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Introduction 
 
In the second half of the 20th century, the science of volcanology has made immense 
progress, first through careful and systematic field observations, and then mostly through 
theoretical modelling and laboratory experimentation of volcanic processes, coupled with 
field work. More recently, integrated monitoring techniques, multidisciplinary research 
approaches, the increasing power of numerical computation, and the advent of remote 
sensing all have contributed to great advances in understanding volcanic processes. These 
researches however focused on a limited number of volcanoes located in industrialized 
countries (e.g. Etna, Sicily, Italy; Kilauea, Hawaii, USA) or on volcanoes posing direct 
and important hazards to populations (e.g. Merapi, Indonesia).  

It is thus mostly the same 200-300 volcanoes that have been mapped for 
topography, geology, volcanic hazards and risks and which are continuously ground-
monitored with state-of-the-art integrated techniques. These systematic studies enabled 
the development of new monitoring techniques and provided a deeper understanding of 
processes at work at these volcanoes. This however leaves aside over two-thirds of the 
~1400 potentially active volcanoes which are poorly-known and unmonitored (Simkin 
and Siebert 1994). Many of these potentially hazardous volcanoes are located in 
developing countries where the local systems struggle when it comes to assessing and 
mitigating volcanic hazards. 

Except for volcanoes where there were large recent disasters (e.g. Nevado del 
Ruiz, Colombia; Nyiragongo, Congo; Pinatubo, Philippines), most volcanoes in 
developing countries lack accurate topographic maps, geological maps, hazard zonation 
maps or geophysical surveys. Most are not continuously or systematically monitored with 
integrated modern methods (i.e. seismic, ground deformation, gas monitoring 
equipment). Local expertise is often lacking, financial and technical resources are limited 
or non-existing. Local authorities have to struggle with more immediate challenges (e.g. 
poverty-related issues). Access to the field is sometimes limited due to remoteness or 
political unrest. Moreover repose periods between eruptions can also be decades to 
thousands of years long. Some of the largest and most devastating historical eruptions 
occurred at volcanoes that had been considered as dormant or inactive (e.g. 1991 Mt 
Pinatubo; Newhall and Punongbayan 1996).  

Volcanic hazards directly concern ~ 6 % of the world’s population. They can 
indirectly affect a larger proportion of the world’s population through atmospheric-
climatic or socio-economic effects, such as those which follow cataclysmic eruptions 
(e.g. 1815 Tambora - year without a summer in 1816; 1883 Krakatoa; 1991 Mt Pinatubo; 
e.g. Pisek and Brazdil 2006). World population increases much more rapidly in 
developing countries. In developing countries people are on average 20 times more 
vulnerable to natural disasters than in richer countries (measured as impact on GDP per 
head; World Bank website: www.worldbank.org).  

There is thus an urgent need to gather basic knowledge about volcanoes’ 
structures, potential range of eruptive styles and related hazards and to adapt efficient and 
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low cost monitoring methods for those poorly-studied volcanoes that represent a potential 
hazard for an increasing population. In addition, much new knowledge about volcanic 
processes could be gained by studying these unknown volcanoes. In this context, satellite 
remote sensing (RS) has the potential to make a significant contribution to advance 
understanding of volcanoes and volcanic hazards at these poorly-known volcanoes. This 
will be illustrated in this thesis by the study of Oldoinyo Lengai (OL) volcano, Tanzania. 

The application of RS to geological observations and problems in the last 30 years 
or so enabled major advances in Earth and environmental sciences. RS made it possible 
to map volcanic terrains (e.g. Francis and Baker 1978; Mouginis-Mark et al. 2000; 
Ramsey and Dean 2004; Ramsey and Flynn 2004) and to document aspects of volcanic 
activity that we knew little about. Our ability to make accurate volcano topographic 
maps, derive Digital Elevation Models (DEMs), document how volcanoes deform 
before/during/after eruptions, document thermal emission changes from active craters, 
lava domes or flows, track eruptions and emissions using ground-based RS instruments as 
well as sensors onboard airborne and spaceborne platforms has increased manifold in the 
recent past.  

RS has become an essential component in volcano surveillance and is now 
integrated in automatic monitoring systems. It proves especially useful to systematically 
document activity at remote volcanoes, e.g. in Alaska and the Aleutian Islands (USA). 
Substantial advances in mapping (Francis and De Silva 1989; Wiart et al. 2000) or in 
monitoring volcanoes have also taken place in remote areas and in developing countries, 
such as the Chilean Andes (Francis and De Silva 1989), Kamchatka (Russia) in the North 
Pacific (Dehn et al. 2000) and Central America (e.g. Galindo et al. 2008; Webley et al. 
2008). These advances benefited from the use of local data reception of low spatial 
resolution geostationary (e.g. GOES) or near-polar orbiting sensors (e.g. AVHRR, 
MODIS). The majority of advances however focused dominantly on richer country 
volcanoes.  

A critical barrier to the use of RS in developing countries had been the access and 
cost of moderate to high spatial resolution RS data. A key development is that the 
availability of medium spatial resolution (~30 m pixel) satellite images over the internet 
has increased considerably, within few years, together with a rapid decrease in cost. As it 
will be illustrated in this thesis, these major improvements enable to systematically assess 
hazards at poorly-studied volcanoes, such as the active African volcanoes. 

In order to assess hazards, it is first needed to obtain accurate topographic and 
geological datasets at a volcano. This is essential to provide insights on the type of 
eruptive processes at work. It also enables to collect quantitative data on the morphology 
of the volcanic construct and to characterize specific eruptive features (e.g. peripheral 
cones, lava flows). This then forms the basis to constrain models of volcanic processes 
and risks. RS is usually used to collect direct observations on ongoing eruptions (e.g. lava 
flow temperature, surface deformation). It is however now recognized that systematic RS 
data collection, combined with numerical or analogue modelling, enables to get insights 
into more fundamental eruptive processes (e.g. derivation of eruption rate, Wright et al. 
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2001) or into the structure and behaviour of a volcanic system (e.g. intrusion model 
obtained from inversion of deformation data, Fukushima et al. 2005). 

The goal of this thesis is to investigate the capabilities of the low-cost RS data to 
improve, or often develop from scratch, basic monitoring and hazard assessment at 
poorly known volcanoes. Specific attention is paid to systematically collect quantitative 
observations and to evaluate their accuracy. In a second step, the data collected from RS 
is integrated with results from numerical models or analogue experiments to advance the 
understanding of fundamental volcanic processes, e.g. the controls on spatial distribution 
of eruptive vents, the temporal relationships between earth tides and variations in 
eruption intensity or debris avalanche processes. 

Each chapter of this thesis is based for a large part or entirely on data published in 
separate papers, as indicated by references hereafter. In the first part of the thesis, the 
specificities of multispectral and topographic RS sensors are briefly described and their 
application to map volcanic terrains, monitor eruption and characterize volcanic 
processes are reviewed (Kervyn et al. 2007; Ernst et al. 2008). In the second chapter, two 
RS methods to derive topographic data for volcanic terrains are quantitatively compared 
for a favourable (Mauna Kea, Hawaii, USA) and a less favourable test case (Oldoinyo 
Lengai, Tanzania; Kervyn et al. 2008c). 

In the second part, Oldoinyo Lengai (OL), NW Tanzania, is chosen as an 
illustrative example to identify and develop low cost RS solutions to map, assess hazards 
and monitor the activity of a remote unmonitored volcano in a developing country. First, 
evidence of flank instabilities and avalanche deposits are documented (Kervyn et al. 
2008e). Debris avalanche flow is a common and hazardous volcanic process. Evidence 
for such sector collapse has already been found for more than one sixth of volcanoes, but 
more volcanoes show possible evidence for collapse that remains to be studied. This 
chapter illustrates how RS is useful to systematically identify and document debris 
avalanche features and how the collected data can help to constrain models. Insights into 
the avalanche processes and the large risks associated with these catastrophic events are 
obtained by applying a recently developed numerical model to one of these collapse 
events. 

Second, a RS method using MODIS data to monitor the low-level thermal activity 
typical of the recent eruptive activity at OL is presented and validated against field data 
(Kervyn et al. 2008d). This method enabled collection of a 7 year-long data series of daily 
MODIS thermal data. The temporal distribution of eruptive events is then analyzed for 
correlation with environmental factors. 

Third, MODIS data enabled to document events leading to the transition from a 
low level effusive phase to episodic explosive eruptions starting in September 2007. This 
transition was marked by a voluminous lava eruption in March 2006 which was 
documented in detail with RS, petrologic and field data. These observations led us to 
propose a model for the structure of the shallow magmatic system directly before the start 
of the explosive eruptions (Kervyn et al. 2008a). 

RS also enables to rapidly gather observations at a large number of volcanoes, and 
in doing so, to identify processes at work for a large range of volcanic systems. This is 
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illustrated in the third part of the thesis. Based on initial observations of volcanic cones 
at the base of OL and Mauna Kea, the distribution of eruptive vents was systematically 
documented on topographic RS data for a wide range of volcanic constructs. Analogue 
models that help to rationalize the spatial distribution of volcanic vents are then 
presented. Laboratory experiments enable to investigate more specifically the controls of 
volcano load on the propagation of sub-volcanic intrusions and on the localization of 
eruption sites (Kervyn et al. 2008b). These experiments also offer the opportunity to 
document the 3D geometry of sub-volcanic intrusions, which is rarely accessible to 
observations in nature. This last section highlights the complementarities of RS 
observations and analogue modelling to constrain volcanic processes and improve hazard 
assessment. 

Finally, some future perspectives for systematic risk assessment at volcanoes, 
especially in developing countries, through integrated RS studies, associated with 
numerical or analogue modelling and through increased capabilities that some upcoming 
sensors will provide are highlighted.  
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Chapter 1.  Mapping, Monitoring and Assessing Hazards at 
Volcanoes:  A Review 

 
The volcanology community has long recognised the advantages of multispectral and 
Synthetic Aperture Radar (SAR) remote sensing (RS) techniques. The multispectral 
nature of the data and the repeated coverage of extensive volcanic terrains are major 
advantages. For over two decades, satellite data have been used to study volcanic activity 
and map volcanic terrains (e.g. Francis and Baker 1978; Mouginis-Mark et al. 2000; 
Ramsey and Dean 2004; Ramsey and Flynn 2004). Spaceborne sensors permit 
observation of volcanoes which are remote or difficult to access for political reasons. 
Sensors enable information retrieval from ongoing eruptive activity for which field data 
collection is too hazardous.   

Satellite data enables study of diverse volcanic phenomena (e.g. Francis et al. 
1996), including to:  

1. Detect and characterize hot areas, their temporal and spatial patterns at lava 
lakes, lava flows, lava domes or at fumarolic fields (e.g. Harris et al. 2000).  

2. Monitor and characterize volcanic ash or gas clouds (e.g. Rose et al. 2000).  

3. Map recently-erupted volcanic (e.g. Patrick et al. 2003; Rowland et al. 
2003) or volcano-related deposits (e.g. lahars, debris avalanches; Kerle et 
al. 2003). 

4. Discriminate fresh volcanic rock surfaces in terms of mineralogical, textural 
and compositional differences (e.g. Gaddis 1992; Ramsey and Fink 1999; 
Byrnes et al. 2004).  

5. Distinguish weathered volcanic surfaces and assess the terrains’ relative age 
(e.g. Kahle et al. 1988), or identify mechanically weak sectors in a volcanic 
edifice (Crowley and Zimbelman 1997). 

6. Characterize volcano morphology and study its changes (e.g. Amelung et al. 
2000; Rowland and Garbeil 2000; Lu et al. 2003). 

7. Assess ground deformation using Interferometric Synthetic Aperture Radar 
(InSAR; e.g. Zebker et al. 2000). 

The potential of high temporal resolution satellite imagery for monitoring volcanic 
activity and mitigating hazards has been reviewed by Oppenheimer (1998) and Harris et 
al. (2000). Thanks to increased RS data accessibility and reduced time between data 
acquisition and availability to users (Ramsey and Flynn 2004), low-to-medium spatial 
resolution (>1 km to 250 m pixel) satellite data are now routinely used to monitor 
volcanoes. Thermal observations (at 1 – 4 km resolution) are automatedly daily-acquired 
on a near-global basis and are freely available via internet within days of data acquisition 
(e.g. Rothery et al. 2001; Wright et al. 2002, see chapter 5). Similarly volcanic clouds can 
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be imaged and tracked for days on an up-to-hourly basis at 1 km spatial resolution in the 
visible and infrared wavelength range (e.g. Rose et al. 2000). These aspects will not be 
reviewed here (see Ernst et al. 2008). Sensors (e.g. MODIS, AVHRR, GOES) and 
techniques used in thermal monitoring of volcanic activity are discussed in chapter 5. 

Until recently, research focused on monitoring active volcanoes or on a posteriori 
study of volcanic events and of their deposits. As repose periods between eruptions can 
be thousands of years, there is however an obvious need to map and characterize the 
range of deposit types at poorly-known or remote volcanoes, to infer the range of activity 
that they might exhibit. Accurate topographic and geological maps are crucial to enable 
hazard assessment and risk modelling. Sources of spatial data such as aerial photography 
and good quality topographic maps (e.g. 1:25,000 or better) either do not exist or are very 
difficult to obtain for many volcanically-active regions. The availability at low cost of 
moderate to high spatial resolution (15 -30 m pixel) satellite images over the internet has 
been significantly improved in the last few years (Table 1.1). RS now provides also some 
of the best data to derive accurate topographic datasets for remote regions (see chapter 2). 
These major improvements will help systematically assessing hazards at poorly-studied 
volcanoes. 

The goal of this chapter is to describe the specificities of the moderate-to-high 
spatial resolution RS data and techniques, most of which are used in the other chapters of 
this thesis for topographic mapping (chapter 2) and for hazard assessment at Oldoinyo 
Lengai (chapter 4-7). Previous applications of moderate-to-high spatial resolution (~10 to 
100 m pixel) satellite imagery provided by multispectral (e.g. Landsat, ASTER, SPOT) or 
SAR sensors (e.g. SRTM) to map and characterize volcanic deposits at different scales, to 
gain insights into processes and assess hazards, and the InSAR capability to generate 
digital topographic data and study volcano deformation are reviewed. As our goal is to 
apply these techniques in developing countries, attention is also paid to the cost and 
availability of archive for these data. MODIS data used for thermal surveillance is 
introduced in chapter 5. 
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Table 1-1 Characteristics and source of RS data discussed in this thesis. Range of price is indicative, varying with processing level, data type (archived or newly 
acquired data), and requested delivery time. Data distributors are given as examples of where those data can be acquired. 

Sensor # Bands  
Spatial resolution Scene size Cost Data distributor Distributor Website 

Medium-to-high resolution optical sensors 
       

Landsat ETM+ PAN: 1 band 15 m 
VNIR+SWIR: 6 bands 30m 
TIR: 1 band 60 m 

180x180 km² Free Global Land Cover Facility, 
University of Maryland  

http://glcfapp.umiacs.umd.edu/ 

ASTER (Terra) 61.5x63 km² Free Land processes Distributed Active 
Archive Center (LP DAAC) 

http://edcdaac.usgs.gov/datapool/ 

  55 US$ NASA Earth Observing System 
Data Gateway 

http://redhook.gsfc.nasa.gov/ 

 

VNIR: 3 bands 15 m 
SWIR: 6 bands 30 m 
TIR: 5 bands 90 m 

 Free Global Land Cover Facility, 
University of Maryland  

http://glcfapp.umiacs.umd.edu/ 

SPOT 5 HRG PAN: 1 band 5 m 
VNIR: 3 bands 10 m 
SWIR: 1 band 20 m 

60x60 km² 100-800 €* 
1200-6200 € 

Spotimage www.spotimage.fr 

Very High resolution optical sensors        

IKONOS PAN: 1 band 1m 
VNIR: 4 bands 4 m 

>49 km² 
11 km swath width 

7-56 US$/km² Space Imaging www.spaceimaging.com 

Quickbird PAN: 1 band 0.6 m 
VNIR: 4 bands 2.4 m 

>25 km² 
16.5 km swath width 

18-42€/km² DigitalGlobe www.digitalglobe.com 

Synthetic Aperture Radar        

ERS-1 &-2 SAR C-band 25 m 100x110 km² 400 – 500 € Eurimage www.eurimage.com 
ENVISAT ASAR C-band 25 m 105x105 km² 400 – 600 € Eurimage www.eurimage.com 
RADARSAT C-band 30 m 100x100 km² 2750-4250 US$ Radarsat International www.rsi.ca 
JERS SAR L-band 18 m 75x75 km² 950 € Eurimage www.eurimage.com 
Digital Elevation Models        

SRTM C-band C-band: 30 m 1 degree lat-long Free - US only Seamless Data Distribution System http://seamless.usgs.gov 

 C-band: 90 m 1 degree lat-long Free Seamless Data Distribution System http://seamless.usgs.gov 

SRTM X-band X-band: 25 m 0.25 degree lat-long 400 € EOWEB, German Aerospace 
Agency 

www.eoweb.dlr.de 

SPOT HRS PAN: 10 m >3000 km² 
120 km swath width 2.3 €/ km² Spotimage www.spotimage.fr 

*Only for European scientific users     
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1.1. Multispectral and DEM data 
An ever-increasing number of spaceborne sensors provide a wealth of high-quality 
multispectral data. This chapter focuses on sensors which procure datasets with the 
moderate-to-high spatial resolution (~10 to 100 m pixel) needed to study volcanoes and 
which are easily accessible at low cost (Table 1.1). Very high spatial resolution (~1 m 
pixel) data provided by commercial sensors (e.g. Ikonos, Quickbird) are not yet a low-
cost alternative to assess volcanic hazards synoptically (Table 1.1) even though such 
sensors proved to be helpful to produce up-to-date orthomaps for some active volcanoes 
(e.g. Nisyros caldera, Greece; Vassilopoulou et al. 2002). Airborne RS sensors, although 
very useful, are not discussed here because their acquisition is restricted to a few local 
regions.  

  In this thesis, two types of RS data were used. The first, multispectral images, are 
a record of reflected or emitted electromagnetic energy. The data range from visible 
(VIS), near-infrared (NIR), and mid-infrared (MIR) wavelengths (solar energy reflected 
by the surface) to thermal-infrared (TIR; solar energy absorbed and then re-emitted by the 
surface). The multispectral data is from Landsat, SPOT, and ASTER sensors (properties 
summarized in Table 1.1). The second data type is Digital Elevation Models (DEMs) of 
volcanic terrains that can be obtained by: (i) digital photogrammetry based on 
stereoscopic pairs of aircraft or satellite images; (ii) digitalisation and interpolation of 
topographic maps; (iii) radar interferometry; (iv) laser scanning or (v) field survey. 
Advantages and limitations of the different DEM-generation techniques have been 
reviewed by Baldi et al. (2002) and Stevens et al. (e.g. 2002; 2004) and are discussed in 
chapter 2. 

1.1.1 Landsat 
The Enhanced Thematic Mapper + (ETM+) instrument onboard the Landsat 7 satellite 
acquires data in six bands at VIS to MIR wavelengths at 30 m spatial resolution. It also 
provides a panchromatic band (i.e. black and white) spanning the visible spectrum at 15 
m spatial resolution, and two TIR bands (at same wavelength but with different gain 
settings) at 60 m spatial resolution (Williams 2003). An ETM+ scene (180x180 km²) 
covers a much larger area than that of an airphoto; it does not suffer from radial distortion 
(after systematic data pre-processing), and it is cheaper than airphoto coverage for the 
same area. The ETM+ images discussed in this thesis were downloaded, for free, from 
the Global Land Cover Facilities Website (2005; Table 1.1). Similar archive images are 
now freely available for most regions. The Landsat generation of satellites has acquired 
data since 1972, resulting in a large volume of available archived data. On request, a new 
image can be acquired, over any given region, every 16 days. However, the cost of on-
request data remains high (up to 600 €; Eurimage 2005). Regions for which no specific 
data acquisition requests have been made might not be covered by cloud-free data for 
several years.  
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Data acquired by the Thematic Mapper (TM) and ETM+ instruments onboard the 
Landsat 5 and 7 satellites, respectively, have been used to monitor volcanic activity as 
these were the first sensors to provide sufficiently fine spatial resolution to map the 
extent, and characterize the spatial evolution, of hot volcanic areas. Initially Landsat TM 
was used to detect SWIR radiance from a growing lava dome at Lascar volcano (N Chile; 
Francis and McAllister 1986). Subsequently Landsat TM and ETM+ data was used to 
analyse thermal characteristics of active lava flows (e.g. Flynn et al. 2001; Wright et al. 
2001), lava domes (e.g. Wooster et al. 2000, refs therein), lava lakes (Harris et al. 1999) 
and fumarole fields (Harris and Stevenson 1997). 

Beside its use to document ongoing eruptive activity, Landsat has also been used 
for morphological and geological mapping, for documenting historical eruptions and for 
assessing hazards at many, often remote, volcanoes. The synoptic capabilities of 
moderate resolution imagery (Landsat) enable rapid surveys of large volcanic areas in 
order to identify potentially hazardous volcanoes based on crater morphology, lava flow 
texture, and on evidence of post-glacial eruptive activity (e.g. in the Andes: Francis and 
De Silva 1989; de Silva and Francis 1990), and to identify large volcanic structures such 
as calderas (e.g. Cerro Galan caldera, Argentina: Francis et al. 1978). Landsat TM 
spectral data enabled to identify and characterize in detail sector collapses and distinct 
lithologies in the associated debris avalanche deposits, e.g. in the Andes (Francis and 
Wells 1988). The mapped features of the sector collapse and debris avalanche deposits at 
Socompa, N Chile, (Wadge et al. 1995) provided key constraints for numerical models of 
debris avalanches (Kelfoun and Druitt 2005). Landsat also proved helpful for identifying 
basaltic scoria cones with specific iron oxidation features in dry environments (e.g. 
Chagarlamudi and Moufti 1991).  

Landsat data are now often used in volcano-tectonic and volcano morphological 
studies or a posteriori descriptions of a volcanic event because they easily provide a 
synoptic view of a volcano across multiple wavelengths (e.g. Patrick et al. 2003). On the 
other hand, the temporal resolution (16 days at best), time lag between image acquisition 
and availability to users (1 to 14 days), and high cost of on-request data over specific 
targets prevent true real-time monitoring of eruptive activity with Landsat. The small 
number of spectral bands, as well as their broad width in the short wave IR (SWIR) and 
TIR also limit capabilities to discriminate volcanic lithologies.   

1.1.2 ASTER 
The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) is a 
moderate-to-high spatial resolution, multispectral imaging system flying aboard Terra, a 
satellite launched in December 1999. Volcano hazards monitoring, geology and soil 
mapping are specific applications for which ASTER was developed (e.g. Pieri and 
Abrams 2004). An ASTER scene, covering 61.5 km x 63 km, contains data from 14 
spectral bands ranging from the VIS and NIR (VNIR; 3 bands at 15 m resolution), SWIR 
(6 bands at 30 m resolution), to TIR (5 bands at 90 m resolution; Abrams and Hook 
2003). 
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A key advantage for volcanic hazard assessment is that ASTER acquires 
stereoscopic images at 15 m spatial resolution in an along-track mode, enabling 
derivation of DEMs (see chapter 2). Automatedly processed ASTER-DEMs can be 
acquired at the same cost as an ASTER scene (Table 1.1). The routine procedure utilizes 
the ephemeris and attitude data derived from both the ASTER instrument and the Terra 
spacecraft platform to compute a relative DEM. Absolute DEMs are based on GCPs 
specified by the user. The root mean square error (RMSE) of the relative DEM in x, y and 
z is expected to range between 10 m and 30 m. An RMSE of 7 m to 50 m is expected for 
absolute DEMs if at least 4 GCPs are provided (LPDAAC 2005). The capability of 
retrieving accurate relative DEMs without having to collect GCPs in the field is of great 
interest, especially for remote volcanoes. The exact accuracy of these DEMs still needs to 
be assessed, especially for high relief terrains such as volcanoes (see chapter 2).  

The easy availability, low cost and unique combination of multispectral and 3D 
capabilities at 15 m resolution are main advantages of ASTER for volcano studies. 
Although Stevens et al. (2004) demonstrated that 3D ASTER allows for accurate 
topographic mapping of volcanoes and highlighted the potential for volcano terrain 
deformation analysis by repeat DEM generation combined with spectral change analyses, 
the full capability of these data has not yet been fully explored. Ramsey & Fink (1999) 
highlighted capabilities of ASTER multispectral data in the TIR for estimating surface 
vesicularity contrast in volcanic rocks. ASTER multispectral data were used by Byrnes et 
al. (2004) to discriminate between different lava flow morphologies based on the spectral 
reflectance in the VNIR, and on the emissivity in the TIR. ASTER data recently proved 
helpful to estimate temperature of natrocarbonatite lava flows and discriminate 
carbonatite and silicate-rich ash emissions at Oldoinyo Lengai (Vaughan et al. 2008). The 
main limitation of ASTER data for regular monitoring, as with other optical RS data, is 
their sensitivity to cloud cover, a frequent problem with high relief sub-tropical 
volcanoes. 

1.1.3 SPOT 
Similarly to ASTER, the SPOT 1-5 satellites (Satellites Pour l’Observation de la Terre) 
combine high-resolution multispectral bands with stereoscopic capabilities. SPOT 
acquires data in 3 bands in the VNIR at 20 m spatial resolution (10 m for the most recent 
SPOT satellite: HRG sensor on SPOT 5), and one panchromatic band at 10 m spatial 
resolution (5 or 2.5m for SPOT 5). SPOT 4 and 5 also provide one SWIR band (20 m 
resolution). Despite the smaller number of spectral bands than Landsat or ASTER, SPOT 
has advantages of higher spatial resolution and variable viewing angle. This increases the 
potential temporal resolution and chance of acquiring cloud-free images. With three 
SPOT satellites currently operational, it is possible to observe almost the entire planet in a 
single day, although the satellites do not systematically acquire data over all areas.  

SPOT can acquire stereo-image pairs, but in cross-track rather than along-track 
orientation (cf. ASTER). The two stereoscopic scenes can be acquired in tandem mode on 
the same day by using two of the three satellites. However, the stereo-pair images are not 
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acquired under identical illumination or atmospheric conditions. This can affect the 
accuracy of the resulting DEM (e.g. vertical accuracy between ±5 and ±20 m; Hirano et 
al. 2003). SPOT 5, launched in May 2002, carries the High Resolution Stereoscopic 
(HRS) instrument, which can acquire simultaneous stereo images with 10 m spatial 
resolution. The simultaneity of acquisition for the stereo-pair images increases the quality 
of the derived DEMs (Kormus et al. 2004). A current problem is that the two images used 
to produce the DEM are not made available to users. Only the processed DEMs can be 
acquired. The cost of these DEMs has also so far limited their applicability (Table 1.1).  

Even though SPOT satellites have been acquiring data since 1986, applications for 
volcanic studies have been less frequent than those using Landsat data. The lower number 
of spectral bands and higher cost (e.g. a minimum of 100 € per scene for European 
scientists, and much higher price for non-Europeans) in comparison with Landsat are the 
main factors limiting its current applicability. SPOT images were used to map lava flows, 
to prepare hazard maps, and monitor eruptive activity at Sabancaya volcano (Peru; 
Chorowicz et al. 1992; Thouret et al. 1995; Legeley-Padovani et al. 1997) and to map 
and assess structure and morphology of lahar deposits (see Kerle et al. 2003 for a review) 
and, at Galápagos volcanoes (e.g. Rowland 1996; Rowland et al. 2003). SPOT data was 
also used in combination with DEMs to constrain risk models for pyroclastic flows and 
revise the hazard map at Merapi (Indonesia, Thouret et al. 2000). At Galápagos 
volcanoes, panchromatic and multispectral SPOT images was used in combination with 
other RS and field data, to map volcanic vents and to identify lava flow boundaries based 
on contrast in surface albedo and on surface colour changes associated with flow ageing 
(Rowland 1996). 

1.2. Satellite radar systems 

1.2.1 Synthetic Aperture Radar (SAR) 
Radar sensors provide terrain information by recording the amplitude and phase of the 
backscattered signal. Amplitude and phase are influenced by radar system parameters 
(i.e. wavelength, incidence angle, polarization) and by terrain properties such as surface 
roughness on the scale of the radar wavelength, ground slopes, and dielectrical properties 
of the surface (e.g. McKay and Mouginis-Mark 1997). Different radar wavelengths can be 
used: X-band (2.8 cm), C-band (5.6 cm; ERS-1 until 2000, ERS-2, ENVISAT, 
RADARSAT SAR sensors) and L-band (23.5 cm; JERS SAR sensor until 1998). The 
SAR sensors differ in wavelength, looking angle and other acquisition parameters.  

Radar penetrates clouds, a major advantage for the study of volcanic regions, 
especially in the sub-tropics. SAR sensors are “active”: they record their own 
backscattered signal, are not dependent on sun illumination, so can work day and night; 
they combine ascending and descending orbit data (i.e. halving the return period from 35 
days to 17.5 days in the case of ERS and ENVISAT). Radar image use for mapping is 
limited by the geometric distortion and shadowing effect caused by oblique viewing and 
topography.  
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   Backscatter intensity has been used to map distinct pāhoehoe and ‘a‘ā lava flow 
surfaces (Gaddis 1992, see below), and surface textures of lava flows generally (Byrnes 
et al. 2004). Different polarizations were also used for mapping lava flows (McKay and 
Mouginis-Mark 1997). At Volcan Fernandina (Galapagos Islands), the variation in 
backscatter intensity was used to map different flow textures that could not be observed 
in SPOT imaging (Rowland 1996). When combined with cross-validation field data, this 
provides insights into lava flow emplacement and constraints for lava flow modelling. 
Radar was also used on remote volcanoes to map new lava, debris or pyroclastic flows 
(Rowland et al. 1994; Carn 1999). At Aniakchak, a remote volcano in Alaska which 
suffers from chronic cloud coverage limiting the applicability of optical RS, careful 
analysis of backscatter intensity on ERS-1 SAR data allows for recognition of post-
glacial emplacement of low mobility pyroclastic flows (Rowland et al. 1994). 

1.2.2 SAR Interferometry  
InSAR has emerged as a powerful technique to derive high resolution DEMs and study 
ground deformation. InSAR involves comparing the phase of the backscatter signal for 
each corresponding pixel of two radar images acquired from different positions (Zebker 
et al. 2000), either at the same time by two antennas separated by a fixed baseline (e.g. 
SRTM or airborne), or during successive passes of a single antenna (e.g. ERS, JERS, 
RADARSAT, ENVISAT). InSAR gives exceptional results though it has limitations. 
Preservation of the phase coherence, i.e. the level of correlation between the images of an 
interferometric couple, is the most limiting factor. Coherence is controlled by the system 
geometry  (Zebker and Villasenor 1992) and by changes in surface conditions at the scale 
of the radar wavelength (~1-20 cm) during the time interval separating acquisition of the 
two images. Dense vegetation causes rapid coherence loss for data acquired in C-band 
(Kervyn 2001) but not L-band (Stevens and Wadge 2004). Decorrelation (i.e. loss of 
coherence) can also be used positively to map new lava flow areas in regions with an 
overall good coherence conservation (Lu et al. 2003). 

As far as the surface “stability” is concerned, the shorter the period between the 
two acquisitions, the higher the coherence will be. This is the main motivation for single 
pass interferometry, e.g. as in the recent SRTM mission (Rabus et al. 2003). On the other 
hand, a repeat-pass configuration offers more flexibility, particularly regarding the 
geometry of the acquired data. Depending on the application, one can look for a pair of 
images offering the optimum geometric baseline (i.e. spatial distance between the two 
points in space from which the two images were obtained, projected perpendicularly to 
the line of sight), incidence angle, orbit mode and re-visiting rate. If the goal is to derive 
topography, a long geometric baseline is preferable; the phase difference will be 
associated to a smaller difference in elevation (e.g. Zebker et al. 1994). A shorter 
geometric baseline is more suitable for ground deformation studies. In this case, a phase 
difference is also produced by the displacement of the surface; deformation studies 
require that the “topographic phase” is filtered out.  
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Although radar can penetrate clouds, a phase delay can still occur that must be 
taken into account for data interpretation. Differential interferometry (DInSAR) has to 
discriminate between the various phase difference origins, such as geomorphology, 
atmospheric conditions and ground deformation (Massonnet and Feigl 1995). 

1.2.3 InSAR Monitoring 
InSAR volcanic applications include: documenting ground deformation 

before/during/after eruptions with 1 cm vertical accuracy or better (Massonnet and Feigl 
1998); producing precise DEMs with metres vertical accuracy and tens of meters spatial 
resolution (e.g. Stevens et al. 2002); quantifying crustal spreading rates from rifting 
(Henriot and Villemin 2005); better constraining the nature of magma-induced 
gravitational spreading (e.g. at Etna; Lundgren et al. 2004) or volcano flank instability 
(e.g. at Etna; Neri et al. 2007), deformation associated with lava dome inflation/deflation 
caused by eruption/recharge (e.g. Wadge et al. 2006), magma transfers in and out of large 
subcaldera reservoirs (e.g. Yellowstone; Wicks et al. 2006), or sustained caldera 
subsidence (e.g. at Askja, Iceland or Aniakchak, Alaska; Kwoun et al. 2006; Pagli et al. 
2006), and determining erupted volumes (Lu et al. 2003).  

The contribution of InSAR to monitor volcanic activity is particularly important in 
areas where cloud coverage is common and where deformations are recorded (e.g. Zebker 
et al. 2000; Stevens and Wadge 2004). However, monitoring is inherently time-related 
and coherence loss can prevent using “conventional” DInSAR in the long-term or for 
areas with dense vegetation. Recent developments make use of the Permanent Scatterers 
technique (PS): isolated targets in a highly-decorrelated pair may still preserve phase 
coherence and be used to retrieve ground deformation provided the PS density is high 
enough (e.g. Ferretti et al. 2001). The PS method, which requires a large number of 
scenes (>15), has proved highly successful and accurate in urban areas where hundreds 
PS/km² can be identified (Ferretti et al. 2004). Hooper et al (2004) proposed an 
adaptation of the method for natural areas devoid of such urban-type permanent 
scatterers.  

Airborne InSAR (e.g. AirSAR; AirSAR 2005) has been used to produce repeated 
high-resolution DEMs over volcanic terrains, to study volcano morphology, assess 
morphological changes or to constrain the volume of newly erupted material (Rowland et 
al. 1999; Lu et al. 2003; Rowland et al. 2003). So far, these applications have, however, 
been limited to volcanoes in Hawai‘i, Alaska, the Aleutians and New Zealand (Stevens et 
al. 2002).  

Conditions are not yet met for operational InSAR use in monitoring ground 
deformation but insights into volcano baseline changes can be derived or specific 
deformation events can be analysed a posteriori (Stevens and Wadge 2004). At present 
the main limitations for multi-pass InSAR are changing atmospheric conditions, 
vegetation cover and data delivery time. As argued by Stevens and Wadge (2004), a 
dedicated L-band radar might be the way toward operational InSAR monitoring of 
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densely vegetated active volcanoes. In the absence of ground monitoring at most LDC 
volcanoes, spaceborne monitoring of ground-deformation is of crucial importance.  

1.2.4 SRTM and InSAR Topography 
The Shuttle Radar Topography Mission (SRTM) flew on the Space Shuttle Endeavour in 
February 2000. Using 2 radar antennas separated by a 60 m long mast, it collected single-
pass InSAR data over nearly 80 % of Earth’s land surfaces (i.e. between 60°N and 56°S), 
using both a C- (5.6 cm wavelength) and X-band (3 cm)  radar. The 11-day mission 
generated the most complete high-resolution digital topographic database for Earth. For 
the USA, the processed DEM data have been released free of charge at 1 arc second 
spatial resolution (~30 m). For the rest of the world, SRTM DEMs are only available at 3 
arc second spatial resolution (~90 m). Table 1.2 shows the proportion of historically 
active and Holocene volcanoes for which SRTM DEMs at 30 or 90 m resolution are now 
available. 

Due to the shorter wavelength, the X-band DEMs have a higher relative (i.e. 
within a scene) height accuracy by almost a factor of 2. The X-band dataset has been 
processed and is available at a 25 m spatial resolution. The X-band DEMs do not cover 
the entire globe, i.e. ~25 % of C-band SRTM data coverage is not covered by the X-band 
SRTM. Not-covered areas are evenly distributed worldwide. Another limitation is the 400 
€ per scene cost of the X-band DEMs (X-SAR SRTM 2005). 

The potential of gaining understanding about how volcanoes work, about hazards 
or what controls volcano morphology and growth with SRTM data is tremendous. Since 
their release in 2002, SRTM data became an essential source of information for volcano-
tectonic studies. It allows to map structural features on a large scale (e.g. Lagmay and 
Valdivia 2006) and to evaluate models for volcano instability such as sector collapse (see 
chapter 4) and gravitational spreading. 
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1.3. Conclusions 
 
This chapter illustrates how moderate-to-high spatial resolution spaceborne topographic 
and multispectral data, now available at low cost, can be used to assess volcanic hazards 
in developing countries. They offer the best means of rapidly advancing with mapping of 
hazardous terrain and risk monitoring. The applications and limitations of the different 
datasets discussed in this chapter are summarized in Table 1.3. 

Landsat and ASTER multispectral archive data, available at low cost, offer 
interesting capabilities for exploratory study of poorly-known volcanic terrains as it will 
be shown in chapter 4. ASTER has the advantage over Landsat, in that high resolution 
topographic and multispectral mapping can be derived from the same imagery (see 
chapter 2). SRTM, and all the radar sensors, have an advantage over optical sensors, of 
penetrating clouds. With the exception of processed SRTM DEMs which are used further 
in this thesis, the access to SAR data is still limited by their cost.  

Huge volume of quantitative data can be generated quickly by analysis of RS data. 
RS-derived data provide new constraints on debris avalanche deposits (e.g. chapter 4) and 
vent distribution (e.g. chapter 7) opening up the possibility that these data could be 
inverted to constrain processes and risks at volcanoes. It is essential to assess the 
accuracy of quantitative data derived from RS data. Chapter 2 presents an accuracy 
assessment of the DEMs derived from ASTER data in comparison with SRTM DEMs.

  Historical Holocene Total 

SRTM 30 m (%) 7.8 10.4 9.4 

SRTM 90 m (%) 76.6 82.6 80.2 

GTOPO30 1 km (%) 5.3 4.2 4.6 

No data (%) 10.2 2.9 5.8 

# volcanoes 561 840 1401 

Table 1-2 Illustration of how different fractional areas of the Earth with historically active and Holocene 
volcanoes are best covered by near-global digital elevation models. C-band SRTM 30 m is available for the 
USA (including Hawaii, Alaska and Puerto Rico). SRTM 90 m is available for all land surfaces between 
60°N and 56°S. The 1 km resolution GTOPO data is available for all land surfaces (Global Topographic 
Data). No data: submarine and subglacial volcanoes for which there is no global coverage data at high 
resolution. Data on volcano location and activity from Simkin & Siebert (1994; update list available on 
GVN 2005c).   
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Table 1-3 Summary of possibilities and limitations for RS studies of poorly-known volcanoes in 
developing countries. 
 

Data Type Multispectral Digital Elevation Model Synthetic Aperture Radar Differential InSAR 

Datasets Landsat ASTER   -   ASTER DEM 
SPOT  -  SPOT DEM InSAR, e.g. SRTM DEM 

ERS-1/2, JERS, 
RADARSAT, 
ENVISAT (single 
image) 

ERS-1/2, JERS, 
RADARSAT 
(interferometric 
couple) 

Topomap at 1:25,000 or better  

Volcano-scale morphology 

  Elevation profiles  

  DEMs as baseline for risk models  

Identification of most faults including large volcano-scale collapse scars 

Contrasted terrain mapping (e.g. lava flows, pyroclastic flows) 

Mapping small structures (e.g. domes, cones, vents, pit craters) 

Derived 
products 

Collection of quantitative morphometric data for hazard modelling*   

Ground Deformation 
Time Series & 

Monitoring 

Cloud cover Atmospheric effect †   Atmospheric effect 

  

Ground 
Control Point 

quality 

Coherence loss in densely 
vegetated regions † 

 

Coherence loss in 
densely vegetated 

regions 

   

Shadow effect due to angle of viewing - Lack of 
data in steep craters  

Density of 
Permanent 

Coherent Scatterers

Limitations 
 

Challenges 

Spatial Resolution & Vegetation Cover: Disabling identification of small features            
(e.g. hummocks in distal zones of debris avalanches)   

 * lack of theory and experiments useful to invert morphometry for hazard assessment 
 † for multiple-pass InSAR techniques     
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Chapter 2.  Assessment of Accuracy of ASTER and SRTM DEMs 
 

As mentioned in the first chapter, accurate and detailed topographic datasets are essential 
to analyse volcano morphology, to produce accurate and meaningful geological and 
hazards maps, as well as to prepare field campaigns. As understanding of controls on 
volcano morphology develops, essential information on a volcano history can be gained 
by studying and ultimately inverting volcano morphometry (e.g. Wiart et al. 2000; 
Kervyn et al. 2007). Topography is also a fundamental boundary condition needed for 
modelling volcanic processes and associated risks, including pyroclastic, lava, and mud 
flows (e.g. Iverson et al. 1998; Stevens et al. 2002; Sheridan et al. 2004). The need for 
high-resolution topographic data is a common issue to all geohazard research on 
landslides, mudflows, avalanches, active faults, flood modelling and diverse volcanic 
hazards. 

RS from space-borne sensors now provides the most accurate digital elevation 
datasets with a worldwide coverage. As described in the first chapter, radar 
interferometry and digital photogrammetry are two techniques to derive DEMs from RS 
datasets. Here the focus is on two data types, SRTM and ASTER DEMs, the first being 
extracted by the single pass interferometric SAR technique, whereas the latter uses digital 
photogrammetry on a pair of stereoscopic images. Both techniques have the potential to 
provide DEMs for most of the world at a spatial resolution of at least 30 m. This is an 
important improvement for morphometric studies and geohazard assessment in general, 
and the scientific community is only just starting to exploit the full capabilities of these 
datasets. 

Although of great potential, SRTM and ASTER datasets have inherent limitations, 
discussed in following sections. The accuracy of ASTER DEMs has so far only rarely 
been scrutinized (Hirano et al. 2003; Rabus et al. 2003; Stevens et al. 2004) whereas the 
SRTM DEM accuracy has recently been evaluated (Guth 2006; Rodríguez et al. 2006). 
Stevens et al. (2004) compared the quality of ASTER DEMs and DEMs derived from 
topographic maps and airborne radar interferometry for volcanic flow modelling. Here, 
the accuracy of SRTM and ASTER DEMs to retrieve quantitative morphometric data on 
moderate-size volcanic features is assessed and compared, including in less favourable 
cases for which no good quality calibration data is available.  

Two case studies are presented here to illustrate the accuracy, capabilities, and 
limitations of both types of DEMs. The first, the Mauna Kea volcanic field, allows an 
accuracy assessment of SRTM and ASTER DEMs against a 10 m USGS DEM 
interpolated from topographic contours. The relative accuracy of height estimates for 
small volcanic features, i.e. scoria cones, is also assessed. The second case study focuses 
on Oldoinyo Lengai (OL, Tanzania), which typifies many volcanoes from economically 
least developed countries for which existing topographic maps are of poor quality and/or 
for which ground control points (GCPs) are difficult to obtain. The relative height 
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estimates, from SRTM and ASTER DEMs, of contrasted volcanic (e.g. domes, cones, 
stratovolcanoes, tuff rings) and tectonic (i.e. rift valley walls) features are compared. 
Some of these morphological objects are chosen for illustrative purpose as they enable us 
to assess the potential of the SRTM and ASTER DEMs to document features approaching 
their spatial resolution limit. The accuracy assessment presented for volcanic features 
remains valid for other applications where quantification of morphological entities at 
moderate-to-high resolution is important.  

This chapter is structured as follows: first the DEM derivation process and 
limitations of SRTM and ASTER DEMs are described; then the theoretical effect of the 
DEM spatial resolution on feature height estimation is discussed using modelled 
topographic features. Finally, the two case studies on Mauna Kea (MK) and OL are 
presented before discussing and comparing the potential and limitations of the SRTM and 
ASTER DEMs. For the case studies, the original RS and topographic datasets and the 
site-specific processing procedures are described, prior to a qualitative and quantitative 
accuracy assessment.  

2.1. Data set  
 
ASTER data has been presented in the first chapter. It was highlighted that ASTER offers 
the advantage to repetitively acquire stereoscopic images at 15 m spatial resolution for 
deriving DEMs. Specifically, in the near  infrared (NIR), one nadir-looking (band 3N) 
and one backward-looking telescope (band 3B, 27.7° off-nadir with effective viewing 
angle at Earth’s surface of 30°) provide the stereo-pair images (Hirano et al. 2003). 
Importantly, the two stereo-pair images are acquired only a minute apart and thus under 
uniform environmental and lighting conditions. This is a significant advantage as 
compared to cross-track acquisition mode for SPOT 1-4 or ERS SAR which are acquired 
at best several days apart (Hirano et al. 2003; Stevens et al. 2004). Using few test cases, 
Hirano et al. (2003) suggested that the root mean square error (RMSE) in ASTER DEM 
elevations ranges from ± 7 m to ± 15 m, depending on availability and quality of GCPs 
and image quality.   

ASTER-DEMs are derived using standard photogrammetry techniques, computed 
by us with the software Virtuozo 3.0. The lack of ASTER ephemeris and attitude data, 
which are not available to end-users, hampers computing the internal orientation of the 
sensor and hence the absolute geo-rectification of the two stereo images. The relative 
orientation of the two images is computed by automatic recognition of textural patterns 
common in the two scenes. Orientation accuracy thus depends entirely on spectral 
contrast within each of the images. Absolute orientation is obtained by locating a 
minimum of six GCPs with known x, y and z coordinates in the images. The availability 
and accuracy of high-quality GCPs that can precisely be located by the user on the pair of 
ASTER images determines the accuracy of the absolute orientation. After relative and 
absolute orientation, each pixel of the ASTER image needs to be matched with the 
corresponding pixel on the other image of the pair. The precision in matching depends on 
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textural contrast around the pixel: matching will be especially poor within areas with 
homogeneous pixel intensity (e.g. water surface, lava flows, clouds). Combining the 
matching procedure and estimation of the parallax parameters via the relative and 
absolute orientation permits deriving a DEM with a spatial resolution of 15 m at best.  
A lower 30 m resolution is often chosen to reduce small-scale noise. 

As described in the first chapter, the C-band SRTM DEMs were derived from 
single-pass SAR Interferometry and were processed at 1 arc second spatial resolution. 
Outside the US, SRTM DEMs are however only available at a spatial resolution of 3 arc 
second (~90 m). The 90 m dataset is produced by subsampling the 30 m DEMs: only the 
central pixel of any 3x3 pixel matrix of the original data remains in the subsampled 
DEM. Alternatively, average value data for each 3x3 pixel matrix are also available 
(Gesch et al. 2006). As will be illustrated in this chapter, the 90 m spatial resolution for 
all sites outside the USA limits the vertical accuracy of topographic features, reducing the 
usefulness of SRTM data for assessing volcanic or indeed other hazards (Stevens et al. 
2002). Yet, SRTM data often remain the best readily available topographic data at many 
volcanoes.  

Mission design specified that the nominal absolute geolocation error and absolute 
height error of SRTM 30 m would be ±20 and ±16 m respectively. A global assessment 
of the SRTM DEM accuracy, based on GPS profiles across all continents, evaluated the 
absolute geolocation error between 7 and 13 m, the absolute height error between 5.6 and 
9 m, and the relative height error between 4.7 and 9.8 m (Rodríguez et al. 2006). Within 
specific study areas and using contrasted validation data sources, different studies 
(Carabajal and Harding 2006; Hofton et al. 2006; Kiel et al. 2006; Rodríguez et al. 2006; 
Slater et al. 2006) consistently showed that SRTM absolute and relative vertical accuracy 
data are better by a factor of 2 or more than the designed specifications. 

A drawback is that there is no open access to the Terrain Height Error Data 
(THED) needed to estimate the random error affecting each pixel derived during the 
interferometric process (Gesch et al. 2006; Rodríguez et al. 2006). A second limitation 
arises due to missing data (Grohman et al. 2006), topographic shadowing, and noisy data 
over water bodies for which various editing rules and/or interpolating algorithms have 
been proposed (Slater et al. 2006). An advantage is that no GCPs are needed for 
processing (done at the Jet Propulsion Laboratory) of the raw SRTM data, although 
corner reflectors were used for calibration and geodetic survey lines were used to model 
long-wavelength error sources and to assess accuracy (SRTM website, SRTM 2005). 
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2.2. DEM spatial resolution: Effect on height estimate 
 
Quantitative documentation of morphological features is of interest in many geosciences 
(Guth 2006). Estimations of volcanic (e.g. scoria cones, lava domes, collapse scar) and 
tectonic (e.g. fault scarp) structures’ height, and subsequently slope, are useful to 
constrain volume estimates, to derive morphological aspect ratios related to growth 
processes, or to constrain models. DEM spatial resolution influences the precision and 
accuracy of height and slope estimates (Guth 2006). The goal of this chapter is to assess 
the quantitative accuracy of two DEM types that were not only acquired with different 
techniques, but that also possess different spatial resolutions. The effect of changing 
DEM resolution on quantitative characterization of geomorphologic structures is first 
assessed using simulated topographic features (Figs 2.1, 2.2, 2.3). For each of them, an 
initial DEM at a resolution of 1 m is modelled. DEMs at 10 m and 30 m resolution are 
extracted by averaging 10x10 and 30x30 pixels, respectively. A 90 m DEM is obtained 
by subsampling the 30 m DEM, the same technique used to produce SRTM 90 m from 
SRTM 30 m. 

The first simulated feature is a symmetrical volcanic cone with central crater, on 
flat ground (Fig. 2.1). With a diameter of 720 m, height of 130 m and crater width of 288 
m, it typifies the average size and shape of scoria cones (Wood 1980). Crater depth is 
taken as one half of cone height. This simulated feature differs from most real scoria 
cones by the fact that cone base and crater rim are each marked by a single, easy-to-locate 
break-in-slope. In nature, those boundaries are less clearly defined because initially sharp 
changes in topography become more and more gradual as erosion alters the original cone 
and crater shapes (Wood 1980). 

A decrease in DEM spatial resolution affects the apparent cone morphology in the 
vicinity of breaks-in-slope due to data interpolation between increasingly spaced data 
points (Fig. 2.1). DEMs resulting from averaging a finer resolution dataset match more 
closely the slope angle of the original data, but the averaging process modifies the 
recorded elevation value for the point at the pixel (matrix) centre. On the other hand, 
DEMs extracted by subsampling always match the original elevation data point at the 
pixel (matrix) centre but the apparent slope is significatively altered. At 10 m resolution, 
cone or crater sizes are overestimated by 10 m, whereas cone height appears reduced by 
only 1 m. At 30 m resolution, cone diameter (750 m) is overestimated by 4.1 %, and cone 
height (124 m) is underestimated by 3.8 %. Accuracy loss is more substantial when 
coarsening the resolution to 90 m: cone diameter (810 m) is overestimated by 12.5 % and 
cone height is underestimated by 4 to 8 % (120 to 125 m), depending on the location of 
the central pixel in the subsampling matrix. Averaging 3x3 pixels to go from 30 to 90 m 
resolution has a similar effect on morphometric estimates. 

A volcanic cone feature located on an underlying slope of 7° simulates the many 
scoria cones located on the flanks of shields or stratovolcanoes (Fig. 2.2). Cone base 
elevation is measured as the average of the highest and lowest basal elevations. Cone 
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diameter is taken as the horizontal distance between the two pixel centres where the 
interpolated topographic profile starts to depart from the background slope angle. The 
simulated cone is 61 m high and 493 m wide, an average size and shape for Mauna Kea 
scoria cones (see section 2.3). Again, coarsening of the DEM spatial resolution to 10 m 
reduces the height estimate by a couple of meters. At 30 m resolution, cone diameter is 
overestimated by 3.4 %, and height underestimated by 8.2 %. Reducing the resolution 
from 30 m to 90 m, either by averaging or subsampling, causes cone size to be 
overestimated by 9.5 % (540 m instead of 493 m) and cone height to be underestimated 
by 8 to 40 % (36 to 56 m instead of 61 m), depending on the location of the central pixel 
in subsampling or averaging. 

Another effect of decreasing spatial resolution visible in Figs. 2.1 and 2.2 is that it 
may appear that the crater rim is breached or that there is an apron of debris at cone base 
whereas these features are only artefacts of the lower resolution imaging. 

