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Abstract

Forecasts of future volcanic activity are frequently required for volcanic fields as

their relatively low eruption rates and fertile soils draw human populations to

live in close proximity to these potentially hazardous regions. Harrat Rahat in

the Kingdom of Saudi Arabia is one of these volcanic fields, situated

immediately south east of the city of Al-Madinah (population 1.5 million).

Recent eruptions (641 AD, 1256 AD) and a seismic swarm (1999 AD) motivated

this research to model past and potential volcanic activity within Harrat Rahat.

The complexity of volcanic systems, the difficulty of establishing precise event

records, and ignorance of the specific subsurface processes driving volcanic

eruptions render deterministic approaches currently, and potentially never,

unattainable. Thus, the majority of existing approaches to hazard forecasting

are probabilistic, in which patterns are fitted to previous activity and then

extrapolated into the future. To forecast activity in volcanic systems, some

simplification is required to attempt to model their behaviour. These include

the assumptions of independent spatial and temporal behaviour, and that each

eruption centre is a separate eruption in both time and space. However, the

choice of simplification approach has the potential to render incorrect, rather

than just uncertain, results. Novel quantitative methods were developed to

address three major complexities noted within volcanic fields: (1) multiple-vent

eruptions, (2) hidden eruptive centres, and (3) the relationship of volcanism to

geological, geophysical, and geographical ancillary data. Sensitivity analyses

were then completed for two major subjective decisions common during volcanic

field hazard forecasting: (1) the definition of a volcanic field boundary, and (2)

selection of a pattern approximation method.



Application of these new techniques to Harrat Rahat resulted in a conservative

forecast for future eruption activity. This forecast incorporates the complex,

multi-dimensional eruptions noted within Harrat Rahat by collapsing the 968

identified vents into 752 events and is based on an anisotropic kernel spatial

smoothing method with an expanding volcanic field boundary. However,

substantial uncertainties are attached to this forecast due predominantly to

insufficient age data for the field. Ancillary data analysis also revealed

structural controls on the volcanism across the Arabian Shield suggesting that

future work should be focussed both on age data collection and geophysical

methods to reveal crustal structure. This work also raises questions concerning

a large number of existing practices in volcanic hazard forecasting, especially

with regards to objective decision-making and assumption validation. An open,

defensible procedure is suggested as a first step towards a consolidated process

for the development of hazard forecasts.
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1
Introduction

1.1 Overarching Aim and Motivation

The overarching aim for this research was to forecast future volcanic activity for

the Harrat Rahat, Kingdom of Saudi Arabia as part of the VoRiSA (Volcanic

Risk in Saudi Arabia) project. This was motivated by recent seismic activity in

the volcanic field close to the Islamic holy city Al-Madinah as well as geological

findings highlighting the youth of volcanism in the area.

1
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1.2 Volcanic Fields

In spite of the typical image of a volcano as a mountain rising to a single peak,

many volcanic systems have distributed eruption centres or vents (Walker,

2000). Even at the picture-book stratovolcanoes, a single conduit is generally

used for magma transport with surface vent location varying due to highly

localised shallow structural properties (e.g., Acocella and Neri, 2003). In

locations with low magma flux, a single conduit is unlikely to remain open,

hence individual batches of magma travel to the surface via different paths

causing a wider distribution of volcanic vents (Fedotov, 1981). Multiple volcanic

vents distributed over a large region, but underpinned by the same general

magma-source and magma-generation processes are referred to as a volcanic

field, or distributed volcanism (e.g., Connor and Conway, 2000; Németh, 2010).

Figure 1.1: Map of the world showing volcanoes active in the Holocene (last 10,000 years).
Single-vent/caldera volcanoes are shown in black and volcanic fields are shown in red. All data
from the Global Volcanism Program (GVP) (Siebert and Simkin, 2014)
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Volcanic fields range from 150 km2 (Cima volcanic field, California, Dohrenwend

et al., 1986) to 40,000 km2 (Trans-Mexican Volcanic Belt, Mexico Connor, 1990)

with the number of eruptive centres in an individual field varying from tens to

thousands (e.g., Connor and Conway, 2000; Németh, 2010; Le Corvec et al.,

2013c). This manifestation of volcanism is apparent across the globe (Fig. 1.1)

and has been studied for at least the last 250 years (Connor and Conway, 2000).

Approximately 100 volcanic fields have been active over the last 10,000 years

and they pose a significant hazard to many populated areas throughout the

world (Siebert and Simkin, 2014).

Life-spans of activity for volcanic fields can be on the order of millions of years,

although waxing and waning of activity over this life-span is often noted (e.g.,

Springerville Volcanic Field, Condit and Connor, 1996; San Francisco Volcanic

Field, Conway et al., 1998). As well as variation in eruption frequency over

time, spatial variation is also commonly noted. Tanaka et al. (1986) noted a

shift in the locus of activity in the San Francisco volcanic field over the last 2.5

My, and Connor and Hill (1995) found substantial movement in volcanic

activity (east to west) within the Yucca Mountain region, Nevada. Magma

composition in volcanic fields is predominantly of the alkali basalt series, with

single episodes of activity usually erupting small volumes (< 0.1 km3 of dense

rock equivalent magma, Németh, 2010). Field volcanism can occur from a single

edifice or along the length of a fissure and typically produces some or all of the

following: scoria and cinder cones, maars, tuff cones and rings, shield volcanoes,

lava domes, and both pahoehoe and a’a lava flows (Valentine and Gregg, 2008).

Eruption style varies between eruptions and sites, depending on near-surface

hydrology, geology, and topography, as well as magma composition and eruptive

rate (Kereszturi et al., 2011).
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Published work on volcanic fields was initially focussed on extensive geological

mapping of erupted products (e.g., Auvergne, France, Desmarest, 1823;

Auckland Volcanic Field, NZ, von Hochstetter, 1864). It has since evolved to

include detailed volcanic and sedimentary process reconstructions (e.g., Bacon

et al., 1997; Valentine and Hirano, 2010), geochemical analyses to determine

source depth, composition, and transport times (e.g., Fort Selkirk, Canada,

Francis and Ludden, 1990; Hurricane Volcanic Field, Utah, Smith et al., 1999;

Auckland Volcanic Field, McGee et al., 2011; Jeju, Korea, Brenna et al., 2012),

and geophysical investigations (e.g., seismic tomography) to infer crustal

structure and low velocity zones (e.g., Eifel volcanic fields, Germany, Ritter

et al., 2001; Auckland Volcanic Field, Horspool et al., 2006; Abu Monogenetic

Volcano Group, Japan, Kiyosugi et al., 2010).

Other geophysical methods now employed on volcanic fields include magnetic

anomaly surveys to locate buried eruption centres (e.g., Yucca Mountain,

Nevada, Connor et al., 1997; O’Leary et al., 2002), and gravity anomaly surveys

(e.g., Garrotxa volcanic field, Spain, Barde-Cabusson et al., 2014), or

magnetotellurics (e.g., Chyulu Hills volcanic field, Kenya, Sakkas et al., 2002) to

infer structural controls.

A further intense focus of volcanic field study is collection of age data, using

radiometric and stratigraphic techniques. This helps to determine the activity

rates of fields, but is only available for individual eruption centres at just a few

extensively studied volcanic fields (e.g., Yucca Mountain, Connor and Hill, 1995;

Springerville volcanic field, Arizona, Condit and Connor, 1996; Taveuni volcano,

Fiji, Cronin et al., 2001; Auckland Volcanic Field, Bebbington, 2013).
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Despite the extensive work over the last 250 years, the inter-regional variability

of field volcanism means that the exact subsurface processes, source regions,

and magma transport modes remain largely unknown. This knowledge gap is

especially acute around knowing why eruptions occur at specific locations and

times within individual volcanic fields (e.g., Németh, 2010). Ongoing research is

thus required to elucidate the subsurface systems that drive eruptions in

volcanic fields.

1.3 Probabilistic Modelling of Volcanic Fields

Volcanic field systems may be hazardous to human populations in many ways

due to violent eruptive processes such as: ground deformation, earthquakes,

tephra fall, pyroclastic density currents, and lava flows (e.g., Blong, 2013;

Fagents et al., 2013). After eruptions, impacted areas may be rendered

uninhabitable or unproductive agriculturally for decades to millennia (although

this is highly dependent on both the eruptive products and climate).

Fortunately, for typical volcanic fields, the average annual eruption rate is often

very low (10-4 - 10-6/yr, Connor and Conway, 2000). This has the negative

effect that large settlements are often located in close proximity to these fields,

taking advantage of their soil, water, building aggregate, and recreational

resources. Approximately half of the volcanic fields active in the last 10,000

years (Fig. 1.1) have more than 10,000 people living on, or within 5 km of them

(Siebert and Simkin, 2014). Consequently, the drive to understand volcanic

systems is pragmatic, with hazard assessments for proximal populations often

being required to inform city development, land-use planning, and emergency

management.
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As previously mentioned, each new volcanic field eruption tends to occur at a

new location, and not reopen pre-existing vents. Their small and rapidly rising

magma batches may lead to little warning period. Further, there is a range of

eruption hazards possible that are strongly location-dependent (e.g., long lava

flows, vs magma-water driven phreatomagmatic explosions depending on

topography and groundwater conditions). Together, these characteristics

present a distinct problem for estimation of the hazard to a population.

