondiep magmasysteem onder de vulkaantop. 

Eerdere vulkanologische studies focusten zich op: het beschrijven van basaltische 
vulkaanstructuren, de stratigrafie zoals ze dagzoomt in calderamuren met het oog op het 
analyseren van doorkruisende contacten van vulkanische gesteenteformaties, geofysische 
surveys of seismiciteit om eruptieve- en instortingsdynamica en -chronologie te bepalen, de 
analyse van gravimetrische anomalieën of InSAR-afstandwaarnemingsdata, 
profileringstechnieken gebaseerd op resistiviteit of zelfpotentiaal om de structuur van het 
onderliggende magmatische systeem en het hydrothermale systeem in kaart te brengen, 
enzovoort... (bv. Strong & Jacquot, 1972; Walker, 1988; Rowland & Garbeil, 2000; Geshi et 
al., 2002; Savin et al., 2005; Yun et al., 2006; Stix & Kobayashi, 2008; Harris, 2009; 
Howard, 2010; Michon et al., 2011; Lénat et al., 2012). Deze studies spitsten zich echter 
enkel toe op caldera’s van slechts enkele welgekende typevoorbeelden zoals Kilauea, Masaya, 
Piton de la Fournaise, Miyakejima en sommige caldera’s van de Westelijke Galápagos. Vele 
andere caldera’s bestaan op andere basaltische schildvulkanen die weinig gekend zijn, maar 
recente vulkanische activiteit vertonen, zoals Karthala.  

De vulkanische activiteit kenmerkend voor basaltische caldera’s is vooral van het efusieve 
type, met de vorming van lavameren binnenin de caldera. Het grootste gevaar van dit soort 
efusieve activiteit stelt zich wanneer lavastromen overheen de calderarand vloeien en over de 
vulkaanflanken naar lager gelegen gebied stromen. Op hun weg bedreigen ze vervolgens 
dorpen, zoals gebeurde in 1860 op Karthala (Strong & Jacquot, 1972). Daarentegen is op 
basaltische caldera’s ook een ondergeschikte explosieve activiteit mogelijk, met vulkanische 
gebeurtenissen zoals Stromboliaanse spleeterupties  of freatomagmatische explosies (Savin et 
al., 2005). 

 



170 
 

Er bestaan verscheidene niet onderzochte hypotheses en onbeantwoorde vragen over 
basaltische caldera’s:  

- De caldera’s zijn meestal niet eenvoudige, cirkelvormige depressies, maar zijn vaak een 
combinatie van geneste en overlappende lobvormige subeenheden (bv. Mauna Loa, 
Karthala, Olympus Mons). Het is tot op heden niet onderzocht hoe deze complexe 
structuur verzoend kan worden met de aanname van een langlevend magmasysteem dat 
het instortingsmechanisme controleert. Het is dus nodig te onderzoeken in welke mate de 
complexiteit van de calderastructuur informatie kan verschaffen omtrent de spatio-
temporele evolutie en structuur van het onderliggend magmasysteem. 

- Er is een wanverhouding tussen het volume van de ingezakte calderadepressie en het 
uitgevloeide of geïntrudeerde magmavolume op de vulkaanflanken tijdens een eruptie. Dit 
contrast is bijvoorbeeld gedocumenteerd tijdens recente calderainstortingsfasen op 
Miyakejima in Japan (Geshi et al., 2002 & 2011) en Piton de la Fournaise op La Réunion 
(Michon et al., 2007). Het uitgebarsten magmavolume overschrijdt daarbij sterk het 
aandeel aan bijgekomen volume in de verzakte caldera of instortingskrater. Een 
combinatie van aanvoer van nieuw magma tijdens de uitbarsting en expansie van de 
verzakte gesteentekolom werden beiden ingeroepen om deze schijnbare wanverhouding te 
verklaren. 

