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 Abstract 

The purpose of this research thesis is to investigate the relationship between 

the spatial distribution of Neogene-Quaternary volcanoes and the underlying 

geological structures in the Anivorano Volcanic Field (AVF), northern 

Madagascar using remote sensing techniques. Understanding the interplay 

between continental monogenetic volcanic fields and tectonic features in an 

extensional regime is very important in unraveling the genesis and 

development of continental rifts. This study focuses on the analysis of the 

geomorphology, morphometry and spatial distribution of mafic volcanoes in 

the AVF; and the relative contribution of tectonic processes and pre-existing 

crustal structures to the formation of the AVF.  

One hundred and forty-six volcanic cones were identified in the AVF and are 

distributed over an area of 2500 km2. On the basis of this investigation, the 

AVF comprises 146 recognisable cones of an inferred volcanic nature, and 

these have been subdivided into six morphological types. This study found 

that topography has a negligible effect on cone morphology. However, it plays 

a significant role on the location of individual volcanic cones, as the majority of 

the cones are found in areas of lower elevation (<400 m) and on slopes of 

<10˚, especially in the southwest part of the study area. The study also found 

that volcanism in the AVF is intimately tied to fault systems in the region. 

Commonly, volcanic cones are located with mapped geological structures. 

The general trends of vent alignments within the volcanic field, and the 

orientations of the elongated vents lie along with known major tectonic 

features across Madagascar. The identified N000 o -N015 o and N030 o 

lineaments can be attributed to the pre-existing structures developed during 
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the Pan-African orogenic events. Whereas the N315 o -N330 o trends are 

associated with fractures related to the ongoing opening of the Somalia basin. 

In addition, the dextral displacement deduced from the Ankarana Plateau in 

the southern part of the AVF is consistent with the dextral strike-slip faults 

observed within the western Somalia basin, which run through the Somalia-

Kenya border to the middle of the Mozambique Channel and then to the north 

of Madagascar. These results suggest that pre-existing structures in the 

region were reactivated and play an important role in the location of individual 

monogenetic volcanoes in the AVF. In addition, the high concentration of 

volcanic cones in the AVF coincides with the presence of low velocity zones 

beneath the region, strongly suggesting the presence of abundant melts in 

this region. Based on the data obtained from this study, the fundamental 

factors controlling the location of volcanic cones within the AVF include; 1) 

pre-existing structures, 2) abundant mantle-derived melts beneath the area, 

and 3) topographic variations.  
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Chapter 1: Introduction 

1.1. Introduction 

The island of Madagascar is an ideal laboratory for studies that help 

document the interplay between monogenetic volcanism and geological 

structures. It contains numerous Quaternary volcanic fields (Fig 1-1) thought 

to be associated with the ongoing continental break-up of Madagascar and 

East Africa (Rakotondraompiana et al., 1999; Kusky et al., 2010). Intraplate 

continental monogenetic volcanic fields are commonly related to an 

extensional tectonic regime. Several studies have shown that most 

intracontinental monogenetic volcanism progresses from lithosphere- to 

asthenosphere-derived basalts over time due to lithospheric thinning (Barberi 

and Varet, 1975; Ebinger et al., 1993; Németh et al., 2003; Melluso et al., 

2018). This strongly suggests that plays a significant role in the generation of 

most monogenetic volcanic fields. Alternatively, other models suggest there is 

a relationship between cumulative volume in the mantle source and the 

volume of erupted magmas; implying, the origin and location of monogenetic 

volcanic fields are magmatically controlled (Valentine and Perry, 2007; 

Németh, 2010; Valentine and Connor, 2015).  

It is generally accepted that the size, shape, geometry of volcanic edifices, 

and their vent distributions are influenced and controlled by a number of 

interrelated factors, that include: pre-existing structures in the crust; the size 

and shape of any magmatic chamber beneath the volcanic field; the nature 

and volume of the mantle source; the principal stress condition of the 

continental lithosphere during the volcanic eruption; or a combination of these 

(Zhang and Lutz, 1989; Németh, 2010; Valentine and Connor, 2015). Németh 
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(2010) suggested that the interplay between magma source, the volume of 

eruption and pre-eruption topography of the area, can additionally control the 

final shape and size of monogenetic volcanoes. 

Identification of any geological structures beneath a volcanic field can be 

difficult for several reasons, such as their burial by subsequent lava flows or 

lack of erosional exposure. The use of remote sensing and morphometric 

parameters of volcanic edifices can be very useful to infer subsurface 

geological structures and associated tectonic processes. In this thesis, a 

volcanic edifice is defined as the main portion of a volcano constructed 

through the eruption of lava, tephra, pyroclastic flows, lahars, and related 

volcanic deposits. Some shield volcanoes have lava flows that extend far 

beyond the edifice (USGS glossary, 2008). 

Madagascar forms part of the East African Orogen (Collins, 2002; Collins and 

Windley, 2002; Kusky et al., 2007; Raharimahefa and Kusky, 2010; Fritz et 

al., 2013), which contains numerous Pan-African crustal-scale shear zones 

that currently are undergoing reactivation. The reactivation of these pre-

existing Pan-African structures is believed to control the geometry of the 

present-day East African Rift System (EARS). The EARS has been proposed 

as a primary cause of Neogene to Quaternary volcanism and active faulting 

throughout Madagascar (Guiraud et al., 1992; Kusky et al., 2007, 2010). 

This thesis focuses on the Anivorano Volcanic Field (AVF) in northern 

Madagascar, which is an ideal place to study the relationship between 

monogenetic volcanoes and continental break-up. The AVF is observed to 

comprise a variety of volcanic phenomena, that include: numerous scoria 

cones, maars, lava domes, and lava flows, and is associated with active 
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faulting and frequent seismicity (Rufer et al., 2014) (Fig 1-1). But relatively 

little is known about the distribution of volcanic vents within the volcanic field, 

any related fault patterns, and indeed the age and origin of volcanism in the 

area.  

 



4 
 

 

Figure 1-1-Geographic location of the study area and East African Rift System, a) Location of Madagascar Island, east of 
Mozambique in the Indian Ocean, b) View of Madagascar and the southern part of the East African Rift System. Showing the major 
crustal faults of the Davie Fracture Zone (DFZ), c) The Anivorano Volcanic Field (AVF), south of Montage d'Amber in northern 
Madagascar. White rectangle shows the study area. DFZ: Davie Fracture Zone, AVF: Anivorano Volcanic Field, Av: Ankaratra 
volcanic area, Iv: Itasy volcanic area, AA: Alaotra–Ankay basin, NB: Nosy Be Island.
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1.2. Purpose and Objectives 

The purpose of this study is to better understand the relationship between the 

distribution of volcanic vents in monogenetic fields and the underlying 

geological structures in the Anivorano Volcanic Field (AVF) in northern 

Madagascar using remote sensing techniques. 

The use of remote sensing techniques to analyse the spatial distribution of 

volcanic vents in the AVF can help to determine the relationships between 

vent alignments, feeder dyke systems, and basement structural/tectonic 

features. In turn, this information facilitates an investigation into the correlation 

between the present-day crustal extension in Madagascar with the 

neighbouring East African Rift System. 

The five objectives of this thesis are to: 

 1. Identify and map volcanic cones within the Anivorano Volcanic Field (AVF) 

in northern Madagascar; 

2. Conduct morphometric analyses of cone size, shape, slope angles, and 

orientation of breached vents of selected, representative cones within the 

study area.  

3. Use morphometric analyses to classify the types of basaltic volcanic cones 

and identify elongated cones and structures. 

4. Analyze morphometric parameters derived from satellite images and DEMs 

to determine the alignments of vents and feeder dykes.  

5. Use the vent spatial patterns to assess the relative contribution of tectonic 

processes and pre-existing crustal structures to the formation of the 

Anivorano Volcanic Field.  
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1.3. Rationale 

The AVF in northern Madagascar is an ideal place to study the relationship 

between the spatial distribution of volcanic vents in monogenetic fields and 

associated underlying geological structures. The AVF has the highest density 

of cinder cones and clusters of seismic activity within the country. 

The study area is located north of the Alaotra-Ankay rift graben (Fig 1-1), 

which has been linked to a progressive East-West extensional regime related 

to the East African Rift System (EARS) (Bertile and Regnoult, 1998; Kusky et 

al., 2010; Rufer et al., 2014). The AVF is potentially related to this southern 

extension of the EARS; however, to determine if such an association exists, 

mapping the volcanic vents and structural features is crucial. Geological 

studies and age data for the AVF are lacking and this study is the first to 

document the geomorphology of the volcanoes in this area, and evaluate the 

relationships between Quaternary monogenetic volcanism and geological 

structures in Madagascar.  

Hazards associated with monogenetic volcanism are generally spatially 

localized; however, their occurrence near heavily populated urban areas, such 

as to the city of Anivorano in Madagascar increases their associated volcanic 

risks. These higher risks are similar to those experienced in Auckland, New 

Zealand, or Mexico City, Mexico. In addition, the precise location of volcanic 

activity within a given volcanic field tends to shift unpredictably over time, 

increasing the hazard to important infrastructure (Connor et al., 2000). 

Therefore, from a societal perspective, understanding the temporal and 

spatial distributions of monogenetic volcanoes and the links between any 

underlying earth structures and monogenetic magmatism are crucial to aid in 



7 
 

predicting potential volcanic hazards that may affect this area. This 

information is vital for conducting risk assessments, and developing 

management protocols to minimize the dangers. 

1.4. Thesis 

This thesis consists of seven chapters. Chapter 1 introduces the study and 

highlights the purpose, objectives, and rationale of the study. Chapter 2 

presents a broad literature review on monogenetic volcanism and tectonic 

settings. Chapter 3 provides the geological and tectonic settings of the study 

area. Chapter 4 outlines the detailed methods used in this study. Chapter 5 

presents the results. Chapter 6 presents the interpretation and discussion.  

Finally, Chapter 7 provides a summary of the main findings and conclusions 

of the thesis. 
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Chapter 2: Literature Review 

2.1. Introduction 

This chapter reviews the current understanding of continental basaltic 

volcanism, monogenetic volcanism, and their relationship(s) to subsurface 

tectonic processes and structures. It also includes a discussion regarding the 

use and success of morphological measurements in the characterization and 

classification of volcanoes, as well as for an assessment of cone alignment 

and associated tectonic controls and structures. 

2.2. Continental basaltic volcanism and monogenetic volcanism 

Monogenetic volcanoes commonly occur in volcanic fields, and are the most 

common expression of continental basaltic volcanism on Earth (Valentine and 

Gregg, 2008). The term “monogenetic eruption” has several meanings, 

however. Early concepts defined monogenetic activity as small-volume 

eruptions, 0.1-5 km3 (Valentine and Connor, 2015) produced during a single 

episode of activity without subsequent eruptions (Rittmann, 1963; Connor et 

al., 2000). Thus, monogenetic volcanic fields are generally small. They may 

exhibit a wide array of eruptive forms, including: cinder or scoria cones, 

maars, tuff cones, tuff rings, tiny shield volcanoes, and lava domes, 

depending upon their eruptive style (e.g., Connor et al., 2000). Monogenetic 

volcanic fields occur in every known tectonic setting, including extensional 

zones like the Basin and Range area of the western USA (e.g., San Francisco 

volcanic field, Arizona, USA, Menzies et al., 1985). In addition, they are found 

associated with subduction zones magmatism, such as the Michoacan 

Guanjuato volcanic field in the Trans-Mexican Volcanic Belt, Mexico (e.g., 
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Hasenaka and Carmichael, 1985; Connor, 1987), and intraplate settings like 

the Auckland volcanic field in New Zealand (Lindsay and Leonard, 2007), and 

the Itasy volcanic field of central Madagascar (Raharimahefa and 

Rasoazanamparany, 2018). 

Other areas with monogenetic volcanoes include Andino-Cuyano, in 

Mendoza, Argentina (subduction zone) (Németh et al. 2008), Tenerife, one of 

the Canary Islands, Spain (intraplate volcanism) (Dóniz-Páez, 2015), Hawaii 

(hot spot) (Kervyn et al. 2012), and Kamchatka, Russia (subduction zone) 

(Inbar et al. 2011). 

An individual cone in a monogenetic volcanic field is presumed to form during 

a single and simple short-lived episode of eruption, which typically lasts days 

to a few years (Hasenaka, 1994). This is marked contrast to the fact that the 

volcanic field as a whole can be active for millions of years (Rittmann, 1963; 

Macdonald, 1972). An individual monogenetic vent is believed to form by a 

direct eruption of a single batch of magma from its mantle source to the 

surface (Smith and Németh, 2017). Once an eruption ceases, the location of 

the next eruption shifts and/or occurs along a new pathway to the surface. 

Due to their relative simplicity, when compared to polygenetic volcanoes, 

monogenetic volcanoes provide important insights into processes attending 

the generation and accumulation of magma at depth, ascent dynamics for the 

magma batches, as well as to regional tectonics, and the potential 

relationships between these processes. Valentine and Gregg (2008) indicated 

that, in general, the spatial distribution of volcanoes in a given monogenetic 

volcanic field could reflect the regional tectonic setting of the area. Vent 

alignments that are less than 10 km along strike can likely be attributed to a 
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single monogenetic event, whereas vent alignments extending for more than 

20 km favour multiple volcanic eruptions from several magma batches 

(Valentine and Gregg, 2008). Studies of monogenetic volcanoes show that 

they are mostly basaltic in composition (Valentine and Connor, 2015).  

2.3. Relationship between basaltic volcanoes and tectonic structures 

Often, the alignment and distribution of volcanic vents within a volcanic field 

are interpreted to reflect the crustal structure, the geometry of the magma 

source, and the principal stress orientations (Tibaldi, 1995; Valentine and 

Gregg, 2008; Paulsen and Wilson, 2010; Tadini et al., 2014). The regional 

stress conditions in the lithosphere and local stress fields in the continental 

crust are the main parameters that control the location of geological structures 

including faults, shear zones, and fractures, which then may provide pathways 

for magma ascent from crustal depths toward the surface (Cas and Wright, 

1987, Zhang and Lutz, 1989, Valentine and Gregg, 2008). 

Several approaches have been used to evaluate the interplay between 

Quaternary monogenetic volcanoes and geological structures, including but 

not limited to the study of volcanic cone geomorphology and the analysis of 

spatial distribution and alignment of vents and faults (Tibaldi, 1995; Paulsen 

and Wilson, 2010; Tadini et al., 2014). 

2.3.1. Studies of volcanic cones geomorphology 

Volcanic edifices are striking geological features that can be used to help 

understand how the eruption of basaltic cinders may facilitate cone formation 

as well as how these materials may evolve through time (Wood, 1980; Dóniz-

Páez, 2015; Gong et al., 2016; Raharimahefa and Rasoazanamparany, 2018) 
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and plate tectonics reconstruction (e.g., Vogt, 1974). In general, it is accepted 

that the size, volume, and shape of volcanic cones are the result of the 

interaction between the structural setting of a particular volcanic field, the 

eruptive style, magma source(s), the supply rate, volatile content and viscosity 

of a magma, and any subsequent erosional processes (Connor, 1990; Tibaldi, 

1995; Di Traglia et al. 2014). Thus, a quantitative characterization of volcanic 

morphology and systematic classifications of volcanic cones are important as 

they provide valuable insights into the geological processes involved in their 

formation.   

Previous researchers have used the morphology of monogenetic volcanoes 

and their morphometric parameters to determine the original shape and size 

of edifices, determine eruptive conditions and any changes that attended the 

eruption, and to deduce the relative age of individual volcanoes and/or the 

volcanic field as a whole (e.g., Wood, 1980; Hasenaka and Carmichael, 1985; 

Hooper, 1995; Inbar and Risso, 2001; Parrot, 2007). Other researchers used 

the orientation of breached cones and elongated cones to find the possible 

location of feeder dykes and orientation of faults within a given field 

(Dohrenwend et al., 1986; Takada, 1994; Tibaldi, 1995; Riedel et al., 2003; 

Corazzato and Tibaldi, 2006; Valentine and Perry, 2007; Rodríguez et al., 

2010; Bemis et al., 2011; Inbar et al., 2011; Kereszturi and Németh, 2012; Di 

Traglia et al., 2014). Furthermore, studies have made use of 

geomorphological parameters to classify volcanic cones and discriminate the 

types of cones, remotely (Wood, 1980; Dóniz-Páez, 2015; Gong et al., 2016; 

Raharimahefa and Rasoazanamparany, 2018). 
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Several specific parameters relating to the character of volcanic cones have 

been used in early geomorphological studies of volcanic cinder cones, 

including crater diameter (Simpson, 1967; Porter, 1972), edifice size (Francis 

and Abbott, 1973) or height and volume of volcanoes (Carr, 1984). Such 

parameters are typically used to illuminate the morphological evolution of a 

volcano through time and may be applied to the reconstruction of volcanic 

fields (Wood, 1980). The ellipsoidal shape of the cone base and/or crater rim 

is one of the best parameters available to help determine the direction of 

stress during the emplacement of young and recent volcanoes. In fact, most 

studies suggested that the geometry of young volcanic cones in rift zones 

were controlled primarily by major faults and fractures within and around the 

rift zones. Since faults exert control on cone shapes, the cone ellipticity is 

interpreted to reflect the underlying structures that localised magma supply to 

these edifices (Acocella et al., 2003; Robertson et al., 2016). 

Volcanic cones generally develop a relatively uniform shape, with a linear 

variation between the long and short axis reflecting underlying structures and 

the stress regime attending eruption (Wood, 1980; Tibaldi, 1995). 

Morphometric parameters have also been used to investigate the morphology 

and origin of volcanic edifices on the Moon and Mars and to evaluate possible 

interplanetary correlations. Pike (1978) used five morphometric parameters, 

height, width of flank, diameter of the summit depression, depth and circularity 

of the crater, to make quantitative comparisons of the gross form of extra-

terrestrial volcanic features with that of possible analogs on Earth. Pike (1978) 

compared terrestrial volcanoes with extraterrestrial volcanic constructs on the 

Moon and Mars using quantitative and statistic models. He concluded that 
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volcanic landforms on the Moon and Mars differ significantly from terrestrial 

edifices in both size and shape, likely reflecting the different surface and near 

surface conditions on those planetary bodies. 