Fig. 2.3 illustrates how coarser DEM resolution also affects the apparent slope of 
other volcanic or tectonic features such as steep scarps. The identification of small-scale 
topographic features such as stream valleys or large hummocks (i.e. ~100 m size hills) 
typical of large volcanic debris avalanches (see chapter 4) is hindered when the DEM 
spatial resolution is coarser than ~1/3 of the typical feature size. The consequences for 
quantitative data retrieval are that horizontal and vertical estimates will be overestimated 
and underestimated, respectively. The intensity of these effects will depend on construct 
size relative to DEM resolution, on a feature’s slope, and on the sharpness of breaks-in-
slope. These effects cannot be overlooked when pixel size is more than a few percent 
(~2-3 %) of the feature size, especially in places where slope angles are steep (>20°) or 
abruptly changing. Such effects have to be taken into account when deriving height 
estimates and evaluating DEMs accuracy at contrasted spatial resolution. 
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Figure 2-1 Oblique 3D view of simulated DEMs for a typical scoria cone on a flat terrain. Cone height: 140 m; cone
base width: 720 m; (a) 1 m resolution; (b) 10 m resolution; (c) 30 m resolution; (d) 90 m resolution; (b) and (c)
result from spatial averaging of (a); (d) is derived by subsampling the 30 m resolution, in the same way that is done
for the SRTM 3 arc second (~90 m) from the SRTM 1 arc second (~30 m); (e) vertical cross sections passing 
through the cone centre for (a), (c) and (d). 
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Figure 2-2 Oblique 3D view of simulated DEMs, for a cone developed on a 7° slope. Cone average height: 61 m;
cone width: 493 m; (a) 1 m resolution; (b) 10 m resolution; (c) 30 m resolution; (d) 90 m resolution; (b) and (c)
result from spatial averaging of (a); (d) is derived by subsampling the 30 m resolution, in the same way that is
done for the SRTM 3 arc second from the SRTM 1 arc second; (e) vertical cross sections passing through the cone 
centre for (a), (c) and (d). 
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2.3. Mauna Kea 
 
Mauna Kea (MK) volcano is chosen as a first test case as it can suitably serve to represent 
many large volcanoes covered with numerous small craters and cones but also volcanic 
lakes and domes of similar spatial scale (e.g. Mt Etna, Sicily; Mt Cameroon, W. Africa; 
Newberry caldera, Oregon, USA). The MK cone field is utilized because it is one of few 
such fields where an independent, high accuracy DEM dataset is readily available. It also 
allows us to test SRTM and ASTER DEMs at a location where SRTM data are available 
at 30 m spatial resolution. 

MK lies in the N half of the Big Island of Hawai‘i (Fig. 2.4). MK geology, 
petrology, and evolution are described by Wolfe et al. (1997). The MK shield-building 
stage (the period of an Hawaiian volcano’s life during which most of its volume is 
erupted) ended between ~250 ka ago and ~130 ka ago (Wolfe et al. 1997). The current 
post-shield alkalic stage has been characterized by a considerable decrease in eruption 
rate, a progressive transition in magma composition from tholeiite to alkali basalt and by 
numerous weark explosive eruptions of small magma batches resulting in more than 300 
scoria cones and spatter mounds (Porter 1972). MK most recently erupted ~4000 years 
ago. The detailed study of volcanic cone morphometry is of interest to advance 
understanding of cone-forming eruptions and assessment of related hazards (Riedel et al. 
2003). Documenting eruptive cones’ spatial distribution is also of interest to get insights 
into sub-volcanic processes, as illustrated in chapter 7 for Mauna Kea and for other 
volcanoes. 

Figure 2-3 Vertical cross sections through simulated DEMs of a 250 m high sub-vertical scarp with 
small-scale river network at the base. Different lines illustrate variations of the apparent topographic 
profiles with decreasing DEM spatial resolution from 1 to 90 m. 
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2.3.1 Data processing 
 
Bands 3N and 3B of an ASTER Level 1B scene (i.e. radiance recorded at sensor with 
automatic radiometric and geometric corrections applied; Abrams and Hook 2003), 
acquired on December 5, 2000, was processed using Virtuozo 3.0 digital photogrammetry 
software to produce a DEM. Absolute orientation was achieved using 12 GCPs extracted 
from 1:24,000 scale USGS topographic maps. DEMs were produced at 30 m resolution to 
avoid small-scale artefacts obtained when using 15 m resolution. The vertical root mean 
square error (RMSE) at the 12 GCPs was systematically ~6 m, whereas the horizontal 
RMSE for these points was ~25 m (Table 2.1). The RMSE is obtained by taking the 
square root of the average of squared individual errors. The points for which exact 
elevations were provided on the topographic maps typically are points (e.g. cone 
summits) that could not be located exactly on RS images (an error of ~1 pixel is 
unavoidable).  

Several DEMs were produced by varying the spatial resolution in the semi-
automated matching process. Elevations are estimated only for matched pixels and then 

Figure 2-4 Shaded relief of Mauna Kea cone field derived from the SRTM 30 m DEM (sun azimuth: 315°; 
sun elevation 80°; elevation exaggerated by a factor of 3). Inset shows the Big Island of Hawai‘i and locations 
of Mauna Kea (MK), Mauna Loa (ML) and Kilauea (KL). 
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extrapolated in the specified interval. A trade-off had to be found between the high spatial 
resolution required for the matching process to render small topographic features (e.g. 
scoria cone craters) accurately and the increasing proportion of pixels affected by large 
errors. If matching occurs at a too fine level, the system generates wells or peaks (i.e. a 
pixel or cluster of pixels with abnormally low or high elevations compared to surrounding 
pixels) in regions with low spectral contrast. Optimal results were obtained for a 
matching interval of 3 pixels (45 m) on which the following simple editing technique was 
applied. To avoid time-consuming manual editing while still reducing errors, pixel values 
where the DEM computed an unreasonably high slope angle (i.e. wells and peaks) above 
45° (i.e. upper limit expected in MK area), were replaced by the value from a DEM 
processed with a matching interval of 7 pixels (i.e. a smoother DEM less affected by 
matching errors).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

a. Parameter Mean Standard 
Deviation 

RMSE 

dX (m) 17.5 12.6 21.3 
dY (m) 23.4 15.1 27.5 
dZ (m) 5.2 3.3 6.1 

b.   GCP dX (m) dY (m) dZ (m)
1 5.545 -43.240 6.044
2 -5.215 25.279 0.591
3 -29.893 -11.960 -6.487
4 6.554 -45.214 -5.662
5 17.713 11.025 -0.221
6 -6.838 -16.014 4.370
7 30.338 16.525 -10.385
8 -21.890 48.309 -9.120
9 22.163 5.658 6.152

10 15.624 -6.483 3.232
11 4.820 -29.519 8.279
12 -43.739 21.038 1.747

Table 2-1 General (a) and per GCP (b) distribution of errors in x, y and z for the absolute orientation of the 
ASTER stereo-pair for Mauna Kea. This set of 12 GCPs was the best trade off between the need for a small 
overall RMSE (that tends to decrease when GCPs affected by large errors are retrieved) and the need for 
GCPs to be well spread over the entire scene in x, y and z directions, in order to constrain the absolute 
orientation of all parts of the scene. The RMS error is less than half a pixel size in the z direction but is over 
1 pixel in horizontal directions. 



Part I: Remote Sensing and Topographic Modelling of Poorly-known Volcanoes 

29 

2.3.2  Accuracy assessment 
 
The accuracy of the SRTM and ASTER DEMs was evaluated using a 10 m resolution 
DEM interpolated from digitised contour lines of the USGS topographic maps. 
Subtracting the topographic map DEM from the ASTER DEM, a mean absolute 
difference of 11 m is obtained, with 90 % of errors ranging between -18 m and +29 m. 
Based on 218 control points selected randomly on the 10 m USGS DEM, a vertical RMS 
error of 13 m is obtained. This error is consistent with results from previous studies 
(Hirano et al. 2003). Errors are attributed to: 1) the fact that the selected GCPs are not 
distributed equally over the entire altitude range (i.e. there are only 3 GCPs on the upper 
volcano flanks), 2) the low spectral contrast in band 3 in the MK summit area, and 3) a 
lack of precise GCPs on the upper flanks. A mean absolute difference of 17 m and a 
RMSE of 21 m were obtained in a first attempt. Large errors were located in the N part of 
MK. A key point is that overall DEM accuracy was greatly improved by adding two 
GCPs on the volcano’s N flank. Overall, the ASTER DEM tends to underestimate 
elevations on the higher MK region – due to the lack of enough GCPs –, while 
overestimating them in the vegetated lower region. This is consistent with the fact that 
topographic maps provide ground elevation values, whereas ASTER DEMs, as SRTM 
ones, provide an average elevation for the vegetation canopy (Hofton et al. 2006). 

Based on the same set of 218 randomly selected points, a RMSE of 8 m for the 
SRTM 30 m dataset is obtained. The mean absolute difference over MK is 6 m (90 % of 
errors ranging between -11 m and +18 m). It cannot be excluded that a small part of this 
comes from errors in co-referencing the 2 DEMs, although SRTM DEM georeferencing 
was edited to minimize the systematic error due to horizontal offset between the DEMs. 
Most pixels for which the SRTM DEM overestimates elevation by more than 10 m are 
located in the heavily-forested regions E of the MK summit. These errors are consistent 
with the average height of trees expected in such rainforest (~20-25 m) (Whitmore 1998). 
When the SRTM DEM resolution is degraded to 90 m to match the spatial resolution 
available outside the USA, the RMSE using the same points increases, but only to 10 m.  

Visual analysis of oblique views of shaded relief images of the ASTER DEM 
(Fig. 2.5) illustrates that the ASTER DEM provides a representation with more fine-scale 
irregularity in the topography than the SRTM 30 m DEM. From comparison with the    
10 m USGS DEM and visual inspection in the field, these irregularities are artefacts of 
the ASTER DEM, caused by errors in the matching process. As with the SRTM 30 m 
DEM, the ASTER DEM shows, fairly realistically, topographic variations such as the 
occurrence of craters (100-400 m across). The finest topographic features (i.e. flow 
features on cone flanks, small gullies) visible on the USGS 10 m DEM, are absent at 30 
m spatial resolution. The largest cones can still be identified on SRTM 90 m, but key 
features, such as the occurrence and size of craters, are no longer visible or measurable 
(Fig. 2.5). 
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Height estimation for small volcanic cones, commonly of interest to 
volcanologists (Wood 1980; Riedel et al. 2003), is chosen here as a suitable generic test 
for the potential of using the respective DEMs to quantitatively assess the geometry of 
small geo-features at high resolution. Volcanic cones are formed by low intensity 
explosive eruptions. On MK, they range in height from a few meters (i.e. spatter cones) to 
~200 m (i.e. large scoria cones), and their diameter ranges from ~200 m to ~2 km. MK 
cones are 500 m across on average (Porter 1972), somewhat smaller than the world 
average (~900 m; Wood 1980). The results of this accuracy assessment can be 
extrapolated to other features of interest in geohazards such as landslide scarps and 
deposits, explosion craters, and river valleys. 

The heights of 40 MK scoria cones, ranging from 20 to 200 m, were computed by 
subtracting the average cone base elevation from the average crater rim elevation. Results 
were independently extracted from USGS 10 m DEM, the 30 m and 90 m SRTM DEMs 
and the ASTER DEM. Cone height estimate discrepancies arose from DEM inaccuracy 
and difficulties in identifying the cone boundaries and crater rims. The crater is mapped 
by interpreting the position of breaks-in-slope, and is thus related to DEM resolution and 
accuracy. As cones were mapped on each DEM separately, the estimated cone size was 
not similar on all datasets. Comparison of the cone size estimates from the USGS 10 m 
DEM, with those from the 30 m and 90 m SRTM DEMs and the ASTER DEM, shows 
that errors on cone diameter are restricted to ± 10 %. 

10 m USGS Topomap-derived DEM 

ASTER 30 m – 3 pix. matching SRTM 30 m  

SRTM 90 m  

Figure 2-5 Oblique view of DEMs shaded relief draped over topography of the MK summit displaying five scoria cones; 
(a) SRTM 30 m DEM; (b) SRTM 90 m DEM; (c) ASTER 30 m DEM, the stereo-pair of images being matched every 3 
pixels; (d) 10 m resolution DEM derived from contour lines of the 1:24,000 USGS topomaps. View is from South and 
distances on the axes are in kilometres. 
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Fig. 2.6a illustrates the distribution of cone height errors relative to the USGS 10 
m DEM. SRTM 30 m provides the smallest discrepancies: for 50 % of cones, the SRTM 
30 m height estimate is within 10 % of the validation value. Height is underestimated by 
more than 20 % for 25 % of cones. High discrepancy values tend to affect only those 
cones less than 100 m high. On the ASTER DEM, the height estimates for 65 % of cones 
range from 80 % to 110 % of the validation height value. The occurrence of high 
underestimation (>30 % for 25 % of the cases) is related only slightly to cone height and 
more linked to irregular cone base elevation or low image contrast inducing matching 
errors (Fig. 2.7).  

When the SRTM 90 m DEM is used, reduction in the accuracy of cone height 
estimates is dramatic. The same cone and crater rim locations were used as for the 
estimates on the SRTM 30 m, so discrepancies can only be related to the coarser 
resolution of the SRTM 90 m DEM. Cone height estimates are underestimated on 
average by 36 % (Fig. 2.6a) with only 20 % of estimates being within ± 20 % of the 
validation value. These discrepancies are consistent with our simulation of the effect of 
DEM resolution decrease upon spatial measurements. They are related to the fact that the 
coarser DEM resolution tends to smooth topography by reducing minimum and 
maximum values. The discrepancies are significantly correlated to cone height, with 40 
% underestimation being observed for cones <100 m high. 

Identification of factors controlling the largest error allows us to derive an average 
calibration for relating height estimates made on SRTM or ASTER DEMs to 
corresponding real height values. These calibration values are obtained after selecting the 
cones for which height estimates have been assessed as accurate (Fig. 2.6c). For that 
calibration, cones with low height and steep substrate slope were not taken into account 
because data analysis showed that cones that are not high relative to pixel size (Fig. 2.6c), 
as well as those located on steep slopes, lead to the highest discrepancies in height 
estimates. A low confidence in cone boundary delineation related to a highly irregular 
cone base is also a cause for inaccurate estimates (Fig. 2.7). For vertical measurements, 
with SRTM 30 m, SRTM 90 m and ASTER, any measurement needs to be corrected 
upward by 9.5 %, 27 % and 14 %, respectively (Fig. 2.6b). For cone diameter estimates 
any measurement made on SRTM and ASTER DEMs does not need to be corrected 
systematically, but an uncertainty of ± 10 % is expected due to the absence of a sharp 
break-in-slope at cone base. The generality of these results should be evaluated for other 
volcanic cone fields. In detail, it can be expected that these calibration values will have to 
be adapted according to the size, height and typical slope of the features of interest 
relative to the DEM resolution and vertical accuracy. Nonetheless, the above analysis 
provides helpful indications for the magnitude of corrections needed. 
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c.       Criteria for cone selection SRTM 
30 m 

SRTM 
90 m 

ASTER 
DEM 

Cone height estimate > 25 m  > 40 m > 30 m 
Ratio of cone base elevation range to 
cone height <3 <2.5 <2 
Cone regular boundary Visual interpretation 
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Figure 2-6 Comparison of cone height estimations from SRTM 30 m, SRTM 90 m, and ASTER DEMs. The
boxes illustrate the range of differences between specified DEMs and the USGS 10 m DEM. The horizontal line
in each box is the median of the distribution. The box extent encompasses 50 % of the data around that median
value. Error bars above and below the box indicate the 90th and 10th percentiles. Outliers are plotted as 
independent dots. See text for discussion; (a) Distribution for all the 40 cones on which data were collected; (b)
Distribution (note scale change on y axis) for the cones selected following the criteria shown in (c) (34, 17 and 
25 cones for SRTM 30 m, SRTM 90 m and ASTER, respectively). The ratio of cone base elevation range to 
cone height is the difference between the minimum and maximum elevation recorded at the base of the cone
relative to cone height. This variable is taken as a proxy for the irregularity and steepness of the background
slope. 
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USGS 10 m 
a. 

SRTM 90 m 
c.

SRTM 30 m 

b. 

ASTER band 3 ( 15 m) 

d. e. 

ASTER 30 m 
Figure 2-7 Shaded relief of three scoria cones located at the base of Mauna Kea’s North upper flank: (a) USGS 10 m 
DEM; (b) SRTM 30 m DEM; (c) SRTM 90 m DEM; and (d) ASTER 30 m DEM. The large cone to the North is visible 
on all the DEMs. Height for this cone is overestimated by 1 % with SRTM 30 m DEM, whereas it is underestimated by 
14 % with ASTER DEM and by 25 % with SRTM 90 m DEM. The relatively good accuracy of the ASTER DEM is due 
to the good image contrast on and around this cone (e), the large cone size and the flat cone base. Cone height estimates 
are poorer for the cone to the South: height is underestimated by 21, 39 and 41 % for the SRTM 30 m, SRTM 90 m and 
ASTER 30 m DEMs, respectively. The low accuracy of the ASTER DEM is related to the poor image contrast on and 
around this cone (e) and to the steep substrate slope. Note that the small cone (~200 m diameter) visible in the centre on 
the USGS 10 m DEM is barely visible on the SRTM 30 m DEM and cannot be discriminated from the noise on the 
ASTER 30 m. 
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2.4. Oldoinyo Lengai 
OL illustrates a common situation in geohazard research: the need to derive a high 
resolution topographic dataset for a region where neither accurate nor up-to-date 
topographic data, nor accurate field validation data are available. OL is a steep (i.e. slope 
angle up to 40° on upper flanks), stratovolcano of the East African Rift System (see 
chapter 3 for introduction to OL geology and eruptive activity). Accurate topographic 
data are essential at OL to prepare field campaigns, to constrain topographic changes 
caused by the ongoing activity, to map previous sector collapse deposits, and to assess 
hazards from future flank instability. 

The only topographic map available for the region, dating from 1966, has a 
1:50,000 scale with a 50 foot (~15.2 m) contour interval. Derived from aerial 
photographs taken in 1958, this topographic map includes only a few geodetic points, 
which are needed for georeferencing satellite images, and for absolute orientation of the 
ASTER DEMs. OL topography, at least in its summit area and upper flanks, has evolved 
greatly since 1958, from explosive eruptions in 1960 and 1966-67 that formed a crater, to 
its subsequent filling with lava since 1983. The SRTM DEM reprojected in UTM 
coordinates, released for public use only at 90 m resolution for the African continent, is 
used here for comparison with ASTER-derived DEMs. Two ASTER DEMs were 
independently extracted from two pairs of stereo-images acquired on September 23, 2000 
(scene 1), and March 8, 2003 (scene 2). Subsets of these scenes were extracted to obtain 
pairs of images with limited cloud coverage. 

2.4.1 Data processing 
 
The prime limitation encountered for the derivation of an accurate ASTER-DEM was the 
limited availability of GCPs. No field work could be conducted on OL to collect GPS 
points in the framework of this research, as it is often the case in developing countries 
due to funding restrictions, lack of suitable equipment or security reasons. To obtain an 
absolute DEM from the ASTER data, two sets of GPS points ultimately provided by 
independent field parties, were combined. Note, however, that these data had not been 
acquired for the purpose of satellite image calibration.  

The first dataset was acquired during a 5 weeks British Schools Exploration 
Society expedition in summer 2004: a Leica SR 530 Survey GPS (Differential GPS) was 
used to record locations for gravimetry measurements at 26 different locations on an E-W 
profile through the rift valley crossing through the OL summit crater (H. Anderson, 
written communication). The errors on these points were evaluated at less than 30 cm 
both horizontally and vertically (H. Anderson, written comm.). The limitation is that data 
location was not recorded on a topographic map, or any other spatial dataset (e.g. printed 
satellite image, aerial photographs) that could be used to locate the data on the ASTER 
scene.  
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The second dataset was acquired by A. Gonnet with a hand held GPS (Garmin 
Etrex Vista) on board a vehicle driving S-N passing along the E base of OL in September 
2003 (A. Gonnet, pers. comm.). More than 600 data points were acquired along an 80 km 
long road journey, among which a subset of 63 points was extracted. This handheld GPS 
does not provide a horizontal accuracy better than 3 m and errors in elevation can be as 
high as ± 10 m. The advantage here is that although the data points were not located on a 
map, their locations were constrained by the fact that they were along a road, visible for 
most part on the ASTER scene. 

The GPS points were recorded in a latitude-longitude geographic coordinate 
system but they needed to be reprojected in UTM coordinates to be used in the absolute 
orientation of the ASTER DEM. Because OL is located at the edge of a UTM zone (Zone 
36 with central meridian 33°E), a UTM coordinate transformation using meridian 36°E as 
the central meridian was computed to avoid distortion effects. After DEM derivation the 
coordinate system was shifted to the central meridian 33°E to allow comparison with 
SRTM data. 

An “ortho-rectified” Landsat scene (acquired on February 12, 2000), provided by 
the Global Land Cover Facilities (GLCF website 2005), was used to locate the GPS 
points. The region of interest was located on the E edge of the scene. These “ortho-
rectified” images take into account the sensor characteristics and a global topographic 
model with a 1 km spatial resolution. The resulting low accuracy of the ortho-
rectification, especially for steep terrains or features, is a source of error for the accurate 
localization of the GCPs. Although introducing errors into the processing, this was the 
best available solution to locating the GPS points. From visual matching of the Landsat 
and ASTER scenes, the GPS points were located on the ASTER stereo-pair. The 
accuracy obtained on the GCPs (Table 2.2) and the comparison with SRTM DEM (see 
herafter) suggest that GCPs were geo-registered with accuracy better than 50 m. 

Potential sources of error in the absolute orientation process thus include: 1) the 
lack of field or external spatial data to locate the GPS points; 2) low accuracy of the 
Landsat georeferencing and ortho-rectification used to locate the GPS points; 3) OL’s 
steepness and its position within the Landsat image; 4) OL’s location at the edge of UTM 
zone 36. 

The relative orientation, as evaluated by the software (Virtuozo 3.2), was of good 
quality thanks to good contrast within the scene, except on lakes and in clouded areas. 
The 89 GCPs (i.e. the 26 and 63 GPS points extracted from the two available datasets) 
were located on the images. Subsets of 9 and 14 GCPs, for scenes 1 and 2 respectively, 
with a good spatial distribution and producing the smallest RMSE were selected to 
calibrate the absolute orientation (Table 2.2). Despite the lack of high quality GPS points 
located precisely on the ASTER scene, Table 2.2 illustrates that an average horizontal 
RMSE of ~10 m and ~20 m and a vertical RMSE of 6 m and 8 m was achieved on the 
selected GCPs, for scenes 1 and 2, respectively.  
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a. Parameter ASTER scene 1 (9 GCPs) ASTER scene 2 (14 GCPs) 
  Mean Standard 

Deviation
RMSE Mean Standard 

Deviation
RMSE 

dX (m) 9.3 7.1 11.4 15.4 13.0 19.9 

dY (m) 7.4 6.1 9.4 17.2 14.5 22.2 

dZ (m) 6.2 3.0 6.8 7.1 5.3 8.8 

b. GCP dX (m) dY (m) dZ (m)
1 -15,50 2,59 -9,93
2 15,15 -19,64 3,84
3 5,52 -0.981 3,56
4 3,85 -9,43 3,54
5 -2,72 10,66 -9,12
6 -19,54 5,58 6,16
7 -3,86 -3,26 -5,63
8 1,37 12,37 -3,26
9 15,85 2,18 10,87

c. GCP dX (m) dY (m) dZ (m)
1 12,02 -9,72 -11,73
2 -11,18 -48,67 -4,98
3 -14,56 39,33 1,82
4 0,82 3,97 6,31
5 -13,26 -21,24 7,85
6 8,34 3,16 0,51
7 -13,82 -3,05 5,62
8 -1,92 -3,61 5,05
9 -20,45 -22,25 -9,16

10 26,04 23,56 -4,31
11 49,13 24,55 -3,33
12 -30,98 -11,99 -7,72
13 11,68 1,87 22,50
14 -1,50 24,29 -8,50

Table 2-2 General (a) and per GCP (b & c) distribution of errors in x, y and z for the absolute orientation 
of the ASTER stereo-pairs acquired on September 23, 2000 (b; scene 1) and March 8, 2003 (c; scene 2) for 
OL. The two ASTER scenes were calibrated using a selection of GPS points extracted from 2 independent 
GPS datasets located on an “ortho-rectified” Landsat scene (see text for discussion). GCPs’ selection was 
motivated by same trade-off as for Table 2.1. For both scenes, the vertical RMS error is less than 10 m. 
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2.4.2 Accuracy assessment 
 
Visual inspection of the ASTER 30 m DEMs (Fig. 2.8a) shows that despite the 
limitations in the calibration process, the resulting DEMs return an overall realistic 
representation of the volcano topography compared to the SRTM DEM. Ttwo summit 
craters and two landslide scarps can be identified without ambiguity, as well as several of 
the largest scoria cones and domes in the rift valley plain (500-1000 m across; >100 m 
high). ASTER DEMs are, however, affected by small-scale noise inducing a high 
apparent topographic variability. This noise hindered recognition of true, but small-scale, 
topographic features visible on the SRTM DEM, such as the gullies along OL’s flank, 
~10 m high flow margins, or small volcanic cones. Most of the noise can be accounted 
for by small errors in the image-to-image automatic matching process, inducing errors in 
elevation of 5 to 40 m. 

The SRTM DEM displays a smoother topography, especially in the flat areas. 
Comparison of Figs. 2.8b and c illustrates that decreasing the ASTER DEM resolution by 
averaging to obtain a 90 m resolution significantly reduces the noise affecting the data 
while enhancing recognition of true topographic features. On the two ASTER DEMs 
derived from the two ASTER scenes the maximum elevation at OL is 2895 m whereas it 
is 2918 m on the SRTM DEM. GPS measurements return an elevation of 2961 m (H. 
Anderson, written communication), illustrating that the DEM values result from elevation 
integration across the pixel area. 

No high resolution DEM exists over OL to assess the absolute accuracy of the 
SRTM or ASTER DEMs. The two latter datasets were thus compared against each other 
and against the GPS points. Each GPS point was compared with the corresponding pixel 
elevation given by the SRTM 90 m. For the 26 GPS points which were acquired with 
differential GPS for a gravity survey, an average difference of 18 m was obtained with 
the SRTM data (i.e. GPS height being systematically lower than the corresponding 
SRTM height estimate). When this systematic difference is corrected for, the average 
residual error is 3.3 m (calculated as the RMSE for the corrected GPS height, taking the 
SRTM height as reference) with a maximum difference of 13 m. Differences are larger 
for points located on the steep volcano flanks. This is consistent with the higher elevation 
range within pixels covering steep terrains. The 90 m resolution of the SRTM DEM can 
account for elevation discrepancies of up to 45 m on steep (45°) slopes when a GPS point 
is located at the edge of a pixel, and even greater discrepancies  when a GPS point was 
acquired in a small-scale depression (e.g. within a gully 5-10 m deep; Fig. 2.9). The 
second GPS dataset, acquired with a hand held GPS on flat ground, is consistent with the 
SRTM data. The average difference for the 63 GPS points acquired along the road is only 
4 m. Due to the lower vertical accuracy of the GPS points, elevation differences of up to 
30 m occur but half of the points are within ± 10 m of the SRTM value. The difference in 
the systematic offset between the two GPS datasets and the SRTM DEM, possibly related 
to the GPS calibration, must have influenced the calibration of the ASTER DEMs. 
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Figure 2-8 (a & b) Shaded relief of OL from the ASTER DEM extracted from scene 2 (March 8, 2003), 
calibrated with GPS points, (a) at 30 m spatial resolution and (b) at 90 m spatial resolution using a 3x3 
averaging window. Small-scale artefacts decrease the visual interpretability of the ASTER DEM shaded
relief at 30 m, small cones and craters being confused with artefacts; (c) shaded relief of the 90 m SRTM 
DEM for the same area that compare well with the ASTER DEM at 90 m; (d) map of elevation 
difference between the 30 m spatial resolution ASTER DEM extracted from scene 2 (a) and SRTM DEM 
(c) without correction for the systematic shift between the two DEMs. Positive values correspond to a
higher elevation in the SRTM DEM. White areas corresponding to a negative difference >100 m are sites
where SRTM data was missing due to very steep slopes. Black areas corresponding to a positive 
difference >100 m are places affected by cloud or cloud shadow in the ASTER image. 



Part I: Remote Sensing and Topographic Modelling of Poorly-known Volcanoes 

39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When subtracting the ASTER DEMs from the SRTM DEM, average difference 
values of 17 m and 15.5 m are obtained for scene 1 and 2, respectively. This is in 
agreement with the systematic offset in elevation from the first GPS dataset relative to the 
SRTM DEM. After correcting for this systematic effect, 50 % of the ASTER-derived 
elevation values are within ± 20 m of the SRTM estimate. Using 200 randomly selected 
points, an average absolute difference of 23-26 m is obtained. This corresponds to a 
RMSE of 33 m for the 2 ASTER DEMs, if the SRTM DEM is considered as validation 
dataset. Underestimated elevation values in the ASTER DEM mostly occur West of the 
rift valley escarpment (Fig. 2.8c). In scene 1, underestimated values are also observed on 
the Gelai shield (NE of OL; Fig. 2.8c) and on the N and E flank of OL. The ASTER 
DEM from scene 1 overestimates elevations for the rift valley plain and S flank of OL. 
The ASTER DEM from scene 2 underestimates elevations by up to 100 m on the East 
and lower  flanks of OL and on Kerimasi volcano (12 km S of OL; Fig. 2.8c). The 
ASTER scene 2 DEM overestimates elevation of the rift valley plain, the Gelai shield and 
the SW of the scene (Fig. 2.8d). Areas with the largest error ranges are those where no 
GCPs were located. Discrepancies between the SRTM and ASTER DEMs can be 
attributed to noise in the ASTER DEM and to poorer absolute calibration in areas poorly 
constrained by GCPs. Relative errors on steep terrains and absolute errors of a few meters 
can, however, not be excluded within the SRTM DEM (Rodríguez et al. 2006). 

Figure 2-9 Sketch showing the possible discrepancy between the elevation value of an SRTM 
90 m DEM pixel (black star) and the elevation recorded by a differential GPS (black dot) within
that pixel. The SRTM DEM gives the average elevation value of this 90 x 90 m dissected 
terrain. For this terrain with an average slope of 18°, GPS elevations can vary by ± 15 m from
the SRTM elevation (GPS point 1), or even more if the GPS point is acquired on local high
ground (GPS point 2) or in a gully (GPS point 3). 
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A technique to reduce the assumed random noise in DEMs is to independently 
derive DEMs from all data available for the same region and then average them. This 
technique was used in the SRTM DEM derivation (Rabus et al. 2003; SRTM 2005) 
although at the equator, SRTM acquired data only once or twice over the course of its 
mission, whereas four data acquisitions occurred at mid-latitudes (SRTM 2005). Similar 
integration of elevation data extracted independently from different ASTER stereo-pairs 
acquired at different times over the same area can also reduce the random small-scale 
noise in the data. An integrated ASTER DEM is obtained here by averaging the ASTER 
DEMs extracted from the two scenes. When compared to the SRTM DEM, a systematic 
offset of 12 m is still obtained. After correcting for that systematic difference, 50 % of the 
pixels have ASTER-SRTM elevation differences of less than 15 m. In addition, the 
RMSE on the randomly selected points is reduced to 26 m (instead of 33 m for DEM 
extracted from a single ASTER stereo-pair). This simple integration technique shows that 
errors associated with image matching can be reduced by integrating results from several 
ASTER scenes over the same target area. More evolved integration techniques based on 
the spatial variation of the noise and the quality of the matching process within each 
DEM will help improve the overall accuracy of ASTER-derived DEMs. The use of 
smoothing filters applied locally in places with high noise, adapted to the true 
topographic variability based on field knowledge, would also enhance the visual 
rendering of such DEMs. 

 When the relative accuracy of the ASTER or SRTM DEMs is assessed by 
comparing the height of different features (scoria cones, stratovolcanoes, rift valley walls: 
Table 2.3), a good agreement is found when features are more than 50 m high. 
Discrepancies are about 10 % of the height for a phonolite dome or scoria cones (100-200 
m high constructs) and this decreases to a 2-4 % for higher features such as rift valley 
walls or stratovolcanoes (i.e. Kerimasi and OL). For constructs smaller than 300 m 
across, discrepancies are larger and the height estimates are meaningless due to the 90 m 
resolution of SRTM or small-scale artefacts in the ASTER DEM.  

This case study illustrates the limitations of ASTER DEMs when differential GPS 
data collected specifically for satellite image calibration and accurately indicated on 
image material are lacking. Even if a field campaign had been conducted, collection of 
GPS points on identifiable places in such a difficulty terrain is not an easy task. The 
present effort illustrates that even without high accuracy calibration data, a realistic 
representation of the topography can be obtained with ASTER stereo-pairs. Noise in the 
ASTER DEM is an issue that can be tackled by integrating DEMs extracted from 
different ASTER scenes, by reducing the matching resolution, or by DEM post-
processing (use of smoothing filters). The two latter options, however, lead to an 
effective decrease in spatial resolution.  
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Table 2-3 Relative height of topographic features in the OL region estimated on the SRTM and ASTER 
DEMs. The same delineation of the base and top of these features was used in all three cases. The height 
was computed as the difference between the mean elevation at the summit and at the base. X and Y are the 
UTM coordinates (Zone 36 South) in meters of the centre of each feature. Missing data corresponds to 
features not covered by the DEM extracted from ASTER scene 1 (September 23, 2000). 
 

2.5. Discussion and conclusion 
 
Comparative analysis of the accuracy of DEMs provided by ASTER and SRTM allows 
an assessment of their advantages and limitations, prior to using them for quantitative 
size estimates of volcanic features or for examining related hazards. As illustrated by the 
Mauna Kea case study, the SRTM 30 m DEM has a high vertical accuracy (RMSE <8 
m), except in forested terrains. The relative accuracy within an SRTM DEM is also good 
because cone height estimates are in agreement with higher resolution DEMs. The 
average 10 % underestimation that affects SRTM 30 m estimates is related to the loss of 
local maximum and minimum values, due to the 30 m resolution. The SRTM 30 m DEM 
is found to be suitable for quantitative morphological studies of volcanic terrains and 
other morphological features of similar size (e.g. large-scale landslides). The main 
limitation is the availability of such datasets. Less than 8 % of the Earth’s historically 
active volcanoes are covered by the 30 m resolution SRTM data (i.e. in the USA and its 
territories). Those are the volcanoes that are already continuously monitored with modern 
techniques, except for remote volcanoes in the Marianas Islands and som in Alaska, 
which are only monitored by RS.  

SRTM 90 m DEMs are available for >95 % of Earth’s subaerial historically active 
volcanoes. As illustrated by the simulated effect of resolution on morphometric estimates 
(Figs 2.1-2.3), the coarser resolution provides a smoother representation of topography. 
This results in lower height estimates for small-scale topographic features, by as much as 
40 %. This smoothing effect is stronger in dissected or jagged terrains (e.g. crater rims 
formed by the junction of two steep slopes). Although the SRTM 90 m dataset is a unique 

Topographic feature X (m) Y (m) SRTM 
(m) 

ASTER - 
scene 1 (m) 

ASTER - 
scene 2 (m) 

1 Maar – Tuff ring rim 8322880 9702900 2 -10 -8 
2 Debris avalanche block 832730 9706190 20 -3 6 
3 Maar/Pit Crater, 821225 9692600 19 43 41 
4 Scoria cone (N flank of Kerimasi) 830400 9687440 56  55 
5 Maar – Tuff ring rim  831260 9689810 92 84 93 
6 Scoria cone  832660 9696230 70 60 66 
7 Phonolite dome (Oldoinyo Lalarasi) 827500 9703540 114 119 104 
8 Scoria cone (Lalarasi) 831190 9695440 183 163 179 
9 Rift valley wall 819575 9702071 475 441 467 

10 Rift valley wall 820300 9691030 425 356 425 
11 Collapse scar (Kerimasi) 829900 9681200 736  695 
12 Stratovolcano (Kerimasi) 828000 9682530 1104  1066 
13 Stratovolcano (OL) 824200 9694320 1729 1728 1715 
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worldwide topographic dataset and is highly beneficial for morphological studies of 
hazardous terrains such as volcanoes, its application is limited when it comes to the study 
of small-scale (<500 m) and/or steep topographic features. This will have to be kept in 
mind in the study of debris avalanche deposits in chapter 4. SRTM 90 m is, however, of 
great potential to quickly assess morphological features of larger scale volcanoes (i.e. 
stratovolcanoes and shields) as well as fault structures with topographical expression >5 
m and lengths >270 m (Wright et al. 2006). 

The use of ASTER imagery and the stereo-photogrammetry technique to derive 
high resolution DEMs are an efficient alternative to SRTM 90 m. The ASTER sensor has 
been repetitively acquiring data over most subaerial Earth surfaces since 1999. The 
ASTER sensor has the potential to provide one DEM per acquisition date, permitting 
repetitive DEM extraction, e.g. for topographic change analysis (Stevens et al. 2004). It 
also offers the potential of combining topographic and multispectral information (Kervyn 
et al. 2007). These capabilities are of great interest to map and monitor changes in 
dynamic environments such as volcanoes. The major limitation of ASTER data for 
regular monitoring, as with other optical RS data, is their sensitivity to cloud cover, 
which is frequent for high relief sub-tropical volcanoes. The amount of data acquired 
since the start of the mission implies that almost-cloud-free scenes are available for most 
parts of the world. 

The availability, spatial distribution, and accuracy of GCPs, which can be 
precisely located on the ASTER scene, are the main factors limiting the accuracy of 
ASTER DEMs. Derivation of an accurate ASTER DEM requires collection of differential 
GPS points in the field, or at least a high quality digitised topographic map (as in the 
Mauna Kea case study – although in that case DEM interpolation from the digitised 
contour lines might provide more accurate results; Stevens et al. 2004). This requirement 
represents the major cost and practical constraint for the use of ASTER DEMs. For many 
volcanic regions, it is not easy to find sites that can be both accurately located on the 
satellite image and reached in the field (it is especially difficult in forest-covered areas). 
The error range and its spatial distribution are highly sensitive to GCP distribution, which 
need to be uniformly spread in the x, y and z directions. Relative DEMs can always be 
derived without GCPs, but in that case the user has no control over the accuracy of the 
produced DEMs. Although relative DEMs are sufficient for the morphological study of 
volcanic features, absolute elevations and accurate georeferencing are needed to compare 
ASTER DEMs with other DEMs and to produce topographic maps usable in the field.  

The second source of errors is related to inaccuracies in the matching process. 
Significant errors (>50-100 m) occur in parts of the ASTER scene with low contrast. 
Low-contrast surfaces are common in volcanic regions, due to occurrence of extended 
low-reflectance deposits such as lava flows or dark ash layers. Other image regions with 
little texture or repetitions of similar patterns are affected by matching errors smaller than 
in low contrast regions, inducing elevation errors of the order of a few m to a few 10s of 
m. 
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Compared with the SRTM 30 m DEMs, these limitations result in lower vertical 
accuracies for the ASTER DEMs although the latter still provides an accurate 
representation of the volcano morphology (Fig. 2.8). The height of small-scale volcanic 
features can be estimated with a relatively good accuracy (average underestimation of 20 
% for scoria cone height) when the ASTER DEM is constrained by high quality GCPs, 
with the exception of deeply-dissected or low spectral contrast terrain. Relative ASTER 
DEMs, or poorly constrained absolute DEMs, as in the OL example, still provide reliable 
morphological estimates for features higher than 50 m with a spatial extent of >300 m. 
These results show that ASTER DEMs can arguably be seen as an alternative to the 
SRTM 90 m DEMs, provided the study region allows collection of GCPs at reasonable 
cost and if contrast is good within the scene.  

The practical use of ASTER DEMs in characterizing volcano morphology and 
modelling volcano hazard is, however, limited by the small-scale artefacts produced by 
matching errors. This is, for example, the case for the mapping of hummocks in debris 
avalanche deposits at OL, as described in chapter 4. This is why the SRTM 90 m DEM 
are used for that purpose. The ASTER data proves however valuable when it comes to 
multispectral mapping of the deposit (chapter 4). SRTM DEMs are also used in chapter 7 
to map volcanic vent distribution at contrasted types of volcanoes.  
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Chapter 3. Oldoinyo Lengai: A unique Natrocarbonatite Volcano 
 

Oldoinyo Lengai (OL), 2.45°S, 35.54°E, is the youngest active volcano in N Tanzania 
and is one of the most active volcanoes in Africa. It is located in the Gregory rift valley, in the 
Northern Tanzanian Sector of the East African Rift System, some 16 km South of Lake 
Natron (Figs. 3.1 & 3.2; Dawson 1992; Foster et al. 1997). OL is the only active volcano on 
Earth emitting natrocarbonatite lava (Dawson et al. 1990). It is a steep stratovolcano with an 
elevation of 2962 m a.s.l. It started growing after a major faulting period, which formed the 
Natron basin (1-1.2 Ma ago; see Dawson 1992; Foster et al. 1997 for reviews on the region’s 
volcanism and tectonics). OL grew on sediments and volcanics accumulated since the basin’s 
formation. 

OL is one of four carbonatite volcanoes in the region. The other ones are Shombole, 
Mosonik and Kerimasi. Kerimasi (2.52°S, 35.57°E), located 12 km SE of OL, is a Quaternary 
volcano, without known historical activity but with instability features similar to those 
observed at OL (see chapter 4). Kerimasi probably developed over the same time scale as OL 
(Church 1995). The region in which these volcanoes are located is tectonically active. Several 
large earthquakes (e.g. magnitude >5 on Richter’s scale) occurred since 1950 (Ebinger et al. 
1997; Foster et al. 1997). A swarm of earthquakes of magnitude up to 5.9 occurred on the S 
flank of Gelai (Fig. 3.1), 10 km to the E of OL, in July 2007. 

Since 1983, OL has been almost continuously active with maintained fumarolic activity 
and frequent natrocarbonatite lava emissions at low effusion rates (i.e. ~2.10-3 to 3.10-1 m3.s-1; 
Dawson et al. 1990; Keller and Krafft 1990; Pinkerton et al. 1995) within its active crater. 
The ~150 m-deep crater produced by the last explosive eruption of 1966-1967 gradually filled 
up with lava flow deposits (Dawson et al. 1968; Nyamweru 1990). The unique 
natrocarbonatite composition of OL lava is associated with some extreme physical properties: 
amongst frequently erupted lava, it is the lava with the lowest temperature (~490-590°C) and 
lowest viscosity ever recorded (Dawson et al. 1990; Wolff 1994; Pinkerton et al. 1995; Norton 
and Pinkerton 1997).  

During the 20th century, OL underwent several explosive eruptions - in 1917, 1940-41 
and 1966-67. These generated sub-plinian-style eruption columns, ~1-3 km high and 
occasionally up to 7 km above the vent, with ash dispersal over wide areas, as far as the 
Nairobi and Arusha airports, at 180 km to NE and 110 km to SE, respectively (Dawson et al. 
1968; Dawson et al. 1995). Recent explosive eruptions at OL are associated with silicate (i.e. 
nephelinite composition) or mixed silicate-natrocarbonatite magma composition (Dawson et 
al. 1992). The thin natrocarbonatite flows represent a minor part of OL’s overall volume (<5 
% ; Dawson et al. 1995), OL being mostly made up of nephenilite-phonolite lava flows and 
pyroclastics (Klaudius and Keller 2006). Explosive eruptions at OL have affected the life of 
local Masai, cattle and wildlife (i.e. highly alkaline ash polluting water sources and causing 
skin rashes) as well as local and international air traffic (Dawson et al. 1968; Dawson et al. 
1995). 

Recently, Keller (2002), Keller & Klaudius (2003) and Klaudius & Keller (2004) 
documented in the field four debris avalanches deposits (DADs), sourced from OL. Volcano 
collapse is now recognized as one of the major hazards at OL. In chapter 4, RS data are used 



Chapter 3 
 

 48

to map and characterize in detail the DADs in order to better understand those collapse 
events. 

Although further explosive eruptions of a magnitude similar to those in 1940-41 and 
1966-67 were expected, and indeed actually occurred in September 2007 (Vaughan et al. 
2008), OL was not, and is still not, routinely monitored; a feature common to all the active 
volcanoes in Tanzania or Kenya. There is neither permanent seismic instrumentation 
specifically dedicated to monitoring OL nor is there routine visual inspection of the volcano. 
Those reports of the activity that exist (e.g. Nyamweru 1990, 1997; GVN 2002, 2003, 2004, 
2005b) are only the result of an increasing number of visitors who climb OL, including 
infrequent scientific parties. Moreover, reports over the last five years only provide some 
constraints on eruptive activity at OL, with greatly varying accuracy, for 10-50 days per year 
(i.e. observations only 3-15 % of the time). Visits are typically concentrated during the dry 
season months (June-September) and, in minor proportion, in January-February, with rare 
exceptions. 

There was thus an urgent need to develop basic monitoring at OL, in order to assess the 
intensity of the eruptive activity and the possible changes towards a more explosive eruption-
style. In chapter 5 a low-cost RS technique is developed and tested against field data to 
regularly monitor thermal activity at OL. This method aimed at detecting the onset of any 
higher intensity eruptive episodes that could pose a threat for tourists and for the local Masai 
people. 

By chance this thermal RS monitoring was developed a few months prior to a 
significant change in eruptive style at OL. The first stage of this transition was marked by a 
large effusive eruption in March-April 2006, which produced the longest and most 
voluminous natrocarbonatite lava flow ever documented at OL. RS data and a posteriori field 
work enabled to reconstruct this eruption in detail (chapter 6). This eruption was followed by 
almost a year of quiescence. Natrocarbonatite lava eruptions resumed in June 2007. This 
transition led to the explosive eruption of mixed natrocarbonatite and silicate magma, starting 
in September 2007 (Mitchell and Dawson 2008; Vaughan et al. 2008). This series of 
explosive eruptions continued up to the time of writing (i.e. March 2008). Almost daily sub-
plinian-style eruption columns have been observed, reaching up to a height of 15 km above 
OL and forming an ash cone within the active crater. Ash fall affected surrounding villages to 
a distance of ~25 km, especially W of OL summit, causing evacuation of several villages 
(Fig. 3.3). 

Monitoring, detailed understanding of eruptive activity, long-term volcanic history and 
corresponding hazards are only just starting to be scrutinized at OL (Pyle et al. 1995; Keller 
2002; Keller and Klaudius 2003). It is not known what controls the eruptive cycles marked by 
transition from explosive eruption of mixed magma to effusive eruptions of natrocarbonatite 
magma. It is the goal of this part of the thesis to contribute to a better understanding of 
volcanic processes at work at OL, to constrain related hazards and to illustrate the benefits of 
RS applications to study such a poorly-known volcano. OL is here treated as an illustrative 
example for the many volcanoes in Africa, or elsewhere in the developing world, which still 
remain to be monitored and assessed for their hazards. 
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Figure 3-1 Location map of S Gregory Rift with 200 m contour lines. Oldoinyo Lengai (OL) is situated close to
the escarpment of the Gregory rift valley, ~16 km S of Lake Natron (LN). Other main volcanic centres: Kerimasi
(KM) stratovolcano to the S, Ketumbeine (KT) and Gelai (G) shield volcanoes to the ESE and NE, respectively.
The Crater Highlands SW of OL include several volcanic structures: Embagai (E), Ngorongoro (NG), and
Olmoti (O) calderas and Loolmasin (L) volcano. Minor volcanic features (MVF) are also distributed over the 
Gelai-Lengai plain (i.e. maar-tuff rings and cinder cones). 
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Figure 3-3 (next page) (a) 04-09-2007: Daytime ASTER scene recording the first ash plume from explosive eruptions 
at OL (from Vaughan et al. 2008). Black areas to West, North-West and East of summit are areas burnt at end of 
August 2007 due to lava flowing down OL; (b)  September 11, 2007: View of OL active crater from S; explosive 
eruptions actively forming an ash cone in the crater (Photo courtesy of T. Leach); (c) November 11, 2007: Significant 
ash fallout W of OL forced Masai to leave their small villages and caused collapse of shelters (Photo Courtesy of B. 
Wihelmi); (d) October 29, 2007: SPOT scene at 5 m spatial resolution, showing dispersion of volcanic ash since start of 
explosive eruptions; (e) October 02, 2007: ~3 km high eruption column above OL seen from W (Photo Courtesy of B. 
Wihelmi); eruption columns reached up to 15 km above summit in February 2008 (f) October 17, 2007: OL SW flank 
covered up by ash; weak eruption plume from OL active crater. 
 

Figure 3-2 Regional geological context of the Northern Tanzanian section of the East African Rift System (from 
Wiedenmann 2003). Black arrow points to location of Oldoinyo Lengai (OL). The volcano is situated against the 
Western wall of the Gregory rift valley, ~16 km south of Lake Natron (Dawson 1992). OL is part of a large volcano 
cluster including several calderas (e.g. Ngorongoro), stratovolcanoes (e.g. Kerimasi) and shields (e.g. Gelai, 
Ketumbeine), Lengai being the only historically active volcano (i.e. in the last century). Subset shows a sketched map 
of the Lengai area, including explosion craters and scoria cones (Courtesy of Chris Weber). Volcanic deposits within 
the rift system are mostly made up of lava and volcaniclastic deposits. Volcanic edifices, in white, are made up of 
pyroclasts and lava in variable proportions. 
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Chapter 4. Sector Collapses and Debris-Avalanche Deposits at 
Oldoinyo Lengai and Kerimasi 

 

Volcano collapses are amongst the most destructive and hazardous volcanic events. They 
produce debris-avalanche deposits (DADs) that can be considerably larger (<1- 50 km³ for 
on-land volcano collapses) and more mobile than non-volcanic landslides (Ui et al. 2000; 
Siebert 2002), for reasons that remain unclear (e.g. Kelfoun and Druitt 2005). Debris 
avalanches (DAs) can travel, at initial velocities up to ~100 m/s, to several tens of kilometres 
beyond the volcano base and can cover extensive areas (<10 - >1000 km²). Collapse can be 
triggered/influenced by a combination of factors: magmatic intrusion, hydrothermal 
alteration, fault movements and earthquakes, surface loading by dense material over 
mechanically weaker deposits, volcano spreading, repetitive dyke injection with a preferential 
orientation, presence of a weak sediment layer under part of the volcano or increased pore 
pressure (e.g. Siebert 1984; Ui et al. 2000; Siebert 2002; Walter and Troll 2003). Collapse 
events have been identified at over 350 Quaternary volcanoes, i.e. more than 1/6th of the 
world’s Holocene volcanoes (Siebert 2002). Collapse can repeatedly affect the same volcano, 
with eruptive activity rebuilding the volcano between collapse events.  

DAs produce deposits with a highly characteristic morphology and texture. Their 
topographic expression is generally marked by ‘hummocky terrain’ (i.e. many hills and closed 
depressions produced by large coherent blocks of homogeneous composition, 100s m wide 
and <1-200 m high, embedded in a fine matrix), lobate outline, natural levees, marginal and 
distal cliffs, longitudinal or transverse ridges and a amphitheatre-shaped scar at the source (Ui 
et al. 2000). Hummocks tend to appear in clusters separated by flat terrain consisting of 
reworked material.  

Identification and mapping of DADs are essential to understanding volcano growth, 
collapse mechanisms and triggering factors, and to assess related hazards. Due to the large 
scale of DADs, RS data relating to DAD topographic expression and contrasted spectral 
properties are particularly helpful to recognize DADs, map their extent and constrain their 
emplacement processes (e.g. Francis and Wells 1988; Wadge et al. 1995). 

 The occurrence of at least 3 large DADs produced by sector collapses at OL was first 
recognized and documented from field work and preliminary satellite image analysis by 
Keller (2002), Keller & Klaudius (2003) and Klaudius & Keller (2004). They were all dated 
as occurring in the last 10,000 years (Klaudius et al. 2008). A major landslide is also 
mentioned in the scarce earlier studies of Kerimasi (Hay 1983; Mariano and Roeder 1983; 
Church 1995). The aim of this chapter is to map in detail and characterize the internal 
morphology of DADs at OL and Kerimasi volcanoes, and to constrain their volume, source 
origin and relative chronology based on RS analysis and available field evidence. 

In this chapter, RS datasets used are first presented. OL’s morphology is then 
characterized and its apparent volume is estimated. In sections 4.4 to 4.8, the morphology of 
each DAD is documented, based on RS observations, with a brief summary of field 
observations. Detailed results of field analyses are beyond the scope of the present chapter 
and will be thoroughly discussed elsewhere (Klaudius et al. 2008). The potential of RS to 
identify DADs independently is briefly highlighted by discussing the sector collapse at 
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Kerimasi volcano. In the discussion, the morphological features, mobility, and source origin 
of the OL DADs are interpreted and discussed. The application of an existing numerical 
model to simulate one of the DAs is presented. Finally the implications for hazards at OL are 
discussed.  