Determining the location of a future eruption is therefore, of great importance

for mapping a hazard footprint, because it may not only determine the specific

facilities or populations at risk, but it also strongly influences eruption style,

and factors such as lava flow length and path. Hazard analyses for volcanic

fields are therefore based on estimates of when, and often more importantly,

where a future eruption might occur.

A deterministic model to establish where and when a future eruption will occur

is not yet possible, even in the most extensively studied volcanic field systems,

because the subsurface processes driving the locations and timing of future

eruptions remain unknown. This leads to the reliance on a probabilistic

approach, with models initially introduced for estimating temporal recurrence

rates at single volcanic edifices (e.g., Wickman, 1966; Klein, 1982), and then

later for estimating the locations of future eruptions within volcanic fields (e.g.,

Connor and Hill, 1995; Bebbington, 2013). As well as accommodating some of

the uncertainties intrinsic to volcanic systems (e.g., Newhall and Hoblitt, 2002),

probabilistic and statistical methods can also be used to seek patterns between

and within previous eruptions (e.g., Lutz and Gutmann, 1995; Wadge and

Cross, 1988), and to integrate known geological constraints (e.g., Martin et al.,

2004).
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1.3.1 Existing Methods

Probabilistic methods for volcanic field hazard/eruption forecasts are applied to

identify and exploit patterns in previous activity, and then extrapolate these

into the future. In order to adopt probabilistic (statistical) methods, a volcanic

field’s eruption record is approximated as a point process. This is the

assumption that the actual eruptions represent just one possible set of randomly

placed points (in space and time) based on an underlying probability density

(‘surface’).

To estimate this surface based on the available sample (eruptions), the eruption

record must be collapsed to zero dimensional data points identified by the set of

eruption locations (x, y) and ages (t). Various smoothing methods are applied

to known eruption location and age data points to obtain 1D (time, or

occasionally space, e.g., Cronin et al., 2001), 2D (space), or 3D (space-time)

surfaces of probability density. This underlying structure is used for future

eruption forecasts. The success of these methods is strongly dependent on the

quality of the known data points (eruption record) for the volcanic field being

modelled.

A further complication is that the frequency of eruptive activity in volcanic

fields can wax and wane at different rates in different locations (e.g., Condit and

Connor, 1996), and the locus of activity can migrate with time (e.g., Tanaka

et al., 1986; Connor and Hill, 1995). Consequently, a 3D smoothing method is

needed to accommodate these spatio-temporal dependencies. Currently, the

only truly spatio-temporal (3D) method employed in volcanic field analyses is

the spatio-temporal nearest neighbour model of Connor and Hill (1995).
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This method assigns a probability to a point in space-time based on the

distance and time since the closest (in space-time) eruption. This model was

first applied to Yucca Mountain by Connor and Hill (1995) and has since been

applied to the Springerville volcanic field (Condit and Connor, 1996), Taveuni,

Fiji (Cronin et al., 2001), and the Auckland Volcanic Field (Bebbington, 2013).

To accurately apply a spatio-temporal model such as the spatio-temporal

nearest neighbour model, reliable information is required for all eruption

locations (x, y) and ages (t). The locations are normally well constrained from

geological mapping (e.g., von Hochstetter, 1864), satellite imagery (e.g.,

Le Corvec et al., 2013c), and even magnetic anomaly surveys (e.g., Connor

et al., 1997). Eruption ages however, are much harder to obtain with any

precision (e.g., Dalrymple and Lanphere, 1969; Pankhurst et al., 1973; Kelley,

2002; Lindsay et al., 2011). With poor age data (t), spatio-temporal methods

cannot be applied.

Hazard forecasts are required even for volcanic fields with minimal age data,

hence a common solution is to split the smoothing into separate spatial and

temporal models (e.g., Bebbington, 2013). In this way, simple models can be

developed for temporal data (e.g., an average recurrence rate over the lifetime of

the field), whereas more complex methods can be used to fit location data.

Separation of spatial and temporal models requires the assumption of

independent spatial and temporal volcanic field behaviour, thus, if any

migration of eruption location occurs with time, or if waxing and waning varies

with location, these behaviours will be smoothed out over time, or space,

respectively.
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Nevertheless, such separation is currently the most common approach to

volcanic field hazard analysis (due to lack of age data), with a ‘spatio-temporal’

(3D) forecast then obtained by multiplying the results from the 1D (temporal)

and 2D (spatial) models. To obtain a probability density, a selected spatial or

temporal method is used to smooth the data across the region (in space, or

time) and the values then normalised such that the probability across the area,

or time span, is equal to one. The spatial and temporal results can then be

combined as conditional probabilities, i.e., given an eruption, where it is likely

to be located, or, given an eruption, when it is likely to happen.

The adoption of a point-process assumption for probabilistic approaches to

volcanic field hazard analysis means that the observed vents may not properly

represent the probability density (i.e., the sample size is too small). Often,

information on some of the subsurface processes that may influence eruption

behaviour for a volcanic field is available from geological or geophysical surveys.

This ancillary information can be used to update the basic probability density,

to improve forecasts of future eruptive activity.

Adding ancillary data can be carried out via Bayesian frameworks (e.g., Martin

et al., 2004), weighted combinations (e.g., Mart́ı and Felpeto, 2010), or

proportional hazards (e.g., Bebbington and Marzocchi, 2011; Green et al.,

2013). This enables the adaptation of forecasts to include potential eruption

areas that may lie well outside the higher vent-density regions formed by

previous eruptions, which otherwise dominate pure vent location-based

estimates.
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To include ancillary data, its relationship to the volcanic activity must be

understood or assumed. Examples include association of volcano locations with

faults and geological boundaries (Briggs, 1983; Lutz and Gutmann, 1995;

Germa et al., 2013), or with spatial magnetic or gravity anomalies that may

represent buried volcanic vents or fault structures (O’Leary et al., 2002;

El Difrawy et al., 2013). In some cases, a suspected relationship can be

ground-truthed via drilling (e.g., O’Leary et al., 2002), or field-based

observations (e.g., Cassidy and Locke, 2010). This process may also help

mitigate the effects of the independence assumption, by adapting the

probability density surface to ‘present day’ conditions.

However they are constructed, resulting probability densities can be used for

future eruption forecasts for hazard models e.g., lava flow inundation (e.g.,

Cappello et al., 2011; Connor et al., 2012), tephra fall-out (e.g., Houghton et al.,

2006; Selva et al., 2010), and subsequent risk assessments (e.g., Marzocchi and

Woo, 2009; Sandri et al., 2012).

1.4 Harrat Rahat

Harrat Rahat, within the Kingdom of Saudi Arabia, is one of the ninety-eight

volcanic fields identified by the Global Volcanism Program as being active in

the last 10,000 years along with a population of more than 10,000 people living

within 5 km of it (Fig. 1.1). It is at the large end of the range of volcanic fields,

with erupted products covering ∼20,000 km2 and almost 1000 identified eruptive

centres. Harrat Rahat is located immediately south east of the Islamic holy city

of Al-Madinah which has more than 1.5 million inhabitants and an additional

three million pilgrims that visit each year (Fig. 1.2 and Fig. 1.3).
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At least two historical eruptions have occurred within 25 km of Al-Madinah, as

well as a recent seismic swarm (1999 AD) that was located in Harrat Rahat ∼40

km SE of the city. By comparison to a similar seismic swarm in 2009 AD in

Harrat Lunayyir (Pallister et al., 2010), the 1999 AD Harrat Rahat earthquake

swarm may have been in response to a dyke intrusion (Lindsay and Moufti, 2014).

This recent seismic activity, and the proximity of young eruptions to the city of

Al-Madinah, is strong motivation to obtain a reliable estimate of future volcanic

activity of Harrat Rahat (Fig. 1.4).

Figure 1.2: Distribution of volcanic fields (equivalent to ‘harrats’) within the Arabian Shield.
Individual harrats shown in black, location of Harrat Rahat in red, cities shown as stars with
the city of Al-Madinah in yellow. Underlying topography (∼ 30 m long,lat resolution, ± 16 m
vertical) from Jarvis et al. (2008)
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Figure 1.3: Harrat Rahat, and the location of the city of Al-Madinah. Flow field extent
and local faults from Camp and Roobol (1989) and Camp and Roobol (1991), major faults
and suture zones within the underlying Arabian Shield from Nehlig et al. (2002), underlying
topography from Jarvis et al. (2008)
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1.4.1 Geological Background

Volcanism in the Kingdom of Saudi Arabia occurs as an extensive alkali basalt

province, with 180,000 km2 covered by localised lava fields (harrats) (Fig. 1.2).

The Miocene to Recent volcanics overlie a Precambrian basement within the

western Arabian Plate (Coleman et al., 1983). The cause of the volcanism

across the Arabian Shield is still very much under discussion (e.g., Moufti et al.,

2013; Rolandone et al., 2013), but is generally regarded as being related to the

Red Sea Rift in some way. Harrat Rahat is one of the largest of these harrats

with a total erupted volume of ∼2,000 km3 of mainly basaltic magmas with

some more evolved (mugerite-benmoreite-trachyte) compositions erupting

predominantly, but not exclusively, through new (rather than pre-existing

basaltic) vents (Moufti, 1985). Erupted products include extensive lava flows

(Murcia et al., 2014), as well as scoria and spatter cones, shield volcanoes, tuff

rings, and lava domes (Camp and Roobol, 1989).