As indicated above, morphometric parameters can be used to illuminate 

volcano-tectonic or structure analyses. For example, Tibaldi (1995) measured 

cone base and crater elongations, the location of depressions on the rim of a 

crater, and the alignment of cones in order to study the geometry of the 

fracture feeding system and the regional tectonics in diverse settings, that 

included: the Tepic Rift, Ethiopian Rift, Mexican Volcanic belt, Canary 

Archipelago and at Mount Etna. His results confirmed the existence of a 

relationship between geomorphometry of the cones and the fracture/feeding 

system in these areas. Tibaldi (1995) concluded that elongated cones and 

crater geometry are controlled by the feeding orientation that is linear (e.g. a 

dyke), and which commonly follow pre-existing structures. 

Several techniques have been used in the past to characterize the 

morphometric parameters of volcanic cones such as through surveying and 

field measurements (Kear, 1964; Wood, 1978). But with the recent abundance 

of detailed satellite imagery, coupled with the advent of digital elevation 

models (DEM), an increasing number of studies use DEM to extract 

comprehensive morphometric parameters for a given volcanic feature and for 

studies of volcano morphometry at a global scale. For example, Kervyn et al. 

(2012) used DEM (at a 10 m spatial resolution) to extract three primary 

parameters including, average lengths of the cone base, and crater rim, and 

height of the cone. These parameters were thereafter used to understand the 

morphometry of monogenetic volcanoes and the implications on volcanic 
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processes of volcanoes of Mauna Kea (Hawaii) and at Lanzarote (Canary 

Islands). Kervyn et al. (2012) found large variability in morphometric ratios 

(e.g., crater/cone base and height/width ratio) which have been attributed to 

erosional processes and/or eruptive conditions, implying that the determined 

geometry of monogenetic cones cannot reliably be an indicator of age and/or 

phreatomagmatic activity. Cohesion of erupted material and slope reworking 

by erosion are principal factors controlling cone slope angle. Some other 

factors such as average inner and outer cone slopes and height of the vent on 

placement area are important in the morphometric ratios of a volcanic cone. 

Similarly, Grosse et al. (2012) developed methods for the morphometric 

characterization of volcanic features from two DEM-derived products, 

curvature profile and slope using composite volcanoes in Nicaragua as a case 

study. They extracted the following parameters for each cone: the base area, 

average length, major basal axis, small basal axis, area, and height. From this 

were able to define shape parameters, naming plan and shape profiles, slope 

classifications, orientations of the best-ellipses axes, and the number of peaks 

present. 

Inbar et al. (2011) used the cone’s height and slope of the flanks, average 

axis diameter, and the height-width ratio to evaluate erosion processes on the 

cinder cones and lava flows in the Tolbachik volcanic field, Kamchatka, 

Russia. They found a clear relationship between age and morphometric 

parameters: the newly-formed or recent cones tend to show steep slope on 

external walls and higher height-width ratios, whereas the older ones display 

gentle slopes. They also suggested that the variability of the morphometric 

values seen in the recent cinder cones is mainly due to lithological 
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composition. Moreover, any change in slope values were attributed to 

erosional processes that happened at an early stage following eruption.  

On the Canary Island of Tenerife, Spain, Dóniz-Páez (2015) presented 

various morphological qualitative and quantitative parameters in order to 

establish a morphological classification of Tenerife’s cinder cones. The 

qualitative parameters include the number and shape of cones, and 

arrangement of craters, and the presence or absence of a crater rim. 

Quantitative parameters consist of major and minor cone diameters, cone 

elongation, number of craters, major and minor crater diameters, and crater 

elongation to classify monogenetic volcanic cones. 

Raharimahefa and Rasoazanamparany (2018) utilized DEMs in order to 

characterize the morphometry of volcanic cones within the Itasy volcanic field, 

central Madagascar and to perform morphological classifications. They 

calculated morphological parameters (Wood, 1980; Dóniz-Páez, 2015), such 

as maximum and minimum cone and crater diameters, the size and volume of 

each volcano, cone height, and the slope of the cone flanks within the Itasy 

volcanic field. From these, they identified at least five major types of volcanic 

landforms and argued that the Itasy volcanic cones share many of the 

morphological characteristics of monogenetic volcanic fields worldwide. 

2.3.2. Analyses of the alignment of vents and faults 

Several studies suggested that the occurrence and distribution of volcanoes in 

most monogenetic fields are linked to geological structures and associated 

stress fields (e.g., Tadaka, 1994).  
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In this sense, geological structures control the development of monogenetic 

volcanic fields, and that the ascent of basaltic magmas towards the Earth’s 

surface follows pre-existing structures in the basement rocks. However, 

basement structures are often buried by thick sequences of subsequent 

volcanic flows and tephra deposits.Thus, making direct access to these 

structures and associated features, including but not limited to shear zones, 

faults, and fractures, challenging if not impossible. Some linear features on 

the Earth’s surface, known as geological lineaments, reflect buried structures. 

Underneath these lineaments can occur faults and feeder dykes (Tibaldi, 

1995; Paulsen and Wilson, 2010) and/or pre-existing geological structures 

(Hammer, 2009) that could represent magma pathways or zones of weakness 

for magmas to follow from depth. Vent alignments in monogenetic volcanic 

fields (Tibaldi, 1995) are often interpreted to reflect the emplacement of 

volcanoes along faults. Therefore, lineaments or linear arrays of volcanic 

vents can be used to help infer the presence and orientation of crustal 

structures beneath a given volcanic field and thereby may be used as a 

source to model stress and strain data for these regions of the crust (Paulsen 

and Wilson, 2010).  

Several methods have been used to investigate the relationship between 

geological structures and the spatial distribution of volcanic vents within a 

given monogenetic volcanic field. For example, Tibaldi (1995) introduced and 

utilized morphometric parameters such as the ellipticity of volcanoes, 

orientation of maximum diameter of cones and craters, breaching direction, 

and center points of coeval craters to detect the alignment of volcanic cones 

and pre-existing structures. Tibaldi (1995) suggested that in regions 
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undergoing extension, breaching directions of volcanic cones often indicate 

fault dip, whereas vent alignments indicate fault strike. 

Similarly, Paulsen and Wilson (2010) proposed a systematic method for 

determining vent alignments by mapping the location of vents and defining 

their ellipticity. They used the elliptical shape of vents to define the subsurface 

fracture patterns, and observed that regional vent alignments coincide with 

the major subsurface geological structures. 

Corrazato and Tibaldi (2006) documented the interaction between tectonic 

processes and magmatism in parasitic volcanoes on Mt. Etna, Italy. They 

suggested that the final shape of a volcanic cone, the distribution patterns of 

vents, and eruptive styles provide important clues about the subsurface 

structural geology of a given area. They argued that tectonic confining forces 

and opposing magma volume pressures are the two principal factors that 

control the growth and evolution of monogenetic cones (Corrazato and 

Tibaldi, 2006). But under constant confining stress over a lengthy period of 

time, cone formation will depend more on local magma pressure (Corrazato 

and Tibaldi, 2006).  

Some authors argued that volcanic vent alignment is controlled by pre-

existing structures when magma pressure is not sufficient to overcome the 

local crustal stress (Hammer, 2009; Valentine and Connor, 2015). Corrazato 

and Tibaldi (2006) asserted in regions with slope values lower than 10°, the 

fracture system is the major factor controlling cone development rather than 

the pre-existing topography. 
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It is thought that vent alignments are common in low-volume (i.e., low rate of 

magmatism) and low-density volcanic fields (Valentine and Connor, 2015). By 

contrast, in high-volume and high-density volcanic fields, magma pressure 

can equalize the principal horizontal stress; therefore, vents can be randomly 

distributed across the volcanic field (Valentine and Connor, 2015). Other 

studies stated that conduits exposed by erosion at the surface and linear 

arrays of cinder cones could provide valuable insight an information about the 

feeder dykes to these and to any hidden faults within a given volcanic field 

(Hammer, 2009; Paulson and Wilson, 2010). 

Kear (1964) proposed three classes of volcanic alignments: vent, center, and 

regional alignments. Volcanic vent alignments include fissures, elongated 

cones, and lines composed of connected or closely-spaced vents to each 

other. Volcanic center alignments are related to underlying pre-existing faults 

that dilated at a point during a volcanic event. Regional volcanic alignments 

are composed of widely spaced cones in a narrow belt, providing strong 

evidence of the interplay between volcanism and structures, and can be used 

to infer the location of the major fractures that may act as volcanic conduits. 

Tectonic processes, topography, and climate can influence cone shape; 

however, the tectonic setting primarily controls its final shape (Paulson and 

Wilson, 2010; Valentine and Connor, 2015).  

Based on these previous studies, mapping the locations of volcanic vents is 

an essential step in identifying the spatial distribution of volcanic vents in a 

given volcanic field and for the detection of potential vent alignments. The 

alignments of cones can then be used to infer the structures beneath a given 
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volcanic field and used to help in evaluating the link between spatial 

distribution of volcanic vents and buried structures. 

Surface drainage patterns can help to identify fault systems in a given area. 

The presence of deranged drainage, where there is a sharp change in 

direction or the cross-cutting of streams, can be related to the presence of 

faults and/or fractures near the surface (Mietton et al., 2018). In some 

instances, en echelon patterns of faults, fractures and conjugate fracture 

systems can control the distribution of volcanoes and related lineaments 

(Khodayar et al., 2018). 

Moreover, dykes usually follow the most accessible pathway, such as pre-

existing faults and fractures. Therefore, the pattern and distribution of dykes in 

volcanic fields could represent pre-existing structures that may have been 

reactivated throughout a volcanic event (Tibaldi, 1995; Corazzato and Tibaldi, 

2006, Paulsen and Wilson, 2010). 
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Chapter 3: Geological Setting 

3.1. Introduction 

Madagascar has a complex geological history covering many tectonic events 

that span over 3 billion years. The Precambrian basement has undergone 

numerous orogenic events and is currently affected by ongoing tectonic 

extension and volcanism. This chapter presents a review of the tectonic 

setting of Madagascar and the Anivorano Volcanic Field. The first section 

reviews the East African Rift System (EARS) that plays a large role in the 

Quaternary geology of the island. The second section provides the regional 

geology and tectonic setting of Madagascar, and the last section presents a 

detailed discussion of the local geology of the study area. 

3.2. Review of the East African Rift System 

The EARS is an active intra-continental rift zone in East Africa and is 

regarded as a classic example of present-day continental break-up 

(Kampunza and Lubala, 1991; Yirgu et al., 2006). It is a major tectonic 

boundary that separates the African Plate from the Somalian Plate (Fig 1-1, 

Woldegabriel et al., 1990; Chorowicz, 2005) and is driven by ongoing 

continental extension, thinning of the crust, and uprising mantle, favoured to 

be related to a mantle plume. The rift is characterized by a narrow elongated 

belt (~50-150 km wide) of normal faults and forms a series of rift valleys, 

bordered by uplifted shoulders and separated by shoals. Each rift valley is 

relatively small, approximately 100 km long and a few tens of kilometers wide. 

These are characterized by a graben system filled with Neogene to recent 

sediments and/or volcanic rocks. In addition to the active normal faulting, 
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frequent seismicity and volcanism are common phenomena in the EARS 

(Woldegabriel et al., 1990; Chorowicz, 2005). Rifting is believed to have 

initiated around 45 Ma (Morley et al., 1992; Ebinger et al., 1993) from the Afar 

triple junction and stretching southward along the Main Ethiopian Rift (MER) 

before extending to form the Western rifts (Morley et al., 1992). Rift-related 

volcanism is believed to have begun much later ~30 Ma, mainly in northern 

Ethiopia and Yemen (Morley et al., 1992; Ebinger et al., 1993).  

In general, the rift has three arms including the northern arm, which forms the 

Red Sea; the eastern arm, which forms the Gulf of Aden east of the Horn of 

Africa; and the southern arm that extends southward toward the Mozambique 

Channel. Previous studies argued that the Eastern and Western Branches of 

the EARS overlay old suture zones (e.g., Ring, 1994 and Burke, 1996), 

implying that the rift systems developed due to the reactivation of a pre-

existing Pan-African suture and shear zones (Burke, 1996; Kusky et al., 

2010). This is supported by tomographic analyses, which show regions of 

strong low velocities in the mantle under the rift systems (Ebinger and Sleep, 

1998).  

The southern arm forms a diffuse boundary and probably passes on through 

Madagascar, likely causing both active faulting and Quaternary volcanism in 

Madagascar, before joining the southwest Indian Ridge (Fig 3-1) (Kusky et al., 

2007, 2010; Reeves et al., 2016; Stamps et al., 2018; Phethean, et al., 2016). 

The evolution of this diffuse boundary and its morphological expressions are 

not well understood; however, it is believed to run through the Comoros 

Islands, into north Madagascar to the Alaotra–Ankay basin and onwards 

through to the south of Madagascar (Kusky et al., 2010) (Fig 1-1) and beyond. 
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Indeed, the Alaotra-Ankay rift valley of Central Madagascar is interpreted to 

have similar morphotectonic characteristics to that of the EARS (e.g., Kusky 

et al., 2010). Major Pan-African geological structures like shear zones are 

considered lines of pre-existing lithospheric weakness that could control the 

direction of rifting and the formation of numerous rift basins in East Africa 

(Chorowicz, 2005; Kusky et al., 2010). In Madagascar, the NNE-SSW striking 

crustal-scale Angavo Shear zone (Fig 3-2) reactivated by an extension 

movement has led to the formation of the Alaotra-Ankay Rift basin (Fig 1-1) in 

east-central- Madagascar (Bertil and Regnoult, 1998, Kusky et al., 2010). 

While the current extension corresponds to an earlier stage of reactivation, it 

confirms that Madagascar continues to undergo extensive fracturing, that 

most likely propagates from the EARS (e.g. Bertile and Regnoult, 1998).   
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Figure 3-1- Proposed diffuse zone between Africa–Somalia plate boundary by 
Kusky et al., (2010).  
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Figure 3-2-Tectonic map of Madagascar. The black rectangle in the north of 
the island outlines the study area. Major shear zones, basement blocks and 
volcanic zones are shown on the map (modified from Besairie, 1972 and 
USGS-BGS, 2008).  
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3.3. Regional geology and tectonic setting of Madagascar 

Plate reconstructions of both Gondwana (Fig 3-3) and Pangaea put 

Madagascar between the Africa, India, and Antarctica plates (de Wit, 2003). 

Coinciding with the massive eruption of Karoo flood basalts ~182 Ma – 177 

Ma (Reeves et al., 2016), the island started to drift northeastward away from 

Africa along the Davie Ridge, which is a dextral transform fault that formed 

about 165 Ma to 118 Ma (Fig 3-3 A,B,C) (de Wit, 2003, Kusky et al., 2007; 

Reeves, 2014, Phethean et al., 2016).  

Madagascar later separated from India-Seychelles and Antarctica around ~93 

Ma-90 Ma and formed the Mascarenes Oceanic Basin (Fig 3-3 D,E), that was 

accompanied by volcanic activity along the eastern coastline of Madagascar 

(Storey et al., 1995). This rifting coincided with the initiation of the Marion 

hotspot (Besairie and Collignon, 1972; de Wit, 2003).  By the end of the 

Cretaceous, Madagascar had reached its present location (Fig 3-3 F). 

Although Madagascar is considered a stable craton (Kusky et al., 2007), it 

continues to experience neotectonic activities. This is illustrated by frequent 

seismicity (Bertile and Regnoult, 1998; Kusky et al., 2010; Rindraharisaona et 

al., 2013), the presence of hot springs, active faulting within the great rift 

valley of Madagascar known as the Alaotra-Ankay Rift (Kusky et al. 2010), 

and through the Pliocene to Quaternary mafic volcanism occurring in central 

and northern parts of the island (Melluso and Morra, 2000; Melluso et al., 

2007, Rufer et al., 2014).  

The Precambrian basement is exposed on the eastern two-thirds of 

Madagascar, and the remaining one-third is covered by a Phanerozoic 

sedimentary cover. Pliocene to Quaternary mafic volcanic fields are observed 
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throughout both the Precambrian basement and sedimentary terranes of 

Madagascar (Fig 3-2). 
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Figure 3-3- Separation of Madagascar from Gondwana. (A) 168 Ma 
(Bathonian) (B) 145 Ma (Berriasian). East Gondwana ceases to be a single 
plate at about this time as Antarctica starts to rotate clockwise. (C) 120 Ma 
(early Aptian). Somali Ocean between Madagascar and Somalia fails, ocean 
between Antarctica–Australia and Greater India fully active. (D) 88 Ma 
(Coniacian). Immediately before the outbreak of the Marion mantle plume and 
the start of India’s rapid NE-ward movement. (E) 66 Ma (start Paleocene). 
Major plate reorganization between India and Madagascar; Mascarene Basin 
headed for extinction. (F) Present situation with Comores volcanoes (Adopted 
from Reeves, 2014). Pink represents Precambrian rocks on areas of Archean 
age. Beige shows Karoo sediments. Dykes, igneous centers and basalt flows 
indicated in purple. 
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The basement is generally divided into four main tectonic blocks (Windley et 

al., 1994; Collins and Windley, 2002; de Wit, 2003; Tucker et al., 2014): (1) 

the northern tip of the island is underlain by the Bemarivo block, which is 

composed of Neoproterozoic migmatite and metasedimentary rocks of the 

Andriba and Sahantaha groups; (2) in the east-central, the basement is 

dominated by the Antongil-Masora block, an Archean Indian craton; (3) in the 

central highland, the Antananarivo block, is composed of Archean to 

Neoproterozoic gneiss and migmatites intruded by granitoids and gabbroic 

rocks; and, (4) located in the south is the Bekily block (Fig 3-2). 

Madagascar sedimentary cover occupies two main locations, the western part 

of the island, which contains Phanerozoic sediments, and the Alaotra and 

Ankay rift-valley, which contains Pliocene-Pleistocene sediments (Fig 1-1 and 

3-2). Madagascar volcanic regions are characterized by Neogene-Quaternary 

basalts. They are found in the Ankaratra and Itasy volcanic fields in central 

Madagascar and Anivorano and Nosy-Be volcanic fields in the north (Fig1-1 

and 3-2). 

3.4. Geology of the study area 

The Anivorano Volcanic Field (AVF) is one of the main Quaternary 

monogenetic volcanic fields in Madagascar. It is located south of the 

Montagne d’ Ambre (Fig 1-1), which is a N-S trending stratovolcano and the 

largest volcanic complex in northern Madagascar. The volcanic field contains 

spatter cones, maar, cinder cones, pyroclastic deposits, lava flows and tuff 

rings now commonly filled by water to form small lakes (e.g. Melluso et al., 

2007). While no radiometric age dating nor rock compositions have been 

determined for the area, previous workers suggest that the erupted volcanic 
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rocks have an affinity ranging from tholeiitic to strongly alkaline (Cucciniello et 

al., 2011).  

