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Abstract 

Monogenetic volcanic fields (MVFs) comprise numerous volcanic centers, 

distributed across large areas. Understanding the relative importance of various 

tectonic and magmatic controls on field evolution is pivotal to hazard analyses, and is of 

particular importance in New Zealand, where the highest population density resides on 

the active Auckland Volcanic Field (AVF). This thesis provides insights into this problem 

through studies at different scales (from multiple volcanic fields, to a single volcanic 

field, to propagation of a single dike) and different dimensions (from 2D surficial spatial 

analysis to 4D spatio-temporal analysis of the chemical composition of erupted 

products).  

Tectonic control or the influence of pre-existing faults is often invoked to explain 

alignments and statistical distributions of volcanic centers in MVFs; however, a global 

comparison has been lacking. I present a new global analysis of the spatial distribution 

of volcanic centers within 37 MVFs, and show: 1) a common clustered distribution of 

volcanic centers, 2) independency of clustering on tectonic environment, 3) dependency 

of volcanic field shape on tectonic environment, and 4) influence of tectonic 

environment on the number of preferred orientations of volcanic alignments.  

Controls on volcanic alignments are explored using analogue models to evaluate 

the impact of pre-existing faults on dike propagation. These reveal that lateral distance 

between fault(s) and dikes, and angle of approach, have the greatest control on the 

tendency of a dike to modify its trajectory to intercept pre-existing faults, thus 

modifying the distribution of volcanic centers. Pre-existing faults also affect dike 

geometry and velocity, as did dike volume.  
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The AVF is an outlier in the global comparison, having an apparently random 

distribution. Taking advantage of newly available geochemical data and 

geochronological models, I present a new methodology that combines time, location and 

chemistry of each eruption, to evaluate the evolution of this MVF. The method looks for 

the spatio-temporal evolution of volcanic centers using the nearest neighbour analysis 

and statistical correlations between chemical composition of erupted products and 

time, distance and volume between successive eruptions. In spite of data limitations, the 

nearest neighbour analysis reveals that the magma source shows a constant spatial 

behaviour through time and the statistical correlations show that the spatial 

distribution of volcanic centers, i.e. the release of magma, is controlled by the behaviour 

of the source. As well as offering insight to the deep workings of the AVF, this method 

offers considerable potential to understand the behaviour of monogenetic basaltic 

volcanism elsewhere.   
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Part 1 Introduction 

Monogenetic basaltic volcanism reflects complex non-linear relationships between deep 

mantle sources and shallow plumbing systems, which lead to the generation of fields of 

individual typically short-lived volcanoes at the surface of the Earth. The following 

questions frame the current research:  

 What determines the location and sequence of formation of the individual 

volcanoes within such a field? 

 Is there a demonstrable relationship between tectonic features (e.g., rift zone, 

subduction zone) and the location and shape of a monogenetic basaltic field? 

 What are the processes (chemical, physical and temporal) and controls 

(mechanical and dynamic) involved in the movement of magma through the 

lithosphere from its source at depth to an individual volcano at the Earth’s 

surface? 

The understanding of such volcanic systems is necessary to forecast future eruptions. 

This is of particular relevance for the Auckland Volcanic Field (AVF), which lies beneath 

New Zealand’s largest city (population 1.5 Million) and main economy hub. In this 

thesis, I investigate the structural and physical controls on, and magma transport 

processes in, monogenetic basaltic volcanic fields, with an emphasis on the AVF. 

In the following sections, I first briefly introduce past work on physical controls acting 

on monogenetic basaltic volcanism, and the AVF, then I outline the different parts of this 

thesis. 
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1.1  Background 

1.1.1 Physical controls on monogenetic volcanism 

Work on the relationship between stress fields and volcanism has been going on 

for more than 30 years (e.g., Nakamura, 1977; Takada, 1994). New Zealand is a good 

place to learn about this relationship, since its volcanic activity takes place in different 

tectonic settings (e.g., arc-related: Wilson et al., 1995), intraplate: [Hodder, 1984]. While 

the TVZ has been studied in much detail (e.g., Rowland et al., 2010 and references 

therein), the relationship between stress fields and volcanism of the AVF remains quite 

contentious [Spörli and Eastwood, 1997]. 

Basaltic magmas are thought to ascend through the lithosphere by propagating magma-

filled cracks, or dikes [Rubin, 1995]. The main driver is believed to be the difference in 

density between the fluid inside the crack and the density of the surrounding rock, 

creating a buoyancy effect [Weertman, 1971; Secor and Pollard, 1975]. However, many 

studies have also considered the mechanical properties (fracture toughness) of the 

lithosphere which have to be overcome in order to allow a dike to propagate upward 

(i.e., Taisne and Tait, 2009), implying that the dike may first have to acquire a critical 

height before it can propagate [Lister and Kerr, 1991].  
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Figure 1-1: Vertical cross sections illustrating two mechanisms for upward propagation of basaltic dikes 
through the crust. Not scaled. (A) Dike connected to its source. (B) Dike not connected to its source, also 
called a Weertman dike. Modified from Valentine and Gregg [2008]. 
 

Furthermore, upward dike propagation of basalt can be driven by: 

1. a high-pressure boundary condition at the base of a dike (e.g., a magma source 

region or crustal chamber) in situations where the dike remains connected to the 

magma source (Figure 1-1A),  

2.  the tendency of wall rocks to close the base of the dike and squeeze the magma 

upward to drive continued propagation in situations where the dike does not 

remain connected to the magma source (Figure 1-1B) At the tip, dike 

propagation can be accentuated by exsolution of fluid [Rubin, 1995]. 

The orientation of dikes is believed to be perpendicular to the least compressive stress 

(σ3). The orientation of a propagating dike can be affected by discontinuities within the 

medium [Kavanagh et al., 2006; Maccaferri et al., 2010] and changes in magnitude and 

direction of σ3 [Gudmundsson et al., 1999; Motoki and Sichel, 2008; Menand et al., 2010]. 

These changes in σ3 orientation can also be caused by dike-induced stresses on wall 

rocks [Parsons et al., 1992]. As a rising basaltic dike approaches the Earth's surface, it 

may intercept a fault or joint, and may be diverted by it if the magma pressure can 
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overcome the compressive stress perpendicular to the fracture [Gudmundsson, 1983; 

Valentine et al., 2000; Ziv et al., 2000; Gaffney et al., 2007]. Both processes may result in 

alignments of volcanic fissure vents and cones (e.g., Nakamura, 1977; Connor, 1990; 

Condit and Connor, 1996; Connor and Conway, 2000; Aranda-Gomez et al., 2003). 

1.1.2 The Auckland Volcanic Field 

The AVF consists of ~50 volcanic centers, including scoria cones and associated 

lava flows, maars and tuff rings spread over an elliptical area of 360 km2 [Kermode, 

1992; Spörli and Eastwood, 1997] (Fig. 1-2). The field is believed to have been initiated 

in the Late Pleistocene (~ 250 ka) [Shane and Sandiford, 2003] (Fig. 1-3). Although 

reliable age determinations of volcanic centers are still sparse, new tephrochronology 

studies have shown a frequency of one eruption every 3.5 ka; however recurrence times 

fluctuate from <0.5 to 20 ka without any temporal trend [Molloy et al., 2009]. Initially it 

was believed that each volcanic center was the result of one separate eruption; however 

recent work by Spargo [2007] and Needham et al. [2011] has shown that some of the 

volcanoes appear to have erupted more than once. In particular, there is strong 

evidence that Rangitoto, ~600 years ago, had at least two eruptive phases separated by 

a time gap of several decades [Needham et al., 2011]. An important flare-up of activity 

has been constrained using geophysical (magnetic) data, Ar-Ar dating and 

tephrochonology as occurring ~30 ka ago, with five distinct volcanic centers formed in a 

brief period of time (50 – 100 years) [Cassidy and Locke, 2004; Cassidy, 2006; Cassata et 

al., 2008].  
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Figure 1-2: Location of the volcanic centers (red triangles) within the Auckland Volcanic Field. The red 
ellipses are considered single volcanic center, in my study; these represent either adjacent volcanic 
centers (e.g., Grafton and Domain), or a single centre with several events (e.g., Rangitoto and Mt 
Wellington). 
 

The AVF does not display any simple spatio-temporal pattern [Bebbington and 

Cronin, 2011]; this may in part be due to the still small number of reliable absolute age 

determinations [Lindsay et al., 2011]. Spatial patterns have been examined by Kear 

[1964] and von Veh and Nemeth [2009], and indicate NNW-SSE and ENE-WSW 

structural trends, similar to the dominant trends in the fault system affecting the 

northern part of the North Island [Spörli, 1989]. Defining a spatio-temporal trend in the 

AVF is an important goal in order to locate and mitigate any future volcanic eruption 
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and to optimize evacuation plans [Lindsay et al., 2011]. 

The AVF overlies Pleistocene/Holocene sediments and the turbidite sequences of 

the Miocene Waitemata Group [Ballance, 1974]. These are in turn underlain, from west 

to east, by basement rocks of the  Mesozoic Murihiku terrane [Edbrooke, 2001], the Late 

Palaeozoic Maitai terrane, including the Dun Mountain Ophiolite [Eccles et al., 2005] and 

the Waipapa terrane [Spörli et al., 1989]. The basement rocks were accreted to the 

Gondwana margin of New Zealand by Late Jurassic/early Cretaceous time and are 

capped by Early Tertiary shelf sediments [Edbrooke, 2001]. After accretion, the 

basement rocks were affected by the rifting of New Zealand away from the Gondwana 

margin [Bradshaw, 1989; Gaina et al., 1998]. The network of extensional block faults 

initiated during this rifting has dominated subsequent fault patterns (e.g., Kamp, 1986), 

leading to important ENE-WSW and NNW-SSE structural trends in the Auckland region 

[Edbrooke, 2001], the latter of which still may be active [Wise et al., 2003]. 

After its initiation in the Miocene, the subduction zone migrated from the 

Northland Peninsula to its present position along the Hikurangi margin, with formation 

of the associated Taupo Volcanic Zone (TVZ) [Nicol et al., 2007]. The AVF is today 

situated 400 km west of the Hikurangi margin and is either considered to be in a back-

arc regime [Cook et al., 2005] or in an intraplate extension area [Smith, 1989]. The AVF 

is the last of a series of northward propagating volcanic fields, which started 2.5 Ma ago 

on the west coast ~100 km south of Auckland [Spörli and Eastwood, 1997] (Fig. 1-3). 
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Figure 1-3: The Auckland Volcanic Field is the last of a series of four monogenetic basaltic volcanic fields 
which started in Okete (~2.69 Ma ago) in the North part of the North Island of New Zealand. 
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1.2  Thesis outline 

In Part 2 of this thesis, the physical controls on magmas in monogenetic volcanic 

systems are reviewed, covering the generation of magmas to their potential eruption at 

the surface. The generation of monogenetic volcanic fields is a peculiar type of 

volcanism in which each new eruption typically happens at a different location. 

Therefore these volcanic systems must be controlled by a balance between the 

generation and release of the magma at the source and the propagation of magma 

within the surrounding medium.  

Because each monogenetic volcanic field is composed of a multitude of volcanic vents 

mainly formed through a single eruption, fundamental physical or structural controls 

may act on their occurrence and spatio-temporal evolution. However, each volcanic 

field is unique because of non-linear interactions among the controlling processes. Thus 

in Part 3, I discuss the similarities and differences in the arrangement of volcanic 

centers within a worldwide population of monogenetic volcanic fields. The location of 

volcanic centers within monogenetic volcanic fields is believed to be representative of: 

1. tectonic controls [Connor et al., 1992], 2. lithospheric controls [Shin et al., 2012], and 

3. magmatic controls [Brenna et al., 2012b]. Analysing the location of the volcanic 

centers within a population of volcanic fields using similar methods (Poisson nearest 

neighbour and alignment analyses) allows for the classification of volcanic fields. 

Although the spatial distribution of vents cannot elucidate in detail the influence of pre-

existing crustal fractures, the results of the volcanic alignment analysis point toward the 

competition of two end-member controls: 1. the stress field and 2. the presence of pre-

existing fractures. The contribution of each end-member is controlled by secondary 

factors: the differential stress and the magma pressure, respectively. 



9 | P a g e  

 

The role of pre-existing crustal fractures and their influences on magma propagation is 

a complicated topic, because the dynamics between a propagating dike and a pre-

existing fracture have never been observed. In Part 4 of this thesis, I discuss the 

interaction of ascending magmas with pre-existing crustal fractures in monogenetic 

basaltic volcanism using an experimental approach. It is well accepted that the upper 

part of the lithosphere is not homogeneous but highly fractured. Such fracture systems 

are scale-independent in the crust [Bonnet et al., 2001] and potentially influence the 

propagation of dikes [Valentine and Krogh, 2006]. I studied the potential effect of one or 

several pre-existing crustal fractures on the propagation of a buoyancy-driven dike 

(modelled with air) in different stress environments (hydrostatic and extensional) in an 

elastic medium (here modelled with gelatine). 

Despite limited age control for most volcanic fields, time plays an important role in the 

evolution of monogenetic volcanic field, thus in the forecasting of future eruptions in 

populated areas. Part 5 of this thesis is dedicated to the Auckland Volcanic Field. I used 

a recent event-order model to statistically analyse: 1) the temporal evolution of the 

spatial distribution of the volcanic vents within the field; and 2) the variation of 

geochemical content from two successive eruptions as a function of time, distance and 

volume. 

Finally, Part 6 presents a short discussion that synthesizes the results of Parts 3, 4 and 

5, and then concludes this thesis with my perspective on further potential research. 
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Part 2 Physical controls on magmas in monogenetic volcanic 

systems: from magma generation to surface eruption. 

2.1  Introduction 

This review summarizes the current state of knowledge on the physical controls in a 

monogenetic volcanic system, which include: (1) the melting anomaly at the magma 

source; (2) the conduits through which magma rises to the surface; (3) the magma 

chambers (if any are formed); (4) the zones of geothermal influence; and (5) the 

volcanic edifice [Walker, 1993; 2000]. The generation, segregation, and propagation of 

mafic magmas, from the mantle to the surface of the Earth, involve different time and 

spatial scales [Walker, 1993; 2000; Canon-Tapia and Walker, 2004]. An understanding 

of the physical controls on these processes is fundamental to understanding the 

occurrence and development of monogenetic basaltic volcanism anywhere around the 

world. Mafic magmas are generated by partial melting in the upper mantle [O’Hara, 

1965]. The first melts are formed in a partially molten mantle matrix and are considered 

to have an ascent rate on the order of only several to tens of centimetres per year due to 

the high viscosities of the mantle matrix involved [Rubin, 1993a; Hewitt, 2010]. Melt 

segregation is also a slow process occurring on the order of millimetres per year [Faul, 

1997]. On the other hand, basaltic volcanic eruptions liberate large volumes of mafic 

magmas and last from days to years, with dikes propagating on the order of meters per 

second [Battaglia et al., 2005; Demouchy et al., 2006]. Fast extraction of large amounts 

of mafic magma from the mantle is thus considered to be controlled by hydraulic 

fracturing driven by magma within cracks (dikes) [e.g., Rubin, 1995; and references 

therein]. The various processes involved in a volcanic system are listed in Table 2-1. 
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Magma generation 

Decompression Influence of volatiles Heating 

[Weinberg, 1997] [Bailey and Hampton, 1990] [McBirney, 1963] 

Magma segregation 

Buoyancy Flow Fracturing Shearing 

[Yoder, 1976] [Maaløe and Scheie, 1982] [Sleep, 1988] [Holtzman et al., 2003] 

Magma propagation 

Ascent (incl. Diapirism) Flow Fracturing 

[Weinberg and Podladchikov, 1994] [Turcotte and Ahern, 1978] [Weertman, 1971] 
 

Table 2-1: Mechanisms involved in a magmatic-volcanic system. 
 

The reasons magma accumulates and then propagates toward the surface, as well as the 

nature of the principal drivers of its propagation, are still debated [Valentine, 1989], 

despite the importance of these key processes for predicting future eruptions in 

monogenetic basaltic fields. In addition to the controls on magma propagation at depth, 

another concern arises when one looks at the development of a monogenetic basaltic 

volcanic field at the Earth’s surface. This type of volcanism is characterized by small 

volcanic centres (i.e., scoria cones, maars, tuff rings and shield volcanoes) scattered 

across a restricted area (i.e., a field). In general, each volcano in a monogenetic basaltic 

volcanic field is related to one single eruption [Brenna et al., 2011], corresponding to a 

single transfer of magma from a source at depth up to the surface. Therefore, an 

important question is what causes each magma batch to extrude at a different location.  

To set the framework for the thesis, this Part describes the general physical controls 

acting on the magma from its source to surface. Firstly, the rheological characteristics of 

the medium hosting the magma from source to surface are summarized, and then 

different theories on how and where magmas are generated are discussed. Finally, 

theories on how magmas segregate and propagate are presented. This review highlights 
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recent research into the controls on the ascent of magmas, and touches on important 

gaps in our understanding of monogenetic basaltic volcanism, which will be addressed 

in subsequent Parts.  

2.2  Rheology of the lithosphere 

A monogenetic basaltic volcanic system comprises the generation of magmas in the 

mantle and the propagation of these magmas through each constituent layer of the 

lithosphere (upper mantle, lower and upper crust), which influences the viability of the 

system. The generation, segregation, and propagation of magmas are controlled by the 

rheological properties of all the lithosphere layers.  

2.2.1 Theory 

‘Rheology’ describes the response of materials, such as rocks or melts, to an imposed 

stress regime. The response depends on the intrinsic properties of the material (e.g., 

composition, density) and extrinsic conditions (e.g., pressure, temperature, chemistry) 

[Ranalli, 1995]. Materials can be homogeneous (with isotropic or anisotropic 

mechanical properties) or inhomogeneous, and are characterized by parameters such as 

elasticity, rigidity, compressibility, and viscosity [Hawkes and Mellor, 1970; McBirney 

and Murase, 1984; Ranalli, 1995; Ancey, 2007; Burov, 2011]. Three dominant rheological 

behaviours, elasticity, viscous flow and plasticity, ideally characterize relationships 

between stress, strain and time (Fig. 2-1).  
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Figure 2-1: Summary of principal rheological behaviours: elasticity, plasticity and viscous flow. The 
various reactions of a material are symbolized by the terms ‘Hookean body’ etc. Combination of the 
rheological behaviours characterizes visco-elasticity, visco-plasticity and elasto-plasticity [Kirby, 1983; 
Ranalli, 1995; Burov, 2011]. 
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Most materials can support small strains without being permanently deformed (elastic 

behaviour). However, if the stress exceeds their yield strength (threshold at which 

permanent deformation occurs), either brittle rupture (for purely elastic materials), or 

plastic flow will occur, depending on the environment and the composition of the 

material (Fig. 2-2a). The brittle mode occurs at low confining pressure and low 

temperature and/or high differential stress and/or high strain rates. Plastic flow is 

ductile, and occurs in high temperature environments and/or low differential stress 

and/or low strain rates. Plastic deformation includes a number of different creep2 

mechanisms, depending on the differential stress and temperature (Fig. 2-2a): i) 

diffusion creep (volume diffusion (Nabarro-Herring creep), grain boundary diffusion 

(Cobble creep), pressure solution and grain boundary sliding, ii) dislocation glide and 

iii) dislocation creep (dislocation climb and dislocation cross-slip) [Karato, 2008; 

Fossen, 2010]. Brittle and ductile environments are separated by the brittle-ductile 

transition (BDT) zone. The BDT zone depends upon pressure, temperature, strain rate 

and composition of the constituent rocks. 

2.2.2 Strength of the lithosphere 

The lithosphere is the strong outer rind of the solid Earth, which exerts an important 

influence on geodynamic environments. The strength of the lithosphere represents, in a 

simple model, the critical yield strength permitting a plate tectonic style of convection 

[Karato, 2008]. The strength of the lithosphere is defined by the strength of each 

constituent layer, predominantly controlled by a single mineral: quartz in the upper 

crust, feldspar in the lower crust and olivine in the mantle [Dobran, 2001]. The type of 

                                                        
2 Creep is defined as a mechanism of deformation for systems which have non-linear relationship 
between stress and strain and a non-linear relationship between strain and time at constant stress [Mack, 
1946]. 
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deformation affecting the constituent minerals is a function of temperature, pressure, 

differential stress, strain rate and hydrostatic pressure. Stress – strain – temperature 

data for individual minerals can be displayed in rock deformation maps (Fig. 2-2b, c). 

The differential stress on rocks as a function of temperature for different strain rates 

delineates different regions of creep present in the material under different loading 

conditions [Davis and Reynolds, 1996]. 

 

Figure 2-2: A- Different deformation styles as a function of differential stress, strain rate and 
temperature. B- Deformation map of Quartz. C- Deformation map of Olivine. DG: Dislocation glide, DC: 
dislocation creep, DSC: dissolution creep and mechanical twinning, GBDC: grain-boundary diffusion creep, 
and VDC: volume-diffusion creep. After Dobran [2001]. 

 

From these behaviours, the conventional models for the strength of the lithosphere are 

visualized using the Brace-Goetze strength profile, or “Christmas Tree” profile [Ranalli 

and Murphy, 1987] (Fig. 2-3). These profiles combine the pressure-dependent Byerlee’s 

friction law, and the temperature- and strain-dependent creep mechanisms [Ranalli and 

Murphy, 1987]. 
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Figure 2-3: Generic strength profiles of the continental lithosphere for a quartz-dominant upper crust, a 
feldspar-dominant lower crust and olivine-dominant mantle. a) Rheological stratification using the brittle 
friction law and the plastic flow law derived from quartzite (Quartz), diabase (Feldspar) and dunite 
(Olivine). b) Strength profile for wet3 rocks and c) strength profile for dry rocks. After Sibson [1983] and 
Fossen [2010]. 

 

Although widely accepted as representative of the rheological behaviour of the 

lithosphere, these “Christmas tree” profiles only show a quasi-static view of the 

rheological response to stress, and do not take into account the dynamic interactions 

between the brittle and ductile behaviours of the constituent layers of the lithosphere 

[Regenauer-Lieb et al., 2006], neither the influence of the strain rate [Lubarda et al., 

2003]. In addition, the assumption of monomineralic rocks is also a limitation: natural 

rocks have generally a second crystalline phase with different rheological behaviour 

with might influence the shape of the profile [Rutter and Brodie, 1991]. 

2.2.3 Properties of the lithospheric mantle 

The principal components of the lithospheric mantle are olivine, pyroxene and garnet; 

because olivine is weaker than other phases and volumetrically dominant, the 

deformation of the upper mantle is assumed to be rheologically controlled by olivine 

                                                        
3 See section 2.3.4. 
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[Karato and Wu, 1993; Karato, 2008; Karato et al., 2008; Demouchy et al., 2009]. The 

mantle exhibits different mechanical properties depending on the time scale of mantle 

deformation processes. The mantle has linear (Newtonian) viscosity for times longer 

than about 103 years corresponding to the Maxwell relaxation time (Fig. 2-4). Diffusion 

creep and dislocation creep are the two most important flow mechanisms. For fine 

grained rocks and low stress, diffusion creep is dominant and the mantle behaves as a 

Newtonian fluid. For high stress, however, dislocation creep dominates, and the mantle 

behaves as a power-law fluid (Fig. 2-1; Karato and Wu, 1993). Diffusion creep results in 

no or weak lattice-preferred orientation4 (LPO), whereas dislocation creep results in 

strong LPO, which is an important mechanism in melt formation and connectivity (see 

section 2.4.1) [Kohlstedt and Holtzman, 2009]. 

Lithospheric mantle behaviour follows viscoelastic rheological models (Fig. 2-1) [Karato 

and Wu, 1993; Burgmann and Dresen, 2008; Karato et al., 2008; Karato, 2010]. If 

transient viscous deformation is neglected (e.g., viscous flow following earthquakes, 

Decriem and Árnadóttir, in press), then the mantle can be considered to show short-

term elastic response followed by long-term linearly viscous response in the form of 

viscoelastic behaviour, and can be compared to a Maxwell body type (Fig. 2-1) 

[Burgmann and Dresen, 2008]. A transient response can be introduced by adding a 

Kelvin element in series with the Maxwell element, forming a Burger’s body (Fig. 2-1). If 

the mantle flow is considered to be linear, then the Burger’s body is the most complete 

and simplest rheological model for its behaviour (taking into account the elastic, 

transient and steady-state deformation). However, despite being a good representation, 

                                                        
4 Lattice-preferred orientation (LPO) results from anisotropic structures caused by non-random 
distribution of crystallographic orientations of minerals [Karato et al., 2008]. 
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the Burger’s body remains a first approximation only of real mantle rheological 

behaviour [Ranalli, 1995]. 

 

Figure 2-4: Sketch illustrating the timescale for several geodynamic phenomena affecting the mantle. The 
Maxwell time separates the steady-state and the transient regimes, from Yuen et al. [1982]. 

 

2.2.4 Ductile-brittle transition zone 

Depending on the tectonic environment, the lithosphere will have different 

characteristics affecting the nature of its rheological profile (e.g., different geotherms, 

strain rates and stress field). However, the BDT zone will be taken as the transition 

between the levels of influence of the frictional and flow laws and can be considered as 

the strongest part of the strength profile (Fig. 2-3). 

2.2.5 Properties of the crust  

The outermost part of the Earth, situated above the Mohorovičić discontinuity (Moho, 

Fig. 2-3), consists either of continental or oceanic crust, and is generally in isostatic 

equilibrium with the mantle. Most of the known monogenetic basaltic volcanism occurs 
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in the continental crust (see Part 3; Valentine and Gregg, 2008); special attention is 

therefore focused on this here. Rheologically, the continental crust can be divided into 

an upper and lower layer, behaving in a brittle and ductile manner, respectively (Fig. 2-

3). The mechanical properties of the upper crust are well described by linear elastic 

relations between stress and strain (Hooke solid, Fig. 2-1) at stresses lower than those 

required to induce brittle fracture of intact rock or frictional sliding of faults [Burgmann 

and Dresen, 2008]. Deformation at higher temperatures and pressures involves both 

elastic (short timescales) and viscous behaviour, which can be represented by simple 

(Maxwell body) or complex (Kelvin-Voigt solid or Burger’s body) viscoelastic models 

(Fig. 2-1). 

From its source, a magmatic body will have to move toward the surface through the 

different rheological layers of the lithosphere. To enable this, pathways need to be 

opened within these layers. The most important process involved is the formation of 

fractures.  
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2.3  Fracturing 

Fracturing is a common phenomenon in materials subjected to external forces. A 

fracture is the (local) separation of an object or material into two or more pieces under 

the action of stress along discrete surfaces. [Irwin, 1948] described three types of 

fractures, mode I - extension: opening displacement or tensile cracks, mode II – sliding: 

transverse shear cracks and mode III - tearing: longitudinal shear cracks (Fig. 2-5).  

 

Figure 2-5: The three fracture modes, from Irwin [1948]. 

 

The response of a material to a stress higher than its yield strength principally depends 

both on its environment and on its intrinsic characteristics. I first review the different 

types of fracturing, brittle and ductile, which depend on how a material responds to 

deformation, and then describe the steps leading to fracturing: namely the formation 

and propagation of a crack.  
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Figure 2-6: Experimental deformation structures developing under extensional and compressional 
stresses. Early deformation stages show elastic deformation, while ductility increases with temperature 
(T) and confining pressure (P) at constant strain rate. If the material undergoing plastic flow is subjected 
to an increase in the strain rate, the formation of ductile fractures is then observed. Reworked from 
Fossen [2010] and Weinberg and Regenauer-Lieb [2010]. 

 

2.3.1 Ductile case 

Non-elastic materials deform plastically once their yield strength has been reached, 

which may be followed by rupture. Ductile fracture can be divided into three stages: i) 

nucleation of microvoids due to small elastic dilation. ii) micro-dilations increase 

leading to strain localization into shear zones. iii) the micro-dilations coalesce and lead 

to ductile fracturing of the material (Fig. 2-6) [Weinberg and Regenauer-Lieb, 2010]. 

2.3.2 Brittle case 

Purely elastic materials will fracture when the stress reaches their yield strength (Fig. 2-

6). Pure brittle fracture is characterized by no plastic deformation before the failure of 

the material. The yield strength is a function of material, temperature, pressure, 

chemical environment, and conditions of loading. Brittle fracture is more likely in a low 
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temperature and/or low hydrostatic pressure environment and with high strain rate 

[Ranalli, 1995].  

2.3.3 Initiation and propagation of a crack 

Different models of fracture formation have been used depending on the scale: i) for 

macroscopic scale, the Coulomb fracture criterion; and ii) for the microscopic scale, the 

Griffith’s theory of fracture. 