4.1. Datasets and method 
 

The 3 arc second SRTM DEM is used to study the volcanoes and DADs topographic features 
(see chapter 2; Table 4.1). The only available topographic map is the 1966 Quarter Sheet at 
1:50,000 scale (50 feet contour interval), which is not sufficiently accurate or detailed for 
mapping DADs. As seen in the accuracy assessment of chapter 2, the 90 m resolution of 
SRTM DEM does not allow accurate resolution of topographic features smaller than 300 m 
across (i.e. features defined by at least three pixels) but allows to constrain the sizes and 
heights of the largest hummocks and of marked DAD flow edges and levees (i.e. >10 m high). 
Shaded relief (Fig. 3.1), slope and slope aspect (i.e. slope direction) maps as well as contour 
lines with 10 and 50 m intervals (Fig. 4.1a) were computed from the SRTM DEM. Two 
daytime Landsat ETM+ and two ASTER scenes, acquired between January 2000 and April 
2003 (Table 4.1), were used for visual inspection and for spectral identification of DADs. 
Two sets of aerial photographs, at a ~1:50,000 scale and digital spatial resolution of 1-2 
meters, acquired in 1958 and 1983 were also used to identify structural features within DADs 
(Table 4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Datasets Acquisition 
Date 

Spatial 
Resolution Resolved features  

SRTM DEM February 2000 90 m Large hummocks, flow edge and levees 
2/12/2000 

Landsat 
2/04/2003 

PAN: 15 m      
4 VNIR: 30 m 
2 SWIR: 30 m 

09/23/2000 Terra- 
ASTER 

3/08/2003 

3 VNIR: 15 m 
6 SWIR: 30 m  
5 TIR: 90 m 

Drainage network structure,  
DADs’ spectra 

1958 Aerial 
Photographs 1983 

1-2 m Structural features (i.e.grooves and ridges), 
small hummocks 

Table 4-1 Source and characteristics of available RS datasets used to identify, map and characterize DADs 
around OL and Kerimasi volcanoes. All dates in Month/Day/Year format. PAN: panchromatic; VNIR: visible to 
near infrared; SWIR: short-wave infrared, TIR: thermal infrared. 
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4.2. OL Structure, Topography and Volume 

4.2.1 Structural evolution and petrography 
OL is a pyroclast-dominated volcano with volumetrically minor intercalated lava flows 
(Klaudius and Keller 2006). The cone can be subdivided into two structural units (Klaudius 
and Keller 2006): phonolite Lengai I and nephelinite Lengai II. Lengai II represents the recent 
stage of OL evolution including natrocarbonatites. The two units are separated by a N facing 
sector collapse scar, now buried by growth of Lengai II (see Klaudius and Keller 2006 for 
details). 

The S part of OL consists of the Lengai I unit with cemented phonolite pyroclastics and 
lavas. The pyroclastics are yellow tuffs and agglomerates dominated by phonolite lava clasts, 
phonolite bombs, plutonic blocks, crystal fragments (nepheline, clinopyroxene and sanidine) 
and ash. Phonolite lava flows extend to beyond the lower SE flank, with thicknesses of up to 
25 m. They form prominent ridges and distal lobes at OL’s base. The Lengai I unit is exposed 
in the “Eastern Chasm”, a downward-narrowing, amphitheatre-shaped scar, located on the E 
flank of OL (i.e. sector A on Fig. 4.1).  

The Lengai II unit is subdivided into Units IIA and IIB, separated by a crater rim 
unconformity visible in the upper N flank of OL. Unit II makes up the recent N cone, 
including the active N crater and summit. Unit IIA consists of yellow nephelinite pyroclastics 
and black and thin green nephelinite lava flows (less than 5 m thick). Unit IIB consists of 
yellow nephelinite tuffs and agglomerates, grey nephelinite tuffs, black nephelinite lavas and 
natrocarbonatites. Within Unit IIB, a crater rim unconformity, produced by the 1967 
explosive eruption, separates the grey nephelinite tuffs from the white natrocarbonatites. 
DADs, alluvium, Unit II interbedded tuffs, and re-sedimentation products such as lahar 
deposits dominate on the OL lower slopes. 

4.2.2 RS Observations 
The summit area displays a 0.6×1.1 km NNW-SSE elongated shape including two 
topographic depressions separated by the summit itself. The 450×400 m sub-circular 
platform, ~2820 m a.s.l., to the N of the summit, corresponds to the ~150 m deep crater 
formed during the explosive eruption of 1966-67, gradually filled up since January 1983 by 
natrocarbonatite activity. OL’s upper flanks have slopes in excess of 40° directly below the 
broad summit area. Slope angle decreases gradually toward OL’s base (Fig. 4.1). The E-
facing rift escarpment buttresses the OL’s W flank. To the SSE, OL’s deposits extend 6 km 
from the summit, where they meet the base of Kerimasi volcano at 1230 m a.s.l. To the E, the 
OL flank extends further to 1000 m a.s.l. where it meets the lower flanks and scoria cones of 
the Gelai shield volcano. To the N, OL is not buttressed: the flank’s slope decreases gradually 
to reach the rift valley floor at ~800 m a.s.l. From OL’s base, the elevation of the rift valley 
plain decreases Northward to reach ~500 m a.s.l. at Lake Natron’s shoreline. 

OL flanks are crudely symmetrical, except for the presence of maar-tuff rings and scoria 
cones on their lower expanse, and of two large breach features (Fig. 4.1). The most 
pronounced breach (Eastern Chasm/sector A) extends ENE from the summit crater rim 
(~2800 m a.s.l.) down to 1700 m a.s.l. One km wide at its upper part, the breach narrows 
downward to 500 m wide. The headwall of breached sector A is very steep (>45°), then slope 
angle decreases rapidly to <10°, with a marked increase in slope to 10-15° at the breach base. 
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2 km-long, sub-vertical walls up to 150 m high border breached sector A. A conservative 
estimate for the volume of sector A, as preserved, is ~0.15-0.2 km³. 

The second breached sector (sector B; Fig. 4.1) is less pronounced because it has 
collected most of the recent pyroclastics and lavas overflowing the N crater rim. Extending 2 
km NNE from the OL summit, it is 700 m wide close to the summit and narrows downward. 
On its W side it is bordered by a 50 m-high wall extending 1.5 km downward. The relative 
ages of these two collapses are unknown.  

4.2.3 Estimation of OL’s volume 
Volume estimates for OL have ranged from 30 km³ (Donaldson et al. 1987) to 60 km³ 
(Brantley and Koepenick 1995), though the estimation techniques were not discussed. The 
apparent OL volume is estimated from its present topography based on geological evidence 
suggesting that OL’s base level can be approximated by a plane sloping between ~1200 m and 
~900 m a.s.l. (from S to N). Subtracting this baseline elevation from the DEM, a volume of 
41±5 km³ is obtained. The error range is related to uncertainties on the spatial extent of OL 
deposits and on the location of OL’s base.  Reconstructing likely volcano topography prior to 
collapses (i.e. by extrapolating contour lines across breached flanks) does not lead to a 
volume difference greater than 0.3 km³. The volume of 41 km³ is only two thirds of the value 
of Brantley and Koepenick (1995).  
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Figure 4-1  (a) OL topography (50 m contour interval), derived from the SRTM DEM. Slope angle is represented 
by the background grey colour (white areas in the rift escarpment are artefacts caused by missing data); (b) Near-
infrared ASTER image for the same area (band 4, image acquired on March 8, 2003). Letters A and B denote the 
2 sector collapse scars discussed in the text. Scoria cones (solid arrows) and explosion craters or maars (stippled 
arrows) are found at the base of OL; (c) NNW to SSE topographic profile without vertical exaggeration (dashed
black line in (a)). 
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4.3. Debris-avalanche deposits  
 
DA breccia related to hummocky morphology in the rift plain NE and N of the OL stratocone 
was observed  by Keller and Klaudius (Keller 2002; Keller and Klaudius 2003; Klaudius and 
Keller 2004). At least 3 DAD lobes cover approximately 2/3 of OL’s surrounding plain 
(Table 4.2). A fourth DAD lobe was identified from petrographic evidence but lacks 
topographic expression and is not discussed here (Klaudius et al. 2008). DADs were named 
by Klaudius and Keller (2004). The redepositional origin of these deposits was already 
recognized by Dawson (1962) who mapped “yellow tuffs and agglomerates, reworked” N and 
NE of OL. The aerial distribution, texture, internal structure and lithology of these DADs 
were studied through successive field campaigns (Klaudius et al. 2008). Internally the 
deposits consist of angular to sub-angular clasts with a wide range in grain size, from mm-size 
up to 200×50 m, embedded in a fine-grained matrix. Clasts represent the stratocone 
lithologies but avalanches also incorporated substratum rocks (i.e. tallus, unconsolidated 
sediments, tuffs). Brittle deformation of clasts parallel to movement direction is visible along 
jigsaw cracks especially in places where the flow front reached obstacles (see Klaudius et al. 
2008 for detailed description of DADs’ internal texture). 

The original extent of the DADs was inferred from the distribution of hummock clusters 
documented in the field or identified on RS data (Fig. 4.2). Hummock and DAD levee 
identification were based on their topographic expression on the SRTM DEM and their 
spectral contrast with the surrounding deposits on the optical imagery, related to the lack of an 
established drainage network or of fluviatile sediments, and to slightly different vegetation 
coverage than the lower lying lands. In the following sections, the key field observations are 
summarized before describing the morphological characteristics of each DAD based on RS 
observations. Morphometric characteristics of the DADs are summarized in Table 4.3. 

4.4. Zebra Debris-Avalanche 

4.4.1 Field Observations 
The Zebra DAD extends as far as 24.1 km N of OL’s summit, reaching the S shore of Lake 
Natron and extending along the SW lake shore as isolated hummocks. The Zebra DAD covers 
the rift valley plain, spreading laterally from the rift escarpment in the W, to the base of the 
Gelai shield volcano in the E (Figs. 3.1 & 4.2). The DAD is found plastered against the rift 
valley escarpment N of OL in several places. It is also found as valley-fill within valleys 
cutting through the rift escarpment, which are sub-parallel to the flow direction, with 
thicknesses of up to 40 m.  

This DAD consists of randomly distributed green, black or yellow, angular phonolite 
lava clasts and plutonic blocks of various sizes embedded in a yellow, fine-grained, cemented 
matrix made up of crystal fragments (nepheline, clinopyroxene and sanidine), ash and 
alteration products of volcanic glass. Close to the N foot of OL there is a 200×50 m partly 
buried isolated hummock, which exhibits parallel stratification of several pyroclastic layers. 
Based on the occurrence of stromatolites overlying its distal end, the emplacement of the 
Zebra DAD could be correlated with a high lake level stand of Lake Natron (Hilaire et al. 
1987), which occurred ca. 10 000 years BP (Table 4.2; Klaudius and Keller 2006). The 
abundance of blocks of phonolite lavas and of phonolite pyroclastics in the Zebra DAD 
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indicates that this DAD is related to collapse of the Lengai I cone. The occurrence of 
relatively high-strength material (i.e. lava flows and cemented pyroclastics) accounts for the 
numerous blocks forming hummocks even far away from OL (see below). 

4.4.2 RS observations 
In the rift valley plain, the Zebra DAD is characterized by several major clusters of 
hummocks (Figs. 4.3 & 4.4), separated by fluviatile deposits, observed to at least 24.1 km N 
of OL’s summit. These clusters are spectrally discriminated from sediments reworked by the 
drainage network and from sediments on Lake Natron’s S shore (Fig. 4.4). The Zebra DAD 
terrains are characterized by the absence of overlying alluvial deposits or of a drainage 
network.  

 On the SRTM DEM shaded relief and on the satellite images, a 7×4 km terrain (Z1; 
Figs. 4.3 & 4.4), elongated in a NNE-SSW direction, occupies parts of the rift valley halfway 
between OL and the Lake Natron shore. It is bordered by well-marked, 5-25 m high lateral 
edges. At least five sub-parallel, NNE-SSW oriented elongated ridges can be traced within 
that terrain and several shorter lineaments are also visible. These lineaments, which have 
variable widths (100-200 m) and lengths up to 3 km, have an undulating topography 
corresponding to elevation changes <15 m (Fig. 4.3c). Airphotos show that the ridges are 
made up of numerous aligned individual hummocks of variable size (10-50 m across; Fig. 
4.3b). The directions of these “ridges”, extrapolated back toward OL, point toward OL’s W 
base (Fig. 4.4 & 4.5). This suggests that part of the DA flowed NW from OL before 
reorienting to a NNE direction of flow, due to topography of the rift valley and confinement 
by the rift valley escarpment. 

A noticeable 4 km-long and 15-to-35 m high curvilinear escarpment (Z2 on Fig. 4.4), 
15 km NE of OL’s summit, delineates the N edge of a lobe. It is characterized by gently SW-
facing slopes, dipping toward OL, i.e. in a direction opposite to the general rift valley slope. N 
of these terrains, numerous small circular and linear hummocks (<1 km across; <10 m high), 
characterized by slopes >3° and spectrally contrasting with the reworked sediments, can be 
located (Z1’; Figs. 4.4 & 4.5). Hummocks are found within a few kilometres of the S shore of 
Lake Natron (Z3; Fig. 4.6) and form small islands within the SW part of the lake, indicating 
that the DAD extends into Lake Natron. Some hummocks are elongated and aligned with the 
Z1 ridges, suggesting that they represent a direct prolongation of these ridges. These 
hummocks are of smaller size than DAD features closer to OL. No specific topographic 
expression marks the distal front of the Zebra DAD on the W side of the lake (Z4, Fig. 4.6a). 
This distal flow margin morphology matches the description of the wedge-type flow margin 
described for the Parinacota DA (Chile), where the distal deposit thins out and then merges 
into a zone of isolated small hummocks and scattered blocks (Clavero et al. 2002).  

Large hummocks (e.g. unnamed hill, 2°41’51’’S, 35°54’28’’E; Oldoinyo Sis, Fig. 4.7), 
within which preserved stratification was observed, are located close to the N base of OL and 
half way between OL and Lake Natron. Proximal DADs are buried underneath more recent 
lahar and ash deposits but were observed in gullies at the lower N flank of OL. Terrains at the 
base of the rift escarpment, with undulating topography, slopes ranging between 5 and 12° 
and surface texture similar to Z1, stand over the generally flat valley floor and can be 
associated with the Zebra DAD. This confirms that the Zebra DAD extends along the 
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escarpment between OL and Lake Natron. The E edge of the DAD is poorly constrained due 
to burial by alluvial deposits, but is inferred from the spatial distribution of hummock clusters. 

The extrapolated Zebra DAD covers 200 km² (Fig. 4.2; Table 4.3), with an uncertainty 
of the order of ~10 km². A minimum average deposit thickness of ~25 m is estimated using a 
transverse topographic profile through Z1, representative of the medial parts of the deposit. 
Minimum volume for the Zebra DAD is estimated at 5 km³, or 12 % of OL’s recent stratocone 
volume. Despite the uncertainty affecting this estimation, a collapse of the order of 10 % or 
more of the volcanic edifice represents a very large collapse event (Siebert 2002). 
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DADs Age Affected flank Structural Units Dominant Lithology 

Cheetah 2 960-2 428 BP East-North-East Lengai I & II Phonolite & Combeite-
Wollastonite Nephelinite 

Oryx ? North Lengai II Combeite-Wollastonite  
Nephelinite 

Zebra ~10 000 BP North Lengai I Phonolite 

Table 4-2 Name, estimated age, and lithology of the 3 DADs originating from OL as well as orientation of the OL’s flank 
affected by the collapse and the structural unit (following Klaudius and Keller 2006) from which the DAD’s material 
originated. 

DAD Area 
(km²) 

Max 
DAD 

Length 
(km) 

Max 
DAD 

Width 
(km) 

Average 
DAD 

Thickness 
(m) 

Max Edge 
or 

Hummock 
Height (m)

Max 
Runout 
Distance 

(km) 

Max 
Drop 

Height 
(m) 

H/L Volume 
(km³) %Volume*

Zebra 197.4 18.9 13.9 25 45 24.1 2600 0.108 4.9 12 
Oryx 12.4 6.7 2.7 10 25 9.4 2100 0.223 0.1 0.3 
Cheetah 11.5 6.2 2.9 20 40 8.5 1950 0.229 0.2 0.6 
Kerimasi 33.1 8.9 4.8 30 60 10.8 1300 0.120 1.0 1-2 
* Assuming recent OL and Kerimasi volume of 41 km³ and 50-60 km³, respectively    

Table 4-3 Summary of the quantitative estimates for the 3 DADs originating from OL, and for the Kerimasi DAD, estimated from RS. 
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Figure 4-2 Outlines of 3 DADs originating from OL. The terrains with typical DAD morphology are individually
delineated. The possible extent of the original DADs is extrapolated from the DAD terrain distributions, the 
morphology of the source zone and the surrounding topography. 
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Figure 4-3  Zebra DAD. (a) ASTER (acquired on March 8, 2003) VNIR bands colour composition of the Z1 terrain (R: band
3 (0.78-0.86 µm), G: band 2 (0.63-0.69 µm), B: band 1 (0.52-0.60 µm)). Irregularity of the terrain is visible; several sub-
parallel linear ridges can be traced; (b) N part of Z1 terrain (area within the white rectangle in (a)) from the 1958 airphotos: up 
to a dozen linear ridges, of variable widths and lengths, stand out from the smoother terrain separating them (white ellipses
highlight some of the most pronounced lineaments). Some ridges are continuous whereas others are composed of individual
hummock alignments; (c) WNW-ESE topographic profile along the hyphenated white line shown in (a) indicating that linear 
ridges correspond to 10-15 m topographic highs, and that hummock edges are <30 m high. Black arrows mark the location of 
typical linear ridges visible in (a) (x15 vertical exaggeration). 
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Figure 4-4  Zebra DAD. ASTER VNIR bands colour composition (R: band 3 (0.78-
0.86 µm), G: band 2 (0.63-0.69 µm), B: band 1 (0.52-0.60 µm)). The different terrains 
discussed in the text are located: Z1, Z1’, Z2, Z3 and Z4. Note longitudinal structures in 
the N part of Z1. Many dark hills are visible within the delta deposit (Z3). Z1’ displays 
similar textures and spectral colours as Z1. Blue colours are associated with reworked 
sediments. 

±

Z1 

Z2 

Z3 

Z4 

Z1’ 

4 km

N 



Part II: Monitoring and Hazard Assessment at Oldoinyo Lengai  
 

 65

 

Figure 4-5 Zebra DAD: individual hummocks (dots) and alignment of hummocks (hyphenated lines). 
Background image is a shaded relief of the SRTM 90 m DEM. 
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Figure 4-6  Zebra DAD. (a) Z4: Western distal area on the 1958 airphotos. Individual hummocks correspond to grey 
sub-circular areas, contrasting with bright lake sediments. The DAD distal limit is not apparent but is just N of the 
photograph (b) ASTER VNIR bands colour composition of the Z3 terrain (R: band 3 (0.78-0.86 µm), G: band 2 (0.63-
0.69 µm), B: band 1 (0.52-0.60 µm)).  Hummocks of various sizes standing out from the flat terrain are visible along 
with several parallel linear ridges; (c) W-E topographic profile along the white line shown in (b) indicating 8-12 
individual hummocks corresponding to topographic highs with height up to 10-20 m and width up to 100-200 m (x20 
vertical exaggeration). 
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Figure 4-7 Map showing location of topographic features discussed in the text. 100 feet
contour intervals are digitized from the existing 1:50,000 scale topographic map. 
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4.5. Oryx Debris-Avalanche Deposit 

4.5.1 Field observations 
The Oryx deposit forms a narrow (~3 km wide), elongated lobe in the rift valley plain NNE of 
OL (Fig. 4.2) and extends as far as Oldoinyo Lalarasi (O.Lalarasi), an eroded phonolite centre 
10 km N of OL (Fig. 4.7). There it covers the Zebra DAD, which onlaps onto the SE slopes of 
O.Lalarasi itself (Fig. 4.8). The Oryx DAD consists of combeite-wollastonite nephelinite lava 
clasts and plutonic blocks, embedded in a yellow, loose and fine-grained matrix made up of 
crystal fragments (nepheline, clinopyroxene and wollastonite), ash and alteration products of 
volcanic glass (Table 4.2). Later fluviatile sediments cover its proximal and central parts. The 
predominance of combeite-wollastonite nephelinite lava clasts suggests a collapse of Lengai 
II (Klaudius and Keller 2006). 

4.5.2 RS observations 
The main evidence for the Oryx DAD is a multi-lobate flow-like structure at the DAD distal 
end (Fig. 4.8). These lobes are characterized by elevated marginal edges from 7 to 9.4 km 
from OL’s summit, in a general N25°E direction. A 12-m-high marginal levee can be traced 
for more than 2.5 km along the DAD W edge. It is ~100 m-wide and ~2 m-higher than the 
DAD’s internal elevation. This marginal levee turns into a distal cliff where the DAD reaches 
O.Lalarasi base. The well-defined flow deposit margin shows that the DAD does not onlap 
onto O.Lalarasi flanks.  

Multiple flow structures extend around the S and E base of O.Lalarasi, with a prominent 
flow edge at its SE base (Fig. 4.8a). The marginal levee displays a specific texture: the 
discontinuous gently-sloping flow front is divided by shear zones which formed steep 
longitudinal edges, prolonged as linear grooves into the DAD marginal levee (Fig. 4.8b). 
Small-scale transverse ridges, located just before the distal flow edges in the E lobe, are 
probably related to a break-in-slope in the original topography (Fig. 4.8). A lobe feature at the 
NE base of O.Lalarasi (Fig. 4.8) has a contrasting massive morphology with 25 m-high 
marginal cliffs and a smooth surface texture. It is interpreted as a partially covered block of 
the Zebra DAD. This is consistent with recognition of lithological facies of the Zebra DAD at 
the S base of O.Lalarasi.  

The surface texture of the Oryx DAD away from the marginal levees and frontal lobes 
is smooth, except for one block, ~15 m-high, formed by the reunion of the marginal levees 
from the two main lobes (Fig. 4.8a). Some moderate-sized hummocks (<20 m across) and 
hummock alignment structures are noted in the flow deposit interior within a few hundred 
meters of the frontal edges (Fig. 4.8b). From deposit morphometry, an average thickness of 
less than 10 m is inferred. Scarce streamlines and low-reflectance ash deposits are consistent 
with post-DAD emplacement of lahars and reworked pyroclastics overlying the DAD 
proximal and medial parts. 

 The Oryx DAD is related to the sector B breach on OL’s NNE flank (Fig. 4.2). 
Despite poor constraints for the proximal part, the Oryx DAD extent is inferred from the 
source region geometry and the extent of distal deposit lobes. On the W edge, the DAD is 
inferred to extend to the Nasira cones (Fig. 4.7), two recent scoria cones located at the N OL 
base. These cones are posterior to the DAD and mask the DAD edge there. A river streaming 
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down from the sector B breach is interpreted as flowing along the DAD’s E edge. A 
superficial extent of ~12-15 km² is interpolated, depending on the location of lateral edges. 
Assuming an average thickness of 10 m, the Oryx DAD volume is estimated at 0.12–0.15 
km³, the smallest volume of the 3 documented OL DADs (0.3 % of OL’s volume; Table 4.3). 
The Oryx DAD is posterior to the Zebra DAD so this collapse occurred after 10 000 y. BP. 
Field or RS evidence is currently lacking to assess the timing of the Oryx collapse with 
respect to the Cheetah one. 

4.6. Cheetah Debris- Avalanche Deposit 

4.6.1 Field observations 
This deposit forms a wide, prominent lobe ENE of OL (Fig. 4.2 & 4.9). The DAD distal 

parts onlap onto several scoria cones of the Lengai-Gelai Explosion Crater Area. The DAD 
consists of randomly distributed angular phonolite and nephelinite lava clasts and of plutonic 
blocks, embedded in a yellow, fine-grained, poorly-cemented matrix. The matrix is made up 
of crystal fragments (nepheline, clinopyroxene and wollastonite), ash and alteration products 
of volcanic glass. Phonolite and nephelinite fragments (i.e. lava blocks, bombs and tuff 
breccia) correspond to the 2 main OL stratocone stages (Table 4.2; Klaudius and Keller 
2006). This suggests that collapse affected OL’s E flank to a thickness greater than that of 
nephelinite deposits emplaced in the last 10 ka (Klaudius and Keller 2006). The two OL 
lithologies are visible in the Eastern Chasm, the corresponding breach feature (sector A; Fig. 
4.1). Substratum rocks (e.g. talus, unconsolidated sediment and tuffs) were incorporated by 
the DA. Only the DAD marginal and distal levees are exposed at the surface. Lake sediments, 
lahars and alluvial sediments cover the DAD central parts. From field evidence (Klaudius et 
al. 2008), it appears that the DAD dammed drainage originating from S to produce a lake. 
From 14C dating of these ~10 m-thick, fine-grained lake sediments and pyroclastics 
underlying the DAD near the Dorobo cone (Fig. 4.7), the Cheetah DAD is dated to 2428 
(±33)–2960 (±31) years BP (Table 4.2; Klaudius and Keller 2004). 

4.6.2 RS observations 
The main RS evidence for the Cheetah DAD is the geometry of a well-preserved breach in 
OL’s upper flanks (sector A). The DAD distal end is difficult to distinguish by RS from scoria 
cones that limited its distal extent. Close to the base of several scoria cones, undulating 
topographic features and hummock alignments suggest that a thick avalanche rapidly stopped 
en-masse when reaching the “barrier” presented by the scoria cones. The DAD covers the 
lower half of a 120 m-high scoria cone (Sinja Lalarasi; Fig 4.7) on its OL-facing slope. A 
levee, with a hummocky texture, extends around the W and N base of the Sinja Lalarasi cone, 
indicating the main flow direction (Fig. 4.9). The DAD S edge has been extensively reworked 
by erosion/redeposition and/or buried by sedimentation from drainage running down the OL 
slope and reorienting towards N when reaching the rift valley floor. The N edge of the 
Cheetah DAD preserves a 5 km semi-continuous marginal levee starting 3 km down from the 
breach base (Fig. 4.9). The 80-120 m-wide and 10-25 m-high levee is made up of several 
linear ridges with sub-parallel orientations, separated by grooves. Moderate-size hummocks 
(<20 m across) are found in several places, near the inner margin of these levees. 
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Figure 4-8 Oryx DAD (a) 1958 airphoto of the distal DAD region and of Oldoinyo
Lalarasi. (b) Structural interpretation sketch including, for (a). 



Part II: Monitoring and Hazard Assessment at Oldoinyo Lengai  
 

 71

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two deep gullies dissect the N DAD levee. A broadly extensive area upstream of the 
levee with a spectrum typical for sediments is consistent with field observations of lake 
sediments in this area (Fig. 4.9). Several small (<20 m across) largely buried hills in that area 
are possible Cheetah DAD hummocks. Downstream of the levee, the sediment deposit pattern 
resembles a widening depositional fan structure (Fig. 4.9). Broad sedimentation surfaces are 
found to the S of the DAD, where water accumulated against its S edge. Several minor 
streams (gullies on OL’s E flank) have been diverted from their radial pattern, constraining 
the DAD S extent.  

 From sector A, two main gullies extending downward are interpreted as the DAD’s 
proximal edge, since water flowing down the newly formed breach would flow along the 
outer edges of the newly emplaced DAD, before gradually eroding them. The Cheetah DAD 
covers ~11.5 km². Its thickness is difficult to assess. In the distal DAD where deposits 

2 km 

Sinja 
Lalarasi 

Loldemo 
cone 

Figure 4-9 Cheetah DAD. Stretched ASTER (acquired on March 8th 2003) VNIR bands colour composition (R:
band 3 (0.78-0.86 µm), G: band 2 (0.63-0.69 µm), B: band 1 (0.52-0.60 µm)). DAD appears in light red but is 
largely covered by alluvial deposits in its distal part. Stippled white line marks extrapolated extent of the DAD.
Black arrows point out places where DAD affected drainage pattern orientation. Inset shows a photograph of lake
sediments taken in the field at the black star location, just before N DAD levee. White rectangle shows the
location of the widening depositional fan formed by the breaching of the DAD levee and the breakthrough of the
accumulated water; locations of hummocks are marked by white ellipses. 
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accumulated against a scoria cone, sections up to 70 m-thick were observed in the field. In the 
medial area, flow edges are < 20-25 m-high. A conservative thickness estimate of 20 m gives 
a volume of ~0.23 km³ (Table 4.3). This is consistent with the present sector A breach volume 
estimated at 0.15-0.2 km³ and with reconstruction of the pre-collapse topography (see section 
4.9.6) 

4.7. Kerimasi Debris-Avalanche Deposit 
 
To illustrate that RS can be used as the principal source of data to document DADs, in 
absence of field observations, the Kerimasi DAD is here briefly described. Although 
preliminary quantitative estimates for some DAD parameters were given by Siebert (1984), 
the conspicuous DAD extending at the ESE base of Kerimasi has not been fully characterized. 
A 2.2 km-wide breached sector cuts into the steep E flank of Kerimasi between 2200 and 
1320 m a.s.l. It does not affect Kerimasi’s summit. The maximum bounding scarps’ height is 
~120 m. This suggests a shallow DA, relative to the collapse size, with a preserved breached 
sector volume of ~0.6-0.8 km³ (Fig. 4.10).  

Large, individual tilted blocks, 50 m-high, form a transverse ridge at the collapse scar 
base. From there, a single deposit lobe extends to ESE for 8.9 km, with an average width of 
4.5 km and thickness of 40 m to the S and 20 m to the N (Fig. 4.10). At the N margin, alluvial 
sediments accumulating against the DAD levees reduce the apparent DAD thickness. To the 
ENE, the flow was blocked by a 30 m high escarpment. In the distal part of the DAD (i.e. 8-
11.5 km from Kerimasi’s summit), marginal levees are <25-30 m-high and 300-800 m-wide. 
The frontal distal cliff is up to ~45 m high. The frontal margin, and part of the lateral levees, 
have a hummocky texture and are characterized by longitudinal grooves extending for >1.5 
km into the DAD interior (Fig. 4.10). The DAD elevation is subdued between the lateral DAD 
margins, in medial and distal sections. The DAD internal surface has a smooth texture (i.e. 
internal topographic variations <5 m) suggesting that it is covered by alluvial or volcanogenic 
sediments.  

The DAD covers ~34 km², and corresponds, with an estimated average thickness ~30 
m, to a volume ~1.0 km³ + 0.2 km³ (i.e. error estimated from area and thickness 
uncertainties). The Kerimasi DAD is of an intermediate size between the Zebra and other OL 
DADs, and represents 1-2 % of Kerimasi’s present volume (~50-60 km³; Table 4.3). These 
values are consistent, though slightly higher than those independently extracted from the 
1:50,000 topographic map by Siebert (1984) (i.e. H : 1.05 km; L : 10.5 km; A: 30 km²), and 
consistent with the inferred collapse scar volume, assuming an expansion coefficient of 20 to 
30 %, as commonly estimated for DADs (Voight et al. 1983; Wadge et al. 1995). 
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4.8. Other potential DADs 
 
In addition to the above-described DADs, other DAs probably occurred at OL and Kerimasi. 
Only the most recent DADs are sufficiently preserved to be unambiguously identified. Rapid 
volcano re-growth and further deposit accumulation have masked older DADs. Petrographic 
evidence from field samples suggests that there is another DAD originating from OL’s WNW 
flank. This DAD lacks topographic expression and is associated with a scar almost completely 
filled up by later lavas and pyroclastics (i.e. Donkey DAD; Klaudius et al. 2008). This DAD’s 
clasts are of combeite-wollastonite nephelinite composition, corresponding to Lengai II. 
Additional evidence for DADs was also observed in the Loolmurwak pit crater (Fig. 4.7), 
suggesting emplacement of another DAD at OL’s SE base. More detailed field work is 
needed to further constrain the number, size and time recurrence of DAs at OL and Kerimasi. 

4.9. Discussion  

4.9.1 General morphological considerations 
One of the most striking features of the Zebra DAD is the occurrence of numerous sub-
parallel longitudinal flow ridges. No description of similar km-scale ridges, made of aligned 
individual hummocks, was found elsewhere. The continuous ridges and grooves pattern 
observed at several DADs in the Central Andes (Francis and Wells 1988; van Wyk de Vries et 
al. 2001) and attributed to topographic channelling, do not seem to result from the same 
formation process. The Zebra DA was only weakly laterally confined by topography. Clavero 
et al. (2002) described, for the Parinacota DA, compound hummocks forming ridges up to 
several hundreds of meters long, in the proximal and medial areas of the DAD, with 
orientation parallel, or orthogonal, to the main flow direction. These compound hummocks 
were thought to have formed by amalgamation of individual blocks along the flow direction 
(Clavero et al. 2002). Similar longitudinal lineaments were used as flow direction indicators 
for other DADs (Shiveluch, Kamtchatka; Belousov et al. 1999; Socompa, Chile, van Wyk de 
Vries et al. 2001), but their nature and origin still remain unclear. 

Mapping of the ridges show that they are oriented in weakly diverging directions, 
suggesting that the flow was expanding laterally while moving away from source (Fig. 4.5). 
The spatial distribution of the Zebra DAD suggests that collapse affected a sector at least 70° 

2 km 

WNW ESE 

c. 

Figure 4-10 Kerimasi DAD: (a) SRTM 90 m shaded relief of Kerimasi volcano and the lobate smooth-
textured DAD extending to the ESE; (b) Structural interpretation sketch including lineaments within the 
Kerimasi DAD  levee (c) Topographic profile (vertical exaggeration x 1.5) through Kerimasi summit and SE
flank and across the DAD, along the white line in (a). Stippled lines show inferred pre-collapse topography. 
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wide within the N flank of phonolite Lengai I. Orientations of the Zebra DAD ridges in the 
Z1-area, suggest re-orientation of a NW-NNW directed DA eastwards to a NNE orientation 
following the rift valley’s original topography. Field evidence does not suggest that part of the 
flow hit the rift escarpment at high angle. Deposits at escarpment base and in the few valleys 
incised through it are consistent with DA flow confined to the W and reoriented by that 
topographic barrier toward the NNE.  

The Zebra DAD ridges are interpreted as resulting from alignment in the flow direction 
of the largest DA blocks, by stretching during the acceleration phase followed by deposition 
as velocity started decreasing. As for the Parinacota DAD (Clavero et al. 2002), field 
observations (Klaudius et al. 2008) suggest that the DA was moving as a laminar flow, with 
little friction between blocks. This is consistent with observations of large blocks, internally 
fragmented, but with remnant stratigraphy, close to Lake Natron (Klaudius et al. 2008).  

Compared to the Zebra DAD’s mega-ridges pattern, smaller-scale (10-20 m-wide) 
longitudinal grooves are observed to subdivide the marginal levees and distal front of the 
Oryx and Kerimasi DADs (Figs. 4.8 & 4.10). Series of longitudinal grooves or furrows 
oriented in the direction of DA movement, forming a striated pattern through the external part 
of a DAD, has been observed in the 1964 DAD of Shiveluch volcano, Kamtchatka (Belousov 
et al. 1999). Belousov et al. (1999) proposed that such furrows are produced by DA motion, 
by extensional strain of DA material with unusual rheology. Relative movement of adjacent 
lobes is observed along the lateral DAD margin (Fig. 4.8b), suggesting a significant velocity 
gradient across the flow. In places where such flows encountered a topographic obstacle, the 
entire DA separated into independently-moving lobes, e.g. for the Oryx DAD. The lack of 
large hummocks is consistent with Oryx and Kerimasi DADs (i.e. only small-size hummocks 
within and near levees), being dominated by weakly cohesive low-strength material, most 
probably altered pyroclastics (Francis and Wells 1988). The subsidiary proportion of 
interbedded lava flows can account for the moderate-size hummocks observed in the distal 
part of these DADs. 

 All DAs developed levees. This is an indication that where DA flow velocity 
decreases (e.g. at the margins and ultimately at the flow front), the moving DA material can 
be described as having a yield strength. Wider levees and higher yield strength for the 
Kerimasi DAD, compared to the Oryx DAD, for example, would be expected as a result of 
the greater proportion of fine-grained material. High yield strength is also consistent with the 
development of small-scale furrows and grooves as well as small strike-slip faults developed 
in the levees of DADs at OL.  

4.9.2 Collapse sources and triggering mechanisms 
Thick accumulations of volcanic material around a central vent, with especially steep slopes if 
most of the material is fine-ash size pyroclastics, can ultimately result in failure of a volcano 
flank (Siebert 1984). Flank collapses are more frequent at high volcanoes: 30 % and 10 % of 
volcanoes higher than 2000 m and 500 m high respectively, show evidence for at least one 
collapse event (Francis and Wells 1988). Slope angle is also a major factor. 87 % and 44 % of 
observed collapses affect volcanoes steeper than 20° and 30°, respectively (Siebert 1984). 
Structural factors such as 1) presence of competent lava flow layers between unconsolidated 
pyroclastic deposits (especially with a high dip angle), 2) edifice construction on an inclined 
or faulted basement surface, 3) displacement caused by repetitive dyke intrusions along a 
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preferential direction, or 4) asymmetric flank hydrothermal weathering can contribute to 
instability. In addition, mechanisms such as 5) earthquakes, 6) basement fault movement or 7) 
explosive eruptions are often required to trigger volcano collapse even where unstable flanks 
are present (Siebert 1984, 2002 and refs. therein). 

From the above, OL, Kerimasi and other stratovolcanoes of the East African Rift 
System, are prone to sector collapses because they rise more than 2000 m above the rift valley 
floor and have upper flanks steeper than 30°.  OL is mostly made up of pyroclastics (Klaudius 
and Keller 2006), deeply weathered, especially at the active N crater rim (GVN 1992), by 
near-continuous degassing through the upper flank and, for the last major phase of growth, by 
alteration of the natrocarbonatite lava. OL and Kerimasi are also central volcanoes, with 
maximum accumulation of pyroclastics and lavas at the summit and upper flanks. This 
increases slope angle and leads to gravitational instability. 

Volcanoes of N Tanzania, including OL and Kerimasi, are in a tectonically active 
region. Most recent earthquakes (mb>4, 1964-1990) occurred in the Natron-Manyara-
Balangida rift segment and in its S extension, with focal mechanisms indicating normal 
faulting on planes approximately parallel to rift-bounding faults  (Ebinger et al. 1997; Foster 
et al. 1997). Although OL developed after the main rifting period, the continuing tectonic 
activity is expected to have played an important role in triggering OL collapses, especially the 
large collapse that produced the Zebra DAD. Currently, there is no evidence that a magmatic 
intrusion triggered the Zebra collapse. 

For the large Zebra collapse, there is no corresponding scar preserved in OL flanks as 
later products of Lengai II cover it (Klaudius and Keller 2006). The 2 preserved collapse scars 
at OL are shallow and have a widening upward V-shape, in contrast to commonly observed 
U-shaped amphitheatres cutting deep into edifices. This can be accounted for by observations 
from analogue experiments by Acocella (2005). Unlike deep basal failure, unstable growth of 
a cone’s upper flank, as at OL, causes narrow and shallow collapses. The shallow inclined 
collapse planes (i.e. for Oryx and Cheetah DADs) can also be related to the high dip angle of 
competent lava flow layers within the OL edifice. Similar processes might be valid for the 
shallow, but wider, Kerimasi sector collapse. 

4.9.3 Collapse Orientation 
Flank collapse orientation is strongly influenced by both the local and the regional stress 
regime. Sector collapses occur more commonly at right angle to the main dyke intrusion 
direction, i.e. the direction of maximum horizontal compression σ1 (Siebert 1984). The 
topography of underlying surfaces, internal fault pattern or geometry of internal structures can 
also control collapse orientation. In the case of basement fault movement triggering collapse, 
when the fault underlies the volcano, vertical movement can generate collapse in a direction 
perpendicular to that of the normal fault, whereas strike slip movement tends to lead to 
collapse that is parallel to the fault strike (Lagmay et al. 2000). Recent analogue experiments 
by Wooller et al. (2003) suggested that this relationship strongly depends on the nature of the 
fault movement and on its position relative to the volcano. In contrast to results of Lagmay et 
al. (2000), normal fault movements along inclined planes were found to trigger instability 
parallel to the fault strike (Wooller et al. 2003).  
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Several factors can have contributed to the N orientation of the Zebra DAD. The 
collapse occurred in the direction of the greatest height difference between the OL summit 
and surrounding plain. It is only in this direction that the OL lower flanks were not buttressed 
by any topographic high. OL is also built upon a N sloping sediment plain. In Central 
America, regional slope and topographic buttressing were singled out as the major factors 
governing orientation of collapses (Vallance et al. 1995). Tectonic structures in the Natron 
basin are dominantly oriented in a N-S direction. In addition to the main normal faults 
defining the rift valley escarpment, secondary N-S normal faults are inferred to extend 
beneath OL. South of OL, several NW-SE oriented faults were also identified (Dawson 1992). 
There is no evidence so far to constrain to what extent some of these structures might have 
controlled the N orientation of the Zebra DAD. 

The orientations of the Oryx and Cheetah DADs are attributed to local factors. The 
Zebra collapse caused a shift of the main magma conduit to the N, the later growth being 
originally constrained by the Zebra collapse scar (Klaudius and Keller 2006). Volcanic 
deposits accumulated preferentially on the N flanks, which are currently the steepest. This 
preferential accumulation direction accounts for the N orientation of the Oryx DAD. The E 
orientation of the Cheetah DAD might be related to normal movement along a N-S fault 
cutting through OL. Although the occurrence of such a structure needs to be confirmed, the 
Nasira parasitic cones within the lower N OL flank (Fig. 4.7) are aligned with the direction of 
the collapse scar head suggesting the presence and recent activity of such faults. 

The Kerimasi DAD occurred in a direction sub-perpendicular to the main rift 
escarpment orientation. Insights from experiments (Lagmay et al. 2000) suggest that its 
orientation was controlled, and probably triggered, by normal movement along the main rift 
fault. Kerimasi being partly built upon the rift valley escarpment itself, it is also underlain by 
a steep E oriented slope, favouring instability in that direction. 

4.9.4 Debris-Avalanche Mobility 
Volcanic DAs show higher mobility than non-volcanic landslides. This high mobility has 
been attributed to the availability of hydrothermal and magmatic fluids and to the high 
proportion of pyroclastic material in the source area, facilitating fluid-particle interaction 
(Siebert 2002). The ratio A/V2/3 (Dade and Huppert 1998), where A is the area and V is the 
volume, is approximately 70 for the Zebra DAD, and 30-50 for the other DADs at OL and 
Kerimasi. The Zebra avalanche mobility, in terms of this ratio, is typical of other catastrophic 
DAs of volcanic and non-volcanic origin, whereas the three other DADs display lower 
mobility consistent with a lower volume. The Heim coefficient (i.e. ratio between maximum 
vertical drop H and maximum runout distance L) can also be used to assess the mobility of 
debris flows. Volcanic DAs display H/L ratios varying between 0.06 and 0.2 (Ui et al. 2000). 
The Kerimasi and Zebra DADs have ratios of 0.12 and 0.11, respectively, i.e. typical values 
for medium to large-scale DAs. High-mobility can be ascribed to a high pyroclastics/lavas 
ratio (Fig. 4.11a; Table 4.3). The H/L ratios are similar to values for other medium-sized 
DADs in unconfined topography. The Oryx and Cheetah DADs have a lower mobility as 
measured by H/L, due to their small source volumes (Fig. 4.11a-b) and to the fact that their 
run-out were confined by elevated topography in distal regions, an effect which was 
pronounced for the Cheetah DAD.  
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High DA mobility is probably related to the presence of a fine-grained basal layer 
accommodating most of the shear and deformation, as observed at other DAs (Belousov et al. 
1999; Ui et al. 2000; Clavero et al. 2002). A fine-grained layer was observed at the base of 
the Cheetah DAD, but no outcrop allows observation of such a layer for the Zebra DAD 
(Klaudius et al. 2008). There is no preserved field evidence that any of the DAs transformed 
into lahars. The sharply defined marginal levees and distal margins of the documented DADs, 
except for the Zebra DAD, indicate high yield strength, suggesting that fluid did not play a 
major role in the DA mobility. 
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Figure 4-11  (a) Relationships between maximum drop height (H) and maximum runout distance (L) and (b)
between H/L ratio and the estimated DAD volume for the OL and Kerimasi DAs. Empty diamonds show the value 
documented for DAs at other volcanoes (data from Siebert, 2002). Note logarithmic scales. 
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4.9.5 Some constraints on debris-avalanche flow 
Some constraints on flow velocity can be extracted by considering 1) basic energy 
conservation accounting empirically for energy loss by friction and 2) comparing with other 
DA flows that have been modelled numerically. Basic energy conservation (ρ.g.H = ½ .ρ .v²) 
at a large-volume DAD such as the one at Socompa in Chile (H~3000 m), assuming no 
friction loss, would suggest maximum velocity of 245 m s-1 whereas numerical modelling 
suggested maximum speeds ~100 m s-1 (e.g. Kelfoun and Druitt 2005). At a small-volume DA 
such as the Boxing Day sector collapse in Montserrat (H~1000 m), energy conservation with 
no friction loss suggests maximum velocities of 135 m s-1 whereas maximum velocities of 40 
m s-1 were derived by observations and numerical modelling (Voight et al. 2002). Using the 
differences as empirical scaling factors for frictional loss for large (i.e. Zebra DAD) and small 
volume DA flows (i.e. Kerimasi, Oryx and Cheetah DAD), respectively, maximum velocities 
of ~90 m s-1 (HZebra~2600 m), ~50 m s-1 (HKerimasi~1300 m), and ~60 m s-1 (HCheetah ~ HOryx ~ 
2000 m), are obtained for the Zebra, Kerimasi, Cheetah and Oryx DA flows, respectively. 
Although these estimates are based on the maximum fallout height, and not the height of the 
centre of mass of the collapsing flank, this calculation provides a reasonable range of velocity 
values for the different size DADs at OL and Kerimasi. At such speeds, all the OL DADs are 
expected to have been emplaced within minutes. 

4.9.6 Numerical simulation of the Cheetah debris-avalanche  
For the Cheetah DAD, the deposits are found to onlap to half-way onto the 150 m high Sinja 
Lalarasi (Fig. 4.7) scoria cone 2 km from the DA runout distance (Fig. 4.9). Accounting for a 
flow thickness estimated at 25 m, and using energy conservation neglecting friction loss over 
the very short cone ascent distance (~50 m net ascent), suggests a DA front velocity of the 
order of 32 m s-1. The Cheetah DAD onlaps up to 40 m on the slope of the Loldemo cone 
(Fig. 4.7), located within a few hundred meters of the runout distance. Keeping the same 
assumptions, DA velocity is estimated at 17 m s-1. This suggests that at least this small-
volume DA flow stopped en-masse.  

These simple calculations can be tested using a physically-based numerical model to 
simulate the Cheetah DA flow. The VolcFlow model developed by K. Kelfoun was used. 
VolcFlow uses the depth-averaged granular flow equations in order to provide information on 
the flow behaviour (Kelfoun and Druitt 2005 and references therein). The model solves the 
equations of motion for a granular flow and has the advantage of taking into account basal 
friction, internal friction and volumetric spreading behaviour. The model is based on the 
assumption that the bulk of the avalanche slid on a thin basal layer, which is consistent with 
field evidence for long run-out avalanches. The modelling is constrained by deposit outline, 
run-up (a proxy for velocity) and structures preserved on the surface of the deposit when the 
avalanche ceased motion, such as flow levees. VolcFlow was able to reproduce most of the 
complex surface features observed at the voluminous Socompa DA in Chile (Kelfoun and 
Druitt 2005). 

An accurate knowledge of the collapse failure plane and of the pre-collapse topography 
is required to accurately simulate DA flows. At OL, Cheetah is the only DAD having a well 
enough preserved collapse scar to enable derivation of the collapse failure plane. The Cheetah 
DAD is accurately outlined and its thickness is constrained at its distal front and along the N 
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lateral levees (see section 4.6.2). Morphological features such as lateral levees and deposits 
onlapping cones are further constraints to assess the quality of the simulations with contrasted 
rheology.  

The pre-collapse topography of OL and the surrounding rift valley was reconstructed 
from the 100 feet interval digitized contours of the 1/50,000 topographic map. This 
topographic map is chosen as it provides more details than the SRTM 90 m over steep 
terrains, e.g. at collapse scar headwalls. Small errors in digitalization arbitrarily create breaks-
in-slope within OL steep flanks (Fig. 4.12), but this does not affect the collapse scar 
topography. 

 The contour lines were first edited to remove the DAD (Fig. 4.12) to obtain the 
topography of the terrain on which the Cheetah DA flowed. The topography of the plain at the 
ENE base of OL was reconstructed by interpolating the contour lines between lateral edges of 
the DAD. Thicknesses were assumed to be on average 20 m and to increase close to the DAD 
front, based on observations of lateral levee height and DAD volume (Table 4.3, section 4.6). 
This resulted in a regular topography gently sloping E. The DAD that was removed from the 
topography had a volume of 0.194 km³, consistent with estimations given in Table 4.3. The 
accuracy of the DAD thickness map obtained (Fig. 4.12) could be improved using higher 
spatial resolution topographic data in order to render surface features such as flow lateral or 
internal levees. Some material included in the DAD thickness map is actually not part of the 
DAD, but is made up of sediment accumulated against the S DAD edge due to damming of 
the river network (Fig. 4.12). 

 Pre-collapse topography of the OL NE flank was reconstructed by interpolating 
contour lines across the collapse scar. The edges of the narrow collapse scar are sufficiently 
sharp to enable definition of a smooth flank (Fig. 4.13). It is probable that the pre-collapse 
flank presented topographic irregularities, e.g. gullies, thick lava flows, as observed on other 
flanks, but evidence is lacking to constrain those. Subtraction of the pre- collapse topography 
from the post-collapse topography provides an estimate of the collapsing material volume at 
0.155 km³. This suggests an expansion of 20-25 % of the material during avalanching. This is 
similar to what has been estimated for other DAs (Voight et al. 1983; Wadge et al. 1995). 

DEMs with a 50 m spatial resolution are derived, for the reconstructed pre-collapse 
topography and the topography of the collapse failure plane without the DAD, by 
interpolating between the edited contours, using the Triangular Irregular Network method 
(TIN). These two DEMs are input files of the VolcFlow model, together with a set of physical 
parameters. The physical parameters are: ρ the avalanche density, internal angle of friction 
φint, basal angle of friction φbed, and the friction coefficient which can be constant or can 
depend (linearly or to the second power) upon DA velocity. This enables to model frictional 
(with one or two friction angles), viscous, Bingham, Voellmy, or other avalanche flow 
behaviours (Kelfoun and Druitt 2005). The Cheetah DA was modelled using different 
rheological laws and a range of parameter values. Flow density was kept constant at 2000 kg 
m-3, a value consistent with deposit density observed in the field. A mask was used to 
constrain the initial direction of the flow based on the collapse scar morphology (Fig. 4.14). 
The need to use this mask is explained at the end of this section. The quality of the 
simulations was assessed based on their ability to match the flow runout and deposit 
distribution, as well as some morphological features such as lateral levee and complex front 
topography.
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Figure 4-12 100 feet contour interval digitized from 1/50,000 topographic map of Oldoinyo Lengai and surrounding plain; (a) 
Current topography; (b) inferred topography without Cheetah DAD; (c) Cheetah DAD thickness map derived by subtracting a 
DEM derived from (a) from a DEM derived from (b). Note that the material (black arrow) to the SW of Sinja Lalarasi cone 
(Fig. 4.7) is not part of the DAD itself but is formed by sediment accumulation against the DAD edge (black stippled line). 
Positive thickness values on OL SW flanks are artifacts of the derivation method. 
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Figure 4-13 100 feet contour interval digitized from 1/50,000 topographic map of Oldoinyo Lengai; (a) Reconstructed 
topography of the Cheetah failure surface; (b) inferred pre-collapse topography; (c) Thickness of the collapsed material in the scar 
derived from subtraction of 50 m spatial resolution DEM derived from (a) off (b). 
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The frictional avalanche rheology was first tested using three possible combinations (1) 
φbed << φint = 30°; (2) φbed ≠ 0° but φint = 0°; (3) φint = φbed

 ≠ 0° (Kelfoun and Druitt 2005). 
φbed can intuitively be considered as the angle of repose of the DA material, i.e. the slope 
angle on which the material can rest without flowing. φint enables to account for the formation 
of DAD surface features such as hummocks. Most of the scenarios do not tend to simulate the 
DAD accurately. Main problems are that high frictional coefficients (φbed

 and φint) reduce the 
runout excessively whereas low basal friction (φbed) forces the avalanche to flow down any 
slope steeper than the φbed value (2.5-5°). A good match is obtained when setting φbed and φint 
to 10°. Similar results are obtained when using only φbed = 10°. Runout distance is closely 
matched together with massive deposition at base of Sinja Lalarasi and Loldemo cones (Fig. 
4.7). This model fails to reproduce lateral levees or proximal deposits on OL lower flanks. 
The flow is also observed to spread excessively northwards. 

We tested the Voellmy rheology which consists of a frictional stress plus a positive 
stress term proportional to velocity squared (Kelfoun and Druitt 2005). This rheology allows 
simulation of the run-out distance but does not accurately reproduce proximal deposits, 
deposition on steep slopes or thick lateral edges.  