According to available tectonic and geological maps, the study area is located 

in the Ambilobe basin (spans the Ambilobe and Diego basins) (Fig 3-2), which 

is one of the Phanerozoic sedimentary basins along the northwestern margin 

of Madagascar. This basin was filled by a 3-6 km thick sequence of 

sedimentary rock of continental to shallow marine origin (Besairie, 1972), that 

uncomformably overlies the Neoproterozoic, Bemarivo block (Fig 3-2).     

Neogene basaltic rocks are the primary rock type exposed in the area (Fig 3-

4). Neogene lava flows cover sedimentary rocks of the Karoo rifting episode 

(Ambilobe basin) to form a non-conformity in the south. Jurassic reef 

limestone forms the Ankarana plateau in the southern part of the study area 

(Gilli, 2014). Moreover, several NW-SE trending fractures and faults cut the 

Karoo rift sediments. Generally, NW-SE, N-S, and NE-SW are the major 

trends of geological structures in the area (Fig 3-4).  
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Figure 3-4- Map of the regional geology of the study area showing volcanic 
cones and faults and associated cross-section from A to B. Compiled from 
1:500,000 maps (United States Geological Survey-British Geological Survey, 
2005).  
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Chapter 4: Study Methods 

4.1. Introduction 

This chapter describes the data collection, the type of data used, and how the 

data were analyzed and processed. It explains the methods applied to 

conduct each of the five research objectives of this thesis outlined in Chapter 

1. This includes:  

1. Identify and map volcanic cones within the AVF in northern Madagascar; 

2. Conduct morphometric analyses of cone size, shape, slope angles, and 

orientation of breached vents of selected, representative cones within the 

study area.  

3. Use morphometric analyses to classify the types of basaltic volcanic cones 

and identify elongated cones and structures. 

4. Analyze morphometric parameters derived from satellite images and DEMs 

to determine the alignments of vents and feeder dykes. 

5. Use the vent spatial patterns to assess the relative contribution of tectonic 

processes and pre-existing crustal structures to the formation of the AVF. 

The methods used in this study are slightly modified from previously published 

studies and are explained in detail below (e.g., Lutz, 1986; Wadge and Cross, 

1988; Connor, 1990; Tibaldi, 1995; Tibaldi and Lagmay, 2006; Corazzato and 

Tibaldi, 2006; Inbar et al., 2011; Cebriá et al., 2011; Kervyn et al., 2012; 

Fornaciai et al., 2012; Grosse et al., 2012; Dóniz-Páez, 2015; Gong et al., 

2016; Raharimahefa and Rasoazanamparany, 2018). This chapter is 

arranged as follows: Section 4.2 describes the methods used to identify and 

map volcanic cones using satellite imagery. Section 4.3 presents the 

approaches used to measure the morphometric parameters for selected 
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cones; Section 4.4 describes the methods used to classify the volcanic cones 

and to generate the elevation and slope gradient maps; Section 4.5 presents 

the methods utilized to extract lineaments from geological maps, geomorphic 

features in satellite images, spatial distribution of volcanic cones and 

geophysical maps, as well as from geostatistical methods. Please note that all 

generated maps and data in this study use the Laborde Projection System 

(Laborde, 1928).  

4.2. Identify and map volcanic cones  

The first step in this study was to identify and map all volcanic cones in the 

AVF, of northern Madagascar. The mapping of volcanic cones was carried out 

using Remote Sensing data and techniques, commonly used in other studies 

of volcano morphometry in remote areas such as the Tolbachik volcanic field, 

Kamchatka in Russia (Inbar et al., 2011) and Marie Byrd Land in Antarctica 

(Paulsen and Wilson, 2010). Available satellite images and DEMs were 

processed and analyzed using various software in order to locate and map 

volcanic cones present in the study area.  

4.2.1.   Software and data 

Three software programs were used to acquire, process, and analyze the 

Remote Sensing data. These include ArcGIS Pro, Global Mapper, and Google 

Earth Pro. ArcGIS Pro was used to acquire imagery of the volcanic field from 

its online world imagery database. It provides high spatial resolution (from 15 

m and up to 1 m) satellite images and was used to create a geodatabase for 

this project. Both Global Mapper and Google Earth Pro also provide online 

imagery data, and were used along with ArcGIS Pro to obtain additional data 
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and to validate results. Global Mapper also provides topographic maps and 

various DEMs which were essential for the characterization and determination 

of morphometric data. In addition, Global Mapper has a tool/option, which 

allows the operator to change the band order of satellite images, change the 

contrast of bands, and combine different types of satellite images. This option 

helped in identifying volcanic cones that were not easily detected with ArcGIS 

Pro. The online World Imagery from ArcGIS Pro and Global Mapper used in 

this study provide up to one meter resolution satellite and aerial imagery but 

also include TerraColor NextGen (15 m spatial resolution Landsat 8 true 

color), and Satellite Pour l’Observation de la Terre (SPOT, 2.5 m spatial 

resolution) images. Google Earth Pro provides high resolution (1 m) aerial 

photos and satellite images, and offers three-dimensional view options. All 

were used to assist in delineating the boundaries of the cone bases and crater 

rims.  

Please note that the views in the satellite images from USGS and NASA 

covering the study area are mostly cloud covered, and have lower spatial 

resolution and quality that challenged cone mapping. However, the online 

imagery data provided by ArcGIS Pro and Global Mapper used in this study 

were cloud free with few resolution errors.  

4.2.2. Detecting and Mapping volcanic vents 

Volcanic cones in the AVF were visually detected and manually 

delimited/delineated from satellite imagery (e.g., TerraColor, SPOT), and 

aerial/satellite photographs from Google Earth Pro. To locate and map 

individual volcanic cones by visual examination (manual method), imagery 

data of the study area was divided into small grids, 5x5 km in size. Mapping of 
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each grid was performed in ArcGIS Pro, ensuring that all volcanic vents were 

located and that their shapes were outlined including crater rims and cone 

bases.  

Identification of individual volcanic cones from satellite/aerial imagery and 

manual delineation of cone bases and crater rims from their surroundings 

were based on several grounds, such as: 

 (1) by their common positive (e.g. spatter and cinder cones) or negative (e.g., 

maar) topographic relief and shapes. For example, relief and shapes included 

cone-shaped hill, mountain with central hole, concave breaks in slope around 

their base, hill with breached flank, presence of circular/amphitheater crater, 

elongated ridges with central depression. The prominent conical shape of 

cones in most cases was well-defined and their steep flanks clearly visible; 

 (2) by the change in color due to lithological contrast. Volcanic edifices were 

usually darker than the surrounding area as they are composed of oxidized 

scoria/basalts;  

(3) by arrangement. Elongated volcanic edifices were usually located with 

other volcanoes and identified by their linear arrangement;  

(4) by the presence of a radial drainage pattern;  

(5) by the presence of long or radial lava flows/tephras deposits.  

Once the cones were located and delineated in ArcGIS Pro, all generated 

data and 5X5 km grids were transferred to Global Mapper for cross-

verification (file format .shp; i.e. shapefiles). The satellite images were next 

draped over DEMs in order to generate higher quality elevation models, 

making volcanic cones even clearer and easier to detect. In turn, this re-
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examination helped confirm the location of the detected cones, and when 

needed, allowed the base of the cones and crater rims to be reshaped in 

ArcGIS Pro using the “Edit Tool.” Most importantly, the use of this method 

minimized potential errors in the location and delineation of cone bases and 

craters.  

In addition, various images from the Global Mapper imagery database were 

customized to improve the visualization of individual cones and the 

delineation of the cone bases and crater rims, and helped detect volcanoes 

that were not recognized from other methods. For example, changing the 

satellite image spectral bands and the contrast settings produced, a 

sharpened edge image that made volcanoes clearer and easier to detect. The 

enhanced image was then exported to ArcGIS Pro and volcanic cones were 

delineated.  

All prepared data, both rasters and shapefile vectors from previous steps 

were integrated within ArcGIS Pro to produce a database of the mapped 

volcanoes. Subsequently, the vector files (.shp files included lines and 

polygons) of volcanic cones data were converted to KML files for verification 

in Google Earth Pro. The process of verification was run again in Google 

Earth Pro checking the results in each 5X5 km grid. Final verification of the 

delineated boundary of cones was conducted using the 3-D view option in 

Google Earth Pro. Defining the border of cones was critical in detecting the 

long and short diameters of cone bases and crater rims and their ratios; and, 

Google Earth Pro was used to modify the earlier results of border detection of 

the volcanic cones, when needed. All revised and verified mapped/outlined 

cones were used to produce the final map of volcanic cones in the AVF and 
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utilized for subsequent morphometric analyses. The final map produced 

through this step provides the location and distribution of vents and cones 

within the study area. 

Cross-checking data using different software helped minimize the errors 

during the process to locate the cones and other features. Moreover, 

verification processes performed through the visual method provide additional 

data for the project, such as those relating to faults and fractures.   

4.3. Morphological measurements  

This section addresses Objective 2 - to conduct morphometric analyses of 

cone size, shape, slope angles, and orientation of breached vents of selected, 

representative cones within the study area. This detailed geomorphological 

study of AVF was carried out using high spatial resolution satellite images and 

DEMs.  

4.3.1. DEM and Geomorphoparameters 

4.3.1.1. Digital Elevation Model 

The Geomorphometric analyses primarily used DEMs provided by NASA`s 

Shuttle Radar Topography Mission (SRTM) with a 30 m spatial resolution (i.e., 

at 1 arc-second). DEMs generated from SRTM data are accessible and were 

freely downloaded from the EarthExplore website 

(https://earthexplorer.usgs.gov/). Available SRTM DEMs usually are high 

quality and provide an accurate overall picture of the volcano morphology, as 

such, individual cones can be easily recognized and crater rims and the cone 

bases are apparent. Nonetheless, downloaded data were checked for 

possible errors and missing data. For consistency and precision, the SRTM 

https://earthexplorer.usgs.gov/
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DEMs were compared with Google Earth Pro images. Google Earth Pro 

images were draped over SRTM DEMs to obtain better quality elevation 

models, which were used to create cross-sections and to delineate the 

boundaries of cones and craters. Cross-sections were produced for selected 

volcanic cones to analyse the slope of cones (internal and external sections), 

identification of individual cones and craters, and to delineate the cone bases.  

4.3.1.2. Geomorphoparameters 

Analyses, characterization and classification of volcano geomorphology within 

the AVF were performed on volcanic cones identified earlier from mapping in 

plan view (horizontal plane). Only volcanic edifices with a cone base and 

crater rim, (including breached cones with 70% remaining crater) were used 

to measure the morphometric parameters and to study the geometry and 

morphometry of volcanoes, as highly eroded cones do not exhibit/display 

clear cone base and crater rims. Table 4-1 shows the morphometric 

parameters that were extracted: (1) cone height (Hco); (2) cone base long 

(Colgx) and short (Coshx) axes; (3) crater rim long (Crlgx) and short (Crshx) axes; 

(4) cone base area (CoA); (5) crater rim area (CrA); (6) ratio of cone base long 

and short axes (Rco); (7) ratio of crater rim long and short axes (Rcr); (8) 

orientation of cone base long axis (Colgxo); (9) orientation of crater rim long 

axis (Crlgxor). 
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Table 4-1- Morphometric parameters extracted from World imagery data and 
Digital Elevation Models (DEM). 

X Latitude coordination  

Y Longitude coordination  

Geometry Geometry and final shape based on classifications 

Beaching Direction of breaching or destroyed\uncompleted part of cone 

Hco Cone height 

Coshx Cone base short axis 

Colgx Cone base long axis 

Rco Ratio of long to short axes of cone base  

Colgxor Cone base long axis orientation 

CoA Cone base area 

Crshx Crater rim short axis 

Crlgx Crater rim long axis 

Rcr Ratio of long to short axis in Crater rim  

Crlgxor Crater rim long axis orientation 

CrA Crater rim area 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 
 

4.3.2. Extracting Geomorphological parameters  

Before extracting any morphometric parameters, cone bases and crater rims 

were clearly defined and outlined, and then manually digitized in ArcGIS Pro 

as described in section 4.3.1.  

For all volcanic cones, cone height was calculated by subtracting the cone 

base elevation from the crater rim elevation, following the methodology of 

Porter (1972) (Fig 4-1). In order to obtain the cone base long and short axes, 

first best-fit ellipses of cone bases were constructed, as illustrated in Fig 4-1. 

This was done mainly by fitting and matching an ellipse with the mapped 

shape of each individual cone base. Once the best-fit ellipses were defined, 

their long and short diameters were calculated using Minimum Bounding 

Geometry extension in ArcGIS Pro. The long diameter was assumed to 

represent the cone base long axis, whereas the short diameter corresponded 

to the cone base short axis. The same process was used to quantify the 

crater rims long and short axes (Fig 4-1). It is worth noting that for an 

individual circular cone with a complete cone and crater, the cone base and 

crater directly represent the best-fit ellipses (Fig 4-1a). However, for an 

incomplete cone such as one with a breached flank or a cone lacking a 

definable crater, it was the remaining crater that was used to construct the 

best-fit ellipse. Thus for incomplete cones, the rings drawn around the cone 

and crater were inferred (Fig 4-1b&c).  
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Figure 4-1-Measurement of morphometric parameters in a single volcanic 
cone. a) 3D view of how to fit the best-fit ellipses to the cone base and crater 
rim, along with the long and short axes of ellipses, b) Incomplete cone and 
crater in a horseshoe-shaped (breached) cone with direction of breaching, c) 
Peripheral ellipse in cone and crater of an incomplete/defected horseshoe-
shaped cone, d) Cone height and direction of cone short axis and long axis 
relative to North. 
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Cone base and crater rim areas were calculated using the Minimum Bounding 

Geometry in ArcGIS Pro. But this extension was unable to provide the 

orientation of best-fit ellipse diameters. Therefore, the orientation of detected 

long and short axes/diameters of cone bases and crater rims were calculated 

using a Python script provided by ArcGIS Pro and then plotted on rose 

diagrams with 15˚ bin interval. The direction of breaching (breaching azimuth) 

was another factor that was measured for breached craters and cones (Fig 4-

1b). The breaching direction and all other lines detected manually were 

calculated using the following Python script in ArcGIS Pro.   
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Equation 1  

# Pre-Loci Script Code 

import math 

def GetGeographicalDegrees(shape): 

  radian = math.atan2(shape.lastpoint.y - 

shape.firstpoint.y,  

                      shape.lastpoint.x - 

shape.firstpoint.x) 

  radian = radian - (math.pi /2 ) # turn minus 90° 

  if (radian > 0): 

     degrees = 360 - ( radian  *  360) / ( 2 * math.pi  )  

  else: 

     degrees = 360 - ((2* math.pi + radian  ) * 360) / ( 

2 * math.pi  )  

  return degrees  

 

# angle =  

GetGeographicalDegrees( !SHAPE! ) 
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4.4. Classification of cones and creation of detailed elevation and 

slope maps 

Morphometric analyses were used to classify the most common types of 

basaltic volcanic cones and identify elongated cones and other structures in 

AVF. The morphology of volcanic cones including cone and crater shapes 

were also used to assess and classify the volcanic cones in the study area. 

Extracted morphometric parameters were used to effectively define the 

geometry of individual cones. Extracted data included the size of the cone, 

cone ellipticity or the ratio of long and short axes of the cone base (Rco), crater 

ellipticity or ratio of long to short axes of crater (Rcr), slope of the flanks, and 

cone height (Hco).  

In order to perform the morphological classification of the AVF, the mapped or 

outlined shapes of volcanic cones were used. The classification of volcano 

morphology is shown in both Table 4-2 and Fig 4-2 organigram. First, cones 

with a single cone base were identified and separated from multiples cones 

(i.e., clustered and superimposed cone bases). Then, cones with a single 

basal cone were examined for single (CC-type) or multiple craters (MCSC-

type), and grouped accordingly. Also, cones with a single basal cone and 

single crater were assessed and grouped depending on the presence of 

breached flank(s) (HC-type) or intact crater rims. Cones with a fissure-like 

crater (FC-type) were grouped within one class. Multiple cones with clustered 

or superimposed cone bases were investigated to determine whether the 

combined bases fit into best-fit ellipses (MC-type) or were ambiguous, without 

a clearly defined cone base shape (CO-type) (Fig 4-2).  
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Table 4-2- Different types of volcanic cones based on morphology 

CC Circular Cones 

HC Horseshoe Cones 

FC Fissure Cones 

MC Multiple Cones 

MCSC Multiple Craters in a Single Cone 

CO Complex Cones 

 

 

Figure 4-2- Organigram summarizing the morphological classification of 
volcanic cones in the Anivorano area. 
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4.4.1.  Elevation and Slope  

In order to evaluate the relationships between vent distribution and 

topography, several maps were generated with elevation and slope gradient. 

Elevation and slope data were primarily extracted from DEM, and data 

processing and analyses were performed using both Global Mapper and 

ArcGIS Pro. To best illustrate the distribution of volcanoes relative to 

topography and elevations, DEMs with an elevation interval of 200 m were 

generated, and the morphological classes were plotted on the detailed DEM 

maps.  

Similarly, to understand the relationship between different types of volcanic 

cones and the slope variation in the study area, a regional slope map was 

generated from SRTM DEMs. To produce the slope map, slope data were 

processed and classified using Slope Tool in ArcGIS Pro/ Spatial Analysis 

Toolbox /Surface. To further characterize the variation of slope in the area, a 

more detailed slope gradient map was generated. This was accomplished by 

reclassifying the slope gradient into five sub-groups: Class-1 (0-5o), Class-2 (5 

o-10o), Class-3 (10 o-15o), Class-4 (15 o-30o) and Class-5 (30 o-65o). The 

reclassification was performed using the “Reclassify Tool” in ArcGIS Pro 

Toolbox/ 3D Analysis Toolbox/ Raster, and the different morphological types 

of cones were plotted on the resultant detailed slope map.  

4.5. Recognition of Structural lineaments    

Lineaments and vent alignments within the AVF were detected using various 

data and methods.  
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4.5.1.  Extracting lineaments from geological maps and satellite 

images 

There are limited published structural data and geological maps for the study 

area. Existing geological maps include a map from Besairie and Collignon 

(1956) at a 1:500,000 scale that covers the entire northern region of 

Madagascar. Another map is a compilation of geological maps from USGS-

BGS at 1:500,000 that only covers the southern part of the study area. The 

most recent geological maps, namely U32, V32 and W32 from the USGS-

BGS were published in 2007 at a scale of 1:100,000, but only cover the 

southern part of the study area. In these most recent maps, the basement 

rocks, Karoo sediments, Quaternary basalts and major faults were mapped in 

greater detail.  