2.3.3.1 The Coulomb fracture criterion 

The Coulomb fracture criterion considers that a rock will fracture if the differential 

stress exceeds the strength of the rock. The criterion considers the critical shear stress 

(σs) and the normal stress (σn) acting on a potential fracture at the moment of failure. A 

fracture will form only if the internal strength or cohesion C is exceeded: 

             

                                                             2-1 

where the angle   is called the angle of internal friction, and      is called the 

coefficient of internal friction, or µ. The constant C represents the critical shear stress 

along a surface across which σn = 0 (Fig. 2-7). The constant T on Figure 2-7 represents 

the tensile strength of the rock where σs = 0. 

  



24 | P a g e  

 

 

Figure 2-7: Brittle failure criterion diagram linking the two criteria: Coulomb envelope in red and Griffith 
envelope in blue. Rocks undergoing large differential stresses (unshaded black circle) form shear 
fractures as they reach the Coulomb criterion envelope. Rocks undergoing small differential stresses 
(small shaded circles) are stable; however fluid pressure (pf) can decrease the principal stresses and lead 
to the formation of either shear fracture or tensile fracture by shifting the Mohr circle to the left (arrow). 

 

2.3.3.2 The Griffith’s theory of fracture 

Griffith's original postulate on fracture initiation was based on energy considerations 

and his equations contained a surface energy term [Griffith, 1924]. “A crack would 

propagate if, during the growth, the release of stored elastic strain energy in the 

surrounding medium, plus any work done by boundary tractions, was sufficient to provide 

energy necessary for fracture. That is, crack propagation occurs when G=Gc, where G is the 

mechanical energy available per unit increase in crack length, and Gc is the critical value, 

envisioned to be the surface energy of the material” [Rubin, 1993b]. Because of the 

difficulty of evaluating experimentally the surface energy of a material, an alternative 

approach: the Linear Elastic Fracture Mechanics approach (LEFM), which considers the 

stress concentration at the crack tip, has been adopted by most workers in rock 

mechanics. The LEFM approach considers the crack tip stress intensity factor KI (being 

mode I crack = tensile crack, Fig. 2-5), and posits that materials have a critical stress-

intensity factor, or fracture toughness KIc. The fracture toughness is therefore the ability 

of a material to resist fracture and depends on the temperature, confining pressure, and 
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chemical/fluid environment [Anstis et al., 1981; Chantikul et al., 1981; Whittaker et al., 

1992]. Propagation of a crack occurs when KI = KIc, which is considered to be a local 

criterion since it only affects the stress field near the crack tip. If KI < KIc, then the crack 

will stop propagating. 

There is a correspondence between the two energetic approaches Gc and Kc. These two 

parameters can be linked on to each other following [Lawn, 1993]: 

    √       

                                                               2-2 

with 

     

2-3 

in plane stress and  

    
 

       
 

2-4 

in plane strain, for   being the Young Modulus, and   the Poisson ratio. 

2.3.4 Hydraulic fracturing 

Rocks are generally not a homogeneous mass; instead they contain pores which can be 

vesicles, intergranular spaces, or deformation-induced defects such as: cracks, joints or 

faults. Such pores contain fluids (from water to melts) which affect the behaviour of the 

rock. Porosity is expressed by the ratio of a non-solid volume to the total volume of a 

material and ranges from 0 to 1 (e.g., <0.01 for granite, up to 0.5 for porous sandstone) 
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[e.g., Nimmo, 2004]. Permeability (k) is a measure (in m2) of the ability of a porous 

material to allow fluids to pass through it. Following Darcy’s law which relates flow rate 

and fluid physical properties (e.g., viscosity), to a pressure gradient applied to the 

porous media, permeability can be expressed as:  

    
   

  
 

                                                                    2-5 

where v equals the superficial fluid flow velocity through the medium (m/s), μ is the 

viscosity of the fluid (Pa.s), ΔP is the applied pressure difference (Pa) and Δx is the 

thickness of the bed of the porous medium (m) [McKenzie, 1984].  

If pores are interconnected and communicate with the Earth’s surface, the hydrostatic 

pressure at any depth is equal in all directions to the weight of the water column from 

this depth to the surface. The pore-fluid factor λ is the ratio between the fluid pressure 

and the lithostatic pressure, for dry rocks λ=0 and for water-saturated, unconsolidated 

fresh sediments λ~1. On the other hand, if pore fluids are not connected to the surface, 

diverse mechanisms (e.g., reduction in pore space, seismic shocks, thermal expansion, 

melt segregation) can lead to fluid overpressure.  

The fluid pressure acts to oppose the lithostatic stress, therefore the principal stresses 

are reduced by an amount pf being the pore pressure, and called effective stress: 

           

                                                                 2-6 

By simply increasing the fluid pressure, tensile fractures can be formed (Fig. 2-7). This 

process is called hydraulic fracturing. However, a recent study suggest that pore fluids 
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in a crack exert different pressures in each direction, which is against the general 

assumption that all principal stresses are reduced by the same amount [Healy, 2009]. 

2.4  Ascent history of a magma batch 

Most monogenetic volcanic fields are located within the Earth’s tectonic plates rather 

than at their boundaries. While melt generation and its associated volcanism at plate 

boundaries is well understood today, the origin of intraplate volcanism remains 

problematic. Conventional ideas attribute intraplate volcanism to buoyancy-driven hot 

plumes [Ritter et al., 2001]. While this adequately explains large linear volcanic chains 

(e.g., the Emperor Seamount chain); it does not appear to apply to magma generation 

for low-flux intraplate volcanic fields [Valentine and Hirano, 2010]. 

2.4.1 Melt generation 

Melt will be generated in a mantle material where the physical or chemical conditions 

change, either through heating, addition of water, or decompression [Yoder, 1976]. 

Recently, alternative models highlight melt generation through shearing [Holtzman and 

Kohlstedt, 2007], or shear-driven upwelling leading to decompression caused by 

differences in viscosities of the mantle [Conrad et al., 2010], or recycling of deep 

cratonic lithosphere [Gao et al., 2008]. 

Melt first develops at grain boundaries and microcracks [Bons et al., 2004]. The melt 

distribution in an undeformed zone of partial melting is generally defined by the 

dihedral angle, θ (Fig. 2-8), a physical characteristic representing the balance between 

adjoining grains and the liquid phase [Kohlstedt, 2002; Liu, 2006]. For large dihedral 

angles (θ > 60°), the melt will be isolated in pockets along the grain boundaries (Fig. 2-
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8a). For smaller dihedral angles 0 < θ < 60°, the melt is interconnected (Fig. 2-8b). For 

dihedral angles equal to zero, θ = 0°, melt wets not only the triple junctions and four-

grain junctions but also grain boundaries. 

 

Figure 2-8: Melt distribution along grain boundaries for different dihedral or wetting angles: a. θ < 60°; 
and b. θ > 120°. 

 

For a zone of partial melting affected by strong deformation, Kohlstedt et al. [2009] have 

shown that melt distribution at small (tens of µm) to larger scale (hundreds of µm) is 

highly dependent on the shear deformation affecting the partially molten rock, with 

reorientation of the melt along LPO, also called melt preferred orientation (MPO) (Fig. 

2-9a) at the larger scale and melt-rich bands separated by melt-depleted regions at the 

smaller scale (Fig. 2-9b). 
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Figure 2-9: Reflected light optical micrograph: a) Shear deformation of a sample of olivine plus basalt. 
Development of a melt preferred orientation (MPO) at ~25° to the shear plane. b) Shear deformation of a 
sample of olivine plus chromite plus basalt. Development of melt-rich bands at ~20° to the shear plane. 
From Kohlstedt [2002]. 

 

2.4.2 Melt segregation 

Once enough melt wets the partially molten rock, the melt pockets aggregate and begin 

to migrate due to internal (i.e., buoyancy) or external controls (e.g., shearing processes). 

This represents the first step in generating magmas [Sawyer, 2001]. Several 

mechanisms for this segregation have been proposed, based on different physical 

processes, as described below. 

2.4.2.1 Flow through a porous medium 

The porosity () of a rock is defined as its void space per unit volume. It either consists 

of a large number of small defects or is derived directly from the texture of the rock 

(e.g., in a granular material). The melt-filled “voids” may be connected with each other 

to various degrees, creating various degrees of permeability, permitting a fluid to 

propagate through the matrix of solid crystalline grains. The flow of fluids through the 

pore space of a rock matrix is caused by gradients of temperature, of chemical 

composition or of pressure [Turcotte and Schubert, 1982]. This conceptual model 
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follows Darcy’s law, which shows that the volumetric flow rate per unit area (vD) 

through a porous medium is proportional to the permeability (k) and the applied 

pressure gradient in the Z-direction as well as inversely proportional to the dynamic 

viscosity ()  

     
 



  

  
 

                                                                   2-7 

The volumetric flow rate corresponds to the average fluid velocity per unit area (known 

as the Darcy velocity). Buoyant ascent of the melt through the porous medium may lead 

to the deformation and compaction of the matrix. This is necessary because the viscous 

liquid cannot escape from a closed porous system unless the matrix compacts to fill the 

space it leaves (e.g., McKenzie, 1984). 

2.4.2.2 Fracturing 

Nicolas and Jackson [1982] argue that once melt is extracted, brittle failure of rock 

should occur at any depth if the fluid pressure is high enough. The presence of a partial 

fluid pressure reduces the differential stress needed to fracture the rock. From studies 

of several massifs of lherzolite, Nicolas [1986] developed a model of melt extraction by 

dikes from a rising diapir. Dike formation in a mantle diapir begins in a zone of first 

melting at approximately 75 km depth with the creation of an interconnected network 

of melt veins during the adiabatic upwelling of the mantle rock due to partial melting 

(Fig. 2-10). At ~50 km, hydraulic fracturing of the overlying rocks occurs and a fracture 

propagates rapidly toward the surface. Its propagation path is defined by the direction 

of maximum compressive stress. When the fracture reaches the surface, the melt is 

drained and the propagation path is then closed by rock pressure. In this model the melt 
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extraction process is discontinuous, where each dike represents a single extraction 

event. 

In contrast with Nicolas [1986], Sleep [1988] considers the tapping of melt by veins, 

subsequently tapped by a dike5 (Fig. 2-11). Initially, veins are filled by flow through 

porous medium which leads to opening. When a dike forms, it absorbs the surrounding 

veins, the melt from which is injected into veins above the approaching dike and is 

extracted after the centre of the dike has passed them. The melt-supplying veins are 

then closed. Sleep [1988] does not assume that the fractures extend from the melting 

zone to the surface. 

 

Figure 2-10: Melt extraction cycle in a mantle diapir by hydraulic fractures. Black dots: isolated melts, 
red dashes: melt veins, and black dashes: mantle matrix; 1) creation of interconnected network of melt 
veins, 2) hydraulic fracturing of overlying rock, 3) melt network is drained along the path and closed by 
the rock pressure. Figure from Nicolas [1986]. 

                                                        
5 Veins versus dike. Here, the term “veins” is used for a small magma-filled crack which does not act as a 
magma conduit, and “dike” for a large magma-filled crack, which acts as a conduit for the propagation of 
magma. 
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Figure 2-11: The cycle of inflation and deflation of veins after Sleep [1988]. (a) The vein fills slowly by 
flow through porous medium while the matrix compacts. (b) A dike drains the vein as it propagates 
upward. When the melt is drained, the vein closes (c), which reduced pressure in the closed vein and 
enhances porous flow to refill the vein. Reworked from Sleep [1998]. 
 

2.4.2.3 Strain-controlled mechanisms  

More recently, Phipps Morgan and Holtzman [2005] and Kohlstedt and Holtzman [2009] 

have proposed a new model of magma extraction by shearing within the Earth’s mantle 

and crust. While flow in a porous medium and tensile dike propagation are driven by 

buoyancy of the melt, Phipps Morgan and Holtzmann [2005] consider the formation of 

vug waves defining a mechanism in which the deformation of the unmelted residue, or 

matrix, is the principal agent driving fluid migration upward. Instead of being based on 

gravitational energy of the melt, it is controlled by the release of elastic shear strain 

energy of the surrounding matrix. 
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2.4.3 Magma transfer  

The occurrence of volcanism at the surface of the Earth requires that the melt generated 

and accumulated in the mantle is able to traverse most of the lithosphere before 

reaching the surface. The transport mechanism needs to allow high movement 

velocities of up to several meters per second [Demouchy et al., 2006], so that in the case 

of a monogenetic volcanic field, the erupting lavas can preserve their primitive mantle 

chemical signature without differentiating [McGee et al., 2011]. While flow through a 

porous medium and diapirism have previously been considered potential mechanisms 

for magma transport [Turcotte and Ahern, 1978; Weinberg and Podladchikov, 1994], 

basaltic magmas ascending through dikes is presently the favoured model because of 

the rapid propagation of fractures [Rubin, 1993a]. 

2.4.3.1 Dike propagation mechanism 

Following the formation and segregation of melts at some depth, viscosity and density 

differences, and magma overpressure, can cause the melt to move upward. Weertman 

[1971] assumed that if a buoyant fluid-filled crack reaches a certain length (critical 

height), the effective over-pressure at the upper tip of the fracture will cause upward 

fracture propagation, while effective under-pressure will close the fracture at the lower 

tip. Such a teardrop-shaped crack would maintain its critical height and propagate 

indefinitely upward. However, this model lacks an important physical parameter: the 

viscosity of the fluid [Stevenson, 1982]. The first solution for a two-dimensional dike 

driven by buoyancy in an elastic medium taking into account elastic deformation and 

viscous flow within the crack was proposed by Spence et al. [1987]. Lister [1990b] then 

considered how the different forces (buoyancy, viscous pressure drop and elastic 

stresses) affect the propagation of a dike. By comparing the magnitude of these forces, 
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he argued that the stress intensity factor (KI) plays only a role on the nucleation and 

initial growth of a new crack, and can be neglected thereafter. The fracture toughness 

depends explicitly on the confining pressure (and thus on the depth) when this pressure 

is greater than the rock cohesive stress present at the dike tip [Khazan and Fialko, 

1995]. 

Dike propagation is believed to be either controlled by single hydrofactures (e.g., 

Pollard, 1976; Maaloe, 1987; Rubin and Pollard, 1987; Meriaux and Jaupart, 1998; 

Meriaux et al., 1999) or step-wise merging of hydrofractures [Bons et al., 2001; Bons et 

al., 2004]. 

Following Weertman’s [1971] analysis, dikes were envisaged as maintaining a constant 

volume during their propagation due to the closing of their lower tip (e.g., Weertman, 

1971). However, Lister and Kerr [1991] pointed out that this is impossible since high 

stresses are needed to completely squeeze viscous magma out of a dike’s tail. Without 

closure, dikes would remain connected all the way from their tip down to their source, 

over potentially long distances (tens of kilometres). As a consequence, the ascent rate is 

strongly affected by the viscous drag of the magma in the tail [Spence and Turcotte, 

1985; Lister and Kerr, 1990; 1991], and a sufficiently large magma influx or pressure at 

the base of the dike is required to maintain flow. Several models assume a constant 

pressure as a boundary condition [Emerman et al., 1986; Rubin, 1993a; Meriaux and 

Jaupart, 1998]. While these models would suit a dike connected to an overpressurized 

magma chamber, it is questionable whether a dike is able to stay connected to its source 

in the lithospheric mantle throughout its ascent. Recent work by Taisne et al. [2010] has 

shown the potential for dikes to stall due to the progressive loss of magma in their 

growing tail as they propagate. The result implies that a minimum volume has to be 
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released from the source in order to reach the surface [Taisne et al., 2011b]. The 

propagation of magmas beneath monogenetic basaltic volcanic fields may be very 

similar to the model proposed by Taisne and Tait [2009] because of the great depth of 

the source, and of the relatively small amount of magma extruded during an eruption. 

2.4.3.2 Velocity of vertical ascent 

The occurrence of lower-crustal or upper mantle xenoliths in basaltic lava may be used 

to estimate the ascent velocity of the magma [Klugel, 1998; Kelley and Wartho, 2000]. 

The ascent velocity can be obtained by calculating the balance between frictional and 

buoyancy forces on a xenolith [Spera, 1980], or, in the absence of xenoliths, the rate of 

diffusion of molecules into crystals. For example, a study of water diffusion into olivine 

crystals gave an ascent rate of ±6 m/s [Demouchy et al., 2006]. Geophysical data, such as 

seismic data suggest a similar range of propagation rates for dikes within the crust, 

from less than a meter per second [Battaglia et al., 2005; Prôno et al., 2009] to several 

meters per second [Peltier et al., 2005; Peltier et al., 2007]. 

2.4.3.3 Intrusion or extrusion 

If the Earth’s surface is breached, the magma path will terminate with a volcanic 

eruption. However, despite their positive buoyancy, most magma-filled fractures do not 

reach the surface, but instead become arrested at various crustal depths [Gudmundsson 

and Brenner, 2001]. Several factors can be invoked to explain a dike arrest: a) variation 

in the mechanical properties of the host rock (stiffness, fracture toughness) 

[Gudmundsson and Loetveit, 2005; Kavanagh et al., 2006]; b) solidification of the magma, 

resulting in high viscous stress and decreasing upward speed [Taisne and Tait, 2011]; c) 

decrease of the source magma flux [Taisne and Tait, 2009]; d) influence of the regional 

or local stress (high compressive stress, or high extensive stress) [Ida, 1999; 
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Gudmundsson and Philipp, 2006; Gudmundsson et al., 2010]; and e) the presence of a 

nearby magmatic body [Gudmundsson, 2006; 2011].  

Many studies have shown that a homogeneous medium facilitates the propagation of a 

dike toward the surface, whereas in a heterogeneous medium, factors combine to arrest 

liquid-filled fractures: discontinuities, change in the stiffness between layers, and stress 

barriers [Gudmundsson and Brenner, 2001; Kavanagh et al., 2006; Maccaferri et al., 

2010; 2011]. Stress barriers, as discussed by Gudmundsson [1990], are layers where the 

horizontal compressive stress is larger than the vertical stress, so that 1 becomes 

horizontal and a vertical propagating dike can be turned into a sill which will have the 

effect arresting its ascent toward the surface. Recent studies by Taisne and Tait [2009] 

have shown that movement of a constant volume dike can be intermittent. A dike may 

temporarily stop advancing due to partial solidification; as new magma rises the dike 

inflates until the hosting medium fails, which allows for further propagation of the dike. 

Their models are based on a balance between elastic stress and liquid buoyancy on one 

hand and viscous resistance and fracture resistance at the tip of the crack on the other. 

2.4.3.4 Influence of pre-existing structures within the crust 

Dikes are assumed to propagate in a plane orientated perpendicular to the least 

principal compressive stress, 3. However, the upper part of the lithosphere is highly 

fractured [Ranalli and Murphy, 1987]. Several authors have shown that pre-existing 

structures may influence the propagation of the magma [Delaney et al., 1986; Ziv et al., 

2000; Valentine and Krogh, 2006; Gaffney et al., 2007] (Fig. 2-12). 
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Figure 2-12: Diversion of a dike by a fault. a) Magma-filled crack approaches fault. b) Magma is 
channelled inside the fault. From Gaffney et al. [2007]. 

 

Based on analytical methods, Ziv et al. [2000] defined three conditions required for a 

dike to intrude pre-existing fractures: 1) the fracture must be nearly perpendicular to 

the least σ3; 2) The resolved shear stress on the fracture must be small compared to the 

excess magma pressure (i.e., the ratio of shear to opening of the dike walls is small); and 

3) the effective ambient dike-normal stress must be small compared to the rock tensile 

strength. Based on fieldwork and on numerical analysis, Valentine and Krogh [2006] and 

Gaffney et al. [2007] show that, in agreement with Ziv et al. [2000], dikes preferentially 

intrude steeply dipping faults (dip >60°). 

Despite showing that dikes can propagate along a pre-existing fracture, these studies do 

not address whether the pre-existing fracture can influence the propagation of the dike 

before the two intersect. This question will be addressed in the Part 4 using analogue 

modelling. 
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2.5  Discussion 

Monogenetic basaltic volcanic systems involve multiple processes that operate from the 

(mostly lithospheric) mantle to the surface of the Earth. Such systems commonly 

develop in intraplate settings away from plate boundaries, where the mechanisms for 

melt generation, segregation and ascent are not well known. Possible physical models 

for these processes have been discussed above, but while these models go some way 

toward explaining general mechanisms, gaps are still present. The generation of 

magmas within the mantle in the intraplate environment is still a puzzling subject. 

Recent studies show that the segregation of magma may not be related to one principal 

mechanism but to a complex interplay of shear segregation, compaction and regional 

stress [Rabinowicz and Toplis, 2009]. In addition to the physical controls, the generation 

of monogenetic basaltic volcanoes at the surface of the Earth is also controlled by 

temporal evolution of the volcanic system. Temporal studies of monogenetic volcanic 

fields are still in their infancy due to the laborious work required to collect data from 

fields containing tens to hundreds of vents, and the difficulties in obtaining sufficiently 

precise age determinations [Valentine and Perry, 2007]. The 3D geometrical and 

physical state of the mantle source needs to be much better known through geochemical 

and geophysical studies in order to understand the generation and the release of melts, 

which will help to constrain the potential area within the source that might be capable 

of releasing sufficient melt to generate an eruption at the surface. 

Although the last kilometres of the lithosphere represent a small portion of the journey 

of a batch of magma, this zone plays a key role in the development of the actual basaltic 

volcanic fields. This is where the role of the tectonic environment ranging from 

extensional to compressional, is most dominant, and its influence on the distribution of 
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the volcanic vents is investigated in Part 3. In addition to the tectonic environment, 

crustal heterogeneities, such as pre-existing fractures [Ziv et al., 2000; Valentine and 

Krogh, 2006; Gaffney et al., 2007], and layering [Kavanagh et al., 2006; Maccaferri et al., 

2010] also have an impact on the propagation of the magma. The development of a 

monogenetic field can also be influenced by the elastic response of the crust to 

successive intrusions within it. For example, some dikes have the tendency to intrude 

into zones of extension induced by a preceding intrusion [Hamling et al., 2011]. It is also 

possible that the local distribution of volcanic vents within a monogenetic basaltic 

volcanic field could enhance the potential of the crust for releasing the stresses 

introduced by dikes intruding at a later time. Any such response of the crust will also be 

influenced by the regional stresses, either decreasing or augmenting the dike-induced 

stresses.  
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Part 3 Spatial distribution and alignments of volcanic centers: 

Clues on the formation of monogenetic volcanic fields. 

 

Monogenetic basaltic volcanic fields occur worldwide in tectonic environments ranging 

from extensional to convergent. Understanding similarities and differences between 

these fields may help to characterize key controls on their formation. Such volcanic 

fields consist of numerous volcanic centers, each of which represents a pathway of 

magma from its source to the surface. I analysed the spatial distribution of volcanic 

centers in 37 monogenetic volcanic fields, applying the following methods for each: 1) 

the Poisson Nearest Neighbour (PNN) analysis, representing the degree to which  the 

distribution of the volcanic centers departs from a predicted Poisson distribution, and 

assuming that the distribution of volcanic centers relative to each other is matched by  a 

similar source pattern within the mantle, and 2) a volcanic alignment analysis to 

ascertain the preferential pathways, if any, used by the magma to reach the surface. This 

is the first comprehensive global comparison of such analyses. Magma pathways within 

the brittle upper crust are influenced to various degrees by two end-member situations: 

1) formation of new extension fractures perpendicular to the least compressive stress 

(σ3) and 2) re-activation of pre-existing fractures that are near-parallel to the maximum 

principal stress (σ1). The results of the PNN analysis show that, independently of the 

tectonic environment, most volcanic fields display a clustered distribution of their 

volcanic centers. Alignment analysis show that either the ambient tectonic environment 

exerts a strong influence on the preferential orientations of the volcanic alignments, or 

that it is in competition with other factors (e.g., pre-existing structures, local stress 

changes due to older intrusions). Overall, these results indicate that the propagation of 
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the magma (and therefore the spatial distribution of the volcanic centers within 

volcanic fields) is influenced by an interplay between deep levels (i.e., nature of the 

magma source) and shallow levels (i.e., stress field, crustal pre-existing structures) of 

the lithosphere. 

 

Work presented in this Part is drawn from a paper submitted to Earth-Science Reviews 

in August 2012. Results and text included in this Part are largely unchanged from the 

submitted version as permitted by the University of Auckland under the 2008 Statute 

and Guidelines for the Degree of Doctor of Philosophy (PhD). Co-authors of this work Dr. 

K. Bernhard Spörli, Dr. Julie V. Rowland, and Dr. Jan M. Lindsay advised and commented 

on the manuscript, however the bulk of the research and preparation for publication 

was undertaken by the thesis author (see accompanying declaration). 
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3.1  Introduction 

Monogenetic basaltic volcanism is common worldwide and typically produces fields 

consisting of a number of volcanoes, each of which has erupted once or only a few times 

(Table 3-1). The number of volcanoes within a field varies from tens of volcanic centers 

in the Wudalianchi Volcanic field [Wang and Chen, 2005] to several hundred in the 

Michoacán – Guanajuato volcanic field [Hasenaka, 1994]. Monogenetic basaltic 

volcanism is most commonly related to extensional tectonic regimes, as in the Camargo 

Volcanic Field, in Mexico [Aranda-Gomez et al., 2003] but can also occur in other 

tectonic environments. For example, the Abu Monogenetic Volcanic Group, in Japan, is 

associated with a convergent tectonic regime [Kiyosugi et al., 2009], and the Boring Lava 

Field, in the USA, is associated with a regime transitional between extension and 

convergence [Fleck et al., 2002].  

Each volcanic center in a monogenetic volcanic field (MVF) marks the end point of a 

magma pathway from its source in the upper mantle to the surface (e.g., Brenna et al., 

2011; McGee et al., 2011]. Magmas propagate as dikes via opening mode cracks, the 

geometry of which should be controlled by the tectonic stress field (defined by three 

principal compressive stresses, σ1  σ2  σ3) [Rubin, 1995]. On theoretical grounds 

[Rubin, 1995; Ziv et al., 2000], magma pathways within the brittle upper crust are 

governed by the following end-member geometries: 1) newly formed, dike-induced 

extension fractures oriented perpendicular to the least principal compressive stress, σ3  

or 2) pre-existing fractures that are near-parallel to the maximum principal 

compressive stress σ1 and are opened by dike injection. In MVFs, the geometry of the 

magma plumbing system, whether controlled by regional stress and/or pre-existing 

structures, is expressed at the earth’s surface by alignments of volcanic centers [Connor 



44 | P a g e  

 

et al., 1992; Paulsen and Wilson, 2010a; Rooney et al., 2011]. However, assessing the 

relative importance of these end-member geometries is difficult because: 1) the 

subsurface magma plumbing system is rarely accessible for study, and 2) where the 

magma plumbing system is exposed [Delaney and Pollard, 1981], the dynamics of 

magma movements are rarely obvious. 

In MVFs, the number of volcanic centers increases with time, though not necessarily at a 

constant rate. Periods of regular single eruptions may be interrupted by flare-ups and 

hiatuses (e.g., Sudo et al., 1998; Cassata et al., 2008; Molloy et al., 2009). A complete 

analysis of vent patterns would ideally consider not only their geometrical, but also 

their temporal distribution. However, good age data are lacking for most MVFs 

[Yamamoto, 2001; Valentine and Perry, 2007]. Planetary studies of volcanic fields are 

even more limited due to the available data and the inability to conduct basic fieldwork 

[Bishop, 2007; Bishop, 2008; Bleacher et al., 2009], thus analyses of spatial distribution 

remain the principal method of study. These consider the arrangement of point features 

(i.e., volcanic centers) in relation to: 1) their geological environment, as in the kernel 

density analysis [Connor and Hill, 1995; Lutz and Gutmann, 1995; Connor and Conway, 

2000; Martin et al., 2003; Kiyosugi et al., 2009], Gaussian kernel density analysis [Weller 

et al., 2006], cluster analysis (e.g., Connor, 1990; Connor et al., 1992; Magill et al., 2005) 

and power law distribution analysis (e.g., Mazzarini, 2004; Mazzarini, 2007; Pérez-López 

et al., 2011); and 2) a statistical model, such as in nearest neighbour analysis [Tinkler, 

1971; Connor and Hill, 1995; Baloga et al., 2007; Bishop, 2007; Bishop, 2008; Bleacher et 

al., 2009; Richardson et al., 2013]. Alignments within a population of point features can 

be recognized using a number of different techniques: for example the two-point 

azimuth method [Lutz, 1986; Wadge and Cross, 1988; Wadge and Cross, 1989; Connor et 

al., 1992; Lutz and Gutmann, 1995; Bleacher et al., 2009; Richardson et al., 2013], the 
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Hough transform method [Wadge and Cross, 1988; Connor, 1990; Connor et al., 1992; 

von Veh and Nemeth, 2009], the nearest neighbor azimuth method [von Veh and Nemeth, 

2009; Cebriá et al., 2011], and manual drawing [Connor, 1987; Mazzarini and D'Orazio, 

2003; Lesti et al., 2008; Paulsen and Wilson, 2010b; Guilbaud et al., 2011]. Such analyses 

have most commonly been applied to single MVFs, and they have shown significant 

structural control on the transport of magma to the surface. However, MVFs can have 

different geometrical characteristics (e.g., number and density of volcanic vents, area of 

the field: Table 3-1), even though the mechanisms (i.e., generation, segregation and 

propagation of magmas) involved in their formation and development may be similar. 