Using a constant retarding stress in the range of 50-100 kPa, Dade and Huppert (1998) 
observed that models produce good fits for a large number of real avalanche. Kelfoun and 
Druitt (2005) also argued that, unlike the frictional rheologies, this constant retarding stress 
law, which introduces a positive yield strength in the DA flow, produces a deposit with a well 
defined edge and leaves a deposit of realistic thickness on all slopes, irrespective of slope 
angle. Surface structures at Socompa could be reproduced by VolcFlow using this law 
(Kelfoun and Druitt 2005). For the Cheetah avalanche case, a constant retarding stress of ~75 

Figure 4-14 Illustration of the mask used to constrain the simulated 
Cheetah avalanche flow in its initial phase. In the model, the 
avalanching material is not allowed to flow into any pixel covered by 
the mask (black color). The mask outline follows the collapse scar 
along OL’s flank and narrows downward, to force the avalanche to 
exit through the narrow collapse scar lower point. 
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kPa is needed to match the observed DAD outline. This model enables to reproduce ~20 m 
thick proximal deposits and ~25-30 m high lateral levees. Material deposition on the slope or 
at the base of Sinja Lalarasi cone is however underestimated and thickness at the DAD front 
is less than 40 m, where it has been observed to be 70 m in the field. 

The best fit is obtained for the Cheetah DAD when combining a constant retarding stress 
with friction angles. This is illustrated in Fig. 4.15 for a constant retarding stress of 45 kPa, φbed = 
3° and φint = 10°. We do not consider this set of parameter to be necessarily an accurate 
rheological description of the avalanche. For example, the avalanche may exhibit a complex time-
dependent and spatially variable mechanical behaviour, with the simulated conditions 
representing some average value of a retarding stress that varied with time during run-out. 

This best fit model illustrated in Fig. 4.15 is able to reproduce the flow orientation and 
the general outline of Cheetah DAD, even though the position of the N margin is not 
everywhere matching the mapping of Fig. 4.12. Thickness of the simulated DAD is of the 
order of 10-25 m in the proximal and medial parts and reaches 50-60 m at the base of cones 
against which the flow stopped. This corresponds to the field observation of a 70 m high 
accumulation of avalanche material in the DAD distal part. The simulation produces a 30-40 
m high lateral levee in the N distal part of the DAD, slightly higher than inferred from 
observation of the present DAD topography. The simulated avalanche impacts on Sinja 
Lalarasi and Loldemo cones and deposits on their lower flanks. DA flow drainage down the 
steep cones forms a curved ridge around the Sinja Lalarasi cone base, consistent with the 
alignment of blocks observed on airphotos (see section 4.6.2). Backward flow forms a 
topographic ridge close to the DAD flow front and an irregular topography in the DAD distal 
part (Fig. 4.15), consistent with present field topography.  

Fig. 4.12 also suggests thick accumulation of blocks in the proximal DAD. These are 
not simulated by the model. Those blocks, which have not been checked in the field, could 
form by coherent movement of blocks in the last phase of the avalanche, a process that is not 
modelled by VolcFlow.  

 The best fit model constrains the DA flow velocities (Fig. 4.15). Velocities of up to 100 
m s-1

 are derived after the initial acceleration phase (Fig. 4.15b, t = 45s). Similar values are 
obtained using different model rheologies accurately reproducing the avalanche runout. When 
impacting the Sinja Lalarasi and Loldemo cones, the simulated flow velocities are of the order 
of 40-50 m s-1 and 25-30 m s-1, respectively, in relatively good agreement with values derived 
from avalanche runup observations. All models closely matching available constraints suggest 
that the flow emplaced in less than 3 minutes (i.e. 150 s for the best fit model) and that the 
flow emplaced en masse when reaching the cone barrier. 

The mask was needed to constrain the flow in its initial stage, in order for the flow to 
have the observed orientation. This, together with the unusual morphology of the collapse 
scar, suggests that the avalanche was channelized by an existing topographic depression or 
that the collapse involved successive displacement of several blocks, the lower one moving 
first and controlling the collapse orientation of the upper ones, as inferred for the Socompa 
DA (Wadge et al. 1995). 
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4.9.7 Implications for hazards  
 
Immediate implications pertaining to the DA risk can be considered. Repetitive magma 
intrusion within small shallow magma reservoirs (Pyle et al. 1995) and eruptive activity can 
generate instability within OL. As noted by Jones (GVN 1992), the rapid summit crater 
infilling leading to gravitational loading onto the crater wall and hydrothermal alteration, are 
two key factors that can favour crater rim collapse and produce shallow DA affecting OL’s 
upper flanks. Progressive lava accumulation onto the steep upper flanks of OL, covering 
unconsolidated pyroclastics from the last explosive eruptions, also favours flank instability. 
The N and NW upper flanks presently have slopes steeper than 40°, and are thus the most 
prone to shallow landsliding.  

OL is now rebuilt to a size similar to that which it must have had before the Zebra DA, 
and the now buried collapse scar corresponding to the Zebra DA could act as a future failure 
plane. Since 2000, radial fissures have also been observed to develop within the crater floor 
(Keller 2002; Keller and Klaudius 2003). Some cracks were up to 1 m wide, several meters 
deep, and extended across the N and W crater rims tens of meters down onto the flanks (GVN 
2000, 2002). The recent earthquake swarm in the region (i.e. in July 2007) and the tremors 
associated with the new explosive eruptions starting at the end of 2007 are other factors that 
can contribute to upper flank instability. The possibility of a collapse event in the future 
cannot be ruled out. The rapid growth of an ash cone to the edge of the active crater can also 
cause small-scale ash flows on the flanks, especially during heavy rainfall, as observed in 
February 2008. 

Field and RS observations of the Cheetah DAD and the main S-N drainage orientation 
in the rift valley suggest that the Cheetah DAD dammed drainage originating from OL, 
Kerimasi and Gelai. Water accumulated upstream of the N levee forming at least two lakes 
from the two main rivers. After water accumulation and sediment deposition, water pressure 
against the levee was ultimately sufficient to breach it. Such mudflow-generating breaching 
events must have been intense. These are another hazard associated with sector collapses. 

Figure 4-15 Snapshots from the best fit simulation for the Cheetah avalanche flow. (a) Flow thickness, in 
meters; (b)  flow velocity in m s-1. The model uses a constant retarding stress of 45 kPa and friction angles: φint 
= 10° φbed = 3°.  Note on (a) the material backflow between t=120 s and 150 s. Flow velocity drops rapidly 
once the flow reaches the cones at Gelai base. 
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4.10. Conclusions 
 
From integration of field and RS observations, several conclusions can be drawn about OL 
DAs. The geometry and composition of the identified DADs distinguish three different 
depositional areas (Table 4.2). Taking into account the collapse scar morphologies and 
available dating, the following chronology for the OL collapse events can be given: 1) Zebra-
DAD; 2) Oryx-DAD, 3) Cheetah-DAD, although the age of the Oryx-DAD remains to be 
constrained. OL collapses appear to mark at least three major events in the volcano’s 
evolution within the last 10 ka with rapid subsequent reconstruction. For the two most recent 
events, evidence suggests shallow collapses. The N-directed shallow collapse (Oryx-DAD) 
was triggered by unstable growth of the upper N flanks, whereas seismicity along normal 
faults is the proposed triggering mechanism for the E-directed collapse (Cheetah-DAD). The 
larger volume collapses at OL and Kerimasi, affecting larger portions of the constructs, were 
probably triggered by tectonic movement associated with intense earthquakes and may have 
triggered sub-plinian explosive eruptions. 

The morphological features of the DADs provide information about the processes of 
DA formation and emplacement and enable to constrain a numerical model for the Cheetah 
DA that simulates realistically the observed DAD. The DADs documented at OL and 
Kerimasi display contrasting morphological characteristics. The linear alignments of large 
hummocks for the Zebra DAD is interpreted as resulting from the high proportion of lava 
blocks and from the non-uniform velocity profile across the DA. The smoother topography 
and the longitudinal grooves through the marked flow levees of the Kerimasi and Oryx DADs 
are interpreted to have resulted from the high proportion of pyroclastic material, smaller scale 
and general lack of large high-strength blocks in the collapse source. 

Continued activity from a central vent, and recent observations of radial fracturing 
within the active crater and upper flanks suggest that flank collapses can be expected in the 
future at OL. DAs are one major hazard for the area between OL and Lake Natron. The OL 
region is important for the local, already-threatened, Masai herders. It is also now an 
important focus for eco-tourism. The results of this study highlight the need to routinely 
monitor ground deformation and seismic activity at OL to anticipate volcano collapse and to 
mitigate the impact of such events. An ongoing effort (i.e. SAMAAV project, led by F. 
Kervyn) investigating the possibility of monitoring ground deformation with radar 
interferometry and GPS surveys has been developed for that purpose. The possibility of 
developing basic seismic monitoring should be investigated in the near future. The recent 
explosive eruptive phase makes this need for seismic monitoring event more urgent. Unstable 
growth of an ash cone in the summit area and continuous tremor are adding to the instability 
of OL upper flanks. 

In absence of ground monitoring at OL, RS has the potential to provide some 
information about the state of activity at OL and to detect important changes in its eruptive 
behaviour by monitoring its thermal emissions. This approach is developed and tested in 
chapter 5. 
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Chapter 5. Thermal Remote Sensing of the low-intensity Carbonatite 
Volcanism 

 
Near-real time thermal monitoring of active lavas developed rapidly during the last decade 
with the advent and increasing use of low spatial and high temporal resolution sensors, such 
as AVHRR (Bonneville and Gouze 1992; Harris et al. 1997; Oppenheimer 1998; Carn and 
Oppenheimer 2000; Dehn et al. 2000; Lachlan-Cope et al. 2001; Dehn et al. 2002; Galindo 
and Dominguez 2003; Pergola et al. 2004) and GOES (Harris and Thornber 1999; Harris et 
al. 2000; Schneider et al. 2000; Harris et al. 2001; Harris et al. 2003). Since the launch of the 
Terra (1999) and Aqua (2002) satellites of the National Aeronautics and Space 
Administration (NASA) Earth Observing System (EOS) program, the Moderate Resolution 
Imaging Spectroradiometer (MODIS) sensors have been providing daily images of the Earth’s 
surface in 36 bands. Automated hotspot detection has since been implemented by the so-
called MODVOLC algorithm using night-time and daytime scenes acquired by MODIS to 
systematically identify and record location and intensity of hotspots (Flynn et al. 2002; 
Wright et al. 2002, 2004), as explained in the third section of this chapter. The automated 
MODVOLC method proves very useful to monitor activity of large (i.e. km-scale) lava flow 
fields (e.g. Nyiragongo; Wright and Flynn 2003) and actively growing lava domes and lava 
lakes (Wright et al. 2004), especially at remote volcanoes for which it often provides the only 
documentation of activity (Rothery et al. 2005). The MODVOLC method is however 
currently limited when it comes to monitoring highly discontinuous activity (such as 
strombolian or vulcanian activity), low intensity anomalies or effusive events with low 
discharge rates (Wright et al. 2004).  This is a result of the sensitivity of the algorithm being 
set so as to consider global hotspot activity with minimal false detections (Wright et al. 2004). 
As a result of the small size and low temperature of lava flows, MODVOLC is not able to 
detect usual thermal activity at OL. It is shown here that the MODVOLC method can be 
adapted to enable detection of thermal activity, and more specifically to retrieve the relative 
variation in thermal activity at OL. 

This chapter is organized as follows. First, thermal activity at OL is described. Using 
simplifying assumptions, the expected effect of this activity on the radiance recorded in the 
mid-infrared bands by MODIS is modelled. Second, the MODVOLC algorithm is briefly 
described and its limitations for application to an OL-style hotspot are illustrated. An adapted 
version of the algorithm (MODLEN) for local, volcano-specific, utilization is then developed 
and tested against field data and moderately high resolution satellite images at OL. The results 
from applying the MODLEN algorithm to over 4000 scenes, from 2000 to 2008, are presented 
and analysed in terms of occurrence versus non-occurrence of thermal activity and in terms of 
relative variation in eruption intensity. The effect of environmental factors such as earth tides 
and atmospheric pressure on temporal distribution of activity is analyzed. Finally, the 
potential use of the MODVOLC/MODLEN algorithms for routine, semi-automated thermal 
monitoring at OL, and at other volcanoes, is discussed.   

5.1. Thermal emissions of Oldoinyo Lengai 
In 1983, after 16 years of quiescence, OL started erupting natrocarbonatite lava onto the floor 
of its northern crater (Nyamweru 1990). This rare magmatic composition is associated with 
extremely fluid lava flows (low apparent viscosity: 10-2-102 Pa s; see Dawson et al. 1990; 
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Wolff 1994; Pinkerton et al. 1995; Norton and Pinkerton 1997 for discussion) at relatively 
low temperature. Temperature measurements of lava flows made in the field using handheld 
thermo-couples, produced estimates within the 500-600°C interval. Krafft & Keller (1989) 
measured lava temperatures between 495 and 544°C and Dawson et al. (1990) and Pinkerton 
et al. (1995) estimated lava temperatures at 585 ±10°C. Similar eruption temperatures have 
also been measured in more recent years (GVN 2004) with maximum temperatures for lava 
flowing in a tube being 588°C and minimum temperatures for lava still in slow motion being 
496°C. This is in agreement with experiments by Norton & Pinkerton (1997), where the lava 
began to crystallize nyerereite and gregoryite minerals at ~600-640°C and the groundmass 
(i.e. including sylvite, fluorite, barite, Cl-rich nyerereite; Dawson et al. 1990) crystallized 
between 470° and 530°C. Eruption rates are also relatively low. From their observations in 
November 1988, Dawson et al. (1990) reported a maximum effusion rate of 0.3 m3 s-1 and an 
average of 2×10-3 m3 s-1, while effusion rate estimates of up to 5-10 m3 s-1 are only reported 
for unusually intense activity (GVN 1992, 2004; see chapter 6). 

Until the start of the explosive eruptions in September 2007, OL’s North crater floor, 
upon which activity is concentrated, contained several hornitos (i.e. 1-25 m high steep spatter 
cones) and lava pools, from which activity originated (Fig. 5.1), and whose morphologies, 
locations and number (although usually less than 25) could change from year to year (see 
Nyamweru 1990, 1997). Eruptive activity included intense magma degassing from lava pools, 
intermittent lava fountains up to 30 m high and effusion of pāhoehoe lava flows (Fig. 5.1). 
Typical lava flows were 100-200 m long, 5-20 m wide and 5-10 cm thick (Nyamweru 1997) 
and were associated with effusion rates lower than 0.04 m³ s-1. Thicker flows (1-2 m) with 
‘a‘ā surface morphologies formed at higher effusion rates (≥0.2-0.3 m³ s-1) as observed by 
Dawson and co-workers during their visit at OL in 1988 (Dawson et al. 1990; Pinkerton et al. 
1995).  

In June 1993, a series of explosive eruptions emitting mixed carbonatite-silicate ash, 
produced dark ash clouds that deposited a thin ash blanket on the upper volcano flanks and 
formed several ash cones within the southern part of the north crater (Nyamweru 1997). 
Associated with this explosive activity, Dawson et al. (1994) described the occurrence of two 
unusually thick (3-6 m), voluminous (4-10×104 m3) and viscous ‘a‘ā lavas with a mixed 
silicate and natrocarbonatite composition. These were emitted at low effusion rates estimated 
at 3-8×10-2 m3 s-1.  

Satellite thermal monitoring of volcanoes is based on the detection of radiance emitted 
by sub-pixel high temperature surfaces in the short-wave infrared (SWIR: 1-4 µm), mid-
infrared (MIR: 3-4 µm) and thermal infrared (TIR: 8-12 µm) range of the electromagnetic 
spectrum (Rothery et al. 1988; Oppenheimer 1991; Oppenheimer et al. 1993; Harris et al. 
1997). Assuming an emissivity of 1 and neglecting atmospheric effects, the effect of varying 
sub-pixel fractional coverage by hot lava at a given temperature on the recorded radiance can 
be modelled using the Planck function (Fig. 5.2). At night, a surface at 12°C (i.e. average 
ambient surface temperature for OL summit; C.Weber, pers. comm.), has an emission peak in 
the 8-12 µm range with insignificant emission in the SWIR. The position of this emission 
peak shifts towards shorter wavelengths as temperature increases (Rothery et al. 1988; 
Lillesand and Kiefer 2000). A body at 1200°C (i.e. extrusion temperature of basaltic magma) 
has a maximum emission at 2.5 µm, whereas for OL lava (~550°C), it is around 3.5 µm (i.e. 
in the MIR).  
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Peak emission intensity also increases with temperature (Rothery et al. 1988; Lillesand 
and Kiefer 2000). This means that a small proportion of lava (e.g. 0.05 %, corresponding to a 
500 m² flow within a 1000×1000 m² MODIS pixel) at 1200°C, within a surface at background 
temperature (12°C) has a proportionately large contribution to the pixel-integrated radiance at 
4 µm (causing an increase of 3.5 W.m-2.sr-1.µm-1). However, this effect is much weaker if the 
lava is at 550°C (increasing the pixel-integrated radiance by merely 0.7 W.m-2.sr-1.µm-1). 
Thus a natrocarbonatite flow has to be 4 times more aerially extensive than a basaltic flow to 
produce a similar effect on the pixel-integrated radiance at 4 µm (Fig. 5.2). Although this 
simple model does not account for effects of lava flow crusting or contrasted cooling rates 
(i.e. natrocarbonatite flows cooling up to 10 times slower than basaltic ones of comparable 
dimensions, field estimates of the thermal diffusivity of thin natrocarbonatite flows being of 
the order of 4-5×10-8 m² s-1; Dawson et al. 1990; Pinkerton et al. 1995), it illustrates that sub-
pixel hotspots for these natrocarbonatite flows will tend to be less intense than those for the 
more usual lava flow temperature range (~800-1200°C) (e.g. Harris et al. 1995a; Harris et al. 
1997). Sensors at all wavelengths will thus tend to be less sensitive to natrocarbonatite flows; 
an effect which is exacerbated by the fact that natrocarbonatite flows are relatively small in 
terms of size, volume and eruption rate. This explains why these small flows often go 
undetected by MODVOLC. 

Thermal emissions of natrocarbonatite lava at OL were first detected using thermal RS 
by Oppenheimer (1997). Using bands 5 (1.55-1.75 µm) and 7 (2.08-2.35 µm) of a single 1984 
Landsat TM scene, Oppenheimer (1997) illustrated that, although natrocarbonatite lavas are at 
low temperature and cover only small surface areas, they can be detected in the SWIR. This is 
due to the high spatial resolution (30 m) of the Landsat TM SWIR bands. Based on the 
difference in the summed radiance for all hot pixels in bands 5 and 7 and an emissivity 
estimated at 0.9, using reflection spectra, Oppenheimer (1997) derived an estimate for the 
lava surface temperature of 540°C. Assessing the potential of high temporal resolution, low 
spatial resolution AVHRR band 3 (3.55-3.93 µm) data to monitor the eruptive activity, 
Oppenheimer (1997) reported the visual identification of a hotspot on only one of the 24 
scenes scrutinized. He nonetheless argued at that time that the new-coming sensors could 
open the scope for systematic monitoring at OL. What Oppenheimer envisaged then is 
precisely what is being explored further hereafter. 
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Figure 5-1 (a) Photo of the 450 m-wide Lengai North active crater, taken from South on July 28, 2001. 
~15 hornitos cover the crater floor. Several of them can have mildly explosive or effusive activity at the
same time. White colour is due to rapid alteration of natrocarbonatite lava. A fresh lava flow (black 
coloured) originating from a central hornito extends all the way to the S crater wall (~200 m long). 2 ash
cones, formed by explosive eruption in 1993 are visible in the foreground and to the East of the crater,
respectively. The white arrow marks the 8 m- high hornito T51, also visible in (b). (b) Active vent (T49F) 
within OL summit crater emitting a 8 m high lava fountain (photo looking West on August 9, 2002). 
People in the background stand on the West crater rim, ~150 m away. Intermittent lava fountain <30 m 
high and low viscosity lava flows <200 m long, 10-20 m wide and <0.5 m thick are typical activity at OL.
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Figure 5-2 Planck curves for a range of blackbody surfaces. Curves for thermally homogeneous surfaces exhibit an 
increasing slope between 4 and 12 µm. This relationship breaks down for pixels containing sub-pixel-sized radiators, as the 
amount of radiance emitted at 4 µm increases faster than that at 12 µm (f1 and f2: proportion of pixel at temperature T1 and 
T2, respectively). Notice that a hot material covering only 0.05 % of a pixel (500 m² within a MODIS 1 km pixel) has a 
marked 4 µm peak at 1000°C (basaltic lava), less well marked at 550°C (natrocarbonatite lava). The NTI value (Normalised 
Thermal Index) is a ratio between radiance at those 2 wavelengths (R4µm-R12µm)/( R4µm+R12µm). 
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5.2. MODVOLC and thermal monitoring 

  
The MODVOLC algorithm was developed at the Hawaiian Institute for Geophysics and 
Planetology (HIGP) by Flynn et al. (2002) and Wright et al. (2002; 2004). As described by 
these authors, it is a necessarily simple algorithm which can be applied to all MODIS scenes 
acquired by the Terra and Aqua satellites and arriving at the NASA Distributed Active 
Archive Center (DAAC) with the objective of detecting global hotspot activity and of 
recording the pertinent data (i.e. location and spectral data). It takes advantage of the 
differential effect of a small proportion of hot material within a pixel on the radiance in the 
MIR and TIR wavelength bands (Harris et al. 1995b; Higgins and Harris 1997; Harris et al. 
2001). The main characteristics of the MODVOLC algorithm are briefly summarized from 
Wright et al. (2002; 2004) in the following paragraphs.  For a more detailed description and 
discussion of this algorithm, see Wright et al. (2002; 2004). 

For each pixel of any night-time MODIS scene, the algorithm derives the Normalized 
Thermal Index (NTI) from radiance values in bands 21 or 22 (3.95 µm) and 32 (12 µm) as 
follows: 

  

      
 (5.1) 

Or, if band 22 is saturated, from  

 

       
 (5.2) 

MODIS bands 21 and 22 cover the same wavelengths (3.929-3.989 µm) but band 21 is 
sensitive to higher temperatures, and thus saturates less easily (i.e. band 21 and 22 saturate at 
~500K and ~330K respectively). From empirical analyses of data for known lava lakes and 
lava flow fields, Wright et al. (2002) derived a threshold NTI value of (-0.80) to discriminate 
abnormally hot pixels, i.e. if NTI was greater than this value, then a hotspot status is assigned. 
The value of the threshold was set sufficiently high so as to be valid worldwide and to avoid 
false alerts. The consequence is that a true thermal anomaly of relative small intensity might 
not be recorded. Also, to run on a near-real time basis at NASA (i.e. data being available a 
few hours after acquisition), the algorithm had to be restricted to 8 processing steps and a 
single threshold had to be used (Wright et al. 2002). The algorithm was thus necessarily 
simple. MODVOLC is a point operation, i.e. anomaly at one pixel is detected solely based on 
the radiance measured for that pixel. No temporal or spatial derivative, as used by previous 
workers (e.g. Higgins and Harris 1997), could be implemented.  

Once detected, the information for the hotspot pixels is automatically recorded in a text 
file (Wright et al. 2002). The recorded information includes the geographical coordinates of 
the pixel centre and the radiance values in several bands, including bands 21, 22 and 32. 
These data are stored at HIGP and is freely available on the MODVOLC website 
(http://modis.higp.hawaii.edu/).  
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In order to investigate thermal emissions at OL, all the hotspot alerts covering OL were 
downloaded from the MODVOLC website from December 1999 to September 2005. Because 
of OL’s position, i.e. close to the Equator (2.76° S), it is not imaged every night by MODIS; 
on the Equator, band swaths are separated by a few hundred kilometres, so sometimes gaps in 
coverage occur at these latitudes (Masuoka et al. 1998). Data collection for a year long period 
showed that, at this latitude, an average of 3 scenes are lacking every two weeks. 

We first analysed all MODVOLC hotspots for the entire volcano area (2.7° to 2.82° S; 
35.87° to 35.96° E). This search returned 40 hotspot pixels over the region on 13 different 
days and 17 different scenes with NTI up to -0.104. Knowing that bush fires are common on 
OL’s outer flanks and that activity since the mid 1990s has been restricted to the northern 
crater with rare, narrow and short lava overflows over the N, NW and NE rims, the search 
was further limited within ~1.5 km of the North crater centre (2.745° to 2.775° S; 35.9° to 
35.93° W). This search returned only 9 hotspot pixels on 6 different days with a maximum of 
3 hotspots detected on the same scene (Table 5.1). Since the geolocation information of the 
MODIS data has been shown to have an accuracy better than 0.3 km (Wright et al. 2004), no 
volcanic hotspot can be overlooked by this selection. 

Hotspots on three dates have been associated with unusually large volume lava flows 
(such as would be associated with high effusion rates) that covered up to 50 % of the crater 
floor surface and were associated with exceptionally vigorous lava fountains. These events 
were reported on 21 July 2001 (GVN 2000, observations made 2 days later on July 23), 15 
July 2004 (GVN 2005b, accompanied by bush fire initiated by lava) and 20 July 2005 (Belton 
2006). Intense activity and bush fires, likely caused by overflowing lava, were also reported 
on 26 September 2002 (GVN 2002) and would account for the alert on September 27, 2002. 
These observations are consistent with the fact that a total of 12 hotspot pixels for the two 
MODIS night-time scenes for that day fall on the NE flank of OL, and extend from the 
summit to the lower flank. No field reports are available to validate hotspots detected during 
November 2002 or September 2004, although their location strongly suggests a volcanogenic 
origin. In summary, from December 1999 to September 2005, the MODVOLC algorithm has 
only be able to detect hotspots which can be correlated with particularly intense levels of 
activity. The NTI values for the pure volcanic hotspots range between a maximum of -0.6 and 
the threshold value of -0.8, with higher values being associated with bush fires.  

This brief analysis illustrates the limitations of the MODVOLC algorithm to detect low 
intensity thermal anomalies at sites like OL, and thus to routinely monitor persistent but low 
level activity. Field reports indeed describe almost-permanent activity in the summit crater 
with highly varying intensity, from gently degassing lava pools, to eruptions of lava fountains 
and 100 m long lava flows from several vents. The low detection rate of the MODVOLC 
algorithm is due to its low sensitivity and to the low radiant intensity of the natrocarbonatite 
flows; a result of their low temperature, small spatial coverage and low effusion rate (<0.3 m³ 
s-1). Also, periods of higher intensity activity often last from several tens of minutes to a few 
hours, and do not always match the timing of the two MODIS night-time acquisitions at 22.00 
and 02.00, local time, for the Terra and Aqua platforms, respectively. The frequent cloud 
coverage in this equatorial region also prevents the satellite from detecting all hotspots. A key 
limitation of the MODVOLC outputs is that they do not enable to assess the magnitude of the 
cloud coverage effect. Although MODVOLC flags intense and significant events that 
coincide with a cloud-free pass, the MODVOLC algorithm is thus not sufficiently sensitive to 
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routinely monitor thermal activity corresponding to OL-style anomalies. However, the 
MODVOLC algorithm can be adapted to overcome some of these problems, as presented in 
the next section. 

 

5.3. MODLEN: An adapted algorithm 
 
Visual observations of MODIS scenes for nights on which no MODVOLC hotspots were 
detected, but for which field reports or moderately high spatial resolution images (ASTER, 
Landsat) point to intense eruptive activity, showed single pixel thermal anomalies in MODIS 
4 µm data falling at OL summit (Fig. 5.3). A high radiance pixel at OL’s summit can often be 
spotted in Band 22 by virtue of it being surrounded by a ring of lower intensity pixels, caused 
by the low surface temperatures encountered on the lava-free and relatively elevated (900-
2900 m a.s.l.) volcano flanks. Band 21 or 22 radiance at 4 µm is, however, rarely much higher 
than that recorded for ambient pixels covering the rift valley, at lower elevations (500-900 m 
a.s.l.). It is thus not surprising that a globally orientated algorithm such as MODVOLC does 
not detect this thermal anomaly at OL’s summit. As illustrated by Fig. 5.3b, computing the 
NTI value, as defined by Wright et al. (2002), allows discrimination of the summit hotspot 
pixel from ambient pixels on the lower volcano flanks.  

NTI values are however still significantly correlated with the land elevations (i.e. 
related to the vertical temperature gradient, Fig. 5.3b). This elevation-related gradient in NTI 
values causes low intensity, but unambiguously, hot pixels at OL’s summit to remain 
undetected, because they cannot be discriminated from values derived for lower-lying (rift 
valley) pixels. Thus, following Harris et al. (1995b), Higgins and Harris (1997) and Kaufman 
et al. (1998), to identify these hotspots, the value of the hot pixel is quantitatively compared 
with the values from the surrounding pixels. 

These observations resulted in an adapted MODIS hotspot detection algorithm, called 
MODLEN that can be applied locally to MODIS scenes to detect and process low intensity 

MODVOLC ALERTS         
Sensor Date  Time Lat Long NTI B21 B22 B32 Field Observations 

          
Terra 07-21-2000 20:40 35.916 -2.764 -0.763 0.776 0.766 5.702 Large volume lava flow 
Terra 09-27-2002 20:40 35.903 -2.750 -0.432 3.044 Saturated 7.668  
Terra 09-27-2002 20:40 35.927 -2.745 -0.619 1.960 1.804 7.660  
Terra 11-27-2002 20:10 35.912 -2.761 -0.792 0.628 0.777 6.708 Bush fire caused by 

lava overflowing OL 
crater rim 

Terra 07-15-2004 19:40 35.905 -2.760 -0.648 1.551 1.565 7.324 Large volume lava flow 
Terra 07-15-2004 19:40 35.893 -2.759 -0.742 1.000 1.098 7.406 Large volume lava flow 
Terra 07-15-2004 19:40 35.916 -2.756 -0.736 1.113 1.100 7.241 Large volume lava flow 
Aqua 09-30-2004 11:20 35.905 -2.766 -0.542 3.690 Saturated 9.468  
Aqua 07-20-2005 22:25 35.892 -2.752 -0,752 1.035 1.028 7.249 Large volume lava flow 

Table 5-1 Hot spots detected by the MODVOLC algorithm (i.e. only 9 alerts) since December 1999 with centre 
pixel coordinates within ~1.5 km of the active crater of OL. Principal information provided by the alert files and 
field observations are summarized in the Table (see text for discussion). Lat, Long: Coordinates of the centre of 
the pixel in Decimal Degree; NTI: Normalized Thermal Index; B21, B22, B32: Radiance values for MODIS 
bands 21 & 22 (both at 3.95 µm) and 32 (12 µm). 
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hotspots (Fig. 5.4). This algorithm was calibrated and validated using more than 20 scenes for 
which visual inspection and field observations confirmed the occurrence of a thermal anomaly 
at the volcano summit (Fig. 5.5; see next section). It was subsequently applied to more than 
4000 scenes. The MODLEN algorithm presents four main differences compared to the 
original MODVOLC algorithm developed by Wright et al. (2002). These four differences are 
briefly presented and rationalized. 

5.3.1 Subscene selection and extraction 
The first step of the MODLEN algorithm is to extract from the original MODIS scene a data 
subset of ~12×12 km centred on OL summit for bands 21, 22 and 32. This subset is defined 
by the minimum and maximum latitude-longitude values for the OL volcano including its 
lower flanks. All pixels, for which centre coordinates fall within these values, are included in 
the subset. This reduces the amount of data handled by the algorithm in order to minimize 
processing time and reduce risks of detecting non-volcanic thermal anomalies (Harris et al. 
2002). Because MODIS geolocation data has an accuracy of ~300 m (Wright et al. 2002), the 
subset will include any volcanogenic hotspot caused by OL’s activity. As with the algorithm 
of Harris et al. (1995b), the size and central location of the subset can be adjusted to allow 
application at other locations or to other hotspot scenarios, such as wild fires (e.g. Harris 
1996). 

5.3.2 NTI threshold 
Consistent with Wright et al. (2002), empirical analysis based on hundreds of scenes for all 
seasons showed that the NTI values for non-anomalous pixels was always below -0.83. Every 
pixel, independently of its location, returning a NTI value above -0.83 is thus regarded as a 
hotspot. This first threshold enables detection of intense thermal anomalies, irrespective of the 
values of the neighbouring pixels. 

5.3.3 Spatial derivative 
As shown in Fig. 5.3 and in some of the examples in Fig. 5.5, a thermal anomaly at OL’s 
summit can be visually identified by virtue of NTI value elevation above its immediate 
background. In order to differentiate these pixels from those having similar NTI values on the 
lower flanks, the algorithm estimates a spatial derivative between adjacent NTI values, 
following the approach of Harris et al. (1995b), and Higgins & Harris (1997) for detection of 
volcanic hot spots and of Pins & Menzel (1994), Harris (1996) and Kaufman et al. (1998) for 
detecting wildfires. This derivative corresponds to a high pass filter, where the value of each 
pixel is compared with the average value of the 8 neighbouring pixels, using:  

   

      (5.3) 

 

where ∆NTI /∆x∆y, NTI, neighNTI  are the values of the spatial derivative of the NTI values 
for a given pixel, the NTI value for that pixel and the average of NTI values for the 8 
neighbouring pixels, respectively. Because NTI values are negative and a sub-pixel thermal 
anomaly will generate a higher-than-average NTI value, the spatial derivative will be negative 
for hotspots. Empirical analysis showed that the value of the spatial derivative is typically 
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close to 0 with no value smaller than -0.02 for non-anomalous pixels. To reduce false 
detections caused by partial cloud coverage of the data subset (see following sections), 
hotspot pixels were flagged if the spatial derivative was smaller than -0.02 and the NTI value 
for the hotspot pixel exceeded -0.88, the upper limit for non-anomalous values at OL’s 
summit (Fig. 5.6). The use of this spatial derivative parameter turns the point operation of the 
MODVOLC algorithm into a contextual algorithm, where the presence of an anomaly at one 
pixel is evaluated taking into account the radiance measured at the surrounding pixels. 

5.3.4 Baseline data record 
The primary goal of the MODLEN algorithm is to detect thermal anomalies within the 
subscene covering the OL volcano. As shown in Fig. 5.4, the details of each pixel generating 
an alert are written to a text file. As with the MODVOLC algorithm, the radiance values in 
bands 21, 22, 23, 31 and 32 are recorded, in addition to the scene’s specific information (i.e. 
sensor, acquisition day and hour), the pixel’s geographic coordinates (lat-long) and the pixel 
position within the scene (line & row), as well as the position of the sun and of the sensor 
(azimuth and elevation). The relative distance of the pixel to OL’s summit is also recorded 
using the following equation:  

111 * )²Y(Y)²X(X pixLenpixLen −+−         (5.4) 

where Xpix,Ypix and XLen,YLen are the coordinates, in decimal degrees, of the centre of the hot 
pixel and of OL’s summit crater, respectively. Because, close to the Equator, 1 degree latitude 
or longitude corresponds to a distance of ~111 km, this parameter approximates the distance 
between the pixel centre and the crater centre in kilometres. This value thus helps the 
discrimination of volcanogenic alerts within the crater from fire-related hotspots on the outer 
flanks. 

The algorithm also records baseline information for the OL summit from every image. 
Baseline data is here defined as the pixel data covering OL’s summit for scenes on which no 
thermal anomaly is detected at OL’s summit. This serves two purposes. First it allows to 
qualitatively assess the effect of cloud coverage on the alert time series. Second it enables 
detection of long-term or subtle temperature variations at OL’s summit that would not be 
identified by alerts, as was achieved by Harris and Stevenson (1997) using an AVHRR-
derived thermal baseline for similarly low magnitude thermal anomalies at Stromboli or 
Vulcano. 

For each scene analysed by the algorithm, the information for the pixel closest to the 
centre of OL’s active crater (estimated using equation 5.4) is recorded in the baseline 
database. Depending on the pixels’ effective size, the distance varies from a few tens of 
meters to 1.7 km. The pixel size and its position relative to the crater vary for each scene, 
causing scatter in the baseline data. Indeed, because eruptive activity can be focused in one 
part of the active crater, it might not be recorded by the pixel closest to the crater centre. 
Nonetheless, this approach offers the opportunity to collect baseline data for OL’s eruptive 
activity for the first time.  

The MODLEN algorithm was designed for implementation by local volcanologists for 
near-real time monitoring of OL and other volcanoes in developing countries with similar, 
low-intensity activity, that lack ground monitoring. As local volcanologists in developing 
countries commonly lack the most advanced RS software’s, the more readily accessible 
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MatLab software was selected to run MODLEN. It uses the MODIS L1B data (Calibrated 
Radiance 1 km – MOD021KM) combined with the L1A Geolocation data (MOD03). 
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Figure 5-3  Radiance maps for the OL summit, recorded on March 1, 
2003 for band 22 (3.95 µm) (a) and derived NTI (b). Radiance values 
vary with ground elevation, lower values indicating higher elevations 
due to colder surface temperature. Although a peak emission is obvious 
at OL summit in band 22, this value cannot be discriminated from 
similar values from lower flanks. The NTI value, although still 
decreasing with higher elevation, enables to enhance the abnormally hot 
pixel at Lengai summit, with a value of -0.835, much higher than the 
surrounding pixels (<-0.86). 
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Figure 5-4 Flow diagram illustrating the operations of the MODLEN algorithm (adapted from Wright et al. 
2004). After selecting the data subset for the region of interest, the algorithm evaluates data quality. Bad 
quality data are recorded by a digital number value >37767 by the MODIS sensor. They correspond to 

pixels for which the radiance value cannot be extracted.  
∆x∆y
∆NTI

, NTI, neighNTI  are the values of the 

spatial derivative of the NTI values for a given pixel, the NTI value for that pixel and the average of NTI 
values for the 8 neighbouring pixels respectively. 
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5.4. MODLEN Validation 
 

To validate MODLEN and assess its limitations, the results presented in Fig. 5.6 are analysed 
against field data (Table 5.2) for 3 periods during which detailed observations exist. Most of 
these field data are from the direct observations of F. Belton (pers. comm.) or comes from 
local guide reports to him. This information has been previously summarised in the Global 
Volcanism Network bulletins (GVN 2002, 2003, 2005b) or in the weekly reports published by 
the Smithsonian National Museum of Natural History 
(http://www.volcano.si.edu/reports/usgs/).  

5.4.1 August 2002 
Activity at OL was described for a total of 30 days during 2002, with detailed reports for 
longer time periods being available from two field visits in June and August (GVN 2002). 
This information is summarized in the section where MODLEN results are analysed (i.e. 
section 5.5). Here the report for August 4 to 9 is used to assess the detection capability of 
MODLEN. On these dates vent T57B was continuously active. Activity varied between loud 
outgassing, intermittent spattering and lava overflows feeding short pāhoehoe and ‘a‘ā flows. 

07-15-2004

f. CrH

LN 

G

K

OL 

Kr e. 07-21-2005

c. 07-04-2004 a. 08-05-2002 

d. 07-04-2005 

b. 08-09-2002

Figure 5-5  Stretched grey-scaled night-time MODIS band 22 (3.95 µm) over OL (identified by the white arrow) 
for (a) August 5, 2002 (Terra), (b) August 9, 2002 (Aqua), (c) July 4, 2004 (Terra), (d) July 4, 2005 (Terra) and (e) 
July 21, 2005 (Terra). OL is located close to the image centre and characterised by one of 2 brighter pixels. North 
is up in each image; scenes were not geocorrected. (f) Generalized sketch of topographic features visible on the 
MODIS scenes: the Crater Highlands to the SW (CrH), including the lake of the Embagai caldera; Lake Natron to 
the N (LN); Gelai (G) and Ketumbeine (K) shield volcanoes as well as Oldoinyo Lengai (OL) and Kerimasi strato-
volcanoes (Kr); the rift valley wall is denoted by the stippled line. Image contrast has been stretched independently 
for each scene to help visualisation. Scenes (a) and (e) are covered by clouds in most parts. 
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At various times T48, T44 and T46 showed similar activity. On August 4, a new vent opened 
(T49F, Fig. 5.2b) close to the T49 vent cluster. Explosive outburst produced a jet of lapilli to 
a height of ~8 m while a flow of ‘a‘ā lava was emitted from the same vent. At 2:00 a.m. on 
August 5, the eruption increased in intensity to feed a 15 m high lava fountain and a rapidly 
moving pāhoehoe flow. Similar activity occurred about every 2 hours for the next 28 hours. 
Each eruptive sequence was characterised by lava spattering, followed by a continuous 
fountain 10-15 m high lasting for 2-4 minutes, and being terminated by lava drainage, 
showing similar behaviour to gas pistoning cycles at Kilauea (Johnson et al. 2005). Within 
the crater, the lapilli fall deposit from the eruption was up to 10 cm thick and lava flows were 
>1 m thick. In addition, lava fountaining caused a bush fire on the East rim during the night of 
August 5. Activity decreased on August 6, and ceased that night, with no further activity 
being observed over the two following days. At 11:00 p.m. on August 8, a 12 m-long fissure 
opened between two vents about 100 m SE of the vent that had been active two days 
previously. A 6-8 m high lava curtain erupted, associated with almost-continuous explosions, 
forming an elongated spatter cone containing a vigorously degassing lava lake. By the 
morning of August 9, the 2 m high cone hosted a 5×9 m actively degassing lava lake. 
Although observations ceased on that day, a photo taken a week later (August 17) showed that 
the cone had grown up to 10 m in height. 

The MODIS data is especially poor for this August 2002 period. Data is lacking for 
August 3, 6 and 8 for the Terra sensor, and for July 29 to August 6 for the Aqua sensor. The 
lack of Aqua scenes was caused by a data outage related to the Earth Pointing Safe Mode 
(MODIS website 2006; http://daac.gsfc.nasa.gov/MODIS/). The data series is sufficiently 
complete, however, to allow comparisons against the field reports. As shown in Fig. 5.6a and 
Table 5.2, five thermally anomalous pixels were spotted on the MODIS scenes acquired 
between August 1 and 14. These hot pixels occur on 4 different scenes covering 3 different 
days. On the night of August 5 at 10:30 p.m., the first 2-pixel anomaly was detected (Fig. 
5.5a). On the previous night the summit pixel had been at the baseline level. This is consistent 
with the onset of the high intensity activity early on August 5 and of a bush fire extending 
onto the East flank, causing the second pixel to become anomalous. The small ‘a‘ā lava flow 
and low-intensity and intermittent vent spattering of August 4 was thus not detectable with 
MODLEN. Visual analysis shows that scenes on August 7 and 8 were affected by clouds. On 
August 9 (Fig. 5.5b) and 12, the anomaly caused by the lava lake is clearly detectable. 
However, it was not apparent on August 10 and 11 due to cloud coverage. Variation in the 
lava lake activity and the degree of crusting can also account for the ~50 m² lake not being 
detected on every scene. Absence of thermal anomalies on the following days suggests that 
the lava lake started to significantly cool or drain during the night of August 12, which is 
consistent with the observation on August 17 of a 10 m-high cone with a large but empty 
crater. 

5.4.2  July 2004 
During 2004 activity was described for 44 days including continuous observations for a 37-
day-long period (GVN 2005b). The field observations extending from June 23 to the end of 
July are compared here with the data retrieved by MODLEN (Fig. 5.6b). In the last week of 
June, the field team observed one vent (T56B; Fig. 5.7) with an active lava lake, varying in 
size from 5 to 40 m², from which gas-rich lava escaped several times and flowed ~200 m. The 
same vent was still erupting repeatedly, emitting lava with associated strombolian activity on 
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July 2-3. July 4 marked the onset of two days of intense activity. Activity included intense 
intermittent spattering from vent T58B, which later collapsed and rapidly released a relatively 
large lava volume. At the same time, a pāhoehoe lava flow issued from T49G overflowed the 
NW crater rim. Several vents were active until July 6, with decreasing intensity. Low level 
activity was noted during July 7-10, with renewed lava flow activity, spattering and loud 
degassing observed during July 11 to 13. On the morning of July 14, activity at one vent 
became more intense, with rapid flow of lava from T56B (Fig. 5.7) toward the East beginning 
at ~1:00 a.m. This flow did not reach the crater rim. It was followed by a much more intense 
Strombolian spattering phase from T58B, ejecting material as far as 15 m away from the vent, 
for several hours. This activity increased between 7:00 and 9:00 a.m. involving phases of 
vertical ash jets alternating with phases of ejection of both tephra and spatter. This was 
followed by a short-lived lava overflow emitted between 11:00 and 12:00. On the following 
day, July 15, large-scale lava flows and intense lava fountains (10-12 m high) occurred from 
several vents (T58B and T58C that opened at its base, and T56B; Fig. 5.7). It culminated in 
the afternoon (4:00 p.m. local time) with the flooding of the central-eastern crater floor by a 
voluminous lava sheet formed by the rapid succession of 4-5 cm thick flows of fast moving 
low viscosity lava. The thickest flows accumulated in the south part of the crater, while 
toward the east, the lava poured over the East crater rim and ignited a large bush fire 
generating a significant smoke cloud. The flow rate from the most active vent was estimated 
to peak at 10 m3 s-1. The intense activity ceased during the night. A loud explosive event 
associated with lava spattering, ash-poor plumes and ejection of 9-12 cm-sized bombs 
occurred on July 21. From July 23 until early on July 25 pāhoehoe lava from T58C flowed 
almost ceaselessly to a distance of 200 m toward the south, where it became a thick clinkery 
‘a‘ā flow. No more significant eruptive events were then observed until the end of the month.  

The MODLEN-derived time series is consistent with the field observations, showing 
marked peaks of thermal activity on July 4-5 and July 14-15. In contrast, MODIS images 
show no evidence of thermal anomalies in late June, consistent with the low level and 
intermittent activity (degassing, spattering, average size flows) at this time. This activity was 
not capable of producing a sufficiently large or long-lasting hot surface to cause anomalous 
radiance in a 1 km pixel. As no scenes were acquired on July 3, MODLEN can only confirm 
that on July 4 a significantly large eruption was occurring (Fig. 5.5c) that lasted until early 
morning of July 6. The satellite data confirms that no intense eruption occurred between July 
6 and 13. The first anomaly for the July 14-15 events was detected at 2:30 a.m. on July 14 by 
the Aqua satellite, closely constraining the eruption onset time. This first alert coincides with 
the greatest lava effusion between 1:00 and 4:00 a.m. on July 14. Anomalies on July 15 were 
very strong on the Terra scenes, with a 1 high NTI value pixel anomaly at the summit and a 
second anomaly directly to the East (>-0.75). Two other hot pixels, probably related to bush 
fires, were also visible on the northern flank. The last anomalous NTI value occurred on the 
Aqua image early on July 16 and marked the end of the intense activity phase. Note that this 
last anomaly was not flagged as a hotspot by MODLEN because the NTI value was barely 
over the threshold (-0.8795) and the spatial derivative was not over the threshold due to two 
adjacent anomalous pixels. The information was still recorded as baseline data and visually 
identified as anomalous. 

A MODLEN hotspot was detected on July 27. Observers present in the crater that night 
only reported (unpublished data) weak strombolian activity from vent T58B and short lava 
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flows. Strombolian type activity reached a height of 1-2 m above the vent and had an eruptive 
period of ~5-10 sec. It deposited spatter on the upper two thirds of the cone, with some spatter 
being ejected up to 5 m to the east and some reaching the base of the cone during larger than 
average bursts. This is the only time that MODLEN was able to detect weak thermal activity 
at OL, possibly due to strombolian activity coinciding with satellite data acquisition. A new 
period of higher activity was recorded by MODLEN during the first week of August, with 
increasing NTI values recorded at summit after July 30. This is consistent with observations 
from the volcano base of lava flows extending onto the NW flanks on July 30, and at least one 
lava flow in the crater on August 4 (H. Anderson, written communication). 
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Figure 5-6  Time series of NTI value for OL crater, collected using MODLEN, including all MODLEN alerts 
within 2 km of OL summit for (a) August 1 to 19, 2002 (b) June 20 to August 16, 2004 and (c) July 1 to 
August 10, 2005. Dates are reported in “Universal Time” (i.e. an image recorded at 2 a.m. local time on July 
5, will be plotted on July 4), following the convention month/day/year. Horizontal black bars denote periods 
of available field reports. Vertical grey bars mark data acquisition gaps. Numbers refer to validation data from 
field reports and interpretation of the thermal signal summarized in Table 5.2. Thresholds of (-0.88) and (-
0.92) for eruptive activity in progress and unambiguous cloud coverage are valid for all three periods. 
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Key 
Features 

Level and trend of thermal 
signal 

  Field observations (FO) or likely interpretations from 
thermal data alone (TDA) 

August 
2002 

From weak spattering with small lava flow to intense lava fountaining growing a 10m-high cone 
around a vigorously active pool 

1 Weak but intensifying  Weak spattering and small ‘a‘ā flow emitted (FO) 
2 Intense to very intense  First high intensity activity with intense lava fountaining 

and extensive lava flow (FO) 
3 Very low  Activity continuing but satellite observations obscured by 

clouds (FO) 
4 Very intense  Freshly-emplaced lava lake (50 m²) (FO) 
5 Fairly weak  Lava lake still full but satellite observations obscured by 

clouds (TDA) 
6 Relatively intense  Recently emplaced lava lake still full and again visible to 

satellite (TDA) 
7 Weakening  Lava pool probably draining (TDA) 
8 Very Low  Likely end of eruption (TDA) 
9 Weak   Lava pool observed to be empty and eruptions observed 

to be over (FO) 
June-
August 
2004 

Waxing and waning cycles of spattering (strombolian) activity feeding short lava flows with 
occasional intense lava fountaining (hawaiian) events feeding much more extensive lava flows 

10 Low & gradually increasing till 
July 1 

 Active lava lake generating some flows eventually 
reaching 100 m long (FO) 

11 Low & decreasing on July 2; 
data gap July 3 

 Some vent intermittently active with spattering 
(strombolian) (FO) 

12 High and increasing to July 4  Onset of intense activity - intense strombolian with 
extensive flows active till July 6 (FO) 

13 Decreasing, low intensity  Decreasing activity typically low level from several vents. 
No new lava flows between July 7-10 (FO) 

14 Increasing to moderate level 
between July 11-13 

 Moderately intense spattering and some renewed lava 
flow activity (FO between July 11-13 (FO) 

15 High increasing to extremely 
high July 14-15 

 More intense spattering feeding one long flow on July 14 
followed by violent strombolian/hawaiian activity leading to 
large-scale lava flows starting bush fire (FO) 

16 High but decreasing fast from 
July 19 

 End of very intense eruptive phase (FO) 

17 Moderate to low and 
decreased from July 20 

 Intermittent strombolian/spattering activity intense on July 
21. Activity much less intense than on July 14-15 (FO) 

18 Low to moderate and 
increasing from July 21 

 Extensive lava flow from new vent (FO) 

19 Moderate/randomly varying  Weak intermittent spattering activity and short flows (FO) 
only leading to high thermal signal when activity closely 
coincides with data acquisition by satellite on July 27 

20 Low increasing to high on 1st 
week of August 

  Gradually increasing activity not documented from ground 
(TDA) except for sighting of extensive lava flow 
overflowing the crater rim - seen from volcano base on 
July 30 - and at least one lava flow in crater on August 4 

July-August 2005     

21 High and increasing July 2-
July 5 

 Very active lava pool feeding several extensive lava flows 
eventually flooding much of crater on July 5 and starting 
bush fire (FO) 
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Table 5-2 Summary of field observations and link to thermal activity reported in Figs 5.6 a, b, c. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

22 After July 6, data gap, very low 
and randomly varying signal 

 No significant activity above very low intensity (TDA), i.e. 
lava flow must have  quickly cooled  

23 Extremely high to high signal 
followed by data gap (July 20, 
21, 22) 

 Multiple extremely intense eruptions at single vent T58C, 
with intense lava fountaining and extensive lava flows. 
Some intense events also coinciding with data acquisition 
by satellite (FO) 

24 Low but significantly increasing  Minor lava flow on July 26 (FO) 
25 Generally very low and 

randomly varying 
 No significant activity above very low intensity (FO) 

a. b. 

Figure 5-7 Sketch maps of crater features at OL (a) in August 2002 based on field observations and (b) in 
February 2005 surveyed with a global positioning system (GPS) (Courtesy of Chris Weber; GVN 2002, 2005). 
Although crater morphology and vents are rapidly changing at OL, this sketch allows to spot the location of the 
vent clusters T49 (August 2001 and 2002), T56 (July 2004) and T58 (July 2004 and 2005) which were active 
for several periods discussed in the text (different vents within a single hornito are identified using letters in 
the text but not in the figure). Activity within the crater has been focusing on the central vent cluster since 
2002. All vents active during periods discussed in text are located in the central part of the crater (dashed 
circle). 
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5.4.3 July 2005 
A field visit occurred between July 19 and August 9, 2005. Three very large eruptions 
occurred at a single vent (T58C, Fig. 5.7) on July 20 and 21, one of which lasted 20 hours. 
The first eruption took place around midnight on July 20 and had probably ended by 1:30 a.m. 
on the same night. Activity peaked towards the end of the event, probably producing a high 
hawaiian-type fountain, accounting for the significant lapilli (0.5 m thick) deposit observed, 
on the following morning, 70 m away from the vent and for several ‘a‘ā and pāhoehoe flows 
that reached the East flank. This first event coincided with Aqua data acquisition at about 1:25 
a.m. on July 21, on which two pixels are identified as anomalous by MODLEN (Fig. 5.6c). 
After a less intense eruption in the afternoon of July 21, a third eruption at 9:00 p.m. fed 
voluminous lava flow surges during the night. Atmospheric cloud coverage prevented field 
observations at night, but by next morning a lava channel was observed which had thermally 
eroded its substrate to a depth of >1 m. Although observations were affected by cloud cover 
(Fig. 5.5e), this third eruption was clearly visible on the MODIS images acquired during the 
night of July 21-22. Eruption continued until about 6:00 p.m. on July 22 and emplaced a 300 
m long pāhoehoe flow over a large part of the SE crater floor. Lack of MODIS acquisition on 
July 22 prevents precise identification of the end of this event. No further activity was 
observed through to August 9, with exception of a minor lava flow on July 26 and brief 
appearance of a lava lake during the night of August 4. Neither of these events were detected 
by MODLEN.  