All geological maps of Madagascar use a mapping system referred to as the 

Laborde coordinate system (Laborde, 1928), which is unique for Madagascar 

and the surrounding areas.  

In order to extract the lineaments (i.e., faults) from the existing maps the 

following steps were performed. First, all of the geological maps were 

scanned and imported into ArcGIS Pro. The maps were georeferenced and 

the study site highlighted and surrounding areas cropped. The study area was 

traced manually and the faults were digitized. Once all major faults within the 

southern part of the study area were extracted from the most recent 

geological maps (U32, V32 and W32) at 1:100,000 scale, they were plotted 

on satellite images in ArcGIS Pro. Since recent geological maps at 1:100,000 

scale are not available for the northern part of the study area, the images 

were examined manually to check for possible continuations or extensions of 



47 
 

faults and dykes and traced into the central and northern part of the study 

area. Lineaments were inferred from obvious fault-related geomorphological 

features on the satellite images. This includes the identification of offset 

streams and rivers, offset ridges, aligned ponds, aligned triangular faceted 

ridges like a fault scarp, aligned springs, linear valleys and ridges, linear cliffs, 

open and continuous fractures (e.g. Fig 4-2a,b) and lithological contrast.  

4.5.2. Determination of vent alignments from satellite images  

Another way that lineaments were inferred was from the alignments of 

volcanic cones. Defining vent alignments mainly relies on the identification of 

three or more vents that lie close to one another, for example, inter-vent 

distances < 10 km and which are in clear visual alignment. Once identified, 

alignments were defined by drawing a line through the center of the volcanic 

cones. To successfully map all vent alignments on satellite images, the 

following features were investigated and shown in Fig 4-3: elongated cones 

with fissures (Fig 4-3 c,d); alignment of a larger cone with two or more of its 

satellite cones (Fig 4-3h); alignment of three or more sub-circular cones (Fig 

4-3e,f); alignment of three or more breached cones (i.e., breached flank), with 

the same breaching azimuths; alignment of two or more subcircular cones 

with one breached cone, such that the breaching direction was parallel to or 

along strike of the best-fit line.  
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Figure 4-3- Satellite images showing lineaments formed by elongated 
geomorphological features in study area. a,b) Elongated fractures forming 
structural lineaments, c,d) Alignment of cones related to remain flank of 
fissure cones;  e,f) Linear arrangement of cones g,h) Alignment of a large 
cone with its satellite cones. 
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Several of these criteria overlap; for example, elongated cones may be found 

with the remaining flank of other cones in the same place, or a linear array of 

circular cones can overlap with multiple clustered cones (Fig 4-3).   

4.5.3. Ellipticity (Rxy) 

Elongation of cones and craters into elliptical shapes reflect the subsurface 

structural features and can be quantified using their best-fit ellipses. The best-

fit ellipses (using cone base and crater rim) were constructed as described in 

Section 4.3 and the maximum diameters of the long axes were generated in 

ArcGIS Pro. Please note that elongated cones could be defined only by their 

ellipticity value of Rxy>1. Thus, ellipticity is critical in detecting elongated 

cones, and it is defined as the ratio of maximum diameter (long axis) to 

minimum diameter (short axis) of the best-fit ellipses of cone bases and crater 

rims of individual volcanoes (Rxy=Long diameter/Short diameter) (Wood, 

1980; Tibaldi, 1995). 

4.5.4. Extracting lineaments from Geophysical data 

Geophysical data are usually used to deduce subsurface structures. This 

study used magnetic maps of northern Madagascar, which were provided by 

Fugro Geophysics (2006). The first (1st) vertical derivative magnetic map was 

used in this study as it allowed delineation of shallow linear structures and 

showed the variation of magnetic field rate in a vertical direction. In this 

filtered map, the long-wavelength features of the magnetic field were 

removed, which considerably improved the resolution of closely spaced and 

superposed anomalies, like those related to lithological contacts and faults. 
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The Fugro’s magnetic maps cover only the southern part of the study area 

(geological map U32, V32 and W32) and were obtained from USGS-BGS 

geophysical dataset. In order to extract the lineaments (i.e., faults) from the 

magnetic maps, a series of steps were followed. First, the magnetic maps 

were georeferenced into the Laborde projection system so they could be 

overlapped to fit with the geological maps and satellite images; major 

magnetic trends and point locations of anomalies were manually traced, 

digitized, and then incorporated into the ArcGIS Pro database. Although 

Fugro’s map did not extend into the northern part of the study area, it is 

assumed that magnetic trends continued northward into the study location.  

4.5.5. Extracting lineaments using geostatistical methods 

Statistical methods can be used to define the alignments of volcanic cones in 

volcanic fields (Cebriá et al., 2011). Most of these methods utilized a 

homogenous medium and considered the volcanoes as point features and 

used statistical algorithms like nearest neighbour.  

Some early quantitative methods focused on average orientations of nearby 

cones (Kear, 1964), density mapping of cones (Porter, 1972), and nearest-

neighbor and quadrant methods (Tinkler, 1971). But more recently Hammer 

(2009) proposed three different statistical methods to detect the alignments of 

vents associated with pre-existing crustal structures. Hammer proposed 

(2009) the: (1) Azimuth methods, (2) Strip methods and (3) Spatial Transform 

methods.  

The Azimuth method is more practical and used in many studies (Lutz, 1986; 

Wadge and Cross, 1988; Connor, 1990; Cebriá et al, 2011). In comparison, 
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the Strip method has been more limited in terms of operation and usage and 

the Spatial Transform method did not provide suitable results. Accordingly, 

two different types of the azimuth method were chosen for this thesis: (1) the 

two-point method and (2) Cebriá’s method.  

4.5.5.1. Two-point azimuth method 

The standard azimuth method, also called the two-point method was first used 

by Lutz (1986). In this method, all pairs of points are connected to create two-

point lines, so that the direction and density of lines can be analyzed. This 

method can provide anisotropy of regional structures produced by two-point 

lines, and measured azimuths of lines can be plotted on a rose diagram or 

histogram to indicate the dominant orientations of alignments (Wadge and 

Cross, 1988; Lutz and Gutmann, 1995; Hammer, 2000; Cebriá et al., 2011).    

In this study, all identified and mapped volcanic cones were considered as 

point features and were used to perform the two-point azimuth method using 

the “Toolbox/Point to Line” tool in ArcGIS Pro. This method connected all 

pairs of points of the vent locations, thus providing several lines with different 

directions. The orientations of the lines were then measured using Python 

script (section 4.3.2). The results were plotted on rose diagrams, with a 15˚ 

bin interval and histograms, and used to generate line density maps.  

The density map from two-point lines was created in ArcGIS 

Pro/Geostatistical analyst by running the Kernel smoothing algorithm in 

Geostatistical Wizard.  
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4.5.5.2. Modified azimuth method or Cebriá’s method 

Cebriá et al. (2011), two-point azimuth method considered the vents as point 

features and connected all pairs of points to each other; however, the authors 

only considered the points with an inter-vent distance between the ~ mean 

distance ± 1st standard deviation. In this way, all pairs of points which were 

too close or too far from each other were disregarded and considered as 

outliers. The remaining points between the mean ±1st standard deviation were 

used in the calculation, and the results matched with the distribution of 

volcanoes and geological structures of a given area. The numbers of 

produced lines were lower than those from standard two-point azimuth 

method and were plotted on 15˚ bin interval rose diagrams and histogram. 

The line density map was generated under the Geostatistical Analyst Toolbox 

in ArcGIS Pro with the Kernel smoothing algorithm.  
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Chapter 5: Results 

5.1. Introduction 

This chapter presents the results of the characterization and classification of 

volcanic cones in the AVF, their spatial distribution and vent alignments, as 

well as their relationships with topography and to any underlying geological 

structures. More specifically, Section 5.2 presents the results of the mapping 

of cones and volcanic vents and their spatial distribution. Section 5.3 provides 

the morphological parameters determined in the study. Section 5.4 describes 

the morphological classification of cones, and the relationships between vent 

distribution, altitudes, and regional slope. The last section, Section 5.5 reports 

the lineaments present as determined from the analysis of geological maps, 

geomorphological parameters and features, geophysical data, and 

geostatistical methods. 

5.2. Identification and distribution of cones and vents  

Using World Satellite Imagery and SRTM DEM, one hundred and forty-six 

(146) mafic volcanic cones (or volcanic edifices) were identified and located 

within the study area. A map was produced showing both the spatial 

distribution of volcanoes and their density defined as the quantity of volcanic 

cones per 10 km2 (Fig 5-1). The map shows that volcanic cones concentrate 

in the southwestern and central parts of the study area; more precisely 

southwest and west of the town of Anivorano du Nord, south of Montagne 

d'Ambre. The highest cone density is located in the southwest part of the 

study area with approximately 9 cones per 10 km2; whereas the lowest cone 

density occurs in the southeast part of the study area with 1 cone per 10 km2.  
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Figure 5-1- Spatial distribution and density of volcanoes in the study area. The 
density illustrates the frequency of cones in 10 km2.  
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5.3. Morphometric analyses of volcanic cones  

Morphometric parameters were measured and calculated for approximately 

70% of the identified cones within the AVF, and the morphometric values are 

presented in Appendix 1. Volcanoes with complex morphologies such as 

aggregates of cones or those with no visible craters, and eroded cones were 

not considered for morphometric analysis.  

Fig 4-1 illustrates how the best-fit ellipses of cone bases and crater rims were 

determined and their maximum (long axes, dmax) and minimum (short axes, 

dmin) diameters calculated. Overall, the size of an individual cone base varies 

considerably within the AVF; the determined maximum (long axes) and 

minimum (short axes) basal diameters range from 109 m to 2521 m and from 

96 m to 1991 m, respectively (Table 5-1, Appendix 1). Whereas the maximum 

(long axes) and minimum (short axes) diameters of the crater rim varies 

between 58 m and 1173 m and between 51 m and 927 m, respectively (Table 

5-1). The cone heights derived from the SRTM DEM range from 135 m to 

1250 m with an average of ~500 m.  

Average value of the long axis–short axis ratio (i.e., ellipticity) for basal cones 

is 1.35, while the average ellipticity for crater rims is 1.49 (Table 5-1). Only 

volcanic edifices with an apparent cone base were considered and used in  

determination of the diameters of the best-fit ellipses (Fig 4-1), this includes 

horseshoe-shaped cones and those with a visible crater rim, including 

breached cones with approximately 70% of the crater remaining. 

This study determined the orientation of breaching only with horseshoe cones, 

which is called the facing direction of breached cones (see Appendix 1). 
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Table 5-1- Cone bases and crater rims measurements based on the best-fit 
ellipsoid 

Cone basal and 

crater rim 

diameters 

Long axes  Short axes  

Average ellipticity 

Cone base 109 - 2521 m 96 - 1991 m 1.35 

Crater rim 58 - 1173 m 51- 927 m 1.49 
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5.4. Classification of volcanic cones 

The classification of the AVF volcanic cones herein was based on morphology 

and morphometric parameters, which included cone ellipticity or ratio of long 

and short axes of cone base (Rco), crater ellipticity or ratio of long to short 

axes of crater rim (Rcr), and cone height (Hco). Six morphological categories of 

mafic volcanic cones were identified: 1) Circular Cones (CC), 2) Horseshoe 

Cones (HC), 3) Fissure Cones (FC), 4) Multiple Cones (MC), 5) Multiple 

Craters in a Single Cone (MCSC) and 6) Complex Cones (CO). Overall, 

Circular Cones and Horseshoe Cones were the most dominant morphological 

types identified in the Anivorano Volcanic Field (Table 5-2). 
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Table 5-2- Distribution of volcanoes based on cone morphological 
classification and the slope of the cone site. 

Cone 
Classificatio

n  

Overal
l 

Overall 
Percentag

e 

Class 
1 (0-
5o) 

Class 
2 

(5 o-
10o) 

Class 
3 

(10 o-
15o) 

Class 
4 

(15 o-
30o) 

Class 
5 

(30 o-
65o) 

Circular      
CC 

45 30.82% 24 9 7 4 1 

Fissure        
FC 

9 6.16% 4 3 2 0 0 

Horseshoe 
HC 

52 35.62% 15 18 13 6 0 

Multiple   
MC 

16 10.96% 3 7 3 3 0 

Multiple 
cone, single 

MCSC 

12 8.22% 6 4 0 2 0 

Complex    
CO 

12 8.22% 0 7 1 4 0 

Total 146 100% 52 48 26 19 1 
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5.4.1. Circular Cones (CC) 

Circular cones are those characterized by a circular to semi-circular shape, 

with well-defined, closed-loop ring craters. An example of a circular cone is 

shown in Fig 5-2. Of the total 146 mapped cinder cones in the study area, 

30.82% of the cones (i.e., 45) are circular to semicircular cones (Table 5-2). 

The diameters of the craters and those of the cone bases vary considerably 

and range from 54.9 m to 874 m and 103.3 m to 1149 m, respectively (Table 

5-3). The best-fit ellipse axial ratios for the crater rims (i.e., the ratio between 

long and short axes Rcr = dmax_cr/dmin_cr) range from 1.09 to 1.91, while the 

axial ratios for cone bases Rco, vary from 1.07 to 1.76 (Table 5-3). Overall, 

circular cones display a nearly symmetric cross-section with steep flanks and 

gently dipping walls inside the crater. In addition, these usually have one main 

conduit (i.e., no sign of flank eruption), which is located in the center of the 

volcano (Fig 5-2c,d).   

DEMs and cross-sections in Fig 5-2 are produced from Google Earth images 

draped over SRTM DEM. As illustrated in Fig 5-2a,b, the two cross-sections 

(A to A' and B to B') exhibit a maximum elevation of ~425 m above sea level 

(Fig 5-2a,b). This cone has a Rcr of 1.07 and Rco of 1.08, and has all of the 

characteristics of circular cones. 
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Table 5-3- Measured geometric data from classified cones 

Cone Class  Crater rim 

diameters 

(m) 

Cone base 

diameters 

(m) 

Rcr Rco 

Circular      

(CC) 
54.9 - 874 103.3 - 1149 1.09 - 1.91 1.07 - 1.76 

Horseshoe 

(HC) 
269 - 1050 469 - 1874 1.27 - 2.1 1.19 - 1.88 

Fissure       

(FC) 
115 - 1105 225 - 2304 2.37 - 3.24 1.57 - 3.16 

Multiple 

Clustered 

Cone   (MC) 

 376 - 973  1.17 – 1.66 

Multiple cone 

in a single 

cone (MCSC) 

 404 - 2521  1.38 - 1.95 

Complex    

(CO) 
 222 - 1036  1.11 – 1.73 
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Figure 5-2- An example of a Circular Cone (CC) (Cone #32), a,b) Cross sectional and map view derived from DEM in Global 
Mapper, note the circular to semicircular shape with approximately symmetric cross-sections, c) Tilted 3D view of a circular cone 
viewed in Google Earth, d) Satellite image of a cinder cone in ArcGIS Pro. The white dashed line outlined the cone base whilst the 
blue dashed line borders the crater rim. 
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5.4.2.  Horseshoe Cones (HC) 

Horseshoe cones (HC) are the most common cones in the study area, at 

35.62% of all identified cones in the volcanic field (Table 5-2). HCs are 

defined based on their horseshoe-like or crescent-shaped cones, with an 

opening or breaching of part of their flanks. They exhibit symmetric or 

asymmetric geometry in map view (Fig 5-3). The breached zone is typically 

small, running ~50 to 100 m across and in some cases more than 200 m 

(Table 5-3). The maximum and minimum diameters of the craters and cone 

bases varies from 269 m to 1050 m and from 469 m to 1874 m, respectively. 

The ellipticity of the cone bases (Rco) varies from 1.19 to 1.88, while the Rcr for 

the craters varies from 1.27 to 2.1 (Table 5-3). This type of cinder cone is an 

individual cone with one main central feeder or conduit.   

A representative of HCs is shown in Fig 5-3. Both cross-sections in Fig 5-3 (C 

to C'; D to D') exhibit a gentle slope on the breached flank and a steeper slope 

on the non-breached flank (Fig 5-3a,b). The C-C’ cross-section shows a 

maximum elevation of 250 m (Fig 5-3a). 
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Figure 5-3- An example of a Horseshoe Cone (HC) (Cone #57), a,b) Cross sectional and map view on DEM of horseshoe cones 
with broken/breached craters. c) Tilted Google Earth 3D view of a horseshoe cone, d) Satellite image of a typical horseshoe cone 
with incomplete cone, and a breaching oriented to the WNW (from ArcGIS Pro imagery). The white dashed line outlines the cone 
base and blue line borders the crater rim.
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5.4.3.  Fissure Cones (FC)  

Fissure cones are the least common type of cone within the AVF, accounting 

for 6.16% of those identified (Table 5-2). These are elongated cones, 

characterized by two nearly-parallel volcanic ridges with a fissure-like 

depression in the middle. The heights of the ridges usually vary between ~270 

m and ~650 m (Table 5-3). The fissure systems can be traced and connected 

to major faults in the basement (Fig 5-4). Most of the FCs in the study area 

contain several eruptive vents that are located along the fissures above the 

faults. FCs are generally characterized by high cone base ellipticity (Rco), with 

values ranging from 1.57 to 3.16 and crater rim ellipticity (Rcr) of 2.37 to 3.24. 

The maximum and minimum diameters of the craters and cone bases vary 

from 115 m to 1105 m and from 225 m to 2304 m, respectively (Table 5-3).    

An example of FCs is shown in Fig 5-4, the cone exhibits two elongated 

ridges on both sides of the fissure depression (Fig 5-4a-b-c). A cross-section 

from a transect perpendicular to the FC's central fissure shows that the 

volcanic ridge shoulders have different heights (530 m and 550 m). 
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Figure 5-4- An example of a Fissure Cone (FC) (Cone #35), a) DEM draped on top of a satellite image showing fissure volcanoes 
with a cross section, b) Google Earth 3D view of a FC, the cone is tilted to the west, c) Satellite image of a fissure cone taken from 
ArcGIS Pro imagery database. The white dashed line outlines cone base and blue line borders the crater rim.
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5.4.4.  Multiple Clustered Cones (MC)  

This type of cone is characterized by the coalescence of two or more volcanic 

cones, and often formed by a cluster of Circular Cones or Horseshoe Cones 

(Fig 5-5). MC account for 10.96% of the identified cinder cones in the area, 

some 16 of the 146 identified cones (Table 5-2). The coalescence of HC 

usually forms an elipsoidal shape (Fig 5-5). The cone base of this type of 

volcanic edifice is generally large and is best represented by the best-fit 

ellipse for the clustered cones. The best-fit ellipse for crater cannot be 

calculated (Rcr) as this type of cone can have multiple craters that are 

randomly distributed. 