Therefore, the generation of MVFs must be controlled by interactions between the 

magmatic source [Valentine and Hirano, 2010], the local crustal structures [Gaffney et 

al., 2007] and the regional stress field [Paulsen and Wilson, 2010b]. 

Here, I perform spatial distribution and alignment analyses on 37 MVFs to identify 

spatial patterns and assess the relative influences of deep mantle processes, local 

crustal structures and the regional stress field on the propagation of magma. The aims 

of this paper are: i) to determine and compare the spatial patterns of a number of MVFs 

from different tectonic environments using consistent statistical techniques; ii) to 

classify the distribution patterns of volcanic vents within such fields; and iii) to use the 

various distribution patterns to assess the relative contributions of the mantle 

processes, tectonic stress regime and pre-existing crustal structures to the formation of 

MVFs, and thus gain insight into the physical controls on their evolution. Such 

knowledge is particularly useful for interpreting the history of MVFs on other planets. 

Since many of these fields are still active, often in places related to human habitation; 

the results not only bear on scientific questions but also on aspects of hazard mitigation 

(e.g., likelihood of location of a future eruption).  
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3.2   Database and methods 

3.2.1 Database 

The database was compiled from the geographical coordinates of volcanic centers (i.e., 

point features) for 37 different MVFs worldwide, directly extracted from the literature, 

remote sensing data or kindly provided by researchers working on specific fields (Table 

3-1). Some coordinates were collected from Digital Elevation Models (DEM) and 

satellite imagery extracted from the USGS website 

(http://edcsns17.cr.usgs.gov/NewEarthExplorer). Satellite imagery (e.g., from the 

Landsat program) has been used for over two decades to study remote active volcanoes 

and to map basaltic volcanic fields [Francis and Wells, 1988; Lesti et al., 2008]. I acquired 

and processed Landsat 7 Thematic Mapper Plus (ETM+) data using ERDAS Imagine to 

create false-color RGB images using bands 7, 4, 2 and bands 7, 5, 4. These band 

combinations provide the maximum morphological contrast with a spatial resolution of 

14.25 m and allow identification of iron oxidation, which in dry environments can be 

indicative of basaltic scoria cones [Ricchetti and Palombella, 2005; Kervyn et al., 2007; 

Lesti et al., 2008]. The panchromatic band 8, which has a resolution of 15 m, was also 

used. A DEM is a raster representation of a continuous surface, in this case the Earth’s 

surface. Accuracy is determined primarily by the resolution of the DEM (the distance 

between two raster points). Depending on the location of the MVF and the resolution of 

the data, I used SRTM (resolution ranges from 30 to 90m) and ASTER (resolution ranges 

from 15 to 90m) data [Kervyn et al., 2008; Nkono et al., 2009].  

 

 

http://edcsns17.cr.usgs.gov/NewEarthExplorer
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Name Location 

Number of 
volcanic 
centers 

(N) 

Tectonic 
Regime 

Tectonic Setting Age References 

Abu Japan 42 Compression Back Arc 
Pliocene - 

Pleistocene 
[Kiyosugi et al., 2009; Mashima, 2009]  

Auckland 
New 

Zealand 
51 Unknown Intraplate Quaternary 

[Cassidy and Locke, 2010; Bebbington and 
Cronin, 2011] 

Al-Haruj Libya 435 Unknown Continental Rifting 
Miocene - 

Pleistocene 
[Guiraud et al., 2000; Abadi et al., 2008] 

Al-Haruj N Libya 249 Extension Continental Rifting 
Miocene - 

Pleistocene 
[Fodor et al., 2005] 

Al-Haruj S Libya 186 Unknown Continental Rifting 
Miocene - 

Pleistocene 
[Németh et al., 2003] 

Armenia Armenia 152 Transtension Intraplate Holocene [Philip et al., 2001; Weller et al., 2006] 

Boring USA 88 Unknown Back-arc 
Pliocene - 

Pleistocene 
[Putirka et al., 2009] 

Camargo Mexico 340 Extension Continental Rifting 
Pliocene - 

Pleistocene 
[Aranda-Gomez et al., 2003] 

Chaine des 
Puys 

France 107 Extension Continental Rifting 
Pliocene - 

Pleistocene 
[Michon and Merle, 2001; Boivin, 2006] 

Pre-Chaine des 
Puys 

France 28 Extension Continental Rifting 
Pliocene - 

Pleistocene 
[Michon and Merle, 2001; Boivin, 2006] 

Chaine des 
Puys entire 

France 141 Extension Continental Rifting 
Pliocene - 

Pleistocene 
[Boivin, 2006] 

Eifel Germany 224 Extension Continental Rifting Pleistocene [Schmincke, 2007] 

East Eifel Germany 54 Extension Continental Rifting Pleistocene [Schmincke, 2007] 

West Eifel Germany 170 Extension Continental Rifting Pleistocene [Schmincke, 2007] 

Es Safa Syria 185 Transtension Intraplate Quaternary [Burton, 1871; Brew et al., 2000] 

Etna Italy 135 Extension 
Basaltic volcanic 

shield 
Pleistocene 

[Mazzarini and Armienti, 2001; Favalli et al., 
2009] 

Jaraguay Mexico 216 Extension 
Post-

Subduction/Rifting 
Miocene-

Pleistocene 
[Calmus et al., 2011] 

Jeju 
South 
Korea 

314 Transtension Intraplate Pliocene [Hasenaka et al., 1997; Kim and Park, 2010] 

Kula Turkey 79 Extension Continental Rifting Pleistocene [Tokcaer et al., 2005] 

Pali Aike 
Chile-

Argentina 
467 Transtension Intraplate 

Pliocene-
Quaternary 

[D'Orazio et al., 2000] 

Pinacate Mexico 453 Transtension 
Basin and 

Range/Rifting 
Pleistocene 

[Wadge and Cross, 1989; Vidal-Solano et al., 
2008] 

Potrillo US 158 Extension Continental Rifting 
Pliocene-

Pleistocene 
[Thompson et al., 2005] 

S Auckland 
New 

Zealand 
92 Extension Intraplate Pleistocene [Cook et al., 2005] 

San Borja Mexico 280 Extension 
Post-

Subduction/Rifting 
Miocene-

Pleistocene 
[Negrete-Aranda et al., 2010] 

San Francisco USA 360 Extension Basin and Range 
Pliocene-

Pleistocene 
[Tanaka et al., 1986; Conway et al., 1997] 

Santa Clara Mexico 81 Extension 
Post-

Subduction/Rifting 
Miocene-

Pleistocene 
[Calmus et al., 2011; Germa et al., in prep.] 

Santa Ignacio Mexico 144 Extension 
Post-

Subduction/Rifting 
Miocene-

Pleistocene 
[Germa et al., in prep.] 

Snake River USA 507 Extension Rifting Quaternary [Hughes et al., 2002] 

Snake River N USA 67 Extension Rifting Quaternary [Hughes et al., 2002] 
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Snake River S USA 440 Extension Rifting Quaternary [Hughes et al., 2002] 

Springerville USA 359 Extension Basin and Range 
Pliocene-

Pleistocene 
[Connor et al., 1992; Condit and Connor, 

1996] 

St Michael USA 84 Unknown Intraplate 
Pliocene-

Pleistocene 
[Nakamura et al., 1977] 

Todra Niger 142 Extension Continental Rifting Holocene [Liégeois et al., 2005] 

Xalapa Mexico 59 Extension Back Arc Rifting Quaternary [Rodríguez et al., 2010] 

Yucca 
Mountain 

USA 39 Extension Basin and Range 
Pliocene-

Pleistocene 
[Connor et al., 2000; Valentine and Hirano, 

2010] 
 

Table 3-1: Characteristics of the monogenetic volcanic fields studied.  

 

Volcanic centers were located using a combination of DEM and Landsat images in ESRI 

ArcGIS, Google Earth and Google Map Terrain, and where available, data from the 

literature. Volcanic centers were visually identified by their shape. A positive relief with 

a circular to elongated shape and the presence of a small crater were interpreted to 

represent a scoria cone. Negative relief with a circular to sub-circular shape and the 

presence of a wider crater were inferred to represent maars and tuff rings. For reasons 

discussed further in a subsequent section, the database for some fields may not be 

complete, despite the combination of high resolution satellite data. The MVFs were 

classified according to their tectonic environment: extensional, strike slip, 

compressional, and “uncertain” (when not enough information was available). 

Finally, some MVFs can be subdivided into sub groups based either on the spatial 

distribution of the volcanic centers (e.g., Al Haruj was divided into Al Haruj North and Al 

Haruj South, Snake River was divided into Snake River North and Snake River South), or 

on the period of activity and the spatial distribution of volcanic centers, e.g. Chaine des 

Puys entire was divided into Chaine des Puys, Pre-Chaine des Puys and small Chaine des 

Puys; [Boivin, 2006]; Eifel was divided into East Eifel and West Eifel [Schmincke, 2007]. 

These smaller sub-groups were considered separately, and as entire fields. 
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3.2.2  Methodology 

3.2.2.1 Poisson Nearest Neighbour (PNN) Analysis 

In nearest neighbour analysis, the amount of randomness or any other patterns of a 

spatial distribution of points are evaluated by comparing the mean distance between all 

the nearest neighbours in a natural population with the mean distance between all the 

nearest neighbours in a population of points defined by an idealized statistical model 

[Clark and Evans, 1954]. This method is used in fields such as, seismology [Zaliapin et 

al., 2008], epidemiology [Rusch et al., 2010], molecular biology [Tamura et al., 2011] 

neurosciences [Stark et al., 2007] and volcanology [Hamilton et al., 2010]. Baloga et al. 

[2007] defined four different forms of nearest neighbour distribution: the PNN, the 

normalized PNN, the “scavenged” PNN, and the logistic NN. In this study I focus on the 

PNN analysis, considering each eruption (i.e., formation of a new volcanic center) as an 

independent event. Other statistical tests (normalized PNN, scavenged Poisson 

distribution) can also be used, but I prefer the PNN analysis for the following reasons: 1. 

the normalized PNN accounts for data-resolution limits, but because the diameter of a 

volcanic center (a couple of hundred meters on average: Favalli et al., 2009) is greater 

than the precision of the satellite imagery, normalization is not needed; and 2. because 

the range in the number of volcanic centers within the MVFs (from 28 to 507, Table 3-1) 

means that the scavenged Poisson distribution cannot be used since at least 50 to 60 

objects are required to differentiate between the scavenged Poisson distribution and 

PNN [Beggan and Hamilton, 2010]. 

For the PNN analysis, a statistical model is used where, within a population of points on 

a plane, the probability (P) of finding k points within a circle of radius r around a point 

follows a Poisson distribution [Baloga et al., 2007]: 
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                                                           (3-1) 

where    is the areal density (N/A) of the observed spatial distribution, N being the 

number of points (or features) within an area, A. The probability density distribution 

ρ(r) is given by 

     
  

  
       

      
 

                                                         (3-2) 

In this study, the observed population consist of the volcanic centers in a MVF, with N 

representing the number of volcanic vents. The sample area (A) is defined by a convex 

hull (polygon generated by connecting the outermost points of the population) 

[Hamilton et al., 2010]. The expected distribution (Re) is calculated following  
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                                                                   (3-3) 

using the areal density of the observed distribution (Ro). Then the ratio (R) is calculated, 

using the observed distribution (Ro) and the expected distribution (Re),  

  
  

  
 

                                                                    (3-4) 

The quality of the fit with the Poisson distribution is quantified using a statistical test (c) 

given by: 

  
     

  
 

                                                                    (3-5) 
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where σe corresponds to the standard error of the mean nearest neighbour distance in 

the expected distribution (Re) [Clark and Evans, 1954]. If the population does not fit the 

Poisson model, the observed distribution must either be clustered, or uniformly 

distributed [Clark and Evans, 1954]. 

For the PNN analysis I used the ‘Geological Image Analysis Software’ (GIAS, 

www.geoanalysis.org) developed by Beggan and Hamilton [2010]. The GIAS inputs are 

in the form of a two-column table of geographic coordinates for the volcanic centers. 

The nearest neighbour distances are determined both for the observed and expected 

distribution, then their mean distance is calculated to obtain Ro and Re respectively. 

GIAS outputs a histogram of the mean nearest neighbour distances and four different 

graphs, plotting: i) the volcanic centers and the convex boundary hull of the field, ii) the 

R statistical value, iii) the c statistical value, and iv) the skewness versus kurtosis. The R 

and c statistical values are dependent on the size of the population [Baloga et al., 2007]. 

To overcome this sample-dependent bias and properly assess the suitability of the PNN 

analysis, the R and c values are plotted with a confidence interval of 2σ. All the 

statistical values (Table 3-2) can be exported to an Excel file for further analysis. 

3.2.2.2 Volcanic alignment analysis 

Volcanic alignment analysis consists of first identifying groups of points in a population 

of volcanic centers in a MVF, reduced to infinitesimal points, which, within certain 

tolerances, form a straight line (e.g., Kear, 1964; Tinkler, 1971; Wadge and Cross, 1988; 

Wadge and Cross, 1989; Connor et al., 1992; Lutz and Gutmann, 1995; Baloga et al., 

2007; Bishop, 2007; Bishop, 2008; Bleacher et al., 2009; Nkono et al., 2009; von Veh and 

Nemeth, 2009; Paulsen and Wilson, 2010b). Then, each alignment is evaluated for 

geological meaning, especially whether it is caused by fracture [Wadge and Cross, 1989; 

http://www.geoanalysis.org/
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Lutz and Gutmann, 1995]. The recognition of such alignments in any particular MVF 

thus provides important constraints for understanding controls on its evolution. 

Several rarely addressed problems arise as a consequence of this approach. Firstly, 

MVFs covers large areas but the mean distance between volcanic centers is generally 

small (Table 3-2). Valentine and Hirano [2010] consider the formation of MVFs to be 

related to either magmatic or tectonic drivers, suggesting that magma propagates either 

through new fractures or reactivated pre-existing structures. Therefore the spatial 

distribution of the volcanic centers may represent the local structures influencing their 

propagation. To take into account such behaviour, the distance between the volcanic 

centers used to create the alignments was defined based on the density of each MVF.  

Secondly, there may be a discrepancy between the infinitesimal size of the point feature 

(volcanic centre) and the dimension of any real fault that may influence vent alignment, 

because crustal-scale faults can be 10s to 100s of meters wide [Handy et al., 2007]. This 

may result in an underestimation of the total number of possible alignments detected. 

To account for this discrepancy, I introduce a width tolerance for detecting aligned 

volcanic centers to approximate the likely width of crustal-scale faults.  

Another problem of alignment analysis is the generation of imaginary lines [Paulsen and 

Wilson, 2010b]. The elimination of non-significant alignments has been approached in 

different ways by different authors: for example Cebriá et al. [2011] and von Veh and 

Nemeth [2009] considered that all the alignments are meaningful, whereas Paulsen and 

Wilson [2010b] discarded alignment feature unless they features in more than one 

analytical treatment. In this study I accept alignments which contain at least three 

volcanic centers and correspond to a lineament visible on satellite imagery. The 



53 | P a g e  

 

significance of an alignment may also be supported or enhanced by the presence of 

elongated cones, or a fault documented in the literature [Paulsen and Wilson, 2010b].  

 

Figure 3-1: Criteria for detecting alignments. An alignment consists of three points (i.e., volcanic centers). 
a) the alignment is accepted if the three points are within predetermined tolerances: the length (L) and 
the thickness (t) of the lineament. b) and c) the alignment is rejected if at least one of the points is outside 
the predetermined tolerances.  
 

My analysis of volcanic alignments was carried out in two parts. First I developed a 

MATLAB script to calculate regression lines for any three separate vents. An alignment 

was accepted if it met the predetermined tolerances (Fig. 3-1). From these 

automatically generated alignments, I selected those as volcanic lineaments if their 

position corresponded with alignments of volcanic centers visible on satellite data. 

Otherwise, they were rejected as artefacts (Fig. 3-2). It was not possible to make a 

precise study of all the 37 volcanic fields, in some cases due to some low resolution 

satellite data, or poor visibility of some volcanic centers. To overcome these limitations 

and create a standard procedure for further analysis, I initially analysed seven MVFs, 

chosen for the ease of recognizing the volcanic centers in order to create a standard 

procedure. For each of the 7 test fields, I generated alignments using a range of length 

and width tolerances, extrapolated from the mean distance between the nearest 

neighbours (Table 3-2), and the width of a fault zone. These tests allowed us to define 
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the maximal values to generate alignments in each test field for which the number of 

artefacts created is lower than 10% of the total number of lineaments (i.e., alignments 

with a geological meaning) in each field (Fig. 3-3). Because MVFs have different spatial 

characteristics in terms of the density of volcanic centers and the mean distances 

between the nearest neighbour (Fig. 3-4a), I defined a relationship between the 

maximal length for the generation of lineaments found in the test fields and the density 

of volcanic centers in each of the test field (filled circles in Fig. 3-4b). The relationship 

found in the 7 tests fields was used to calculate the best length to generate lineaments in 

other fields (open circles in Fig. 3-4b) where distinction between artefacts or true 

volcanic alignments was not possible due, for instance, to high vegetation coverage. I 

confirmed the validity of this relationship in 4 additional fields, using the maximal 

length given in Figure 3-4b (Armenia, Auckland, Snake River South and Todra). 
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Figure 3-2: Two examples of the method used to accept or reject volcanic alignments. Black circles 
represent volcanic centers, red lines represent volcanic alignments, light blue lines rejected alignments 
and the dark blue line in Figure (a) represents a fault. Figure (a) shows a part of the Potrillo volcanic field 
(Landsat image, bands combination 754 overlaid by the panchromatic band 8 (50% opacity)). Figure (b) 
shows a part of the Jeju volcanic field (Landsat Image, bands combination 321 overlaid by the 
panchromatic band 8 (50% opacity)). Insets show zooms of areas within the white dashed rectangles, 
using a Google map.  
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Figure 3-3: Minimizing the number of rejected alignments. For seven monogenetic volcanic fields, 
alignments were selected for a range of lengths and thicknesses (see Fig. 3-1) and then were analysed in 
order to find the best parameters to minimize the number of rejected alignments. The dotted red lines 
represent the limit of 10% rejected alignments.  
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Figure 3-4: a. Plot of the mean distance between nearest neighbours versus population density of 
volcanic centers for each volcanic field. b. Plot of the alignment maximum length versus the density of 
volcanic centers for each volcanic field. The dotted trend represents the best maximum distance within 
each volcanic field to generate, using my model, volcanic alignments with a rejection rate of <10%. The 
filled points represent the test fields used to generate the trend line (see Fig. 3-3). The underline fields 
validate the relationship. The fields are color-coded by their tectonic environment.  
 

3.2.2.3 Shape of a basaltic volcanic field 

MVFs have a wide variety of shapes. Due to their numerous volcanic centers, these 

shapes should provide important information about the nature and behaviour of the 

source and/or the magma plumbing system [Tanaka et al., 1986; Zhang and Lutz, 1989; 

Spörli and Eastwood, 1997]. The shape outlines range from sub-circular to low-

eccentricity elliptical shapes, which are determined by a number of processes, including 

the duration of volcanic activity, and the geometry of the source [Condit and Connor, 

1996] 
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Figure 3-5: Two examples showing the difference between the convex hull (dotted black line) used to 
calculate the area (in grey) of a monogenetic volcanic field for the ‘nearest neighbour’ analysis, and the 
minimum-area ellipse which defines the shape and orientation of the field (pink line). Volcanic centers 
are shown by black stars. 
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The field shapes are defined by fitting a minimum-area ellipse around all associated 

volcanic centers. The area of such an ellipse differs from the area of the field as defined 

by the convex hull used for the purpose of population density calculation (Fig. 3-5). For 

simple and standardized comparison between fields, I used the following parameters: 

1) field shape, as defined by the axial ratio of the ellipse, and 2) the orientation of the 

field, as defined by the azimuth of the major axis of the ellipse.  

3.3  Limitations of the analytical methods 

Remote sensing analyses rely on the resolution of the satellite data and on a limited 

perception of a natural system, since no direct information of the subsurface is revealed 

and only the last snapshot of the system’s life is available. Therefore, the creation of a 

global catalogue of vent locations within MVFs may in some cases under-represent the 

number of vents. Volcanic fields evolve through time, with the number of active volcanic 

vents being highly variable (Table 3-1). In fields with many volcanic vents, some older 

vents may be obscured by younger volcanic products. In addition, vegetation, erosion 

and human activity will tend to mask or erase some centers precluding their recognition 

on remote imagery. Finally, the quality of the remote imagery itself may preclude 

recognition of some volcanic vents [Kervyn et al., 2008]. Furthermore, although I 

consider a vent to be generated by a single eruption, recent studies have shown that 

some single “monogenetic” vents can erupt more than once over a short period of time 

(e.g., Needham et al., 2011). Conversely, the number of volcanic vents recognized in any 

field may be over-estimated where fissure eruptions have produced several aligned 

eruptions [Bruce and Huppert, 1989]. Depending on whether volcanic centers have been 

missed or over-counted, there may be a negative or positive bias in the number of 

alignments recognized. The requirement that an alignment contain three points, and the 
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choice of the scale tolerances (a maximal length, L, and a maximal thickness, t), may also 

lead to bias the number of possible alignments within the MVFs, since real volcanic 

alignments can be formed with two and more volcanic centers. Finally, the spatial 

distribution of vents and lineaments within a MVF may be influenced by its temporal 

evolution. If preferential pathways exist within the crust, it is likely that they can be re-

utilized through time. 

3.4  Results 

The results of the PNN, volcanic alignment and field shape analyses for all the MVFs are 

shown in Table 3-2. The number of volcanic centers in each field varies from 28 (for 

Pre-Chaine des Puys) to 507 (for Snake River), the R ratio ranges from 0.57 (for Pali 

Aike) to 1.30 (for East Eifel), and the number of alignments from 0 (for East Eifel) to 291 

(for Snake River). These results are further considered in the following sections. 
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MVF Name Abu Al-Haruj 

Al-Haruj 
North 

Al-Haruj 
South 

Armenia Auckland Boring Camargo 

Measured 
nearest 

neighbour 
properties 

Number of volcanic centers 
(N) 

42 435 249 186 152 49 88 340 

Area Convex Hull (m2) 5.28E+08 2.70E+10 1.64E+10 5.49E+09 7.27E+09 3.35E+08 1.95E+09 2.82E+09 

Density (N/m2) 7.95E-08 1.61E-08 1.52E-08 3.39E-08 2.09E-08 1.46E-07 4.52E-08 1.21E-07 

Min distance NN (m) 484 188 249 188 31 317 430 261 

Max distance NN (m) 5558 16024 16024 8936 15510 5789 13593 8636 

Mean distance NN (m) 2035 2547 2839 2148 2168 1420 1918 1254 

Standard Deviation (1σ) 1351 2661 3074 1923 2326 1046 1862 901 

Standard Deviation (2σ) 2703 5322 6148 3845 4651 2092 3724 1802 

Skweness 0.76 2.44 2.34 1.47 2.58 1.97 3.62 3.25 

Kurtosis -0.12 7.57 6.10 1.68 9.09 5.55 18.33 17.12 

Nearest 
neighbour 

results 
relative to 

the 
Poisson 
model 

Poisson Re (m) 1773 3938 4062 2717 3459 1307 2351 1439 

R 1.15 0.65 0.70 0.79 0.63 1.09 0.82 0.87 

Ideal R given Ni 1.07 1.02 1.03 1.03 1.04 1.07 1.05 1.02 

R positive thresholds at 1σ 1.17 1.05 1.06 1.07 1.08 1.15 1.11 1.05 

R negative thresholds at 1σ 0.98 0.99 0.99 0.99 0.99 0.98 0.99 0.99 

R positive thresholds at 2σ 1.27 1.08 1.10 1.12 1.13 1.24 1.18 1.08 

R negative thresholds at 2σ 0.88 0.97 0.95 0.95 0.94 0.89 0.92 0.96 

c 1.83 -14.10 -9.09 -5.46 -8.80 1.16 -3.31 -4.53 

Ideal c given Ni 0.88 0.78 0.80 0.82 0.84 0.88 0.86 0.78 

c positive thresholds at 1σ 2.05 1.83 1.87 1.90 1.91 2.05 1.97 1.85 

c negative thresholds at 1σ -0.29 -0.28 -0.27 -0.25 -0.24 -0.29 -0.24 -0.28 

c positive thresholds at 2σ 3.22 2.89 2.94 2.97 2.99 3.22 3.07 2.91 

c negative thresholds at 2σ -1.46 -1.34 -1.33 -1.32 -1.32 -1.45 -1.34 -1.34 

Alignment 
analysis 

Distance maximal for the 
generation of lineaments 

(m) 
4400 8500 8600 6600 7800 2900 5800 3000 

Number of Alignements 4 146 47 67 45 3 12 39 

Shape 
analysis 

Short axis ellipse 
(MinVolEllipse) 

22592 130923 131165 92868 73230 16545 51666 57002 

Long axis ellipse 
(MinVolEllipse) 

41401 344559 255499 99493 159735 30149 73450 77768 

Short Axis/ Long Axis 
(MinVolEllipse) 

0.55 0.38 0.51 0.93 0.46 0.55 0.70 0.73 
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MVF Name 

Chaine des 
Puys entire 

Chaine 
des Puys 

Pre-
Chaine 

des Puys 
Chichinautzin Dariganga Eifel East Eifel West Eifel 

Measured 
nearest 

neighbor 
properties 

Number of volcanic centers 
(N) 

141 107 28 181 204 224 54 170 

Area Convex Hull (m2) 9.46E+08 5.47E+08 2.27E+08 3.48E+09 6.21E+09 2.03E+09 2.83E+08 8.90E+08 

Density (N/m2) 1.49E-07 1.96E-07 1.23E-07 5.20E-08 3.29E-08 1.10E-07 1.91E-07 1.91E-07 

Min distance NN (m) 81 81 397 149 314 323 584 323 

Max distance NN (m) 5697 8512 7351 9266 15943 5155 5155 4530 

Mean distance NN (m) 840 814 1777 1626 2373 1038 1492 893 

Standard Deviation (1σ) 873 1087 1758 1633 2069 749 845 656 

Standard Deviation (2σ) 1745 2175 3516 3265 4138 1499 1689 1312 

Skweness 3.07 4.37 1.86 2.41 2.71 2.52 2.15 3.05 

Kurtosis 11.45 24.62 3.29 6.18 10.56 7.95 6.54 10.93 

Nearest 
neighbor 

results 
relative to 

the 
Poisson 
model 

Poisson Re (m) 1295 1130 1424 2194 2758 1506 1145 1144 

R 0.65 0.72 1.25 0.74 0.86 0.69 1.30 0.78 

Ideal R given Ni 1.04 1.04 1.09 1.03 1.03 1.03 1.06 1.03 

R positive thresholds at 1σ 1.09 1.10 1.21 1.08 1.07 1.07 1.15 1.08 

R negative thresholds at 1σ 0.99 0.99 0.97 0.99 0.99 0.99 0.98 0.99 

R positive thresholds at 2σ 1.14 1.15 1.34 1.12 1.11 1.10 1.23 1.12 

R negative thresholds at 2σ 0.94 0.93 0.85 0.95 0.95 0.95 0.90 0.95 

c -7.98 -5.54 2.51 -6.65 -3.81 -8.90 4.25 -5.46 

Ideal c given Ni 0.84 0.85 0.89 0.83 0.82 0.81 0.88 0.83 

c positive thresholds at 1σ 1.92 1.94 2.08 1.90 1.89 1.88 2.04 1.90 

c negative thresholds at 1σ -0.24 -0.23 -0.29 -0.25 -0.25 -0.26 -0.28 -0.24 

c positive thresholds at 2σ 3.00 3.02 3.27 2.97 2.96 2.95 3.20 2.98 

c negative thresholds at 2σ -1.31 -1.31 -1.48 -1.32 -1.32 -1.33 -1.44 -1.32 

Alignment 
analysis 

Distance maximal for the 
generation of lineaments 

(m) 
2800 2100 3300 5500 6500 3600 2200 2200 

Number of Alignements 72 31 1 16 22 68 0 13 

Shape 
analysis 

Short axis ellipse 
(MinVolEllipse) 