Local guides incorrectly reported to the field party that another large lava flow erupted 
on July 9, completely covering the campsite in the East part of the crater. Such a large 
eruption should have been detected by MODLEN. However, no such anomaly was detected 
for this date. However, hotspots are detected 5 days earlier (on July 4-5; Figs. 5.5d & 5.6c) 
with an even earlier hotspot also detected on July 2. A report from a second team (B. Marty, 
written communication) confirmed that the local guides did in fact lead a visit to OL’s summit 
from July 3 to 5. The report describes a lava pool actively degassing as well as repetitive lava 
overflows, with a discharge rate of 0.3 m3 s-1. These flows rapidly flooded the base camp 
early on July 5 and ignited a bush fire during the afternoon of July 4. This last example 
illustrates that the MODLEN alert system can be used as a reliable data source any time 
during the year to identify or verify the timing of high intensity activity at OL and to track its 
evolution. 

5.5. MODLEN Results 
More than 4100 night-time MODIS scenes acquired by Aqua and Terra satellites between 
February 2000 and February 2008 were downloaded and analysed using the MODLEN 
algorithm. Over this period MODLEN enabled to detect 297 thermal anomalies at OL 
summit, suggesting moderate-to-intense eruptive activity on 203 different satellite scenes 
covering 157 different days (see Table A.1 in Appendix). MODLEN thus detected at least one 
alert on ~8 % of the days for which a cloud-free scene was available (i.e. ~30 % of the data 
being affected by cloud coverage). An independent dataset compiled from the field reports for 
the 209 days for which activity has been observed from the ground since 2001 allows 
assessment of the frequency of activity at OL. This compilation indeed suggests that “no 
activity” or “weak open vent/lava pool degassing” has been observed on 44 % of the days. On 
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50 % of the days low to moderate eruptive activity was recorded (tens of meter long lava 
flows within the crater and strombolian activity). High intensity activity, including high 
volume sustained flows, high lava fountains, and ash explosions, were observed for only 6 % 
of the observation days. This suggests that MODLEN is mostly sensitive to high intensity 
eruption events at OL. 

The comparison with field observations also illustrates that MODLEN is capable of 
identifying virtually all periods of intense eruptions, especially those related to large active 
lava pools and extensive lava flow activity, sometimes associated with vegetation fires caused 
by lava overflowing the rim. There is only one example of a MODLEN alert not 
corresponding to an abnormally high period of activity (i.e. July 27, 2004, see section 5.4.2). 

Fig. 5.8 illustrates the NTI values for a 15 month-long period between April 2002 and 
June 2003. The thermal time series shows a dominant low, baseline, level within which a low 
amplitude seasonal effect is apparent, with slightly higher values in September-October and 
February-March when the sun is at its highest elevation at this latitude. Such seasonal 
variation of the baseline has also been observed by Dehn et al. (2000) for the North Pacific 
volcanoes. A total of 27 MODLEN alerts were detected over this period. An additional 10 
pixels were visually identified as anomalous (Table A.1). These were not flagged as alerts 
because they were adjacent to a high intensity hotspot or were just below the -0.88 threshold. 
However, they were characterized by above baseline-values in the thermal time series. These 
alerts occur in six main periods each lasting from a couple of days to a month (Fig. 5.8). 

MODLEN is able to detect eruptive events that were not witnessed on the ground (e.g.  
June 2 and July 6-7, 2002) and to constrain more accurately events for which incomplete 
information is available. This is the case for the event at the end of September 2002. Eruptive 
activity at OL was eyewitnessed for 2 hours on September 26 when several active flows, as 
well as many inactive but recent flows, were identified (GVN 2002). A grass fire was 
observed on the volcano NW flank on the following day. This report corresponds to a 19 day-
long eruption period recorded by MODLEN in September and October 2002. MODLEN 
identified 11 alert pixels on September 27 on the N flank, consistent with the observations of 
a fire started by lava flowing over the crater rim. Poorly detailed reports of the growth of new 
hornitos during the first half of 2003 are consistent with MODLEN results that display a 6 
week-long period of high activity from February 13 to March 24, 2003. On the other hand, 
low level activity, such as on June 18, 2002 when vent spattering reached heights of up to 3 m 
and produced a 50 m-long lava flow (GVN 2002), are not systematically detected by 
MODLEN.  

Although the continuity of the MODIS data in the rainy seasons (i.e. November-
December and March-May) is affected by frequent cloud coverage, a high intensity eruption 
period is clearly identified by MODLEN during the last week of November 2002, with three 
MODLEN alerts on November 23 and 27 (Fig. 5.8). One of these alerts was detected when 
the volcano was unambiguously cloud-covered. This illustrates that a strong thermal anomaly 
can still be detected, even when OL is covered by thin or broken clouds. 

Periods of detected thermal activity at OL vary from a single scene to repeated thermal 
anomalies detected over a period of 37 days. Periods of prolonged activity (i.e. over one 
week) have been detected especially in February-March, July and September-October. The 
time series from February 2000 to the end of 2005, before the changes in eruption style (see 
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chapter 6), show characteristic time intervals between successive alerts. 33 % of active days 
are separated by less than 5 days from the previous active day. The frequency of longer time 
intervals decreases exponentially. Some intervals are however more frequent than expected 
from this simple trend, especially 10-15, 25-30 and 51-60 days (Fig. 5.9a). 

When the temporal distribution of detected activities between 2000 and 2005 is 
analysed throughout the year, it appears that there are two main periods of activity (Fig. 5.9b). 
There is a first, short and well-defined peak of activity in February-March, followed by a 
drastic decrease in the frequency of eruptive events between April and June. July marks a 
second peak in the frequency of intense eruptive events, the frequency of events decreasing 
gradually until October. There is a smaller peak of activity in November. Although the 
availability of cloud-free images throughout the year is not constant, weighting the raw 
observations by the number of available cloud-free scenes per month does not change the 
observations, the February-March and November peaks being even more pronounced as they 
fall within the rainy seasons during which less cloud-free scenes are available. Interestingly, 
the overall monthly distribution of detected days of activity from 2006 to February 2008 is 
not much different from the previous period, despite significant changes in eruptive 
behaviour. In 2006, most anomalies occurred in March (see chapter 6) whereas in 2007, 
MODLEN detected many thermal hotspots from end of June to early September, before the 
onset of the explosive eruptions (see Vaughan et al. 2008). 

The monthly distribution of intense eruptive events extracted for the 414 days for which 
field reports are available since 1987 provides similar information as MODLEN. The 
proportion of days with low to moderate activity is rather constant throughout the years, with 
lower values in January and a marked peak in November. The distribution of the high 
intensity events resembles that obtained with the MODLEN data, with a marked peak in June-
July and decreasing activity occurrence afterward. The uneven distribution of field 
observations throughout the year, with few observations during the rainy seasons, limits the 
validity of this analysis.  

The proportion of days with observed activity is also not constant between years. For 
the period 2000-2005, 2003 was the year with the highest number of days with activity 
detected by MODLEN (i.e. 20 days). The intense and explosive eruptions in 2007 caused an 
even higher peak in detected thermal activity (i.e. 50 days). Considering the field reports since 
2000, the proportion of days with observed activity also varies from 89 % in 2003 to 18 % in 
2005. The number of observation days for the years prior to 2000 is too small (i.e. less than 
20 days) to obtain a significant value of the frequency of activity. 
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Figure 5-8 Example of time series data for April 2002 to June 2003 of the Normalised Thermal Index (NTI). Plotted are cloud-free MODIS night-time 
scenes for pixels covering OL summit, and hotspot pixels detected by MODLEN within 2 km of OL summit. Cloud coverage is substantially reducing 
the amount of data available for the periods April-May 2002 and for the rainy season of October 2002 to January 2003. Periods for which data are 
lacking (i.e. either due to cloud coverage or satellite data acquisition gaps) for more than five consecutive days, are marked by the grey vertical bars. 
The main activity periods discussed in the text are identified. Tick marks are 5 days apart for clarity. Detailed field reports exist only for the end of 
June and the first days of August 2002 as discussed in the text. 
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5.6. Discussion 

5.6.1 Environmental controls on OL activity 
As shown in previous sections, MODLEN permits the identification of some periods of 
moderate level activity and all periods of high-intensity activity at OL summit crater. It 
thus enables to obtain useful time series data for the documentation and analysis of the 
temporal distribution of higher-intensity eruptions at OL. Such analysis helps to constrain 
processes at work in the magmatic system at OL (see also chapter 6). 

Empirical observations at OL suggest that variations of eruption intensity, or 
eruption rate, are not random with time. Recent field work has been dedicated to test the 
hypothesis that the eruption rate at OL is controlled by daily earth tides, atmospheric 
pressure and/or moon cycles (Gordon et al. 2005).  Based on hourly observations for a 30 
day-long period at OL’s summit in July 2004, a statistically significant positive 
correlation was observed between increasing volcanic activity and decreasing or 
minimum barometric pressure (Gordon et al. 2005). Analysis of these observations 
against earth tide cycles indicated no correlation between activity and the diurnal tidal 
cycles. Analysis however suggested activity cycles with periods of 8.5 days and 30 hours, 
respectively (Gordon et al. 2005).  

The hypothesis is that the control of such environmental factors on eruption rate 
and activity might be more pronounced at OL than at other volcanoes due to the low 
magma viscosity and to the open nature of the magmatic system. The 6 year-long time 
series (i.e. 2000-2005) collected by MODLEN offers a unique opportunity to test the 
potential controls of these environmental factors (i.e. earth tides, barometric pressure) on 
the temporal distribution of activity at OL. One objective of this analysis is to assess if 
the uneven distribution of activity throughout the year can be attributed to external forces 
or if it is related to internal characteristics of the OL magmatic system. 

Theoretical earth tides were computed using TSOFT software, developed by the 
International Centre for Earth Tides in Brussels (Van Camp and Vauterin 2005). The 
maximum tide amplitude and minimum/maximum tide values (i.e. in nm s-2 as tide is an 
acceleration) were computed for each day of the 6 year time-series. The timings of the 
maximum tide amplitude and of the minimum/maximum tidal acceleration are the 
parameters that are thought to exert a possible influence on the eruption intensity. The 
field and MODLEN data are not sufficient to allow for analysis at the hour-scale, so 
relationships between eruptive activity and earth tides are analyzed for 14-day cycles, 
related to the position and declination of the moon relative to the Earth, to semi-annual 
cycles, associated with rotation of the Earth around the sun (Brosche and Schuh 1988). 

Figure 5-9 Temporal distribution of the 85 days for which thermal activity was detected by MODLEN 
from 2000 to 2005. (a) Time interval (in days) between two successive days of activity. (b) Number of 
days of activity per month of the year. (c & d) Distribution of the detected days of activity relative to the 
semi-annual (c) and half month (d) earth tide amplitude maxima.  
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The temporal distribution of eruptive activity appears to be strongly correlated with 
the semi-annual variation of earth tides. Fig. 5.9c illustrates the number of days between 
each day of detected activity and the closest semi-annual earth tide amplitude maximum. 
This graph shows that a majority of the activity (64 %) occurs within 70 days prior to 
earth tide amplitude maximum, with the highest frequencies being recorded 20-30 and 
50-60 days before the tide maximum amplitude. Only 25 % of the activity occurs after 
the earth tide amplitude maximum. This suggests that the gradually increasing amplitude 
of earth tides, and thus the gradually higher negative acceleration effect caused by tides, 
over a six month period tends to favour intense activity at OL. High intensity eruptions 
observed in the field also occurred 30 to 80 days before an earth tide maximum, even 
though the uneven distribution of observations relative to the date of the earth tide 
maxima gives little significance to this last observation.  

The characteristic time interval between MODLEN alerts and Fig. 5.9c suggest that 
a monthly (i.e. ~28 days) and/or a half monthly (i.e. ~14 days) cycle controls part of the 
temporal distribution of activity at OL. Time interval of 10-15 and 25-30 days are indeed 
more frequent than other values (Fig. 5.9a). Activity is also observed to peak one and two 
months before the earth tide semi-annual peak (Fig. 5.9c). The analysis of the number of 
days between each day of activity and the closest 14 days amplitude maximum does not 
however return a clear trend (Fig. 5.9d). The frequency of activity is observed to increase 
when approaching the earth tide amplitude maximum but high frequencies of activity are 
also observed 5-7 days after that peak. Correlation was not more significant with a 
month-long tide cycle. Field observations for the same period suggest a possible effect of 
the monthly tide cycle, but without sufficient significance.  

Annual variation in barometric pressure in N Tanzania can also account for part of 
the annual variations in eruption intensity. Every year, the atmospheric pressure reaches a 
maximum around the end of June and a minimum between end of November and end of 
February (see Rombaut 2007). The drop in pressure after the June peak is nicely 
correlated with the onset of increased activity at OL in July. 

In conclusion, field and MODIS observations of activity at OL provide evidence 
that moderate-to-intense eruptive events occur more frequently when earth tide amplitude 
is increasing and when atmospheric pressure is decreasing on a year-long time scale. This 
effect of environmental factors is probably enhanced at OL by the low viscosity of its 
magma and the fact that magma is stored in shallow magma reservoirs (Pyle et al. 1995) 
related to the surface through open conduits. Other environmental parameters might also 
influence eruptive activity, such as rainfalls. Mason et al. (2004) indeed proposed that the 
seasonal variation in activity can be correlated with the soil humidity and other variations 
of the hydrological system, causing variations in the crust elevation. For the case of OL, 
the timing of the two rainy seasons (November to mid-December and March to May) 
does not show direct correlation with distribution of eruptive events. 

In order to enable a better understanding of the role of environmental factors and to 
test the influence of these effects at shorter (i.e. hour to day-scale) and longer (i.e. 4.65 
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and 18.6 years earth tide cycles) time scales, there is a need to collect continuous and 
quantitative observations of the activity at OL. One should also keep in mind that the 
timing of successive eruptive events, especially the most voluminous ones, is probably 
also constrained by characteristics of the magmatic system, mainly the magma supply 
rate to the shallow magma reservoirs (see chapter 6). 

5.6.2 MODLEN limitations  
The first limitation of MODLEN is that it acquires data in a discontinuous manner. 

Thus it provides an instantaneous record of the thermal state of the crater at just two 
given instants during each night (between 10:00-11:30 p.m. for Terra and 1:30-3:00 a.m. 
for Aqua, local time). This means that short duration events (i.e. lasting minutes to 1-2 
hours), e.g. intermittent spattering and typical, limited-extent, flow activity cannot be 
systematically detected by MODLEN. These events, even some at fairly high intensity, 
are not detected because they do not produce a “deposit” that will stay at high 
temperature until satellite image acquisition.  

Detection in such cases will thus depend on the timing of the event relative to data 
acquisition as well as on the eruption rate and explosivity of the event. Large eruption 
rates (>0.5 m³ s-1)  will generate larger lava flows, piling up to a thickness >50 cm, that 
can remain warm for several days, whereas smaller effusion rates (~<0.1 m3 s-1), will 
tend to produce individual lava flows sufficiently thin to cool in a couple of hours. Field 
measurements of cooling rates by Pinkerton et al. (1995) showed that temperature at the 
centre of a 31 mm thick pāhoehoe flow lobe dropped from ~570°C to <250°C in 6 min of 
observation. This is consistent with basaltic events, where thick, voluminous flow fields 
can be apparent as hot, but cooling, anomalies for several weeks-to-months after the 
eruption event (Aries et al. 2001).  However, thinner and smaller flow fields or short-
lived events may be difficult to detect (Harris et al. 2001). 

Dominantly explosive eruptions, typically of strombolian type at OL, produce 
pyroclastic deposits that cool much quicker than flows due to the fragmentation process 
(Thomas and Sparks 1992). Strombolian eruptions at OL are of short duration and mostly 
intermittent, separated by quiescent periods of seconds to hours, and are associated with 
lower lava eruption rates. Thus, although they might appear as intense, due to their 
explosive nature, they will normally not generate a long-lasting thermal anomaly (Harris 
and Stevenson 1997). 

The second main limitation of MODIS images for thermal monitoring of active 
volcanoes especially in the sub-tropics is the frequent cloud coverage (see also Harris et 
al. 1997; Harris et al. 2001). While MODVOLC does not permit to quantify the effect of 
cloud coverage on the thermal alert detection, MODLEN provides basic, though 
incomplete, assessment of cloud effects. Cold, high altitude clouds, can be easily 
discriminated from clear sky (Flynn et al. 2002), as they are characterized by very low 
NTI values (<-0.92) and corresponding low radiance values in both band 22 (<0.25 W.m-

².sr-1.µm-1) and 32 (<6 W.m-².sr-1.µm-1), which corresponds to brightness temperatures 
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<0°C. These can be easily spotted in the time series and excluded (Fig. 5.6). Low 
elevation, more diffuse clouds or sub-pixel-size clouds affecting only part(s) of a given 
pixel appears to have much less of an effect on NTI values, and are difficult to 
discriminate from clear sky without using more complex algorithms (e.g. Ackerman et al. 
1998). Diffuse or sub-pixel-size clouds might cause alerts to go undetected in what 
appears to be good, clear conditions. 

MODLEN detects non-volcanogenic alerts. About 74 MODLEN alerts (detected on 
43 different scenes) that could not confidently be related to volcanic activity were 
detected from the 600 scenes examined between April 2002 and June 2003. These non-
volcanogenic alerts are 1.5 times more common that the volcanogenic ones. Most of them 
can easily be discriminated using the distance estimate between the pixel centre and OL’s 
active crater computed by MODLEN. In the absence of any alerts on the upper flank of 
the volcano, and knowing that typical OL lava flows, when they overflow the crater rim, 
do not flow down the flank for more than a few hundred meters, most of these alerts, 
being located more than 5 km away from the active crater can clearly be interpreted as 
unrelated to any volcanic activity. More than half of these alerts (41 out of the 74) can 
confidently be attributed to bush fires, due to an NTI value much higher than the average 
value for OL’s lower flanks (>-0.85). Bush fires are common on the lower volcano flank. 
While some fires are related to lava flowing down the volcano flank, in which case the 
associated alert is close to the volcano summit, most fires are started by the local 
population and thus occur at a significant distance from the summit.  

The rest of the alerts are related to the effects of clouds. Indeed, many NTI values 
on the lower flanks are frequently over the -0.88 threshold. When a pixel is adjacent to 3 
pixels or more that are affected by dense cold clouds, and thus have a low NTI value, the 
value of the spatial threshold might be sufficient for MODLEN to identify the central 
pixel as a hotspot. These false alerts are rare (2.5 % of the analysed scenes) and can often 
be rejected using the distance parameter. Visual analysis of the MODIS scene is required 
to evaluate the origin of these anomalous pixels for which the cause of the alert is 
ambiguous. To avoid these alerts, a mask for cloud pixels could be used. Such cloud 
masks are automatically generated for any MODIS image using a series of tests and 
thresholds involving as many as 14 of the MODIS bands (Ackerman et al. 1998). It is 
distributed with the other MODIS products (MOD35_L2 products; Masuoka et al. 1998) 
but is available only 1-2 weeks after data acquisition, and its use would require longer 
data download and processing time. It is thus not useful for real-time monitoring 
purposes. A more straight forward solution would be to identify cold clouds, based on 
radiance values in band 22 and 32, and then mask them.  

A final limitation of the present MODLEN algorithm is that it was developed based 
on the assumption that OL volcanic activity will affect a single pixel on the MODIS 
image. Observations have shown that, although this assumption is valid in most cases, it 
happens that the thermal anomaly can concern 2 or more adjacent pixels. In such cases, 
the spatial threshold technique used will detect only the pixel with the highest NTI value, 
the value of the spatial derivative of the second pixel being lowered by the high NTI 
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value of the adjacent pixel. Implementation of an iterative process in the algorithm, 
masking MODLEN alerts detected on a previous run of the algorithm, as used by Harris 
et al. (1995b) and Higgins & Harris (1997), will allow detection of all anomalous pixels 
in a future more developed version of the algorithm. As in the case of Harris et al. 
(1995b), the iterative process stops when no new alert is detected.  

 

5.7. Conclusions 
 
MODVOLC is a robust, automated tool that returns global hotspot results (Flynn et al. 
2002; Wright et al. 2002, 2004). It is not, however, sufficiently sensitive to monitor 
thermal activity at volcanoes with low-level or intermittent effusive activity.  MODLEN 
was adapted, building upon previous efforts to develop MODVOLC, to be as sensitive as 
possible to thermal activity at OL and has the advantage of being based on a spatial 
threshold that is adaptable from image-to-image and case-to-case, thus allowing detection 
of more subtle anomalies than globally trained thresholds. Such an approach can be 
useful at other active volcanoes around the world displaying small-scale or low 
integrated-temperature thermal anomalies. 

MODLEN was developed with the perspective of implementing it for near-real 
time monitoring of OL’s activity. MODLEN was systematically applied to all archive 
and newly-acquired available MODIS scenes. Our processing of MODIS raw data relies 
on level 1B data being available, free of charge for download on the internet, 2 or 3 days 
after acquisition. While this does not yet permit real-time monitoring of the volcano, it 
does provide the most continuous and the most rapid way of retrieving information on 
OL’s activity, in the current absence of ground-based monitoring at the volcano. 
MODLEN implementation only requires an internet connection and requires less than 15 
minutes of work each day, including data search and download (98 % of the time) and 
running MODLEN to process and store the data (2 % of the time). A shorter time lag 
could be achieved using the MODIS Direct Broadcast data that is transmitted by 
Terra/Aqua in near real-time using a dedicated ground station in Tanzania. Although 
more expensive, such a solution would enable the thermal monitoring of all the volcanoes 
of the region (i.e. Kenya, Tanzania), as well as fires, with a time lag reduced to less than 
an hour. 

Such low-cost thermal monitoring is an essential component of the much-needed 
monitoring program at several Tanzanian, Kenyan and Ethiopian volcanoes, and 
especially at OL. The MODLEN algorithm is capable of monitoring the relative thermal 
activity at OL since 2000 and provides insights into some of the factors controlling the 
temporal variation in activity. Systematic thermal RS data analysis in the last 8 years also 
provided a baseline from which the onset of abnormal eruptive activity (e.g. March 2006, 
chapter 6) or of more explosive silicate-rich magma eruptions, can be detected (Vaughan 
et al. 2008). Near-real time implementation of MODLEN on newly acquired MODIS 
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data in August 2007, for example, enabled to detect the onset of a phase of extremely 
intense and voluminous lava effusion on August 20. These observations were shared with 
other experts and tourist operators in Tanzania before the onset of the explosive phase 
that followed the lava flow effusion on September 4, 2007 (Vaughan et al. 2008). 
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Chapter 6. Voluminous Lava Flows at Oldoinyo Lengai in 2006: 
Chronology of Events and Insights into the shallow 
magmatic System  

 
At the start of April 2006, news of an explosive ash eruption at OL were spread in the 
Tanzanian and international media (Ihucha 2006a) and reported to the volcanological 
community (Smithsonian Institution/USGS Weekly Report 2006a). The original reports 
were contradicted by local observers who reported on a lava flow, exceptionally 
voluminous by OL standard, but without major explosive activity. Critical re-examination 
and evaluation of observations from eyewitnesses and news reports using complementary 
RS data and field observations of the eruption products allow to propose a chronology for 
this eruptive event.  The goal of this chapter is to document this large eruption, to develop 
a conceptual model accounting for observations and to highlight implications for the 
structure of the shallow magmatic system. In the broader framework of the transition in 
eruption-style occurring at OL, the documentation of this unusually large volume lava 
eruption also has the potential to shed light on the pluridecadal cycles of effusive to 
explosive volcanism that have occurred repetitively at OL. 

Typical natrocarbonatite eruptions at OL are characterized by lava fountains and 
flows at low effusion rates (~0.3 m3 s-1), producing small lava flows (<100 m3) in the 
crater (chapter 5). Since late 1998, lava frequently overflowed the crater rim to flow a 
few hundred meters down the flanks (GVN 1999). In rare cases, larger natrocarbonatite 
eruptions occur in association with hornito flank collapse and high effusion rate (GVN 
2005b), or with lavas of elevated SiO2 (~3 %) and crystal content (i.e. 80 %), as in June 
1993 (Dawson et al. 1994; 1996; Petibon et al. 1998). From June 14 to June 29, 1993, 
two lava flows with volumes of ~4.3×104 m3 and ~10.4×104 m3, respectively, were 
emitted over ~14 days, in association with an explosive eruption which formed several 
asymmetrical ash cones (Church and Jones 1994; Dawson et al. 1994). 

This chapter is structured as follows: first, reports from visits to OL shortly before, 
during or just after the March-April 2006 eruptions are summarized and compared with 
news media information; second, MODIS night-time observations are analysed to 
constrain event chronology; third, field observations collected two months after the 
eruptions (May 21-28, 2006) are reported to constrain eruption processes. Finally, factors 
leading to the eruption events and implications for the structure of the shallow magmatic 
system are discussed.  

6.1. Accounts of the March-April eruption: 
Field and news reports 

 
Since 2001, activity has been localized in the central part of the crater where a hornito 
cluster formed by multiple phases of lava spattering and effusion (T56B, T57B, T58B, 
T58C, see Fig. 6.1; GVN 2005a). Inter-related activity at the central hornitos and 
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“gurgling” noise of underground magma movement provided evidence for shallow, 
interconnected lava reservoirs, immediately underneath hornitos’ bases. OL displayed its 
usual low-level natrocarbonatite activity until mid-March 2006, except for a few higher 
eruption rate events in July 2004 and 2005 (Table 6.1). During these, partial hornito 
collapses (i.e. T58B, T58C, Fig. 6.1) breached shallow reservoirs causing rapid lava 
outbursts (Table 6.1). A 10-12 m wide pit crater formed at T58B in July 2004; occupied 
by a lava lake or active vents since then. The March-April 2006 eruption was neither 
preceded by a hiatus in eruptive activity nor by any major change in eruptive style or 
intensity. 

 The first eruption reports appeared in the Tanzanian and international media, 
including CNN, on March 30 (Table 6.1), citing inhabitants from Engare Sero, the closest 
sizeable village (~1000 inhabitants) near OL, 17 km N of the summit. These news articles 
described an eruption with loud explosions, ashcloud rise and lava emissions, and 
reported the evacuation of several villages, some more than 40 km away (GVN 2006). 
These reports were transmitted via the Global Volcanism Network of the Smithsonian 
Institution (www.volcano.si.edu) to the volcanology community (Smithsonian 
Institution/USGS Weekly Report 2006a). A week later, new reports indicated the eruption 
had not been explosive, no ash plume had been generated but an unusually large-volume 
lava flow extended down the W flank accompanied by a white steam plume produced by 
lava-ignited burning vegetation (Table 6.1; Fig. 6.2a; Kafumu et al. 2006; Mbede 2006; 
Smithsonian Institution/USGS Weekly Report 2006b). The W flank flow stopped about 1 
km before reaching a small family settlement (a so-called Masai “Boma”; Fig. 6.2b). 
Except for that Masai family, nobody had actually been evacuated. 

The eruption was characterized by two large effusive events, which probably 
occurred at night (according to Mbede 2006; see hereafter). The event dates are not well 
constrained by observers. The first eruption phase, which was over by April 1, formed a 
~15 m wide, near-cylindrical pit affecting hornitos T56B and T58B (Figs. 6.1, 6.3). A 
canyon from a breach in the S flank of the then still-standing T58C fed a lava flow. The 
flow filled up the S part of the crater, flowed over the W crater rim and down the flank. 
Regional authorities visited OL on April 1 and 7 to assess the situation (Table 6.1). They 
forbade access to the volcano but no enforcement actions were taken. Tourists continued 
visiting OL.  

University of Dar es Salaam geologists visited Engare Sero, on April 8; climbed 
OL on April 9. From discussions with village authorities, they reported the main eruption 
started, with tremors and explosion noises, at ~4 a.m. on March 25, i.e. 5-6 days earlier 
than indicated in other reports (Mbede 2006). Lava was seen shortly thereafter to 
overflow the crater rim and to extend onto the W flank. Villagers said this first phase 
ended on April 1; a second phase occurred between April 2 and April 5 again on the W 
flank. There were periods of lava fountaining at source but little ash was produced. 
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Figure 6-1 Map of OL active crater as observed on May 25, 2006, based on a GPS survey (Garmin Etrex 
Vista). Inset:  Sketch map from a similar survey in February 2006 (courtesy of C. Weber). Collapse of the
crater central part destroyed three of the largest hornitoes. T37 collapsed in June 2006 and T49B partially
collapsed by end 2006. 
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Dates Observations – Accounts Source/Reference 

2001 -     
March 2006 

Eruptive activity focuses in central part of summit crater; hornito cluster forms by multiple phases of lava spattering 
and effusion. Activity provides evidence for shallow lava pools, located immediately underneath the base of single 
hornitos.  

GVN 2002, 2003, 2004; 
Fig. 6.1 

07-15-2004 Intense eruption phase from T58B and C with ash jets, 10-m high lava fountains. Breaching of T58B hornito’s flank 
causes flooding of the central-eastern crater floor by voluminous lava at estimated peak flow rate ~10 m3 s-1. 
Formation of 10-12 m wide pit crater at central hornito T58B. Correlated eruptive activities between different central 
hornitos: activity stopping at one vent when new vent opened nearby. 

F. Belton; GVN 2005b 

07-04-2005 Correlation between eruptive activities at different central hornitos with several neighbouring vents active 
simultaneously. 

GVN 2005a 

07-21/22-2005 Lava fountain and voluminous flows produced at high rate (0.5 m3 s-1) from T58C. F. Belton; GVN 2005a 

08-04-2005 Lava lake in T58B pit crater. C. Weber; GVN 2005a 

02-07-2006 Four vents active in T58B pit crater. Low level eruptive activity from central vents. C. Weber 

03-13-2006 Last photograph of crater before March 25–April 5 eruptions shows some fresh, small-volume natrocarbonatite flows, 
some reaching NW and E crater rims. 

R. Rosen; Airplane 
picture, Fig. 6.3a 

03-25-2006 Start of main eruption phase in early morning with tremors, explosion sounds heard in Engare Sero. Lava, promptly 
afterwards, overflows crater rim and extends onto W flank. Lava fountaining at source. 

Mbede 2006 

03-27/30-2006 White plume rising from summit, mistakenly reported as ash plume in news reports. Mbede 2006 

03-30-2006 Pilot report seeing lava fountains and a large lava flow moving down flank, without ash emission. M. Dalton-Smith 

04-01-2006 Deep, ~15 m wide pit crater formed by partial collapse of T58B/T56B. 1-m-wide deeply incised canyon from S base 
of still standing T58C. Lava from canyon filled up low-lying areas of S part of crater, then flowed over W crater rim 
and down W flank. 

D. Polley; Airplane 
picture, Fig. 6.3b 

04-01-2006 “Hundreds of villagers living around OL (…) have been forced to flee their homes after the volcano erupted on 
Thursday [March 30]. Eyewitnesses said they heard a rumbling noise before the volcano began discharging ash and 

The Guardian 



Part II: Monitoring and Hazard Assessment at Oldoinyo Lengai  
 

 123

lava, prompting local residents to flee the area in their hundreds. District officials estimated that about 3,000 people 
from Nayobi, Magadini, Engaruka, Malambo, Ngaresero, Gelai Bomba and Kitumbeine villages left their homes 
within a few hours of the eruption (…). (…) smoke was seen coming from the peak of the mountain, (…) people 
panicked after lava began pouring out of the volcano. (…) The eruption destroyed vegetation and polluted water 
sources, but no casualties were reported.”  

(Ihucha 2006a) 

04-01-2006 W flank flow reached maximum length. No activity in crater; near-circular pit crater emitting water vapour and other 
gases (i.e. with a weak sulphur smell). 

M. Jones 

04-01-2006 Ngorongoro District Commissioner climbs OL to assess the situation.  Kafumu et al. 2006 

04-04-2006 Pilot report seeing from distance short-duration but very high lava fountain issuing from new collapse pit. Lava lake 
occupying pit crater. Flow on W flank glowing  

M. Dalton-Smith 

04-07/08-2006 Arusha Regional Commissioner visits OL summit. Lava lake still active within collapsed pit crater but not sourcing 
lava overflow to W flank any longer. Pit crater estimated at ~30 m across from N to S and at ~15 m across from E to 
W.  

A. Bupunga - 
Tanzannature Safari 

04-09-2006 Flow on W flank still steaming in several distal places. Lava lake in pit crater actively degassing. T58C still partially 
standing at edge of collapsed area.  

Mbede 2006 

04-15-2006 Ngorongoro Conservation Area Authorities issues travel advisory, warning local tour operators not to take tourists 
near OL. OL access forbidden for April (concerns that further volcanic eruptions could occur). 

Ihucha 2006b 

04-17-2006 “There was an exodus after the volcanic mountain rumbled into red-hot landslide, spewing scalding fumes and lava 
all over the neighbourhood.” 

The Guardian 
(Mvungi 2006) 

06-20-2006 Recent major flow in SE part of crater on July 13, 2006, corresponding to a major MODIS thermal anomaly on June 
20, 2006 

S. Beresford (07-13-2006) 

06-18-2007 New natrocarbonatite activity in crater with three active lava lakes, four new spattering hornitos and flows inside pit 
crater 

H. Mattsson 

Table 6-1 Summary table of observations from eyewitnesses, of reports in the news media and of actions taken by authorities before, during and directly after the March-
April 2006 eruption. Some of these observations were compiled on an OL dedicated website by F. Belton (http://www.mtsu.edu/~fbelton/lengai.html). 
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Thin pāhoehoe 
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Figure 6-2 (a) White degassing plume above OL seen from N on March 30, 2006 (Photo courtesy 
M. Dalton-Smith). (b) Lava flow, with aa-like surface texture, on the lower W flank photographed 
on April 9, 2006. Lava flow exits a deep gully to form a wider lobe on the lower flank shallower 
slopes. When photographed, the lava had stopped for at least 5 days, but was still hot in places. 
White degassing plumes can be observed within the cooling flow. Some low viscosity lavas with 
pāhoehoe surface texture, extruding from the well-marked lava front, had continued flowing along 
small gullies for several hundred meters. Lava flow reaches to within 1 km of closest Masai boma
(Photo courtesy E. Mbede). 
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6.2. Thermal RS observations 
 

MODIS data analysis for March-April 2006, using the MODLEN algorithm presented in 
chapter 5, helped constrain the onset, duration and end of the eruption as well as relative 
activity level changes even though the volcano was often covered by clouds, as is 
common during the local rainy season which lasts from March until May. Daytime 
MODIS images were visually inspected to further constrain observations. MODIS 
observations are illustrated in Fig. 6.4, summarized in Table 6.2. Key points are 
highlighted hereafter. 

Short duration (i.e. no repeated anomalies in successive scenes) and low intensity 
anomalies were detected on March 11, 13 and 18, suggesting lava flow eruptions of an 
ordinary size for OL i.e. ≤102 m3. These anomalies match observations of multiple fresh 
flows extending to the NW and E crater rim from the central hornito cluster (Table 6.1; 
Fig. 6.3a). The first main thermal anomalies were recorded at night on March 22 and 23, 
despite cloud coverage (Table 6.2; Fig. 6.4a). It suggests emplacement of voluminous 
flows in the E part of the crater, anomalies appearing on the upper E flank probably being 
related to slight inaccuracy in scene georeferencing.  

March 25 marked the first eruption peak, with intense anomalies being first 
detected close to the summit on the daytime Terra image (i.e. acquired at 11:00 a.m. local 
time). In the night of March 25-26, anomalies covered an extensive part of the W flank 
(Fig. 6.4; Table 6.2). Anomalies were detected as far as ~2.8 km from the crater with the 
highest anomalies at mid-flank. These data indicate that lava overflowed the crater rim 
and extended down the W flank on March 25, and that it had already reached its full 
length by 11:20 p.m. This fits with local Masai accounts of the first phase starting at 4:00 
a.m. on March 25.  

During March 27, intense anomalies were recorded at the crater indicating an active 
lava lake within a collapse pit crater, and possible additional lava emplacement within the 
S part of the crater. Lower intensity anomalies on the W flank can be ascribed to cooling 
of the March 25 flow. On March 29, low intensity anomalies were detected within the 
crater indicating waning activity, restricted to the crater. The last anomaly for the first 
eruption phase was in the afternoon of March 30 (Table 6.2). Absence of anomaly over 
the next 3 days (March 31-April 2) suggests that no voluminous lava was emitted then. 
The emplaced lava surface had already cooled down to below detection limit (note that 
natrocarbonatite lava cools to half its initial temperature in only ~1 h, Pinkerton et al. 
1995).  

Figure 6-3 (a) OL crater looking ESE; viewed from a plane on March 13, 2006, before two central hornitos
collapsed on March 25 (courtesy of R. Rosen). A fresh flow from T49B overflows NW crater rim. (b)
Central part of crater showing the collapse pit (CP1); imaged from a plane on April 1, 2006 (courtesy of D.
Polley), in between the two eruption phases. (c) Crater view from the summit on May 21, 2006. The S third 
of the crater is covered by the March-April lava flow. (d) Crater view from SE on August 1, 2006; the June 
20 flow, issuing from a second pit crater (CP2) formed by T37B collapse (courtesy of D. Szczepanski). 



Part II: Monitoring and Hazard Assessment at Oldoinyo Lengai  
 

 127

The second main activity phase and lava overflow on the W flank occurred early on 
April 3. A spatially-extensive anomaly (i.e. 6 pixels) was detected on the W flank for two 
daytime MODIS scenes (Table 6.2). This anomaly was more intense and extensive onto 
the lower flanks on night-time scenes, reaching down 3 km. The last anomalies were 
visible on the lower W flank on the April 4 daytime Aqua scene (Table 6.2). From April 
5 to April 11, dense cloud coverage prevented identification of the end of activity. From 
April 12 the MODIS scene did not record any additional activity, suggesting the lava lake 
formed in the collapse pit crater, still active on April 9, must have cooled or drained.  

MODIS data constrain two main effusion pulses. The temporal and spatial 
evolutions show that the two eruption peaks, which emplaced lava on the W flank, were 
of short duration (5-20 hours) and occurred on March 25 and April 3.  

6.3. Field observations 
 
Detailed mapping and observations were made at the W flank flow front and within the 
crater in the last week of May 2006 (Figs. 6.1, 6.3c, 6.5). In this period, and earlier in 
May, no eruptive activity was witnessed. There were no signs that activity resumed after 
April 9. Fumarolic degassing along fissures cutting through the crater rim and from most 
hornitos (i.e. T37, T37B, T45, T49B, T51) was continuously observed. Rumbling noises, 
associated with ground movements, lasting for a few seconds were heard several times 
per hour and felt in the crater. These noises can be related to ongoing roof collapse within 
sub-surface cavities (i.e. drained shallow reservoirs) underneath the central hornito 
cluster. In the following sections, observations made in the crater and on the W flank are 
described. 

6.3.1 A new collapse pit 
The morphology of the central part of the crater drastically changed compared to 
February 2006 (Fig. 6.1). By end of May 2006, the collapse pit (CP1; Figs 6.1 & 6.3c), 
formed at the central hornito cluster, was associated with collapse of T56B, T58B and 
T58C, with only their lower flanks remaining around the CP crater rim. On May 27, CP1 
was ~85 m across from N to S and ~75 m across from E to W. The CP rim was ~20 m 
higher than the visible pit bottom, which was filled up by altered lava scree. T49B, a 60 
m-high hornito, to the NW pit margin, was still standing but CP was undercutting its SE 
flank. Figs 6.4b-c and 6.6 show that CP1 enlarged rapidly after the March 25–April 5 
eruption. 
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Figure 6-4 (a-e) Stretched grey-scaled, night-time, MODIS band 22 (3.95 µm) image over OL (identified by the white arrow)
acquired by Terra or Aqua platforms. Bright pixels (~1×1 km2) at or close to summit indicate presence of hot lava. N is up in
each image. Interpretations of the thermal anomalies given in Table 1. (f) Generalized sketch of topographic features visible on 
MODIS scenes: see Fig. 5.5. Image contrast has been stretched independently for each scene to optimize visualisation. Scenes
(a, b and e) are affected by clouds. (g) Time series of Normalized Thermal Index (NTI) values for the crater, extracted from
MODIS night-time images using the MODLEN algorithm (see chapter 5 for detail), including all MODLEN alerts within 2 km 
of the summit from March 6 to April 21. NTI values above [-0.88] (stippled line) denote eruptive activity in progress within the
crater whereas NTI values below [-0.92] (hatched area) are characteristic for dense cloud coverage masking the summit. Data
acquisition gaps are marked by grey vertical bars. Data were acquired for the night between the plotted date and following day.
Numbers refer to interpretation of key features in Table 6.2. 
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Fig. 
6. 4 
# 

2006 
Dates Number of thermally 

anomalous pixels 

Scene 
Type 

Level and localisation of 
thermal signal 

Interpretations/Comments 

1 to 
3 

March 
11, 13 
and 18 

1 to 2 pixels V Weak anomaly at summit 
crater 

Spattering and small-scale flow 
emplacement mostly crater-confined 

 March 19 - 21 V No data or data affected by 
clouds 

No information 

4 March 22 Terra: 1 pixel (10:45 p.m.) 
Aqua: 3 pixels 

V 
Moderately intense 
anomalies at, & directly E of  
summit  

Emplacement of thick flows in crater 

5 March 23 Aqua: 2 pixels V Minor anomaly at summit 
and strong anomaly to E of it 

Emplacement of thick flows in crater 

6 March 24   V No thermal anomaly; dense 
cloud coverage 

No evidence of thermal activity 

 March 25 Terra: 4 pix. (11:00 a.m.) X 
High intensity, spatially-
extensive thermal anomaly 
in or close to summit 

Start of first eruption phase; first series 
of major hornito collapses; lava flood in 
crater 

7 March 25 Terra: 11 pix. (11:20 p.m.) 
Aqua: 6 pix. (2:15 a.m.) 

V Multiple intense anomalies 
at summit & on W flank 

First eruption peak: summit crater 
overflow; 3 km long flow down W flank 

 March 26 Aqua: 2 pix. (2:35 p.m.) X Moderate anomalies at 
summit 

Active lava lake in CP crater  

   V No anomaly; dense cloud 
coverage 

Unfavourable geometry of acquired 
scene 

Terra: 4 pix. (10:45 a.m.) X 
Terra: 2 pix. (11:05 p.m.) V 

8 March 27  

Aqua: 5 pix. (2:00 a.m.) V 

Intense anomaly at summit 
& multiple weak anomalies 
on W flank 

Active lava lake in CP crater; possible 
emplacement of new lava in crater; 
lava cooling on W flank 

9 March 29  Terra: 2 pix. (10:55 p.m.) 
Aqua: 3 pix. (1:50 a.m.) 

V Moderately intense anomaly 
at summit 

Waning, crater-restricted activity 

 March 30 Aqua: 2 pix. (2:10 a.m.) X Moderately intense anomaly 
at summit 

Last thermal anomaly of first eruption 
phase 

10 March 30 - April 1 V No thermal anomaly Lava lake surface within CP already 
cooled significantly 

11 April 2  V No thermal anomaly; dense 
cloud coverage 

No evidence of renewed activity 

Terra: 6 pix. (10:50 a.m.) X 
Aqua: 6 pix. (1:45 p.m.) X 
Terra: 9 pix. (11:10 p.m.) V 

12 April 3 

Aqua: 14 pix. (2:10 a.m.) V 

Multiple intense anomalies 
at summit & on W flank 

Second eruption peak: second lava 
flood in crater & 3 km long flow down 
W flank, over first one 

 April 4 Aqua: 4 pix. (2:30 p.m.) X Moderate intensity 
anomalies on lower W flank  

Lava cooling on W flank 

13 April 5 - 12 V No thermal anomaly; dense 
cloud coverage 

No evidence of thermal activity, end of 
lava lake activity 

Table 6-2 Summary of observations and interpretation of MODIS thermal data. Numbers in first column refer to Fig. 6.4g. Scenes 
marked with a V or with X are night-time and day-time acquired, respectively. Night-time scenes were analysed using MODLEN. 
Thermal anomalies were visually identified on daytime scenes. Night-time data were acquired for the night between the mentioned 
date and following day; acquisition time are reported in local time. 
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Cavities were observed in the CP1 walls, where the CP walls cut through hornito 
flanks.  Two cavities at shallow depth, 3-5 m across, are observed at T46, one within the 
hornito construct and the second one 2 m beneath it (Fig. 6.5a). Similar structures are 
exposed in the CP wall below the undercut flank of T57. These ellipsoidal cavities 
represent direct evidence for shallow subsurface magma ponds, now drained. The CP 
walls are made up of altered flows, spatter layers and former lava lakes. 

 At its S rim, the CP is breached by a ~10 m deep, 1 m wide canyon, which splits 
into 3 branches before reaching the near-flat S area of the crater (Figs. 6.1 & 6.3c). Lava 
channels extending into the near-flat crater area indicate these canyons fed the main flow 
covering the crater, which subsequently flowed down the W flank. Since all emplaced 
lava in the eruption passed through these canyons, the effusion rate in these was very 
high. The near-vent environment means that very limited cooling or crystallization could 
have affected the initial viscosity. As turbulent lava flows are favoured by high effusion 
rates and low viscosity, the narrow and deep incision into the CP S wall is consistent with 
thermal erosion by turbulently flowing lava exiting from the S base of T58C (Fig. 6.3b). 
Gradual canyon deepening led to drainage of the CP lava lake.  

6.3.2 New lava field in the crater 
The March 25–April 5 eruption formed a virtually flat lava field in the S third of 

the crater (Fig. 6.1). Lava surface textures are smooth/ropy pāhoehoe to scoriaceous 
rubbly pāhoehoe/’a‘ā-like lava (i.e. <10 cm-scale surface roughness). Rubbly 
pāhoehoe/’a‘ā lava flows consist of a brecciated flow top, a pāhoehoe base, and an 
interior similar to inflated pahoehoe flows (Mac Donald 1953; Kilburn and Guest 1993). 
Several overlapping flow units can be discriminated. There is little indication of any flow 
direction outside the lava channels (see hereafter), except for some late-stage ropy 
pāhoehoe lobes. The lava field appears to have emplaced rapidly and inflated at a late 
stage, by additional input at a lower rate beneath the cooled crust. 

Well-defined lava channels are identified in the flow field. These channels are 2-3 
m wide, i.e. exceptionally large by OL standard. They are characterized by laminar flow 
features (i.e. parabolic surface pattern indicating velocity profile in the last eruption 
phase), by a finely scoriaceous surface and by smooth pāhoehoe channel overflows. Late-
stage flows in the channels display inflated pāhoehoe lobes (0.1 m to ~1 m thick) and 
pressure-ridges (see Mattsson and Hode Vuorinen 2008). These inflation features bear 
similarities to those observed in basaltic pāhoehoe flow fields at Kiluaea, Hawaii (Hon et 
al. 1994). The 30-60 cm deep channels are bordered by overhanging walls. The channel 
morphology is typical of thermally eroded channels formed by turbulent flows at high 
discharge rate (Jarvis 1995) as described for komatiite flows (e.g. Huppert et al. 1984; 
Huppert and Sparks 1985). Thermally eroded lava channels can also form laminarly, as 
documented at OL by Pinkerton et al. (Pinkerton et al. 1995), but these channels were of 
a much smaller scale (dm-scale) than documented here. On balance, it seems unlikely that 
the m-scale thermally-eroded channels observed in the field could have formed in the 
laminar regime. 
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Close to the W overflow, the channels merge into a single channel that deepens 
abruptly from 50 cm to 2.5 m and widens to 5 m (Fig. 6.5b). Directly beyond the crater 
rim, a 20x20 m, ~5 m deep depression, formed by thermal erosion as lava overflowed the 
rim. An additional channel starting at T37B’s base suggests lava also issued from that 
hornito during the eruption (Fig. 6.1). April 1 photographs (Fig. 6.3b) indicates that these 
channels formed during the second eruption phase.  

The main flow field is 60-90 cm thick against the crater S wall, but only 10 cm 
thick at its N edge, consistent with rapid emplacement. In its central part, it covers an old 
cone (T30), indicating lava accumulation up to 2.5 m. In the channel walls close to the 
crater overflow, the fresh lava is 1.8 m thick. With limited constraints on the original 
crater floor topography, an average thickness of (1.2 ± 0.3) m is taken as a conservative 
estimate, leading to a volume for the main flow field in the crater at (4.5×104 ± 1.2 ×104) 

m3 (Table 6.3).  

In the SW part of the flow field, one flow can be discriminated based on its greater 
thickness, darker colour and slabby pāhoehoe texture (i.e. ~1 m-scale vertical surface 
irregularities; Figs. 6.1 & 6.5c). This unit was associated with the first eruption phase 
(April 1 photograph; Fig. 6.3b). This flow unit shows evidence of compression against 
the S crater wall, as it is thicker there. It was observed by local guides to remain hotter 
and to degas for a longer period after the eruption compared to the rest of the field. This 
flow is 1.3 to 1.8 m above the surrounding lava plain and up to 2.3 m above the former 
surface. It represents a significant lava volume (Table 6.3). Its extrusion point is ill-
defined. Its proximal extension disappears under lava emplaced later. 

 

 

Table 6-3 Thickness, area and volume of lava flow units from March 25 – April 5, 2006 eruptions. Areas 
were estimated from GPS survey in the field and from an ASTER satellite image (Fig. 6.7). Average 
thickness and volume of FL 1-3 were estimated from topographic profiles across the flows. 

Lava Flow Units Area (m2) Min-Max 
Thickness 

(m) 

Average 
Thickness 

(m) 

Volume (m3) 

Main Flow Field within crater 37.3 ×103  ± 0.5 ×103 0.1 – 2.5 1.2 ± 0.3 4.5×104 ± 1.2 ×104 
Thick Flow in SW of crater 11.7×103 ± 0.5×103 1.3 – 2.3 2 ± 0.1 2.3×104 ± 0.2×104 
FL1 (W of crater) 1175 ± 50  0.4 - 1.3 0.8 940 ± 40 
FL2 (SW of crater) 2500 ± 100 0.4 – 2.0 0.8 2000 ± 80 
FL3 (SE of crater) 750 ± 50 0.3 – 0.8 0.6 450 ± 20 
Total Lava Flow summit 
crater    7.1×104 ± 1.4 ×104 

Flow within gully on W flank 36×103 ± 7×103    ? 10 ± 2  3.7×105  ± 1.4×105   
Flow lobe on lower W flank 12x104 ± 1×104 0 - 12 4 ± 1 4.8×105 ± 1.5×105 
Total Lava Flow on W flank    8.5×105 ± 2.9×105 
Total     9.2×105 ± 3.0×105 
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Three thick ‘a‘ā-like flows, distinct from the main field, were associated with the 
second eruption phase (Fig. 6.3b). Two of these flows (FL1 and FL2; Fig. 6.1) extended 
W from the CP. They are characterized by a ~6 m wide, 2 m thick, flow channel in their 
proximal section, and by a >15 m wide lobe in the distal section, up to 1 m thick. A third 
flow (FL3) issued from T37B’s base and extended to the SE. The small volume of these 
flows (Table 6.3) compared to the main field is consistent with late stage emplacement, 
when little magma remained in the shallow reservoirs. 

6.3.3  West flank lava flows 
Most of the erupted volume exited the crater to flow down the W flank (Fig. 6.7). The 
flow was confined within a deep gully extending down the 30-35° steep flank. From 
observations in the lower gully, it is estimated that it was originally ~20 m deep and ~15-
20 m wide (Fig. 6.5d). Lava filled the gully to more than half its depth. At 1700 m 
elevation (~1100 m below the crater rim) the flow reached more gentle slopes (10-15° 
slopes) and overtopped gully sides. It formed a 1.3 km long and 100-150 m wide lobe 
with a well-defined front. The flow is 12 m thick in the central part of this distal lobe 
(Fig. 6.2b). 

The relationships between different flow morphologies in the gully are complex 
and can change considerably over a few meters (Fig. 6.5e). Most of the flows are of 
rubbly pāhoehoe type (with inflation features) or blocky ‘a‘ā-type. A clear separation of 
different flow types is, however, difficult, as rubbly pāhoehoe ranges from slightly 
scoriaceous, with some ropy textures, to more scoriaceous, approaching ‘a‘ā-type 
surfaces. At one location within the flank flow a major lava tube is exposed (Fig. 6.5f). 
Small-volume flows and outbreaks originating from stagnating fronts formed at a late 
stage. These flows are markedly different in morphology, with ropy to smooth pāhoehoe 
surfaces dominating, in small channels (5-20 cm wide) with well-developed levees (a few 
cm high; Fig. 6.5g).  