The basal cone diameters of MC vary between 376 and 973 m (Table 5-3). 

Flanks have gentle slopes and the volcanic cones (edifices) come in various 

sizes (Fig 5-5). In a cross sectional view as illustrated in Figure 5-5a there 

occurs a trough between two cones. Both cones have breached to the west 

and illustrate some form of HCs.   

Two cross-sections, F to F' and G to G' of a selected MC in Fig 5-5a,b, exhibit 

various cones with an elipsoidal shape. The highest elevations reach ~500 m 

with gentle slopes on the flanks.  
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Figure 5-5- An example of an elipsoidal-shaped Multiple Clustered Cone (MCs) (Cone #84), a,b) Cross-sectional and map view of 
elipsoidal-shaped MCs on DEM, c) Slightly tilted 3D view of an ellipsoidal-shaped cone in Google Earth, d) Satellite image (ArcGIS 
Pro imagery) of a MC shows at least two overlapping cones. The white dashed line outlines the cone base and blue line borders 
the crater rim.
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5.4.5. Multiple Craters within a Single Cone (MCSC) 

This morphological type of cinder cone is characterized by a single large cone 

with multiple craters and conduits (Fig 5-6). MCSC accounted for 8.22% of the 

identified cones in the AVF (Table 5-2). MCSC can occur with various 

morphologies including circular, crescent-shaped, and elongated forms. The 

degree of ellipticity of the cone base (Rco) and crater rim (Rcr) ranges from 

1.31 to 1.63 and from 1.38 to 1.95, respectively (Table 5-3). 

Cross-section H to H' in Fig 5-6a, depicts the multiple craters within a single 

MCSC cone; which appear as hummocky topography with depressions at the 

conduit locations (Fig 5-6b,c).  

 



69 
 

 

Figure 5-6- An example of Multiple Craters in a Single Cone (MCSC) (Cone #252). a) Cross sectional and map view on DEM 
showing a MCSC with multiple craters, b) Tilted 3D view of a MCSC seen in Google Earth that illustrates many small craters and 
cones (blue dashed outlines) located inside a larger volcanic edifice, c) Satellite image of a MCSC from ArcGIS Pro imagery 
showing multiple small circular craters within a larger edifice. The white dashed line outlines the cone base and blue dashed lines 
borders the crater rims.
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5.4.6. Complex Cones (CO) 

When the morphogeometry of a mafic cinder cone does not fit into one of the 

five morphological types outlined above, and there is no available 

nomenclature, the cones were classified as Complex Cones (Fig 5-7). 

Complex Cones (CO) form 8.22% of the identified cones within the AVF and 

are characterized by aggregates or the coalescence of various sizes of cones 

(Table 5-2). Unlike the five morphological types described above, CO do not 

show a well-defined shape in map view; nonetheless, some remnant features 

characteristic of a volcanic cone can be detected.  

An example of a CO is shown in Fig 5-7. The CO in this figure is formed 

through the overlap of several types of cones (e.g., FC- and CC- types) where 

some craters can be identified (Fig 5-7). 
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Figure 5-7- An example of the Complex Cone (CO) (Cone #183): a,b) Cross sectional and map view on DEMs and satellite imagery 
of a CO; c,d) There are two central cones present with a FC form; however, a tiny cone in the eastern part of the CO could also be 
considered a Clustered cone with others. A ring-confined cone such as is illustrated here, can also be seen as an MCSC type. The 
white dash lined outlines the cone base and the blue line borders the various crater rims.
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5.5. Volcanic cone distribution in relation to elevation and slope  

5.5.1. Elevation 

In order to analyze and assess the relationship between the topography and 

the classification of volcanic cones within the study area, elevation (Fig 5-8) 

and slope maps (Fig 5-9) were produced and compared with the spatial 

distribution of the volcanic cones (Table 5-2).  

The DEM generated for the study area in Fig 5-8 displays the topography of 

the AVF using a contour interval of 200 m. The highest elevation is ~1470 m 

and is centred on Montagne d'Ambre. This DEM map shows that both Circular 

Cones (CC) and, Horseshoe Cones (HCs) are distributed throughout various 

elevations in the study area; however, they are most common between 200 m 

and 600 m elevations (Fig 5-8). Similarly, the Fissure Cones (FC) are found 

mainly at elevations of between 200 and 600 m, but do not appear to be 

present at elevations below 200 m nor altitudes greater than 600 m. The 

Multiple Clustered Cones (MC), Multiple Craters in a Single Cone (MCSC), 

and Complex Cones (CO) are generally located between elevation ranges of 

200 m and 400 m. But COs are also found at higher altitudes >600 m (Fig 5-

8).  
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Figure 5-8- DEM map of the AVF study area showing the locations of the 
various types of volcanoes.  
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Figure 5-9- Location of the classified types of volcanic cone plotted within the 
five classes of slope as defined in Table 5-2. 
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5.5.2. Slope 

The data for topographic slope and the distribution of volcanic cones across 

the AVF are provided in Fig 5-9 and Table 5-2. The map shows the five 

classes of slope described in Section 4.4.1:  Class 1 (0°-5o), Class 2 (5 o-10o), 

Class 3 (10 o-15o), Class 4 (15 o-30o) and Class 5 (30 o-65o) (Fig 5-9, Table 5-

1). Fig 5-9 displays a topographic slope ranging from nearly horizontal to very 

steep (i.e., a slope of 65o). However, most of the study area has gentle 

topography, with slopes typically lower than 10o.  

CC occur throughout the slope range from 0°- 65 o, and are the most common 

morphological type within slope class 1. Similarly, HC (Fig 5-9) are found in 

most slope classes, but mainly occur in areas with slopes < 5 o (class 1), 

between 5o to 10o (class 2), and between 10 o to 15o (class 3). FC are widely-

distributed throughout slope classes 1, 2 and 3. MC occur in classes 1 

through 4, but are most common within class 2 and exhibit a similar 

distribution in classes 1, 3 and 4. MSCS occur in areas with slopes <5o (class 

1), slopes of between 5o to 10o (class 2), and of 15o to 30o (class 4). CC are 

found in areas with slopes of between 5o to 10o (class 2) and are very rare in 

slopes between 10o to 15o (class 3), and 15 o to 30o (class 4). Only one 

morphological type, the CC was identified within the steepest slope class, 5 

(30o-65o).   

The majority of volcanic cones within the study area are located on 

topographic slopes of less than 30o. CC are the dominant form in areas of 

slope class 1, whilst HC volcanoes predominate throughout slope classes 1, 

2, 3 and 4.  
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5.6. Lineaments Analysis   

5.6.1. Identification of Lineaments  

Lineaments were ascertained from a study of geological maps and from fault-

related geomorphological features. Faults were extracted from both 1/100,000 

and 1/500,000 scale geological maps within and slightly outside of the AVF 

area. The rose diagram in Fig 5-10 shows the dominant NW-SE orientation of 

lineaments in the study area. In addition, fault-related geomorphological 

features such as, offset streams and rivers, aligned sag ponds, straight 

hillsides, aligned triangular faceted ridges, linear valleys, and ridges, were 

identified from satellite images to infer the fault systems impacting the AVF. 

Lineaments are clearly visible in the Jurassic limestones of the Ankarana 

plateau, located just south of the AVF (see Fig 3-4). Three main fault 

orientations were identified within the Ankarana plateau: N315 o, N030 o and 

N295 o. These faults form an en-echelon conjugate pattern of subvertical 

fractures seen in Figs 5-10 and 5-11. In addition, a few small volcanoes are 

clearly associated with these faults (Fig 5-11b). Fractures oriented to N315 o 

are defined as R fractures and fractures trending to the N030 o are defined as 

R'; which are conjugate with the R fractures. The fractures with N295 o 

orientation are designated as P fractures as they are synthetic with R. These 

fractures R, R’ and P were used to determine the main fault orientation, 

defined as the Principal Deformation Zone (PDZ). In general, R fractures are 

~10-20o clockwise to PDZ. R’ fractures are antithetic fractures to the PDZ and 

occur at a high angle to the PDZ. P fractures are ~30o from R and ~10-15o 

from the main fault. The main fault zone (PDZ) indicates a dextral 

displacement, as illustrated in Figs 5-10 and 5-11. In addition, this right lateral 
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displacement is replicated by the offsets of rivers and valleys on the Ankarana 

plateau (Fig 5-10). 
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Figure 5-10- The orientations of lineaments identified on exposed Jurassic limestone of the Ankarana plateau in the southern part 
of the study area exhibits a series of conjugate fractures. En-echelon pattern of brittle structures illustrates a right-lateral strike-slip 
displacement in the region. Principal Deformation Zone (PDZ).
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The close-up view of the southern part of the deformed Jurassic limestone in 

Fig 5-11, shows a Riedel fault system with obvious R, R' and minor synthetic 

P fractures. This Riedel system exhibits a pattern of faults and fractures in a 

rhomboidal shaped pattern (Fig 5-11).    

High-resolution Google Earth images show that some of the fractures are 

related to large NW-SW trending basaltic dykes (Fig 5-12), which are clearly 

associated with some of the low-lying volcanoes outside of this photo (Fig 5-

11b). Basaltic dykes cross-cut other geological and geomorphological 

features, such as the lithological layers and geomorphological steps in the 

area, as indicated in Fig 5-12b.   
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Figure 5-11- a) Rhomboidal pattern of fault\fracture and Riedel system in the southern part of the study area on the Ankarana 
plateau. b) A close up Google Earth view of a volcano located SW of Ankarana plateau which is nested on faulted terrain and is 
likely associated with these features. Principal Deformation Zone (PDZ). 
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Figure 5-12- Google Earth images; a) Basaltic dyke east of the Ankarana 
plateau shown by the arrows. b) 3D view of a NW-SE trending basaltic dyke 
which cross-cuts other geological and geomorphological features, including 
lithological layers and geomorphological steps, as shown by the yellow stars 
within the area. c) Map view of the same basaltic dyke (white dashed line) 
illustrating its chilled margins, and a thin metamorphic aureole extending into 
the wall rock (baked zone). 
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5.6.2. Lineaments based on volcano morphological features 

Breaching directions of the investigated AVF volcanic cones were used to 

infer the presence and orientation of potential buried faults within the study 

area. Most breached cones (HC) within the AVF are located in areas 

characterized by slopes lower than 15o, i.e., and slopes that fall within slope 

classes 1, 2 and 3 (Table 5-2). Of the 146 cones mapped in the study area, 

33 of the volcanoes are breached cones. The rose diagram in Fig 5-13 

reveals three main directions of breaching: N045°-N060°, N000°-N030° and 

N250°-N270°. More precisely, 17.3% of breached cones are oriented to 

N045°-N060°, 13.5% to N000°-N030°, and 7.7% to N250°-N270°. Figure 5-13 

shows a part of the study area, where the breached cones are well-exposed 

and identifies that most are located near major faults or face toward the faults. 

The N045°-N060° and N000°-N030° breaching directions are parallel to the 

trends of faults in the study area (Fig 5-13).   
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Figure 5-13-Breaching direction of Horseshoes Cones in the southwestern 
part of the study area, and that are characterized by slopes <10o . The yellow 
rectangle shows the study area in the inset map. The inset rose diagram 
(n=33) shows the orientation of all HC breaching orientations over the entire 
study area, not just for this smaller south western region.  
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The best-fit ellipses of cones were used to infer the orientation of subsurface 

faults. Figure 5-14 illustrates the best-fit ellipses of cones and crater rims and 

their long and short axes. Rose diagrams in Fig 5-14 show the direction of 

maximum crater rim and basal cone elongation axes. The dominant direction 

of the long axes (n=98) for crater rims is N030°-N045°, which represents 

15.3% of the identified craters; however, 12.2% of crater axes trend from 

N300°-N315° and 10.2%, N345°-N000° (Fig 5-14a). In comparison, the cone 

base long axes (n=78) show three major trend directions, 18%, N315°-N330°, 

15%, N000°-N015° and 12.8% N030°-N045° (Fig 5-14b).            



85 
 

 
Figure 5-14- Map view of the best-fit ellipses of cone bases and crater rims of 
volcanoes in the southern part of the study area (yellow rectangle in inset map 
of the AVF study area). The orientation of long axes of the ellipses in the 
whole study area are shown in the rose diagrams for: a) Craters and b) Cone 
bases. 
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Trends of subsurface fractures were explored further using other 

morphological features including the alignment of elongated cones and crater 

rims, linear arrangement of volcanoes such as those with satellite cones, and 

fissure-fed vent alignments. Twenty-eight lineaments based on the alignments 

of volcanic cones were identified with lengths ranging from 1.6 km to 9.3 km 

(Fig 5-15). Extracted lineaments were plotted on a rose diagram with a 15o bin 

interval and showing two dominant directions N000°-N015° (14.28%) and 

N300°-N315° (21.5%) (Fig 5-15).   
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Figure 5-15- Lineaments identified from elongated cones and crater rims 
axes, linear arrangement of volcanoes, and fissure-fed vent alignments in the 
study area. The rose diagram (n=28) shows the two dominant directions of the 
lineaments affecting the AVF. 
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Ellipticity was calculated using the 102 cones measured for morphometric 

parameters (Table 5-4). The results indicate that for cone bases, the long 

axes (dmax_cb) of the best-fit ellipses range from 110 m to 2520 m, while the 

short axes (dmin_cb) range from 97 m to 1991 m in the study area. On the other 

hand, crater rim long axes (dmax_cr) vary between 58 m and 1173 m and short 

axes between 52 m and 927 m. Ellipticity diagrams illustrate the distribution of 

cones best fit ellipses axial ratios (Fig 5-16) and craters best-fit ellipses axial 

ratios (Fig 5-17). Five out of 102 cone bases were considered (~5%) as 

having a circular shape (Rf = 1), 75 out of 102 (73.5%) have an ellipticity of 

greater than 2/3, meaning these are slightly to moderately elliptical, 20.5% of 

cones bases fall in the range between 1/3 and 2/3 elliptical, and 0.98% falls 

under Rf 1/3 ellipticity, meaning those are very elliptic cones (Fig 5-16). Two 

out of 102 crater rims are circular, 63.7% of the craters fall between Rf 1 and 

2/3, 31.37% are between 2/3 and 1/3 and only 0.98% is under 1/3 (Fig 5-17, 

Table 5-4).  
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Table 5-4- Results of ellipticity calculations for cone bases best-fit ellipses and 
crater rims best-fit ellipticity. Number of cones and craters measured are 
given in brackets.    

Ellipticity (Rf) 

Very 

Elliptical 

(Elongat

ed)  

<1/3 

Elliptical 

(Elongated) 1/3 

- 2/3 

Slightly to 

Moderately 

Elliptical 

(Elongated) 

1-2/3 

Circular 

1 

Cone Bases 

 

0.98% 

(1) 
20.5% (21) 73.5% (75) 5% (5)  

Crater Rims 
0.98% 

(1) 
31.37% (32) 63.7% (67) 2% (2)  



90 
 

 

Figure 5-16- Ellipticity plot showing the variation of ratios between long or major (maximum) and short axes (minimum) for cone 
bases in the AVF.  
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Figure 5-17- Variation of ratios between long and short axes of crater rims best-fit ellipses. 
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5.6.3. Lineaments extracted from geophysical data 

Geophysical data, such as magnetic data are used to infer lineaments. The 

magnetic map in Fig 5-18 exhibits linear features that mirror the basement 

structures observed from a study of the geological maps in Fig 3-4 and the 

satellite imagery. Linear features from the magnetic data form a conjugate 

fault system (Riedel shear system) with R, R', and P fractures. Although the 

magnetic map covers only the southern part of the study area, the identified 

faults can be extended or traced into areas not covered by the magnetic map. 

As shown in Fig 5-18, the faults derived from the magnetic data exhibit two 

major trends, a NW-SE and a NE-SW. Moreover, several volcanic cones fall 

within high magnetic anomaly zones (Fig 5-18). Some cones are located on 

the fault lines, and some form a linear arrangement along strike of these 

faults. Some segments of faults can be linked or show an overstep or en-

echelon pattern. The faults can be straight or curved and their extent ranges 

from 1 km to 8.8 km in length (Fig 5-18).    
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Figure 5-18- Magnetic map covering the southern part of the AVF study area. 
Linear pattern and chain of successive volcanic cones coincide with faults. 
NW-SE and NE-SW are two major trends, and a Riedel system has 
developed in the region. Yellow box in inset map, highlights the location of the 
study area. 
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5.6.4.  Lineaments based on geostatistical methods 

Using the spatial distribution map in Fig 5-1, two geostatistical methods were 

used to find other hidden lineament related-structures that could underlay the 

AVF. This approach assumed that volcanic cones be treated as point-like 

features with each point defined by its geographical coordinates. The first 

method uses the two-point azimuth method by Lutz (1986) and the second a 

modified azimuth method by Cebriá et al., (2011). 

5.6.4.1. Two-point azimuth method 

The two-point azimuth method (Lutz, 1986) was performed using Point to Line 

extension in ArcGIS Pro and produced 8034 lines from 146 volcanic cones 

(Fig 5-19). All lines were plotted on a 15˚ bin interval rose diagram and the 

results reveal four major orientations, with 14% of lines N015°-N045°, 5.5% at 

N000°-N015°, 5% at N045 o -N060 o and 5% at N345°-N000° (Fig 5-19a).  

A density map was generated from the two-point lines, using the number of 

lines produced per km2 . This map highlights a dominant NE-SW (N015°-

N045°) trending direction for the lineaments (Fig 5-19b).  

Moreover, the density map (Fig 5-19b) illustrates that the lineaments are 

concentrated in the southern part of the study area, where the highest cone 

density is also located. The density map shows as well that lineament density 

are less dense in the north, which also display a minor N-S trend.  
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Figure 5-19- Results for lineament direction derived from the Azimuth method of Lutz (1986); a) this plot illustrates lineaments 
connecting all pairs of volcanic points, and a rose diagram showing all of their orientations, b) Density map showing the major 
trends that potentially connect volcanoes within the AVF study area.  
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5.6.4.2. Modified azimuth method or Cebriá’s method 

A modified azimuth method, also called Cebria’s method, was used to 

decrease the errors in calculation (Cebriá et al., 2011). Data from all detected 

lineaments from the two-point azimuth method were analysed using Cebriá's 

method and the data are presented herein. The histogram in Fig 5-20 shows 

that the minimum distance between cones is 83 m, the maximum distance 

approximately 49 km, and the mean distance 17.461 km. The first standard 

deviation is calculated at 9323.3. On Fig 5-20, the density of generated lines 

is lower than that determined from Lutz's two-point azimuth method shown in 

Fig 5-19.  