27660 20093 9736 51698 87915 48031 15053 33846 

Long axis ellipse 
(MinVolEllipse) 

58595 59584 39913 112069 133127 76263 33389 52462 

Short Axis/ Long Axis 
(MinVolEllipse) 

0.47 0.34 0.24 0.46 0.66 0.63 0.45 0.65 
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MVF Name Etna Es Safa Jaraguay Jeju Kula Pali Aike Pinacate Potrillo 

Measured 
nearest 

neighbor 
properties 

Number of volcanic centers 
(N) 

135 185 216 314 79 467 453 158 

Area Convex Hull (m2) 4.50E+08 1.98E+09 2.94E+09 1.88E+09 4.54E+08 4.08E+09 1.78E+09 1.20E+09 

Density (N/m2) 3.00E-07 9.35E-08 7.35E-08 1.67E-07 1.74E-07 1.15E-07 2.54E-07 1.32E-07 

Min distance NN (m) 105 98 218 222 135 42 62 248 

Max distance NN (m) 5704 9856 13135 5138 4954 5492 5063 14006 

Mean distance NN (m) 808 1024 1705 1263 984 837 867 1208 

Standard Deviation (1σ) 809 1195 1538 827 948 668 746 1383 

Standard Deviation (2σ) 1618 2390 3075 1654 1897 1336 1491 2766 

Skweness 3.34 3.90 3.03 1.56 2.54 2.55 2.44 5.92 

Kurtosis 15.29 20.60 15.05 2.98 6.60 10.08 7.69 48.00 

Nearest 
neighbor 

results 
relative to 

the 
Poisson 
model 

Poisson Re (m) 913 1635 1844 1223 1199 1477 992 1377 

R 0.88 0.63 0.92 1.03 0.82 0.57 0.87 0.88 

Ideal R given Ni 1.04 1.03 1.03 1.02 1.05 1.02 1.02 1.04 

R positive thresholds at 1σ 1.09 1.07 1.07 1.06 1.12 1.05 1.05 1.08 

R negative thresholds at 1σ 0.99 0.99 0.99 0.99 0.98 1.00 0.99 0.99 

R positive thresholds at 2σ 1.14 1.12 1.11 1.09 1.19 1.07 1.07 1.13 

R negative thresholds at 2σ 0.94 0.95 0.95 0.96 0.92 0.97 0.97 0.94 

c -2.56 -9.72 -2.12 1.12 -3.05 -17.91 -5.14 -2.95 

Ideal c given Ni 0.84 0.82 0.81 0.78 0.87 0.77 0.78 0.83 

c positive thresholds at 1σ 1.92 1.90 1.88 1.85 1.99 1.83 1.83 1.91 

c negative thresholds at 1σ -0.24 -0.25 -0.26 -0.28 -0.25 -0.28 -0.28 -0.24 

c positive thresholds at 2σ 3.00 2.97 2.95 2.91 3.10 2.89 2.89 2.99 

c negative thresholds at 2σ -1.31 -1.32 -1.32 -1.35 -1.37 -1.34 -1.34 -1.32 

Alignment 
analysis 

Distance maximal for the 
generation of lineaments (m) 

1000 6000 4600 2200 2250 3000 1500 3000 

Number of Alignements 11 266 46 27 14 275 38 20 

Shape 
analysis 

Short axis ellipse 
(MinVolEllipse) 

28556 45600 51088 33093 17296 66015 42819 35937 

Long axis ellipse 
(MinVolEllipse) 

38123 79180 98072 81731 50983 109366 62489 55953 

Short Axis/ Long Axis 
(MinVolEllipse) 

0.75 0.58 0.52 0.40 0.34 0.60 0.69 0.64 
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MVF Name San Borja 

San 
Francisco 

Santa 
Clara 

Santa 
Ignacio 

Snake 
River 

Snake 
River 
North 

Snake 
River 
South 

South 
Auckland 

Measured 
nearest 

neighbor 
properties 

Number of volcanic centers 
(N) 

280 360 81 144 507 67 440 92 

Area Convex Hull (m2) 6.84E+09 4.65E+09 1.32E+09 6.54E+09 2.58E+10 6.39E+08 2.29E+10 6.54E+08 

Density (N/m2) 4.09E-08 7.74E-08 6.13E-08 2.20E-08 1.96E-08 1.05E-07 1.92E-08 1.41E-07 

Min distance NN (m) 298 73 530 175 28 279 28 101 

Max distance NN (m) 13121 8408 5842 11959 24936 9307 24936 6095 

Mean distance NN (m) 2122 1503 2024 3108 2218 1606 2312 1650 

Standard Deviation (1σ) 1807 1117 1337 2171 3029 1402 3199 979 

Standard Deviation (2σ) 3614 2233 2673 4341 6058 2803 6398 1958 

Skweness 2.92 1.90 0.80 1.56 3.60 2.84 3.44 1.57 

Kurtosis 11.37 5.34 -0.04 3.66 17.82 12.88 15.96 3.98 

Nearest 
neighbor 

results 
relative to 

the 
Poisson 
model 

Poisson Re (m) 2472 1797 2019 3369 3568 1544 3605 1333 

R 0.86 0.84 1.00 0.92 0.62 1.04 0.64 1.24 

Ideal R given Ni 1.03 1.02 1.05 1.04 1.02 1.06 1.02 1.05 

R positive thresholds at 1σ 1.06 1.05 1.12 1.09 1.04 1.13 1.05 1.11 

R negative thresholds at 1σ 0.99 0.99 0.98 0.99 1.00 0.98 0.99 0.99 

R positive thresholds at 2σ 1.09 1.08 1.19 1.14 1.07 1.21 1.08 1.17 

R negative thresholds at 2σ 0.96 0.96 0.92 0.94 0.97 0.91 0.97 0.93 

c -4.52 -5.93 0.04 -1.78 -16.30 0.63 -14.40 4.36 

Ideal c given Ni 0.79 0.78 0.87 0.84 0.77 0.87 0.78 0.86 

c positive thresholds at 1σ 1.86 1.84 1.98 1.92 1.83 2.01 1.83 1.96 

c negative thresholds at 1σ -0.28 -0.28 -0.25 -0.24 -0.28 -0.27 -0.28 -0.24 

c positive thresholds at 2σ 2.92 2.91 3.10 2.99 2.88 3.15 2.89 3.05 

c negative thresholds at 2σ -1.34 -1.34 -1.36 -1.31 -1.34 -1.40 -1.34 -1.33 

Alignment 
analysis 

Distance maximal for the 
generation of lineaments (m) 

6100 4500 5100 7700 7900 3700 8000 3000 

Number of Alignements 25 92 4 2 291 1 280 4 

Shape 
analysis 

Short axis ellipse 
(MinVolEllipse) 

75439 67310 38583 53935 138004 15455 134956 24735 

Long axis ellipse 
(MinVolEllipse) 

155657 117879 54587 218297 351445 73596 295460 40666 

Short Axis/ Long Axis 
(MinVolEllipse) 

0.48 0.57 0.71 0.25 0.39 0.21 0.46 0.61 
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MVF Name Springerville St Michael Todra Xalapa 

Yucca 
Mountain 

Measured 
nearest 

neighbor 
properties 

Number of volcanic centers 
(N) 

359 84 142 59 39 

Area Convex Hull (m2) 2.82E+09 1.53E+09 1.14E+10 1.71E+09 4.64E+09 

Density (N/m2) 1.27E-07 5.51E-08 1.25E-08 3.45E-08 8.41E-09 

Min distance NN (m) 43 301 137 425 362 

Max distance NN (m) 8167 6756 43358 8132 17659 

Mean distance NN (m) 1314 1279 3764 2682 3588 

Standard Deviation (1σ) 892 1038 5412 1976 3525 

Standard Deviation (2σ) 1784 2076 10824 3951 7050 

Skweness 3.37 2.37 4.27 1.01 1.93 

Kurtosis 18.15 8.54 23.78 0.48 5.37 

Nearest 
neighbor 

results 
relative to 

the 
Poisson 
model 

Poisson Re (m) 1401 2131 4476 2693 5454 

R 0.94 0.60 0.84 1.00 0.66 

Ideal R given Ni 1.02 1.05 1.04 1.06 1.08 

R positive thresholds at 1σ 1.05 1.12 1.09 1.14 1.18 

R negative thresholds at 1σ 0.99 0.99 0.99 0.98 0.98 

R positive thresholds at 2σ 1.08 1.18 1.14 1.22 1.28 

R negative thresholds at 2σ 0.96 0.92 0.94 0.90 0.87 

c -2.24 -7.01 -3.62 -0.06 -4.09 

Ideal c given Ni 0.78 0.86 0.84 0.88 0.88 

c positive thresholds at 1σ 1.84 1.97 1.92 2.03 2.05 

c negative thresholds at 1σ -0.28 -0.25 -0.24 -0.27 -0.29 

c positive thresholds at 2σ 2.91 3.08 3.00 3.18 3.23 

c negative thresholds at 2σ -1.34 -1.36 -1.31 -1.43 -1.46 

Alignment 
analysis 

Distance maximal for the 
generation of lineaments 

(m) 
3200 5300 9100 6500 10100 

Number of Alignements 37 18 39 5 1 

Shape 
analysis 

Short axis ellipse 
(MinVolEllipse) 

56589 44850 133748 41932 86972 

Long axis ellipse 
(MinVolEllipse) 

79806 92261 161085 77649 97254 

Short Axis/ Long Axis 
(MinVolEllipse) 

0.71 0.49 0.83 0.54 0.89 

 

Table 3-2: Properties and results of the statistical analyses for each monogenetic volcanic field. 
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3.4.1 Poisson Nearest Neighbour analysis 

Spatial organization in the distribution of natural objects can be tested by a comparison 

with idealized statistical models. I analysed the spatial distribution of volcanic centers 

within 37 MVFs against the Poisson distribution characteristic for each field. A nearest 

neighbour analysis results in two statistical values: R, which compares the spatial 

distribution of the natural system with the Poisson model and c, which assesses the 

significance of this comparison. Hamilton et al. [2010] described different scenarios 

depending on the relation between the R and c values with their respective thresholds 

of significance:  

1) if R and c fall within ±2σ of the significance level of their expected values, the 

observed distribution is consistent with the Poisson model (i.e., randomly 

scattered). 

2) if c falls outside the ±2σ of significance level, and R is larger than +2σ, the 

Poisson model is rejected, and the observed distribution is dispersed relative 

to the Poisson distribution. 

3) if c falls outside the ±2σ of significance level, and R is less than -2σ; the 

Poisson model is rejected, and the observed distribution is clustered relative 

the Poisson distribution. 

4) if c falls within the ±2σ of significance level, and R falls outside ±2σ; the 

spatial distribution shows an equivocal significance and the result is not 

interpretable. This is typically due to a lack of data. 

The statistical values R and c for each MVF are shown in Figure 3-6. My first observation 

is that each volcanic field plots in a different location. Most of the fields studied (~76%) 

are situated below the -2σ limit in the R- and c- plots (Fig. 3-6), implying a clustered 
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distribution of their volcanic centers relative to the Poisson model. 19% of the fields 

studied fit the Poisson model (R and c-statistical values plot within the ±2σ limit, Fig. 3-

6). Only 5% of the fields studied show a distribution of their volcanic centers more 

dispersed than the Poisson model (R and c values plot above the +2σ limit, Fig. 3-6). 

These results show that MVFs with a small number of volcanic centers will have either 

clustered, Poisson random or dispersed distributions, while fields with a high number 

of volcanic centers appear to preferentially display a clustered distribution. For the 

clustered distributions, the number of volcanic centers does not influence the degree of 

clustering within the volcanic fields (Fig. 3-6). 

I also observe that the assigned tectonic environments are scattered within the R- and c- 

plots, suggesting that the tectonic environment has no influence on the spatial 

distribution of volcanic centers, or that the PNN analysis is not sufficient to make 

distinctions between the different tectonic environments. Finally, I observe that 

individual MVFs can be an assembly of distinctive subgroups showing different spatial 

distributions (Fig. 3-6): Eifel undivided has a cluster distribution, West Eifel also shows 

a clustered distribution but East Eifel shows a dispersed distribution. Snake River 

undivided shows a clustered distribution similar to Snake River South, but Snake River 

North shows a Poisson distribution. Chaine des Puys and Chaine des Puys undivided 

show a clustered distribution while Pre-Chaine des Puys shows a Poisson distribution 

(small Chaine des Puys does not contain enough volcanoes to be analysed) 
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Figure 3-6: Plots of the statistical values R and c against the number of volcanic centers for each 
monogenetic volcanic field. The overcome the sample-dependent bias, the R and c values are plotted 
within a confidence interval of 2σ (dark grey area represents the ±1σ limit; the light grey area represents 
the ±2σ limit). The fields are colour-coded after their tectonic environments.  
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3.4.2 Volcanic alignments and shapes of monogenetic volcanic fields 

The directions of the alignments for each MVF were plotted in a rose diagram using 

GEOrient software [Holcombe, 2010]; the ellipse shape of the MVF was superposed, as 

well as the direction(s) of the main fault(s) in the region of the field (Fig. 3-7). I will use 

the term ‘preferred orientation’ for concentrations of similarly oriented alignments in a 

MVF. For each MVF, I considered the preferred orientation(s) to be greater than a third 

of the maximal bin (i.e., outside the grey circle in Fig. 3-7). 

The results of the volcanic alignment analysis show that MVFs have a wide variety of 

alignment patterns. While some fields have a number of differently oriented alignments 

(e.g., Chichinautzin, San Francisco), others show only one (e.g., Es Safa, Dariganga) or 

two preferred orientations (e.g., Pali Aike, Todra). The shapes of the minimum-area 

ellipses also vary, from nearly perfectly round (e.g., Yucca Mountain) to elongated 

ellipses (e.g., Snake River North) (Fig. 3-7d and Table 3-2). 

Despite the wide variation in the number of alignments and the shape of the fields, I 

observe two end-member patterns when the volcanic alignments and the ellipse shape 

are compared with the local fault system of each field, I observe two end-member 

patterns. On one hand, the volcanic alignments, the long axis of the ellipse and the fault 

system all have similar orientations (e.g., Es Safa, Fig. 3-7a). On the other hand, all three 

types of features have different orientations (e.g., Todra, Fig. 3-7b). In order to 

distinguish the roles of the principal factors acting in the development of MVFs (i.e., the 

source controls, pre-existing crustal structures, or the tectonic environment), I classified 

the fields by the number of alignments and the orientations of volcanic alignments, the 

local fault system and the shape ellipse (Fig. 3-8). 
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Figure 3-7: Classification of the MVFs in this study according to their geometric characteristics, 
progressing from simple to more complex. Each rose diagram shows: black: volcanic alignment 
direction(s), orange: the shape ellipse, and any known dominant local fault system (SS: strike slip fault, 
NF: normal fault, RF: reverse fault, subd: subduction; in green). The filled grey circle represents the 1/3 
threshold for the volcanic alignment direction(s) (see section 3.4.2 for explanation). a. Fields showing one 
alignment direction corresponding with the long axis of the shape ellipse, b. fields showing two alignment 
directions, c. fields showing more than two alignment directions , and d. fields having only one alignment . 
East Eifel is not shown because it has no volcanic alignments. 
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Figure 3-8: Discrimination plot of the monogenetic volcanic fields in this study, filtered according to their 
geometry (see Fig. 3-7). The fields are color-coded after their tectonic environment. Note the position of 
Abu, the only field with a compressional environment and the generally simple geometry of fields with a 
strike-slip environment in contrast with the complex geometry of fields with an extensional environment. 
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The fields were first sorted into three groups by the number of orientations of their 

volcanic alignments (i.e., one, two, or more than two directions); fields with less than 3 

volcanic alignments were not included within the classification). Further subdivision is 

based on 1) the relative orientations of the volcanic alignments and the shape ellipse 

bounding the field, 2) the relative orientations of the volcanic alignments and the 

tectonic structures, and 3) the relative orientations of the shape ellipse and tectonic 

structures (Fig. 3-8).  

The classification shows that MVFs in a strike slip tectonic environment have fewer 

preferred orientations with the same orientation as the tectonic features, while fields in 

extensional environments have larger numbers of corresponding preferred orientations 

(Fig. 3-8). I observe that in ~72% of the studied volcanic fields, the orientations of the 

long axis of the shape ellipse and the volcanic alignments are different. In ~78% of the 

volcanic fields studied, orientations of their volcanic alignments are similar to those of 

tectonic features. Only in ~55% of the volcanic fields studied, the long axis of their 

shape ellipse matches the orientation of the tectonic features. Finally, I observe that 

some of the distinctive subgroups of MVFs, such as Snake River and Snake River South 

can have similar spatial characteristic as their main fields, while others, such as Al-Haruj 

North and Al-Haruj South, or Chaine des Puys and Chaine des Puys (+pre and small) 

differ in their spatial characteristics (Fig. 3-8)  

3.5  Discussion 

3.5.1 Magma flux and rejuvenation: controls on spatial distribution 

The spatial distribution of volcanic centers is thought to represent the influence of a 

number of factors, i.e., the source, the plumbing system and the tectonic stress field 
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[Connor and Conway, 2000]. My results offer insight into the usefulness of spatial 

distribution analyses for interpreting the relative contribution of each of these factors. 

Firstly, despite the diversity amongst the 37 MVFs (number of vents, number of 

alignments, aspect ratio of field shape); most show a clustered distribution when 

compared with the Poisson model. Several scenarios can be invoked to explain such 

clustering, depending on the supply of magma from the source. The first scenario is a 

continuous supply of magma (Fig. 3-9.I), with the mantle/source (S1) releasing 

continuous batches of magma from different locations within the same source, forming 

different volcanic centers at the surface (vents 1, 2 and 3), until the source drains. Later, 

another source (S2) becomes active and releases continuous batches of magma, thus 

generating another cluster of contemporaneous volcanic centers (vents 4-5) [Conway et 

al., 1998]. The second scenario is an intermittent supply of magma (Fig. 3-9.II), with the 

two sources (S1 and S2) intermittently active, releasing batches of magma after periods 

of non-activity [Kereszturi et al., 2011]. Independently of the supply of magma from the 

source, these scenarios can be classified depending on the modulating effect, if any, of 

pre-existing crustal fractures (Fig. 3-9A or 9B). An hybrid end-member can be 

envisioned if a local source develops at mid-crustal depths consequent on sill formation 

due to pre-existing structures [Valentine and Krogh, 2006] or crustal heterogeneities 

[Kavanagh et al., 2006; Maccaferri et al., 2011]. These secondary sources can feed 

several eruptions at the surface, also leading to clustering [Németh and Martin, 2007, 

Chuck Connor, pers. comm., 2010].  

Alternatively, non-clustered distributions (Poisson and dispersed) can be explained if 

the source produces only a limited amount of magma sufficient for one single eruption 

(Fig. 3-9.III, A and B).  
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The behaviour of a volcanic system and the supply of magma from the source are 

thought to be governed by two main physical processes: 1) magma flux, i.e. the 

production rate of melt within the source [Wadge, 1981; Valentine and Hirano, 2010]; 

and 2) rejuvenation of the source, i.e. the restoration of a depleted and infertile source 

to an original or new condition which allow the further generation of magma [Ballmer et 

al., 2011; Konter and Jackson, 2012].  

 

 

Figure 3-9: Sketch illustrating the different models possibly involved in the generation of the spatial 
distribution of volcanic centers within monogenetic volcanic fields. For fields with clustered distribution, 
the source can be (I) continuous or (II) intermittent. For fields with a Poisson or a dispersed distribution, 
(III) the source is considered to be active only once. The supply of magma from the source can be divided 
in two end-members (double-headed arrow on the left): A- the magma is affected by pre-existing crustal 
fractures; and B- the magma is not affected by pre-existing crustal fractures. The Arabic numbers indicate 
a sequence of different eruptions. 

 



75 | P a g e  

 

The analysis of spatial distribution of volcanic centers highlights two principal results. 

Firstly, the clustered and non-clustered distributions cannot be used to infer the role of 

pre-existing fractures in the propagation of magma from source to surface. Secondly, 

depending on the temporal evolution of the field, whether a distribution is clustered or 

non-clustered may reveal how much two competing mechanisms, flux and rejuvenation, 

are involved in the supply of magma the source. A clustered distribution could reflect a 

high flux and possibly low rejuvenation of the source if clusters of volcanic centers are 

formed continuously through time (Fig. 3-9.I), as in the Springerville Volcanic field 

[Condit and Connor, 1996]. On the other hand, a low flux and potentially high 

rejuvenation can explain the intermittent generation of clusters within a MVF if clusters 

are created by intermittent activity of the source (Fig. 3-9.II). Alternatively, Poisson or 

dispersed distributions can be explained by a low flux/ low rejuvenation systems (Fig. 

3-9.III), such as the Auckland Volcanic Field [Lindsay et al., 2011]. 

Whatever the behaviour of a monogenetic volcanic system as deduced from the Poisson 

nearest neighbours analysis, the spatial pattern of volcanic centers will contain 

alignments, though these may alignments may reflect a second order control on the 

magma propagation and the development of a field. 

3.5.2 Influence of tectonic stress and pre-existing structures on volcanic 

alignments 

Volcanic alignments can represent the stress field at the time of the intrusion if their 

feeder dikes propagated into newly formed cracks oriented perpendicular to the 

direction of least principal tectonic stress, σ3 [Delaney et al., 1986]. Alternatively, such 

dikes may exploit pre-existing crustal-scale faults, in which case the orientation of 

associated volcanic alignments would not necessarily represent the contemporaneous 
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stress field [Valentine and Krogh, 2006]. My compilation of volcanic alignments, tectonic 

stress state, and structural context for 37 MVFs provides a unique database with which 

to evaluate the relative importance of pre-existing faults versus ambient stress field on 

the upper-crustal magma plumbing system. Figure 3-10 illustrates the geometry of 

dikes, and thus volcanic alignments, expected for each documented tectonic regime 

(compressional, extensional and strike slip), assuming the ambient stress field exerts 

the principal control on the magmatic plumbing system. 

 

 

Figure 3-10: a, c, e: Fundamental fault modes with their stress tensors and the orientation of magmatic 
intrusion following the same stress tensor (in red), after Anderson [1951]. b, d: corresponding dike 
orientation as a function of the orientation of the principal compressive stress. 1: In a compressional 
environment, thrust faults are created (a), and dikes should transform into sills (b). 2: In a strike-slip 
environment, strike-slip faults are created (c), dikes, due to potential rotation of the stress field, form en-
echelon structures (d). f. In an extensional environment, normal-slip faults are created (e), and dikes do 
not change direction (f). 
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The Abu volcanic field (purple in Figs. 3-4, 3-6 and 3-8) is the only MVF in this study 

situated in a compressive tectonic environment. Following Anderson’s definition 

[1951], a compressive tectonic environment is defined by having σ1 horizontal and σ3 

vertical with thrust faults dipping 30° (Fig. 3-10a). Under such a stress orientation, a 

dike will rotate to stay perpendicular to σ3 and propagate horizontally to form a sill 

[Menand et al., 2010], preventing eruptions at the surface (Fig. 3-10b). However, 

Galland et al. [2003] show that, even in this situation, pre-existing crustal structures can 

help magma to migrate toward the surface. The alignment analysis shows that one of 

the two preferred orientations (Fig. 3-7b) matches one of the fault systems (Fig. 3-8). 

The exploitation of misaligned pre-existing fractures by a propagating dike can be 

explained if the magma pressure meets the overpressure necessary for fault 

reactivation, similar to the fault valve model of [Sibson, 1990]. 

Six MVFs (red in Figs. 3-4, 3-6 and 3-8) are considered to be situated in a strike-slip 

environment. These fields show one to two preferred orientations of their volcanic 

alignments (Figs 3-7 and 3-8). Considering Anderson [1951], pure strike slip 

environments have σ2 vertical and their strike-slip faults are vertical (Fig. 3-10c). 

Several mechanisms can potentially explain the formation of alignments. First, rotation 

of the stress field is generally observed in strike slip systems (Fig. 3-10d), which could 

generate en-echelon structures. Second, strike slip faults systems can generate flower 

structures [Sylverster, 1988], which might influence the propagation of the magma: 1- 

dikes intercept the pre-existing fractures, or 2- dikes are guided by the pre-existing 

fractures (Part 5, Le Corvec et al., under review). I cannot determine however which 

scenarios control the creation of alignments showing a single preferred orientation like 

in the Dariganga or Es Safa volcanic fields. 
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Twenty two MVFs (blue in Figs 3-4, 3-6 and 3-8) are considered to be situated in an 

extensional environment. These fields generally show two or more preferred 

orientations of volcanic alignments. After Anderson [1951], extensional environments 

have σ1 vertical with normal fault dipping 60° (Fig. 3-10e). Under such stress conditions, 

dike propagation is vertical (Fig. 3-10d). The large number of volcanic alignment 

orientations may indicate factors other than stress control influencing the propagation 

of dikes. Firstly, the results of Part 4 show that dipping pre-existing fractures have more 

chance to be intercepted by dikes than vertical fractures. Due to their dip, normal fault 

systems can therefore influence the direction of propagation of a dike and the 

generation of alignments at the surface especially well. 

I have considered that the number of preferred orientations might be due to the 

presence and the orientation of pre-existing fractures. However, the generation of 

alignments, thus the direction of dike propagation, can also be explained by a 

competition between two main mechanisms: 1- the stress field; and 2- the pre-existing 

fractures (Fig. 3-11). Following Caputo [1995], a high differential stress prevents stress 

swap therefore each new intrusion will be oriented in the same way. On the other hand 

a low differential stress facilitates stress swap, therefore successive intrusions might 

have different orientations (Fig. 3-11-1). 

The pre-existing fracture end-member is controlled by the ability of a dike to reactivate 

the fracture which may be misaligned with the tectonic stress. Jolly and Sanderson 

[1997] shows that low magma pressure dikes are only able to exploit pre-existing 

fractures, these fractures must be favourably or well-oriented for reactivation in the 

prevailing stress field (Fig. 3-11-2). Conversely, dikes with a high magma pressure are 
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able to reactivate pre-existing fractures of any orientation relative to the prevailing 

stress field, and therefore have the potential to generate several preferred orientations. 

 

Figure 3-11: End-members situation for the simple versus complex volcanic lineament patterns: 1. Stress 
field end-member based on Caputo [1995], in which high differential stress favours few preferred 
orientation while low differential stress favours several orientations; 2. Pre-existing fracture end-member 
based on Jolly and Sanderson [1997], in which the magma pressure influence the potential reactivation of 
fault systems. A low magma pressure (Pf) favours few preferred orientations, while high magma pressure 
favours several orientations. 



80 | P a g e  

 

3.5.3 Control on the shape of monogenetic volcanic fields 

If the feeder dikes in a MVF ascend vertically, the shape of the field at the surface should 

approximately represent the shape of the source in the mantle. However, in more than 

~70% of the fields studied, the long axis of the shape ellipse and the main volcanic 

alignments do not have the same direction (Fig. 3-8). The source elongation at depth 

thus is not affecting the preferential orientation of the volcanic alignments at the 

surface. Dike orientation is therefore not linked to the shape of the source. However, 

since ~54% of the long axes of the shape ellipses match local tectonic features (i.e., the 

stress field), the tectonic environment does in some way influence the shape of these 

MVFs and their sources. For example, Abu, Jaraguay, Sab Borja, and San Ignacio have the 

elongation of their ellipse parallel to a nearby subduction zone. Es Safa and Pinacate 

have the elongation of their ellipse parallel to local strike slip faults. Chaine des Puys 

undivided, Chaine des Puys, Pre-Chaine des Puys, Kula, Potrillo and West Eifel have the 

elongation of their ellipse parallel to a local rift system. On the other hand, magmatic 

activity of the Yellowstone Hotspot is thought to control the shape of the Snake River 

and Snake River South fields [Shervais and Hanan, 2008], however the lineaments 

observed in these fields seems to be controlled either by the local stress field or by the 

associated normal fault system at the surface (Fig. 3-7). 