At the flow front (at 1400 m a.s.l.), the lava is ~2 m thick. Thin flows extrude from 
the front and extend several hundred meters along small gullies (i.e. ~5 m wide; Fig. 
6.2b). These flows are less than 1 m thick, with a pāhoehoe texture similar to that of late-
stage outbreaks in the uppermost parts of the main lava lobe. Their volume is small (< 
103 m3). As observed in the 1993 ‘a‘ā flow (Dawson et al. 1994), small, mobile pāhoehoe 
flows are sourced from the front of a more massive flow. Such late stage pāhoehoe flows 
were shown to have a composition consistent with extreme fractionation (Pyle et al. 
1991). The expectation is that these pāhoehoe flows represent the residual melt from 
crystallisation and filter pressing/compaction of the lava during, and possibly after flow, 
as described by Keller & Krafft (1990). They can readily escape from the crystal mush of 
a stagnating ‘a‘ā flow due to their low viscosity (Norton and Pinkerton 1997). 

A large semi-circular, tumulus formed in the upper parts of the flow lobe at 1680 m 
elevation (Fig. 6.5h). Tumuli are meter to 10s of meters wide inflation features 
commonly observed on shallow slopes in basaltic flow fields (e.g. Walker 1991). The 
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tumulus has curved outer surfaces and is cut by >4 m deep, axial and radial inflation 
clefts. Three different types of flows can be identified from the axial cleft of the tumulus 
(Mattsson and Hode Vuorinen 2008). The lowermost 2.3 m of the cleft exposes the 
banded upper-vesicular crust of a tube-fed flow that inflated, followed by a scoriaceous 
horizon (20-40 cm thick). This is overlain by a rubbly pāhoehoe flow, 1.8 m thick, that 
shows no signs of inflation itself but displays plastic deformation and gently curved outer 
surfaces produced as the underlying flow inflated. This upper flow has an internal 
structure with concentric vesicle bands and more vesicular interior, similar to S-type 
pāhoehoe of Wilmoth and Walker (1993). The third flow type is represented inside the 
tumulus axial cleft as a small hornito (35 cm high and 15 cm in diameter) of highly 
vesicular natrocarbonatite. 

The W flank flow volume is difficult to assess due to lack of detailed pre-eruption 
topography information (Table 6.3). A rectangular cross-section, 15 ± 3 m wide and 10 ± 
2 m deep, is assumed for the gully-confined flow. The along slope gully length is 2.45 
km. The gully flow volume is thus estimated at (3.7×105 ± 1.4×105) m3. In the distal flow 
lobe, thickness varies from a few centimetres at the edges to ~12 m centrally. Using a 
conservative average thickness of (4 ± 1) m, a volume estimate of (4.8×105 ± 1.5×105) m3 
is obtained. The total volume of the W flank lava is at least 12 times the summit crater 
flow volume (Table 6.3). 

6.3.4 Evolution after May 2006: Transition to explosive volcanism 
Only one additional eruptive event was recorded at OL in 2006, after April 5 (on June 20, 
2006; Table 6.1). It involved collapse of T37B (Figs. 6.1 & 6.6), formation of a second 
pit crater (CP2), and extrusion of a lava flow in the SE of the crater (Fig. 6.3d, Fig. 6.7). 
CP1 continued to enlarge gradually and, by June 2007, it had merged with CP2 (Fig. 6.6). 
Natrocarbonatite eruptions resumed by June 2007 (Table 6.1) after a year long hiatus in 
activity. Through July and August 2007, over 25 tectonic earthquakes of magnitude 4 to 
5.9 on the Richter scale have been reported within 50 km of OL (based on teleseismic 
data; EMSC 2007). A series of explosive eruptions started on September 4, 2007, causing 
2-3 km high ash columns, damage to vegetation on the volcano slopes and ash fallout to 
at least 20 km from OL’s summit (Vaughan et al. 2008). Activity evolved in early 2008 
to sub-plinian style eruption columns, rising up to 15 km above OL, depositing ash as far 
as 80 km to the W-SW of OL and associated with small pyroclastic flows on OL’s N 
flank. Access to OL has been closed for visitors by local authorities (GVN 2007). Cycles 
of effusive to explosive volcanism have occurred repetitively at OL every few decades. 
Our study provides insights on how this can occur. 

Figure 6-5  (next page) (a) W section of CP1 crater wall cutting through hornito T46 (1). A cavity within
the hornito (2) and a solidified shallow magma reservoir directly underneath the cavity (3) are observed. (b)
2 m-deep, 5 m-wide lava channel close to crater rim (inside the crater). The channel cuts into an older lava
flow, with the fresh flow being ~1.2 m thick (black double arrow). (c) Thick slabby pāhoehoe flow in SW 
part of the crater. (d) Photograph looking up towards OL summit, at ~1800 m a.s.l; lava flow is confined by
a ~15 m wide canyon. (e) Looking in the same direction at ~1650 m; lava flows have a complex texture:
blocky ‘a‘ā lava (to left) and finely rubbly pāhoehoe lava (to right). (f) Remnant of a lava tube roof (white 
arrow) (people in white shirt for scale). (g) Outbreaks of small pāhoehoe flows from a stagnated flow front 
with well-formed levees and central channels (hammer for scale). (h) 10 m high tumulus at 1680 m a.s.l. 
cut by axial and radial inflation clefts. 
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Figure 6-6 Morphological evolution of central hornito cluster and of pit crater (CP1) from February 2006 to June 2007. CP1,
formed on March 25, significantly enlarged throughout this period (black arrow). A second pit crater (CP2) is observed at the former
location of hornito T37B on the August 6 photograph (white arrow). CP1 floor is covered by fresh lava in June 2007 (white arrow)
(Photos courtesy of C. Weber, B. Masson and R. Nandedkar). 
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6.4. Composition of March-April 2006 lavas 
 
Seventeen natrocarbonatite samples were collected during the field visit (May 25-26, 
2006) of MK and François Kervyn. The samples show effects of rapid natrocarbonatite 
alteration as described by Zaitsev & Keller (2006). Even mere weeks after emplacement, 
neo-formation of trona, thermonatrite and nahcolite, and efflorescences of halides are 
prominent. Petrographic inspection of 7 water-free prepared thin sections and chemical 
analysis of three of the freshest samples by XRF (Table 6.4) were carried out by Joerg 
Keller at University of Freiburg.  

6.4.1 Petrographic description 
All samples are similar to lavas of the ongoing eruptive period (lasting since 1983), 
regularly sampled since 1988. This similarity refers to the phenocryst association of 
stubby rectangular laths of nyerereite and sub-rounded gregoryite, up to 1-2 mm, set in an 
interstitial matrix of fine-grained nyerereite and gregoryite with skeletal fluorite and 
finely dispersed opaques. Sylvite/halite appear in XRD patterns. Reference is made to 
thin section photographs in McKie & Frankis (1977), Keller & Krafft (1990), or Peterson 
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Figure 6-7 (a) Colour composite of ASTER visible and near infrared bands (Red: band 3: 0.78-0.86 µm; Green: band 2: 0.63-0.69 
µm; Blue: band 1: 0.52-0.60 µm) acquired on June 29, 2006. The flow emplaced during the March 25 – April 5 eruption is visible 
on W flank. Locations of crater rim overflow, exiting from W flank gully and flow front are marked by black arrows. (b) Map of 
same flow with 100 m contour intervals extracted from SRTM DEM. Stippled line marks the track to climb the flank from W.
Dark area to SE of crater (white arrow in (a)) corresponds to June 20, 2006 lava flow. 
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(1990). Most samples for the present study are phenocryst-rich (up to 60 %), with little 
groundmass.  

Silicate spheroids, up to 1 mm in thin sections, are present and consist of nepheline, 
pyroxene, Ti-andradite, and wollastonite. Typically single crystals or glomerophyric 
blobs of these minerals form cores surrounded by fine-grained silicate matrix of the same 
minerals with combeite and opaques. The spheroids correspond to the combeite-
wollastonite nephelinites of the younger OL stage (Klaudius and Keller 2006).  
Pseudomorphs in the fine-grained matrix of the spheroids can be interpreted as former 
groundmass melilite, relating spheroids even more directly to silicate lapilli of historical 
eruptions. To a varying degree, natrocarbonatite melt infiltrated these spheroids. Based 
on silica content of samples (see hereafter), the proportion of silicate spheroids is 
estimated to range from ~3 % to ~7 %, for OL-1 and OL-S2, respectively. 

Sample OL-6 is devoid of silicate spheroids. In contrast, most other samples of the 
2006 eruption period collected in the products from the crater or W flank flow, in 
particular samples OL-1 and OL-S2 (Table 6.4), show silicate spheroids as described for 
the exceptional 1993 eruptions (Dawson et al. 1994; Church and Jones 1995). 

6.4.2 Chemical composition 
Table 6.4 compares 3 analyses of 2006 lavas with a natrocarbonatite composition from 
Keller & Zaitsev (2006) representative of the last years. Whereas sample OL-6 from 2006 
compares well in major element composition and in all analyzed trace elements with this 
selected reference, samples OL-1 and OL-S2 show a distinct silicate component as 
expected from thin section observations of a significant spheroids content. Both the 
spheroid content and chemical composition relate the March 2006 natrocarbonatite to the 
so far exceptional 1993 compositions. Sample OL-F-35 in Table 6.4 represents the 
silicate spheroid-bearing lava of 1993 (i.e. the so-called Chaos Crag flow of Dawson et 
al. 1994). The composition compares closely with that of our OL-S2 sample, collected 
within the thick slabby pāhoehoe flow unit of the crater. OL-1, originating from 1562 m 
elevation at the margin of the W flank flow, is intermediate between natrocarbonatite 
(e.g. OL-6) and more SiO2-rich compositions (e.g. OL-S2, OL-F-35). 
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Sample  OL-259 2006 OL-6 2006 OL-1 2006 OL-S2 OL-F-35
Eruption Oct.2000 March 2006 March 2006 March 2006 June 1993 
SiO2 0.23 0.19 1.48 3.45 3.06
TiO2 0.02 0.01 0.04 0.07 0.10
Al2O3 0.00 0.00 0.39 1.01 0.84
Fe2O3  0.44 0.37 0.94 1.24 1.41
MnO 0.47 0.47 0.38 0.35 0.37
MgO 0.43 0.50 0.41 0.49 0.49
CaO 15.11 14.91 17.64 16.50 16.83
SrO 1.46 1.31 1.26 1.21 1.26
BaO 1.54 1.21 0.99 0.91 1.06
Na2O 32.74 31.96 30.98 31.15 30.42
K2O 8.30 8.62 6.76 6.73 6.89
P2O5 0.75 0.84 1.03 1.01 1.04
CO2 30.56 31.15 32.16 30.32 30.70
Cl 4.12 4.54 1.73 1.54 1.57
SO3 2.80 2.22 1.75 2.81 1.80
F 3.03 2.50  2.82 2.61 2.69
H2O 0.01 0.47 0.16 0.23 0.02
./.F,Cl  -2.21 -2.08 -1.58 -1.45 -1.49
Total  99.80 99.19 99.34 100.19 99.06
Rb 195 161 143 139 134
Sr 12330 11075 10650 10213 10655
Ba 13759 10825 8845 8189 9481
Pb 69 98 92 67 74
Th 6 8 6 9 9
U 14 13 10 12 12
Nb 30 37 70 93 90
Zr bd bd bd bd 71
Y 8 12 11 17 19
V 189 144 133 134 152
La 646 606 418 434 426
Ce 790 774 769 607 617
Nd 122 121 122 112 119

Table 6-4 Chemical composition of three lava samples for the March 2006 eruption, and of reference 
samples, used for comparison. OL259: Representative natrocarbonatite composition; Lava from T49 on 
October 9, 2000, from Keller & Zaitsev (2006). OL-6: Lava flow sample collected on May 26, 2006, at 
2827 m a.s.l., W crater rim. OL-1: Lava flow sample collected on May 25, at 1562 m a.s.l., at the flow 
margin on W flank.  OL-S2: Lava flow sample collected on May 26 at 2825 m a.s.l., in SW part of the 
crater, within thick dark slabby pāhoehoe flow unit (see text). OL-F-35:  Spheroid-bearing viscous lava 
flow of 1993 (Chaos Crag Flow, Dawson et al. 1994), unpublished analysis by J. Keller on sample 
collected by P. Vetsch, Geneva. bd: below detection limit. All analyses by XRF were done at MGI 
Freiburg. Trace elements in ppm. 
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6.5. Interpretation of the eruptive events 

6.5.1 Eruption chronology 
Accounts from Engare Sero authorities and MODIS data point to the start of the main 
eruption phase on March 25. It was characterized by a loud “explosion” sound, arguably 
accompanied by a dilute dust plume, mistaken for ash. These events are attributed to 
collapse of two central hornitos (T56B, T58B) forming a caldera-like pit crater (CP1). It 
was directly followed by rapid lava lake drainage, flooding part of the crater, and by rapid 
flow emplacement on the flank. Maximum flow length was reached, based on MODLEN 
evidence and field accounts, in less than 20 hours. The thundering collapse noise heard 
by villagers even far away from OL was mistakenly reported as the start of an explosive 
eruption.  

 MODIS data suggest a significant lava volume was already emitted as early as 
March 22. Although these flows have not been observed, they were probably emitted 
from breaches in the hornitos’ flanks, reducing the stability of the overlying hornitos. The 
emplacement, before April 1, of the thick slabby pāhoehoe flow in the SW of the crater is 
not well constrained in time but probably immediately followed the March 25 collapse.  

From March 27 to April 2, MODIS data suggest that activity was confined to a lava 
lake in CP1, while the flank lava was cooling down. Field observations of the tumulus on 
the flank flow however show that much of the crater overflow was emplaced in a lava 
tube, with inflation of an already cooled crust. Field evidence suggests that the tumulus 
was actively inflating for most of the eruption duration (Mattsson and Hode Vuorinen 
2008). Tube-fed flows would neither have been detected by MODIS, nor by ground 
observers some kilometres away. Lava lake activity decreased over time, probably 
feeding the flank lava tube at a decreasing rate.  

Eruptive activity resumed on April 3 with a second effusive eruption. It was most 
probably triggered by a further hornito collapse (i.e. part of T58C) into the lava lake. The 
lava again exited the lake through the S canyon, deepening it further through thermal 
erosion. The lava mostly confined to channels within the crater, rapidly flowed down the 
flank, mainly through the existing lava tube. The flow reached its final length by April 4. 
The lava lake continued to degas for at least 5 additional days. Three isolated ‘a‘ā flows 
observed to the W and E of the collapse crater (FL1, 2 & 3; Fig. 6.1) are thought to have 
been emplaced during this late eruption phase. Eruption end might have been associated 
with collapse of T58C remnants by April 10-12. 

6.5.2 Erupted volume and feeder system 
The total volume emitted in the March 25-April 5 eruptions is exceptionally large by OL 
standard (9.2×105 ± 3.0×105 m3; Table 6.3), 92 % of it being emplaced onto the flank. 
This lava volume is 6 times larger than the voluminous flows of 1993 (Dawson et al. 
1994). The 2006 lava was emplaced in less than 14 days (March 22 – April 4), suggesting 
a minimum average eruption rate of 0.8 m3 s-1, i.e. 9 times larger than the average 
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eruption rate estimated for the 1993 event. Assuming that the two peak eruption phases of 
March 25 and April 3 lasted 5-20 hours, as suggested by MODIS data, and were each 
responsible for one fourth of the total lava volume, eruption rates of 3-12 m3 s-1 or higher 
occurred. These peak rates are similar to the largest rates previously reported at OL for 
eruptive events lasting less than an hour (5-10 m3 s-1; GVN 2005b). These previous events 
were also associated with hornito flank collapse and shallow reservoir drainage. 

There are striking similarities between the June 1993 and March-April 2006 
eruptions (Dawson et al. 1994; Church and Jones 1995; 1996). Although eruption 
volumes and rates differ by an order of magnitude, both events were of much larger 
volume and eruption rate than usual natrocarbonatite eruptions at OL. In both cases, the 
lava was crystal-rich and contained silicate spheroids, although not for all 2006 samples. 
This suggests higher variability in the magma source for the 2006 eruption.  

The June 1993 eruption was associated with explosive activity forming several ash 
cones within the crater, whereas the March-April 2006 eruption was associated with 
breaching of shallow magma reservoirs probably triggered by hornito collapse and was 
not associated with ash deposits. Dawson et al. (1994) suggest very high apparent 
viscosity (i.e. 107-108 Pa s) for the 1993 lava compared to usual natrocarbonatite lavas 

(Dawson et al. 1990) due to the high crystal content and lava ponding within the crater. 
The March-April 2006 emplacement onto the W flank of a 3 km long flow in less than a 
day suggests that apparent viscosity was much lower than for the 1993 event. Mattsson 
and Hode Vuorinen (2008) indeed estimated the flow viscosity at 102-103 Pa s only 
slightly higher than other field and laboratory estimates of natrocarbonatite lava viscosity 
(0.3-120 Pa s; Dawson et al. 1990; Pinkerton et al. 1995; Norton and Pinkerton 1997). 
The large lava tube, established in the first effusive event in March 2006 and probably 
active for the entire eruption (Mattsson and Hode Vuorinen 2008), led to slower lava 
cooling.  

The June 1993 eruption was followed by 8-14 months without any lava emission 
and by gradual formation of a ~100 m-diameter, 20 m-deep depression at the crater centre 
(GVN 1994). A similar eruptive activity hiatus of about a year (i.e. after the June 20, 
2006, event) and enlargement of the central pit crater have been observed after the 
March-April 2006 eruptions. This suggests that large volume eruptions drain most of the 
magma stored at shallow depth and that replenishment requiring ~ 1 year has to take 
place from depth, before activity resumes. 

Available field evidence (i.e. shallow reservoirs in CP’s walls, CP formation) and 
reconstructed eruption chronology (i.e. rapid lava drainage following collapse noise) are 
consistent with magma erupting after shallow level storage. The CP volume, assuming a 
cylindrical shape of 100 m diameter and 40 m depth (i.e. estimate based on the 85 m-
wide and 20-25 m-deep, still-enlarging pit filled up by scree material), is ~35 % of the 
total erupted volume. This CP volume can account for the volume of the first main lava 
flow emitted, i.e. by massive drainage of a shallow magma reservoir caused by the first 
hornito collapse on March 25. 
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The lava that erupted in the second phase was most probably already present at 
shallow level underneath the hornito cluster. Interconnections between these closely 
spaced reservoirs could have caused their drainage into the CP. Based on the radius of the 
central hornito cluster, the dimensions of this agglomerate of magma reservoirs might 
approach 200×150 m, accounting for a magma volume of ~ 9.105 m3, assuming an 
average reservoir thickness of 40 m. In this scenario, the volume erupted was entirely 
contained in the shallow magmatic system underneath the central hornito cluster. If so, it 
could be expected that the pit crater would continue to enlarge to form a 200x150 m pit 
crater, causing collapse of the remaining hornitos. Replenishment of the shallow 
reservoirs can slow down or stop further pit enlargement. Explosive eruptions that started 
on September 2007 drastically changed the crater morphology, stopping this evolution 
(see Fig. 3.3). 

Another possible scenario is that the second phase occurred after replenishment of 
the shallow system by deeper magma. Assuming half the total volume erupted in the 
second phase, an average magma input in the shallow lava lake of 0.8 m3 s-1 must be 
assumed between the two phases. This magma volume corresponds to a spherical 
reservoir of at least 50 m radius. Although there are no additional observations to 
constrain the structure of the magmatic system within OL, Pyle et al. (1995) proposed a 
larger reservoir at an unknown depth within OL. Magma replenishment leading to 
resuming activity took more than one year after the March-April 2006 eruptions. This 
suggests characteristic timescales for substantial ascent from depth which far exceed one 
week and that replenishment rates are very low. On balance, all current evidence point to 
the first scenario.  

6.5.3 A conceptual model for the March-April 2006 eruptions 
A conceptual model is proposed to account for the eruption evolution (Fig. 6.8). Each 
hornito tends to be associated with a very shallow (2-10 m deep) magma reservoir or 
subsurface lava lake with diameter matching the cone base size, as first deduced by Pyle 
et al. (1995). In recent years prior to March 2006 , activity has often been intense and led 
to a high vent construct density at the surface atop a zone of elevated ground and to 
interconnection of  many small reservoirs underlying individual hornitos (Fig. 6.8a). Such 
network of shallow, closely spaced, m-scale reservoirs bears similarities with caverns 
associated with individual vents, observed in pit crater walls at Masaya, Nicaragua 
(Rymer et al. 1998). Partial drainage of a reservoir through a hornito’s flank at the 
eruption start (March 22-24) destabilized the overlying hornitos (Fig. 6.8a). The 
reservoirs’ top was ~10 m above the average crater elevation, allowing lava flow through 
the flank breach in T58C. Collapse of two hornitos (T58B, T56B) into the reservoirs 
triggered rapid drainage of a large volume, through the T58C base. This mechanism of 
magma drainage, cavern formation, and then roof collapse, to form a pit crater is similar 
to the one at Masaya volcano (Rymer et al. 1998). 
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Silicate spheroids in the lava could suggest that silicate-rich melt was present at the 
bottom part of stratified shallow reservoirs. Hornito collapse triggered mixing of this 
stratified reservoir, incorporating spheroids into the dominantly natrocarbonatite melt. 
Spheroids could also be consistent with new silicate melt entering the shallow magmatic 
system and triggering the first voluminous lava extrusion (Keller and Krafft 1990). 
Evidence is insufficient to favour one or the other scenario. Syn-eruptive deepening of 
the thermally eroded canyon favoured drainage of the reservoir’s deeper part (Fig. 6.8b). 
In the crater, eruption first produced high discharge lava floods to form the lava expanse 
covering one third of the crater and feeding the flank overflow. Interconnection of 
shallow reservoirs allowed lava lake refilling in the pit crater. The second peak eruption 
was associated with T58C partial collapse, triggering further lava lake drainage (Fig. 
6.8c). Lava was then emplaced at lower rates (still much higher than usual) forming 
channels and individual ‘a‘ā flows. Final lava emplacement in the channels was at lower 
rate enabling laminar flow and deformation. The fact that collapse occurred in a 
succession of events is consistent with many small subsurface reservoirs, locally 
interconnected and with possible drainage from one to the others, rather than with a 
unique large and shallow reservoir under the elevated zone with dense vent constructs. 

Based on depth measurements for the tumulus axial cleft, the time required for 
flank flows to solidify can be estimated with a conductive heat loss model (Carslaw and 
Jaeger 1959), using published physicochemical properties for natrocarbonatitic lava 
(Pinkerton et al. 1995). As estimated by Mattsson and Hode Vuorinen (2008) the total 
crust thickness exposed in the tumulus would have required nearly two years to solidify 
using published thermal diffusivity values for natrocarbonatite lavas. It follows that 
inflation must also have been ongoing during these two years. Although the flow clearly 
did not inflate over a period of two years, it is sufficient to suggest that active inflation 
occurred for most of the eruption. 

6.5.4 Eruption hazard and perspectives 
 

 The March–April 2006 eruption illustrates that hornito collapses and rapid lava 
emplacement can put OL visitors at risk. Although the risk for local populations from 
larger effusive and explosive eruption remains limited, there is a need for 
multidisciplinary research, monitoring and further risk assessment. In the absence of 
ground-based monitoring, RS offers the possibility to detect ongoing events. Radar 

Figure 6-8 Conceptual, schematic sketch of evolution of central hornito cluster and shallow
interconnected reservoirs formed in the years before 2006. (a) Initial lava flows, issuing from hornito
flanks, lower reservoir magma levels and destabilize hornitos through the network of interconnected,
probably stratified magma reservoirs (March 22-24). (b) T56B/T58B collapse causing magma mixing,
rapid reservoir drainage through thermally eroded canyon at T58C base, emplacing lava flows in S part
of crater and along flank. (c) Lava drainage from interconnected reservoirs forms CP1 lava lake, T58C
collapse causes second main lava surge. After eruption ends, CP1 continues to enlarge until June 2007,
causing partial collapse of T49B. Shallow reservoir replenishment, evidenced by activity resumption in
June 2007, marked end of CP1 enlargement. 
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interferometry (InSAR) to monitor OL ground deformation has now been initiated 
(SAMAAV project: Study And Monitoring of African Active Volcanoes, coordinated by 
F. Kervyn). Preliminary results suggest deformation occurred on the upper flank directly 
prior or during the 2006 event. 

Most information in the first news reports, disseminated internationally, was not 
accurate. To reduce risk, enhanced risk awareness, event preparedness and effective 
communication between relevant stakeholders (authorities, scientists, local people, 
media) are needed, together with enforcement of exclusion zones when appropriate. As 
no formal actions have so far taken place locally to manage eruption crisis at OL, it is the 
responsability of scientists to share the data they are able to collect from RS or field 
reports with the people directly affected by the eruption and with tour operators bringing 
tourists to OL. 

In the light of the evolution of OL activity in 2007-08, the eruption described in this 
chapter appears to mark a transition between the effusive natrocarbonatite activity and the 
explosive eruptions of magma with a mixed composition. Although evidence is lacking to 
account for the causative link between the events in 2006 and in 2007-08, the rapid 
drainage of most of the shallow magmatic system and the progressive internal collapse of 
the crater to a certain depth might have played a role in triggering a shift to explosive 
eruption involving silicate magma. 
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Chapter 7. Volcano Load Control on Dyke Propagation and Vent 
Distribution: Insights from Analogue Modelling 

 

In addition to documenting activity and deposits at a given volcano, RS also offers the 
opportunity to rapidly collect observations at a large number of volcanoes, and in doing 
so, to identify processes at work for a large range of volcanic systems. This chapter 
illustrates how the vent distribution documented at volcanoes with RS can be rationalized 
using analogue models. Analogue models also provide the great opportunity to document 
the 3D shape of sub-volcanic intrusion complexes. 

A volcano grows by successive explosive/effusive eruptions from a central vent 
and/or from vents on the flanks or around the base. It can also grow endogenously by 
successive magma intrusion. Intrusions contribute to edifice construction in a complex 
way. They can add volume (Annen et al. 2001), raise slopes, alter load distribution or 
cause spreading and collapse. Also, they can deform edifices, changing the stress 
distribution, and thus the boundary conditions for future intrusions and ultimately 
eruptions (e.g. Walter and Amelung 2006).  

The distribution of peripheral vents can be complex and evolve through time. It is 
controlled by interaction of regional and local processes (i.e. regional and local stress 
fields, regional structures, volcano shape, spreading structures and direction, magma 
chamber location and size, magma composition). Vent distribution in turn influences 
volcano growth and morphology. Documenting and deconvoluting vent distribution can 
provide insights into controls on magma preferential pathways.  

It is common to find peripheral vents near the volcano base or at a marked break-
in-slope (BIS). Vent opening or eruption focusing close to volcano base has been 
observed at many volcanoes (e.g. Poland et al. 2008). The relationship between 
topography and vent location can be documented for volcanoes of contrasting types and 
shapes using RS topographic data, as developed in the first section of this chapter. The 
process leading to preferential vent opening at breaks-in-slope has been little discussed 
(Shteynberg and Solovyev 1976; Pinel and Jaupart 2004b; Gaffney and Damjanac 2006).  

Numerous dynamical models for dyke (i.e. liquid-filled fracture) propagation 
assuming a homogeneous half-space have been proposed (Pollard 1973; Dahm 2000; 
Menand and Tait 2002 and references therein). It has been proposed that dyke 
propagation direction is mainly controlled by regional stress orientation, presence of 
planar discontinuities in the host rock, and changes in host rock rheological properties 
(e.g. Pollard 1973). As these models are based on physical properties or processes that 
are not observable, magma ascent pathways and dyke orientation in the crust and within 
volcanic constructs have also been studied with analogue modelling, using fluid (i.e. dyed 
water, silicone oil, air) injection into gelatin (Pollard 1973; Hyndman and Alt 1987; 
Menand and Tait 2002; Rivalta and Dahm 2006 and reference therein). Some field 
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studies are available to evaluate results from numerical and experimental models (Walker 
1993a, 1995, 1999; Gudmundsson 2002; Klausen 2006; Poland et al. 2008). A key point 
is that the 2D nature of field outcrops limits the ability to reconstruct the 3D shape of sub-
volcanic intrusions. 3D seismic observations  recently enabled to gain new insight into 
the complex shape of intrusive bodies but with limited success for dykes (e.g. Thomson 
2007). 

Some work has been dedicated to the propagation of dykes approaching volcanic 
constructs. Pinel and Jaupart (2000; 2004b) developed a numerical model predicting that 
ascending dykes can be blocked underneath high volcanoes. Edifice load causes magma 
storage at depth, or, if magma is of sufficiently low density, it favours lateral dyke 
propagation and extrusion at the volcano base. Gaffney and Damjanac (2006) also 
modelled topography effect for a dyke rising below a ridge adjacent to a lowland. In this 
model, dykes tend to erupt in lower areas, mostly due to the geometric effect of 
topography and, to a lesser extent, to the lateral confining stresses from the ridge. These 
model predictions have not yet been evaluated experimentally. Such work is the objective 
of this chapter. 

Previous gelatin models have demonstrated that stress field reorientation from 
surface loading (i.e. presence of a volcano) causes focusing of ascending dykes below the 
load axial zone (Dahm 2000; Muller et al. 2001; Watanabe et al. 2002). Using injection 
of hot gelatin into a gelatin block overlain by a gelatin circular or elliptical cone, 
Hyndmann and Alt (1987) illustrated that dykes tend to rise with a radial orientation 
relative to the cone summit. As dykes approached the volcano base, they tended to extend 
laterally, although this process was not fully documented or discussed. Within cones, 
dykes have also been observed to re-orientate locally perpendicular to contours (McGuire 
and Pullen 1989) or to re-orientate parallel to the headwalls of a collapse scar (Walter 
and Troll 2003). 

In this chapter, two types of analogue experiments exploring materials of contrasted 
rheological properties were designed to investigate volcano load control on dyke ascent 
trajectory and on dyke surface outbreak location. Dyke propagation below a volcanic 
cone is modelled by injecting: 1) Golden syrup into fine granular material and 2) water or 
air into gelatin. These analogue models simulate some key dynamical aspects of magma 
ascent in a continuous (mostly isotropic) medium. Using two contrasting media enables 
simulation of two fundamentally different processes leading to dyke propagation, i.e. 
shear failure (e.g. syrup into sand) versus tensional hydraulic fracturing (e.g. water into 
gelatin; Mathieu et al. 2008), and to document complementary aspects of dyke 
propagation (intrusion morphology, growth and propagation direction) as well as the 
resulting surface deformation. The present study builds closely upon analogue modelling 
of dyke ascent through a brittle crust toward a flat surface (Mathieu et al. 2008). Here the 
main difference is that the effect of edifice load is treated. 

To predict propagation and outbreak location before a dyke reaches the surface, it is 
important to understand processes controlling dyke initiation, propagation in the crust or 
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within a volcanic edifice, and interaction with the surrounding rock. The objective of this 
chapter is to illustrate and analyze volcano load control upon dyke ascent in the upper 
crust and upon outbreak location. Experiments simulate dykes ascending from a deep 
source, below a homogenous circular cone without any pre-established structure (e.g. 
conduit, rift zone, dyke swarm) controlling magma propagation. Attention is paid to 
scaling experiments for basalt/andesite magma viscosity, but results are expected to be 
valid for a wider viscosity range. 

7.1. Vent concentration at volcanoes’ break-in-slope 

7.1.1 Stratocones and long-lasting scoria cones 
The geological evolution and vent distribution at Concepción, Nicaragua, is 

presented by van Wyk de Vries (1993) and Borgia and van Wyk de Vries (2003). This 
typical stratovolcano is mostly built through central eruptions, but about 30 peripheral 
vents (e.g. scoria cones, spatter cones, maars, tuff rings and lava domes) are located either 
at the stratocone base, at 200 – 400 m a.s.l., in association with a circular topographic 
rise, interpreted to be a structure caused by volcano spreading, or on a N-S linear 
structure (Fig. 7.1a). Peripheral vents to the E and W are associated with relatively early 
stages of volcano growth, whereas the N-S vent alignment, extending high into steep 
flanks, is related to a more recent volcano spreading phase. The basal vents could be 
associated with sill propagation within weak sediment layers (Borgia and van Wyk de 
Vries 2003). 

The break-in-slope (BIS) is identified as a preferential location for vents at other 
steep conical volcanoes; e.g. at Arenal, Costa Rica (Borgia et al. 1988), and Mount 
Adams, USA (Hildreth and Fierstein 1997). Seven of the ten Holocene vents at Mount 
Adams are on the flanks near the break-in-slope between the steep rubbly cone and less 
steep flank lava apron. In these two cases, BIS vent concentration is attributed to a 
lithological contrast (Borgia et al. 1988; Hildreth and Fierstein 1997). Even where 
tectonic stresses control peripheral vent alignment, eruptions are often concentrated at the 
cone base: e.g. Navidad cone 1989 eruption at Lonquimay, Chile (Naranjo et al. 1992) 
(Fig. 7.1b); Nasira cones at OL, Tanzania (see Fig. 4.7 chapter 4).  

Young stratovolcanoes (e.g. Cerro Negro, Nicaragua, Mac Knight and Williams 
1997; Izalco, El Salvador, Carr and Pontier 1981), or scoria cones with long-lasting 
(Paricutin:  1943-1951; Luhr and Simkin 1993) or repetitive eruptions (Etna SE cone, e.g. 
Behncke et al. 2006), also have vents opening at the edifice base, even though these 
constructs were built mostly from eruptions through a central conduit. At Paricutin vents 
opened at distinct points along the original fissure, but also at the cone base, often in 
association with central conduit inactivity or blockage. At Cerro Negro, there have been 
repeated lava extrusions or secondary cone-building vents on the main cone lower flanks.  

The 2000 seismic and volcanic crisis of Miyakejima, Japan, also provided evidence 
for preferential dyke outbreak at volcano base (Kaneko et al. 2005). In the first eruption 
stage, lateral dyke intrusion caused an earthquake swarm propagating 30 km from 
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Miyakejima. The dyke breached the surface at the volcano base, causing a submarine 
eruption just offshore (Kaneko et al. 2005). A similar lateral dyke injection associated 
with peripheral eruption and central caldera subsidence was also inferred for the 1912 
Novarupta (Katmai) eruption (Hildreth and Fierstein 2000). 

7.1.2 Shield volcanoes 
Several small continental shield volcanoes also show distributions with many vents 

at their base. At Zapatera, Nicaragua, main central vents are aligned along an E-W ridge 
but many vents are found at or around the shield base (Fig. 7.1c). Whereas central vents’ 
orientation is controlled by tectonic structures, peripheral vent distribution was attributed 
by van Wyk de Vries (1993) to volcano load perturbation of the regional stress field, 
causing dykes to propagate away from the edifice. 

The large oceanic Galapagos shields (e.g. Fernandina, Cerro Azul) display a vent 
distribution related to topography (e.g. Chadwick and Dietrich 1995; Naumann and Geist 
2000). Vents are arranged in a circumferential pattern on a summit plateau (i.e. along the 
caldera rim). They are fed by somewhat more gas-rich magma and produce short tube-fed 
pāhoehoe flows at low eruption rates. At the break-in-slope between the steep upper 
flanks and more gentle lower flanks, vents are radially-oriented. They are fed by gas-poor 
or degassed magma and produce voluminous ‘a‘ā flows (Naumann and Geist 2000). 
Coexistence of circumferential fissures around the caldera rim and radial fissures lower 
on the flanks was attributed to a diapiric-shaped magma chamber and to edifice load by 
Chadwick and Dietrich (1995). 

7.1.3 Late-stage shields 
The vent distribution at Mauna Kea, Hawaii (USA), is also illustrative. Vent 

distribution at actively growing Hawaiian shields is mostly limited to well-defined rift 
zones (e.g. Kilauea, Mauna Loa) as dykes intrude laterally from a shallow magma 
reservoir (Decker 1987; Walker 1990, 1999). The end of shield-building is marked by a 
dramatic eruption rate decrease and by progressive cooling of a high-level magma 
chamber (Moore and Clague 1992) only allowing eruptions of small, separate magma 
batches. This results in a scatter of 300 vents on the flanks and at the base of Mauna 
Kea’s upper steep flanks (Fig. 7.1d). The origin of such a vent distribution was discussed 
by Mac Donald (1945) and Porter (1972). They identified concentric vent alignments and 
former rift zones. The distribution of 50 % of vents can be accounted for by 3 broad and 
short former rift zones in the W, NE and S-SE upper steep flanks. 40 % of vents, outside 
or within rift zones, are located at or close (<1 km) to the marked basal break-in-slope, or 
at the top of the steep upper flanks. This is especially well illustrated by a high 
concentration of vents at the N base of the upper flank (Fig. 7.1d). Examples of short vent 
alignments (3-4 vents) originating at the break-in-slope and extending outward are also 
found to the SW and ESE.  
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 Figure 7-1 Vent distribution at (a) Concepción volcano, Nicaragua, showing a pronounced rift zone and vents
on the lower volcano slopes (adapted from van Wyk de Vries 1993; Borgia and van Wyk de Vries 2003); (b) 
Lonquimay volcano, Chile ; (c) Zapatera volcano, Nicaragua (adapted from van Wyk de Vries 1993); (d) Mauna 
Kea, Hawaii. In addition to 3 rift zones, vents are located at the base of the steep upper volcano flanks; (e) Etna, 
Sicily (Italy) showing vents and major faults. Vents are spatially scattered. Multiple factors control location of 
vents at Etna: 1) N & S rift zones are associated to volcano gravitational spreading to the E and to regional W-E 
extension; 2) an ill-defined rift zone extending to W; 3) outside rift zones, vents occur at the base of Valle del
Bove collapse scarps and at the BIS (highlighted by ellipses); 4) peripheral eruptions along radial fissures on the
SE lower flanks relate to regional tectonics. 
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A similar analysis can be done for Mt Etna (Sicily), where vents outside rift zones 
(~45 % of the 271 mapped vents) are common at the base of steep upper flanks (~15-20 
% of all vents), including these located in Valle del Bove. The highest vent 
concentrations for the N or W rift zones are at the BIS, with few vents (<10 %) on upper 
flanks (Fig. 7.1e). Despite well-defined rift zones, vents are also found at the BIS at 
Nyiragongo (Congo). As also observed around the Dolomieu cone at Piton de la 
Fournaise (Reunion Island), BIS vent constructs tend to be larger than upper flank vents. 
Lower elevation lava eruptions are also larger volume ones whereas fissures opening at 
the top, or along the upper flank contribute only small lava volumes with (e.g. Mt 
Cameroon; Suh et al. 2003) or without explosive activity (e.g. Piton de la Fournaise; 
Battaglia et al. 2005a), depending on the typical pre-eruptive volatile contents of the 
magmas. 

Many additional examples of vent openings at the volcano base or lower BIS can 
be found at other Holocene or historically active volcanoes (Simkin and Siebert 1994) 
with diverse shapes and sizes: from scoria cones to large shield volcanoes, or 
stratovolcanoes. Topography is not the only control on vent location and vents can be 
spread widely onto a volcano but the above examples highlight that the volcano BIS is a 
preferential location for vent or radial fracture opening with typically up to 20-50 % of 
vents being concentrated there. Radial fractures often extend into the cone or into the 
flatter area beyond the lower cone BIS, but activity generally focuses at the BIS itself, 
building up prominent vent structures. Although it is not argued that the same processes 
of dyke propagation act in the same way at all these different scales, these observations 
indicate that the stress field directly below and within volcanic edifices favours dyke 
propagation toward the BIS (Fig. 7.2). This is investigated and evaluated with the 
analogue models presented hereafter.  
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7.2. Dyke propagation by shear fracturing in granular 

material 

7.2.1 Analogue materials and scaling 
Fine granular material (i.e. sand and plaster mixture) was used as analogue for upper 
crust country rocks and for the volcanic cone. Golden syrup (GS) was used as magma 
analogue at room temperature (20-25°C).  For similarity between the model and nature, 
the geometric, dynamic, and time parameters of the model (Table 7.1) must be scaled 
(Ramberg 1981; Merle and Borgia 1996; Donnadieu and Merle 1998). At the volcano 
scale, as an approximation, the stress ratio between nature and models, σ*, can be 
estimated from: 

    σ* = ρ* × g* × h*     (7.1)  

where ρ*, g* and h* are the model/nature ratios for the density, gravitational acceleration, 
and height of the volcanic cone, respectively. This calculation yields a stress ratio of 
about 10-6 – 10-4 (Table 7.1). Hence an analogue volcano should be 104 – 106 times 
mechanically weaker than a real volcano. A mixture of sand (~250 µm median grainsize) 
with 30 wt% plaster (i.e. << 100 µm) was used in the model (τ0 ~100 Pa).  Models 

Figure 7-2 Conceptual representation of σ1 orientation and the isobar lines in the 
substratum and in a volcanic cone based on Dieterich (1988) and van Wyk de Vries 
and Matela (1998). Dykes would generally propagate perpendicularly to the least
principal stress, and parallel to orientation of σ1, and σ2. The pressure gradient below 
volcano load can favor lateral dyke propagation to lower confining pressure, so
dykes would tend to migrate out from under the volcano  (van Wyk de Vries 1993). 
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simulate stratocones that have a bulk cohesion of 106 – 108 Pa, the approximate cohesion 
of fresh unfractured rock (Table 7.1). Test experiments showed that varying cohesion 
from 25 to 150 Pa, by varying the amount of admixed plaster (from 5 to 40 wt%), did not 
significantly affect intrusion morphology, except that the interaction between the fluid 
and the granular material (i.e. wetting effect) was reduced at higher cohesion, producing 
thinner better-scaled intrusions. The analogue granular mixture has an internal friction 
angle comparable to that for granular materials at volcanoes (30-40°). 

GS, the magma analogue, is a Newtonian fluid adequately simulating dyke 
propagation in a brittle medium. It approaches the required scaling for viscosity (µ) and 
time (t) to model basalt to andesite magma propagating in the shallow crust below a 
volcanic edifice. As it is a Newtonian fluid, time and viscosity ratios can be related to the 
stress ratio, with equation (7.2): 

 

               (7.2) 

where µ* and t* are the model/nature ratios for viscosity and time. Combining equation 
(7.1) and (7.2) yields equation (7.3): 

 

         (7.3) 

Using a 10-4 height ratio, 0.55 density ratio, 0.01 - 1 time ratio and 70 Pa s analogue 
magma viscosity (GS viscosity; Table 7.1), equation (7.2) generates a natural magma 
viscosity of order of 106 - 108 Pa s. This is higher than the expected viscosity for basalt 
magmas. Experiments approach the adequate scaling for andesite dykes, or crystal-rich 
basalt magma, rising under a low height volcano (< 1 km). Test experiments were thus 
run using GS with 5 wt% water, reducing viscosity by an order of magnitude (~6-7 Pa s). 
These experiments were 5-10 times more rapid, thus scaling to similar natural magma 
viscosity (~106 Pa s). Observations of dyke morphology, propagation, extrusion location 
and surface deformation were also mechanically similar. The same scaling considerations 
are valid considering the substratum thickness, suggesting that experiments are 
representative of shallow processes occurring in the few first kilometres below the 
volcano base. The substratum in the experiments corresponds to the upper part of the 
crust for a dyke rising from the mantle, or from a shallow magma reservoir feeding dykes 
to an overlying volcano. 
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Param. Definitions Model  

reference 

value 

Nature 

reference 

value 

Model/ 

Nature 

Ratio  

Model range Nature range Dimension Source of data 

Hco Cone height 0.05 1000 5×10-5  0.01 – 0.1 200 – 4000 L (m) [1], [2], [3], [4] 

Rco Cone radius 0.1 5×103 2×10-5  0.04 – 0.13 1×103 – 3×104 L (m) [3], [5] 

Ths Substratum thickness 0.1 103 10-4 0.05 – 0.2 5×102 – 2×103 L (m) Following experiment scaling 

DW Dyke width 2×10-3 1 2×10-3  10-3 – 10-2 0.25 – 10 

50 - 100 m for 
silicic dykes 

L (m) [3], [6], [7], [8], [9], [10] 

 

 

DL Dyke length 0.1 103 10-4  0.05 – 0.02 2×102 – >1×103 L (m) [3], [8], [9], [10] 

∆x Distance extrusion point – 

cone summit 

0.1 5×103 2×10-5 0 – 0.1 0 – 3×104 L (m) Scaling with Rco 

ρco Substratum/Cone density 1425 2400 0.60 1350 – 1500 2150 – 2700 M.L-3 (kg/m³) [1], [3], [4], [11] 

τ0 Substratum/Cone cohesion 100 107 10-5 100 2×106– 1×107 M.L-1.T-2 (Pa) [1], [12] 

Ф Internal angle of friction 30-40° 30-40° 1 30-40° 30-40°   

η Intrusion dynamic viscosity 70 104  7.10-3   70 102 – 106 M.L-1.T-1 (Pa.s) [3], [13] 

ρi Intrusion density 1300 2400 0.55 1200 – 1400 2300 – 2700 M.L-3 (kg/m³) [3], [4], [13] 

g Gravitational acceleration 9.81 9.81 1   L.T-2 (m.s-2)  

∆P Dyke overpressure 5×103 5×106 10-3   102 – 103 106 – 107 M.L-1.T-2 (Pa) [3], [4], [14] 

f Intrusion rate 5×10-8 10-1 5×10-9  10-8 – 10-7 10-4 – 102 L3.T-1  (m³.s-1) [3], [4], [14] 

T Time 2×104 2×105 10-3 5×102 – 1×104 5×103 – 5×107 T (s) [3], [15], [15] 

Table 7-1 List of parameters identified as potential controlling factors on dyke propagation under a volcano load. Typical range of values for scoria cones to 
oceanic shields given; used to estimate key dimensionless parameters in Table 7.2. References: [1] Shteynberg and Solovyev 1976; [2] Francis and Oppenheimer 
2003; [3] Pinel and Jaupart 2000; [4] Pinel and Jaupart 2004b; [5] Rowland and Garbeil 2000; [6] Walker 1995; [7] Klausen 2006; [8] Valentine and Krogh 
2006; [9] Poland et al. 2008; [10] Valentine and Keating 2007; [11] Gaffney and Damjanac 2006; [12] Jaeger and Cook 1971; [13] Spera 2000; [14] Pinel and 
Jaupart 2004a; [15]  Battaglia and Bachèlery 2003. 
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Dimensionless 
Number Definition Description Models Nature 

Π1 Hco/Rco Volcano cone aspect ratio 0.2 – 0.75 0.1 – 0.6 

Π2
 Rco/Ths Edifice radius/substratum thickness  0.3 – 2.5 0.5 – 10 

Π3
 Dw/DL Dyke aspect ratio 10-1 – 10-2 10-2 – 10-4 

Π4 DL/Rco Dyke length/cone radius ratio 0.1 – 1 0.1 – 1 

Π5
 ∆x/Rco 

Dimensionless extrusion outbreak 
position 0 – 1 0 – 1 

Π6 ρi/ ρco Magma/granular material density contrast 0.8 – 0.95 0.85 – 1 

Π7 τ0/(Ths*g* ρco) Cohesion/stress ratio 5.10-2 2.10-1 

Π8 T2*g/Ths Dimensionless intrusion duration 107 – 109 105 – 1010 

Π9 (ρi*Ths* d)/(T* η) Reynolds number of intruded fluid1 10-5 10-1 – 10-5 

Π10 f*T/Ths
3 Dimensionless intrusion rate 10-7 10-9 

Π11
 ∆P/(Ths*g* ρco) Dimensionless dyke overpressure 5.10-3 – 5.10-2 10-1 

1 where d is the diameter of the intrusion tube for experiments 
 
Table 7-2 List of dimensionless parameters identified and used in the present study. See Table 7.1 for range of 
values used in ratio estimation. 

 

The system variability is accounted for by 11 dimensionless numbers  (Table 7.2), 
derived using the Π-Buckingham theorem (Middleton and Wilcock 1994). Π1 to Π5 

characterize the system geometry, and are the most relevant for our analysis, as the focus is on 
the effect of volcano size, slope and substratum thickness upon dyke propagation. Densities, 
cohesion, gravitational acceleration, viscosity and internal friction angle can be taken as 
constant as long as the same granular material and intruded fluid are used. Dimensional 
analysis shows good matching between model and nature values (Table 7.2). The ratio of 
dyke width to dyke length approximately matches between nature and model: experimental 
dykes tend to be one order of magnitude thicker than natural examples.  

 As the analogue experiments are not perfectly scaled for low viscosity mafic dykes 
rising underneath high stratocones, caution is required when interpreting observations. As 
dykes are relatively thick and emplaced rapidly, observed deformations in experiments will be 
faster, more extensive and of larger scale than expected in large natural volcanoes. The 
observed deformation is probably representative of that which affects a poorly coherent, ~500 
m high volcanic cone. The general deformation pattern observed in experiments however still 
provides valuable insights for a large set of natural cases. A key expectation from scaling 
considerations is that the thicker experimental intrusions and the resulting surface 
deformations could be considered equivalent to the intrusion and deformation generated in 
nature by more than one similar intrusive event.  

7.2.2 Experimental setup 
Experiments were designed to investigate the 3D vertical propagation of a dyke 

approaching a conical volcano, within 1-2 km of cone base. The setup, originally developed  
at Laboratoire Magma et Volcans (Clermont Ferrand, Mathieu et al. 2008), consisted of a flat, 
square, wooden box (400×400×200 mm) without an upper lid containing the granular material 
with a fissure-shaped outlet at the basal plate centre. A GS reservoir was connected with a 



Part III: Analogue modelling of vent distribution 
 

157 

plastic tube to the outlet (Fig. 7.3a). Varying reservoir height controlled the intrusion rate and 
overpressure. The cone was made up of the same material as the substratum, allowing dyke 
propagation within the cone. This homogeneous medium enables the volcano load effect to be 
highlighted. Vertical dyke propagation was initiated by vertically placing a thin frozen sheet 
of GS (i.e. ~2×2 cm; 2 mm thick) above the fissure-shaped aperture (i.e. 5×16 mm) through 
the sand box base. In one set of experiments, an established magma conduit was simulated in 
the crust by using a square basal aperture (8×8 mm) and an initiated vertical magma analogue 
conduit, 3 mm in diameter, up to the cone base. 

Granular layers were 5, 10 or 20 cm thick (see Table A.2). Cones of varying sizes (~10, 
~17 or ~24 cm diameter) and slope angle (~10°, ~20° or 30°) were placed over the flat crust 
above the intrusion hole. Surface deformation, eruption timing and location were recorded 
using vertical photographs acquired at regular time interval (i.e. 1- 10 min). Once the fluid 
extruded, the experiment was stopped and the setup was placed into a large freezer and left 
overnight. The shape of the frozen intrusion was then manually excavated and photographed. 
The deformation pattern for each time interval was also mapped and quantified by image 
processing, identifying and frame-by-frame tracking of black sand grains randomly 
distributed over the model surface (i.e. using PointCatcher, software written by M.R. James). 
Table A.2 details the experimental conditions and key results for the 78 experiments 
described hereafter. Key results are also illustrated on Figs. 7.4-7.8. 

7.2.3 Experimental results  
Intrusion general morphology 

Magma analogue injections into granular material form one or several diverging vertical to 
sub-horizontal planar sheets, ~1 cm in thickness, with irregular surface texture. Each intrusive 
sheet is several cm long (<20 cm), with length increasing in the first 3-5 cm above the 
intrusion point. Maximum intrusion length is always much higher for thicker crusts. As an 
intrusion approaches the surface, dyke length and thickness decrease, i.e. the erupting magma 
sheet is then 2-8 cm long and a few mm thick. This length and thickness decrease is related to 
an increasing intrusion rate as the dyke gets close to the surface and to the reduced time for 
thickening of the intrusion by wetting of the surrounding granular material. The upper dyke 
part is also often formed by several diverging or en-échelon lobes, mimicking the fractures 
visible on surface. 

For experiments with thick crust (Ths > 10 cm), the lower part of the intrusion is 
controlled by the initiated dyke. A main dyke develops along or at small angle from the 
initiated dyke. It is linear or curving in plan view. Several secondary sub-vertical intrusion 
lobes also develop at the base of the model. One secondary branch is sometimes able to 
propagate vertically through most of the crust in a direction sub-perpendicular to the intrusion 
fissure (Fig. 7.6, 7.7b). The intrusion surface is characterized by a bulbous texture and by 
surface irregularities of the order of a few millimetres. The intrusion lateral and upper edges 
are characterized by many nascent lobes which show the shear motion during dyke 
propagation and allow reconstruction of flow direction.  
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a. 

b. 