- Bij verschillende vulkanen zijn grote caldera’s op kilometerschaal geobserveerd ondanks 
het feit dat de aanwezige magmatische systemen, gedetecteerd met geofysische 
waarnemingsmethoden, veel kleinschaliger zijn (bv. Piton de la Fournaise; Merle & 
Lénat, 2003). Brede vlakke plateaus op vulkaantoppen (bv. Etna, Karthala, Mauna Kea) 
zijn eveneens meermaals geïnterpreteerd als bewijzen van volledig opgevulde caldera’s, 
ondanks hun grootte (Walker, 1988; Bachèlery & Coudray, 1993). Verscheidene, voor het 
overgrote deel onuitgeteste, calderavormingsmodellen werden naar voor gebracht om 
grootschalige caldera’s te verklaren op basaltische schildvulkanen: lading door dense 
cumulaten in een magmakamer (Walker, 1988) of vervorming van een breed 
hydrothermaal systeem (Merle et al. 2010) zijn vooropgesteld om grootschalige 
calderavorming te verklaren ten opzichte van pure magmadrainage die verzakking 
veroorzaakt (Walker, 1984). 
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- Vele analoge modelleringstudies  onderzochten caldera-instortingsmechanismen via een 
horizontaal modeloppervlak van de gesteentekolom bovenop een drainerende analoge 
magmakamer. Slechts één studie bekeek systematisch maar bondig de afhankelijkheid van 
tijdens magmadrainage gevormde calderastructuren ten opzichte van de helling van 
experimentele kegels (Walter & Troll, 2001). Omtrent de rol van de helling van 
vulkaanflanken op de gevormde calderastructuren is dus weinig gekend, terwijl het 
mogelijkerwijs een belangrijke factor kan zijn voor basaltische caldera’s op 
schildvulkanen met significante flankhellingen zoals Karthala of de Galápagos-eilanden 
(Rowland & Garbiel, 2000).  

- De registratie van analoge modellen die subsidentie-gerelateerde calderastructuren simuleren 
tijdens magmadrainage, is gebaseerd op één van de volgende twee methoden: ofwel wordt het 
topografische oppervlak van een 3D model geregistreerd tijdens de vervorming, met 
geavanceerde hoge-resolutiecamera’s of lasers en worden modellen dan doorgesneden om de 
interne instortingsstructuren te bestuderen, ofwel  worden simulaties uitgevoerd tegen een 
glasplaat om de vervormingsevolutie met hogesnelheidscamera’s vast te leggen voor latere 
vervormingssnelheid en spanningsanalyse. Er is geen niet-destructive techniek voorhanden 
die zou toelaten om de morphostructurele evolutie tijdens de vervorming op te meten en die 
een kwantitatieve analyse van fysische vervormingsparameters toelaat. 

Gebaseerd op bovenstaande probleemstellingen werden de volgende onderzoeksdoelen 
vooropgesteld met betrekking tot deze Masterproef:  

1.  Een nieuwe analoge modelleringsserie werd ontwikkeld om het geometrische effect 
van gemiddelde flankhellingshoek van een experimentele kegel op de instortingsstructuren 
gevormd tijdens analoge magmakamerdrainage te onderzoeken. 

2.  Een nieuwe analoge modelleringsopstelling zou in staat moeten zijn om complexe 
overlappende calderas te genereren door drainage van een systeem met meerdere 
magmakamers.  

3.  De toepassing van X-straal gecomputerizeerde microtomografie (µCT) werd uitgetest 
om voor het eerst een nieuwe calderainstortingssimulatie te scannen en te reconstrueren in 
hoge-resolutie 3D. 

4.  Hieraan gekoppeld werd er geëvalueerd in hoeverre technieken kunnen ontwikkeld 
worden om de calderavervorming the kwantificeren, op basis van niet-destructieve virtuele 
reconstructie van de analoge modellen via µCT scanning data. 
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5.  Bevindingen uit de bovenstaande punten één tot vier werden vergelijkt met 
calderainstortingsstructuren op natuurlijke vulkanen. 