3.6  Conclusions  

The spatial distribution of volcanic vents within MVFs can provide useful information 

on controls acting on their volcanism. I have shown that most of the fields display a 

clustered distribution of their volcanic vents, which may indicate fundamental 

mechanisms affecting the generation of the magma, such as the flux and rejuvenation of 
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the source, thus controlling the temporal behaviour of the volcanic system and the 

spatial distribution of the volcanic vents at the surface. However, the control of pre-

existing fractures cannot be inferred from only the Poisson nearest neighbour analysis. I 

further showed that volcanic alignments in field under compressive stress fields have 

few preferred orientations. In contrast, an extensional environment leads to multiple 

preferred orientations, because of competing influences between the regional and/or 

local stress field and pre-existing fractures within the crust. The shape ellipses of a 

number of MVFs have axis orientations influenced by the tectonic environment (e.g., 

subduction, rift zone and strike slip systems). Understanding monogenetic basaltic 

volcanism relies on a combination of local studies to detail the evolution of particular 

fields with world-wide comparisons to distil out common fundamental processes.  
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Part 4 Interaction of ascending magma with pre-existing crustal 

fractures in monogenetic basaltic volcanism: an 

experimental approach 

 

Magma transport through dikes is a major component of the development of 

monogenetic volcanic fields. These volcanic fields are characterized by numerous 

volcanic centers, each typically resulting from a single eruption. Therefore magma must 

be transported from source to surface at different places, which raises the question of 

the relative importance of 1) the self-propagation of magma through pristine rock, and 

2) the control exerted by pre-existing fractures. To address this issue, I have carried out 

a series of analogue experiments to constrain the interaction of a propagating dike 

through a medium with pre-existing fractures. The experiments involved the injection 

of air into an elastic gelatine solid, which was previously cut into its upper part to 

simulate pre-existing fractures. The volume of the dikes, their distance from the 

fractures and the ambient stress field were systematically varied to assess their 

influence on potential dike-fracture interactions. The results show that distance and 

angle between dikes and fractures influence theses interactions and the dike trajectory. 

Dike geometry and dynamics are also affected by both the presence of the fractures and 

the dike volume; dikes propagating in between fractures tend to decelerate. In nature, 

interactions are expected for dikes and fractures separated by less than about 200 m, 

and dikes with a volume less than about 10-2 km3 would experience a velocity decrease. 

These results highlight the influence of pre-existing fractures on the mechanics and 

dynamics of dikes. These heterogeneities must be considered when studying the 

transport of magmas within the crust. 
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Work presented in this Part is drawn from a paper submitted to Journal of Geophysical 

Research in September 2012. Results and text included in this Part are largely 

unchanged from the submitted version as permitted by the University of Auckland 

under the 2008 Statute and Guidelines for the Degree of Doctor of Philosophy (PhD). Co-

authors of this work Dr. T. Menand and Dr. Jan M. Lindsay advised and commented on 

the manuscript, however the bulk of the research and preparation for publication was 

undertaken by the thesis author (see accompanying declaration). 
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4.1  Introduction 

Volcanic eruptions are the results of the propagation of magma from source to surface. 

Geochemical and petrological data from the resulting erupted material provide insights 

on the source, and the evolution of the magma during both transfer through and storage 

within the lithosphere [Zellmer and Annen, 2008]. However, the physical and 

mechanical understanding of the propagation of a magma-filled crack, or dike, and its 

relationship with the location and volume of an eruption are still a challenging puzzle 

[Taisne and Jaupart, 2009; Taisne and Tait, 2009; 2011].  

The formation and development of monogenetic basaltic volcanic fields are useful 

examples of the complexity of magma propagation in the lithosphere. Although 

monogenetic basaltic volcanic fields occur worldwide, they are most common within 

extensional regimes [Takada, 1994]. In addition, every field, independent of its tectonic 

environment, is characterized by numerous volcanic centers showing clustering and 

lineaments [Connor, 1990; Connor et al., 1992; Mazzarini and D'Orazio, 2003; Mazzarini 

et al., 2010; Le Corvec et al., Under Review-b]. Each volcanic center typically results from 

a single main eruption with magma transported from the mantle, its principal source, to 

different places on the surface with erupted volumes ranging from 10-5 to 1 km3 of 

magma (Table 4-1). 
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Volcanic fields 
Minimum 

erupted volume 
(km3) 

Maximum 
erupted volume 

(km3) 
References 

Abu, Japan 3.10-4 5.94.10-1 [Kiyosugi et al., 2009] 

Auckland, New Zealand 1.30.10-5 2.39 [Allen and Smith, 1994] 

Jeju, South Korea 1.14.10-4 3.44.10-1 [Hasenaka et al., 1997] 

Chichinautzin, Mexico 5.10-4 1.70.10-1 [Siebe et al., 2004] 

Mt. Etna, Italy 2.72.10-5 4.10-2 [Favalli et al., 2009] 

Xalapa, Mexico 1.40.10-3 1.17 [Rodríguez et al., 2010] 
Mean erupted volume (km3) 3.92.10-4 7.85.10-1 

 
 

Table 4-1: Erupted volume range for 6 monogenetic basaltic volcanic fields worldwide. 

 

Transport of magma in monogenetic basaltic volcanism is considered to occur via 

magma-filled cracks, or dikes [Valentine and Hirano, 2010]. Dike propagation starts 

when the magma pressure in the source is large enough to fracture rocks [Valentine and 

Hirano, 2010]. Then, as a dike grows and propagates, its buoyancy overcomes the 

source pressure as the driving mechanism [Menand and Tait, 2002]. The propagation is 

then driven by the difference between magma and matrix density, or buoyancy, the 

elastic stress in response to the deformation of the host, and the magma overpressure 

(the magma pressure in excess of the lithostatic and any potential deviatoric crustal 

stress acting normally on the dike). On the other hand, dike propagation is restricted by 

the fracture toughness of the host rocks [Rubin, 1993b], and the viscous pressure drop 

from the flow of magma [Roper and Lister, 2007]. The stress field can either promote 

extrusive or intrusive growth [Ida, 1999]. Indeed, because a dike is considered as a 

tensile crack (opening perpendicular to σ3), the stress field will influence the 

propagation direction and opening of the dike [Anderson, 1951; Menand et al., 2010] and 

therefore the possibility of having alignment of volcanic centers at the surface [Rooney 

et al., 2011]. However dikes are not passive features, but instead influence their 

surrounding near-field stress conditions by generating local compressive and extensive 

stress areas [Roman, 2005; Maccaferri et al., 2010]. Additionally, there exists conditions 
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of arrest for the vertical propagation of a dike in the upper crust, e.g. level of neutral 

buoyancy, presence of stratification and the volume of magma within the dike [Taisne et 

al., 2011b], which may change a vertical propagating dike into a horizontal propagating 

sill [Kavanagh et al., 2006; Maccaferri et al., 2010; Menand et al., 2010] and thus prevent 

magma from reaching the surface.  

The upper part of the lithosphere is known to be brittle and highly fractured [Ranalli, 

1995], with pre-existing crustal fracture distributions that are scale independent and 

follow power laws [Bonnet et al., 2001]. Dikes and crustal fractures are common in the 

crust; however how they interact is not obvious. Delaney et al. [1986] suggested that 

dikes could either follow self-generated fractures or use pre-existing joints depending 

on their orientation and magma overpressure. Recent studies show that magmatic 

intrusions interact with crustal pre-existing fractures (PFs) [Valentine and Krogh, 2006; 

Gaffney et al., 2007; Wetmore et al., 2009], given certain conditions: i) PFs are almost 

perpendicular to the least compressive stress σ3 and steeply dipping (>60°); ii) shear 

stresses on the fracture are small compared to the excess magma pressure; iii) effective 

ambient dike-normal stress is small compared to the rock tensile strength [Ziv et al., 

2000; Valentine and Krogh, 2006; Gaffney et al., 2007]. Additionally, a recent study has 

shown the strong influence of a PF on the stress field associated with a pressurized 

magma chamber, and that the position of faults greatly influences the propagation of a 

dike [Simakin and Ghassemi, 2010]. 

Pre-existing fractures in the brittle upper crust therefore influence the propagation of 

magmas as well as the development of monogenetic basaltic fields. This is illustrated in 

Figure 4-1, which shows a dike that cross-cut sedimentary layers and propagated 

parallel to the dip of the surrounding pre-existing fractures. However, what controls 
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whether a dike interacts with or is influenced by a PF remains an important gap in our 

understanding of monogenetic basaltic volcanism. Because field data provide limited 

information on the dynamics of dike propagation, I studied the interaction between 

dikes and PFs through analogue modelling. I limited my analysis to the following 

parameters, considered to influence the interaction between a dike and a PF: 1) the 

volume of injected magma, 2) the distance between a dike and a PF, and 3) the impact of 

a deviatoric stress. 

 

 

Figure 4-1: An alkaline basalt dike intruding sediment in Utah, US. Photo courtesy of Mikel Diez. 

 

Here I show the observations and results of scaled analogue experiments, which aim to 

constrain the effect of the direction of propagation, shape and velocity of a dike on a 

potential interaction with PFs. These results are then discussed and related to natural 

cases. 

4.2  Analogue modeling 

The behaviour of a buoyant dike and its interaction with PFs in hydrostatic and 

extensional stress fields were both studied by injecting air in a homogeneous gelatine 
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pre-cut by one or several fractures. Gelatine is a good analogue material having elastic 

and brittle behaviour if prepared properly [Mezger, 2002; Di Giuseppe et al., 2009; 

Kavanagh et al., 2013]. Indeed, gelatine shows a gradual change in behaviour from a 

purely elastic to visco-elastic rheology in the solid-state to purely viscous rheology in 

the non-solid-state, depending on its composition, concentration, temperature, ageing 

and the applied strain state [Di Giuseppe et al., 2009]. Following a preparation as 

specified by Kavanagh et al. [2013], the gelatine in my setup was considered to be an 

ideal-elastic medium in its solidified state, such that:  

       

                                                                     4-1 

where σ is stress, E is the solid Young’s Modulus and ε is strain (Hooke’s law). These 

rheological characteristics of the gelatine solids are used to simulate the Earth’s upper 

crust, which behaves, as a whole, in an elastic way for instantaneous applied stress 

[Ranalli, 1995]. I used air as an analogue fluid for a buoyantly rising basaltic magma. 

4.2.1 Methodology 

Every experiment was carried out using the same set-up. A square-base tank (base: 40 

cm x 40 cm, height: 30 cm) was used to create the gelatine block. The tank was made of 

Perspex, and its base had a series of injection points of 5mm diameter every centimetre 

from the middle of the tank outward. The gelatine (a high-clarity, 260 bloom, acid, 

pigskin-derived gelatine) was prepared by mixing gelatine powder with hot water in the 

tank. Metal plates were introduced on two parallel sides of the tank (Fig. 4-2a). The 

gelatine was covered by a thin layer of oil to avoid evaporation during cooling and 

placed in a fridge at 10°C for 24 hours to allow its solidification.  
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Once set, the properties of the gelatine were measured as follows. The Young’s modulus 

(E) was calculated by measuring the vertical deflection of the gelatine surface (w) 

induced by a cylindrical weight of known mass (M) and radius (a) [Timoshenko and 

Goodier, 1970]: 

  
          

     
 

                                                               4-2 

g is the gravitational acceleration, and ν is the gelatine Poisson’s ratio (ν = 0.5; [Crisp, 

1952; Richards Jr and Mark, 1966]). The fracture toughness (Kc) was then calculated 

using the relationship derived by Kavanagh et al. [2013]: 

              √  

                                                      4-3 

In some experiments, PFs were created, after the Young’s modulus had been measured, 

by cutting the upper part of the gelatine using a rail-guided knife (9 cm deep). Then, 

before starting an experiment, both metal plates (12 mm thick) were removed and 

replaced by cold water to create free surface conditions on each side of the gelatine (Fig. 

4-2b and c). To create an extensional regime, the gelatine was first unstuck from the 

three other sides (front, back and bottom side) of the tank to ensure the extension to be 

homogeneous throughout the gelatine solid (Figs. 4-2 and 4-3). Then a horizontal 

tensile deviatoric stress was created by imposing a homogeneous, vertical compressive 

load on its entire upper surface (Fig. 4-2c), as detailed in section 4.2.3. Finally, a pre-cut 

of a few millimetres was made at the base of the gelatine solid before injecting air in 

order to force the experimental dike (referred in the following as dike) to propagate 

perpendicularly to the front side of the tank or, for some experiments, parallel to the 

plane of the PF(s).  
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Figure 4-2: Experimental Setup. a) For each experiment the gelatine was prepared and poured in a tank 
made of Perspex. Two hot plates were placed inside the tank. The gelatine was allowed to cool and 
solidify during 24 hours at 10°C before an experiment. b) For the experiments under hydrostatic stress, 
the hot plates were taken out of the box, and replaced by water. In addition, for some experiments, the 
upper surface of the gelatine was cut to generate one or several PFs. c) For the experiments under 
extensional stress, the hot plates were taking out of the box and also replaced by water. Each side of the 
gelatine was unstuck from the tank surface. For some experiments, the upper part of the gelatine was cut 
to create one or several PFs. Finally, a weight was applied on the upper surface of the gelatine to generate 
the extension. For all the experiments, the air was injected through the injection points at the base of the 
tank. i- 3D shape and orientation of the experimental dike, ii- definition of the length and thickness of the 
dike subsequently analysed. The experiments were recorded using a digital camera. 
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A predetermined volume of air was injected inside the gelatine through the injection 

points using a syringe, which allowed me to control and vary the volume of injected air 

from one experiment to another. Each experiment was recorded using a digital video 

camera. The movies were subsequently analysed using a MATLAB script to measure the 

evolution of the shape, the direction of propagation and the velocity of the dike inside 

the gelatine (See Section 4-2-2). The pictures were analysed from the moment the dike 

was separated from the syringe until it reached the surface. This analysis allowed me to 

determine any potential impact of PF on the dike propagation. 

 

 

Figure 4-3: Numerical computation of the extensional stress field within the block of gelatine using the 
finite element software COMSOL Multiphysics. The black line represents the initial shape of the gelatine 
block; the red line represents the gelatine block during deformation. 
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4.2.2 Image processing and dike analysis 

In order to analyse my experiments, I had to extract the shape of the propagating dike 

from the recorded video. I extracted for each experiment a series of still images from the 

recorded video at a frequency of an image per second. These images were subsequently 

processed through Matlab to extract the different information on the propagating dike.  

The code used to extract the dike shape and information was based on an available code 

online (http://www.mathworks.com/matlabcentral/fileexchange/25157). The image 

processing starts with the original image (Fig. 4-4-1). This image was then segmented in 

order to keep only the area of interest of the image, and converted in black and white 

colour (Fig. 4-4-2). The grey levels of the segmented image were then plotted on a 

histogram (Fig. 4-4-3) and a best threshold was identified to separate the dike from the 

background noise. This threshold was used to transform the segmented black and white 

image into a binary image (Fig. 4-4-4). The binary image generated shows the dike and 

artefacts left after the threshold limitation was applied. I can easily see that the artefacts 

are small compare to the dike (Fig. 4-4-5). These artefacts are eliminated by selecting 

the object with an area higher than the artefacts but lower than the dike. The final 

binary image shows only one object, the propagating dike (Fig. 4-4-6). This object, i.e. 

the dike, is analysed and several properties are extracted (e.g., the length and thickness 

of the dike before and after the pre-existing fracture level, and the distance travelled by 

the tip of the dike). The lengths and the thicknesses were then normalized using the 

buoyancy length, Lb. The velocity ascent was calculated and normalized using the 

kinematic scaling ratio, U*. 

 

 

http://www.mathworks.com/matlabcentral/fileexchange/25157
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Figure 4-4: 1) Original image extracted from the recorded video of the experiment. 2) The original image 
is segmented and converted in a black and white colour image. 3) Histogram of the grey levels of the black 
and white image. The threshold is used to transform the black and white image in binary image. 4) The 
binary image generated from the black and white image. 5) The boundary of each objects found in the 
binary image. 6) The final binary image, after the artefacts were removed. 7) Example of information 
extracted from the binary image through an experiment (plots of the normalized thickness (a.), the 
normalized length (b.), and the normalized tip velocity (c.) of the dike as a function of time (s), zero 
represents the PF(s) level. 
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4.2.3 Scaling 

Analogue models are used to identify and analyse the main processes operating in 

natural systems at the laboratory scale [Ramberg, 1981]. The analogue model of the 

Earth should be geometrically, kinematically and dynamically similar to its natural 

prototype [Hubbert, 1937]. Here I follow the scaling procedure for analogue intrusions 

detailed by Kavanagh et al. [2013]. 

My experiments consider the propagation of a buoyant magma-filled crack through an 

elastic medium, thus my setting must create a density contrast (i.e., buoyancy) and a 

resistance to the fracturing of the medium (i.e., fracture toughness) similar to those 

existing in the Earth’s crust. The balance between these two forces takes place near the 

tip of the dike over the buoyancy length scale Lb, where: 

   (
  

   
)

 
 ⁄

 

                                                                 4-4 

and Δρ is the difference between the density of the solid and that of the fluid, g is the 

gravitational acceleration, and Kc is the fracture toughness of the solid [Taisne and Tait, 

2009]. This buoyancy length, Lb, corresponds to the minimum dike length needed for 

fracturing the surrounding rocks, and it occurs when the stress intensity factor at the 

dike tip KI equals the rock fracture toughness Kc [Menand and Tait, 2002]. 
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To scale my experiments geometrically, I calculated the ratio (Lb*) between the 

buoyancy length of the intrusion in my model (Lbm) and that in nature (Lbn):  

     
   

   
  (

       

       
)

 
 ⁄

 

                                                    4-5 

In my experiments, Δρ = ρgelatine = 1000 kg/m3 and the gelatine mean fracture toughness 

Kc ~ 70 - 80 Pa.m1/2 (Table 4-3). Taking a density difference between rocks and magma 

Δρ = 100 kg/m3 and a fracture toughness Kc = 107 Pa.m1/2 as representative values for a 

basaltic volcanic field, I find that, for my experiments, the ratio Lb* ~ 10-4. My model is 

then ~104 smaller than the natural system and thus represents a shallow portion of 

crust, namely the upper 2-3 km. The natural dimensions represented by my model are 

listed in Table 4-2. The scaled volume injected in my experiments lies in the range of 

volume erupted in monogenetic volcanic fields (Table 4-1).  

Model Lb* Nature 

Gelatine height (m) 0.22 - 0.245 

10-4  

2200 - 2450 Crustal thickness (m) 

Gelatine length (m) 0.376 - 0.4 3760 - 4000 Crustal length (m) 

Slit depth (m) 0.08 - 0.1 800 - 1000 
Pre-existing fracture 

depth (m) 

Slit length (m) 0.4 4000 
Pre-existing fracture 

length (m) 

Injected volume (ml) 8 – 11 8.10-3 – 1.10-2 Injected volume (km3) 
 

Table 4-2: Scaling table. Left side of the table shows the dimensions of my analogue models. I calculate 
the dimensions of the natural system (right side of the table) corresponding to my analogue models using 
the Lb ratio calculated using equation 4-5. 

 

Likewise, the time scale in my experiments differs from that in nature, and my 

experiments must be scaled kinematically. I scaled the experimental velocities using the 
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reduced gravity g’ [Shankar Subramanian, 1992], which is the effective gravitational 

acceleration in the host solid due to buoyancy forces: 

    
  

      
  

                                                                  4-6 

where 

                 

                                                                                                                                                    4-7 

Combining g’ with Lb, I found the time scale 

   √  
  ⁄  

                                                                   4-8 

which allows me to calculate the velocity scale 

      ⁄  

                                                                   4-9 

       
 
    

 
        

 
 
   

                                                     4-10 

or                                                                   

  (
  

      
)

 
 
   

 
   

                                                                                                                                                                 4-11 

A kinematic scaling ratio U* can therefore be calculated: 

    
      

       
 

                                                                4-12 



98 | P a g e  

 

Using the same representative natural values of density difference and fracture 

toughness as before, and taking a rock density of 2800 kg/m3, equation (4-12) gives a 

kinematic scaling ratio U* = 0.049. Propagation velocities in my model (mean value= 

~13.10-3 m/s) are therefore in accordance with basaltic dike velocities in nature (0.1-1 

m/s) [Taisne et al., 2011a]. 

4.3  Stress regimes 

I investigated two different stress regimes with my experiments.  

4.3.1 Hydrostatic regime 

In this set of experiments, no deviatoric stresses were applied to the gelatine (Fig. 4-2b). 

Because the gelatine is considered as a pure elastic medium with a Poisson’s ratio ν = 

0.5, the state of stress in the gelatine at the start of an experiment is hydrostatic 

[Takada, 1990, and references therein]: 

         

                                                              4-13 

4.3.2 Extensional regime 

In this set of experiments, a horizontal tensile deviatoric stress was applied. Because of 

the weak tensile strength of the gelatine, this was done by imposing a load on the upper 

surface of the gelatine. Since the gelatine was constrained by two opposite tank walls, in 

the Y-direction, as well as the rigid base of the tank, the gelatine was only free to move 

in the other X-direction (Fig. 4-2c). This horizontal deformation of the gelatine solid 

obtained by imposing a vertical positive compressive deviatoric stress σz, and thus a 
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negative compressive strain εz is identical to the horizontal deformation that would 

have been created by imposing the (negative) tensile horizontal deviatoric stress σx:  

         
 

 
 (
  

 
) 

                                                           4-14 

         
 

 
 (
   

 
) 

                                                          4-15 

The impact of the deviatoric stress over the buoyancy of the dike can be determined by 

the stress ratio (Table 4-3): 

              
  

  
 

4-16 

with    being the tensile horizontal deviatoric stress, and   , the magmatic 

overpressure of the dike, equals: 

              

4-17 

4.4  Limitations 

Because natural systems are complex systems, their modelling requires simplifications. 

I assume the homogeneous solid with brittle – elastic behaviour to represent the upper 

couple of kilometres of the crust. However, the crust is not homogeneous, and layering 

may influence dike direction [Gudmundsson, 2005; Taisne and Jaupart, 2009; Maccaferri 

et al., 2010], which could have an important impact on the interaction of a dike with 

PFs. I neglected layering and heterogeneities to focus only on the PFs and their potential 

effect on dike propagation. Additionally, I neglected the potential effect high 



100 | P a g e  

 

temperature, magmatic fluids and gas could have on the mechanical behavior of 

volcanic edifices. While this is certainly an important issue for volcanoes with 

protracted magmatic activity, like Mt Etna for instance [Heap et al., 2010; Mollo et al., 

2011], magmatic activity in monogenetic basaltic edifices is much shorter: more often 

than not basaltic monogenetic volcanoes involve the rapid transport of magma from the 

upper mantle to the surface (in the case of the Auckland Volcanic Field, the magma 

source is located at an approximate depth of 90 km) with the building of a new volcanic 

edifice for each eruption rather than a protracted at a specific edifice. Therefore, the 

action of high temperatures and magmatic fluids in monogenetic volcanic field is rather 

limited and has been neglected in my study. 

In my experiments, I neglect viscous forces, which may play an important role in the 

dike dynamics [Lister and Kerr, 1991], and assume instead that fracturing of the host 

solid controls the dynamics of the dikes. By injecting constant volumes of air as an 

analogue for magma, I create buoyancy-driven dikes with constant volume, whereas in 

nature the viscosity of magma prevents the complete extraction of the liquid from the 

dike tail [Stevenson, 1982; Taisne and Tait, 2009]. However, the propagation of buoyant 

dikes is controlled by the local buoyancy balance that takes place at the dike nose region 

[Lister and Kerr, 1991]. Finally, I assume that magma heat loss is negligible during the 

propagation of mafic dikes due to their high velocity (up to meters per second: 

Demouchy et al., 2006), which is a reasonable assumption for basaltic dikes greater than 

a meter in thickness [Bruce and Huppert, 1989]. 
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4.5  Observations and results 

In every experiment (Tables 4-3 and 4-4, a pre-defined volume of air is injected at the 

bottom of the tank using a syringe. The experimental dike grows initially as a penny-

shaped crack until the dike reaches a certain height, i.e. its buoyancy length (Lb). From 

that point, the tip of the dike is able to fracture the gelatine leading to its upward 

propagation. Once all the volume of air is injected, the dike breaks loose from the 

syringe and propagates vertically, keeping its volume constant by opening at its tip and 

closing at its tail within the gelatine. The dikes were injected so that they propagated 

vertically in a plane parallel to the camera axis. However, their orientation could be 

either parallel or perpendicular to the PFs. 

4.5.1 Observations 

4.5.1.1 No pre-existing fracture 

In the experiments with no PFs, I observed vertical to sub-vertical directions of 

propagation without any noticeable changes in the shape of the experimental dike while 

propagating within the gelatine. I did observed an increase in length and an increase in 

velocity as the tip of the dike was reaching the surface of the gelatine. These 

observations fit well with similar experiments done in previous studies (e.g., Rivalta and 

Dahm, 2006; Menand et al., 2010). 
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Experiments E Lb (m) 
Kc 

(Pa.m1/2) 
PF D (m) D* 

Volume 
injected 

(L) 
Vol* 

Stress 
(Pa) 

ΔP 
(Pa) 

Stress 
ratio 

2 PF 
Extension 

2400 2869 0.0388 75 straight 0.04 1.03 0.009 774 203 584 0.348 

2600 3187 0.0402 79 straight 0.041 1.02 0.008 664 226 620 0.364 

2700 4111 0.0437 90 straight 0.039 0.89 0.01 763 166 595 0.279 

2900 3761 0.0425 86 
angular 

(78°) 
0.042 0.99 0.011 864 213 630 0.339 

2 PF 
Hydrostatic 

2500 2869 0.0387 75 straight 0.039 1.01 0.009 783 0 380 0 

2512L 2869 0.0387 75 straight 0.03 0.78 0.008 696 0 380 0 

2504L 2869 0.0387 75 straight 0.03 0.78 0.009 783 0 380 0 

2609R 3187 0.0402 79 
angular 

(81°) 
0.037 0.92 0.009 747 0 394 0 

2800 2479 0.0370 70 
angular 

(73°) 
0.038 1.03 0.009 813 0 363 0 

2811R 2479 0.0370 70 
angular 

(73°) 
0.0363 0.98 0.007 632 0 363 0 

2804L 2479 0.0370 70 
angular 

(73°) 
0.04 1.08 0.009 813 0 363 0 

2804R 2479 0.0370 70 
angular 

(73°) 
0.038 1.03 0.006 542 0 363 0 

2809R 2479 0.0370 70 
angular 

(73°) 
0.036 0.97 0.006 542 0 363 0 

2909R 3761 0.0425 86 straight 0.049 1.15 0.011 864 0 417 0 

3000 4848 0.0462 97 straight 0.03 0.65 0.011 794 0 453 0 

3003L 4848 0.0462 97 straight 0.0298 0.64 0.013 938 0 453 0 

3004R 4848 0.0462 97 straight 0.0488 1.06 0.011 794 0 453 0 

3009R 4848 0.0462 97 straight 0.0695 1.50 0.013 938 0 453 0 

1 PF 
Hydrostatic 

1902L 3514 0.0415 83 straight NaN NaN 0.01 804 0 407 0 

2104R 2862 0.0388 75 straight NaN NaN 0.009 775 0 380 0 

2811L 2479 0.0370 70 
angular 

(73°) 
NaN NaN 0.006 542 0 363 0 

1 PF 
Extension 

2002L 2551 0.0373 71 straight NaN NaN 0.009 805 181 547 0.331 

2102L 2862 0.0388 75 straight NaN NaN 0.009 775 203 583 0.348 

2202L 2988 0.0393 77 straight NaN NaN 0.011 933 212 598 0.354 

2302L 3278 0.0406 80 straight NaN NaN 0.009 740 349 747 0.467 

2406L 2869 0.0388 75 straight NaN NaN 0.009 774 203 584 0.348 

2406R 2869 0.0388 75 straight NaN NaN 0.009 774 203 584 0.348 

2704L 4111 0.0437 90 straight NaN NaN 0.011 839 166 595 0.279 

2903L 3761 0.0425 86 straight NaN NaN 0.011 864 213 630 0.339 

3100 4104 0.0437 90 straight NaN NaN 0.012 916 204 633 0.322 

3104R 4104 0.0437 90 straight NaN NaN 0.012 916 204 633 0.322 

3201R 3902 0.0430 87 straight NaN NaN 0.012 931 208 629 0.330 

No PF 
Extension 

2200 2988 0.0393 77 NaN NaN NaN 0.011 933 212 598 0.354 

No PF 
Hydrostatic 

0404L 2663 0.0379 72 NaN NaN NaN 0.008 705 0 371 0 

1911L 3514 0.0415 83 NaN NaN NaN 0.01 804 0 407 0 

2009R 2551 0.0373 71 NaN NaN NaN 0.009 805 0 366 0 
 

Table 4-3: Characteristics of the experiments.  
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4.5.1.2 One pre-existing fracture 

In the experiments with one PF, I observed, as in the experiments without PFs, that the 

experimental dikes propagated vertically or sub-vertically within the gelatine. I 

observed in some experiments that the dike interacted with the PF. Whether a dike 

interacted with a PF depended on the orientation of the dike (parallel or perpendicular 

to the PF) and of the PF dip (vertical or not) (Fig. 4-5a and b), as well as the direction of 

propagation of the dike (vertical or sub-vertical) and its distance from the PF. As soon 

as the dike touched a PF, its ascent stopped and all the contained air was immediately 

drained in the PF.  