The field is thought to have been active since 10 Ma, with an eruption record

split unevenly into three major stratigraphic units (Shawahit, Hammah, and

Madinah), separated by two lateritic disconformities. Further division was made

into ten chronostratigraphic units based on a few radiometric ages and

distinction of areas with different degrees of relative weathering/erosion (Camp

and Roobol, 1989; Camp and Roobol, 1991). The location of identified eruption

centres across Harrat Rahat suggests a spine-type structure (Fig. 1.3) with

centres distributed roughly NNE-SSW along the top of thick stacks of lava

flows, the average thickness of which is around 100 m with a maximum

thickness of 380 m along the spine (Torrent, 1976; Blank and Sadek, 1983).



14 CHAPTER 1. INTRODUCTION

The total erupted volume is attributed unevenly to the three stratigraphic units

with the oldest (Shawahit) accounting for ∼70 % of the volume, although the

majority of eruptive centres from this unit are likely hidden by subsequent

eruptions (Camp and Roobol, 1989) or remain unidentified due to extensive

erosion (Brown, 1970).

Fewer than 3 % of the identified vents in Harrat Rahat have well-defined ages

(Moufti et al., 2010) hence lava flow ages are constrained only to within

episodes that span up to 6 Ma (Camp and Roobol, 1991). The available age

data broadly suggests a northward focussing of volcanism with time (Camp and

Roobol, 1989). Consistent with this trend are the locations of the two most

recent eruptions (temporal episode: Qm7). Both historical events are

fissure-style eruptions; a 641 AD event that produced four small scoria/spatter

cones to the west of central Al-Madinah; and a 1256 AD event that erupted 0.5

km3 of magma from at least seven vents 19 km SE of the city, producing a lava

flow that terminates at the current city boundaries (fig. 1.4; Camp et al., 1987;

Moufti et al., 2010).

Although there are other volcanic fields and a major zone of crustal rifting

proximal to Harrat Rahat, little is known about their respective influences on

magma generation beneath the harrat. Similarly, although various lineaments

and faults were identified across the region (Camp and Roobol, 1989; Fig. 1.3)

their relationship with specific eruption locations is unknown. A broad ∼N-S

crustal rifting structure was suggested for the spine-type development of Harrat

Rahat based on potential asthenospheric upwelling inducing a line of volcanism

(Makkah-Madinah-Nafud) which is inferred along the N-S axis of Harrat Rahat

and up through Harrat Khaybar and Harrat Ithnayn (Camp and Roobol, 1989).
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More recent petrological (e.g., Bertrand et al., 2003), geochemical (e.g., Moufti

et al., 2012), and age data (e.g., Moufti et al., 2013) suggest that this

Afar-plume based explanation for the volcanism at Harrat Rahat is, however,

unlikely. The new age data suggests focussing, rather than migration, of

activity is more likely with older age dates obtained in the north (as well as the

south) of the field (Moufti et al., 2013). An alternative theory has also been put

forward that Neoproterozoic subduction seeded the magma source region

(Moufti et al., 2012).

Figure 1.4: Al-Madinah and proximal northern Harrat Rahat vents with the 641 AD and
1256 AD eruption locations circled. Underlying topography from Jarvis et al. (2008)
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Harrat Rahat has the typical problem for volcanic hazard estimation, in that

while large number of eruption centres have been located, very few have reliable

eruption ages. In this case, there is strong evidence of fissure-style eruptions

that now appear as a series of closely aligned eruption vents (e.g., Camp et al.,

1987, Moufti et al., 2010)). The identified vents are likely a subset of many

more vents, most of which are hidden or buried. This is particularly true for the

oldest, most extensive period of activity (Camp and Roobol, 1989).

1.5 Existing Models of Harrat Rahat

Preliminary evaluations of the hazard of Harrat Rahat were carried out by Moufti

et al. (2010), and El Difrawy et al. (2013). These are briefly outlined here.

1.5.1 Harrat Rahat Model: Moufti et al. (2010)

Moufti et al. (2010) focussed their work on the 501 identified vents within the

northern region of Harrat Rahat, known as ‘Harrat Al-Madinah’ and defined

various rectangular regions for analysis bounded to the south at ∼23°50’N (Fig.

1.5). Each identified vent was assumed to be an individual eruption, some

structural control of the field was assumed from the identification of lineaments,

and spatial and temporal analyses were undertaken independently (requiring

the assumption of negligible spatio-temporal behaviour).

Ninety-five cone alignments (lineaments) were inferred (by eye) from high

resolution satellite images with lineaments only accepted if four or more cones

were deemed to lie along a straight line (Moufti et al., 2010). These were then

compared to digitised magnetic data from Zahran et al. (2003) for verification.
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The lineaments were then converted into an equivalent probability density

function (PDF). The exact conversion method is unspecified but will have

involved the lines being smoothed in some fashion, and then normalised to one

over the region of interest. The temporal (1D) recurrence rate was estimated as

a constant value across all of space-time by dividing the number of vents (∼

500) by the age span of the vents within the assessment region (1.6 Ma - 750

yrs). This calculation gave a temporal recurrence rate of 3.13 x 10-4 yr-1, which

was presented as a lower bound. The spatial (2D) component was initially

estimated using a kernel smoothing technique (Wand and Jones, 1994). These

are based on kernels (typically rounded cone shapes) centred at each eruption

location, with the spatial intensity at a point obtained by summing the

proportions from all kernels. The resulting probability density function is

strongly based on the size of the kernel bandwidth, with larger bandwidths

causing greater smoothing.

Figure 1.5: Spatio-temporal forecast of annual probability of volcanic eruptions across a region
proximal to Al-Madinah as estimated in Moufti et al. (2010). Figure modified (longitude and
latitude added) from Moufti et al. (2010)
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Moufti et al. (2010) used an isotropic Cauchy kernel with a 2000 m selected

bandwidth, rationalised by the authors by the fact that the resulting spatial

intensity best matched the location of the 1999 AD seismic swarm. This spatial

estimate was then updated with the lineament-based PDF by assuming equal

weightings (lineaments and vent densities) and combined within the VORIS-GIS

plug-in (Felpeto et al., 2007). To obtain a spatio-temporal model, the separate

spatial and temporal models were then multiplied together. The forecast from

this analysis identifies the highest likelihood of eruption over a region located

∼28 km SE of Al-Madinah with a value of 3.54 x 10-7 km-2 yr-1 (Fig. 1.5).

1.5.2 Harrat Rahat Model: El Difrawy et al. (2013)

El Difrawy et al. (2013) also focussed their work on the northern extent of

Harrat Rahat with an area of interest defined as a longitude-latitude aligned

rectangle between 23°50’N and 24°30’N, and 39°27’E and 40°08’E (Fig. 1.6).

Each identified vent was assumed to be an individual eruption, potential

locations of buried vents were inferred from aeromagnetic data (but as a

probability density function only with insufficient certainty to identify specific

eruption locations), and spatial and temporal analyses were undertaken

independently (requiring the assumption of negligible spatio-temporal

dependence).

The temporal (1D) recurrence rate was estimated as a constant value using the

same approach as Moufti et al. (2010). However, by the time of this analysis,

new age data (Moufti et al., 2013) had substantially increased the oldest

eruption ages of the region to 10 Ma.
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An attempt was also made to estimate the number of buried vents within the

region, based on comparison with data from Yucca Mountain (O’Leary et al.,

2002). This suggested that the proportion of observed to actual vents was 2:3,

and as such an additional 250 vents were estimated to be within the area of

interest. These two factors resulted in a new temporal recurrence rate,

calculated as 7.5 x 10-5 yr-1, an order of magnitude less than that estimated by

Moufti et al. (2010). However, a substantially higher estimate of 1.4 x 10-2 yr-1

was also quoted as an upper bound, based on the eruptions of only the last 4500

years.

For the spatial model, the aeromagnetic data (Georgel et al., 1985) was digitised

and converted to an equivalent magnetic intensity PDF over the area of interest

(normalised to one) using absolute values. Spatial (2D) density was initially

estimated using an anisotropic Gaussian kernel (Connor and Connor, 2009). The

bandwidth (describing the kernel shape, size, and orientation) was determined

objectively via minimising the sum of the asymptotic mean square error (SAMSE,

Duong and Hazelton, 2003). This was updated with the magnetic intensity PDF

by linearly combining the two as a mixture (similar to the approach of Mart́ı

and Felpeto, 2010). The weighting for this mixture was selected to match the

supposed number of missing vents. The spatio-temporal hazard rate was obtained

by multiplying this by the temporal recurrence rate estimates. The forecast from

this analysis identifies the highest likelihood of eruption at two regions located

∼16 km, and ∼ 55 km SE of the city limits of Al-Madinah with a maximum

spatio-temporal recurrence rate of 4.80 x 10-7 km-2 yr-1 (Fig. 1.6). However,

with the upper temporal recurrence rate bound based on only the late Holocene

eruptions, this could currently be as high as 2.24 x 10-5 km-2 yr-1 (El Difrawy

et al., 2013).
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Figure 1.6: Spatial forecast of annual probability of volcanic eruptions across a region proximal
to Al-Madinah as estimated in El Difrawy et al. (2013). Figure taken from El Difrawy et al.
(2013). Spatial recurrence values are per 50 m2.