Figure 7-3 (a) Sketch of the experimental setup of golden syrup intrusion into a box 
of fine granular material with indication of main experimental parameters. (b) Sketch 
of the setup used for injection of dyed water in tank filled with gelatin. 
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Intrusion rate 

Despite the near-constant driving overpressure of the intruded material throughout the 
experiment, i.e. the liquid level in the container did not vary much (<10 % of ∆H), the 
injection rate varied significantly throughout the course of a given experiment. At the start, 
the intrusion rate tended to be low. For some failed experiments, the liquid overpressure was 
not sufficient to enable dyke propagation. For other experiments, intrusion rate was constant, 
but in most cases the intrusion rate increased, by as much as a factor of ten, when the dyke 
approached the surface (Fig. 7.8a), as documented in gelatin models by Rivalta and Dahm 
(2006). This suggests that the magma ascent rate is higher in the crust upper part. We did not 
record any experiments in which the intrusion rate decreased when approaching the cone 
base. The mean intrusion rate imposed by the GS reservoir head ranged from 10-8 to 2.10-7 m3 
s-1 (i.e. 30-450 cm3 h-1). 

 

Variation in intrusion morphology, deformation and cone load 

Significant contrast in shallow intrusions morphology, outbreak location and surface 
deformation pattern were observed for varying experimental conditions as illustrated on Figs. 
7.4-7.7. Volcano load significantly affects dyke propagation within 2-10 cm of cone base 
depending on crust thickness, causing intrusions to develop horizontally into reservoirs, sills 
or asymmetric dykes. Surface deformation structures vary from minor, i.e. 2-3 cm long 
fractures above the dyke forming in the last minutes before extrusion, for broad cones with 
low slope angles, to extensive, i.e. the entire cone being affected by fractures and 
horizontal/vertical movement of the order of a centimetre, for narrow steep cones. 
Deformation structures form mostly during the second half of the experiment, as the dyke 
approaches cone base and intrudes the cone itself. Major deformations are associated with 
propagation of sub-horizontal sheets as in the case of a dyke+sill complex or of a chamber-
like structure. In the following paragraphs, the different types of intrusion shapes and surface 
deformation patterns are described. End-member extrusion morphologies are described, most 
intrusions presenting characteristics of several of these end-members. The experiment 
conditions cannot be straight-forwardly related to a single type of intrusion shape, suggesting 
that the intrusion morphology can vary within some range for the same experimental 
conditions. 

• Cylindrical conduit 

As illustrated for experiment D53 on Fig. 7.4, some intrusions do not have a planar geometry 
but present a near-cylindrical conduit-like geometry, often associated with a major level of 
symmetrical horizontal propagation, resembling an irregular ellipsoid reservoir. These types 
of structures are most common in experiments with relatively thin crust (Π2 > 1), and broad, 
steep cones (Π1 >0.4). Surface deformation is significant, with bulging on one flank and 
asymmetric extension along normal faults at the summit (Fig 7.4, Fig. 7.7d), especially when 
associated with the inflation of a reservoir-like structure. These types of experiments were 
associated with little deviation of the intrusion from the cone central axis, although above the 
reservoir structure, the magma analogue can reach the surface via inclined sheets as in D53 or 
more conduit-like structures as in D417 (Fig. 7.7d). Conduit-like geometry is characteristic 
for intrusions developing mostly or directly into a cone at high intrusion rate (Dumaisnil 
2007).  
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• Vertical dyke 

Fig. 7.5a illustrates the simplest case, where a vertical dyke ascends to within 2 cm of cone 
base. The dyke is characterized by an asymmetric upper tip: below the cone summit, the 
intrusion reaches a lower level than its outermost part that breaches the surface on lower 
cone’s flank. In some experiments, both lateral parts of the dyke are able to rise higher than 
the central part. The dyke height increases gradually outward (Fig. 7.7b). Dyke intrusion is 
observed for thick crust (Π2 < 1) and low relative dyke overpressure (Median Π11 = 0.015). 
Dyke asymmetry and extrusion deviation from the cone central axis are associated with steep 
cones. Surface structures are limited, especially for low angle cones, with a graben structure 
forming at the dyke apex, revealing dyke orientation. For steep cones, summit extension 
steepens the lower flanks, causing some local collapses. 

• Cup-shape 

The upper part of the intrusion can also have an elongated cup-shaped morphology, as 
illustrated in Fig. 7.5b (see also Table A.2). This cup originates from a dyke. Intrusion shape 
suggests that this cup or oblique curved sheet, intruded into oblique conjugate faults forming 
at the dyke tip. In most cases, the cup is elongated in plan view in the same direction than its 
feeding dyke and develops obliquely (seen in cross section) in one direction (Fig. 7.5b). In 
some cases, the central part of this cup is inflated to form a reservoir-like structure, from 
which an oblique sheet/conduit propagates to breach the surface. This intrusion type causes 
general inflation and major fracturing of the entire cone, with summit subsidence being only 
observed where extrusion is significantly offset from summit (Π5>0.4). This intrusion type is 
intermediate between conduit-shape/reservoir intrusions and dyke+sill complex and forms for 
Π2 ≈1. 

• Dyke+sill complex 

In other cases (Table A.2), intrusions form a dyke+sill complex, with a sub-vertical sheet 
associated with a sub-horizontal one (Fig. 7.6; Fig. 7.7c). These two parts are connected to 
form an asymmetric cup-shape. The vertical part can be considered as a dyke whereas the 
other part develops as a horizontal sill intrusion, enhancing lateral surface deformation. 
Extrusion point is generally located at one extremity of the ellipse formed by the dyke and sill 
seen in plan view. Typically, the dyke is curved, with its concave angle toward the sill.  

Depending on the location of the propagating intrusion, deformation concentrates on a 
particular cone flank. Deformation starts with the outward migration of one flank’s lower 
part. As the flank bulges outward, it causes slope oversteepening and small-scale avalanches. 
Linear to horseshoe-shaped normal faults accommodate for extension of the bulging flank, 
bordering it. These faults are accompanied with downward propagating radial fractures 
especially in the bulging flank. A second set of normal faults, antithetic to the first opened 
faults, appears on the opposite flank, or through the summit if the intrusion is off-centre, 
causing summit subsidence and formation of a crescent-shaped asymmetric summit graben 
(Fig. 7.6). The dyke propagates within the second set of normal faults bordering the graben 
structure, the sill propagating below the bulging flank. The final pattern of the main cracks 
closely reflects the orientation of the shallowest intrusive sheets (Fig. 7.6). Formation of 
circular and shallow thrust faults at the cone base is also observed in association with 
emplacement of sub-horizontal intrusive sheets under the bulging flank. This deformation 
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pattern is not specific to dyke+sill complex intrusions but is enhanced by horizontal intrusion 
propagation in reservoirs, sills or inclined sheets.  

• Pre-established cylindrical conduit 

For experiments where an established cylindrical conduit reaching the cone base was 
modelled (Fig. 7.7e), the intrusion always followed the established conduit, causing it to 
inflate to reach 2-3 cm in diameter. At the conduit top, the magma analogue forms one or two 
conjugated incline sheets within the cone. Extrusion takes place close to the cone summit. 
Surface deformation is characterized by bulging of one cone flank and asymmetric 
subsidence, bordered by summit area faults.  

 

Extrusion point localization  

Extrusion point orientation is controlled by the initiated dyke orientation for crust thickness of 
5 and 10 cm, with more scatter in relative orientation being observed for thicker crust. The 
offset of the extrusion point varied widely with changing experiment conditions, from 
extrusion at the summit (Π5 = 0) to outbreak at the cone base (Π5 = 1). Despite scatter in the 
data, the relative extrusion offset can be related to the main geometric conditions of the 
experiments. This is true irrespective of intrusion shape, from dykes rising to cone base, to 
cup-shaped intrusions or dyke+sill complexes, although, as described above, some intrusion 
types tend to be characterized by greater lateral deviation (e.g. dyke or dyke+sill complex). 

Fig. 7.8b-d illustrates the variation of the outbreak offset (Π5) with the experimental 
geometric conditions. Fig. 7.8b shows that the lateral deviation increases for steeper cones.  
The average offset is also significantly greater for thicker substratum. It is only for thick 
substratum (Ths >15 cm) and steep volcanoes (Π1>0.6) that dykes can erupt at the BIS. This is 
confirmed by Fig. 7.8c which shows that low values of Π2, cone radius to substratum 
thickness ratio, lead to greater extrusion offset, especially for steep cones. Fig. 7.8d shows a 
similar trend for the effect of Π4 (dyke length to cone radius ratio). On average, shorter dykes 
cannot reach the BIS, irrespective of the dyke initiation depth. Longer dykes can reach the 
BIS only if the dyke was initiated at sufficient depth. The relative intrusion rate (Π10) and the 
relative overpressure (Π11) also show negative correlations with the outbreak offset. These 
parameters are strongly correlated with the geometric ratio, especially Π2, and thus show 
similar trends. 
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Figure 7-4 Illustration of experiment D53 results showing formation of a chamber joined to the 
surface by an oblique intrusion associated with formation of a summit graben and major flank 
bulging; (a-c) top views of initial, intermediate and final model surfaces, and (e-f) interpretation 
of the deformation structures (arrow pointing to extrusion point); (d) top and (g, h) side views of 
the excavated intrusion; (i) sketch of a cross-section through the model showing relationship 
between intrusion and cone deformation; (j) early deformation field (i.e. half way through the 
experiment, when control points can still be recognized between successive images). Colour 
scale and contours (0.2 mm/min interval) show horizontal displacement velocity with vectors 
giving orientation of surface displacements (derived using PointCatcher, software written by 
M.R. James). Scales are 5 cm long. 
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Figure 5 

a. Experiment D612 

b. Experiment D514 

Figure 7-5 Illustration of (a) experiment D612 and (b) experiment D514. (a) D612 shows a typical dyke with 
asymmetric height profile. The dyke outbreaks close to cone base. Dyke ascent is associated with minor extension 
above dyke tip, focusing close to outbreak location at end of experiment; (b) D514 shows an asymmetric cup-shaped 
intrusion above a dyke developing away from the cone summit. Intrusion is associated with summit fracturation and 
bulging. 
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Figure 7-6 Illustration of experiment D71 showing a dyke+sill complex intrusion associated with an 
asymmetric graben. (a, e) top views of initial and final model surfaces, and (f) interpretation of the deformation 
structures (arrow pointing to extrusion point); (b-c) side and (d) top views of the excavated intrusion; (g) 
sketch of a cross section through the model showing relationship between intrusion and cone deformation; and 
(h) deformation field during the time elapsed between 6 and 3 minutes prior to extrusion. Colour scale and 
contours (0.2 mm/min interval) show horizontal displacement velocity with vectors giving orientation of 
surface displacements (derived using PointCatcher, software written by M.R. James). Scales are 5 cm long.
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Figure 7-7 Illustration of 
contrasted types of 
experiments: a. D63: 
asymmetric dyke dividing into 
two complementary oblique 
sheets close to the surface; b. 
D75: asymmetric dyke with a 
minor dyke branch 
perpendicular to the main one 
in the lower part; outbreak 
occurs at BIS and is associated 
with minor deformation due to 
low slope angle; c. D520: dyke 
and sill complex below a broad 
but low slope angle cone, 
associated with minor 
deformation; outbreak is close 
to summit; d. D417: chamber 
growth below a narrow steep 
cone with outbreak of a thick 
oblique sheet and major flank 
deformation; e. C3: near-
cylindrical conduit shape 
intrusion formed after initiation 
of a narrow conduit up to cone 
base; within the cone, intrusion 
turns into a sub-horizontal 
intrusion sheet. 
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7.3. Dyke propagation by tensile fracturing in a semi-
elastic medium 

7.3.1 Analogue material 
Gelatin is a transparent, brittle, viscoelastic solid with low rigidity and Poisson ratio of 
~0.5. The Poison ratio is defined as the ratio of transverse contraction strain to 
longitudinal extension strain in the direction of a stretching force. A 0.5 Poison ratio is 
typical of perfectly elastic, incompressible, materials. Prior to stress disturbance (e.g. 
loading), the stress condition in gelatin is nearly hydrostatic (Watanabe et al. 2002). The 
scaling of gelatin models is difficult because the fracture resistance of a crack tip is large 
in gelatin (Takada 1990). In the natural case, fracture resistance is not the dominant 
resisting force upon dyke ascent. Instead, magma viscous drag dominates the resisting 
force. Gelatin is an isotropic and homogeneous medium, whereas rocks contain numerous 
cracks. Despite these limitations, crack propagation observed in stressed gelatin provides 
relevant insights for tensile crack propagation in the lithosphere. As gelatin models are 
not adequately scaled to nature, the models presented hereafter are used to further 
visualize the effect of volcano load upon dyke ascent but not to derive quantitative 
results. 

7.3.2 Experimental setup and methodology 
Experiments were conducted in a plexiglass container (0.3×0.2×0.3 m) with equally 
spaced injection points along two perpendicular lines at its base (Fig. 7.3b). Pigskin 
gelatin, with 250 Bloom grade number, diluted in water to a concentration of 3 wt% was 
used. Based on gelatin characterization in previous studies, it is expected that the gelatin 
has a density of 1008 ± 2 kg m-3 (Watanabe et al. 2002), Young’s modulus (i.e. measure 
of material stiffness defined as the ratio of tensile stress over tensile strain) of ~2-5.103 Pa 
(Kavanagh et al. 2006) and shear modulus (i.e. measure of material rigidity defined as the 
ratio of shearing stress over shearing strain) of ~5.102 Pa (Muller et al. 2001; Rivalta and 
Dahm 2006). The gelatin solution is prepared at 80°C and kept at this temperature until 
all gelatin is dissolved. It is then placed in a fridge at 4°C overnight. A thin silicon oil 
layer is poured on top of the solution to inhibit water evaporation during the cooling 
process. 

Figure 7-8 Results of GS injection into granular media: (a) dimensionless volume versus dimensionless
time, for 5 representative experiments, showing progressive increase in intrusion rate throughout any given
experiment; (b) relative deviation of extrusion point (Π5) against the cone slope (Π1) (c) relative deviation
of extrusion point (Π5) against the ratio of cone size to substrate thickness (Π1) (d) relative deviation of
extrusion point (Π5) against the ratio of dyke length over the cone radius (Π4). Trend lines indicate average
outbreak offset for specific set of parameters. These lines are best fit lines using a logarithmic law in (b), a
power-law or logarithmic law in (c) and a polynomial law or logarithmic law in (d), as indicated. Errors
affecting single points are at maximum for Π1, Π2, Π4 and Π5 of the order of 10, 4, 6 and 10%,
respectively. 
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Using a similar setup as that used for GS injection into granular material (Fig. 3b), 
dyed water was injected at constant overpressure through a syringe needle at the base of 
the gelatin block. Dyke orientation was controlled by cutting an initial fissure into the 
gelatin base with a syringe tip. As density contrast between injected water and gelatin is 
low, the intrusion is mostly driven by liquid overpressure rather than buoyancy. To 
simulate buoyancy-driven dyke ascent, 2 ml of air were manually injected in other 
experiments and left to rise under buoyancy. Volcano load is simulated using a cone 
made up of granular material. Using deformable load, rather than a metal bar as done by 
Muller et al. (2001) or Watanabe et al. (2002), enables to reproduce in 3D the 
reorientation of stresses below a conical edifice. Dyke propagation was visualized by 
taking photos from the side at regular time intervals (Fig. 7.9). Ten experiments were 
carried out with similar conditions and cone load. For three of them air was injected 
instead of dyed water. 

7.3.3 Experimental results  
For all dykes offset from the cone symmetry axis and initiated in a direction 
perpendicular to that defined by the cone summit - injection point line, dyke propagation 
toward the cone symmetry axis was observed, as described by Muller et al. (2001). The 
axisymmetric radially-decreasing cone load causes the dyke plane to curve, to form a 
surface trace that is sub-parallel to the cone base. This dyke focusing effect (Muller et al. 
2001; Watanabe et al. 2002) has been studied by other authors and is not developed here. 
When injected below the cone apex, dykes rose vertically. 

The key observation in all experiments is the stalling effect of the rising dyke when 
approaching cone base. A marked decrease in upward propagation velocity occurred ~5-8 
cm below cone base (depth ~1-1.5 cone radius, Fig. 7.9). If water injection is stopped at 
this point, the dyke does not reach the surface. When injection is continued, the dyke 
continues rising vertically at very low velocity and significantly enlarges horizontally. 
The dyke develops two lateral lobes, one often being favoured. These lobes are able to 
continue rising. The dyke breaches the surface once it reaches the cone base (Fig. 7.9a). It 
is not the outermost part of the dyke that breaches the surface. If the intrusion point is 
offset from the cone apex along the dyke propagation plane, the dyke propagates 
asymmetrically toward the nearest point of the cone base. When surface extrusion occurs, 
the fissure tends to be radial or sub-radial to the cone. It opens close to cone base and is 
~2 cm long. 

 Some dykes, which stalled below the cone base without expanding laterally due to 
lack of additional fluid injection, were observed to rise and erupt directly after the cone 
load was removed from the gelatin surface. This illustrates that it was the volcano load 
that prevented dykes from reaching the surface. It also suggests that partial edifice 
destruction (i.e. by flank collapse, caldera formation or erosion) can trigger eruption of 
magma stored in the central part of the system, as proposed by Pinel and Jaupart (2000). 
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 When air is injected, the dyke starts stalling at ~ 4 cm from cone base (depth ~ 0.8 
cone radius). This decrease in dyke vertical velocity is associated with a drastic decrease 
in the dyke aspect ratio (dyke height/length), the dyke length being greater than its height 
close to extrusion point (Fig. 7.9b). Air dykes reached within a few millimetres of cone 
base but were not able to break through the gelatin surface. Air dykes laterally propagate 
at a low rate until being able to breach the surface at cone base. The fact that air dykes 
can approach closer to cone base before being affected by the cone load suggests that 
stalling and lateral propagation effects depend on the balance between dyke buoyancy 
and edifice-induced stress. 

a. 
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b.  

Figure 7-9 Illustrations of observations from (a) dyed water and (b) air injections into a gelatin block overlain by a 
sand and plaster cone. Lines show outline of the intrusion at different time steps. Photos illustrate intrusion shape at
specific time t. Evolution of dyke outline for both types of experiment illustrate that dyke rise velocity decreases
when approaching cone base. Dyke propagates laterally until extrusion is possible at cone base. Air injection, due to
its lower density, forms a small dyke which rises buoyantly and is able to approach closer to the cone base interface.
Scales are 5 cm long. 
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7.4. Discussion 

7.4.1 Volcano load effect on dyke propagation 
Both types of analogue experiments provide insights into the effect of edifice load upon 
dyke propagation and extrusion point location. For most experiments simulating dyke 
ascent underneath a steep stratovolcano without opened conduit, extrusions occurred at 
the BIS or within the lower flanks, except for thin substratum. In the latter case, dyke 
length was insufficient to reach cone base and a dyke developed within the cone. In both 
types of experiments, cone load inhibits vertical dyke ascent and promotes lateral 
intrusion propagation. 

Gelatin models allow observation of the propagation and evolution of planar dyke 
sheets with a simple geometry. They do not render the complexity of intrusions observed 
in nature. This is due to the fact that gelatin is too stiff and cannot break under shear, as 
rocks do. Sand-box models are more suitable analogues and result in complex intrusion 
morphology, consistent with field observations (e.g. Emeleus and Bell 2005; Mathieu et 
al. 2008). The formation of multiple branched intrusions associated with important 
changes in propagation direction, sills and oblique intrusions were observed. Some 
intrusions develop into a main curved dyke and a secondary sub-perpendicular dyke, 
forming a three branches pattern typical of many rift systems of oceanic islands (Walter 
and Troll 2003). GS intrusion can also be interpreted as reflecting the different 
preferential intrusion directions that would be developed through successive intrusions in 
the natural case. 

Observed GS intrusion texture are consistent with to those described by Mathieu et 
al. (2008). They observed that as dykes propagate, conjugate ring thrust faults open at the 
intrusion tip. The fluid infiltrates those faults and a small cone sheet intrusion forms. One 
direction is quickly favoured by the intrusion at depth, leaving incipient lobes at the 
intrusion surface. Their experiments showed that dyke propagation in brittle rocks is by 
shear failure, rather than by tensional hydraulic fracturing. Mathieu et al. (2008) also 
described that, when approaching a flat surface, dykes commonly turned into cup-shaped 
intrusions, intruding conjugate shear fractures. This intrusion morphology was obtained 
in a limited number of cases in our experiment with cone load, and always with a 
significant asymmetry in the cup-shape.  

Analogue experiments allow identification of the main controlling parameters on 
dyke propagation beneath a volcano. For sand-box experiments, cone aspect ratio (Π1), 
cone radius and relative crustal thickness (Π2) and dyke length (Π4) are the fundamental 
system parameters, together with the relative dyke overpressure (Π11, Fig. 7.10). 
Although the effect of each parameter has not been constrained for the gelatin models, it 
is expected that the cone load effect will increase with cone height or cone slope and 
decrease with dyke overpressure, here related to the density contrast.  

Pinel & Jaupart (2000) predicted that an increasing load can ultimately prevent 
vertical magma ascent in the axial zone of an edifice (see also Carr 1984; van Wyk de 
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Vries and Borgia 1996). Depending on the magnitude of the load, and on chamber 
pressure, there is a magma density threshold above which a dyke cannot reach the surface 
(Dahm 2000; Pinel and Jaupart 2004a). If a dyke cannot erupt through the volcano axial 
zone, magma either gets intruded beneath the edifice and stored in the axial zone – as 
observed in our gelatin models with limited intrusion volume – or propagates laterally to 
feed a distal flank eruption (Pinel and Jaupart 2004a, Fig. 7.10a). A key control upon 
dyke ascent or storage is the relative magnitude of the dyke driving pressure and edifice-
induced stress. 

To compare our experimental results with numerical modelling predictions of Pinel 
and Jaupart (2000; 2004b), GS intrusions were classified based on the evidence for 
intrusion stalling and/or lateral propagation. Intrusion stalling was characterized by a 
reservoir-like feature or a level of greater horizontal propagation, whereas lateral 
propagation was marked by significant horizontal deviation of the extrusion point  from 
cone central axis (Π5>0.4; Table A.2, Fig. 7.10). A main difference between the 
experiments and the Pinel and Jaupart predictions is that GS, after stalling, always 
reached the surface, due to maintained overpressure, whereas in numerical models, 
magma which had insufficient pressure to propagate laterally was stored below the 
volcano. 

Fig. 7.10b-c show that lateral propagation is mostly observed for steep cones with 
limited dyke overpressure. For higher overpressure, magma tends to stall but still erupts 
in the central part of the edifice. Storage at shallow level enables the intrusion to build up 
sufficient pressure to propagate through the cone, if cone slope is not too high. It is only 
for dykes with limited overpressure rising under steep cones that edifice-induced load is 
dominant and forces the intrusion to propagate laterally. For low angle cones, dykes can 
erupt through the central part of the edifice without a storage phase. These observations 
are consistent with relationships proposed by Pinel and Jaupart (2004b), except that 
shallow magma storage in these numerical models was the typical behaviour of low dyke 
overpressure (higher magma density). Their numerical models also showed that lateral 
propagation occurred below large steep cones for dykes with high overpressure (less 
dense magma) because intrusions were driven by buoyancy and could not develop into 
chambers where pressure can accumulate. Fig. 7.10c-d also shows that dykes are able to 
propagate laterally only if cone slope is steep, and thus edifice-induced stresses are high, 
and if Π2 has a low value and thus the source is deep. If the source is shallow (high Π2 

value), the dyke will stall and finally extrude within the upper cone, if magma input is 
sufficient. Fig. 7.8d showed the effect of dyke length on outbreak offset. It suggests that 
in addition to the volcano load effect, dyke length, which increases with intrusion 
initiation depth, is also an important constraint for eruption outbreak location, as 
suggested by numerical modelling of Gaffney & Damjanac (2006). 
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Figure 7-10 Relationships between experimental 
dimensionless numbers and the type of interaction between 
cone load and ascending intrusions. (a) Graphical sketch of 
the relationships obtained from numerical modeling of dyke 
ascent from a deep source underneath a cone with a fixed 
slope [after Pinel and Jaupart 2004b]; (b) dyke behaviour in 
sand-box experiments for varying cone slope (Π1) and 
relative intrusion overpressure (Π11); (c) schematic 
summary of dyke behaviour in function of Π1 and Π11; (d) 
dyke behaviour in sand-box experiments for varying cone 
slope (Π1) versus cone radius over crust thickness (Π2); (e) 
schematic summary of dyke behaviour in function of Π1 and 
Π2. Experiments during which neither stalling nor lateral 
propagation was observed resulted in eruption in focal area. 
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A decrease in dyke ascent velocity was observed in gelatin models as the dyke tip 
approached within 0.8 - 1.5 cone radius below the cone. This is consistent with numerical 
predictions of a marked propagation rate drop due to the compressive stress generated by 
edifice load (Pinel and Jaupart 2000; Watanabe et al. 2002), when magma reaches a 
depth equal to volcano radius. This decrease in vertical ascent velocity could not be 
directly observed in sand-box experiments, but can be extrapolated from observations of 
a level of greater horizontal extension of the intrusions. 

7.4.2 Limitations of experiments and additional key factors 
Analogue experiments enable to visualize and analyze a simplified representation of 
natural systems. A first main limitation of these experiments is that there is inherent 
randomness in the experimental system caused by sensitivity of run to small changes in 
initial conditions. This includes the local heterogeneity in the sand-plaster mix or the non-
uniform compaction of the material due to how it is poured into the box. In consequence 
reproduced experiment may lead to a number of outcomes. 

Second, several components of natural volcanic systems are not accounted for in 
our analogue experiments. Experiments with a pre-established conduit up to the cone 
base showed that an established magmatic system (i.e. magma chamber, conduits, former 
intrusions) existing below or within volcanoes reduces the cone load control on magma 
propagation. This factor is responsible for the fact that the majority of eruptions in nature 
occurs in volcano axial zones. A central conduit – or a central weak zone – through 
which successive intrusions preferentially propagate, generally characterizes volcanoes 
with regular eruptions, i.e. volcanoes where dyke ascent timescale is smaller or equal to 
dyke cooling or closure timescales, which themselves depend on dyke width and driving 
overpressure, in turn dependent on the magma rheology and supply rate function. 

Third, volcano load and regular magma intrusion can favour the formation of 
shallow magma chambers in which magma can evolve (van Wyk de Vries and Borgia 
1996; Pinel and Jaupart 2000; Muller et al. 2001; Borgia and van Wyk de Vries 2003). 
Analogue experiments presented here are only valid for vertical dykes rising from depth 
(i.e. a deep reservoir) in the volcano axial zone without intersecting any pre-existing 
shallow chambers. This is the case of volcanoes with long repose-time, or of magmas 
rising at the system periphery (e.g. Etna 2000, Acocella and Neri 2003), bypassing 
shallow chambers. Numerical models by Pinel and Jaupart (2003) for dyke nucleation 
from a pressurized magma chamber under a volcano load, resulted in vertical dykes rising 
below the cone summit but shallow magma chamber inflation can also nucleate inclined 
dyke sheets (Gudmunsson 2006, Cañon-Tapia and Merle 2006). These studies suggested 
that magma chamber shape can influence the original location and orientation of dykes, 
although volcano load was not accounted for in these models. Dyke nucleation at shallow 
level and presence of a shallow magma reservoir are expected to reduce the cone load 
control on extrusion point location (Dumaisnil 2007). 
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 Eruptions at Hawaiian shields are fed from shallow magma reservoirs, i.e. located 
at the volcano base or higher within the volcano (Decker 1987). Dykes feeding eruptions 
are injected mostly laterally at shallow level, along well-developed rift zones. Fialko and 
Rubin (1999) suggested that rift zone average slope affects extrusion point location, with 
steeper rift zones favouring vents further away from the volcano summit. Lateral dyke-
injection from a high-level magma chamber is thought to be important in the volcano 
axial area, but in the system periphery, dykes may commonly be injected vertically 
upward from a deeper reservoir (Walker 1993b). When central shallow chambers cool 
off, as a result of a decrease in the magma supply rate for example, subsequent eruptions 
are fed by individual magma batches rising from depth. Volcano load can then 
significantly affect vent location, as at Mauna Kea, where up to 40 % of vents are located 
at the BIS. 

Fourth, the analogue models were made using homogenous media to remove the 
complication of lithological boundaries and of material with contrasted rheological 
properties, in order to isolate the effect of loading. In nature, the crust through which 
intrusions propagate is a heterogeneous medium made up of layers with contrasting 
mechanical properties (i.e. sediments, lava flows, pyroclastics). It has been argued that 
most rising dykes get arrested due to strong variations in Young’s modulus of the layers 
in or directly below volcanic edifices (Gudmunsson and Philipp 2006). Experiments on 
dyke propagation in layered gelatin with contrasting fracture toughness (or Young’s 
modulus) suggested that a dyke can turn into a sill or laccolith at or directly below 
rheological boundaries (Hyndman and Alt 1987; Rivalta et al. 2005; Kavanagh et al. 
2006). These rheological boundaries can also enhance intrusion lateral propagation away 
from the volcano axial zone (Pinel and Jaupart 2004b). Crust heterogeneity could be 
modelled in sand-box experiments, using silicone layers (Mathieu and van Wyk de Vries 
2008) or granular layers of contrasting density and/or cohesion.  

Fifth, volcanoes are dynamic entities that grow by eruption product accumulation 
or by magma intrusions, and whose morphology is also affected by interaction with their 
substratum or with tectonic structures. Volcano spreading due to an underlying weak 
sediment layer causes extensional grabens to form. Such extension can favour magma 
rise through the volcano core. Regional tectonic structures can also control vent 
orientation and spatial distribution, especially on lower flanks.  

7.4.3 Conceptual model and applications 
Controls on vent location and dyke propagation will evolve through the evolution 

of a volcanic edifice. The following conceptual model can be proposed (Fig. 7.11), 
specifically for vent distribution at stratovolcanoes or continental shields. Repetitive 
magma input from a deep source and the increasing compressive stress caused by the 
growing volcano will favour magma reservoir formation in the upper crust below the 
volcano axial zone (van Wyk de Vries and Borgia 1996; Borgia et al. 2000; Pinel and 
Jaupart 2000; Muller et al. 2001; Borgia and van Wyk de Vries 2003). As long as the 
central conduit remains open, magma chamber overpressure is released by central 
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eruptions. Volcano growth above a given height can cause sufficient compressive stress 
to keep the conduit closed most of the time and prevent regular central eruptions. 
Magmas will stall in the magma chamber, and eruption will occur at the volcano 
periphery, through lateral dyke intrusion from the chamber or from the remaining part of 
the conduit (Fig. 7.11a). The magma reservoir will enlarge and allow magma 
differentiation, decrease in magma density and volatile accumulation.  

As a volcano grows, it will start to spread if it is located on a thin ductile 
substratum. Spreading is associated with edifice extension (Fig. 7.11b). Magma rise will 
then be favoured along radial rift zones within the volcano cone (e.g. Concepcion, 
Nicaragua). For resistant constructs or constructs located on thick ductile substratum, 
volcano growth will be associated with edifice sagging into the substratum rather than 
with spreading (van Wyk de Vries and Matela 1998). This process, sometimes associated 
with extrusion of the ductile substratum (i.e. sediments) at the volcano periphery, will 
have a different impact on vent distribution, probably favouring eruptions at the system 
periphery (i.e. break-in-slope; e.g. Mombacho, Nicaragua).  

Development of a peripheral vent distribution might thus occur especially at a stage 
where the volcano is sufficiently big to exert a significant load on its substratum, without 
spreading, or for non-spreading volcanoes. The proposed model is valid for 
stratovolcanoes or steep shield fed from deep sources. If dyke orientation is controlled by 
tectonic structures, vents will concentrate at specific cone base regions and will lead to 
the formation of an elongated volcano (e.g. Mt Cameroon steep shield, Nkono et al. 
2008). 

Although vents often open at the base of scoria cones, processes responsible for 
this localization might be different. Cone base vent opening is often associated with 
deformation or fracture opening within the cone itself. This might be associated with a 
dyke opening laterally from a shallow source and concentrating activity at the lowest 
location within the cone flank. This is often the case for eruptions at the Dolomieu crater 
(Piton de la Fournaise, Reunion). Recent eruptions started within the central crater or 
along a fissure opening high on the cone flanks (Peltier 2007). Activity at these vents is 
often explosive and of short duration, involving mostly degassing activity. Eruption 
propagates rapidly downflank, along en-échelon fissures. After a few days, eruptive 
activity typically focuses on the lower flanks of the Dolomieu cone, or further in the flat 
area of Enclos Fouqué (Battaglia and Bachèlery 2003; Peltier 2007), suggesting that 
dyke length increases quickly at the eruption start and that activity focuses at lower 
elevation. Lava flows erupting from cone base can also be interpreted as resulting from 
the presence of a ductile layer within the scoria cone, formed by cooling spatter (van Wyk 
de Vries 2007). Lava rising in the conduit can use this ductile layer to propagate laterally 
through the cone and erupt at its lower flank. This process sometimes results in cone 
flank breaching (e.g. Cerro Negro, Nicaragua). 
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Figure 7-11 Conceptual model of the relationship between dyke propagation and vent distribution.
(a) Volcano load prevents central eruption; dykes propagate laterally from the conduit or directly 
from the shallow reservoir and cause eruptions at cone base; (b) volcano load can lead to spreading, 
spreading, in turn, generates extension favouring dyke propagation within rift zones. Horizontal 
propagation of an intrusive body close to cone base can participate in favouring extension and central 
eruption. 
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There are few studies documenting the propagation path and velocity of single 
eruptive dykes. At Piton de la Fournaise (Reunion Island), the seismic network enabled 
detailed documentation of dyke propagation events between 1998 and 2004 (Battaglia et 
al. 2005b; Peltier et al. 2005). Peltier et al. (2005) analyzed the velocity and direction of 
dyke propagation from a shallow reservoir ~3 km below the surface. These authors 
describe a shift from rapid vertical ascent (~2 m/s) to slower (0.2–0.8 m/s) lateral 
propagation as the dyke reached the Dolomieu cone base. This direction change was 
attributed to the presence of fractured rift zones, but it can also be interpreted as resulting 
from dyke propagation reorientation caused by cone load stresses (Peltier et al. 2005). 
This direction in dyke propagation was also found as the best fit model to account for 
deformation and seismic data associated with the March 1998 eruption of Piton de la 
Fournaise, characterized by two main eruptive sites at the N and WSW base of the 
Dolomieu cone (Battaglia and Bachèlery 2003). 

 Field observations also provide evidence for lateral dyke propagation and 
extrusion focusing at BIS. This is especially well illustrated in the study of radial dykes at 
Summer Coon volcano (Colorado, USA; Poland et al. 2008). This study focused on 
silicic dykes, those being much longer than basaltic ones observed in the field. 
Observation of dyke increased thickness towards the periphery of this eroded 
stratovolcano leads these authors to suggest that most voluminous eruptions from radial 
dykes occurred on the volcano lower flank. Poland et al. (2008) attributed magma 
horizontal propagation at the volcano base level to a neutral buoyancy level or a stress 
barrier created by a lithological contrast or by the volcano load. This field case shows that 
cone load, while acting concomitantly with other factors favouring lateral propagation 
(i.e. lithological boundaries), can be a significant process even for lower density, silicic, 
intrusions at stratovolcanoes. 

At many volcanoes, peripheral vent products have a more primitive magmatic 
composition than the magma erupted centrally, although both compositions might occur 
simultaneously. One possible explanation involves stratified magma chambers. Another 
possible explanation, based on the “shadow zone” concept, the zone where no peripheral 
vents occur around a central eruption site, is that primitive magma occurring at the 
periphery rises directly from a deep source, whereas magma erupting centrally is 
integrated in shallow chambers that need to differentiate to build up a sufficient buoyancy 
force to erupt centrally (Pinel and Jaupart 2004b). This spatial variation in magma 
composition is consistent with results of our experiments. Mafic dykes are expected to 
rise with lower overpressure (i.e. as the density contrast is smaller) and from deeper 
sources. Hence they are more likely to be affected by the volcano load, even if no shallow 
chamber is assumed at the volcano base. 
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Figure 7-12 Sketch of the range of Π1 and Π2 values for different types of volcanoes and specific examples 
discussed in the text. Comparison with Fig. 10e enables to see that volcanoes plotting in the upper left corner of 
the graph are the most susceptible to load-induced dyke lateral propagation. 
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7.5. Conclusions 
RS observations of vent distribution and analogue modelling results show that dykes with 
limited overpressure rising from a deep reservoir are expected to reorientate underneath a 
steep volcanic cone in response to the local, volcano load, stress field, if no established 
conduit or extensional processes favour magma propagation in the axial zone. Volcano 
load prevents vertical dyke propagation and favours lateral propagation, causing eruption 
to occur at the lower volcano BIS. BIS vents have been observed for volcanic edifices at 
different scales from scoria cones to broad oceanic shields. Figure 7.12 illustrates the 
range of Π1 and Π2 values for different types of volcanoes and specific examples 
presented in this text. 

Most studies of sub-volcanic intrusive complexes have so far not been able to 
render the 3D shape of the plumbing system due to the 2D nature of outcrops. Analogue 
experiments provide valuable insights into the 3D plumbing shape of sub-volcanic 
complexes suggesting more complex intrusion shapes and interactions between intrusive 
bodies (sill/dyke) than previously thought (e.g. Emeleus and Bell 2005). Primary results 
presented here and in Mathieu et al. (2008) are closely matching geological evidence. 
The predictions from the experiments may motivate renewed efforts to record the 3D 
morphology of volcano plumbing systems in the field in future (e.g. Di Stefano and 
Chiarabba 2002). It may also help geophysicists invert ground deformation, seismic or 
gas emission data related to magma emplacement/eruption and associated with complex 
plumbing. 
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Conclusions and Perspectives 
 

This thesis highlights advantages and limitations of different low cost RS datasets 
available to map, assess hazards and monitor active volcanoes in developing countries. It 
shows the need to combine different datasets and to rigorously assess the accuracy of 
collected data using calibration data from other sources or to compare data collected 
independently on different datasets. 

For volcano mapping and morphological studies of volcanic features, the ready-to-
be-used SRTM dataset is of great interest. It is especially useful for regions with frequent 
cloud coverage. There is a crucial need however for the entire SRTM dataset to be 
released at the full, 1 arc second resolution. This would allow to greatly increase our 
knowledge of volcano morphology, as well as to better assess and model volcanic 
hazards. For DAD studies for example, the 1 arc second SRTM would enable 
identification of smaller-scale topographic features (e.g. hummocks, ridges) enabling to 
better constrain DA numerical models with detailed mapping of DAD internal structures. 
The combination of topographic data with multispectral information, repeated data 
acquisition over volcanic regions allowing analysis of morphological changes at active 
volcanoes, low cost, and high spatial resolution are the main advantages of ASTER data 
in comparison with SRTM data. The practical use of ASTER DEMs in characterizing 
volcano morphology and modelling volcano hazard is however limited by the small-scale 
artefacts produced by matching errors related to poor contrast within volcanic regions 
(Kervyn et al. 2008c). The low cost and large archive of Landsat data also proves 
valuable to rapidly map and assess evolution of volcanic terrains. 

This thesis illustrates the value of combining complementary RS datasets with 
limited available field data to make significant advances in the understanding of a 
volcano and to gain insights into the hazards associated with its eruptive activity. This is 
exemplified by the case study of OL. Multispectral satellite data, SRTM DEM and 
airphotos confirmed the existence and permitted mapping and characterization of three 
DADs at OL as well as a major DAD at Kerimasi volcano. RS enabled derivation of 
quantitative estimates of DAD volume. Key surface features, such as lateral levees, 
grooves and ridges and hummocks, were characterized (Kervyn et al. 2008e). The 
contrast in the structures observed at the different DADs points to differences in the 
collapsing material. Application of the VolcFlow model using a DEM derived from a 
digitized topographic map enabled to reproduce the thickness distribution and surface 
structures of the Cheetah DAD. The best fit model was obtained using a positive constant 
retarding stress, and friction coefficients, highlighting the importance of yield strength in 
DA flow dynamics as suggested by Dade and Huppert (1998) and Kelfoun and Druitt 
(2005). This simulation provides constraints on the velocity and suggests a rapid 
emplacement for the DA.  
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Use of high temporal and low spatial resolution MODIS data analysed with an 
adapted algorithm (MODLEN) enabled to document low intensity activity at OL for the 
last 8 years (Kervyn et al. 2008d). This is the first time an active volcano in Africa is 
continuously monitored for several years, providing baseline knowledge of its eruptive 
behaviour. MODLEN data allowed to identify and characterize transition from regular 
natrocarbonatite activity to voluminous effusive eruptions (Kervyn et al. 2008a) and then 
to explosive eruptions (Vaughan et al. 2008). Temporal analysis of this time series also 
enabled to highlight the influence of external forcings such as earth tides on the 
occurrence of high intensity activity at this open magmatic system characterized by a low 
viscosity melt.  

At the end of 2007, OL changed its style of activity to episodic explosive eruptions. 
Ash from these sub-plinian-style eruptions are adversely affecting the local Masai 
population and starting to affect air traffic in the region as the eruption columns are 
reaching higher altitudes, i.e. leading to re-routing of airplanes and causing engine 
damage for touristic airplanes (B. Wihelmi, pers. comm.). RS data collected in the 
framework of this thesis enabled to document in detail this transition in eruptive style and 
provides some insights into the factors controlling this transition. Despite the unique 
character of this new explosive eruption within the last 40 years, there is generally a lack 
of geophysical data (e.g. seismic or ground deformation), of continuous gas monitoring 
data, of systematic field observations or product sampling at OL. The ongoing eruption 
offers an opportunity to gain understanding into the OL volcanic system by focusing 
more research there. As suggested by Vaughan et al. (2008), RS data such as that 
acquired by ASTER can further be used to characterize ash emissions, retrieving their 
dominant composition and potentially the eruption column height, as well as to detect 
potential pyroclastic flows at OL. RS monitoring and detailed documentation of OL 
activity with low and high spatial resolution data, respectively, will be pursued as it will 
lead to better understanding of the cyclic transition from natrocarbonatite effusive 
eruptions to explosive eruptions involving a silicate magma component. 

One objective of this thesis was to identify low cost solutions adapted to the 
difficult circumstances in developing countries. These include the lack of training in RS 
and in modelling hazards, lack of computer resources, lack of high-resolution DEMs and 
the only potential access to freely available satellite imagery or topographic data on 
internet (Kervyn et al. 2007; Ernst et al. 2008). The low-cost approaches developed in 
this thesis to map in 3D, to monitor low-level thermal activity over extended periods of 
time and to document and model flank collapses could be applied at some of the many 
volcanoes that have not been accurately mapped or studied for their hazards and 
monitored with state-of-the-art techniques. The RS data and the methods used should be 
adapted to the style of volcanic activity and the main expected hazards. In this way, RS 
has the potential to enable rapid hazard assessment and basic remote monitoring at many 
volcanoes. This approach would also provide a leap forward in the understanding of 
volcanoes with the documentation of new volcanic systems enabling to identify 
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fundamental processes and controlling factors, as it was the case for the relationships 
between volcano topography and vent distribution. 

There is a fundamental need to share advances in RS of volcanoes with scientists in 
developing countries and to help them build up the facilities needed to develop research 
on the many volcanoes that have yet to be studied. In the developing world, the general 
population has more pressing challenges than volcanic hazards – so that it is much harder 
there for local scientists to make a case or for governments to channel resources to 
change the situation. One need is to emphasize to local people and authorities that 
volcanoes are first a resource, a potential benefit that can help people come out of poverty 
(e.g. through harnessing of volcanic products, heat, spring water, ecotourism). It is by 
helping people today to benefit from the resource that the volcano offers that they can 
become more aware of geohazards tomorrow. Mapping and assessing hazards in high-
risk areas in advance of an eruptive crisis and educating local communities about the 
volcano-related hazards, can help mitigate impacts of eruptions.  

As theoretical understanding and modern techniques are advancing, there is a need 
for basic, careful and systematic collection of new observations. Volcano RS proves 
especially helpful when it adopts the field-based physical volcanology approach, which 
involves systematic measurements of specific features to gain deeper insights and to 
provide data to evaluate theoretical models. Using RS, large volumes of quantitative data 
can be generated quickly and provide new constraints on volcano morphology and vent 
distributions on a worldwide basis opening up the possibility that these data could be 
inverted to constrain processes and risks at volcanoes. Such datasets would both rapidly 
enhance our understanding of volcanoes in the developing world and of processes 
controlling the growth, evolution and stability of contrasted types of volcanoes in general. 

New sensors that have recently been or will be launched in the near future should 
further increase RS capabilities to assess hazards at volcanoes (Table 8.1). Constellations 
of small satellites are currently launched to acquire daily multispectral images (e.g. 
RapidEye, DMC). Sensors will provide data with higher spatial and temporal resolution, 
but with a limited number of spectral bands. RapidEye, CartoSat and ALOS (PRISM) 
will provide data with stereoscopic capabilities. Cost for most of these data, from 
satellites launched by commercial companies, will however limit their usefulness for low 
cost hazard assessment. SAR sensors with different wavelengths (X, C and L bands; 
Table 8.1) should also enhance the possibility of InSAR applications to volcanic terrains: 
of special interest is the L-band sensor onboard ALOS which will assure enhanced 
coherence preservation over vegetated terrains. 

The last part of this thesis highlighted the value of combining RS observations with 
analogue modelling. In addition to illustrating the control of volcano load on vent 
distribution at volcano base, analogue modelling presented in chapter 7 has the potential 
to account for reorientation of magma conduits following a flank collapse or the 
localization of eruption outbreaks at local breaks-in-slope within a volcano flank, due to 
the local stress distribution. Novel experiments also provided evidence for complex sub-
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volcanic intrusive systems, suggesting that caution should be taken in inferring simple 
geometries for sub-volcanic bodies when limited outcrops or geophysical data are 
available (Kervyn et al. 2008b). 
 

Table 8-1 Characteristics of recently launched or upcoming multispectral and radar sensors. List is not 
exhaustive but presents sensors whose capabilities might be of greatest relevance for volcano hazard 
assessment. The RapidEye, CartoSat and ALOS (PRISM) sensors offer stereoscopic data. For more 
information on these sensors, see the listed websites. 
 

In future, this analogue modelling effort will be developed further to account for 
other aspects of volcanic systems that were not simulated in the first sets of experiments. 
These include the controls of volcano topography on conduit/reservoir system 
establishment. Dyke initiation and propagation from established magma chambers and/or 
conduits will also be modelled to understand the role of shallow magma chambers and 
the development of rift zones with lateral dike propagation. Attention will also be paid to 
the value of these experiments to document volcano growth, deformation and instability 
related to intrusions’ emplacement.  

A further step in this research will be to complement analogue experiments and 
modelling with numerical/analytical/theoretical modelling. Numerical and analogue 
models are highly complementary and enable to gain understanding about processes valid 
for a range of volcanoes, and in turn to better constrain and foresee hazards. One key 
focus will be comparing analogue experimental results with numerical simulations of a 
magmatic intrusion’s response to the stress field created by a volcanic edifice load. 
Calibrated numerical models can enable to simulate multiple intrusions and will provide 
further insights into the growth, evolution and deformation of large volcanic structures by 
multiple intrusive and eruptive events. This can in turn help understand the growth, 
structure and vent distribution of specific types of volcanoes such as steep elongated 
shield volcanoes (e.g. Mount Cameroon, Nkono et al. 2008). 

Satellite/Sensor Launch  Bands 
Revisit 
Time Website 

RapidEye 
constellation 2007 5 VNIR;  6.5 m 1 day http://www.rapideye.de/ 

DMC 2002-2005 3 VNIR; 32 m 1 day http://www.dmcii.com/ 

CartoSAT 2005 2 stereo PAN; 2.5 m 5 days http://www.isro.org/Cartosat/ 

OrbView 5 2007 1 PAN; 0.41 m          
4 VNIR; 1.64 m < 3 days http://www.orbimage.com/ 

ALOS (PRISM) 2006 1 PAN; 2.5 m 46 days http://alos.jaxa.jp/index-e.html 

ALOS (AVNIR-2) 2006 4 VNIR; 10 m 46 days http://alos.jaxa.jp/index-e.html 

ALOS (PALSAR) 2006 L-band; 10 m 46 days http://alos.jaxa.jp/index-e.html 

RADARSAT 2 2006 C-band; 3 m at best 24 days http://www.radarsat2.info/ 

TerraSAR 2006 X-band; 1 m at best 11 days http://www.terrasar.de/ 
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Summary 
 

In the second half of the 20th century, the science of volcanology has made 
immense progress, first through careful and systematic field observations, and then 
mostly through theoretical modelling and laboratory experimentation of volcanic 
processes, coupled with field work. Some aspects of volcanic systems still remain poorly 
known. This includes the documentation of 3D shape of sub-volcanic intrusive systems, 
the controls on the location of eruption outbreak, the variations in eruption intensity 
through time and the transition between contrasted eruptive-style at a single volcano. 

On another front, most hazardous volcanoes, especially those in developing 
countries, have not been studied and are not regularly monitored. Moderate-to-high 
spatial resolution multispectral and topographic remote sensing (RS) data offer a low cost 
route to map, assess hazards and monitor eruptive activity at volcanoes worldwide. This 
thesis investigates how low cost RS data can be used and integrated with numerical 
models, analogue experiments and field data to produce accurate topographic maps, to 
assess hazards, to monitor eruption intensity and to contribute to advance understanding 
of processes at work at volcanoes.  

In chapter 1, the use of RS to monitor and map volcanoes is reviewed. The focus is 
on capabilities and applications of low cost RS techniques at moderate-to-high spatial 
resolution. This includes the multispectral properties of the Landsat ETM+, ASTER and 
SPOT HRV sensors and their applications to monitor thermal activity or map contrasted 
volcanic terrains. The stereoscopic properties of ASTER and SPOT data to extract Digital 
Elevation Models (DEMs) are described and compared. Synthetic Aperture Radar (SAR) 
and SAR interferometry techniques are also considered. Their applications to map 
volcanoes in tropical cloud-covered regions and to study ground deformation are 
highlighted by specific studies. Finally, topographic data derived from SAR 
interferometry are discussed, with emphasis on the worldwide coverage of the freely 
available Shuttle Radar Topography Mission (SRTM) DEMs. 

High spatial resolution and accurate topographic data are crucial as prerequisites to 
evaluate and model volcanic hazards. Advantages, accuracies and limitations of two RS 
methods to retrieve DEMs over volcanic regions are compared: the SRTM DEMs, 
derived from radar interferometry, and ASTER DEMs, derived from digital 
photogrammetry. Applications are presented for Mauna Kea (Hawaii), where 
calibration/validation data are available and Oldoinyo Lengai (OL, Tanzania), where such 
data are sparse. In these two cases, the factors controlling the accuracy of the respective 
DEMs and their capabilities to document the size of moderate-size volcanic features is 
quantitatively assessed. ASTER DEM accuracy depends on spectral contrast within the 
image and on the availability of high quality Ground Control Points (GCPs). From 
comparison with a 10 m spatial resolution DEM derived from 1:24,000 scale topographic 
maps of Mauna Kea, RMS errors are estimed at 8, 10 and 13 m for SRTM 30 m, SRTM 
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90 m, and ASTER 30 m DEMs, respectively. Relative DEM accuracy is estimated using 
scoria cone height as an example. SRTM 30 m, SRTM 90 m and ASTER 30 m DEMs 
underestimate cone height by 9.5, 27 and 14 % respectively, mostly due to the averaging 
effect of decreasing spatial resolution. ASTER DEMs for OL were calibrated using GPS 
data collected for other purposes. ASTER DEMs give a good representation of the 
topography, especially when several independently processed DEMs are averaged and 
resolution somewhat reduced. For height estimations of volcanic features higher than ~50 
m in the OL region, all of the tested DEMs are found to be consistent. The practical use 
of ASTER DEMs in characterizing volcano morphology is, however, found to be limited 
by the small-scale artefacts produced by matching errors 

The second part of this thesis is dedicated to the study of hazards and eruptive 
activity at Oldoinyo Lengai (OL), as an illustrative example of the many poorly-known 
volcanoes in developing countries. OL is the only volcano on Earth emitting 
natrocarbonatite lava. From 1983 to 2006, OL has been almost continuously active, 
activity being confined to small-scale effusive and explosive eruptions of 
natrocarbonatite within the summit crater. Natrocarbonatite lava is characterized by 
abnormally low temperature and viscosity compared to silicic lava.  A transition in 
eruptive style was observed at OL in 2006-07 (chapter 6) which culminated in a still-
ongoing series of moderately intense explosive eruptions of mixed magma composition, 
i.e. silicate and natrocarbonatite magma. 

In chapter 4, RS data are used to map and characterize in detail debris avalanche 
deposits (DAD) sourced from OL and that were first documented in the field by Keller 
(2002), Keller & Klaudius (2003) and Klaudius & Keller (2004). Field work provided 
evidence for volcano collapses and three major DADs of geologically young ages, i.e. 
younger than 10,000 yrs. Characterizing these DADs more closely using RS and a 
preliminary numerical modelling application helps to better understand those collapse 
events that are now recognized as one of the major hazards at OL.  