 

Figure 4-5: Example of experiments with one PF, and the influence of the angle on the interaction 
between a dike and a PF. a. Exp 1902L, vertical dike and vertical PF, no interaction is observed. The length 
d defines the distance between the tip of the dike and the PF. b. Exp 2811L, vertical dike with non-vertical 
PF, interaction is observed. The white scale represents 25 mm. The angle, α, defines the angle between the 
dike and the PF. 
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4.5.1.3 Two pre-existing fractures 

In the experiments with 2 PFs, I observed, as in the previous experiments, vertical to 

sub-vertical directions of propagation of the experimental dike in between the PFs. I 

also observed that the dikes were channelled in between the PFs, which affected their 

direction of propagation (Fig. 4-6, exp 2500). However if the distance between the PFs 

was too small the dike interacted with one of the PFs (Fig. 4-6, exp 3000). Also the 

changes in the direction of propagation were more important when the PFs were sub-

parallel to the dike (Fig. 4-6, exp 2804L, 2900, 2809R and 2811L). Finally, the influence 

of the angle between the dike and the PF seemed to play an important role in the 

interaction (exp 2804L). I observed that a high angle between the dike and the PF 

enhanced the potentiality of interaction between the two. 
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Figure 4-6: Example of experiments with two PFs. In experiments 3000 and 2500, the PFs are vertical. In 
experiments 2804L, 2900, 2809R and 2811R, the PFs are not vertical. 
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Experiments Vb Va ∆V Lb La ∆L tb ta ∆t α (°) d (m) d* Interaction 

2 PF 
Extension 

2400 0.09 0.079 -0.01435 1.014 0.9 -0.1016 0.2 0.2002 0.0177 0 0.018 0.464 NO 

2600 0.05 0.023 -0.0231 0.9905 0.9 -0.09 0.1 0.1678 0.0207 0 0.0192 0.478 NO 

2700 0.04 0.026 -0.01319 1.102 1 -0.096 0.1 0.1527 0.0141 0 0.0192 0.439 NO 

2900 0.05 0.043 -0.00904 1.357 1.1 -0.271 0.2 0.1627 0.0045 12 0.022 0.518 NO 

2 PF 
Hydrostatic 

2500 0.15 0.121 -0.0311 1.11 1 -0.061 0.2 0.205 0.006 2 0.0162 0.419 NO 

2512L 0.1 0.087 -0.013 1.13 1.1 -0.06 0.2 0.1669 
-

0.0046 
13 0.0183 0.473 YES 

2504L 0.14 0.14 0 1.124 1.1 -0.063 0.2 0.1931 0.0054 4 0.01426 0.369 YES 

2609R 0.08 0.07 -0.00635 1.423 1.3 -0.102 0.2 0.1692 0.0014 4 0.0184 0.458 NO 

2800 0.15 0.088 -0.05841 0.9856 1 0 0.2 0.1983 
-

0.0036 
18 0.0242 0.655 YES 

2811R 0.07 0.041 -0.03218 1.213 1.1 -0.115 0.2 0.1807 0.0073 8 0.00955 0.258 NO 

2804L 0.2 0.192 -0.0081 1.135 1.1 -0.006 0.2 0.2278 
-

0.0004 
22 0.0107 0.290 YES 

2804R 0.09 0.061 -0.03212 1.258 1.1 -0.133 1.2 1.1925 
-

0.0031 
17 0.021 0.568 YES 

2809R 0.05 0.024 -0.0247 1.049 1.1 0.01 0.2 0.1815 0.0107 5 0.0108 0.292 NO 

2909R 0.06 0.055 -0.00581 1.1448 1.1 -0.023 0.1 0.1582 0.0116 7 0.0145 0.341 YES 

3000 0.03 0.018 -0.00948 0.9963 1 -0.0381 0.1 0.1365 0.0149 0 0.01537 0.333 YES 

3003L 0.04 0.032 -0.00831 1.103 1 -0.08 0.1 0.1416 0.0168 3 0.00972 0.210 YES 

3004R 0.03 0.016 -0.01595 1.048 1.1 0.031 0.1 0.1232 0.0033 1 0.0217 0.469 NO 

3009R 0.03 0.033 0 1.133 1.1 -0.065 0.1 0.1292 0.0145 5 0.013 0.281 YES 

1 PF 
Hydrostatic 

1902L 0.07 0.087 0.01916 1.514 1.5 -0.017 0.2 0.1932 
-

0.0046 
0 0.015 0.361 NO 

2104R 0.09 0.102 0.00844 1.117 1.1 0.01 0.2 0.2433 0.0399 8 0.024 0.619 NO 

2811L 0.63 0.63 0 1.008 1 -0.0192 0.1 0.1528 0.0038 22 0.009 0.244 YES 

1 PF 
Extension 

2002L 0.12 0.109 -0.0073 1.045 1.1 0.018 0.2 0.2134 
-

0.0072 
1 0.018 0.482 NO 

2102L 0.07 0.057 -0.01425 1.209 1 -0.2266 0.2 0.2066 0.0059 0 0.02 0.516 NO 

2202L 0.11 0.136 0.0242 0.8783 0.9 0.0633 0.2 0.1992 0.0117 3 0.00996 0.253 YES 

2302L 0.1 0.112 0.01499 0.8455 0.8 -0.002 0.2 0.2545 0.0311 4 0.0109 0.269 YES 

2406L 0.06 0.057 0 0.9313 0.8 -0.0877 0.2 0.1595 0.0076 0 0.03 0.773 NO 

2406R 0.06 0.044 -0.01208 1.013 1 -0.0503 0.2 0.1782 0.0097 1 0.034 0.876 NO 

2704L 0.04 0.056 0.01588 1.029 1 -0.0337 0.1 0.1526 0.0074 3 0.0098 0.224 YES 

2903L 0.04 0.075 0.03109 1.086 1.1 -0.029 0.2 0.1683 0.0171 13 0.0105 0.247 YES 

3100 0.07 0.065 -0.00428 0.9522 0.9 -0.009 0.2 0.1685 0.015 4 0.0107 0.245 YES 

3104R 0.06 0.024 -0.03962 1.002 1.1 0.083 0.2 0.1507 
-

0.0188 
5 0.0408 0.933 NO 

3201R 0.06 0.043 -0.01903 1.214 1.4 0.17 0.3 0.2157 
-

0.0474 
3 0.0123 0.286 YES 

No PF 
Extension 

2200 0.1 0.097 0 0.9737 1 0 0.2 0.178 0 0 NaN NaN NaN 

No PF 
Hydrostatic 

0404L 0.04 0.038 0 1.187 1.2 0 0.1 0.1286 0 0 NaN NaN NaN 

1911L 0.06 0.055 0 1.4 1.4 0 0.1 0.1494 0 0 NaN NaN NaN 

2009R 0.09 0.092 0 1.2 1.2 0 0.2 0.181 0 0 NaN NaN NaN 
 

Table 4-4: Raw experimental data. 
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4.5.2 Results 

In order to quantify the mechanical parameters potentially controlling the interaction 

between a dike and a PF (Table 4-4), I defined three dimensionless values: d*, D* and 

Vol*.  

d* is the dimensionless distance of the dike from the PF: 

    
 

  
 

                                                             4-18 

with d defined as the distance between the tip of the dike and the closest PF, or in the 

case where the dike interacted with a PF the distance between the tip of the dike and 

the interacting PF. This distance d was measured when the tip of the dike reached the 

level of the PF (Fig. 4-5a).  

D* is the dimensionless distance between 2 PFs: 
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with D defined as the distance between the two PFs that channel a dike (Fig. 4-6). 

Vol* is a dimensionless dike volume defined as the ratio of the volume of air injected for 

each experiment, Vol (Table 4-3) and the buoyancy volume, Volb:  

                     

4-20 

based on the dike buoyancy length Lb: 
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4-21 

In the following, I will first focus on the mechanical parameters controlling a dike-PF 

interaction, then on the influence of the PF on the shape of the experimental dike, and 

finally on the dynamics of the experimental dike. 

4.5.2.1 Mechanical parameters controlling a dike-PF interaction 

The dimensionless volume of air Vol* injected and the angle α between the dike and the 

PF when the tip of the dike reached the PF level (Fig. 4-5b) were plotted against d* and 

D* (Fig. 4-7). First, I observe that the distance between a dike and a PF (d*), and the 

distance between 2 PFs (D*) influences the potential interaction between dikes and 

nearby PFs. According to Figure 4-6, dikes interact with PFs when d*< ~0.4 and when 

D* < ~0.8 (exp 3000 in Fig. 4-6); otherwise dikes are neither influenced (Fig. 4-5a) nor 

channelized by the PFs (exp 2500 in Fig. 4-6). Figure 4-7 shows also that dikes 

propagating at a high angle α relative to the PFs favour interaction over larger 

dimensionless distances d* and D* (Fig. 4-5b and exp 2804L in Fig. 4-6) However, I note 

two exceptions: 1- dikes that change their direction of propagation (dotted ellipse in 

Figs. 4-7 and 4-8 and exp 2809R and 2811R in Fig. 4-6), and thus avoid interaction with 

the PFs; and 2- dikes that were injected closer to one PF in experiments with 2 PFs 

(green circle in Fig. 4-7) will interact with that PF since d* < 0.4 (Figs. 4-7a and 4-7b). 

The figures also suggest that the volume and the stress regime do not influence 

interactions between dike and PF. The non-influence of the stress regime is due to the 

low stress ratio (~0.3, Table 4-3) suggesting that the dike propagation is controlled by 

the buoyancy of the dike. 
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Figure 4-7: Experimental results of the mechanical parameters controlling the interaction between a dike 
and a PF. The dimensionless volume, Vol*, versus d* (a) and D* (c). I observe that below d* < ~0.4 and D* 
< ~0.8 (grey area), the dike interacts with the PF. I observe exceptions, such as dikes that change 
direction (dotted ellipse) which do not interact with the PF, dikes with a high angle (black ellipse) and 
asymmetric injected dike (i.e., dikes are closer to one of the two PFs) (green circle) which do interact with 
the PF. The angle, α, versus d* (b) and D* (d). I observe that dikes with a high angle relative to the PF have 
a greater chance of interacting with a PF. I observe exceptions, such as dikes that change direction (dotted 
ellipse). 

 

4.5.2.2 Influence of the pre-existing fracture on the shape of the experimental 

dike 

The length and the thickness of the experimental dike were extracted using the digital 

video records (Fig. 4-4). I extracted the average length (Lb) and the thickness (tb) of the 

experimental dike once it broke loose from the syringe until it reached the level of the 

PF, and the average length (La) and thickness (ta) after that level but before the last final 

acceleration due to the free surface (Table 4-4).  
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I then calculated the difference in length, ∆L, and thickness, ∆t, before and after the PF 

level: 

           

                                                              4-22 

and 

           

                                                               4-23 

Positive values in ∆L and ∆t imply an increase in length and thickness of the propagating 

dikes, respectively, as they crossed the level of the PF.  

∆L and ∆t are plotted against each other in Figure 4-8, which reveals a correlation 

between these two parameters: in the majority of experiments the length of the 

propagating dike decreased due to the presence of PFs while its thickness increased; 

most dikes got shorter and fatter once they reached the PF level. 

 

 

Figure 4-8: Experimental results illustrating the change between length, ∆L, and thickness, ∆t, as the 
dikes pass the PF level. 
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In the majority of experiments, the thickness of the dikes increased as the dike passed 

the PF level irrespective of the number of PFs, the stress regime and whether dike-PF 

interaction occurred. This thickness increase remains modest, however: the maximum 

changes in thickness reach ~5%. The length of the dikes, however, seems to be affected 

differently depending on the number of PFs. In experiments with a single PF, a similar 

number of dikes got longer or shorter. This contrasts with experiments involving two 

PFs, for which, in almost all cases, the propagating dikes shortened (∆L < 0) as they 

entered the region flanked by the two PFs. The maximum changes in length reach 

~30%. Overall, it seems the changes in length and thickness were stronger in 

experiments involving one single PF.  

However, the reason for these changes in length and thickness remains unclear as no 

noticeable effect of either the distance d* between dike and PF (Fig. 4-9a,b), the distance 

D* between two PFs (Fig. 4-9c,d), or the volume Vol* of air injected (Fig. 4-9e,f) is 

observed. The largest decrease in dike length has been observed for d* ~ 0.5 and D* ~ 1, 

but these only concern a couple of observations for which I cannot detect any associated 

effect on the dike thickness.  

4.5.2.1 Dynamic aspects 

4.5.2.1.1 No pre-existing fracture 

The sequential analysis of the experiments shows that dikes propagate at a constant 

velocity within the gelatine. As the dikes reach the surface, I observe an acceleration due 

to the presence of a free surface as demonstrated by Rivalta et al. [2006]. 
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Figure 4-9: Experimental results illustrating the impact of PFs on the shape of the experimental dike. The 
difference in lengths (∆L) versus d* (a), D* (c) and Vol* (e). The difference in thicknesses (∆t) versus d* 
(b), D* (d) and Vol* (f).Only the experiments with two PFs are plotted in (c) and (d). 

 

4.5.2.1.2 With pre-existing fractures 

I observed that the presence of PFs could channel propagating dikes (Fig. 4-5) and that 

they changed the dikes shape. I now examine whether PFs could also affect their 

propagation velocity. To do this, I extracted from the digital video records the average 

velocity vb of the dikes before they reach the PF level and the average velocity va after 

that level but before the last final acceleration due to the free surface (Table 4-4).  
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I then calculated the velocity difference before and after the PF level: 

           

                                                             4-24 

Again, negative values for ∆V means that dikes experience a deceleration as they pass 

the level of PFs. In order to analyse these potential velocity changes, ∆V is plotted 

against d*, D* and V*. 

The results show that almost all experimental dikes experienced a change in their 

propagation velocity, although this change was of small magnitude (Fig. 4-10). Most 

dikes show a decrease in velocity due to the presence of PFs: an increase in velocity (∆V 

> 0) is only observed for experiments with one single PF (up to 3% increase, Fig. 4-10a 

and b), whereas experiments involving 2 PFs all resulted in either no velocity change or 

a velocity decrease (up to 6% decrease, Fig. 4-10).  

The distance separating a dike from a PF seems to have some influence on the velocity 

as dikes that propagate closest to PFs tend to experience a velocity increase whereas 

dikes furthest away experience the largest velocity decrease (Fig. 4-10a). Despite some 

scatter in the results, I also observe that when a dike propagated between two PFs the 

distance between these PFs influenced the dike dynamics. Plotting the difference in 

velocity of the dike, ∆V, against the dimensionless D* value, reveals that the change in 

velocity induced by the presence of the two PFs is largest when the PFs are separated by 

a dimensionless distance D* ~1 (Fig. 4-10b). My results suggest that PFs that are too far 

away from each other cannot influence the velocity of propagating dikes. Likewise, and 

more interestingly, PFs that are close to each other (D* < 1) do not seem to influence the 

dike velocity either.  
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The injected volume influences also the variation of dike velocity (Fig. 4-10c). For the 

experiments with a single PF, no apparent correlation is observed. On the other hand, 

when 2 PFs are present I observe a positive correlation with ∆V, with ∆V becoming even 

more negative as Vol* diminishes. Additionally, I observe that ∆V tends to zero when 

Vol* ~ 1000, which would suggest that beyond that threshold the influence of PFs does 

not affect, or much less, the velocity of ascent of a dike. An explanation might be that the 

buoyancy of such dikes is large enough to counter the potential effect of nearby PFs on 

their dynamics. 

The change in the dynamics of the dike induced by the presence of PFs seems to be 

related to the change in the shape of the dike. Indeed Figure 4-11a shows a positive 

correlation, albeit weak, between ∆V and ∆L: any increase (decrease) in dike length is 

associated with an increase (decrease) in propagation velocity. This correlation is 

consistent with that identified between ∆V and Vol*, since larger volumes imply larger 

dike lengths. A similar correlation is observed between dike thickness and velocity with 

the larger positive (negative) velocity changes associated with thicker (thinner) dikes 

(Fig. 4-11b). My interpretation is that the presence of PFs affects the shape of dikes 

propagating nearby, which in turn affects their dynamics. This effect appears more 

important when dikes propagate in between PFs separated by a dimensionless distance 

D* ~ 1. Finally, I note that my experiments do not reveal any potential effect of the 

stress regime on the dynamics of the PFs. 
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Figure 4-10: Experimental results of the impact of PFs on the dynamics of the experimental dike. The 
difference in velocities of the dike (∆V) before and after the PFs were plotted against the dimensionless 
distance between the tip of the dike and the PF, d* (a); the dimensionless distance between the two PFs, 
D* (b); and the dimensionless injected volume of air, Vol* (c). 
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Figure 4-11: Experimental results of the impact of the changes in dike shape on the velocity of the 
experimental dike. a. The difference in length, ∆L, is plotted against the difference in velocity, ∆V. b. The 
difference in thickness, ∆t, is plotted against the difference in velocity, ∆V. 
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4.6  Implications for the interaction of propagating dikes and pre-

existing fractures 

The experiments show that PFs can influence dikes in several ways. 

4.6.1 Mechanical aspects: implications of fracture density and dike volume 

First, if a dike propagates relatively close to a PF, they can interact as shown by Conway 

et al. [1997] and my experiments (Fig. 4-5b). If the dike overpressure is higher than the 

normal stress acting on the PF [Kiyosugi et al., 2010], then the dike will be able to exploit 

and thus potentially reach the surface. However, my experiments do not distinguish for 

which conditions the interactions dike-PF are passive, i.e. a dike interacts with a PF 

simply because it is on the dike path, or active, i.e. the PF influences the trajectory of the 

propagating dike probably by modifying the local stress field and thus capturing the 

propagating dike. My experiments show that these interactions occur when the 

dimensionless distance between a dike and a PF is lower than ~ 0.4, that is when the 

distance that separates a dike from neighbouring PFs is less than about 0.4 its buoyancy 

length Lb: 

           (
  

   
)
   

 

4-25 

Thus, the potential for dike-PF interaction depends not only on the density of PFs in a 

given region of the superficial crust but also on the characteristic length (Lb) of the 

dikes intruding this crustal region. 
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The continental crust has an average quartz diorite-type composition, with a density of 

2800 kg/m3. The values for the elastic moduli E = 80 GPa and ν = 0.25 [Turcotte and 

Schubert, 1982]. The difference in density between a mafic dike and the crust is 

generally taken as ∆ρ = 100 kg/m3 [Rubin, 1995]. Although taking a single fracture-

toughness value for crustal rocks can be debatable [Rubin, 1993b], 10 MPa.m1/2 seems a 

reasonable representative value for the continental crust. The gravitational acceleration 

g is taken as 9.81 m/s2. With these values, my results suggest dike-PF interaction will 

occur if the distance between a dike and a PF is lower than ~ 200 m (eq. 25). 

Furthermore, dike-PF interactions are more likely if the strike of the PF differs from that 

of the dikes, and if the angle between the dike and the PFs is high. Interpretations of 

volcanic vents alignments in nature have raised questions on their potential controls: 1- 

the stress field [Nakamura, 1977]; and 2- the pre-existing crustal fractures [Valentine 

and Krogh, 2006]. My results suggest that dikes have a greater chance of interaction 

with crustal PFs formed during a previous, different stress regime because dikes will 

then tend to propagate at high angles to the PFs. If the stress regime has changed since 

the PF formation, the alignments do not represent the stress regime during intrusion. 

Dikes propagate essentially vertically, due to their buoyancy. Faults with low dips are 

more susceptible to interact with propagating dikes, as well as normal faults rather than 

reverse faults because the normal stress acting on normal faults is weaker [Anderson, 

1951]. However, the dike still needs to overcome the normal stress acting on the PF in 

order to intrude it [Delaney et al., 1986] or will only be diverted for a small distance 

[Gaffney et al., 2007].  

My experiments also suggest that a dike can be channelized in between two adjacent 

PFs, those modifying the trajectory of the propagating dike. Michon et al. [2007] 
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described that at Piton de la Fournaise dikes followed the curved rift system. These 

authors assumed the edifice modifies the ambient stress field over fairly shallow depths. 

I can infer from my results that in this scenario the rift zone may in fact have influenced 

the propagation of a dike by channelizing it parallel to the rift. 

Finally, my experiments do not show any evidence for an eventual role of the tectonic 

regime. No difference has been observed between the hydrostatic stress field and the 

extensional stress field. I can envisage two possibilities. First, my experimental results 

could simply reflect a real lack of effect from the stress field on potential interaction 

between a dike and a PF. However, PFs seem to modify, in certain cases, the dike 

trajectories. This would therefore suggest a modification and thus an effect of the local 

stress field. Moreover any stress field will add to the force budget of a dike, which 

determines its propagation trajectory. Thus this apparent lack of effect of the stress field 

seems dubious. A second possibility would be that PFs, due to their presence, act as a 

screen or shield to the remote stress field. A dike propagating in between 2 PFs would 

thus not feel the difference between the hydrostatic case and the deviatoric case; the 

latter would be limited to the region outside the PFs. However, this scenario cannot 

explain the results for my experiments with a single PF. 

4.6.2 Dynamic aspect 

In addition to modifying the geometry and trajectory of propagating dikes, PFs affect 

also their dynamics. The difference in the velocity of a dike before and after the PFs 

level decreases for most of the experiments (Fig. 4-10), although some experiments 

displayed an acceleration of the dike when only one PF was involved (Fig. 4-10a). In 

addition, the volume of the dikes influences the degree of deceleration when the dikes 

propagate in between two adjacent PFs (Fig. 4-10c). These variations in velocity are 
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accompanied by variations in the shape of the dike, mainly a decrease in length and an 

increase in thickness (Fig. 4-11a and b).  

The dynamics of dikes in nature are difficult to analyse because I cannot see dikes 

directly and the quantitative analysis of their propagation is limited to the potential 

seismicity generated by their propagation [Battaglia et al., 2005]. Taisne et al. [2011a] 

show that the propagation of a dike at Piton de la Fournaise does not occur at a constant 

velocity but is in fact affected by changes in velocity and periods of arrest. The results 

suggest the influence of heterogeneities such as layering [Taisne and Jaupart, 2009; 

Maccaferri et al., 2011; Taisne and Tait, 2011], but could also be due to the presence of 

PFs as suggested by my results. My results also show that dikes might not reach the 

surface if their volumes are too small (Fig. 4-10c), since PFs will tend to decelerate their 

velocity thus increasing the probability for the dikes to stall. On the other hand, PFs will 

tend to help a dike to reach the surface if it interacts with the PF. 

My results suggest that the dynamics of dikes are affected more when their volume is 

rather small (Fig. 4-10c), especially if they intrude a region with more than one pre-

existing fracture. More specifically, for dikes propagating in between two adjacent PFs, 

only those with a normalized volume Vol* smaller than ~ 1000 seem to be sensitive to 

the presence of PFs. Above this threshold, dike dynamics would be rather insensitive to 

PFs owing to their large volume. Therefore for the dynamics of propagating dikes to be 

affected by PFs, dike volumes needs to be less than a critical volume Volc: 

             
             

 
 

4-26 
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I can use this expression to estimate this critical volume for dikes in nature. Using the 

same values as before for the properties of crustal rocks and magmas (E =10 GPa, ν = 

0.25, Δρ = 100 kg/m3 and Kc = 10 MPa.m1/2), eq. (26) suggests that dikes with a volume 

lower than Volc ~ 10-2 km3 would experience a change in their dynamics, i.e. a decrease 

in their propagation velocity, induced by the surrounding PFs. This value is well within 

the range of erupted volumes at various monogenetic basaltic volcanic fields (Table 4-

1), which thus suggests that some of their volcanic centres might have resulted from 

dike-PFs interactions. 

4.7  Conclusion 

Using analogue modelling, the behaviour of a buoyant dike propagating in a 

homogeneous medium affected by one or several PFs in hydrostatic and extensional 

stress fields has been investigated and quantified. These experiments show that the 

presence of PFs influences the shape, the direction of propagation and the dynamics of 

the dike. 

The experiments show that the interaction between a dike and a PF is mainly due to 

their separating distance, d*, or the distance separating two PFs, D*, and the angle, α, 

between them. However, the results cannot distinguish between an active deviation of 

the dike trajectory by the PFs and a passive intersection of the PF by the dike. The 

influence of PFs on the dikes varies depending of the number of PFs. While the presence 

of a single PF could induce either an increase or a decrease in both dike length and 

velocity, in experiments with two PFs I observed almost exclusively a decrease in the 

length and velocity of the dikes. These changes seem to be controlled by the volume of 

the dike, with the larger changes occurring for smaller volumes. A scaling analysis 
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suggests: 1) that dike-PF interaction in nature is likely to occur when the horizontal 

distance that separate propagating dikes from nearby PFs becomes less than about 200 

m; and 2) that dikes with a volume less than about 10-2 km3 would experience a 

decrease in their propagation velocity owing to the presence of surrounding PFs.  

This study shows how the presence of pre-existing crustal fractures can influence the 

direction of propagation and the dynamics of dikes, and thus helps magma to erupt at 

different places within a volcanic field. These heterogeneities must therefore be taken in 

account in further investigations of dike propagation in the upper parts of the 

lithosphere. 
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Part 5 Age, distance and geochemistry: Analysing patterns in the 

Auckland Volcanic Field eruption sequence 

 

The Auckland Volcanic Field (AVF) is a young active monogenetic basaltic field, which 

contains ~51 volcanoes scattered across the Auckland metropolitan area. 

Understanding the temporal, spatial and chemical evolution of the AVF during the last 

c.a. 250 ka is crucial in order to forecast a future eruption. Recent studies have provided 

new age constraints and potential temporal sequences of the past eruptions within the 

AVF. I use this information to study how the spatial distribution of the volcanic centers 

evolves with time, and how the chemical composition of the erupted magmas evolves 

with time and space. I seek to develop a methodology which compares successive 

eruptions to describe the link between geochemical and spatio-temporal evolution of 

volcanic centers within a monogenetic volcanic field. This methodology is tested with 

the present day data of the AVF. The Poisson nearest neighbour analysis shows that the 

spatial behaviour of the field has been constant overtime, with the spatial distribution of 

the volcanic centers fitting the Poisson model within the significance levels. The results 

of the meta-analysis show the existence of correlations between the chemical 

composition of the erupted magmas and distance, volume and time. The apparent 

randomness of the spatio-temporal evolution of the volcanic centers observed at the 

surface is thus probably controlled by the activity of the source. The methodology 

developed in this study can be used to identify possible relationships between 

composition trends and volume, time and/or distance to the behaviour of the source, for 

successive eruptions of the AVF.  
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Work presented in this Part is drawn from a paper submitted to G3 in October 2012. 

Results and text included in this Part are largely unchanged from the submitted version 

as permitted by the University of Auckland under the 2008 Statute and Guidelines for the 

Degree of Doctor of Philosophy (PhD). Co-authors of this work Prof. Mark Bebbington 

provided the age-order model and advised and commented on the manuscript. Dr. Jan 

M. Lindsay advised and commented on the manuscript and Dr. Lucy E. McGee supplied 

unpublished geochemical data and advised and commented on the manuscript, however 

conceptualisation of the problem, the development of the methodology, data 

progressing, generation and discussion of results and preparation for publication was 

undertaken by the thesis author (see accompanying declaration). 
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5.1  Introduction 

Monogenetic volcanism is a worldwide phenomenon [Connor and Conway, 2000]. 

Numerous volcanic centers, each created by only one or few eruptions (e.g., Hasenaka 

and Carmichael, 1985; Condit and Connor, 1996; Brenna et al., 2010; Needham et al., 

2011), are often grouped into monogenetic volcanic fields (MVFs). The area of a MVF 

corresponds to the area enclosed in the boundaries of the field defined using the 

eruptive centres, which is believed to reflect the size of the source within the mantle 

[Spörli and Eastwood, 1997; Hao et al., 2007; Brenna et al., 2012b]. The analysis of 

individual MVFs worldwide has shown that a relationship exists between the spatial 

distribution of their volcanic centres and the structural environment (e.g., Tinkler, 1971; 

Connor et al., 2000; Guilbaud et al., 2011). However, volcanic fields differ with respect to 

the number and spatial organisation of their volcanic centres (showing for example 

clusters and/or lineaments), and the area of the field [Lutz, 1986; Connor et al., 1992; Le 

Corvec et al., Submitted-b]. The development of a volcanic field depends on long- and 

short-term processes, which involves mechanisms occurring in the mantle and during 

the transfer of magma from source to surface, respectively [Valentine and Perry, 2007]. 