The 261 lineaments/lines and their orientation generated by Cebriá's method 

for the study area are plotted in a rose diagram (Fig 5-20). Both the rose 

diagram and density map of lines show three major orientations of the lines or 

lineaments, N000°-N045°, N285°-N300° and N330°-N345° in the study area 

(Fig 5-20).  
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Figure 5-20- Results derived from the modified Azimuth method of Cebriá et 
al. (2011). This map shows the lines connecting volcanic cones after 
eliminating outliers and density of connecting lineaments. In the histogram, all 
data between vertical red lines were used in the calculations. Rose diagram 
and density map illustrate that N000°-N045°, N285°-N300° and N330°-N345° 
are the three major orientations of the lineaments in the study area. 
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In summary, the main findings in this study include: 

 One hundred and forty-six (146) mafic monogenetic volcanic cones 

were identified and located within the study area. The highest cone 

density is located in the southwest part of the study area with a cone 

density of 9 cones per 10 km2. 

 Six morphological categories of mafic volcanic cones were identified.  

These are: 1) Circular Cones (CC), 2) Horseshoe Cones (HC), 3) 

Fissure Cones (FC), 4) Multiple Cones (MC), 5) Multiple Craters in a 

Single Cone (MCSC) and 6) Complex Cones (CO). 

 The monogenetic volcanic cones are distributed throughout various 

elevations in the AVF study area, but overall they are generally located 

on topographic slopes of less than 30o 

 The lineaments extracted from existing geological maps shows a major 

NW-SE orientation. 

 Fault-related geomorphological features, mainly observed in Jurassic 

limestone of the Ankarana plateau, exhibit three major orientations: 

N315 o, N030 o and N295 o. They form an en-echellon conjugate pattern 

and indicate a dextral displacement. 

 Lineaments based on volcano morphological features are as follow: 

o Breaching directions of volcanic cones indicate three major 

directions: N045°-N060°, N000°-N030° and N250°-N270° 

o Long axes of crater rims indicate three major orientations 

including N030°-N045°, N300°-N315°, and N345°-N000° (Fig 5-

14a). Similarly, the cone base long axes show three major 

directions: N315°-N330°, N000°-N015° and N030°-N045°.             
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o Vent alignments display two majors trends: N000°-N015° and 

N300°-N315° 

 Overall, the monogenetic volcanic cones in the AVF study area exhibit 

moderately elliptical to elliptical cone shapes (Rf = 1 to 2/3). 

 Lineaments derived from the magnetic data exhibit two major trends, a 

NW-SE and a NE-SW. 

 Lineaments from two-point azimuth method of Lutz (1986) show four 

major orientations: N015°-N045°, N000°-N015°, N045 o -N060 o and 

N345°-N000°. 

 Lineaments from the modified two-point azimuth method of Cebriá et 

al. (2011) show three major orientations: N000°-N045°, N285°-N300° 

and N330°-N345° in the study area. 
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Chapter 6: Interpretation and Discussion 

6.1. Introduction 

Determination of morphometric parameters and classification of volcanic 

cones are regarded as a starting point in understanding the development and 

evolution of a given monogenetic volcanic field (Dóniz-Páez, 2015; Gong et 

al., 2016). The AVF has at least 146 well-exposed volcanic cones. 

Morphometry parameters of some of the best preserved cones were extracted 

from satellite images and DEMs, which permitted classification of these cones 

and structural alignment analyses to be performed.  

This chapter examines the relationship between the spatial distribution or 

location of volcanic cones with their topographic settings, using slope and 

elevation data. It also addresses the possible origins of the morphological 

types of cones in the AVF. In addition, the relationship between lineaments 

and detected cones is explored using the data collected on the geological and 

geomorphological features, geophysical data and geostatistical methods. 

More precisely, the chapter presents the relationships between vent 

distribution patterns and fracture patterns in the AVF. The relatively large 

number of volcanoes and the range of topographic settings and structures in 

the AVF provide an opportunity to explore these relationships for the first time. 

6.2. Identification and distribution of cones and vents 

One hundred and forty-six volcanic cones were identified in the AVF based on 

a study of satellite imagery, aerial photos, pre-existing maps; that are 

distributed over an area of 2500 km2 within the study area. Among these, a 

large number of well-developed and well-exposed monogenetic volcanoes still 
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preserve their original morphology. They provide an excellent opportunity to 

provide key data related to the geological processes involved in their 

formation (Figs 5-2, 5-3, 5-4, 5-5, 5-6, 5-7).   

The resulting location and spatial distribution of individual monogenetic 

volcanic cones within a given field depends primarily on three factors: 1) the 

location and size of the mantle source region that is being melted to produce 

magma; 2) pre-existing structures; and 3) topographic variations. In this study, 

the spatial distribution of volcanic vents in the AVF is used to understand the 

relative importance of these factors and reveal the relationship between vent 

location, magma plumbing systems, and pre- and syn-eruption crustal 

features (e.g., Tadini et al., 2014). The density map based on the frequency of 

cones shows that volcanoes are concentrated mainly in the south and 

southwest parts of the study area (Fig 5-1). West of Anivorano Nord, the 

density is approximately 9 cones per 10 km2, which is relatively high 

compared to those of other monogenetic volcanic fields, such as the 

Michoacan Guanjuato Volcanic Field in the Trans-Mexican Volcanic Belt, 

Mexico (Hasenaka and Carmichael, 1985) with approximately 11 cones per 

100 km2 (Figs 3-4, 5-1).  

Previous studies suggested that the density of cones in a given area is 

proportional to the volume of the type magma generated at depth (Hasenaka 

and Carmichael, 1985). The presence of low velocity zones (e.g. Pratt et al., 

2017) beneath the area strongly supports the presence of abundant melts in 

this region, and is consistent with the AVF volcanism being associated with 

upwelling of hot mantle asthenosphere. Therefore, the high cone density or 

clustering of cones in the southern and southwestern parts of the study area 
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can be attributed to the existence of abundant melts beneath the volcanic field 

(Hasenaka and Carmichael, 1985; Bonali et al. 2011) or alternatively, the 

presence of near solid mantle rocks that can produce magma rapidly by 

partial melting (Hasenaka and Carmichael, 1985). 

Tadini et al. (2014), suggested that the shape of a given volcanic field 

primarily reflects the shape of the deep mantle reservoirs. In addition to the 

geometry of the mantle source region, the regional trend of a volcanic field 

can be controlled by major faults (Mazzarini et al., 2016; Robertson et al., 

2016). Other studies indicated that the overall shape of a volcanic field could 

indicate the state of strain in the upper crust that controls volcanic alignments 

and elongation of monogenetic vents (Isola et al., 2014). 

Using the density map and spatial distribution of volcanic cones in the AVF 

(Fig 5-1), the result shows that the regional geometry forms an elliptical shape 

with NE-SW elongation. As indicated above, this overall NE-SW elongation of 

the AVF may be controlled by the combination of size and shape of the 

mantle source beneath the area and the pre-existing structures in the region. 

As illustrated in Fig 3-3, AVF is emplaced within the Phanerozoic sedimentary 

rocks that uncomformably overlay the Neoproterozoic Bemarivo block. This 

unconformity trends roughly to NE-SW and may have played an important 

role in the location and distribution of vents within the volcanic field. 

Additionally, this NE-SW trend is parallel to the horst and graben along the 

Majunga basin, west of the study area. Moreover, the Ankarana plateau in the 

southern part of the study area lies within a gentle syncline which is also 

characterized by two sets of normal faults trending NE-SW and NW-SE 

(Papini and Benvenuti, 2008). Furthermore, the Bemarivo block is interpreted 
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to be divided into two terranes by a major E-W trending ductile shear zone 

(Thomas et al. 2009), which was reactivated during the Paleozoic (Jons et al., 

2009). But the extent and orientation of this shear zone is not known beneath 

the sedimentary covers and its role in the spatial distribution of volcanic cones 

in the AVF is not clear.  

In summary, the high cone density within the southwestern part of the study 

area suggests that mantle-derived melts are abundant beneath this part of the 

volcanic field and that both geometry of the mantle source region and the pre-

existing structures may have controlled the locations of monogenetic cones 

within the Anivorano area.  

6.2.1. Classification of volcanic cones 

According to previous workers, the initial morphology of cinder cones in 

monogenetic volcanic fields results from several factors such as: 1) tectonic 

setting (Fornaciai et al., 2012; le Corvec et al., 2013); 2) eruptive style 

(Valentine and Gregg, 2008); 3) geometry of the vent/conduit (Corazzato and 

Tibaldi, 2006; Kervyn et al., 2012); 4) thickness of the crust (Mazzarini, 2004); 

5) topography during the eruption (Tibaldi, 1995) and; 6) wind conditions 

(Kervyn et al., 2012). In this section, the morphometry and morphology of the 

cones is used to document the relative importance of some of these factors. 

As indicated in Section 5.4, selected cones in the AVF were classified into six 

(6) morphological types based on the shapes of the volcanic edifices and the 

geomorphological characteristics of the cones (Table 5-2), such as sizes, 

basal diameters, crater diameters, heights of the crater relative to the cone 

base, and slopes of the edifice. They were classified as 1) Circular Cones 

(CC), 2) Horseshoe Cones (HC), 3) Fissure Cones (FC), 4) Multiple Cones 
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(MC), 5) Multiple Craters in a Single Cone (MCSC) and 6) Complex Cones 

(CO).  

6.2.1.1. Circular Cones (CC) 

CC represent 30.82% of the detected cones in the study area (Table 5-2). 

They are circular to semi-circular with ellipticity Rcr (Rcr = dmax_cr/dmin_cr) 

ranging from 1.09 to 1.91, and the ratio between cone bases long and short 

axis, Rco, varies from 1.07 to 1.76. This morphological type is similar to the 

"ring-shaped cones" in the Tenerife volcanic field, Spain (Dóniz-Páez, 2015), 

the "simple cones" around Mt. Etna, Italy (Corazzato and Tibaldi, 2006), the 

"conical volcanic cones" in Dalinor, Mongolia (Gong et al. 2016), and the 

semi-circular cones in the Itasy Volcanic Field, central Madagascar 

(Raharimahefa and Rasoazanamparany, 2018). Several mechanisms have 

been proposed to explain the morphology of circular cones including the 

formation around a single large vertical conduit (Corrazato and Tibaldi, 2006), 

the eruption in horizontal or subhorizontal topography (Dóniz-Páez, 2015), 

and the resulting growth and evolution in the absence of strong winds (Parfitt 

and Wilson, 2009).   

CC within the AVF are characterized by a single crater and occur mostly 

within low slope areas (<10o) (Fig 5-9), consistent with development around a 

single vertical conduit on a subhorizontal substrate. In addition, these cones 

are nearly symmetrical with a closed-loop continuous crater, which is 

consistent with cone growth and development in the absence of prevailing 

wind systems. Moreover, this morphological type shows a wide range of 

physical dimensions, for example the diameter of the cone base varies from 

100 to 1150 m. Although, determination of the size of the magma chamber 
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and the length of the feeder conduit are beyond the scope of this thesis, it has 

been shown that there is an intimate and systematic relationship between the 

volume of magma erupted shown by the cone size and the size of the conduit. 

Larger volcanoes are associated with longer and wider feeder-dykes, whereas 

small volcanoes have shorter conduits (Corrazato and Tibaldi, 2006; 

Valentine and Perry, 2007; Kereszturi and Németh, 2012; Dóniz-Páez, 2015). 

Taken together, the variable size of circular cones observed within the AVF 

can be attributed to the variable size and depth of the magma chamber, the 

size of the feeder conduit, and the amount of ejected materials. 

Individual cones in this category usually have steep side-flanks and gentle 

dipping inward walls in the crater (Fig 5-2). Previous studies concluded that 

such steep flanks are characteristic of relatively young volcanic cones 

(Hasenaka and Carmichael, 1985). Radiometric dating is needed for the AVF, 

as relative age estimation from the geomorphological parameters of volcanic 

cones in Itasy Volcanic Field, central Madagascar, has proven to be 

inconsistent with Ar-Ar ages obtained from the volcanic field (Raharimahefa 

and Rasoazanamparany, 2018). Most of the CC in the study area lie along 

major faults (Fig 5-13, Section 5.6.2), suggesting that vertical feeder conduits 

follow pre-existing faults or fractures (Kereszturi and Németh, 2012). In 

addition, the ellipticity values for cone bases and crater rims of CC within the 

AVF are similar to those of semi-circular volcanic cones in continental rift 

zones such as the Ethiopia Rift and Tepic Rift (Tibaldi, 1995) (Fig 6-1 a,e). 

This suggests that the study area is likely to be related to a rift system or 

region undergoing extension, which would favour the rise of asthenospheric 

mantle and its partial melting to source magma for these volcanoes.
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Figure 6-1- Ellipticity data of the study area versus ellipticity of cones in a) 
Ethiopia Rift, b) Mount Etna, c) Lanzarote Hot spot, d) Trans-tentional zone 
(co-existence of strike-slip and extension tectonics) in the Mexican subduction 
zone, and e) Tepic Rift (Mexico). Cone base ellipticity are shown in the lower 
graphs and crater rim ellipticity on the upper graphs. The red square symbol 
represents data from Tibaldi (1995), whereas the blue diamond symbol 
represents the AVF data collected herein. 
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6.2.1.2. Horseshoe Cones (HC) 

The dominant morphological type of cone in the study area is the Horseshoe 

Cone (HC), representing 35.62% of all the identified cones (Table 5-2). 

Relatively high numbers of HC have been observed in other monogenetic 

volcanic fields such as the Tenerife, Canary Islands (Dóniz-Páez, 2015) and 

Itasy volcanic fields (Raharimahefa and Rasoazanamparany, 2018). HC are 

characterized by breached craters that are crescent-shaped or horseshoe-

shaped. They are more elongated than circular cones, with ellipticity (Rxy) 

values up to 2.1. Usually, HC are found as single, solitary cones; however, 

they can be found clustered into groups at some locations.  

The horseshoe-shaped cones in the AVF are morphologically similar to the 

breached cinder cones identified in other volcanic fields such as the Tenerife, 

Spain; Itasy, Madagascar; Michoacan Guanajuato, Mexico, and Lunar 

Craters, USA. Typically, they are of moderate size, with low angle flank slopes 

(~30°) (Fig 5-3). Similar to the circular cones, the formation and development 

of the "horseshoe" shaped cinder cones requires different mechanisms. 

These include the following features: 1) an asymmetric distribution of volcanic 

(pyroclastic) material due to the prevailing wind direction (e.g., Porter, 1972); 

2) breaching of the crater by lava flows; 3) an inclined topographic surface 

during the eruption (Corrazato and Tibaldi, 2006); and 4) the vent/conduit 

system follows fault positions.  

In the AVF, an inclined surface topography does not appear to be a dominant 

factor in controlling the final morphology of the HCs. Horseshoe-shaped 

cones can be found on a wide range of topographic slopes, from 

subhorizontal to moderately dipping terrain (Class 1, 2, 3 and 4) (Figs, 5-8 
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and 5-9). Similarly, the prevailing wind direction cannot be considered as the 

main factor controlling the asymmetrical horseshoe shapes. This is because 

HC are found in close association with the CC cones, which are commonly 

interpreted to develop and increase in size with the absence of wind. 

Given that some HC and CC are found close to one another and often 

characterized by a single crater, the HC can develop around a single eruptive 

point in areas with flat to low-slope topographies, a process very similar to 

that responsible for the development of CC. But the geometry of the main 

conduits and area experiencing the outpouring of lava appear to control the 

position of breaching and opening of the crater (Tibaldi, 1995; Tibaldi and 

Lagmay, 2006; Kereszturi and Németh, 2012; Dóniz-Páez, 2015).  

In the AVF, the breaching of some HC is likely associated with the outpouring 

of lava flow along the weakest zone of the cone. This is because the highest 

point along the rim of some HC is typically opposite to the breach or the gap, 

with the rim sloped down toward the vent opening, consistent with breaching 

or collapse of the cone flank due to lava flow (Lawrence et al., 2013). 

Alternatively, the resultant shape from breaching of some HC in the AVF 

could be the result of structures that were used as magma pathways or 

conduits during magma ascent. These structures can be reactivated pre-

existing (pre-eruptive) structures within the crustal basement underlying the 

volcanic field, or they could be sets of fractures that are created during the 

movement of magma or syn-eruptive structures (Valentine and Gregg, 2008). 

The conduits associated with pre-existing structures generally produce two 

breaching directions. One is parallel to the fault strike, referred to as fault 

strike breaching and develops in a subhorizontal substrate (Corrazato and 
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Tibaldi, 2006). Whereas another breaching direction is perpendicular to the 

fault strike but parallel to the fault dip or downthrown, also known as fault dip 

breaching (Tibaldi, 1995).  A more recent study noted on a dipping substrate 

with angles >10˚, that topography strongly influences the breaching direction 

regardless of the fracture geometry (Corrazato and Tibaldi, 2006). 

In the AVF, some HC are located on a sub-horizontal substrate, i.e., <10˚. 

They show breaching directions (N000 o -N030 o) parallel to the mapped 

structures and are located along strike of major faults (Fig 5-13). This 

suggests that their breaching could be influenced to some extent by pre-

existing structures that have been used as conduits during the eruption. In this 

sense, the weakest zone coincides with the fault propagation (Corrazato and 

Tibaldi, 2006). On the other hand, breaching direction perpendicular to the 

fault strike is observed as well, meaning both scenarios (i.e., fault strike 

breaching and fault dip breaching) likely operated in the AVF.  

6.2.1.3. Fissure Cones (FC)  

The least developed cones in the study area are Fissure Cones (FC), 

accounting for 6.16% of all detected cones. Fissure cones (Fig 5-4) are 

dominantly associated with monogenetic systems (Nakamura, 1977) and are 

defined as elliptical shaped or elongated cones (Nakamura, 1977; Corazzato 

and Tibaldi, 2006; Dóniz-Páez, 2015; Raharimahefa and Rasoazanamparany, 

2018; Witt et al., 2018). As seen in other monogenetic fields, FC in the AVF 

tend to occur along basement faults (Fig 5-4), suggesting that they are clearly 

produced by fault-fed volcanism and that pre-existing structures primarily 

control their distribution. In cross-sections, FC (Fig 5-4) exhibit subparallel 
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crater rims separated by a central valley representing the underlying fissures 

or subsurface faults.  