The RS study of OL and the surrounding rift plain was carried out, using SRTM 
DEM, Landsat and ASTER imagery, available geological maps and aerial photographs. 
The SRTM DEM allowed morphological characterization of OL and reassessment of the 
volcano volume to 41 + 5 km³. Multispectral and topographic RS data interpretation 
allowed mapping of the extent and estimation of the volume of two sector-collapse scars 
and of 3 DADs. DADs extend up to 24 km from OL and have volumes ranging between 
0.1 and ~5 km³. RS enabled the identification of fields of large hummocks (>300 m 
across), sharp deposit edges typical of DADs, and estimation of DADs’ minimum 
thicknesses. Striking radial ridges and grooves are identified in some parts of the DADs. 
The morphological variability for ridges and grooves in different DADs is attributed to 
contrasting flow dynamics and to contrasting avalanching material. A volcano collapse 
and corresponding DAD, ~1 km³ in volume, have also been characterized by RS at the 
nearby Kerimasi volcano. One of the three avalanche events that occurred at OL is 
simulated by reconstructing the pre-avalanche volcano topography and the numerical 
model of Kelfoun & Druitt (2005). This simulation is able to reproduce the DAD 
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thickness distribution, the massive distal DAD front and the lateral levees. The simulation 
indicates initial flow velocities of the order of 100 m s-1, distal velocities of 20-30 m s-1, 
en-masse stoppage and emplacement in less than 3 minutes. The occurrence of young 
DADs highlights the need for routine monitoring of ground deformation and seismicity at 
OL to anticipate hazardous events. 

Despite its near-continuous effusive activity and the expected transition to more 
explosive eruptions, OL was not, and is still not, routinely monitored; a feature common 
to all the active volcanoes in Tanzania or Kenya. There was thus an urgent need to 
develop basic monitoring at OL, in order to document and investigate variations in the 
intensity of the eruptive activity. In chapter 5 a low-cost RS technique is developed with 
the aim of detecting the onset of any higher intensity eruptive episodes that could pose a 
threat for tourists and for the local Masai people. First the capabilities of the existing 
automated MODVOLC algorithm to detect eruption at OL were assessed. MODVOLC 
proved to fall short of detecting most thermal anomalies within OL’s crater. The 
sensitivity of the algorithm is insufficient to detect anomalies of the size and magnitude 
presented by those at OL. It is explored how Moderate Resolution Imaging 
Spectroradiometer (MODIS) infrared (IR) bands can still be used to monitor activity. Our 
observations are cross-verified against field reports and higher resolution satellite images 
(ASTER, Landsat ETM+). Despite the limited extent and low temperature (~585°C) of 
natrocarbonatite lavas, relative variations in eruption intensity, and periods of increased 
activity alternating with periods of reduced or no detectable activity, can be observed 
using the MODLEN algorithm. Analysis of the temporal distribution of the detected 
thermal activity suggests that environmental factors such as earth tide and atmospheric 
pressure act as key forcings on the natrocarbonatite eruptions at OL. MODLEN proves to 
be a valuable low cost method to daily document low intensity thermal activity and can 
be applied to other volcanoes with similar low intensity activity. 

This thermal RS monitoring was developed a few months prior to a significant 
change in eruptive style at OL. The first stage of this transition was marked by a large 
effusive eruption from March 25 to April 5, 2006, which produced the largest 
natrocarbonatite lava flow ever documented at OL, in two main phases. It was associated 
with hornito collapse, rapid extrusion of lava covering a third of the crater floor and 
emplacement of a 3 km long compound rubbly pāhoehoe to blocky ‘a‘ā-like flow on the 
W flank. The eruption was followed by rapid enlargement of a pit crater. The erupted 
natrocarbonatite lava has high silica content (3 % SiO2). The eruption chronology is 
reconstructed from eyewitness and news media reports and MODIS satellite data, which 
provide the most reliable evidence to constrain the eruption’s onset and variations in 
activity. The eruption products were mapped in the field and the total erupted lava 
volume estimated at 9.2 ± 3.0×105 m3. The event chronology and field evidence are 
consistent with vent construct collapse causing magma mixing and rapid extrusion from 
shallow reservoirs. This unusual eruption provides new insights into and highlights the 
evolution of the shallow magmatic system at this unique natrocarbonatite volcano. This 
study also provides useful insights into the transitions between effusive to explosive 
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volcanism that have occurred repetitively at OL every few decades. The March-April 
2006 eruption was followed by a year of quiescence before activity resumption and a 
shift to subplinian style explosive activity starting in September 2007.  

RS also enables to rapidly gather observations at a large number of volcanoes, and 
in doing so, to identify processes at work for a large range of volcanic systems. This is 
illustrated in the third part of the thesis where the spatial distribution of eruptive vents at 
volcanoes is scrutinized. Vent distribution can be complex and evolve as a volcano 
grows. RS observations of vent distributions at contrasting volcanoes, from scoria cones 
or stratovolcanoes to large shields, show that eruptive vents tend to concentrate close to 
marked breaks-in-slope on lower flanks. Analogue modelling is used to explore this 
relationship. Results show that the local stress field created by the volcano load favours 
extrusion of rising magma away from the volcano summit if a central conduit is not 
established or if it has previously closed up. Two sets of scaled experiments are 
developed with material of contrasting rheological properties to analyze similarities and 
differences in simulated magma rise below a volcano: 1) Golden syrup (magma 
analogue) is injected into a sand-plaster mixed layer (crust analogue) under a cone; 2) 
water or air (magma analogues) are injected into a gelatin block under a sand cone. 
Rising dykes approaching the cone stress field are stopped by the load compressive 
stress. With continued intrusion, dyke overpressure builds up and dykes tend to extend 
laterally until their tips are able to rise vertically again and to erupt close to the volcano 
base. Lateral offset of the extrusion point relative to the edifice summit depends on 
substratum thickness, volcano slope and dyke overpressure. Experimental results are 
compared with illustrative field cases and with previously published numerical 
modelling. This comparison enables applications and limitations of the analogue models 
to be highlighted and allows to propose a conceptual model for the evolution of vent 
distribution with volcano growth. These experiments also offer the opportunity to 
document the 3D geometry of sub-volcanic intrusions, which is rarely accessible to 
observations in nature. 

In the conclusions, the potential of RS to quickly assess hazards at many volcanoes 
in the developing world is highlighted and some need for further work is identified. RS 
also proved to be a valuable source of information to collect a large number of 
quantitative data about volcano morphology or eruption characteristics that can later be 
used in combination with analogue or numerical modeling to constrain volcanic 
processes.  
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Samenvatting 
 

In het tweede deel van de 20ste eeuw heeft de vulkanologische wetenschap grote 
vooruitgang gemaakt, eerst door voorzichtige en systematische veldwaarnemingen, en 
daarna door theorische modellering en laboratoriumexperimenten van vulkanische 
processen, gekoppeld aan veldwerk. Sommige aspecten van vulkanische systemen zijn 
nog steeds slecht gekend. Dit is o.m. het geval voor de documentatie van de 3D vorm van 
sub-vulkanische intrusieve systemen, de controlerende factoren op de locatie van 
uitbarstingsopeningen, de variatie in de uitbarstingsintensiteit in functie van de tijd en de 
overgang tussen verschillende uitbarstingstijlen van een vulkaan  

Langs de andere kant worden de meeste gevaarlijke vulkanen, voornamelijk 
voorkomend in ontwikkelingslanden, niet bestudeerd en regelmatig opgevolgd 
(gemonitord). Multispectrale en topografische gegevens uit afstandswaarneming met een 
matige tot hoge spatiale resolutie bieden een goedkope manier om vulkanen over de hele 
wereld te karteren, risico’s te evalueren en uitbarstingsactiviteit te monitoren. Deze thesis 
onderzoekt hoe goedkope afstandswaarneming kan gebruikt en geintegreerd worden met 
numerieke modellen, analoge experimenten en veldgegevens om nauwkeurig 
topografische kaarten te maken, om risico’s in te schatten, om uitbarstingsintensiteit te 
monitoren en om een bijdrage te leveren aan een beter begrip van de vulkanische 
processen die aan het werk zijn.  

In hoofdstuk 1 wordt het gebruik van afstandswaarneming besproken om vulkanen 
te karteren en te monitoren. De aandacht is toegespitst op de mogelijkheden en 
toepassingen van goedkope afstandswaarnemingstechnieken met een matige tot hoge 
ruimtelijke resolutie. Dit omvat de multispectrale kenmerken van de Landsat ETM+, 
ASTER en SPOT HRV sensors en hun toepassingen om thermische activiteit op te 
volgen of verschillende vulkanische terreinen te karteren. De stereoscopische 
mogelijkheden van ASTER en SPOT gegevens voor de extractie van Digitale Elevatie 
Modellen (DEMs) worden beschreven en vergeleken. Synthetic Aperture Radar (SAR) en 
SAR interferometrie worden ook onder de loepe genomen. Hun toepassingen om 
vulkanen in tropische wolken-rijke regio’s te karteren en om oppervlakvervorming te 
bestuderen, worden verduidelijkt aan de hand van specifieke studies. Tenslotte worden 
topografische gegevens afgeleid uit SAR interferometrie besproken, met nadruk op het 
wereldwijde bereik van de gratis beschikbare SRTM DEMs. 

Hoge spatiale resolutie en nauwkeurige topografische gegevens zijn zeer belangrijk 
als basis om vulkanische risico’s te evalueren en te modelleren. De voordelen, de 
nauwkeurigheden en de beperkingen van twee methoden van afstandswaarneming om 
een DEM van vulkanische regio’s te extraheren worden vergeleken: de SRTM DEMs, 
bekomen uit radar interferometrie, en ASTER DEMs, afgeleid uit digitale 
fotogrammetrie. Toepassingen worden voorgesteld voor Mauna Kea (Hawaii, VS), 
waarvoor calibratie- en validatiegegevens beschikbaar zijn, en Oldoinyo Lengai (OL, 
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Tanzania), waarvoor zo’n gegevens zeldzaam zijn. In de twee gevallen-studies, worden 
de factoren die de nauwkeurigheid van de respectievelijke DEMs beïnvloeden 
kwantitatief geëvalueerd tesamen met hun capaciteit om de afmeting van matig grote 
vulkanische bouwsels te documenteren. De ASTER DEM nauwkeurigheid hangt af van 
het spectrale contrast binnen het beeld en van de beschikbaarheid van 
grondcontrolepunten (GCPs) van hoge kwaliteit. Uit de vergelijking met een 10 m 
ruimtelijke resolutie DEM bekomen uit een topografische kaart met 1:24,000 schaal van 
Mauna Kea, worden RMS fouten van 8, 10 en 13 m bepaald voor resp. SRTM 30 m, 
SRTM 90 m, en ASTER 30 m DEMs. De relatieve DEM nauwkeurigheid wordt 
ingeschat door gebruik te maken van de hoogte van scoriakegels als maatstaf.  SRTM 30 
m, SRTM 90 m en ASTER 30 m DEMs onderschatten de kegelhoogte met resp. 9.5, 27 
en 14 %. Die fouten worden meestal veroorzaakt door het gemiddelde effect van de 
verminderde resolutie. ASTER DEMs voor OL worden gekalibreerd met GPS gegevens 
die werden verkregen voor andere doeleinden. ASTER DEMs geven een goede weergave 
van de topografie, voornamelijk wanneer meerdere DEMs die onafhankeljik werden 
verwerkt, worden uitgemiddeld en wanneer de resolutie iets verminderd wordt. Voor de 
inschatting van de hoogte van vulkanische bouwsels hoger dan ~50 m in de OL regio, 
zijn alle geteste DEMs vergelijkbaar gebleken. Het praktische gebruik van een ASTER 
DEM voor de karakterisering van vulkanische morfologie wordt nochtans beperkt door 
kleinschalige artefacten veroorzaakt door correlatiefouten. 

Het tweede deel van deze thesis wordt gewijd aan de studie van de risico’s en de 
uitbarstingsactiviteit van Oldoinyo Lengai (OL). OL wordt hier gebruikt als een 
illustratief voorbeeld van veel slecht gekende vulkanen in ontwikkelingslanden. OL is de 
enige vulkaan op aarde die natrocarbonatitische lava uitstoot. Van 1983 tot 2006 was OL 
bijna voortdurend actief. De activiteit was beperkt tot kleinschalige effusieve en 
explosieve uitbarstingen van natrocarbonatitische lava binnen de topkrater. 
Natrocarbonatitische lava wordt gekenmerkt door zijn uitzonderlijk lage temperatuur en 
viscositeit vergeleken met silicische lava. Een overgang in uitbarstingstijl van OL werd 
waargenomen in 2006-2007 (zie hoofdstuk 6). Die overgang culmineerde in een nog 
steeds voortdurende reeks van sterk explosieve uitbarstingen van een gemengde 
magmasamenstelling, nl. silicisch en natrocarbonatitisch magma. 

In hoofdstuk 4 wordt afstandswaarneming gebruikt om puinlawine-afzettingen 
afkomstig van OL te karteren en nauwkeurig te documenteren. Die afzettingen werden 
voor het eerst door Keller (2002), Keller & Klaudius (2003) en Klaudius & Keller (2004) 
waargenomen in het veld. Veldwerk gaf aanwijzingen voor vulkaaninstortingen en drie 
grote puinlawine-afzettingen van een geologisch jonge ouderdom, nl. jonger dan 10,000 
jaar. Het verdere documenteren van deze afzettingen met afstandwaarneming en de 
preliminaire toepassing van een numeriek model helpt om de vulkaaninstortingen beter te 
begrijpen die nu erkend worden als één van de meest gevaarlijke risico’s verbonden aan 
de activiteit van OL.  

Een studie met afstandswaarneming van OL en de omgevende riftvallei werd 
uitgevoerd met gebruik van SRTM DEM, Landsat en ASTER beelden, beschikbare 
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geologische kaarten en luchtfoto’s. Het SRTM DEM maakt het mogelijk de morfologie 
van OL te karakteriseren en het vulkaanvolume te schatten op 41 + 5 km³. De 
interpretatie van multispectrale en topografische afstandswaarneming laat toe de omtrek 
te karteren en het volume te schatten van twee sectorinstortingen en van drie puinlawine-
afzettingen. Puinlawine-afzettingen reiken tot 24 km ver van OL en hebben een volume 
tussen 0.1 en ~5 km³. Satellietgegevens maken het mogelijk om velden van grote 
heuveltjes (>300 m) en van scherpe afzettingsranden te identificeren en de minimale 
dikte van de puinlawine-afzettingen in te schatten. Opvallende radiale ruggen en groeven 
werden geïdentificeerd in enkele delen van de puinlawine-afzettingen. De morfologische 
variabiliteit van de ruggen en groeven in verschillende puinlawine-afzettingen wordt 
toegeschreven aan een contrasterende vloeidynamiek en aan contrasterend 
instortingsmateriaal. Een vulkaaninstorting en de geassocieerde puinlawine-afzetting, met 
een volume van ~1 km³, werd ook door afstandswaarneming herkend bij de dichtbij 
gelegen vulkaan Kerimasi. Eén van de drie instortingsgebeurtenissen die aan OL 
plaatsvonden, wordt gesimuleerd door de reconstructie van de vulkaantopografie vóór de 
instorting en door het gebruik van het numerieke model van Kelfoun & Druitt (2005). Dit 
model kan de verspreiding van de afzettingsdikte, het massieve stroomfront en de laterale 
oeverwallen simuleren. Deze simulatie duidt verder op een initiële vloeisnelheid in de 
orde van 100 m s-1, distale snelheden van 20-30 m s-1, en masse verstopping en het 
plaatsen in minder dan 3 minuten. De aanwezigheid van jonge puinlawine-afzettingen 
toont de noodzaak aan van een regelmatige monitoring van grondvervorming en 
seismiciteit van OL om gevaarlijke gebeurtenissen te voorzien. 

Ondanks zijn bijna voortdurende effusieve activiteit en de reeds verwachte 
overgang naar meer explosieve uitbarstingen, werd en wordt OL nog steeds niet op 
regelmatige wijze opgevolgd; dit is een algemeen kenmerk van alle actieve vulkanen in 
Tanzania en Kenia. Er was en is dus een dringende nood om een basismonitoring van OL 
te ontwikkelen, om de variaties in de intensiteit van de uitbarstingen te documenteren en 
te onderzoeken. In hoofdstuk 5 wordt een goedkope afstandswaarnemingstechniek 
ontwikkeld met de bedoeling om het begin van intensievere uitbarstingen te detecteren 
die een gevaar zouden kunnen vormen voor toeristen en de lokale Masai bevolking. 
Allereerst werden de mogelijkheden van het bestaande automatische MODVOLC 
algoritme geëvalueerd om uitbarstingen van OL te detecteren. MODVOLC blijkt de 
meeste thermische anomalieën van OL niet te kunnen identificeren. De gevoeligheid van 
het algoritme is ontoereikend om anomalieën van de grootte en intensiteit aanwezig bij 
OL te detecteren. We onderzoeken hoe de infrarood (IR) Moderate Resolution Imaging 
Spectroradiometer (MODIS) toch kan gebruikt worden om de activiteit te monitoren. We 
valideren onze MODIS waarnemingen met veldverslagen en satellietbeelden met hogere 
resolutie (ASTER, Landsat ETM+). Ondanks de beperkte omvang en de lage temperatuur 
(~585°C) van natrocarbonatitische lavas, kunnen relatieve variaties in 
uitbarstingsintensiteit en alternaties van periodes van verhoogde activiteit met periodes 
van verlaagde of afwezige activiteit, worden waargenomen met gebruik van het 
MODLEN algoritme. Een analyse van de temporele verdeling van de gedetecteerde 
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thermische activiteit doet vermoeden dat milieufactoren als aardgetijden en atmosferische 
druk controlerende factoren zijn voor de natrocarbonatitische uitbarstingen van OL. 
MODLEN toont een waardevolle lage-kost methode te zijn om de lage-intensiteit 
thermische activiteit dagelijks te documenteren. Deze methode kan dus toegepast worden 
bij andere vulkanen met vergelijkbare lage-intensiteit activiteit.  

De monitoring met thermische afstandswaarneming werd een paar maanden vóór 
een opmerkelijke verandering in de uitbarstingstijl van OL ontwikkeld. De eerste stap van 
die overgang werd gekenmerkt door een grote effusieve uitbarsting van 25 maart tot 5 
april 2006, die in twee fasen de grootste natrocarbonatitische lavastroom produceerde die 
ooit werd waargenomen op OL. De eruptie werd geassocieerd met de inzakking van 
hornitos, de snelle extrusie van lava, die een derde van de kratervloer bedekt, en de 
vorming van een 3 km-lange samengestelde stroom op de oostflank met een verbrokkelde 
pāhoehoe- tot blokvormige ‘a‘ā-textuur. De uitbarsting werd gevolgd door de snelle 
uitbreiding van een instortingskrater. De uitgevloeide natrocarbonatitische lava had een 
hoog silicagehalte (3 % SiO2). De chronologie van de uitbarsting werd gereconstrueerd 
door ooggetuigen- en persverslagen en door MODIS satellietgegevens, die de meest 
betrouwbare bewijzen geven om de start van de uitbarsting en de variaties in intensiteit te 
bepalen. De producten van de uitbarsting werden in het veld in kaart gebracht en het 
totale volume van de uitgevloeide lava werd geschat op 9.2 ± 3.0x105 m3. De chronologie 
van de gebeurtenissen en de veldwaarnemingen zijn consistent met de instorting van 
hornitos die verantwoordelijk is voor de magmavermenging en haar snelle extrusie uit 
ondiepe magmareservoirs. Die ongewone uitbarsting verschaft nieuwe inzichten in de 
evolutie van het ondiepe magmatische systeem van deze bijzondere natrocarbonatitische 
vulkaan. Dit onderzoek laat ook toe om nuttig inzicht te verwerven in de overgangen 
tussen effusief en explosief vulkanisme van OL die al enkele keren met een frequentie 
van enkele tientallen jaren hebben plaatsgevonden. De maart-april 2006 eruptie werd 
gevolgd door een jaar van rust vóór het hervatten van erupties en een omslag naar 
explosieve activiteit van een sub-plinische stijl die in september 2007 startten. 

Afstandswaarneming biedt de mogelijkheid om op snelle wijze gegevens voor veel 
vulkanen te verzamelen, en om zo de processen die aan het werk zijn in een brede reeks 
van vulkanische systemen te identificeren. Dit wordt in het derde deel van de thesis 
geïllustreerd waarin de ruimtelijke verspreiding van uitbarstingscentra rond vulkanen 
wordt onderzocht. De ruimtelijke verspreiding van openingen kan complex zijn en 
evolueren terwijl de vulkaan groeit. Afstandswaarnemingen van de kegelverspreiding 
rond verschillende vulkanen, van scoriakegels of stratovulkanen tot brede schilden, toont 
aan dat uitbarstingscentra vaak dichtbij duidelijke hellingsbreuken op de lagere flanken 
geconcentreerd zijn. Analoge modellen worden gebruikt om dit verband te onderzoeken. 
De resultaten tonen aan dat het lokale spanningsveld dat veroorzaakt wordt door de 
vulkaanlading, de eruptie van opstijgend magma ver van de vulkaantop in de hand werkt 
als er geen centrale pijp bestaat of als die gesloten werd na de vorige uitbarsting. Twee 
reeksen van geschaalde experimenten werden ontwikkeld met materiaal met 
contrasterende rheologische kenmerken. Dit maakte het mogelijk om de gelijkenissen en 
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verschillen in de gesimuleerde opstijging van magma onder vulkanen te analyseren: 1) 
stroop (Golden Syrup, analoog voor magma) werd in een laag van zand en plaaster 
(analoog voor de korst) onder een kegel geïnjecteerd; 2) water of lucht (analoog voor 
magma) worden geïnjecteerd in een blok gelatine onder een zandkegel. Opstijgende 
dykes die het spanningsveld van de kegel benaderen, worden tegengehouden door de 
samendrukkende spanning van de lading. Door een voortdurende intrusie bouwt de dyke 
een overdruk op en plant hij zich lateraal voort totdat zijn top opniew verticaal kan stijgen 
en dichtbij de vulkaanbasis kan uitbarsten. De laterale verplaatsing van het extrusiepunt 
ten opzichte van de top van de structuur hangt af van de korstdikte, de vulkaanhelling en 
de overdruk in de dyke. Experimentresultaten worden vergeleken met illustrerende 
gevallen-studies en met numerieke modellering uit de literatuur. Die vergelijking maakt 
het mogelijk de toepassingen en beperkingen van de analoge modellen te benadrukken. 
Ten slotte stellen we een conceptueel model voor de evolutie voor van de verspreiding 
van vulkaanopeningen met vulkaangroei. Deze experimenten bieden ook de mogelijkheid 
om de 3D geometrie van sub-vulkanische intrusies te documenteren, die in de natuur 
slechts sporadisch toegankelijk zijn voor observatie.  

In de conclusies worden de nadruk gelegd op de mogelijkheden van 
afstandswaarneming om risico’s van veel vulkanen in ontwikkelingslanden snel in te 
schatten en om te identificeren waar meer werk nodig is. Afstandswaarneming is ook een 
waardevolle bron van informatie om een groot aantal kwantitatieve gegevens te 
verzamelen over vulkaanmorfologie of uitbarstingskenmerken die later in combinatie met 
analoge en numerieke modellen kunnen gebruikt worden om vulkanische processen te 
begrijpen. 
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Appendixes 
Table A-1 
List of 157 days between February 2000 and February 2008 for which a volcanic hotspot has been detected 
on at least one MODIS scene. Details are given for the pixel with the highest NTI value for that specific 
day. Principal information provided by the alert files is summarized in the Table. Lat, Long: Coordinates of 
the centre of the pixel in Decimal Degree; NTI: Normalized Thermal Index; B21, B22, B32: Radiance 
value for MODIS band 21 & 22 (3.95 µm) and 32 (12 µm). Some pixels were not detected as alerts by the 
MODLEN algoritm (last column) due to NTI value lower than -0.88 but were visually identified as thermal 
anomalies. 

 

Sensor Date Time Lat Long NTI B21 B22 B32 Alert
Terra 04/15/2000 20:00 -2.755 35.908 -0.879 0.461 0.438 6.822 Yes
Terra 06/09/2000 20:05 -2.762 35.914 -0.887 0.367 0.418 6.949 No
Terra 07/21/2000 20:40 -2.764 35.916 -0.763 0.776 0.766 5.702 Yes
Terra 11/05/2000 20:20 -2.757 35.909 -0.843 0.581 0.598 7.047 Yes
Terra 04/14/2001 20:15 -2.760 35.915 -0.837 0.619 0.572 6.431 Yes
Terra 04/28/2001 20:30 -2.755 35.908 -0.871 0.505 0.500 7.249 Yes
Terra 05/06/2001 19:40 -2.759 35.911 -0.844 0.625 0.597 7.054 Yes
Terra 05/07/2001 20:20 -2.759 35.910 -0.892 0.430 0.414 7.237 No
Terra 07/15/2001 20:40 -2.759 35.914 -0.882 0.449 0.439 7.000 No
Terra 07/16/2001 19:45 -2.762 35.898 -0.864 0.502 0.508 6.945 Yes
Terra 07/19/2001 20:15 -2.758 35.915 -0.865 0.474 0.501 6.942 Yes
Terra 07/28/2001 20:10 -2.761 35.914 -0.835 0.597 0.622 6.927 Yes
Terra 08/29/2001 20:05 -2.760 35.911 -0.832 0.638 0.643 7.030 Yes
Terra 09/09/2001 19:50 -2.762 35.911 -0.889 0.357 0.390 6.613 No
Terra 09/14/2001 20:05 -2.762 35.912 -0.885 0.408 0.423 6.955 No
Terra 10/09/2001 20:00 -2.757 35.910 -0.872 0.477 0.483 7.086 Yes
Terra 10/21/2001 20:25 -2.759 35.917 -0.870 0.486 0.493 7.090 Yes
Terra 11/08/2001 20:10 -2.757 35.915 -0.890 0.411 0.408 7.033 Yes
Terra 01/04/2002 20:05 -2.755 35.914 -0.856 0.505 0.506 6.504 Yes
Terra 01/18/2002 20:15 -2.756 35.915 -0.885 0.376 0.396 6.502 No
Terra 03/09/2002 20:00 -2.756 35.912 -0.854 0.562 0.562 7.130 Yes
Terra 06/02/2002 20:20 -2.761 35.913 -0.880 0.442 0.451 7.100 No
Aqua 07/06/2002 23:05 -2.754 35.914 -0.854 0.459 0.472 5.978 Yes
Terra 08/05/2002 20:20 -2.757 35.918 -0.853 0.559 0.559 7.066 Yes
Terra 08/09/2002 19:55 -2.763 35.915 -0.860 0.486 0.513 6.812 Yes
Terra 08/12/2002 20:25 -2.756 35.913 -0.871 0.455 0.493 7.142 Yes
Terra 09/10/2002 19:55 -2.755 35.916 -0.883 0.449 0.451 7.280 No
Aqua 09/22/2002 23:15 -2.758 35.915 -0.886 0.421 0.416 6.906 No
Aqua 09/24/2002 23:00 -2.754 35.917 -0.809 0.736 0.737 6.978 Yes
Terra 09/27/2002 20:40 -2.750 35.903 -0.432 3.044 Saturat. 7.668 Yes
Terra 09/28/2002 19:45 -2.762 35.916 -0.875 0.480 0.476 7.155 No
Aqua 10/12/2002 22:50 -2.760 35.915 -0.867 0.535 0.496 6.982 Yes
Aqua 11/23/2002 23:25 -2.755 35.923 -0.859 0.539 0.516 6.822 Yes
Terra 11/27/2002 20:10 -2.761 35.912 -0.792 0.628 0.777 6.708 Yes
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Terra 02/13/2003 20:20 -2.757 35.912 -0.880 0.332 0.341 5.354 No
Terra 02/15/2003 20:05 -2.759 35.911 -0.869 0.417 0.446 6.384 Yes
Aqua 02/17/2003 22:50 -2.757 35.918 -0.886 0.459 0.426 7.078 No
Aqua 02/20/2003 23:20 -2.757 35.915 -0.872 0.501 0.489 7.136 Yes
Aqua 02/22/2003 23:05 -2.758 35.920 -0.827 0.712 0.659 6.968 Yes
Terra 02/24/2003 20:00 -2.759 35.911 -0.825 0.694 0.701 7.308 Yes
Aqua 03/01/2003 23:15 -2.758 35.919 -0.833 0.667 0.644 7.071 Yes
Terra 03/03/2003 20:05 -2.760 35.915 -0.871 0.489 0.491 7.149 Yes
Terra 03/12/2003 20:00 -2.761 35.910 -0.865 0.502 0.517 7.151 Yes
Aqua 03/19/2003 23:00 -2.760 35.915 -0.866 0.521 0.493 6.853 Yes
Aqua 03/21/2003 22:50 -2.753 35.914 -0.839 0.553 0.575 6.585 Yes
Aqua 03/24/2003 23:20 -2.756 35.921 -0.830 0.469 0.487 5.241 Yes
Aqua 08/17/2003 23:05 -2.761 35.918 -0.867 0.487 0.486 6.798 Yes
Aqua 09/11/2003 23:00 -2.756 35.913 -0.889 0.501 0.413 7.006 No
Aqua 09/27/2003 23:00 -2.756 35.916 -0.855 0.528 0.528 6.747 Yes
Terra 10/13/2003 20:05 -2.760 35.917 -0.886 0.401 0.399 6.584 No
Aqua 10/15/2003 22:50 -2.755 35.914 -0.890 0.404 0.403 6.899 No
Terra 11/09/2003 19:50 -2.760 35.911 -0.874 0.483 0.479 7.147 No
Terra 11/30/2003 20:05 -2.758 35.915 -0.864 0.486 0.483 6.641 Yes
Aqua 12/28/2003 23:25 -2.753 35.919 -0.869 0.508 0.477 6.819 Yes
Terra 01/26/2004 20:00 -2.754 35.912 -0.846 0.568 0.608 7.268 Yes
Terra 02/13/2004 19:50 -2.756 35.909 -0.895 0.386 0.376 6.769 No
Aqua 03/03/2004 23:15 -2.756 35.914 -0.891 0.414 0.393 6.780 No
Aqua 03/05/2004 23:00 -2.755 35.914 -0.878 0.452 0.430 6.592 Yes
Terra 07/04/2004 20:00 -2.763 35.908 -0.869 0.452 0.472 6.736 Yes
Aqua 07/13/2004 22:50 -2.759 35.918 -0.877 0.424 0.446 6.780 Yes
Terra 07/15/2004 19:40 -2.760 35.905 -0.648 1.551 1.565 7.324 Yes
Aqua 07/27/2004 23:00 -2.757 35.916 -0.877 0.428 0.436 6.689 Yes
Terra 07/31/2004 19:40 -2.755 35.915 -0.885 0.445 0.435 7.125 No
Terra 08/01/2004 20:25 -2.758 35.909 -0.868 0.486 0.493 6.988 Yes
Terra 08/03/2004 20:10 -2.761 35.917 -0.898 0.367 0.367 6.860 No
Terra 08/05/2004 20:00 -2.758 35.914 -0.873 0.480 0.474 6.999 Yes
Aqua 08/08/2004 23:25 -2.752 35.922 -0.879 0.466 0.444 6.898 Yes
Aqua 08/19/2004 23:10 -2.759 35.913 -0.889 0.428 0.392 6.686 No
Terra 08/30/2004 19:55 -2.759 35.911 -0.875 0.471 0.469 7.031 Yes
Aqua 11/29/2004 22:30 -2.755 35.918 -0.890 0.435 0.410 7.023 No
Terra 12/25/2004 20:10 -2.762 35.912 -0.890 0.357 0.408 6.979 No
Terra 01/05/2005 19:55 -2.760 35.913 -0.875 0.458 0.468 7.044 Yes
Aqua 02/02/2005 23:15 -2.753 35.923 -0.877 0.345 0.355 5.395 Yes
Aqua 02/11/2005 23:05 -2.757 35.916 -0.856 0.563 0.536 6.920 Yes
Terra 02/22/2005 19:55 -2.758 35.905 -0.860 0.568 0.571 7.616 Yes
Aqua 02/23/2005 23:30 -2.757 35.915 -0.876 0.480 0.460 6.950 No
Aqua 03/31/2005 23:05 -2.754 35.923 -0.817 0.695 0.721 7.179 Yes
Terra 07/04/2005 19:30 -2.758 35.921 -0.848 0.556 0.573 6.977 Yes
Terra 07/05/2005 20:10 -2.757 35.915 -0.845 0.559 0.568 6.747 Yes
Aqua 07/20/2005 22:25 -2.752 35.892 -0.752 1.035 1.028 7.249 Yes
Terra 07/21/2005 20:10 -2.759 35.913 -0.857 0.537 0.536 6.952 Yes
Terra 09/14/2005 20:15 -2.757 35.914 -0.883 0.439 0.438 7.066 No
Aqua 12/07/2005 22:50 -2.760 35.912 -0.898 0.393 0.374 6.948 No
Terra 12/14/2005 20:00 -2.756 35.913 -0.782 0.852 0.896 7.327 Yes



Samenvatting 
 

208 

Terra 12/28/2005 20:10 -2.759 35.915 -0.888 0.335 0.324 5.438 No
Aqua 03/11/2006 23:00 -2.761 35.922 -0.878 0.400 0.419 6.466 Yes
Terra 03/13/2006 19:55 -2.762 35.913 -0.863 0.502 0.514 7.017 Yes
Aqua 03/18/2006 23:10 -2.757 35.917 -0.872 0.490 0.478 7.003 Yes
Terra 03/22/2006 19:45 -2.760 35.917 -0.823 0.682 0.696 7.152 Yes
Aqua 03/23/2006 23:25 -2.757 35.929 -0.715 1.021 1.005 6.053 Yes
Terra 03/25/2006 20:20 -2.761 35.907 -0.132 4.940 Saturat. 6.437 Yes
Terra 03/27/2006 20:05 -2.760 35.915 -0.629 1.626 1.473 6.468 Yes
Terra 03/29/2006 19:55 -2.762 35.915 -0.722 1.223 1.165 7.227 Yes
Aqua 04/03/2006 23:10 -2.759 35.910 -0.416 2.179 2.134 5.174 Yes
Terra 06/20/2006 20:25 -2.755 35.912 -0.670 1.182 1.335 6.766 Yes
Terra 06/16/2007 20:20 -2.759 35.919 -0.892 0.401 0.400 7.016 No
Terra 06/18/2007 20:05 -2.761 35.918 -0.894 0.392 0.386 6.927 No
Terra 06/20/2007 19:55 -2.764 35.913 -0.880 0.414 0.437 6.812 Yes
Aqua 06/22/2007 22:40 -2.747 35.902 -0.879 0.514 0.458 7.135 Yes
Terra 06/23/2007 20:25 -2.756 35.912 -0.720 1.189 1.168 7.166 Yes
Terra 06/24/2007 19:30 -2.759 35.894 -0.865 0.524 0.501 6.933 Yes
Terra 06/25/2007 20:15 -2.760 35.916 -0.723 1.135 1.088 6.755 Yes
Aqua 06/27/2007 23:00 -2.759 35.911 -0.850 0.549 0.509 6.258 Yes
Terra 06/28/2007 20:45 -2.755 35.903 -0.884 0.420 0.416 6.772 No
Terra 06/29/2007 19:50 -2.760 35.915 -0.764 0.959 0.952 7.105 Yes
Terra 06/30/2007 20:30 -2.761 35.913 -0.793 0.786 0.827 7.157 Yes
Terra 07/01/2007 19:35 -2.764 35.912 -0.826 0.647 0.682 7.182 Yes
Aqua 07/02/2007 23:15 -2.758 35.916 -0.687 1.180 1.125 6.059 Yes
Terra 07/06/2007 19:55 -2.755 35.913 -0.774 0.889 0.895 7.040 Yes
Terra 07/07/2007 20:35 -2.752 35.919 -0.865 0.467 0.496 6.876 Yes
Aqua 07/09/2007 23:20 -2.756 35.917 -0.897 0.379 0.357 6.576 No
Terra 07/11/2007 20:15 -2.757 35.918 -0.891 0.445 0.405 7.063 No
Terra 07/23/2007 20:35 -2.753 35.910 -0.872 0.474 0.483 7.049 Yes
Aqua 07/25/2007 23:20 -2.760 35.914 -0.884 0.407 0.421 6.839 No
Terra 08/07/2007 19:55 -2.759 35.912 -0.880 0.455 0.453 7.089 Yes
Terra 08/09/2007 19:40 -2.754 35.915 -0.875 0.489 0.473 7.071 Yes
Terra 08/12/2007 20:15 -2.763 35.915 -0.889 0.433 0.406 6.906 No
Aqua 08/17/2007 23:30 -2.760 35.921 -0.892 0.372 0.370 6.446 No
Aqua 08/21/2007 23:05 -2.752 35.913 -0.830 0.691 0.646 6.976 Yes
Terra 08/23/2007 19:55 -2.761 35.910 -0.681 1.299 1.398 7.379 Yes
Aqua 08/24/2007 23:35 -2.758 35.912 -0.857 0.553 0.543 7.056 Yes
Aqua 08/25/2007 22:40 -2.756 35.918 -0.814 0.768 0.735 7.153 Yes
Aqua 08/26/2007 23:20 -2.753 35.920 -0.704 1.232 1.238 7.117 Yes
Terra 08/27/2007 19:30 -2.762 35.917 -0.874 0.508 0.480 7.140 Yes
Aqua 08/28/2007 23:10 -2.757 35.920 -0.677 1.353 1.378 7.160 Yes
Terra 08/30/2007 20:00 -2.760 35.917 -0.514 2.061 Saturat. 6.426 Yes
Terra 08/31/2007 20:45 -2.755 35.912 -0.585 1.923 Saturat. 7.352 Yes
Terra 09/01/2007 19:50 -2.757 35.916 -0.213 4.984 Saturat. 7.684 Yes
Terra 09/03/2007 19:35 -2.758 35.922 -0.819 0.735 0.700 7.039 Yes
Terra 09/06/2007 20:05 -2.759 35.917 -0.889 0.452 0.423 7.195 No
Terra 09/08/2007 19:55 -2.760 35.909 -0.840 0.612 0.613 7.044 Yes
Aqua 09/09/2007 23:35 -2.758 35.934 -0.853 0.594 0.552 6.957 Yes
Terra 09/10/2007 19:40 -2.763 35.913 -0.640 1.447 1.577 7.192 Yes
Aqua 09/11/2007 23:20 -2.760 35.921 -0.811 0.702 0.728 6.977 Yes
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Aqua 09/20/2007 23:15 -2.761 35.916 -0.892 0.407 0.390 6.828 No
Aqua 10/08/2007 23:05 -2.754 35.917 -0.879 0.456 0.451 7.026 Yes
Aqua 10/15/2007 23:10 -2.760 35.916 -0.888 0.407 0.417 7.049 No
Terra 10/17/2007 20:00 -2.756 35.915 -0.739 1.264 1.123 7.479 Yes
Aqua 10/22/2007 23:15 -2.762 35.920 -0.848 0.553 0.558 6.767 Yes
Aqua 10/31/2007 23:10 -2.756 35.920 -0.793 0.799 0.799 6.915 Yes
Aqua 11/02/2007 22:55 -2.756 35.916 -0.872 0.473 0.454 6.652 Yes
Terra 11/23/2007 20:20 -2.758 35.914 -0.873 0.461 0.475 7.011 Yes
Terra 11/25/2007 20:05 -2.764 35.911 -0.829 0.565 0.608 6.493 Yes
Terra 12/02/2007 20:10 -2.760 35.916 -0.880 0.483 0.430 6.766 No
Terra 12/05/2007 20:45 -2.763 35.911 -0.868 0.401 0.423 5.989 Yes
Terra 01/01/2008 20:25 -2.754 35.913 -0.869 0.464 0.469 6.680 Yes
Aqua 01/03/2008 23:10 -2.756 35.921 -0.864 0.469 0.520 7.122 Yes
Terra 01/05/2008 20:00 -2.757 35.915 -0.887 0.335 0.352 5.863 No
Terra 01/08/2008 20:30 -2.759 35.912 -0.677 1.056 1.328 6.898 Yes
Aqua 01/10/2008 23:15 -2.762 35.923 -0.860 0.438 0.514 6.835 Yes
Terra 01/17/2008 20:25 -2.764 35.911 -0.789 0.782 0.831 7.033 Yes
Aqua 01/28/2008 23:05 -2.756 35.915 -0.884 0.445 0.448 7.305 No
Aqua 02/17/2008 22:40 -2.760 35.912 -0.267 3.375 Saturat. 5.834 Yes
Aqua 02/22/2008 23:00 -2.755 35.918 -0.758 0.955 0.995 7.224 Yes
Terra 02/24/2008 19:50 -2.765 35.903 -0.851 0.571 0.598 7.409 Yes
Terra 02/27/2008 20:20 -2.759 35.921 -0.856 0.559 0.552 7.128 Yes
Aqua 02/29/2008 23:05 -2.755 35.919 -0.794 0.851 0.885 7.724 Yes
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Table A-2  

Sand-box experiments summary of run conditions and key observations, including relative distance of eruption outbreak (Π5) and main intrusion shape. A 
vertical dyke was initiated in all experiments, except for those marked by an asterisk, where a pre-established conduit was modeled up to the cone base with 
Golden syrup. Intrusion rate and dyke overpressure (∆P) are affected by errors of ~5 %. Evidence of magma stalling and lateral propagation is based on the 
intrusion morphology and the Π5 value. 

 

Exp. 
# 

Time 
(min) 

Ths 
(cm) 

Rco 
(cm) 

Hco 
(cm) 

Intrusion 
rate 
(cm³/s) 

∆P 
(Pa) 

Π1         
Hco/Rco 

Π2  
      

Rco/Ths 

Π3  
   

DL/DW 

Π4  
     

DL/Rco 
Π5      
∆x/Rco 

Π9      
Re    

(×10-6)

Intrusion shape Magma 
stalling

Lateral 
propa-
gation 

D31 4 5.0 5.3 3.4 0.09 4940 0.64 1.06 0.10 1.13 0.79 61.9 dyke & sill complex + chamber V V 
D32 11 6.4 5.2 3.4 0.07 80 0.65 0.81 0.03 1.06 0.58 28.8 near-cylindrical conduit  V 
D33 34 5.2 5.3 3.8 0.01 1920 0.72 1.01 0.09 1.03 0.67 7.6 dyke & sill complex V V 
D34 12 5.2 8.8 5.2 0.04 3930 0.59 1.68 0.02 0.51 0.16 21.5 deep cup-shaped   
D35 25 5.6 8.4 5.6 0.03 1240 0.67 1.50 0.15 0.62 0.44 11.1 deep cup-shaped  V 
D36 5 5.3 9.3 6.0 0.13 3250 0.65 1.75 0.10 0.32 0.24 52.5 near-cylindrical conduit   
D37 40 5.4 12.5 8.5 0.06 2490 0.68 2.31 0.20 0.40 0.04 6.7 dyke & sill complex + chamber V  
D38 44 5.1 13.2 9.6 0.03 1780 0.73 2.58 0.04 0.52 0.21 5.7 near-cylindrical conduit   
D41 21 5.3 13.0 9.3 0.14 3260 0.72 2.45 0.08 0.65 0.26 12.5 dyke & sill complex + chamber V  
D42 29 5.3 4.8 1.7 0.02 2910 0.36 0.90 0.09 0.95 0.59 9.1 dyke & sill complex + chamber V  
D43 4.5 5.0 5.2 1.9 0.13 3900 0.36 1.04 0.44 0.87 0.10 55.0 near-cylindrical conduit + chamber V  
D44 22 5.0 8.8 3.5 0.04 1760 0.40 1.75 0.23 0.46 0.03 11.3 dyke & sill complex V  
D45 9 5.9 9.0 2.8 0.09 4180 0.31 1.53 0.28 0.28 0.11 32.5 dyke & sill complex + chamber V  
D46 35 5.7 13.0 4.9 0.03 2130 0.38 2.28 0.10 0.52 0.38 8.1 dyke & sill complex V V 
D47 14 5.0 13.0 4.3 0.08 1830 0.33 2.60 0.07 0.23 0.23 17.7 dyke & sill complex + chamber V V 
D48 11 5.0 12.8 4.8 0.11 2790 0.38 2.56 0.15 0.16 0.25 22.5 deep cup-shaped   
D49 35 5.4 13.1 2.4 0.02 2030 0.18 2.43 0.05 0.31 0.11 7.6 dyke   
D410 6 5.2 13.2 2.3 0.06 3270 0.17 2.54 0.20 0.15 0.09 42.9 deep cup-shaped   
D411 81 5.3 12.3 2.3 0.01 2050 0.19 2.33 0.12 0.14 0.03 3.2 dyke + deep cup-shaped V  
D412 93 5.3 9.5 1.8 0.01 1930 0.19 1.79 0.50 0.11 0.13 2.8 near-cylindrical conduit   
D413 16 5.1 8.5 2.0 0.04 2000 0.24 1.67 0.08 0.56 0.33 15.8 dyke & sill complex V V 
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D414 10 5.4 8.3 1.9 0.07 2970 0.22 1.53 0.10 0.24 0.17 26.7 deep cup-shaped + chamber V  
D415 25 10.1 5.6 3.5 0.07 2110 0.62 0.55 0.25 0.50 0.75 20.0 deep cup-shaped  V 
D416 25 10.2 4.8 3.4 0.02 1790 0.71 0.47 0.11 0.38 0.42 20.2 dyke + near-cylindrical conduit   
D417 46 10.3 4.6 3.2 0.02 1340 0.70 0.45 0.07 0.65 0.52 11.0 dyke & sill complex + chamber V  
D51 35 10.1 8.2 5.0 0.06 2250 0.61 0.82 0.09 0.67 0.65 14.2 deep cup-shaped  V 
D52 52 10.1 8.5 5.8 0.03 1640 0.68 0.84 0.04 0.94 0.55 9.6 dyke & sill complex V V 
D53 31 10.0 8.4 5.8 0.08 3850 0.69 0.84 0.11 0.44 0.70 16.0 near-cylindrical  conduit and chamber V V 
H5 60 9.0 9.3 5.0 0.04 2850 0.54 1.03 0.08 0.65 0.54 7.4 dyke  V 
D54 105 10.4 12.4 7.8 0.02 2860 0.63 1.19 0.04 0.45 0.11 4.9 dyke   
D55 25 10.3 12.4 8.1 0.10 2510 0.65 1.21 0.07 0.36 0.37 20.3 dyke  V 
D56 75 10.1 12.2 7.8 0.02 4140 0.64 1.21 0.05 0.49 0.63 6.7 dyke & sill complex + chamber V V 
D57 60 10.2 5.7 2.1 0.02 4690 0.37 0.56 0.15 0.35 0.46 8.4 dyke & sill complex + chamber V  
D59 26 10.1 5.1 2.0 0.08 4390 0.38 0.50 0.07 0.53 0.65 19.2 deep cup-shaped + chamber V V 
D510 101 10.1 5.3 2.1 0.01 2820 0.40 0.52 0.14 0.42 0.27 5.0 deep cup-shaped V V 
D511 19 10.1 8.0 2.8 0.09 3650 0.35 0.80 0.21 0.30 0.48 26.2 dyke & sill complex V V 
D512 57 10.1 8.3 3.0 0.02 2670 0.36 0.82 0.13 0.38 0.33 8.8 deep cup-shaped + chamber V V 
D513 15 10.2 12.9 4.7 0.13 1450 0.36 1.27 0.47 0.23 0.02 33.5 near-cylindrical  conduit   
D514 59 10.0 12.8 4.8 0.04 1220 0.38 1.28 0.30 0.18 0.50 8.4 deep cup-shaped V V 
D515 27 10.3 12.5 4.7 0.07 1550 0.38 1.21 0.11 0.28 0.32 18.9 near-cylindrical conduit   
D516 28 10.1 8.8 2.0 0.05 860 0.23 0.87 0.22 0.26 0.27 17.9 dyke   
D517 18 10.2 9.1 2.1 0.07 2380 0.23 0.90 0.60 0.27 0.14 27.9 near-cylindrical conduit   
D518 100 10.1 9.5 2.1 0.01 1830 0.22 0.94 0.50 0.21 0.25 5.0 dyke   
D519 40 10.1 12.8 2.5 0.06 2760 0.20 1.27 0.42 0.19 0.38 12.5 dyke & sill complex V V 
D520 36 10.0 12.5 2.7 0.03 1860 0.22 1.25 0.02 1.88 0.22 13.8 dyke & sill complex V  
D61 17 10.1 12.8 2.7 0.11 2530 0.21 1.26 1.00 0.14 0.12 29.4 deep cup-shaped V  
D63 70 19.8 4.9 3.7 0.05 4120 0.76 0.25 0.09 0.71 0.92 14.0 dyke  V 
D64 47 19.8 5.1 3.7 0.09 4550 0.73 0.26 0.13 0.78 1.04 20.9 deep cup-shaped  V 
CL18 103 19.0 6.5 4.6 0.04 9090 0.71 0.34 0.03 2.31 0.89 9.1 dyke & sill complex  V 
D14 100 20.0 6.0 4.5 0.07 9210 0.75 0.30 0.10 0.50 1.17 9.9 dyke + cup-shaped   V 
D66 41 19.8 8.8 5.8 0.09 4340 0.66 0.44 0.08 0.45 0.82 23.9 dyke  V 
D67 67 19.8 8.4 5.2 0.08 2510 0.62 0.42 0.27 0.54 0.93 14.6 dyke  V 
D69 146 19.8 8.9 5.8 0.02 3220 0.65 0.45 0.22 0.51 0.65 6.7 dyke  V 
CL16 55 17.2 9.0 6.9 0.08 11200 0.77 0.52 0.13 0.44 0.67 15.5 dyke  V 
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CL21 75 18.0 8.5 6.6 0.05 8320 0.78 0.47 0.09 0.82 0.98 11.9 dyke  V 
D68 74 19.7 12.3 8.9 0.06 2710 0.73 0.62 0.08 0.98 0.69 13.2 dyke  V 
D610 78 19.7 12.2 8.2 0.05 1830 0.67 0.62 0.18 0.45 0.71 12.5 dyke  V 
D611 47 19.8 12.3 8.7 0.13 1710 0.71 0.62 0.07 0.24 0.75 20.9 dyke  V 
D21 150 20.0 10.0 7.0 0.08 9340 0.70 0.50 0.33 0.30 1.20 6.6 deep cup-shaped  V 

 CL210 170 21.3 18.0 9.5 0.05 8600 0.53 0.85 0.05 0.33 0.92 6.2 dyke  V 
CL22 87 19.5 12.3 9.8 0.05 8320 0.80 0.63 0.03 1.06 0.90 11.1 deep cup-shaped  V 
D612 59 19.8 8.5 3.9 0.07 3270 0.46 0.43 0.14 0.82 0.89 16.6 dyke  V 
D613 87 19.8 8.4 3.3 0.03 3190 0.39 0.42 0.08 0.60 0.68 11.3 dyke   
D71 36 19.8 8.7 3.3 0.12 2970 0.38 0.44 0.12 0.57 0.74 27.2 dyke & sill complex V V 
D72 156 19.8 11.7 5.1 0.04 2730 0.44 0.59 0.26 0.46 0.79 6.3 dyke   
D73 56 19.8 12.7 4.7 0.09 6490 0.37 0.64 0.05 0.47 0.25 17.5 dyke & sill complex V  
D75 65 19.8 12.7 4.5 0.07 2990 0.35 0.64 0.04 0.41 0.76 15.1 dyke  V 
D76 60 19.8 9.5 2.0 0.07 3490 0.21 0.48 0.20 0.26 0.57 16.3 dyke V  
D77 121 19.8 9.2 2.1 0.02 3930 0.23 0.46 0.09 0.49 0.68 8.1 dyke  V 
D78 44 19.8 9.4 1.8 0.11 3610 0.19 0.47 0.12 0.64 0.41 22.3 dyke   
D81 59 19.8 12.0 2.6 0.05 4010 0.22 0.61 0.12 0.35 0.20 16.6 dyke   
D82 61 19.8 12.8 2.4 0.05 2330 0.19 0.64 0.08 0.59 0.78 16.1 dyke  V 
D83 39 19.8 12.3 2.4 0.13 2590 0.20 0.62 0.03 0.53 0.78 25.1 dyke & sill complex V V 
                
C1* 18 10.1 12.0 8.8 0.08 860 0.73 1.19 0.20 0.13 0.13 27.8 near-cylindrical conduit + chamber V  
C2* 12 11.1 8.5 6.5 0.03 1510 0.76 0.77 0.08 0.47 0.35 45.8 near-cylindrical conduit  V 
C3* 17 10.3 5.7 3.8 0.03 200 0.67 0.55 0.20 0.26 0.44 30.0 near-cylindrical conduit  V 
C4* 44 10.1 12.5 8.7 0.03 920 0.70 1.24 0.15 0.16 0.38 11.4 near-cylindrical conduit V V 
C5* 28 10.2 11.8 4.5 0.02 2000 0.38 1.15 0.50 0.09 0.09 18.0 near-cylindrical conduit V  
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