1.5.3 Knowledge Gaps Identified

The spatio-temporal models of Moufti et al. (2010) (Fig. 1.5) and El Difrawy

et al. (2013) (Fig. 1.6) both provide useful preliminary analyses of the volcanism

across the northern region of Harrat Rahat and suggest that a credible hazard is

posed to the city of Al-Madinah. However, both of these approaches only

assessed areas within the northern third of Harrat Rahat. While it is likely that

only eruptions within this third have the potential to substantially impact the

city of Al-Madinah, eruptions elsewhere may also affect the city, with ash likely

to interfere with flights at Prince Mohammad Bin Adbulaziz International

Airport and potentially the train line, roads, and an oil pipeline in the region.

Thus, the whole of Harrat Rahat should be considered for analysis.
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Another argument for expanding the area of analysis is the spatio-temporal

behaviour of Harrat Rahat. This behaviour is hard to envisage over smaller

areas with such coarse age resolution data, thus substantial information is lost

by removing a large amount of the eruption data, especially considering a

possible northern focussing of eruptions with time. The previous models applied

to hazard assessment in this area assumed independent spatial and temporal

behaviour, which has been noted by several authors to be highly unlikely for

Harrat Rahat (e.g., Camp and Roobol, 1989; Moufti et al., 2013). Thus, the

spatio-temporal behaviour of the field must be more thoroughly assessed in

order to validate (or not) any independent spatial and temporal models, and

investigate how a spatio-temporal model could be applied to the field.

Camp and Roobol (1989) and Moufti et al. (2010) both highlighted the fact

that the number of observed vents for Harrat Rahat is an absolute minimum,

and El Difrawy et al. (2013) made a first attempt at estimating the number of

hidden vents. This value was based on observations made on a different volcanic

field, hence a Harrat Rahat specific method is needed, especially one that

incorporates the long life-span of the field by accommodating the effects of

erosion, and the extensive lava flows covering the central region where more

vents are likely to be hidden.

Another important factor is the apparent multiple-source, or fissure, type

behaviour noted for eruptions across Harrat Rahat. Both of the most recent

eruptions were multi-vent fissure eruptions, and visual evidence indicates many

more of these structures across the harrat. Thus, the collapsing of eruptive

vents into their most likely eruptive events would greatly improve the accuracy

of the eruption record and hazard estimates for Harrat Rahat.
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To inform the spatial density estimates, previous models incorporated

additional data that might have an influence on eruption location. Moufti et al.

(2010) incorporated lineament data by assuming some structural control,

derived from the locations of existing vents. El Difrawy et al. (2013) used

aeromagnetic data to include potential locations of buried eruption centres.

Incorporation of this ancillary data required the assumption that it was in some

way related to future (Moufti et al., 2010) or previous (El Difrawy et al., 2013)

volcanism and thus could improve the spatial density estimate. Formal test and

train methods to objectively determine the presence of relationships between

any form of observed geological, geophysical, or geographical data and the

locations of volcanic eruptions, as well as examination of the limitations of data

resolution would significantly aid the application of ancillary data to improve

hazard forecasts.

Moufti et al. (2010) and El Difrawy et al. (2013) both used the same temporal

method, but applied different spatial smoothing methods to obtain their

forecasts. The former varied the bandwidth of the isotropic kernel to determine

qualitatively which was the most believable, the latter El Difrawy et al. (2013)

assessed the sensitivity of the forecast to the weighting proportions during the

incorporation of ancillary data. Neither work considered alternative models, or

how well the forecast performed. Thus, an open, repeatable workflow process

which aids objective selection of the most suitable model based on performance

criteria is required.

The majority of the described areas for hazard model development are universally

applicable to volcanic fields around the world. With a large number of volcanic

fields located close to human populations (Siebert and Simkin, 2014), the validity
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of these commonly applied or overlooked assumptions needs to be assessed, and

where possible, methods developed to aid objective volcanic field forecasts.

1.6 Thesis Overview

The motivation for this work was to forecast future volcanic activity for the

Harrat Rahat, in light of recent volcanic and seismic activity and proximity to

the Islamic holy city Al-Madinah. To produce a robust model, several aspects of

existing volcanic analysis methodologies first needed to be addressed. Novel

quantitative methods were developed for three major complexities noted within

volcanic fields: (1) multiple-vent, or fissure eruptions, (2) hidden eruptive

centres, and (3) the relationship of volcanism to ancillary data. Sensitivity

analyses were also carried out for two major subjective decisions taken during

volcanic field forecasting: (1) the definition of a volcanic field boundary, and (2)

selection of a pattern approximation method.

This thesis is structured as follows:

Chapter 2 focusses on refining the eruption record for a volcanic field. A

method is presented to collapse observed eruptive vents into their most likely

events, and a further method, based on erosion and burial functions is described

to estimate the number of hidden vents within a thick volcanic pile. Both of

these methods were then applied to Harrat Rahat. This work is published in the

Bulletin of Volcanology as ‘Vents to Events: Determining an eruption event

record from volcanic vent structures for the Harrat Rahat, Saudi Arabia’

(Runge et al., 2014).
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Chapter 3 addresses the relationship of volcanism to ancillary data via

development of an objective method and is applied to the volcanism across the

whole of the Arabian Shield, with closer analyses performed on five of the

harrats including Harrat Rahat. A field-wide hidden vent estimation method is

also suggested. This work is currently under review at Journal Volcanology and

Geothermal Research as ‘Determining correlations between geological and

geophysical data and volcanic vent location: A multi-scale application to the

Arabian Shield’.

Chapter 4 discusses the effect of volcanic field boundary definition on

exploratory statistics and spatial forecasts. Sensitivity analyses were performed

on Harrat Rahat, and the Auckland Volcanic Field. This work is currently

under review at Journal of Applied Volcanology as ‘Defining a volcanic field

boundary’.

Chapter 5 contains a discussion by incorporating the results from the previous

three chapters into the development of an open, defensible procedure for

volcanic hazard analysis that includes validation and verification steps for

selection of the most suitable pattern approximation method. This approach

was applied to Harrat Rahat, and therefore includes the forecast of future

volcanic activity for the field and a comparison with past models. This work is

currently in preparation for submission to Bulletin of Volcanology.

Chapter 6 is a brief summary of the thesis work and implications, and discuses

remaining issues and recommendations for work in Harrat Rahat and for all future

volcanic hazard analyses.
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The only alterations of the above papers (submitted and under review) within

this thesis are figure and table numbers, the final section heading (altered from

‘Conclusions’ to ‘Chapter Review’) and references to other chapters for ease of

navigation.





2
Eruptive Event Record Completeness

Vents to Events: Determining an eruption event record from

volcanic vent structures for the Harrat Rahat, Saudi Arabia

Bulletin of Volcanology (published 2014)

This chapter focusses on refining the eruption record for a volcanic field. A

method is presented to collapse observed eruptive vents into their most likely

events, and a further method, based on erosion and burial functions, is

described to estimate the number of hidden vents within a thick volcanic pile.

Via the development and implementation of an objective method for vent to

event determination, an updated eruption record of Harrat Rahat has been

determined. The uncertainty due to hidden eruptions has also been addressed

via a novel hidden vent estimation technique incorporating both burial and

erosion components.

27
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2.1 Introduction

Volcanic eruptions in rifting, extensional, and volcanic-flank settings can

develop as fissures, representing the surface expression of dykes. Post-eruption,

a single fissure may be preserved in the geologic and geomorphic record as a

group of aligned or sub-aligned vents, most commonly spatter or scoria cones.

Examples have been noted in incipient rifts (e.g., Tavenui, Fiji, Cronin et al.,

2001), and the large volcanic provinces of the Arabian Peninsula (e.g., Harrat

Rahat, Saudi Arabia, Moufti et al., 2010). In many intraplate continental

‘monogenetic’ volcanic fields without strong extension-related structures,

aligned or grouped vents also occur e.g., Auckland Volcanic Field (Bebbington

and Cronin, 2011), Yucca Mountain, Nevada (Connor et al., 2000), Newer

Volcanic Region, Victoria, Australia (Lesti et al., 2008), and the

Michoacan-Guanajuato Volcanic Field, Mexico (Wadge and Cross, 1988).

In such settings, where weak or absent extension prevails, two issues persist in

considering the hazard of distributed volcanism. First, the hazard associated

with a multiple-source or line-source (i.e., open fissure) eruption is often far

more widely spread, with less predictable lava flow paths and tephra fall zones,

than that of a single point-source eruption (Gudmundsson, 1992). Second, the

precision of dating methods (usually K-Ar or Ar-Ar for these long-lived fields) is

often not adequate to classify neighbouring cones as part of the same eruptive

event or not, hence the usual practice is to model the occurrence process as

individual cones (e.g., Wadge and Cross, 1988; Lutz and Gutmann, 1995;

Connor and Hill, 1995; Condit and Connor, 1996; Conway et al., 1998; Weller,

2004; Felpeto et al., 2007; Mart́ı and Felpeto, 2010; Kiyosugi et al., 2010).
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This misidentification of a crater row formed during a single fissure eruption as

representing individual asynchronous eruptions results in a significant

overestimate of temporal hazard rates. Fissure (or ‘multiple-vent’) eruptions

should thus be considered as multi-dimensional eruptive events alongside the

single-vent eruptions in order to obtain both accurate spatial and temporal

recurrence rates, and the full range of impacts/magnitudes for event scenarios.