The main mechanism which has been proposed to explain the morphology of 

FC is by their formation along high-angle or subvertical faults (Nakamura, 

1997; Tentler and Temperley, 2007). Despite their low numbers, FC in the 

AVF are widely distributed throughout the area (Fig 5-8), suggesting that the 

area is characterized by steeply-dipping faults. The occurrence of fissure 

cones along strike of basement faults suggests that elongated eruptive cones 

are indeed reliable stress indicators because they directly reflect subsurface 

structures (Nakamura, 1977; Tryggvason, 1994; Paulsen and Wilson, 2010; 

Friese et al., 2013; Geshi and Oikawa, 2016). The geometry and ellipticity of 

FC are primarily influenced by pre-existing basement faults that are used as 

magma pathways (i.e., conduits) during eruptions (Mastin and Pollard 1988; 

Valentine and Krogh, 2006; Gaffney et al. 2007). Therefore, the different 

ellipticity values of FC seen within the AVF can be attributed to the subsurface 

structures in the region. Also, the variation in the orientations of the long axes 

of elongated FC can be attributed to many factors, such as the influence of 

pre-existing faults, variation of the stress field within volcanic cones and 

changes in crustal thickness (Jenness and Clifton 2009; Rooney et al., 2011). 

6.2.1.4. Multiple Clustered Cones (MC)  

In the AVF, cones are sometimes observed in clusters and called Multiple 

Clustered Cones (MC). The MC constitutes 10.96% of all identified volcanoes 

and formed from either a group of CC or HC (Fig 5-5). The overall shape of 

MC varies considerably within the study area. Some MC form by the 

coalescence of HC and take on an elipsoidal shape. Often, breaches occur in 
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different directions, which are interpreted to be due to "obstacle" or "barrier" 

effects produced by neighboring cones as proposed by Lawrence et al. (2013) 

or due to narrow radial or complex fault and dyke systems. Datasets on 

plumbing geometry for volcanic cones in the AVF are currently limited. Since 

cone clusters consist of two or more cones in close proximity to one another, 

they could be the products of migration of vent/conduit locations on a very 

small scale, on the order of 100 to 1000 m. Shifts in volcanic activity on this 

scale lead to the development of closely spaced cones or cone clusters 

(Porter, 1972; Settle, 1979; Head and Wilson, 1993). As noted by previous 

workers, individual cones within a cluster may have formed during distinct 

episodes of activity with significant gaps between eruptive episodes 

(Valentine and Connor, 2015). Alternatively, they may have formed during the 

same episode of activity along multiple eruption points. The conduits may be 

oriented in different directions and angled vertical to semi-vertical.  

6.2.1.5. Multiple Craters in a Single Cone (MCSC) 

Multiple Craters in a Single Cone (MCSC) represents 8.22% of identified 

cones in the study area. MCSCs are characterized by a single large cone with 

several volcanic craters. MCSCs can be distinguished from MC and FC in 

cross-section, as they have various troughs, which reflect the conduits and 

craters (Fig 5-6). Given that MCSC have multiple craters, and they occur at 

essentially the same location within a single cone, they could be the products 

of a single monogenetic episode with multiple eruption points. Clearly, the 

presence of multiple craters suggests two or more secondary or lateral 

vents/conduits. It has been proposed that once the main central vent is 

solidified and becomes clogged, the magma escapes through other smaller 
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conduits often on the flank of the main cone (Porter, 1972; Hintz and 

Valentine, 2012). This mechanism is typified by parasitic cones on large 

volcanic edifices, such as Mount Etna, Italy. Another possibility is the 

existence of several sequential eruptive episodes, which originated from the 

same magma pool, but that travelled to the surface within adjacent 

conduits/dykes. 

6.2.1.6. Complex Cones (CO) 

Complex Cones made up 8.22% of all detected cones. They are geometrically 

complicated and did not fall in any of the five morphological shapes. They are 

composed of clusters of superimposed cones with gentle slopes (Fig 5-7). 

The superimposition of cones could be related to the geometry of vents and 

faults. According to Hunt et al. (2020) "clustered cones can be formed either 

by dykes repeatedly using similar pathways, or by multiple cones emplaced 

by the same dyke." Corrazzato and Tibaldi (2006) suggested that multiple 

superimposed volcanic cones may form from numerous eruption points along 

the same fracture. In this scenario, the fracture feeds a number of closely 

spaced eruption points, thus creating multiple superimposed cones. This 

process that can occur only under lower confining stresses or higher magma 

pressures.  

6.3. Vent distribution, elevation, and slope  

A fundamental factor that controls the locations of individual monogenetic 

volcanoes in continental settings is the topographic variations above the 

mantle source region also called the magmatic footprint. In this study, the 

effect of topography on the shape of volcanic edifices and the propagation of 
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feeder dykes, with the resulting location of volcanic cones were investigated. 

Previous studies found a clear relationship between topography and the 

morphological type of cone (Dóniz-Páez 2004, 2015). For example, in the 

Tenerife volcanic fields, Canary Island (Dóniz-Páez, 2015), CC tend to 

concentrate in areas of low altitude with flat topography compared to other 

morphological types. Whereas MC are located mostly in areas of topographic 

highs. In addition, HC do not show strong correlations with topography, since 

they are found throughout the study area regardless of elevations and relief 

(Dóniz-Páez, 2015). In the Itasy volcanic field in Madagascar, no clear 

relationship between topography and the shape of cones was observed 

(Raharimahefa and Rasoazanamparany, 2018). In the AVF, there is no clear 

relationship between elevation, relief and slopes and the morphology of 

volcanic cones. All six morphological types of cinder cones were scattered 

throughout various elevations, and range of slopes (Fig 5-8). This implies a 

negligible effect of topography on cone morphology.  

There does appear to be a weak correlation, however, between topographical 

features like elevation and slope with vent locations. The majority of the 

volcanic cones 68.49% of (100 out of 146) cones are found concentrated in 

areas of lower elevation, between 200 and 400 m and slopes <10˚ especially 

in the southwest part of the study area (Fig 5-9). This is consistent with the 

findings of previous studies that addressed the effect of topography on dyke 

propagation and resulting location of individual volcanic cones in monogenetic 

volcanic fields (Gaffney and Damjanac, 2006; Gaffney et al., 2007). These 

studies suggest that if magma rises through the crust in a dyke or magma 

conduit, and cross-cuts a topographic high like a ridge, it will be diverted 
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toward the area of lower elevation. This is because the dyke avoids intruding 

into areas of higher elevation, instead responding to lateral variations in 

confining stress. As a result, there is a tendency for volcanic eruptions to 

occur in areas of lower elevation like valleys, rather than higher elevations like 

mountain peaks. This might explain the concentration of volcanic cones within 

the AVF in areas of low elevation and slopes, regardless of morphological 

types. Nonetheless, in the AVF there are localized eruptions on topographic 

highs, like those around the -Montagne d'Ambre area at elevations >1000 m. 

In fact, 13.69% (20 out of 146 cones) of identified cones are found in areas 

with slopes greater than 30o, mostly within the central part of the study area 

(Table 5-2 and Fig 5-9). The location of volcanic cones at higher elevations 

could be attributed to rising dykes that strike parallel to the length of the 

mountain ridge. In summary, this study found that topography has a negligible 

effect on cone morphology. Topography plays a significant role on the location 

of individual volcanic cones in monogenetic volcanic fields.   

6.4. Occurrence of Lineaments and volcanic vents  

6.4.1. Fault-related geomorphological features  

Interpretation of surficial geology can help detect major pre-existing faults and 

fractures within the study area and used to investigate the links between 

faults, magma feeding dykes, and cones. In this section, a simple analysis of 

vent locations and subsurface structures is used to look at the relationship 

between topography and faults and volcanic features. Note that geological 

maps are used only for the validation of identified lineaments.  
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Geomorphological features on the Ankarana Plateau, in the southern part of 

the study area clearly show Riedel fracture systems (Fig 5-10). The faults 

form an en-echelon conjugate pattern of subvertical fractures and exhibit 

rhombohedral geometry, consistent with strike-slip motion (Fig 5-10 and 5-

11). The fractures which strike N315° are interpreted as R fractures. Whereas, 

the fractures striking N030° are interpreted to represent R'; as they are 

conjugate with the R fractures. The fractures with N295° orientation are 

defined as P fractures as they are synthetic with R. The main fault zone, the 

Principal Deformation Zone, (PDZ) determined from these fractures (R, R' and 

P) strikes N300° and indicates a dextral displacement as illustrated in Figs. 5-

10 and 5-11. Based on the Riedel fractures, the direction of the maximum (δ1) 

and minimum principal stress are N350°-N000° and N080°-N090°, 

respectively. The intermediate principal stress (δ2) is perpendicular to (δ1) 

and (δ3), and is in vertical direction. In addition, a right lateral displacement is 

indicated by the offsets of rivers and valleys of the Ankarana Plateau (Fig 5-

10). An important question that arises is whether this N300° striking zone of 

right-lateral movement within the Jurassic limestone of Ankarana Plateau 

represents old structures within the crust or are newly-formed. It is possible 

that this zone of dextral movement stems from the right lateral movement 

along major transform faults that were formed during the southward motion of 

Madagascar with respect to Africa. Recent plate tectonic reconstruction of 

Madagascar based on geophysical data (e.g., gravity data, Phethean et al., 

2016) and sea floor spreading ages (Reeves et al., 2016) suggested that 

initial spreading between Madagascar and Africa occurred in a NNW-SSE 

direction, resulting in the development of dextral strike-slip faults within the 
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western Somalia basin such as those observed along the Ruvan basin. The 

dextral transform faults are believed to run through the Somalia-Kenya border 

to the middle of the Mozambique Channel and then to the north of 

Madagascar (Fig 1-1). With time, the spreading direction is believed to have 

rotated to almost a N-S orientation before reaching the Davie Ridge Fracture 

Zone where rifting ceased at around 125 Ma. In this sense, the dextral motion 

observed within the study area could be explained as a result of this strike-slip 

tectonism between Madagascar and western Somalia. Alternatively, other 

workers suggested that Madagascar broke away from Africa some 160 million 

years ago by dextral motion along the Davie Ridge (Reeves and de Wit, 2000, 

Reeves, 2014), causing the right-lateral strike-slip faults throughout 

Madagascar. Either way, Madagascar is presently bounded, in the northern 

and southern parts by two large dextral transform faults, and the strike-slip 

motion identified in the Ankarana Plateau is consistent with these paleo-stress 

regimes.  

Results from 3D seismic surveys in the offshore Majunga basin, just west of 

the study area show a half horst and graben rifting system (Tari et al., 2004) 

to the basement. However, the connections of this system to the study area is 

unknown and requires further investigation. Nonetheless, the Ankarana 

Plateau could represent part of a horst and graben system, as large fault 

scarps striking roughly NE-SW surround the Plateau to the north and to the 

south. If these R, R’ and P structures are coeval, they could be interpreted as 

the result of an extension associated with dextral movement, implying a 

dextral transtension regime. The en echelon faults/fractures observed in the 

Ankarana plateau could be associated with an oblique intracontinental rifting 
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(Agostini et al., 2009; Molnar et al., 2019). Or associated with the reactivation 

of pre-existing brittle structures, that facilitate the movement of magma to the 

surface, such as those observed in the Kenyan rift, of East Africa (Robertson 

et al., 2016).  

The relationship between vent locations and the en-echelon fracture sets are 

illustrated in Figs. 5-10 and 5-11. In the southern part of the Ankarana 

Plateau, some monogenetic volcanic cones vent along the R fractures, clearly 

suggesting that the fault system in the study area represents preferential 

magma pathways in the crust (Fig 5-11). Similarly, an intrusion of a large 

basaltic dyke parallel to these R fractures is observed in the eastern part of 

the Ankarana Plateau (Fig 5-12), further suggesting that pre-existing 

structures captured rising dykes in the study area. In some cases, these 

dykes can be traced back to the source cones (Fig 5-12).  

A comparison of the R, R’ and P fractures and lineaments extracted from 

volcanic cones, using best-fit ellipses and vent alignments suggests that faults 

could propagate northward and southward of the Ankarana Plateau, resulting 

in the preferential alignments of cones along strike. Nonetheless, please note 

that some of the conjugate fractures seen in the Ankarana Plateau are not 

related to a Riedel Shear, as some of the N030o fractures are offset by some 

of those at N315o. In this case, the fractures striking N030o likely coincide with 

major Precambrian structures associated with Pan-African orogenic events, 

whereas the features which trend N315o are consistent with fractures 

associated with the ongoing opening of the Somalia basin. 

Another critical question is why volcanic cones are localized within the zone of 

brittle deformation in the Anivorano region? One possible answer is that the 
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deformation events might have weakened the lithosphere, thus favoring the 

rise of melts within the tectonized zone. In summary, based on the above 

arguments, pre-existing structures play an essential role in the locations of 

individual monogenetic volcanoes in the AVF.  

6.4.2. Lineaments based on cones’ geomorphological features 

Geomorphological parameters associated with cones and craters and other 

volcanic features can be utilized in detecting lineaments and alignments in an 

area (Fig 6-2a,b,c,d). Elongated cones and craters, fissure cones, breaching 

direction, fault and fractures parallel to cone base and crater rim, linear 

arrangement of cones, clustered cones with satellites, and remaining vents 

and conduits after erosion have each been used in the past to identify 

alignments (Kear, 1964; Hasenaka and Carmichael, 1985; Tibaldi, 1995; 

Dóniz-Páez, 2004; Corazzato and Tibaldi, 2006; Tibaldi and Lagmay, 2006; 

Fornaciai et al., 2012; Tadini et al., 2014). A simple analysis of the vent 

locations and fault systems in the Anivorano region is presented in this 

section. 

Vent alignments are common in monogenetic volcanic fields and have been 

used as indicators of buried structures and subsurface dykes (Fig 5-18) 

(Tibaldi, 1995; Corazzato and Tibaldi, 2006). In the AVF, two major 

lineaments were identified based on volcanic vent alignments: N000o -N015 o 

and N300o -N315 o (Fig 6-2a,b). Previous regional seismotectonic studies 

(Bertil and Regnoult, 1998) suggested that at least two major tectonic trends 

are present throughout the island, which have been reactivated several times 

since ~540 Ma. These two major trends include N000 o -N030o and N140o -

N160 o (N320o -N340 o) (Fig 5-14; 5-15). The features oriented N320 o -N340 o 
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were interpreted as the inland extension of oceanic fractures associated with 

the opening of the Somalia basin between Madagascar and Africa. Whereas, 

the features oriented N000 o -N030 o have been attributed to Precambrian 

structures associated with the Pan-African orogenic events and have been 

reactivated several times since the drifting of India from Madagascar. The 

north-trending (i.e., N000 o) features affecting the entire island are interpreted 

as the result of an ongoing E-W extension tectonic regime, such as the 

southern extension of the EARS. The active Alaotra-Ankay rift system is also 

believed to be controlled by these features. In fact, recent seismicity within 

Madagascar shows that the vast majority of seismic activity lines up with 

these two major features (Bertil and Renouglt, 1998), suggesting reactivation 

of the remnant faults throughout the island.  

The two trends of lineaments inferred from the volcanic alignments in this 

study correspond to these two major tectonic features, consistent with 

reactivation of lithospheric structures in the region. It strongly suggests that 

pre-existing structures primarily control volcanic alignments in the study area. 

Also, their orientations closely match some of the Riedel fractures (e.g., R') 

and faults extracted from geological maps (1/500000 and 1/100000) and 

magnetic maps (Fig 5-18), further implying that vent alignments indeed reflect 

buried structures. Nonetheless, field investigations are needed to evaluate the 

relative importance of the Riedel System vs. major seismotectonic structures 

in vent alignments. In any case, rising dykes are interpreted to encounter pre-

existing structures, which then control the locations of individual monogenetic 

cones within the study area. More importantly, the occurrence of the two 
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trends further suggests systematic conjugate structures in the study area (Fig 

6-2b).    

Furthermore, volcanic cones often develop geometrically uniform shapes, and 

there is a variation between its long and short axes (Wood, 1978, Tibaldi, 

1995). The elliptical form of cones can develop as the result of the orientation 

of tectonic stresses in the area, such that the long axis of cones tends to align 

parallel to the minimum horizontal stress orientation (Bosworth et al. 2003; 

Wormald et al. 2012). Therefore, elongation of vents into elliptical shapes can 

be used to reconstruct the direction of principal stress in a given area (Casey 

et al. 2006, Holohan et al. 2008; Robertson et al., 2016) and hence, the trends 

of buried subsurface structures (e.g., Paulsen and Wilson, 2010). Three major 

orientations were identified in the AVF based on the long-axis diameters of 

cone bases: N000 o -N015 o, N030 o -N045 o, and N315 o -N330 o (Fig 6-2). 

More or less similar trends were obtained on the basis of the crater rims' long-

axis diameters (e.g., N030 o -N045 o and N300 o -N315 o) (Fig 6-2). In general, 

lineaments obtained from cone base and crater rim long axes match those 

determined from vent alignments, suggesting that elongated vents can indeed 

provide reliable stress indicators, without the need to define vent alignments 

as suggested by Paulsen and Wilson, (2010). Two general trends are 

consistent with the major tectonic features observed in Madagascar (Fig 6-2). 

The N000 o -N015 o and N030 o lineaments can be attributed to the 

reactivation of Precambrian structures developed during the Pan-African 

orogenic events. Whereas the N315 o -N330 o can be interpreted as 

associated with the reactivation of fractures related to the opening of the 

Somalia basin. These two trends are also comparable with some of the Riedel 
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fractures (R and R') (Fig 5-10). But, the N030o -N045 o trends are not 

associated with any known tectonic features identified in Madagascar and 

require further investigations on neoformation and syn-eruptive fractures 

developed during magma ascent.   
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Figure 6-2- Summary of rose diagrams from Chapter 5 that together can be used to interpret a Riedel fracture/fault system in the 
study area. 6a) Rose diagrams based on long axes of cones and craters in volcanoes (Fig 5-14), 6b) Rose diagram related to 
elongated geomorphological features (Fig 5-15) and Breaching (Fig 5-13), 6c) Rose diagram from magnetic map data and surficial 
geological brittle structures (Figs. 5-18 and 5-10), 6d) Rose diagram in using the Azimuth geostatistical method (Figs 5-19 and 5-
20). 
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Cone ellipticity (long axis/short axis) was used to analyze different tectonic 

settings (Tibaldi, 1995; Corrazato and Tibaldi, 2006). Previous workers found 

that cones with a more circular shape to slightly/moderately elliptical (Rxy=1 to 

2/3) are mostly found in rift zones like the Ethiopia Rift in North Africa (Fig 6-

1a). Whereas volcanic cones associated with trans-tensional zones such as 

the Mexican Volcanic belt in subduction settings tend to show more elongated 

shapes with ellipticity values greater than 2/3. Likewise, hotspots like those 

responsible for volcanism on Lanzarote, Spain produce cones very similar to 

those observed in subduction zones in Mexico and characterized by ellipticity 

values greater than 2/3 (Tibaldi, 1995) (Fig 6-1c,d).   