The temporal evolution affecting a MVF is characterized by successive and spatially 

distinct single eruptions with no constant recurrence, and punctuated by flare-ups and 

hiatuses (e.g., Conway et al., 1998; Connor and Conway, 2000; Cassata et al., 2008; Molloy 

et al., 2009). Temporal analysis requires good age control of the volcanic centres within 

a MVF, however such reliable absolute dates are lacking for most MVFs (e.g., Mazzarini 

and D'Orazio, 2003; Kshirsagar et al., 2011; Lindsay et al., 2011; Pérez-López et al., 2011; 

StáRková et al., 2011). In addition to the variable temporal evolution of MVFs, the 

chemistry of the erupted magmas shows a wide diversity both within a single field and 
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from one field to another (e.g., Strong and Wolff, 2003; Brenna et al., 2010; Moufti et al., 

2011). The compositional variation of juvenile material within MVFs is thought to 

represent the heterogeneity within the mantle (i.e., source) and/or differences in the 

process of magma production and propagation (e.g., degree of partial melting, 

fractionation and assimilation) (e.g., Shaw et al., 2003; Timm et al., 2009; Ma et al., 2011; 

Ersoy et al., 2012). MVFs are complex systems relying on the interplay between the 

source behaviour (i.e., the production of magmas) and the physical controls on the 

transport of magma toward the surface (e.g., ascent rate, tectonic stress, pre-existing 

fractures). Understanding the temporal characteristics of such mechanisms is an 

important key in the comprehension of the spatial distribution of the volcanic centers 

within MVFs [Connor and Hill, 1995; Valentine and Perry, 2007]. 

Here I present a new methodology for characterizing MVFs, developed from Poisson 

nearest neighbour (PNN) analysis and regression meta-analysis. It describes the 

temporal evolution of the spatial distribution and of the evolution of the chemical 

composition of the erupted products within an MVF. The methodology is here  applied 

to the AVF, which provides sufficient temporal and geochemical data. However, the 

methodology can also be applied to any MVF worldwide if an age model can be 

constructed. 

5.1.1 The Auckland Volcanic Field 

The AVF is one of several MVFs in New Zealand (Fig. 1a), and is situated in the most 

populated area of the country, Auckland, with ~1.5 million inhabitants. The AVF (~0.25 

Ma to 550 yr BP) represents the youngest intraplate basaltic volcanic activity of a series 

of four aligned MVFs which started 100 km south of Auckland with the Okete volcanic 

field (~2.69 Ma to ~1.8 Ma) [Briggs and Goles, 1984]. Three MVFs were subsequently 
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created along a northward trend (Fig. 5-1a): Ngatutura (~1.83 – ~1.54 Ma) [Briggs et 

al., 1990], South Auckland (~1.59 – ~0.51) [Briggs et al., 1994], and the AVF. The 

obvious northward trend of the volcanic fields is not related to a potential hotspot, but 

possibly related to the opening of the Hauraki Rift in the Miocene (Fig. 5-1a) [Hodder, 

1984; Hochstein and Ballance, 1993] or to the fracturing of the lithosphere [Spörli and 

Eastwood, 1997]. The four volcanic fields could be regarded as individual clusters of a 

single larger volcanic field. However, the lack of overlapping activity between the 

different clusters, such as that observed within the Springerville volcanic field, for 

example [Condit and Connor, 1996], suggests that each cluster represents a single 

volcanic field. 

The volcanic centres in the AVF show different styles of eruption: effusive, explosive 

magmatic (dominantly Strombolian), and phreatomagmatic activity which generate lava 

flows, scoria cones, tuff rings and maars, respectively [Allen and Smith, 1994]. The 

diversity of eruptions, their frequent proximity in time and space, and the polymagmatic 

activity of certain volcanic edifice (Fig. 5-1b) makes it difficult to define the number of 

volcanic centers and events per eruptions. Magmas are believed to originate from 

depths of approximately 70 to 90 km [McGee et al., 2011]. The eruptive products show 

large compositional variation (e.g., MgO content ranges from 7.77 to 13.26 wt%), which 

is thought to be due to the complex involvement of multiple source components [McGee 

et al., under review]. In addition, [McGee et al., under review] have shown that little or 

no differentiation occurs during the propagation of magma to the surface, and that the 

signature observed at the surface thus largely represents the characteristics of the 

source. Future eruptions in the AVF are possible, since recent tomographic studies have 

shown the presence of a low S wave velocity zone at a depth of ~80 km [Horspool et al., 

2006], interpreted as a zone of partial melting.  
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Figure 5-1: a. The Auckland Volcanic Field is the last of a series of four monogenetic basaltic volcanic 
fields which started in Okete (~2.69 Ma ago) in the North part of the North Island of New Zealand. b. 
Location of the volcanic centers (red triangles) within the Auckland Volcanic Field. The red ellipses are 
considered single volcanic center, in this study; these represent either adjacent volcanic centers (e.g., 
Grafton and Domain), or a single centre with several events (e.g., Rangitoto and Mt Wellington). 
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5.1.2 The spatial distribution of the AVF compared with MVFs worldwide 

In Part 3, I have analysed the spatial distribution of 37 different MVFs using the PNN 

analysis, which is a common method for evaluating the degree of randomness [Baloga et 

al., 2007; Beggan and Hamilton, 2010; Le Corvec et al., Submitted-b]. The statistical test 

R is given by comparing the mean distance between the nearest neighbours of an 

observed population (ro) (here the volcanic centers) and an expected population (re) 

created using a statistical model based on the areal density of the observed population.  

   
  

  
 

5-1 

The quality of the fit with the statistical model is given by the ratio c: 

   
     

  
 

5-2 

where  e corresponds to the standard error of the mean nearest neighbour distance in 

the expected distribution. 

Compared to a Poisson distribution, most of these fields show a clustered distribution, 

while few show non-clustered distributions (Poisson or dispersed) (Fig. 5-2). I observed 

in Part 3 that the AVF shows a Poisson distribution, while the South AVF (i.e., the 

volcanic field directly to the south of the AVF, Fig. 5-1a) shows a dispersed distribution 

of their volcanic centers. These results bring me to three potential scenarios for the 

future evolution of the spatial distribution of the volcanic centers within the AVF (Fig. 5-

2): 1) to follow the Poisson distribution path; 2) to follow a more dispersed distribution 

as in the South AVF; or 3) to follow a more clustered distribution as most of the studied 

MVFs. 
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Figure 5-2: Results from the PNN analysis on 37 MVFs. The plots show R and c statistical values against 
the number of volcanic centers. Each dot represents a MVF. Principally, most MVFs show a clustered 
distribution of their volcanic centres; the AVF shows a random spatial distribution fitting the Poisson 
model, and the South AVF has a dispersed distribution of its volcanic centres compared to the Poisson 
model. The red arrows show the potential future evolution of the spatial distribution of the AVF. 
Reworked from Le Corvec et al. [Submitted-b]. 
 

Each scenario implies different risks for the city of Auckland. 

 Scenario 1: New eruptions occur with equal likelihood anywhere in the 

existing field or its near-environs. 

 Scenario 2: New eruptions occur preferentially in “gaps” within the 

existing field or its near environs  

 Scenario 3: New eruptions occur preferentially close to previous eruption 

locations. 

Forecasting a volcanic eruption is a challenging process [Lindsay et al., 2010; Ashenden 

et al., 2011; Bebbington and Cronin, 2011; Marzocchi and Bebbington, 2012], which 

requires a better understanding of both the magmatic and tectonic controls on the 

development and evolution of the volcanic field. In the AVF, a recent study has provided 

a sample of the temporal eruption sequence based on a statistical approach using recent 

tephrochronology results [Bebbington and Cronin, 2011], creating an opportunity to 

study and evaluate a suite of possible temporal evolutions of the field. 
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In this paper, I combine a revised sequence based on the work of Bebbington and Cronin 

[2012] with the PNN analysis to (1) study the temporal evolution of the spatial 

distribution of the volcanic centers within the AVF, and (2) analyse the temporal 

sequence with selected geochemical data from the AVF centers [McGee et al., under 

review] in order to test my methodology and gain insights into the behaviour of the AVF 

from source to surface. 

5.2  Database 

The DEVORA project (DEtermining Volcanic Risk in Auckland) is working actively to 

increase the knowledge of the geochemistry of the AVF (e.g., McGee et al., 2011; 

Needham et al., 2011), and to date the different monogenetic centres within the field 

[Lindsay et al., 2011]. A recent statistical study by Bebbington and Cronin [2012] has 

provided an event-order model of the AVF based on 49 volcanic centers but 51 volcanic 

events. The authors conducted a correlation exercise matching the well-dated record of 

tephras from cores distributed throughout the field to the most likely source volcanoes, 

using thickness and location information and a simple attenuation model. This was 

augmented with known stratigraphic constraints to produce a new age-order algorithm 

for the field, with variability incorporated using a Monte Carlo procedure. Bebbington 

and Cronin [2012] subsequently updated the procedure to include further 

paleomagnetic constraints. Their model is based on 49 volcanic centers but 51 volcanic 

events including two eruptions each for Mt Wellington and Rangitoto [Bebbington and 

Cronin, 2011; Needham et al., 2011]. 

In addition to new temporal data, new volcanic vents have been (re-) discovered 

(Cemetery Hill, Boggust Park and Grafton Volcano, Fig. 1b) [Hayward et al., 2011]. In 
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order to analyse the evolution of the AVF, Bebbington and Cronin [2012] have added and 

omitted some of the volcanic vents and events (Table 5-1): 

1) Grafton volcano, which is half-overprinted by the Domain volcano and could 

be the result of lateral vent migration as recognized in phreatomagmatic eruptions [Ort 

and Carrasco-Núñez, 2009; Lefebvre et al., 2012]. 

2) The second eruption of Mt Wellington [Bebbington and Cronin, 2011, 

Bebbington and Cronin, 2012], considering a single eruptive event during a (relatively) 

short period of activity possibly including several eruptions.  

3) The second eruption of Rangitoto; I consider only the first alkalic (‘typical 

AVF’-style) eruption following point 2) and because in terms of size and composition 

the second eruption represents an outlier in the AVF [Needham et al., 2011]. In addition, 

the second eruption has been modelled as being produced by substantially different 

melting conditions to that of the first eruption [McGee et al., 2011] and therefore may 

mark a change in the behaviour of the field away from ‘true’ monogenetic activity. Some 

other MVFs have been known to develop a polygenetic centre contemporaneous with 

on-going uninterrupted monogenetic volcanism (e.g., Jeju) [Brenna et al., 2010]. There is 

a distinct possibility that the second Rangitoto eruption may herald such a shift in 

behaviour in the AVF, hence this study focuses on patterns in the eruption sequence 

prior to this event, thus considering 51 volcanic centers listed in Table 5-1. 

The event-order model was updated using the 51 volcanic vents listed in Table 5-1. The 

Monte Carlo procedure generated 1000 simulations of the possible ordering of the 

volcanic centers within the AVF taking in account the new and omitted volcanic vents. 

These new simulations, each which represents a plausible temporal sequence of 

eruption in the AVF, are used in the present study to analyse the temporal behaviour of 

the field. 
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Name Mean Age (ka) Age Error (ka) 

DRE Volume 
(107 km3) 

Min Order Max Order 

1 Onepoto Basin 246.9 27.3 3.9 1 8 
2 Albert Park 227.2 40.7 1.79 1 9 
3 Boggust Park 203.6 41 NaN 1 9 
4 Lake Pupuke 200 7.3 45.46 1 9 
5 Pukekiwiriki 198.7 42.5 4.71 1 9 
6 Waitomokia 193.8 55.7 3.32 1 13 
7 St Heliers 179.7 53.4 1.76 2 11 
8 Te Pouhawaiki 153.3 69.9 0.32 1 36 
9 Pukeiti 114.4 54.1 3.78 2 15 

10 Orakei Basin 102.9 10.1 9.75 6 11 
11 Pukaki 83.5 5.1 5.7 8 12 
12 Tank Farm 74.4 5.7 3.49 8 15 

13a Grafton 69.7 5.2 NaN 9 13 
13b Domain 69.6 5.2 12.16 10 14 
14 Mt St John 54.5 4.5 2.61 13 17 
15 Maungataketake 41.4 0.4 7.58 14 17 
16 Otuataua 41.4 0.4 4.76 15 18 
17 McLennan Hills 40.1 1.2 11.33 15 18 
18 One Tree Hill 35 0.6 329.03 18 20 
19 Kohuora 34 0.3 1.41 18 22 
20 Motukorea 33.8 0.8 21.08 19 25 
21 Mt Albert 32.8 0.4 28.31 20 24 
22 Ash Hill 32.3 0.1 0.08 21 26 
23 Hopua Basin 32.2 0.3 3.85 23 29 
24 Cemetary Hill 32.1 0.4 NaN 21 30 
25 Puketutu 31.9 0.3 25.83 25 30 
26 Wiri Mountain 31.9 0.3 30.54 24 31 
27 Mt Richmond 31.7 0.3 4.14 24 31 
28 Taylors Hill 31.7 0.4 2.71 24 31 
29 Crater Hill 31.6 0.3 12.27 26 31 
30 North Head 31.2 0.1 2.76 30 32 
31 Panmure Basin 31.2 0.1 9.2 31 34 
32 Mt Victoria 31.1 0.1 2.13 32 36 
33 Mt Cambria 31.1 0.1 0.2 31 37 
34 Robertson Hill 31.1 0.1 2.29 33 37 
35 Mt Roskill 30.4 1.2 7.07 21 37 
36 Three Kings 28.8 0.3 131.25 37 38 
37 Mt Hobson 28.6 0.3 5.13 38 39 
38 Mt Eden 28.4 0.3 171.44 39 41 
39 Little Rangitoto 27.8 0.5 0.28 40 42 
40 Matakarua 27.1 0.6 7.16 38 43 
41 Pigeon Mt 26.8 0.5 2.88 41 43 
42 Mangere Lagoon 26.2 0.4 2.02 43 44 
43 Hampton Park 25.3 0.7 2.06 44 45 
44 Otara Hill 25.3 0.7 7.86 45 46 
45 Green Hill 23.4 3.9 17.84 31 48 
46 Mt Mangere 22.1 0.4 174.76 46 47 
47 Mt Smart 21.3 0.6 88.12 47 48 
48 Styaks Swamp 17.1 1 0.36 49 49 
49 Purchas Hill 10.8 0.1 0.11 50 50 

50a Mt Wellington 10.5 0.1 171.17 51 51 
50b Mt Wellington 2 10.1 0.1 NaN 52 52 
51a Rangitoto 0.6 0 171.17 53 53 
52b Rangitoto 2 0.5 0 1851.64 54 54 

 

Table 5-1: Monte Carlo ages and ordering from 1000 simulations of the AVF age-order model. The volcanoes 

are ordered following their mean age. Min and Max orders represents the minimum and maximum position of 

the volcano within the eruptive sequence of the AVF. The highlighted volcanoes are not taken into account in 

the following analysis (see section 5-2). DRE: Density-Rock Equivalent. 
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5.3  Methodology 

5.3.1 Temporal evolution of spatial distribution of the volcanic centers 

The statistical analysis used to evaluate the spatial distribution was executed through 

MATLAB using the Geological Image Analysis Software (GIAS; www.geoanalysis.org) 

[Beggan and Hamilton, 2010]. The GIAS software uses the geographic coordinates of the 

point features (i.e., volcanic centers), to calculate the area of the field (based on the 

convex hull), and the R and c statistical values. The R and c statistical values are plotted 

together with sample-size-dependent thresholds used to either support or reject the 

null hypothesis for significance levels of 1 and 2σ. 

The definition of the area is a dilemma when using nearest neighbour analysis. One 

option is the convex hull, which connects the outermost points (i.e., volcanic centers) of 

the field to define its area (Fig. 5-3a.1 and a.2). In reality, the area of the field is 

unknown in time and in space. I consider first that the boundary of the field might not 

be directly at the limit of the outermost points. Therefore, I increase the shape of the 

convex hull using the mean nearest neighbour distance (Fig. 5-3b.1 and b.2). Second, I 

consider the area of the field to be either continuously changing, or constant through 

time. In the former case, the changing area is recalculated for each new volcano added 

in the field (Fig. 5-3 from b.1 to b.2) and for the latter case, the constant area is taken as 

the maximal extension of the AVF, i.e. taking into account all the volcanic centers within 

the field (Fig. 5-3b.2). 

 

http://www.geoanalysis.org/
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Figure 5-3: Method used to define the area of the AVF for (1) 10 volcanic centres and (2) 51 volcanic 
centres. The absolute convex hull is first calculated (case a), and is then increased of a distance 
corresponding of the mean nearest neighbour distance (case b). 

 

The thousand simulations were each analysed using the PNN method using either the 

changing or constant area in order to check if the location of each new volcanic center is 

consistent with a spatial Poisson process. For each simulation, I arbitrarily started to 

calculate the R and c values for a minimum of 10 volcanic centers within the field. Then, 

the R and c values were recalculated after adding a new volcano in the field according to 

the sequence.  
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5.3.2 Temporal evolution and spatial distribution of the chemical composition of 

the erupted magmas 

Primitive magmas generally travel from their mantle sources to the surface without 

significant cooling and crystallization [Reiners, 2002]. The compositional variations 

within the erupted products may therefore provide direct information on the sources 

and processes of partial melting in the mantle. To analyse the behaviour and the 

possible control of the source on the successive eruptions in the AVF, I correlate time, 

distance and volume difference between successive volcanic centers with the whole 

rock composition of the eruptive material using selected elements [McGee et al., under 

review] (Tables 5-2 and 5-3). 
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Volcano 

No. 
samples 

Sample SiO2 MgO P2O5 CaO/Al2O3 Comments 

1 Onepoto 0 N/D N/D N/D N/D N/D 
 

2 Albert Park 4 AVF-035 44.25 12.01 0.48 0.84 
 

3 Boggust Park 0 N/D N/D N/D N/D N/D 
 

4 Pupuke 46 AVF-166 41.78 12.20 0.62 1.01 
 

5 Pukekiwiriki 3 AVF-855 42.14 10.33 0.83 0.82 
 

6 Waitomokia 9 AVF-899 43.35 11.46 0.69 0.80 
 

7 St Heliers 1 AVF-702 44.88 N/D N/D N/D 
No XRF data except  

SiO2 and CaO 
8 Te Pouhawaiki 0 N/D N/D N/D N/D N/D 

 
9 Pukeiti 1 AVF-253 45.03 10.77 0.41 0.83 

 
10 Orakei 21 AVF-819 42.21 9.37 1.08 0.88 

 
11 Pukaki 2 AVF-876 40.45 10.94 0.94 0.94 

 
12 Tank Farm 0 N/D N/D N/D N/D N/D 

 
13 Domain 7 AVF-006 42.07 13.19 0.55 1.03 

 
14 Mt St John 15 AVF-798 42.67 13.00 0.36 0.85 

 
15 Maungataketake 23 AVF-238 41.80 12.38 0.84 0.96 

 
16 Otuataua 1 AVF-254 45.81 9.72 0.38 0.78 

 
17 McLennan Hills 6 AVF-787 43.40 13.26 0.44 0.86 

 
18 One Tree Hill 4 AVF-785 46.22 10.51 0.38 0.76 

 
19 Kohuora 0 N/D N/D N/D N/D N/D 

 
20 Motukorea 53 AVF-569 43.71 13.10 0.51 0.93 

 
21 Mt Albert 4 N/D 43.12 N/D N/D N/D 

No XRF data except  
SiO2 and CaO 

22 Ash Hill 0 N/D N/D N/D N/D N/D 
 

23 Hopua 1 AVF-397 46.76 10.76 0.36 0.72 
 

24 Cemetary Hill 0 N/D N/D N/D N/D N/D 
 

25 Puketutu 23 AVF-888 43.05 12.34 0.57 0.86 
 

26 Wiri 12 AVF-338 43.58 11.18 0.51 0.83 
 

27 Mt Richmond 3 AVF-874 45.03 7.77 0.77 0.61 
 

28 Taylor's Hill 3 AVF-929 45.30 9.27 0.54 0.69 
 

29 Crater Hill 61 AVF-313 46.03 11.52 0.42 0.77 
 

30 North Head 5 AVF-850 42.39 7.95 0.88 0.65 
 

31 Panmure 21 AVF-830 43.36 11.37 0.68 0.85 
 

32 Mt Victoria 3 44092 43.30 11.09 0.89 0.90 
 

33 Mt Cambria 1 AVF-196 41.01 10.83 0.98 0.91 
 

34 Robertson Hill 0 N/D N/D N/D N/D N/D 
 

35 Mt Roskill 2 AVF-872 42.66 11.05 0.63 0.87 
 

36 Three Kings 36 AVF-778 42.86 12.74 0.50 0.91 
 

37 Mt Hobson 2 AVF-436 43.79 12.44 0.38 0.85 
No XRF data  

from sample 1 

38 Mt Eden 17 AVF-750 46.59 11.20 0.34 0.74 
 

39 Lt Rangitoto 17 AVF-480 44.26 10.08 0.62 0.71 
 

40 Matakarua 0 N/D N/D N/D N/D N/D 
 

41 Pigeon Mt 1 AVF-352 41.77 10.84 0.83 0.87 
 

42 Mangere Lagoon 0 N/D N/D N/D N/D N/D 
 

43 Hampton Park 4 AVF-371 45.41 10.73 0.49 0.74 
 

44 Otara 9 AVF-366 45.45 10.81 0.48 0.75 
 

45 Green Hill 3 AVF-357 45.37 10.62 0.61 0.81 
 

46 Mangere 7 AVF-384 45.53 10.80 0.47 0.72 
 

47 Mt Smart 2 AVF-873 44.36 11.16 0.49 0.82 
 

48 Styaks swamp 0 N/D N/D N/D N/D N/D 
 

49 Purchas Hill 27 AVF-487 42.99 12.26 0.56 0.93 
 

50 Mt Wellington 34 AVF-924 42.28 13.18 0.57 0.92 
 

51 Rangitoto 30 Ra-AN-53a 45.47 11.49 0.42 0.81 
 

 

Table 5-2: Geochemical analyses for each volcanic center of the AVF considered in my study. The most 
primitive sample (named in the column marked ‘Sample’) from each volcanic centre was taken from 
McGee et al. [Under Review] with the exception of Crater Hill data which is from Smith et al. [2008]. The 
number of samples from each of the volcanic centres listed is shown in the column labelled ‘No. samples’. 
SiO2, MgO and P2O5 are given in wt%. 
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As already stated, the AVF shows a wide compositional range in its eruptive products, 

both between individual volcanic centres and within a single eruption sequence. For 

this reason, the most primitive sample (on the basis of the highest MgO content) from 

each volcanic centre was chosen (either from McGee et al., under review, or from Smith 

et al., 2008) (Table 5-2) as these are the most likely to represent primary magmas, and 

are the least affected by magma-modifying processes such as fractional crystallisation 

and/or crustal assimilation. However, given their generally high-MgO nature and their 

small volume, it is thought that the AVF magmas do not stall significantly or pond en 

route to the surface. The MgO content for selected samples ranges from 7.77 to 13.26 

wt%, with the bulk of the selected data ranging between 10 and 12 wt%. It has been 

recognised in the AVF – and in other MVFs (e.g., Reiners, 2002) that eruptive products 

trend towards more primitive compositions in their later, generally effusive, stages 

[Smith et al., 2008; McGee et al., 2012]. Although changes in chemistry at a single 

volcano may occur within successive eruptive products from different eruption stages 

(e.g., Strong and Wolff, 2003; Blondes et al., 2008; Brenna et al., 2011; Sohn et al., 2012; 

McGee et al., 2012), for simplification, I neglect the possible variation in composition 

during the eruption by selecting lava samples where possible. 
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Chemical Age Bin Mean 
Standard 
Deviation 

Minimum Maximum 

SiO2 

95ka < age 43.377 1.366 41.78 45.03 

43ka < age < 
95ka 

41.73 1.148 40.45 42.67 

Age<43ka  44.089 1.57 41.01 46.76 

MgO 

95ka < age 11.023 1.08 9.37 12.2 

43ka < age < 
95ka 

12.377 1.248 10.94 13.19 

Age<43ka  11.119 1.348 7.77 13.26 

P2O5 

95ka < age 0.685 0.2445 0.41 1.08 

43ka < age < 
95ka 

0.617 0.296 0.36 0.94 

Age<43ka  0.5703 0.1771 0.34 0.98 

CaO/Al2O3 

95ka < age 0.8633 0.0766 0.8 1.01 

43ka < age < 
95ka 

0.94 0.09 0.85 1.03 

Age<43ka  0.8114 0.091 0.61 0.96 
 

Table 5-3: Descriptive statistics of the chemical elements: SiO2, MgO, and P2O5 (in wt%) and chemical 
ratio: CaO/Al2O5 for given age bins. (Ages following Bebbington and Cronin 2012). 
 

Due to growing urbanisation, quarrying, or the small size of some of the centres, it has 

not been possible to sample each of the 51 volcanic centres shown in Figure 5-1b. There 

is for example no available data for Onepoto, Boggust Park, Te Pouhawaiki, Tank Farm, 

Ash Hill, Cemetery Hill, Robertson Hill, Matakarua, Mangere Lagoon and Styaks Swamp. 

For two volcanic centres (St Heliers and Mt Albert) only SiO2 data is available. I also 

note that some volcanic centres are only represented by one sample. In cases where 

centres are represented by only a few samples or the centre did not produce lava flows, 

other types of material were selected in order to have as many centres as possible 

represented. As this study is preliminary and the goal is to investigate the usefulness of 

such statistical methods, I elect to use as much data as possible despite these 

limitations.  
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For the most primitive highest MgO sample of each sampled volcanic centre, I have 

selected the following major elements to use in the statistical model: SiO2, P2O5 and the 

CaO/Al2O3 ratio. In a simple, general sense, these elements can provide information on 

the source if the assumption is made that no processes have acted on the ascending 

magma once it has left the source. This is a simplistic view, as it has been shown that 

even primitive magmas may represent a complex combination of near-source processes 

(e.g., Smith et al., 2008), and the MgO contents of the samples selected are not high 

enough to be considered truly ‘primary’. However, the data are appropriate for this 

first-level investigation as to whether the statistical method outlined above can be used 

to explore field-wide temporal, spatial and geochemical correlations. These 

assumptions made, the SiO2 content may be tentatively used as a proxy for pressure, as 

it has been shown that the SiO2 content of fractionation-corrected or near-primitive 

magmas decreases with increasing source pressure (e.g., Hirose and Kushiro, 1998; 

Walter, 1998). P2O5 content may be used as a proxy for degrees of partial melting in the 

case of the AVF, as P generally behaves incompatibly in basaltic systems (e.g., Adam and 

Green, 2006) and is not affected by crystallisation of the apatite, as this mineral is not 

observed in AVF rocks. The petrogenesis of AVF rocks is thought to involve at least 

three mantle source components, one of these being pyroxenitic or eclogitic material 

[McGee et al., 2012; McGee et al., under review]. The melting of eclogite in particular 

leads to distinct chemical signatures in the resultant erupted material, such as silica-

undersaturation and decreased Al2O3 (e.g., Hirschmann et al., 2003; Kogiso and 

Hirschmann, 2006; Dasgupta et al., 2007). For this reason, the CaO/Al2O3 ratio was 

chosen as a possible proxy for differences in source componentry, and I take into 

account that SiO2 may in addition be affected by mantle source compositions.  
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Using the 1000 simulations, I calculated for each pair of successive eruptions in each 

1000 sequence: 1- the absolute values of the differences (later described as the absolute 

difference); and 2- the difference (obtained by subtracting the older from the younger 

value) in the major element contents. Both the absolute differences and differences in 

major element contents were then used as the dependent variable in a regression 

analysis with the difference in distance and age and volume, for the same pair of 

successive eruptions as the independent variable. Missing data in either of a pair causes 

that pair to be treated as missing data in the regression analysis, i.e. if there is not 

chemistry, but there is time/volume or distance, the latter is not used either. Repeating 

this for the 1000 simulations I obtain a meta-analysis. The type I error probability for 

any given regression means that 5% of trials will produce a significant slope even if 

there is nothing there. Hence with 1000 trials, I would expect 50 significant slopes in a 

situation where there was nothing to be found. So I compare the number of significant 

slopes against 50 (in a binomial distribution) to see if the overall number of slopes is 

statistically significant. The number, N, of significant trends (at the 5% significance 

level) can thus be compared with the expected number of 50 out of 1000. If there is no 

true trend, N would be a Binomial (1000, 0.05) random variable. Hence the statistical 

test for the meta-analysis is  

   
      

√               
          

5-3 

A value of |Z| > 2 indicates a true trend. 