Consideration must also be given to hidden or buried eruptive events to

quantify the uncertainty involved in using only currently visible vents.

Existing spatio-temporal models for volcanic field hazard analysis have almost

invariably assumed that each vent is a discrete, independent eruptive event in

both time and space, i.e., a point process (Connor and Hill, 1995; Condit and

Connor, 1996; Conway et al., 1998; Weller, 2004; Bebbington and Cronin, 2011).

This assumption is justified for those volcanic fields where age data show all

eruptions to be asynchronous; however it is no longer valid if there is a suspicion

that a large proportion of eruptive events in a field are multiple-vent or fissure

eruptions.

Consequently for this work, an ‘event’ is defined as a volcanic eruption

continuous in both time and space. Independent eruption centres are referred to

as single-vent events, and crater rows as multiple-vent events. For recurrence

rate estimates, an event is constrained/approximated here with four parameters:

eruption age (1), and with ellipsoid dimensions: major semi-axis (2), minor

semi-axis (3), and strike (4) (bearing from North of the major semi-axis). A

statistical method is presented to account for these eruption types in volcanic

field hazard analysis, based on known and estimated eruption parameters and

related uncertainties.
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This approach identifies eruptive events from visible vents in the volcanic field

of Harrat Rahat, Saudi Arabia. According to written accounts and geological

reconstructions for this field (Moufti et al., 2010; Al-Samhoody, 1440), the two

most recent historical eruptions involved a series of vents. In addition, while not

an active rifting situation, its location outboard from an active rift setting

appears to impart strong structural control on the volcanism (Camp and

Roobol, 1989) and may thus encourage the formation of frequent fissure

eruptions. These features, and the excellent exposure of the field, make Harrat

Rahat an ideal site from which to develop a method for visible vent to eruptive

event determination.

Erosion, burial, and the quarrying of scoria cones may all reduce the number of

volcanic vents that are counted in a volcanic field. O’Leary et al. (2002) inferred

the location of buried vents from high resolution aeromagnetic data at Yucca

Mountain. This method could not be used to identify individual vents in Harrat

Rahat due to the low resolution of the available aeromagnetic data (El Difrawy

et al., 2013). Consequently, to obtain an estimate for the number of hidden vents,

the approach is based on consideration of the likelihood of a vent being observable

today given it occurring at a specific point in space-time (following the purely

time based approach of Guttorp and Thompson, 1991). A ‘hidden vent’ is defined

here as a volcanic vent which would have been observed after the vent-forming

eruption but is not currently visible, due to, for example, burial by the lava flows

of more recent eruptions. The application of these two new methods to Harrat

Rahat results in updated spatial and temporal forecasts that better reflect the

multi-dimensional nature of eruptive events within this volcanic field.
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2.2 Harrat Rahat Volcanism

Volcanism in the Kingdom of Saudi Arabia occurs as an extensive alkali basalt

province, with 180,000 km2 covered by localised lava fields (harrats). The

harrats show a range of broad spatial patterns, from elongated broad ridges

with portions orientated sub-parallel to the active Red Sea rift to the West

(e.g., Harrat Rahat), through to those without apparent alignment of

orientation (e.g., Harrat Lunayyir) (Camp and Roobol, 1989). The youngest

Harrat Rahat volcanism is not directly related to the Red Sea rifting, but may

instead represent asthenospheric upwelling associated outside the rift margins

(Camp and Roobol, 1992; Pallister et al., 2010). The Miocene to Recent

volcanics overlie a Precambrian basement within the western Arabian Plate

(Coleman et al., 1983).

The ∼20,000 km2 Harrat Rahat is situated immediately SE of the city of

Al-Madinah (Fig. 2.1). A total of 968 volcanic vents (cones, craters, spatter

mounds) were identified across the extent of Harrat Rahat using GoogleEarth,

SPOT and LandSat images, geologic maps (e.g., Pellaton, 1981), and

complemented by previous work in the region (Camp and Roobol, 1989; Moufti,

1985). The volcanic field has produced alkalic and subalkalic basalts as well as a

range of evolved compositions erupting predominantly, but not exclusively,

through new vents (Moufti, 1985).

The field is thought to have been active since 10 Ma, with an eruption record

split unevenly into three major stratigraphic units by two lateritic

disconformities and further divided into ten chronostratigraphic units (Camp

and Roobol, 1989; Camp and Roobol, 1991; Table 2.1).
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Table 2.1: Harrat Rahat flow unit properties. Chronostratigraphic and composition data
from Camp and Roobol (1989); dominant angle refers to the SAMSE (squared asymptotic
mean squared error) determined direction of the major axis of an anisotropic kernel.

Stratigraphic
unit

Sub-
unit

Age Range Vents
Dominant

Angle
Composition

Madinah

Qm7 1500 BP - Present 11
-23.56°

Basalt, Hawaiite
Qm6 4500 - 1500 BP 45 Basalt, Hawaiite

Qm5 0.3 Ma - 4500 BP 39 -14.67°

Basalt, Hawaiite,
Mugearite, Trachyte

Qm4 0.6 - 0.3 Ma 38 -42.8°

Basalt, Hawaiite,
Mugearite,
Benmoreite, Trachyte

Qm3 0.9 - 0.6 Ma 77 -14.28°

Basalt, Hawaiite,
Mugearite,
Trachybasalt

Qm2 1.2 - 0.9 Ma 154 -13.15°

Basalt, Hawaiite,
Mugearite

Qm1 1.7 - 1.2 Ma 422 -10.65°

Basalt, Hawaiite,
Mugearite

Hammah Th 2.5 - 1.7 Ma 162
-10.01°

Basalt

Shawahit
Tw2 8.5 - 2.5 Ma 18 Basalt
Tw1 10 - 8.5 Ma 2

Fewer than 3 % of the vents in Harrat Rahat have well-defined ages (Moufti

et al., 2010) so vent ages are only constrained to within episodes, the spans of

which are up to 6 Ma (Table 2.1). The most recent temporal episode (Qm7)

consists of two historical eruption:; a 641 AD event that produced four small

scoria/spatter cones to the west of central Al-Madinah, and a better

documented 1256 AD event that erupted 0.5 km3 of magma from at least seven

vents 19 km SE of the city, including a lava flow that terminates at the current

city boundaries (Camp et al., 1987; Moufti et al., 2010). The historical

eruptions, together with at least six further episodes of known Holocene activity

and a possible magma-related earthquake swarm in 1999 AD, means that future

volcanism is expected (Moufti et al., 2010).
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Figure 2.1: Geographic location of Harrat Rahat. Map A: Harrat Rahat vent locations
(triangles), Map B: Location of Cenozoic volcanic fields (harrats) on the Arabian plate
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2.3 Methods - Vent to Event Determination

The five main steps in the approach to establish an eruptive event record from

the Harrat Rahat were:

(a) Identify key event characteristics

(b) Estimate a priori probability density functions (PDFs) for each of the key

characteristics

(c) Use Bayes theorem to adapt the PDFs to the volcanic field of interest

(d) Assess combinations of potential events against the resulting a posteriori

distributions

(e) Compare potential combinations to obtain the most likely eruptive event

record

(a) Identification of key event characteristics

A volcanic event can be described by various characteristics including: location,

age, eruption duration, the number of eruptive centres, eruption style(s),

magma composition and volume, and geometric features (e.g., length, thickness,

bearing, shape, height, and diameter of craters/cones). The characteristics

selected are dependent on both the scope of the work and the available data.

Because very few parameters were available for all 968 volcanic vents in Harrat

Rahat, the available data constrained the selection. Four key characteristics

were used: age, and ellipsoid dimensions of the structure representing an

eruptive event (major and minor semi-axes, and strike – assessed as deviation

from the dominant alignment in the harrat).
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The ellipsoid dimensions were selected as they could be approximated from

visible vent locations and are likely indicative of underlying structures.

Individual crater rows may represent a range of controlling factors, and a

deviation of the strike of any potential multiple-vent event from the dominant

alignment of a volcanic field may be informative. In general, groups of vents

with strikes orientated close to that of the whole field may be more likely

co-genetic than groups orientated off the axis of dominant alignment. This may

not be exclusively true, such as if older lineations/faults are exploited by rising

magmas (e.g., Conway et al., 1997). Dominant alignments based on volcanic

vent locations within each temporal episode were determined using a summed,

asymptotic, mean-squared error method (SAMSE, Wand and Jones, 1994, Table

2.1).

As previously stated, vent age data is poorly known in Harrat Rahat. However,

using the mapped temporal episodes (Table 2.1) it was possible to include a

time parameter as an inclusion/exclusion constraint, requiring vents in an event

to be in the same episode.