In een eerste luik van deze masterproef, werd de Karthalavulkaan uitvoerig gedocumenteerd 
tijdens veldwerk in juli 2011 op Grande Comore en in het Karthala caldera complex. Karthala 
werd geselecteerd omdat het een uitstekende testcase is om de wetenschappelijke vragen die 
hierboven werden opgesomd te onderzoeken, en om te vergelijken met analoge modellen. De 
top van de Karthalavulkaan bezit een ingewikkeld caldera complex dat bestaat uit meerdere 
overlappende instortingscaldera’s en geneste instortingskraters. De calderastructuur en 
morphostructurele evolutie zijn weinig of niet bekend. Twee freatische explosies in 1991 and 
2005 verspreidden as en scoriapuimsteen over het Grande Comore eiland, met een ernstige 
bedreiging naar de lokale bevolking en economie tot gevolg. De vijf weken durende missie 
had als doel de vulkanologische documentatie beschikbaar op het lokale ‘Observatoire 
Volcanologique du Karthala’ (OVK) te raadplegen, in interactie te treden met lokale 
vulkanologen van het OVK en om twee kortere missies uit te voeren naar de caldera’s op de 
vulkaantop om morphostructurele karakteristieken in kaart te brengen aangaande de 
verschillende caldera-eenheden en om de algemene intra-caldera vulkanostratigrafie te 
beschrijven. De in kaart gebrachte lineare morphostructurele werden geanalyseerd wat betreft 
hun orientatie, om te evalueren of het regionale riftsysteem (N-S en N135E) controle uitoefent 
op de specifieke oplijning van deze structuren. 

Het tweede luik van deze masterproef omvatte de analoge modellering van magmadrainage en 
daaruitvolgende caldera-instorting, geobserveerd aan de hand van fotogrammetrische 
methoden en X-straal gecomputeriseerde microtomografie aan het UGCT (UGent). 

Overeenkomstig met bovenstaande onderzoeksdoelen, konden de volgende besluiten naar 
voor gebracht worden: 

1. De vergelijking van de instortingspatronen van ‘zanddoos’ modellen met hellende 
‘kegelmodellen’ toont dat experimentele flankhellingen een concentratie en clustering 
bewerkstelligen van instortingsstructuren binnen afgelijnde intra-caldera zones, terwijl de 
rest van het intra-caldera material coherent verzakt. 

2. Kegelmodellen tonen dat met toenemende hellingshoek van experimentele kegelflanken, 
de kans verkleint dat perifere scheuren zich ontwikkelen aan de caldera-uitwaartse zijde 
van de gemodelleerde instortingen. Dit zou toegeschreven kunnen worden door het feit 
dat de hellende flanken meer stabiliteit geven naar de calderawand toe, dan het geval is bij 
horizontale oppervlakken waarin instortingen optreden. 
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3. Analoge modellen toonden verder aan dat de opwaartse ontwikkeling van een inverse 
ringbreuk en de interlinking van extensionele scheuren de vorming van een calderarand en 
een afgebakende calderawand veroorzaakt. Op deze wijze worden welafgelijnde lineaire 
porties van de calderawand ontwikkeld, in een patroon analoog aan dat van een 
cameradiafragma. 

4. Het was niet mogelijk om drainage van een meervoudig, overlappend magmatisch system 
te simuleren. Nieuwe experimentele opstellingen dienen ontwikkeld te worden voor dit 
doel, met een hogere viscositeit van de analoge vloeistof in vergelijking deze voor 
‘Golden Syrup’. 

5. µCT scanning werd met success toegepast om de vervormingsevolutie tijdens analoge 
vloeistofdrainage in beeld te brengen bij kleinschalige instortingscalderamodellen. 
Intervalradiografiebeelden lieten toe om de subsidentie van een verzakkend calderablok in 
detail te documenteren en te analyseren. Onze modellen illustreren de mogelijkheid om de 
vervormingssnelheid tijdens magmadrainage kwantitatief te registreren langs een continue 
profiel geconstrueerd uit verschillen in opeenvolgende radiografiebeelden. 

6. Intervalradiografiesequenties toonden dat instorting van , van benedenuit 
gedestabiliseerde gemodelleerde gesteentekolom, start met de nucleatie van een inverse, 
caldera-uitwaarts hellende, ringbreuk aan de top van het magmareservoir. Deze breuk 
plant zich opwaarts voort naar het oppervlak door incrementele instorting van 
overkappend gesteente boven het vloeistofreservoir. Neerwaartse buiging van strata 
binnenin de verzakkende kolom speelt een belangrijke rol, en secundaire caldera-uitwaarts 
hellende ringbreuken vormen daar waar de gradiënt tussen meesleep in de breukwerking 
en neerwaartse verzakking het grootst is. 