I analysed 3 age intervals: 1. all the volcanic centers, 2. only the volcanic centers 

younger than 95 ka, and 3. only the volcanic centers younger than 43 ka, as these 
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temporal markers correspond to points in the record where the degree of temporal 

uncertainty changes significantly [Bebbington and Cronin, 2012]. 

5.3.3 Limitations 

While the new temporal sequence of the volcanic centers within the AVF was derived 

using a probabilistic approach based on various studies (e.g., tephrochronology, 

paleomagnetism and statigraphy studies) [Bebbington and Cronin, 2011], the looseness 

of age constraints for several volcanic centers (e.g., Te Pouhawaiki) remains an 

important limitation, since the insertion of less constrained volcanic centers at various 

places in the order affects the results through deciding what pairs are omitted due to 

missing data. Furthermore, I made the decision to consider volcanic centers instead of 

volcanic events, which oversimplify the reality of the data, since, for example, the two 

eruptions of Rangitoto appear to come from two different sources [McGee et al., 2011]. 

My model therefore does not account for the potential polymagmatic-activity of volcanic 

centres. In addition, the number of centers is not definitive because of the rediscovery of 

buried and anthropologically altered centers [Hayward et al., 2011], however I make the 

assumption that my actual catalogue of vents is representative of the overall spatio-

temporal evolution of the field and that additional buried or altered centers will not 

significantly modify the final result. 

As discussed above, the use of geochemical data also introduces some limitations, since 

I consider the chemical composition to be representative of the source characteristics, 

by making the assumption that modification during the transfer of magma from source 

to surface is minimal. In addition, the content of certain elements (e.g., MgO) can vary 

greatly during different phases of an eruption [Sohn et al., 2012]. Finally the dataset of 
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the AVF is not complete with some volcanic centers having only one sample (or none), 

which may create important restrictions on my analysis. 

5.4  Results 

5.4.1 Analysis of the spatial distribution of volcanic centers through time 

The results of the PNN analysis can be classified in groups depending on R and c values 

(Figs. 5-2 and 5-4):  

 If R and c fall within the ±2σ of the significance level of their expected values the 

observed distribution is consistent with the Poisson model.  

 If c falls outside the ±2σ of the significance level of their expected values, the 

Poisson model is rejected; then if R falls above the +2σ, the observed distribution 

is dispersed relative to the Poisson distribution, if R falls below the -2σ, the 

observed distribution is clustered relative to the Poisson distribution.  

 If c falls within the ±2σ of significance level, and R falls outside ±2σ, the 

significance of the spatial distribution is equivocal, and cannot be interpreted. 

I analysed the temporal evolution of the spatial distribution of the volcanic centers 

within the AVF for 2 types of areas: 1) a changing field area through time (i.e., 

recalculated for each new volcanic center) and 2) a constant field area taken as the final 

area (i.e., the area enclosing the 50 volcanic centers). Each R and c plot was created 

calculating the minimum, lower quartile, mean, upper quartile and maximum values of 

the 1000 sequences for each time step. The R and c statistical values show similar 

results for the changing and constant area (Fig. 5-4a). I observe a decrease in the R and c 

values from the 10th to 15th volcanic centers, and then the statistical values stay more or 

less constant until the 51st volcanic center (Fig. 5-4). Although I observe slight changes, 
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the spatial distribution from the 10th to the 51st volcanic center is restricted to within 

the ±2σ of the significance level. 

 

Figure 5-4: Temporal evolution for the R and c statistical values as a function of number of volcanic 
centers through time. a. the area of the field is recalculated for each new volcanic center (Fig. 5-3b); and b. 
the area is constant and taken as the final area enclosing the 51 volcanic centers (Fig. 5-3b-2). For each 
plot, the red lines represent the minimum and maximum values calculated with the 1000 simulations for 
each new volcanic center, the black striped lines represent the upper and lower quartiles, and the black 
line represents the median. 
 

5.4.2 Chemistry versus time, distance and volume 

5.4.2.1 Absolute difference in chemical content from selected sample 

The results of the regression meta-analysis for the absolute difference in geochemical 

composition are shown in Table 5-4. 
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Age 

intervals 

Time between 2 
successive 
eruptions 

Distance 
between 2 
successive 
eruptions 

Volume 
difference 
between 2 
successive 
eruptions 

Absolute difference in 
the average SiO2 content 

between 2 successive 
eruptions 

all ages 

No Correlation No Correlation No Correlation age < 95 ka 

age < 43 ka 

Absolute difference in 
the highest MgO content 

between 2 successive 
eruptions 

all ages 

No Correlation 

Positive trend           
49.1 [389/1000] 

No Correlation age < 95 ka 
Positive trend           

53.2 [417/1000] 

age < 43 ka 
Positive trend          

37.1 [306/1000] 

Absolute difference in 
the P2O5 content between 

2 successive eruptions 

all ages 
Positive trend           

27.6 [241/1000] 

No Correlation 

Negative trend           
21.4 [198/1000] 

age < 95 ka 
Positive trend           

17.2 [169/1000] 
Negative trend           

27.9 [243/1000] 

age < 43 ka No Correlation                  No Correlation                  

Absolute difference in 
the CaO/Al2O3 ratio 

between 2 successive 
eruptions 

all ages 

No Correlation 

Positive trend           
21.3 [197/1000] 

No Correlation age < 95 ka 
Positive trend             

8.6 [110/1000] 

age < 43 ka 
Positive trend          

18.1 [175/1000] 
 

Table 5-4: Results of the meta-analysis of the absolute difference in chemical composition for the 
different age intervals in the age-order model of the AVF. 
 

A positive trend signifies that the absolute difference in the chemical content increases 

between 2 successive eruptions as time and distance increase (Fig. 5-5a.1), and if the 

volume of the first eruption is greater than the volume of the second eruption (Fig. 5-

5a.2). A negative trend signifies that the absolute difference in the chemical content 

decreases as time or distance increase (Fig. 5-5a.1), or if the volume of the first eruption 

is greater than the volume of the second eruption (Fig. 5-5a.2). 

I observe a positive correlation between both MgO content and the CaO/Al2O3 ratio with 

distance for all the age intervals, a positive correlation for the P2O5 content with time for 

the intervals all ages and <95 ka, and a negative correlation for the P2O5 content with 
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volume for the age intervals all ages and <95 ka. No other significant correlations were 

noted. 

 
 

Figure 5-5: a. a. General sketches defining the correlations observed in the results of the meta-analysis 
for the absolute difference in the element content or ratio for time and distance between 2 successive 
eruptions (1), and for the volume difference between 2 successive eruptions (2). b. General sketches 
defining the correlations observed in the results of the meta-analysis for the difference in the element 
content or ratio for time and distance between 2 successive eruptions (1), and for the volume difference 
between 2 successive eruptions (2). 

 

5.4.2.2 Difference in chemical content from selected sample 

The results of the regression meta-analysis for the difference in the geochemical 

composition are shown in Table 5-5.  
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Age 

intervals 

Time between 2 
successive 
eruptions 

Distance 
between 2 
successive 
eruptions 

Volume difference 
between 2 
successive 
eruptions 

Difference in the 
average SiO2 content 
between 2 successive 

eruptions 

all ages 

No Correlation 

Negative trend           
10.6 [-123/1000] 

Positive trend           
10.8 [+125/1000] 

age < 95 ka 
Negative trend           

10.8 [-125/1000] 
Positive trend           

6.3 [+94/1000] 

age < 43 ka 
Positive trend           

38.1 [+313/1000] 
Negative trend           

22.4 [-205/1000] 
No Correlation 

Difference in the 
highest MgO content 
between 2 successive 

eruptions 

all ages 

No Correlation No Correlation No Correlation age < 95 ka 

age < 43 ka 

Difference in the P2O5 
content between 2 

successive eruptions 

all ages 
Positive trend              

3.1 [+72/1000] 
Positive trend              

17.2 [+169/1000] 

No Correlation age < 95 ka 

No Correlation 

Positive trend              
18.2 [+176/1000] 

age < 43 ka 
Positive trend              

18.1[+175/1000] 

Difference in the 
CaO/Al2O3 ratio 

between 2 successive 
eruptions 

all ages 
Negative trend           
1.8 [-63/1000] 

Positive trend              
16.8 [+166/1000] 

No Correlation age < 95 ka 
Negative trend           
5.0 [-85/1000] 

Positive trend              
12.8 [+139/1000] 

age < 43 ka 
Negative trend           
5.7 [-90/1000] 

Positive trend              
9.6[+117/1000] 

 

Table 5-5: Results of the meta-analysis of the difference in chemical composition for the different age 
intervals in the age-order model of the AVF. 

 

For two successive eruptions, a positive trend signifies that the chemical content in the 

second eruption will be higher relative to the first eruption as time and distance 

increase (Fig. 5-5b.1), and if the volume of the first eruption is greater than the volume 

of the second eruption (Fig. 5-5b.2). A negative trend signifies that the chemical content 

in the second eruption will be lower relative to the first eruption as time and distance 

increase (Fig. 5-5b.1), and if the volume of the first eruption is greater than the volume 

of the second eruption (Fig. 5-5b.2). 

I observe for 1. SiO2 content: a positive correlation with time only for age interval <43 

ka, a negative correlation with distance for all the age intervals, and a positive 
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correlation with volume for the age intervals all ages and <95 ka; 2. P2O5 content: a 

positive correlation with time only for the age interval all ages, a positive correlation 

with distance for all the ages intervals; and 3. CaO/Al2O3 ratio: a negative correlation 

with time and a positive correlation with distance for all the age intervals. No other 

correlations were observed. 

5.5  Discussion 

The new methodology used in this paper provides interesting preliminary results on the 

possible link between the spatio-temporal and geochemical evolution of the erupted 

magmas within the AVF. Although these results are dependent on an algorithm that will 

become more accurate with additional temporal data, a correlation between the spatial 

distribution of volcanic centers and chemical trends can be drawn.  

5.5.1 Spatial behaviour 

The nearest neighbour analysis shows that the behaviour of the field quickly reaches a 

constant level which is compatible with the Poisson model (Fig. 5-4). Despite this 

apparent randomness in the evolution of the field, these results show that the behaviour 

of the AVF is constant after the appearance of the 15th volcanic center. These results also 

suggest that the location of each volcanic centre is independent of previous centres, a 

pattern that remains steady throughout the evolution of the field. These results are 

consistent with the findings of Bebbington [2013], and do not suggest any preferred 

location of a future eruption (scenario 1 in section 5.1.2), nor the tendency for the AVF 

to follow the distribution of the South AVF (i.e., a dispersed distribution) or a clustered 

distribution as observed for most of the MVFs (Fig. 5-2). Magill et al. [2005] have shown 

that locally within the AVF, the volcanic centers show alignments, such alignments could 
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be the results of the influence of pre-existing fractures on the propagation of magma [Le 

Corvec et al., under review]. The AVF and South AVF with the non-clustered distribution 

of their volcanic centers and their closeness in time and space might represent a 

different mechanism acting on the production and release of magma compared to 

others MVFs showing a clustered distribution [Le Corvec et al., Under Review-b]. Conrad 

et al. [2011] introduced the concept of asthenospheric shearing as a possibility to 

explain intraplate volcanism; however volcanic fields inferred to be produced by such a 

mechanism show a clustered distribution (e.g., San Francisco Volcanic Field, US: Fig. 5-

2). The occurrence of the Jeju volcanic field, which shows a similar distribution to the 

AVF (Fig. 5-2), is potentially explained by a response due to the folding of the 

lithosphere, which is caused by compression near collisional plate boundaries [Shin et 

al., 2012]. The flexure of the lithosphere is involved in the production of low quantity of 

melt [Hirano et al., 2006; Valentine and Hirano, 2010]. Low flux magmatism may result 

in the single activity of individual sources as described by Le Corvec et al. [Under 

Review-b], which can generate random and dispersed distribution of the volcanic 

activity at the surface. Such mechanism could potentially explain the north-south 

alignment of the four volcanic fields (Okete, Ngatutura, South AVF and AVF, Fig. 1a). In 

addition, the volcanic activity is contemporary with the beginning in the Taupo Volcanic 

Zone 2 Ma ago [Wilson et al., 1995]. 

5.5.2 Geochemical behaviour 

Understanding the evolution of the geochemical composition of the erupted material 

within the AVF is complex. First, the origin of the zone of partial melting in the mantle 

and the occurrence of intraplate volcanism in the North Island of New Zealand are not 

well constrained, and there are several potential models which may explain this 
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phenomenon [Spörli and Eastwood, 1997; Sprung et al., 2007; Conrad et al., 2011]. 

Second, the transfer of magma from source to surface is a complex process in which the 

composition of the magma can change due to internal processes (e.g., crystallisation) or 

external processes (e.g., contamination) [Huppert et al., 1985; Cadman et al., 1995]. 

However in the case of the AVF, I consider that the signature of the magmas observed at 

the surface largely represents the characteristics of the source [McGee et al., under 

review]. In the following I will discuss the results of the geochemical meta-analyses in 

terms of distance, volume and time. 

5.5.2.1 Distance 

The absolute difference in the CaO/Al2O3 ratio and the MgO content (although as this 

element was part of the selection criteria for the samples fewer interpretations can be 

drawn from it) for two successive eruptions that are closer to each other are similar, in 

contrast to two distant ones. These results suggest that magmas with short horizontal 

distance between their resultant volcanoes come from mantle sources of similar 

compositions. And that the greater the horizontal distance between centres the more 

compositionally different these sources are likely to be, there the source region is 

unlikely to be an interconnected network of partially molten material. The modelled 

results may support the occurrence of local, small-scale heterogeneities in the mantle, 

which have been described in other MVFs (e.g., Reiners, 2002; Ersoy et al., 2012) and are 

thought to exist at a small scale in the AVF [McGee et al., under review]. 

5.5.2.2 Volume 

The results in the difference in SiO2 content suggest that SiO2 increases if successive 

eruptions are of a greater-volume (Table 5-5). Interestingly, these results are in good 

agreement with the successive eruptions of Purchas Hill and Mt Wellington, where the 
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latter is observed to be a far larger edifice and compositionally more silicic than the 

former (Fig. 5-1 and Table 5-2). The P2O5 content differs considerably when the second 

eruption is larger than the first one, but becomes similar when the second eruption is 

smaller (Table 5-4). However, this negative trend is difficult to interpret in terms of 

source processes.  

Despite the better constrained ages and order of the volcanic eruptions in the age 

interval <43 ka (Table 5-1), no correlations in the difference in P2O5 content and in the 

absolute difference in SiO2 content were found (Table 5-5 and 5-4, respectively). The 

lack of correlation of the P2O5 content in age interval <43 ka can be at least partially 

explained by the decrease in mean and standard deviation over time (Table 5-3), which 

means that large differences will be much less frequent. The decrease in variability in 

P2O5 could represent a stabilisation in the mechanisms involved in the generation of 

magma, although the results reported here do not support homogenization of the 

source, as previously stated (see 5.2.1 Distance section). 

5.5.2.3 Time 

The geochemical evolution with time is more ambiguous and difficult to interpret. I 

observe a positive trend in the absolute difference of the P2O5 content in all ages and 

<95 ka age intervals (Table 5-4) suggesting that as time increases the P2O5 content 

becomes dissimilar. The difference in SiO2 and P2O5 contents are both showing positive 

trend, for <43 ka and all ages age intervals, respectively (Table 5-5). The difference in 

CaO/Al2O3 ratio shows a negative trend for all age intervals, suggesting that for 

eruptions close together in time, the first eruption has a higher ratio than the second 

one. This could be indicative of decreasing fertility of the local mantle source or 
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exhaustion of source components over the course of a melting event (e.g., Reiners, 2002; 

Geldmacher et al., 2006; McGee et al., 2012). 

5.5.3 Implication on a future eruption within the AVF 

Forecasting a new eruption within the AVF is a crucial aspect for risk management for 

the Auckland metropolitan area. Using results from the meta-analysis (Table 5-5) and 

the chemical composition of the last eruption in the field, i.e. Rangitoto (Table 5-2), I can 

speculate on the potential time to, location of / distance to, and volume of the 

subsequent eruption. The SiO2 and the CaO/Al2O3 ratio in samples from Rangitoto are 

high relative to the other eruptions in the AVF, thus a future eruption will probably have 

lower content and ratio. On the other hand, the P2O5 content is low relative to the other 

eruptions in the AVF, and thus a future eruption will potentially have high content 

(Table 5-6). Based on these assumptions, Table 5-6 shows that 1) time difference 

between Rangitoto and a future eruption is predicted to be either large taking into 

account the SiO2 content and the CaO/Al2O3 ratio, or small, taking in account the P2O5 

content, which is becoming less likely, as the elapsed time (i.e., 650 years) is becoming 

larger than many of the intervals between events (median of the inter-event times = 850 

years); 2) the distance between Rangitoto and a future eruption is predicted to be 

smaller than the mean nearest neighbour distance in the AVF taking into account the 

SiO2 and the P2O5 contents, and the CaO/Al2O3 ratio; and 3) the volume of a future 

eruption is predicted to be smaller than the volume erupted during at Rangitoto 

considering the SiO2 content. 

I consider my (albeit tentative) forecasts of a new eruption within the AVF to be 

appropriate if the second eruption of Rangitoto is taken as anomalous, but not if it 

signals a permanent change in the nature of the field. In addition, my forecasts may 
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remain appropriate if the second eruption was a direct result of the first, in which case 

the geochemistry of the first eruption remains the control. This argument is supported 

by the fact that the two eruptions were effectively collocated, and hence are clearly not 

independent. 

The methodology shows some promise, but needs refining and proper testing, both of 

which require more and better data, particularly on the geochemistry. 

5.6  Conclusion 

Until now the analysis of spatial distribution of volcanic centers within MVFs has 

provided important information on potential physical controls affecting the intermittent 

eruptions [Connor, 1990; Connor and Hill, 1995; Weller et al., 2006; Connor and Connor, 

2009; Marzocchi and Bebbington, 2012].  

However, I show in this study that the temporal component can be an important 

influence on the results associated with spatial distribution analyses. In addition and 

despite the use of incomplete data, I provide a first analysis of the spatial distribution 

and the chemical difference of successive eruptions in a monogenetic volcanic field 

through time.  

Based on recently derived temporal constraints and geochemical compositions of the 

erupted magmas in the AVF, I analysed the temporal evolution of the spatial 

distribution of the volcanic centers. Then, I compared the geochemical characteristics of 

the erupted magma with the spatial distribution of the volcanic centers through time. 

The spatial distribution of the volcanic centres within the AVF appears to have a 

constant behaviour consistent with a spatial Poisson process, which implies that a 

potential future eruption could occur anywhere within the field (scenario 1). Despite 
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the limitations and the complexity of the geochemical evolution of the field, my analysis 

shows correlations between the chemical composition of erupted magmas with 

distance, volume and time. My results shows that the activity of source probably 

controlled the location of the volcanic activity at the surface and that the mechanisms of 

magma production within can be better constrained using such methodology. 

This methodology which takes in account time, distance, volume and chemical 

composition of the volcanic eruptions has a great potential to help our understanding of 

the behaviour of monogenetic basaltic volcanism, providing that the amount of data is 

sufficient to make the analysis. 
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Part 6 Conclusions 

Monogenetic basaltic volcanism reflects a large variety of mechanisms acting from 

source to surface, from magma generation and accumulation in the mantle to magma 

transport and eruption at the surface. These mechanisms are controlled by physical and 

chemical processes acting both in space and time. 

Despite being a worldwide phenomenon, monogenetic basaltic volcanism has only been 

studied at a local scale, i.e. authors have focused their work on particular volcanic fields 

looking at either the geochemistry of the lavas (e.g., Lynch et al., 1993), or the spatial 

distribution of the volcanic centers (e.g., Bishop, 2007), or the geochronology of the field 

(e.g., Olmsted and McIntosh, 2004) or the influence of the structural/tectonic control 

(e.g., Lesti et al., 2008). Despite all these ‘individuals’ field-specific studies, an overview 

of the occurrence and global context of monogenetic volcanic fields has been lacking. I 

have not known whether each field is unique or whether there are some underlying 

fundamental controls that are applicable to all volcanic systems, as may be inferred 

from theoretical arguments on magma propagation from source to surface (Part 2). In 

this work I aimed: 1) to determine the location and sequence of formation of individual 

volcanoes within volcanic field; 2) to demonstrate a potential relationship between 

tectonic features (e.g., rift zone, subduction zone) and the location and shape of a 

monogenetic basaltic field?; and 3) to isolate and evaluate possible fundamental 

processes (chemical, physical, temporal) and controls (mechanical and dynamical) 

involved in the movement of magma through the lithosphere from its source at depth to 

an individual volcano at the Earth’s surface. 

When I started this thesis, the knowledge on monogenetic basaltic volcanism was 

largely derived through studies of individual volcanic fields in various locations around 
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the world. However, the understanding of a phenomenon lies in the difference and 

similarities between each individual manifestation of the phenomenon; therefore, the 

first aim of this study was to gather data on a worldwide series of monogenetic volcanic 

fields and compare them. However, the number of volcanic fields studied around the 

world is limited. For those that have been studied, because of the nature of monogenetic 

basaltic volcanism (often a large numbers of vents scattered over a wide area), datasets 

are limited in extent, i.e. geographical coordinates, chemical composition and ages of 

only few volcanic centers for each individual field studied. 

I therefore focussed on the spatial distribution of volcanic centers within volcanic fields, 

since their geographical coordinates are the most complete dataset for any individual 

field and can be generated or ratified using remote-sensing analysis. This broad 

comparison of monogenetic volcanic fields is the first of its kind, and has brought to 

light a series of observations (Part 3): 1) the common clustered distribution of volcanic 

centers within monogenetic volcanic fields, correlating with the definition of Valentine 

and Perry [2007] and Valentine and Hirano [2010] which distinguished between 

magmatically and tectonically controlled volcanic fields; 2) the independency of such 

clustering from the tectonic environment, 3) the dependency of the shape of volcanic 

fields on the tectonic environment, notwithstanding different models account for the 

generation of magma in intraplate regime (e.g., shearing: Conrad et al., 2010; Bianco et 

al., 2011; Conrad et al., 2011), lithospheric flexure: Hirano et al., 2006; Shin et al., 2012, 

upwelling: Kimura et al., 2003; Hoernle et al., 2006; Brenna et al., 2012a); and 4) the 

possible influence of the tectonic environment on the number of preferred orientations 

of volcanic alignments.  
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In the past, studies have used the occurrence of volcanic alignments to define the 

influence of either the stress field (e.g., Nakamura, 1977) or pre-existing crustal 

fractures (e.g., Alaniz-Alvarez et al., 1998) on the propagation of magma. I demonstrated 

in Part 3 that distinguishing between the two was not possible using 2D spatial analysis, 

i.e. only by looking at the surficial spatial distribution of volcanic centers from space 

(Part 3, Le Corvec et al., Under Review-b). The competition between stress field and pre-

existing crustal fractures raises the important question of the relative importance of 1) 

the self-propagation of magma through pristine rock, and 2) the control exerted by the 

crust on magma propagation. Although recent authors have described the theoretical 

conditions for dikes to propagate through pre-existing crustal faults [Ziv et al., 2000; 

Gaffney et al., 2007], why a dike would interact with a nearby pre-existing crustal fault is 

still not understood, nor how interactions between pre-existing faults and propagating 

dikes potentially could affect the development and evolution of monogenetic field 

volcanoes. Such interactions may have a great influence on magma propagation in the 

crust, and thus on the generation and development of monogenetic basaltic fields.  

To address this, I first isolated the two principal physical entities: a buoyant dike and a 

fractured elastic medium. Second, I used a series of analogue experiments to analyse the 

influence of the fractured elastic medium on the direction of propagation, the dynamics 

and the shape of the buoyant dike. These parameters are important in nature since they 

will influence the behaviour of the dike and the location of the potential eruption at the 

surface. Following a systematic approach, I found that the distance and angle between 

dikes and faults have the greatest control on whether dikes modify their trajectory to 

intercept with pre-existing faults. Dike geometry and dynamics are also affected by both 

the presence of the faults and the dike volume. Using scaling analysis, my model 

predicts that dikes less than 200 m away from pre-existing faults are expected to 
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interact with them, and dikes with a volume less than about 0.01 km3 would experience 

a velocity decrease, thus diminishing their chances to reach the surface. However, the 

use of analogue models generate limitations in term of changes in strain and stress 

within the medium, thus these results cannot explain the exact mechanism by which 

dike-fault interactions operate, nor the conditions that force a dike to change its 

pathway. Yet, they suggest that the ambient stress field plays a key role, which leads to 

future research projects (section 6.1). 

Another key parameter involved in the generation and development of monogenetic 

volcanic fields is time. Despite its importance, limited age control for most volcanic 

fields makes its inclusion within studies difficult. Thus any surficial spatial analysis of a 

current distribution of volcanic centers is biased by the lack of chronological 

knowledge. The Auckland Volcanic Field is young and blanketed by the city of Auckland 

which makes the structural analysis of the volcanic centers and the substratum difficult. 

In addition, the evolution of the spatial distribution of the volcanic centers appears to be 

random (Part 5, Bebbington and Cronin, 2012; Le Corvec et al., Submitted-a), which 

suggests the potentially important role of the source as defined by Valentine and Hirano 

[2010] for low-flux intraplate volcanic fields.  

Although limited, in comparison with other monogenetic volcanic fields there is 

substantial data available for the Auckland Volcanic Field including an age-order 

statistical model [Bebbington and Cronin, 2012], a review of the geochemical 

composition of the volcanic centers [McGee et al., under review], and the (re)discovery 

of ancient volcanic centers [Hayward et al., 2011]. As stated earlier, most studies on 

monogenetic volcanism are restricted to individual field-specific analysis. I created a 

new methodology, which 1) combines time, space and chemistry of each eruption to 

understand the behaviour of the AVF and potentially constrain when, where and how 
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large a future eruption would be, and 2) can be applied to any volcanic field. I showed 

that, despite a restricted amount of data, the method provides promising results on the 

possible behaviour of the source. Although the young Auckland Volcanic Field shows an 

apparent randomness in the spatial distribution of its volcanic vents, the method 

reveals that the behaviour of the source shows a constant spatial behaviour through 

time. Such behaviour is highlighted by the observed trends between the chemical 

composition of the erupted products and time, distance and volume. 

6.1  Outlook 

This study has addressed the problem of physical controls on monogenetic basaltic 

volcanic systems at different scales (from multiple volcanic fields, to a single volcanic 

field, to the propagation of a single dike in the crust) and dimensions (from 2D surficial 

spatial analysis to 4D spatio-temporal analysis of the chemical composition of erupted 

products). Yet new gaps have appeared and must be solved in further research.  

Analogue models allow 4D visualisation and the quantification of complex processes, 

even though ambiguities always remain. Such complexity is impossible for numerical 

tools to model, nonetheless analogue models were not sufficient to fully understand the 

interaction between propagating dikes and pre-existing crustal fractures, and describe 

the influence of the stress field. Further research would consider the use of 

mathematical and numerical models which provide a means to quantify this role. They 

would allow the detailed computation of strain and stress within an elastic medium. In 

addition, numerical models permit the user to the control and vary the mechanical 

parameters of the medium: rigidity, pre-existing faults, their geometry and orientation, 

remote stress fields (either lithostatic or extensional). Thus, numerical models provide 
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the possibility to study the impact of these parameters in greater detail than analogue 

experiments, which thereby would allow for a better quantification of the influence of 

pre-existing faults on the propagation of dikes. 

To fully understand the behaviour of monogenetic volcanic systems, the analysis of 

erupted products is not sufficient to describe the behaviour of the source. Further 

research would consider the use of geophysical data (seismic tomography) and 

mathematical models to quantify the amount of magma generated by the source, thus 

the mechanisms at the origin of the source. These methods would better constrain: 1) 

the 3D shape of the source in the mantle, which would help to understand the 

mechanisms acting in the mantle, and 2) the amount of magma needed to be released in 

order to reach the surface through time. The comparison between the volume of the 

source and the amount of magma released would augment the study of the behaviour of 

the source using data from material erupted at the surface alone. Since over time, a 

significant proportion of melt might not reach the surface therefore creating a bias in 

the chronology of the erupted products. Such an integrated study may reveal potential 

areas in the source and in the field where activity has not yet occurred, thus providing 

important constraints on potential locations of a future eruption.  
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