(b) Estimation of a priori PDFs for each of the key characteristics

The variation in each characteristic across Harrat Rahat was described as a

probability density function (PDF), which allowed incorporation of the

uncertainties and facilitated the application of Bayesian techniques. A

distribution (PDF) was selected for each characteristic based on the required

support or symmetry, and whether the possibility of a positive mode was

desirable. The selections were checked against the data using formal tests

(Anderson-Darling and Kolmogorov-Smirnov) as appropriate.
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Two of the characteristics were continuous, with right-skewed distributions

(ellipsoid semi-major and semi-minor axes – often referred to here as event

length and width), thus log-normal or gamma distributions were selected. A

log-normal distribution was fitted to San Rafael data by Delaney and Gartner

(1997). A gamma distribution was chosen for a further two sets

(Non-Informative and Expert Elicitation data) as it allows for over-dispersion,

i.e., a situation where the majority of the events are single-vent events, as

required by the simultaneous modelling of single- and multiple-vent events. In

this case, it is possible for an event to have zero length and width (effectively

the vent diameter), hence requiring a distribution that is defined at zero, ruling

out the power-law distribution (Gudmundsson, 1992). To be consistent with the

SAMSE method used to determine dominant alignments, a normal distribution

was selected for the event strike to model deviation from the dominant

alignment.

Only one set of a priori characteristic PDFs was required for the application of

this method, however, since all distributions are estimates in this Bayesian

paradigm, three approaches were applied here to enable a sensitivity analysis

and to assess the merits of each of these options: 1. Expert elicitation, 2. Use of

an analogue volcanic field, and 3. Use of non-informative priors (Fig. 2.2).

1. Expert elicitation (EE) enables information to be obtained from expert

judgement using formal, structured, probabilistic procedures (Cooke, 1991).

Aspinall and Woo (1994) proposed expert elicitation as a tool for volcanic crisis

management, and this was successfully implemented at Montserrat from 1995

onwards (Aspinall and Cooke, 1998).
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Expert elicitation methods have also been applied within event tree frameworks

both for crisis management (e.g., Exercise Mesimex at Vesuvius, Marzocchi

et al., 2008; Exercise Ruaumoko in New Zealand, Lindsay et al., 2010), and for

long-term hazard analyses (Neri et al., 2008; Mart́ı and Felpeto, 2010). It was

adopted as one of the three approaches here due to this frequency of use,

facilitating investigation into its applicability for this vent-to-event method.

The Cooke method adopted here entails the following: 1. Select a group of

experts, 2. Calibrate them based on level of expertise, and 3. Ask them

questions of interest and for estimates of related uncertainty levels. This

method allows consideration of the fact that not all experts are equal, or free

from bias. The number of experts suggested for the Cooke approach is between

8 and 15 (Aspinall, 2010).

For this work, fifteen volcanologists contributed (five geological consultants, ten

post-PhD academics), and with experience levels ranging from 5 to 30+ years.

The estimates were weighted based on a combination of the number of years of

research and published papers on the specific topic. The questionnaire is

included as supplementary material (Appendix A.1). They were asked eight

questions concerning eruptive event and dyke characteristics, including mean

value estimates and a ‘credible interval’ for each characteristic (minimum and

maximum values representing 99 % certainty levels). To reduce the level of

aleatoric uncertainty, to try and avoid ‘wild guesses’, experts were not required

to answer every question. Distributions were obtained via a log-weighted

combination of each expert’s answer and fitted using maximum likelihood

estimation to obtain a priori PDFs for each of the four key characteristics.
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2. An Analogue Volcanic Field (AF) can provide comparative information for

regions with a scarcity of data spanning past eruptions (Rodado et al., 2011).

The inherent assumption is that underlying tectonic and volcanic processes

match between regions, the validity of which is considered in the discussion

section of this paper. Uniquely, a large data set is available for the highly

eroded San Rafael Volcanic Field, Utah, USA (Delaney and Gartner, 1997;

Kiyosugi et al., 2012), with fitted distributions for dyke width, outcrop lengths,

and strike.

The use of this data set assumes similarity between San Rafael and Harrat

Rahat, and that eruptive event and dyke dimensions are related. Despite major

differences in the tectonic setting, the San Rafael dyke dimensions (e.g., median

dyke-segment length ∼1 km, maximum ∼9 km) match those from the inferred

dyke intrusion in 2009 (e.g., surface fault rupture ∼8 km, inferred dyke-length

∼10 km) from the Harrat Rahat neighbouring field, Harrat Lunayyir (Pallister

et al., 2010; Mukhopadhyay et al., 2013), and to the historical event dimensions

observed for Harrat Rahat (Table 2.2).

Becerril et al. (2013) considered the relationship between the dimensions of

eruptive events and dykes on El Hierro Island, Spain. They found that eruptive

fissure lengths inferred from the alignments of visible vents were of similar

dimensions to those of exposed dykes in the same regions. Galindo and

Gudmundsson (2012) assessed dykes and eruptive fissures in both Tenerife and

Iceland and looked specifically at basaltic feeder dykes, i.e., dykes which

instigated an eruption.
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Table 2.2: Historical eruption event values (Qm7)

Eruptive Event Event Length Event Width Strike (bearing from North)

641 AD (4 vents) 820 m 36 m -24.53°

1256 AD (7 vents) 1520 m 57 m -20.74°

They concluded that dykes become thicker and shorter as they reach the

surface, but that the eruptive fissure and subsurface dimensions are directly

proportional. Thus, it is reasonable to assume that in Harrat Rahat there is

also a linear relationship between dyke and eruptive event dimensions.

3. Non-Informative (NI) priors were used for the third set of characteristic

distribution estimates. These attribute uncertainty to a variable and assume

minimal prior information such that the a posteriori distributions are

dominated by the measured data (in this case, the dimensions of the historical

eruptions). Non-informative prior distributions were selected using plausible

values for the mean of each characteristic, but with sufficiently large variance

that the prior was effectively uniform (Fig. 2.2).

Figure 2.2: A priori distributions for expert elicitation (dashed), analogue volcanic field
(solid), and non-informative (dotted) data. (a) Length, (b) Thickness, (c) Deviation from
dominant strike
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(c) Adaptation of a priori PDFs to the volcanic field of interest

For this analysis, the software package WinBUGS (Lunn et al., 2000) was used

for the Bayesian analysis and a priori distributions were updated using observed

data for the historical events of 641 AD and 1256 AD (Table 2.2). The model

for Bayesian analysis is specified below using the notation of Christensen et al.

(2011). For length and width, e.g., length:

l1, ..., ln|r, µ ∼iid Gamma(r, µ)

r|η ∼ Gamma(η, ro/η)

µ|η ∼ Gamma(η, µo/η)

η ∼ Gamma(0.001, 0.001)

i.e., event length variation follows a gamma distribution with shape (r) and

location (µ) parameters. The shape and location parameters are allowed to vary

by following gamma distributions with shape (η) and location (r0/η, µ0/η

respectively) parameters where µo and ro are the a priori parameters (Fig. 2.2),

and η is the hierarchical parameter. This ensures that the mean location and

shape parameters are consistent with the prior. The parameter η has a reference

prior, which should not influence the posterior, thus allowing the data to

dominate this part of the model.

Table 2.3: Posterior probability density functions (PDFs)

Distribution Source
Event Length (m) Event Width (m)

Deviation from
Dominant Strike (deg)

PDF Parameters PDF Parameters PDF Parameters

Expert Elicitation Gamma
r = 2.139

µ = 1.674x10-3 Gamma
r = 3.044
µ = 0.07062

Normal
x̄ = -1.055
σ = 15.26

Analogue VF Log-normal
µ = 7.5841
σ = 0.1444

Log-normal
µ = 1.0179
σ = 0.89

Normal
x̄ = -0.12
σ = 9.3

Non-informative Gamma
r = 2.496

µ = 1.013x10-3 Gamma
r = 3.1313
µ = 0.04024

Normal
x̄ = -0.46
σ = 6.75
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For strike: a1, ..., an|µ, σ ∼iid Normal(µ, σ2)

µ ∼ Normal(µo, σ2
o)

1/σ2 ∼ Gamma(0.001, 0.001)

i.e., deviation from dominant strike direction follows a normal distribution with

parameters: mean (µ) and standard deviation (σ). These parameters are allowed

to vary via normal and gamma distributions respectively where µo and σo are

the a priori parameters (Fig. 2.2), achieving the same consistency properties as

above. The hierarchical parameter σ again has a reference prior. In the absence

of greater temporal resolution, this also accounts for variation in the stress field

over time. The gamma and normal distributions (PDFs) are given by:

f(x) ∼ Gamma(α, β) =
1

Γ(α)
βxxα−1eβx where α, β > 0

f(x) ∼ Normal(µ, σ2) =
1

σ
√

2π
e−

(x−µ)2

2σ2 where σ2 > 0

The resulting a posteriori distributions are shown in Figure 2.3 and Table 2.3.

Figure 2.3: A posteriori distributions for expert elicitation (dashed), analogue volcanic field
(solid), and non-informative (dotted) data. (a) Length, (b) Width, (c) Deviation from dominant
strike
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(d) Assessment of potential event combinations against a posteriori

distributions

Vents were grouped into potential events, and the event dimensions for each of

the key characteristics were assessed individually against the respective a

posteriori PDFs to obtain the probability of each of the vent groupings being a

single event. Assuming each key characteristic was independent, probabilities

for each characteristic were multiplied together to obtain the total probability

that a vent grouping was a single eruptive event.