Cone and crater ellipticities of volcanoes in the study area (Fig 5-16, 5-17) 

were compared with data provided by Tibaldi (1995) from different tectonic 

settings (Fig 6-1). In general, the ellipticity values of individual cones in the 

study area are very similar to those of the Ethiopian Rift. This suggests that 

the study area is more likely associated with a rift zone rather than a 

subduction zone. Ellipticity of some of the craters also show similarities to 

those of the Lanzarote hotspot data (Fig 6-1c).  

Comparing plotted data related to the ellipticity of cones and craters in the 

study area with those of Tibaldi (1995) suggest that AVF falls in between the 

rift zones of the Ethiopia Type and Hot Spots of the Lanzarote Type (Fig 6-

1a,c). However, tracing the Marion hot spot (Fig 3-3) shows it was far away 

from Montagne d’Amber during Cenozoic activation (Bardintzeff et al., 2010).   
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6.4.3. Lineaments extracted from geophysical data 

Lineaments extracted from geophysical data and magnetic maps from the 

southern part of the study area are consistent with mapped geological 

structures (Fig 5-18). Note that magnetic and geological maps are used only 

as validation maps in this study, but still allow some interpretations. For 

instance, zones with a high concentration of volcanic cones in the southern 

part of the study area coincide with highly magnetic zones in the basement 

seen on Fig 5-18. In addition, basement structures that generally trend NW-

SE appear to propagate towards the center and northern parts of the study 

area. Moreover, the spatial correlation between geological structures within 

the basement and the volcanic cones of AVF is clear (Fig 5-18), as volcanic 

alignments fit very well with the trends of pre-existing faults and fractures, 

suggesting that AVF represents a tectonically controlled volcanic field (Fig 6-

2c).  Although conjugate fractures can be found in the basement (Fig 5-18), 

and some are subparallel to R and P fractures, their links to the Riedel system 

seen in Ankarana Plateau are not clear and need further investigation. 

6.4.4. Lineaments based on geostatistical methods 

Additionally, geostatistical methods can detect lineaments associated with the 

spatial distribution of vents. Four main orientations of lineaments were 

identified using the two-point azimuth method of Lutz (1986) and the density 

map generated from these two-point lines (Fig 5-19, Fig 6-2d). Those 

lineations are N000 o -N015 o, N015 o -N045 o, N045 o -N060 o, and N345 o -

N000 o. A slightly modified azimuth method developed by Cebriá et al. (2011) 

was used to detect three lineament orientations, including N000 o -N045 o, 



127 
 
 

 

N285 o -N300 o, and N330 o -N345 o. Note that the vent alignments outlined in 

Section 6.4.2 require at least three points, representing three aligned cones, 

as any two points form a line, even with large distances between the vents. In 

contrast, these two methods, the two-point and modified azimuth, require only 

two points (Figs 5-19 and 5-20). The N000 o -N015 o and N015 o -N045 o (i.e., 

N000 o -N045o) results from these two methods (i.e., Lutz, 1986 and Cebriá et 

al., 2011) match some of the orientations of lineaments that were defined 

based on the cone base and crater rim long axes diameters (i.e., N000 o -

N015 o, N030 o -N045 o) and those identified based on volcanic vent 

alignments (i.e., N000 o -N015 o). Some of these orientations coincide with one 

of the main tectonic features in Madagascar (i.e., N000 o -N030 o). 

Consequently, their tectonic interpretation and geological significance point to 

the reactivation of Precambrian structures developed during the Pan-African 

orogenic events. Cebriá's method identified lineaments oriented N285 o -N300 

o, which coincide with the main fault zone (PDZ) in the Jurassic limestone in 

Ankaratra Plateau (Fig 5-10).  

But both two-point azimuth methods fail to help identify the N300 o -N315 o 

and N315 o -N330 o orientations determined from cone base long-axis 

diameters and volcanic vent alignments, respectively. As mentioned above, 

the N315 o -N330 o orientations closely match the tectonic features oriented 

N320 o -N340 o, which have been interpreted as the inland extension of 

oceanic fractures associated with the opening of the Somalia basin between 

Madagascar and Africa. Instead, the geostatistical methods depict new trends 

oriented to N045 o -N060 o and N345 o -N000 o, which are not associated with 
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known major tectonic features. These lineaments are questionable and 

require direct field observations to confirm their existence and geological 

importance within the volcanic field. If present, they may reflect self-

propagating fractures or dykes during magma ascent. 

Nonetheless, lineaments trending N030 o and N315 o can be interpreted as 

conjugate fractures, and are indeed parallel to R' and R of the Riedel system 

seen in the Ankarana Plateau (Fig 6-2d). As noted above, similar trends were 

obtained from the density map generated from the two-point azimuth lines 

(Fig 5-19).  

Data generated by geostatistical methods were more influenced by the 

pattern and general geometry of the volcanic field (e.g. elongation of volcanic 

field).  

6.5. Summary of factors controlling magmatism in the Anivorano area  

As shown by numerous studies (Tibaldi, 1995; Corrazato and Tibaldi, 2006), 

monogenetic volcanoes can vent along pre-existing faults and are often 

aligned along such structures in monogenetic volcanic fields regardless of 

tectonic settings. Observations at the AVF are consistent with these findings. 

Volcanism in the AVF is intimately tied to fault systems in the region. This is 

shown by three features. First the alignments of vents within the volcanic field. 

Secondly, the orientations of the elongate vents that are consistent with the 

known tectonic features in Madagascar; and thirdly the colocation of volcanic 

cones with mapped geological structures. These results suggest that pre-

existing structures in the region were reactivated and play an important role in 

the location of individual monogenetic volcanoes in the Anivorano area. These 
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pre-existing structures are interpreted to represent zones of weakness that 

occur within the projection of the magma source regions and have captured 

rising dykes. This process can happen only when the rates of dyke injection 

do not exceed tectonic strain and faults are abundant. This results in dykes 

that fill and propagate along the pre-existing faults. Previous studies indicate 

that in monogenetic fields, dyke propagation is dominantly vertical rather than 

horizontal (Gaffney et al., 2007; Valentine and Keaten, 2007). It follows that 

capture of a rising dyke is limited to a high-angle fault; however, capture by a 

shallow dipping fault is possible if the intersection of the dyke with the fault 

occurs at shallow depth (Gaffney et al., 2007). These two scenarios might 

have operated within the AVF, as demonstrated by the presence of fissure 

cones that may be developed along steeply-dipping faults and clustered 

cones possibly along shallow-dipping faults. Furthermore, the capture of 

dykes by pre-existing faults is interpreted to reflect low, long-term magma 

fluxes and suggest an extensional tectonic regime (Parsons and Thompson, 

1991; Valentine and Perry, 2007). The close relationship between faults and 

vent locations in AVF strongly suggests that the field is a tectonically rather 

than a magmatically controlled volcanic field. 

Nonetheless, trends (e.g., N030 o - N045 o) that are not associated with known 

tectonic features in Madagascar might reflect syn-eruptive fractures 

developed during magma ascent. One possible way to generate the syn-

eruptive fractures is by dyke propagation through the hanging wall. As 

indicated by previous work (Gaffney et al., 2007), when the vertically rising 

dyke intersects a fault, it either opens and flows along the fault or opens up 
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new fractures in the hanging wall. If the magma pressure required to flow 

along these newly-developed fractures is less than that required to flow along 

the pre-existing fault, the dyke more likely flows along the new fractures. Also, 

in the absence of pre-existing structures, vertical magma ascent through the 

crust is possible in self-propagating fractures. This is possible if the dyke 

remains connected to the high-pressure magma chamber, or the rising dyke is 

separated from its sources, with concentration of volatiles on the advancing 

upper tip. The volatile-rich tip decreases the hydrostatic pressure at the base 

of the dyke and allows the surrounding rocks to squeeze in and push the 

magma upward (Valentine and Gregg, 2008). Based on the data obtained 

from this study, the fundamental factors controlling the location of volcanic 

cones within the AVF include; 1) pre-existing structures, 2) abundant mantle-

derived melts beneath the area, and 3) topographic variations. The relatively 

large number of volcanoes and the range of topographic settings, including 

both topographic lows and highs in the AVF provided an opportunity to 

explore these factors for the first time. 
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Chapter 7: Conclusions 

7.1. Introduction  

Mapping of volcanic cones, morphometric analyses of volcanoes and 

interpretations of the geological and geophysical conditions were undertaken 

on the northern part of the island of Madagascar. Madagascar contains a 

number of Quaternary volcanic fields suggested to be associated with the 

ongoing continental break-up of the island from the continent of Africa. The 

purpose of this thesis is to better understand the relationship between the 

distribution of volcanic vents in monogenetic fields and the underlying 

geological structures in the AVF in northern Madagascar. Remote Sensing 

techniques provide compelling evidence of the relationships between vent 

alignments and volcanic cones and feeder dykes with additional data obtained 

from geomorphological and geostatistical analyses. Lineaments were 

identified using data from morphometry/geomorphology, geology, and 

geophysics. The results of the five objectives of this study are outlined below.  

7.2. Mapping of the Anivorano Volcanic Field  

One hundred and forty-six (146) volcanic vents have been detected in AVF 

based on remote sensing (Fig 5-1). Spatial distribution of cones clearly 

illustrates high densities of cones (9 cones per 10 km2) in the southern and 

southwestern parts of the study area. This is thought to be related to the 

presence of abundant melts beneath the area. The NE-SW trend shown by 

the density of cones on the map (Fig 5-1) appears to be related to several 

factors. These factors include the presence of major faults, the unconformity 



132 
 
 

 

between Phanerozoic sedimentary rocks and the Neoproterozoic Bemarivo 

block, and may be the size and shape of the mantle source beneath the area.  

7.3. Morphometric analyses and classification of volcanic cones  

Six groups of volcanic cones were classified using information from analyses 

of the morphometry and morphology of volcanic features. Morphometric 

parameters included: (1) cone height (Hco); (2) cone base long (Colgx) and 

short (Coshx) axes; (3) crater rim long (Crlgx) and short (Crshx) axes; (4) cone 

base area (CoA); (5) crater rim area (CrA); (6) ratio of cone base long and 

short axes (Rco); (7) ratio of crater rim long and short axes (Rcr); (8) orientation 

of cone base long axis (Colgxo); (9) orientation of crater rim long axis (Crlgxor). 

The six types of cones are: 1) Circular Cones, 2) Horseshoe Cones, 3) 

Fissure Cones, 4) Multiple Clustered Cones, 5) Multiple Craters in a Single 

Cone and 6) Complex Cones (Table 5-2). Based on the axial ratios of the 

cones, the volcanic cones are classified as circular (Rf~1), slightly to 

moderately elongated (Rf ~1 to 2/3), elongated (Rf ~2/3 to 1/3) and very 

elongated (Rf < 1/3). 

The most common cones, HC, are horseshoe-shaped due to a breach in the 

crater rims and subsequent gentle slope. Breaching in most HC is more likely 

associated with outpouring of lava flow along the weakest zone of the cone. 

However, breaching directions parallel to and perpendicular to the mapped 

structures could be attributed to influence of pre-existing structures. The 

second most common cones are the CC, characterized by a single closed-

loop crater. These cones commonly formed in areas of low slopes <10o, that 



133 
 
 

 

suggest they developed around a single vertical feeder conduit on a 

subhorizontal substrate.  

FC are elongated cones produced by fault-fed volcanism controlled by pre-

existing structures. The main mechanism responsible for the morphology of 

fissure cones is their eruption along high-angle or subvertical, implying that 

they are reliable indicators of stress. MC are coalescence of CC or HC. These 

groups formed as a result of the migration of vent/conduit locations on a very 

small scale or the result of multiple eruption points during the same eruption 

event. MCSC contain multiple cones in a crater rim that can be circular, 

crescent-shape, and elongated shapes. These cones could be the products of 

a single monogenetic episode with multiple eruption points and lateral 

vents/conduits or several sequential eruptive episodes sourced from the same 

magma pool. CO are composed of clustered, superimposed cones that could 

form from fractures feeding a great number of eruption points with shorter 

temporal separations. 

Although there is no clear relationship between topography, notably elevation 

and slope angles and the resultant morphology of volcanic cones, the majority 

of the volcanic cones are found to concentrate in areas of lower elevation, 

between 200 and 400 m and lower slopes <10˚. This is particularly noticeable 

in the southwest part of the study area and suggests that feeder dyke systems 

tend to avoid intrusion into areas of higher elevation in response to lateral 

variations in confining stress. 
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7.4. Lineaments and tectonic processes   

Subvertical fractures with en-echelon and conjugate pattern and 

rhombohedral geometry in the Ankarana Plateau represent a Riedel fracture 

system with strike-slip motion (Fig 5-11). Principal Deformation Zone 

determined from the Riedel system (i.e., R ~N315°, R’ ~N030° and P ~N295°) 

strikes N300° and indicates a dextral displacement (Figs. 5-10 and 5-11). 

Based on the Riedel fractures, the direction of the maximum (δ1) and 

minimum principal stress are N350°-N000° and N080°-N090°, respectively. 

The intermediate principal stress (δ2) is perpendicular to (δ1) and (δ3), and is in 

vertical direction. Dextral movement could be related to a southward motion of 

Madagascar with respect to Africa during a time where it rotated to close to N-

S before reaching the Davie Ridge Fracture Zone at around 125 Ma. 

Concentration of brittle deformation in the AVF may be related to a weakened 

lithosphere resulting from rising melts within the tectonized zone. Moreover, 

large fault scarps striking roughly NE-SW surround the Plateau (Fig 5-10) 

could be part of a horst and graben system. This system, the result of crustal 

extension associated with dextral movement, implying a dextral transtension 

and early stage of an intracontinental rifting.  

Some of the lineaments deduced from the long axis (N000 o -N030 o and N315 

o -N330 o) of the best-fit ellipses of the volcanic cones are consistent with the 

major Precambrian structures associated with the Pan-African orogenic 

events, and those associated with the ongoing opening of the Somalia basin. 

However, the lineaments trending N030 o -N045 o are not associated with any 
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known tectonic features identified in Madagascar, and thus require further 

investigations. 

Two major lineaments were identified based on volcanic vent alignments, 

N000°-N015° and N300°-N315°. These two trends are also consistent with the 

major tectonic features determined from other regional Seismotectonic studies 

(Bertil and Regnoult, 1998). They are interpreted as reactivated Precambrian 

structures associated with the Pan-African orogenic events resulting from the 

drifting of India away from Madagascar, and inland extension of oceanic 

fractures associated with the opening of the Somalia basin between 

Madagascar and Africa, respectively. These trends closely match some of the 

Riedel fractures (e.g., R') and faults extracted from geological maps (Fig 5-10) 

and magnetic maps (Fig 5-18), and strongly suggest that pre-existing 

structures primarily control volcanic alignments in the study area. North-

trending (i.e., N000°) features are interpreted as the results of an ongoing E-

W extension tectonic regime related to the EARS.  

Lineaments extracted from cone base and crater rim elongations match those 

determined from vent alignments and Riedel fractures. This suggests that 

elongated vents can provide reliable indicators of stress. 

Although cone ellipticity (long axis/short axis) of individual cones are very 

similar to those of the Ethiopia Rift and Lanzarote hotspot, tracing the Marion 

hot spot shows it was far away from northern Madagascar and thus the Rifting 

geological setting can be considered in AVF based on ellipticity data. 

Geostatistical methods provide four potential orientations of lineaments that 

match some of the lineaments orientation results measured from the cone 
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base and crater rim long axes diameters and those identified based on 

volcanic vent alignments.  However, the methods depict new trends, N045°-

N060° and N345°, which are not associated with known major tectonic 

features. These lineaments are questionable and require direct field 

observations to confirm their existence and geological importance. 

7.5. Vent distribution and relation to structures 

Volcanism in the AVF is intimately tied to the fault system in the region. This is 

shown by three features. First, faults are parallel to cone alignment within the 

volcanic field. Second, the orientations of the cone elongation are consistent 

with the known tectonic features in Madagascar; and third, volcanic cones 

often co-locate with mapped geological structures. These results suggest that 

pre-existing structures in the region were reactivated and play an important 

role in the location of individual monogenetic volcanoes in the Anivorano area. 

Steeply-dipping fissure cones support the premise that dykes propagate along 

pre-existing faults, interpreted to reflect low long-term magma fluxes and 

suggest an extensional tectonic regime. The close relationship between faults 

and vent locations in AVF suggest strongly that the AVF is a tectonically 

controlled volcanic field rather than a magmatically controlled field. But the 

trends that are not associated with known tectonic features in Madagascar 

(e.g., N030°-N045°) might reflect syn-eruptive fractures developed during 

magma ascent.  

The results of this study, show that the fundamental factors controlling the 

location of volcanic cones within the AVF include;  
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Pre-existing structures, 2) abundant mantle-derived melts beneath the area, 

and 3) topographic variations.  

7.6. Future Research 

Field studies in AVF will provide opportunities to learn more about this young 

volcanic field and the interplay between monogenetic volcanism and 

geological structures. Sampling rocks in selected areas from volcanoes and 

dykes will help in deciphering the type of magma present and other effects of 

hot magma upon the surrounding/country rocks. Geochemical studies of 

samples (rocks and associated xenoliths and xenocrysts) will provide valuable 

information about the source of magma and changes that happened during 

eruption in this area. In addition, it will definitely help in understanding the 

relationship between surficial and deep geological structures of this area. 

Isotopic studies and dating methods of young basaltic magmas will provide 

the age and duration of volcanism in the area, as well as of the country rocks. 

Lithological and structural mapping are also important, and can be used to 

check the accuracy and precision of our results (e.g., do the faults really exist, 

their kinematics, size, extent, orientation etc.). Active tectonic and neotectonic 

studies in the area could provide more ideas about the recent tectonic 

activities in AVF. Exploring the direction of principal stress by integrating 

updated Seismotectonic data, velocity data, reflection seismic data, GPS and 

field data will further our understanding going forward. 
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Enclosed table 5-1- Morphometric parameters were extracted from Imagery data and DEM 
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