7. Vervormingsanalyse op intervalradiografiebeelden documenteerde dat alle vervorming in 
de µCT-calderamodellen zich afspeelde binnenin het verzakkende volume dat begrensd is 
door de meest caldera-uitwaartse breuken. Incrementeel fallen van de calderawant 
langsheen normale breuken kon slechts plaatsvinden na een zekere hoeveelheid 
subsidentie. 

8. Hoge-resolutie, in 3D gereconstrueerde modellen toonden aan dat dilatie van de 
korrelpakking in een verzakkende kolom plaatsvond, ten opzichte van het onvervormde 
omgevende material. Deze dichtheidsvermindering zou een belangrijk proces kunnen zijn 
om de observaties te verklaren tijdens instortingen van instortingskraters, waarbij het 
geërupteerde of geïntrudeerde magmavolume vele malen groter is dan het verzakte 
volume in de instortingskrater op de vulkaantop. 
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9. De vergelijking van modelresultaten met natuurlijke caldera’s, en het Karthala caldera 
complex in het bijzonder, leert dat zelfs kleinschalige µCT-modellen structurele en 
mechanische processen kunnen simuleren die eenduidig gelinkt kunnen worden aan 
instortingsgebeurtenissen en calderastructuren op de vulkanen van Miyakejima (Japan), 
Piton de la Fournaise (La Réunion), Karthala (Grande Comore) en de Westelijke 
Galápagos. 

10. Een gedetailleerde vergelijking van analoge resultaten met de Karthalacaldera’s verschaft 
aanvullend bewijs voor een caldera-uitwaarts hellende ringbreuk die de instorting van 
Choungou Changouméni in een ondiep magmapakket begrenst, waarbij de diameter van 
dat magmapakket vermoedelijk groter is dan de kraterdiameter aan het oppervlak. 

11. De oriëntatieanalyse van vulkaantektonische lineamenten van het Karthala caldera 
complex argumenteert voor een controle van  de regionale riftzone’s op de 
instortingsstructuren, met een overheersing van N-Z en N135O richtingen, die 
overeenkomen met de oriëntatie van de riftzone’s op de flanken van de Karthalavulkaan. 

 

Dit werk vormt een voortzetting van dat van Kervyn et al. (2011) en toont de waarde aan van 
de toepassing van µCT-scannen op analoge modellen van vulkaantektonische processen. Dit 
blijkt één van de meest krachtige technieken te zijn om toe te laten over te gaan van een 
kwalitatieve naar een kwantitatieve analyse van vervormingsprocessen. Dit speelt een 
sleutelrol in het linken van analoge modelresultaten aan numerieke simulaties en geofysische 
monitoringdata. Voor de toekomst lijkt het opportuun verder te gaan op het pad van de 
kwantificering van vervormingssnelheden met ‘van elkaar afgetrokken 
intervalradiografiesequenties’. In het specifieke geval van caldera-instortingsmodellering, zou 
het mogelijk kunnen zijn een benadering te ontwikkelen om eveneens volumeveranderingen 
door dilatatie van korrelpakkingen te berekenen. Een FWO en BOF doctoraatsproject werd 
aangevraagd om de gestarte µCT-applicaties verder uit te bouwen in een nieuwe 
methodologie om caldera-instortingsprocessen te simuleren in een ongezien systematische 
manier. 

Wat betreft de fotogrammetrische documentering van analoge modellen, zou het de moeite 
lonen om deze techniek verder te ontwikkelen, aangezien het data gelijkaardig aan DEM-
modellen zou kunnen genereren die een onmiddelijke vergelijking kunnen toestaan met DEM 
data van echte vulkanen. Om de reproduceerbaarheid van de modellen te testen, zal het verder 
nodig zijn de analoge modelleringseries voort te zetten en te herhalen. 
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Dit project betekent de start van een samenwerkingsverband tussen Belgische 
vulkanologiegroepen en de vulkanologen van het OVK op Grande Comore. Aangezien 
nieuwe freatische explosives, vulkanische modderstromen en landverschuivingen nog steeds 
een duidelijk, maar ongekend risico vormen voor de Comorese bevolking, is het zeer 
wenselijk deze samenwerking verder uit te bouwen, met als doel de kennis van Karthala 
gevoelig te verhogen, de kwaliteit van de dagelijkse observatie van de monitoringresultaten te 
verbeteren en dus uiteindelijk een betere bescherming te verschaffen aan de plaatselijke 
bevolking. 

 

 