For relatively small numbers of vents (< 10), every potential combination of

vent groupings can be assessed. This number is restricted by the enumeration of

possible events (Bell numbers). To enable computation of the larger problem, a

heuristic approach was taken (Clancey, 1985) to obtain a close approximation of

the actual event record for the volcanic field, without the need to assess all

theoretical combinations. The approach applies a stochastic local search (SLS)

and the movement between candidate event records is based on heuristic values

(Appendix A.2), i.e. the a posteriori PDFs (Fig. 2.3).

The vents were randomly grouped into an initial candidate event record by

assigning each vent a random number selected from the range 1:v, where v is

the number of vents. A single potential event was then randomly selected for

analysis (e.g., ‘group A’). The n nearest neighbours (those groups in the current

candidate event record whose centroids were the lowest Euclidean distance from

group A) were identified (n ≥ 2) and the potential combined event dimensions

(and consequent probabilities) calculated (‘join’ ).
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Simultaneously, the probability of breaking group A into single vent events was

calculated (‘break’ ). These values were then compared against the probability of

group A being an event. A move was then made (join or break) based on the

relative probabilities of the new potential groupings. Locally suboptimal join or

break moves were permitted to allow exploration of wider regions of the global

search space. Iterations were then run with an exponentially decaying annealing

schedule in place, such that the probability of a less than optimum move tended

toward zero.

In order to determine the optimal number of nearest neighbours (n), a

pre-analysis was conducted for each distribution set, where n was varied from

two to ten and the results assessed by comparison with the two known historical

eruptions augmented with synthetic data representing single and paired vent

events. It was found that with only two nearest neighbours, a very slow

annealing schedule was required to obtain the known event record. However, for

all distributions, this problem was alleviated using n ≥ 3. Since computational

time increased rapidly with the number of nearest neighbours, this optimum

value of n = 3 was used for the field-wide runs.

(e) Compare potential combinations to obtain the most likely volcanic

event record

The potential vent grouping with the highest likelihood across the whole of the

volcanic field was assumed to be the most likely volcanic event record.



44 CHAPTER 2. ERUPTIVE EVENT RECORD COMPLETENESS

2.4 Methods - Hidden Vent Estimation

The main premise in this approach to estimating hidden vents is that at each

point in time and space, there is a corresponding probability that, should an

eruptive vent have occurred, the vent would still be visible today.

2.4.1 Theory

Following the work of Guttorp and Thompson (1991), if MtA represents the

number of volcanic vents that have occurred in area A, time t:

MtA =
∑
i

1[τi ≤ t]x1[xi ∈ A] (2.1)

Where 1[τi ≤ t] is a heavy-side function taking the value of 1 if the ith eruptive

vent occurred at time τi prior to time t and zero otherwise, and 1[xi ∈ A] takes

the value of 1 if an eruptive vent occurred at location xi within area A and zero

otherwise.

YtA represents the number of volcanic vents that have occurred and are still visible

in area A, time t:

YtA =
∑
i

f(τi ≤ t, xi ∈ A) (2.2)

Where f() is a function describing whether a vent is still visible based on when

(τi) and where (xi) it occurred. If all eruptive vents that occurred in area A,

and prior to time t are still visible, f() would be equal to a heavy-side function

as defined above and the number of vents that are visible today (YtA) would be

equal to the number of vents that have ever erupted (MtA).
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As f() is unknown, the expected value of YtA can be estimated from:

E[YtA] =
∑
i

1[ρ(τi, xi) > θ]x1[τi ≤ t]x1[xi ∈ A] (2.3)

Where ρ(τi, xi) is the probability that a vent from time τi, location xi is visible at

time t, and θ is a random number generated between 0 and 1, i.e., θ ∼ N(0, 1).

Estimates of MtA can then be obtained by defining this probability function (or

functions) and randomly placing vents in time and space, incrementing MtA by

one each time, where E[YtA] is incremented by one when ρ(τi, xi) > θ.

2.4.2 Application

Two functions were defined here representing the two major contributors to

unobserved vents: erosion and burial. Erosion was assumed to be a function of

time only, p(τi), with older vents more likely to have eroded than younger vents.

Burial of vents due to subsequent eruptions was defined as a function of both

space and time, q(τi, xi), as a vent could only be buried in locations with

subsequent lava flows. Equation 2.3 therefore becomes:

E[YtA] =
∑
i

1[p(τi) > θp]x1[q(τi, xi) > θq]x1[τi ≤ t]x1[xi ∈ A] (2.4)

i.e., a vent occurring at time τi ≤ t, and location xi within area A is expected to

be visible at time t if the probabilities of it not having eroded to ‘nothing’: p(τi)

and not having been buried by subsequent flows: q(τi, xi) are greater than

random numbers generated between 0 and 1: θp, θq.
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Erosion Function, p(τi)

It is assumed that the erosion of a vent is proportional to the time since the

eruption (t − τi). The relative degree of erosion with stratigraphic unit is

detailed in Camp and Roobol (1991) with no erosion noted for Qm7 - Qm4,

some erosion noted for Qm3 but ‘with distinct craters’, ‘deeply eroded scoria

cones’ noted for Qm2 and Qm1, and ‘deeply eroded scoria cones with craters

indistinct or removed’ for Th (Table 2.1).

Assuming no loss of visibility due to erosion for the last 1.2 Ma (post-Qm2), and

the complete loss of visibility > 10 Ma required for consistency with the observed

ages, a linear relationship between time and degree of erosion can be defined as:

p(τi) = 1− a(t− τi) (2.5)

Where 10 Ma < t < 1.2 Ma, and a: rate of change of effect of erosion with a =

1.136 x 10−7 yr-1 for the assumptions above: a = 1 / (10 Ma – 1.2 Ma).

Burial Function, q(τi, xi)

It is assumed that the likelihood of a vent to be buried by a subsequent lava

flow (of age t) is proportional to the age (τi) and location (xi) of the vent, i.e., a

younger vent could not be buried by an older flow, whereas an older vent could

be buried by a younger flow should that flow be in the same location:

q(τi, xi) =

 1 if there is a lava flow with t > τi at location xi

0.5 if there is a lava flow with t ≤ τi at location xi

(2.6)
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The probability of remaining visible is estimated (for vents older than Qm1) by

comparing the diameters of vents which are surrounded by lava with those that

are not. The latter are larger on average, indicating that smaller vents are being

obscured by lava. Fitting a probability distribution to the observed diameters

provides an estimated probability of 50 % that the vents remain visible when

inundated by subsequent lava flows. This probability does not differ significantly

according to whether the lava is the same age as the vent, or is younger.

With knowledge of the number and temporal episode of currently visible vents,

and the location of lava flows also constrained to a temporal episode (Camp and

Roobol, 1991), Equations 2.4, 2.5, and 2.6 were combined to assess the potential

number of hidden vents. Sensitivity analyses were also performed to assess the

effect of erosion and burial constants on the estimate of total number of vents.

2.5 Results

2.5.1 Event Determination

Three event records were independently determined for Harrat Rahat using the

quantitative method described above for each prior (Table 2.4). A fourth record

was obtained qualitatively by grouping vents into likely events by eye (e.g.,

based on overlap of cones, chains of closely-spaced vents along the general strike

of the field, similar weathering/shape/colour characteristics of neighbouring

vents in relation to a contrasting surrounding area). This analysis was carried

out using satellite images from Google Earth, LandSat, and SPOT and was only

possible due to the excellent exposure and lack of vegetation across Harrat

Rahat.
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Table 2.4: Event record results for each distribution set.

Episode
Observed

Vents
Number of Events

Expert Elicitation Analogue VF Non-Informative Qualitative

Tw1 2 2 2 2 2
Tw2 18 18 18 18 18
Th 162 142 125 135 144

Qm1 422 366 336 379 353
Qm2 154 108 77 111 94
Qm3 77 58 50 54 60
Qm4 38 24 20 25 32
Qm5 39 23 22 34 25
Qm6 45 25 19 24 22
Qm7 11 2 4 3 2

Total 968 768 673 788 752

The level of agreement between each of the four independently determined

event records (expert elicitation, analogue volcanic field, non-informative, and

qualitative; Table 2.5) shows that overall, the expert elicitation event record

most closely matches the qualitative set (86.4 %) which may reflect similar

subjectivity/biasing in both the distribution estimates and qualitative event

determination. Considering specific event-matches between these two, this

match is only 68.1 %, however the criteria for a match is very exacting, and

frequent occurrences of almost exact matches were evident, e.g., both event

records may have grouped three vents into a single-vent event, and a two-vent

event, but with a different single-vent identified. The worst agreement is

between the expert elicitation and the analogue volcanic field records (49.7 %).

Table 2.5: Level of agreement between event records. Top right section (blue) shows general
agreement, i.e., if the two records both determine a vent to be a single vent event, or if the two
records both determine a vent to be in a (non-specific) multiple vent event. Bottom left section
(orange) shows exact agreement, i.e., if the two records both place a vent into exactly the same
event grouping. The values are expressed as percentages of the total number of vents.

Expert Elicitation Analogue VF Non-Informative Qualitative
Expert Elicitation 67.2 % 77.2 % 86.4 %

Analogue VF 49.7 % 69.2 % 66.1 %
Non-Informative 64.0 % 54.3 % 71.9 %

Qualitative 68.1 % 56 % 60.9 %
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The sensitivity (to the Bayesian prior) analysis presented here (with four

independently obtained event records) shows a general agreement value of 51.2

%, and an exact agreement of 38.7 %. The latter of these represents the

percentage of vents that are highly likely to have been assigned to the correct

(actual) eruptive event. This in part represents the similarities between the

three distribution sets used; increasing the number and detail of these

distribution sets would therefore likely result in a decrease in this ‘exact

agreement’ value between all event records.

In comparing the event record variation across an example area (Fig. 2.4), all

three quantitatively determined records match for eight single-vent events from

the 18 vents. The non-informative set identified two double-vent events (B and

C) and a ∼6 km long, ∼100 m wide, three-vent event (A). The expert elicitation

set identified two different double-vent events (D and E), and the analogue

volcanic field set also identified event D and a subsequent three-vent event (F).

The variation in event determination between sets reflects their respective

distributions (Fig. 2.3). The non-informative distributions accommodate longer

and much wider event groups, but with a limited deviation of alignment from

the dominant field angle (± 20°), thus event D was not identified. The

differences between expert elicitation (EE) and analogue volcanic field (AF)

distribution sets are highlighted via events E and F. EE distributions are biased

towards shorter chains of vents (e.g., Event E), whereas the AF distributions

tend to favour vent groups between 1200 m and 3000 m long (e.g., Event F).
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Figure 2.4: Event variation with distribution, an example area. Expert Elicitation (blue),
Analogue Volcanic Field (red), Non-Informative (black). Points mark vent locations. Ellipse
(event) dimensions are increased slightly for Analogue Volcanic Field and Expert Elicitation
distributions for clarity, single-vent event circle sizes represent estimated vent diameter. Letters
A to F represent events referred to in the text. Inset shows the dominant alignment for each
temporal episode obtained via SAMSE across the entire volcanic field (Table 2.1)
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The total number of events identified across Harrat Rahat varies from 673 (AF)

to 788 (NI) (Table 2.4) which is, in part, a reflection of the sensitivity of the

method to the distribution set used. The closest match to the actual number of

events for the Harrat Rahat is unknown, but upper and lower boundaries for

the total event number can be obtained via resampling from individual event

determinations. Each vent is grouped into an event by randomly selecting an

event record (EE, AF, or NI) for it to follow. Should the selected vent grouping

be a multiple-vent event, all vents within it are also grouped this way. This

results in a new event record comprising events from each of the three

distributions. Through extensive repetition and summing the number of events

obtained each time, an upper and lower bound for the number of events was

obtained. Here, the maximum and minimum values obtained from 100,000 runs

were 668 and 804 respectively with a 95 % confidence level that the number of

events lies between 748 and 755 for the 968 visible vents.

2.5.2 Hidden Vents

To estimate the number of hidden vents in Harrat Rahat, 100,000 Monte Carlo

simulations were run for each temporal episode. ‘Vents’ were randomly located

(xi) within the extent of their and subsequent lava flows (Camp and Roobol,

1991) and randomly assigned an age (τi) within their temporal episode (Table

2.1). Equation 2.4 was applied until E[YtA] was equal to the number of visible

vents YtA (Table 2.1). The number of vents randomly placed is an estimate of

MtA (the actual number of volcanic vents), thus, for each episode, assuming

vents are randomly distributed within the specific flow area, an estimate for the

number of hidden vents can be obtained.
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Table 2.6: Hidden vent estimates for Harrat Rahat with temporal episode

Temporal
Episode

Actual number of
visible vents (YtA)

Average estimate of
total vents (MtA)

± 1 SD Maximum MtA Minimum MtA

Tw1 2 1159 813 7040 10
Tw2 18 96 20 185 40
Th 162 422 26 537 333

Qm1 422 677 20 750 599
Qm2 154 198 7 238 175
Qm3 77 92 4 109 79
Qm4 38 42 2 51 38
Qm5 39 40 1 47 39
Qm6 45 46 1 52 45
Qm7 11 11 0 13 11

Total 968 2783

Using this method, about one third of erupted vents are estimated to still be

visible for Harrat Rahat (Table 2.6). More than half of these hidden vents are

ascribed to the oldest temporal episode (Tw1) which spans from 10 Ma to 8.5

Ma. The two observed vents for Tw1 are located just south of the centre of

Harrat Rahat, whereas extensive lava flows for this time period are identified

across the whole of the southern half of Harrat Rahat (Camp and Roobol, 1991)

which supports the idea of multiple hidden vents from this time period.

Sensitivity analyses were performed to assess the effect of the erosion and burial

constants on the estimated number of hidden vents. Varying the erosion

constant (± 20 %) varies the total estimate of hidden vents between 56 % and

1800 % of the original estimate due to the variation in the number of hidden

vents from Tw1 from 25 to 50,000 (likelihood of a vent from Tw1 being visible

today ∼0). Reducing the burial constant to 0.4 (40 % chance of burial by

subsequent flow) resulted in a 13 % decrease in the total number of hidden

vents, and increasing it to 0.6 (60 % chance of burial) resulted in a 17 %

increase in total number of hidden vents.
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These analyses suggest that the hidden vent estimates presented here are a

preliminary assessment only, and should be updated as further data to better

constrain the age, erosion, and the number of flows across the harrat become

available.

As is to be expected, the level of uncertainty in the potential number of hidden

vents is substantially larger for older time periods than for younger as shown by

the minimum and maximum values (Table 2.6). This is explained mainly by the

increase in total area covered by subsequent flows, i.e., the proportion of the

total lava flow area covered by younger flows is substantially greater for the

oldest sets of vents. The uncertainty is also greater for the longitudinal centre

(spine) of Harrat Rahat where the total lava thickness is greatest (up to 380 m,

Blank and Sadek, 1983) which approximately coincides with the highest regions

of observed vent density.

This variation in flow thickness could be used to further inform the hidden vent

estimation by use of a spatially dependent burial function (vents placed in areas

of thicker flow being more likely to be buried). However, to include this, an

estimate of the cone height distribution would be necessary as it is possible that

cones that form at locations of highest vent density (and greatest lava flow

thickness) are larger than those cones that form at the edges of the field

whereas estimates of vent size are likely to be biased in the opposite manner

(more of a vent is likely to be visible in regions with less lava).
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2.6 Discussion

2.6.1 Temporal Recurrence Rate Implications

Assuming a constant eruption rate, the average temporal recurrence rate (λt) can

be estimated via:

λt =
N − 1

to − ty
(2.7)

Where N : total number of eruptions, to: age of oldest eruption, and ty: age of

youngest eruption. The vent temporal recurrence rate estimate (λt,vent) for the

whole of Harrat Rahat is therefore 9.7 x 10−5 vents/year (or 1 vent produced

every 10,000 years). With a 95 % confidence level that there are 748-755 visible

events in Harrat Rahat, the average event temporal recurrence rate estimate

(λt,event) is 7.5 x 10−5 events/year, or one eruptive event every 13,300 years.

This value is 80 % of the equivalent vent rate. This assumes a constant

eruption frequency over the last 10 Ma in Harrat Rahat which does not appear

to be the case (Fig. 2.5). Estimated recurrence rates of basaltic volcanic fields

vary by several orders of magnitude, e.g., 5 x 10−4 vents/year for the Eifel

Volcanic Field in Germany, 1 x 10−5 vents/year in Pancake, USA and Yucca

Mountain (Connor and Conway, 2000), and the recurrence rate for Harrat

Rahat falls well within but towards the lower frequency end of this range.

By dividing the estimated number of hidden vents (Table 2.6) by the lowest

estimate of average number of vents per event per episode (Fig. 2.5 inset), an

upper bound for temporal recurrence rate can be determined. This results in an

estimated 2,553 eruptive events over the last 10 Ma with the upper bound for

the average event temporal recurrence rate estimate (λt,event) equal to 2.6 x 10−4

events/year, or one eruptive event every 3,900 years.
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The temporal variation of the average number of vents per event ranges from 2

to 1 (Fig. 2.5 inset). This ratio decreases with age, which suggests either that

the older structures were more likely to have eroded or been buried/obscured by

subsequent eruptive material, or the number of vents per event is increasing, or

both.

If the latter possibility is valid, it indicates that the behaviour of the volcanic

field is changing over time, with newer eruptions more likely to appear as

multiple-vents or fissures than as single-vents. Increasing crustal and

asthenospheric tension across this area in the more recent lifespan of the field

(Camp and Roobol, 1989) could have led to a greater tendency for multiple-vent

and fissure eruptions, although further investigation of other volcanic and

tectonic data would be needed to confirm this.

Figure 2.5: Average temporal recurrence rate estimates. Inset: Average vents per event.
Vents (dashed), Expert Elicitation events (blue), Analogue Volcanic Field events (red), Non-
Informative events (black), Qualitative events (green).
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Further age data would undoubtedly shed more light on the temporal evolution

of Harrat Rahat by reducing the uncertainties in event identification and hidden

vent estimation, as well as help identify periods of waxing and waning and any

hiatuses in the temporal evolution of Harrat Rahat. Moufti et al. (2013) present

new 40Ar/39Ar ages for 25 samples taken from the northern part of Harrat

Rahat which suggest that flows as old as 10 Ma (Tw1) extend through this

region which would increase hidden vent estimates as the area for these older

vents is increased.

2.6.2 Spatial Intensity Implications

To estimate the spatial recurrence rate across Harrat Rahat, several methods can

be applied (Lutz and Gutmann, 1995; Connor and Hill, 1995; Bebbington, 2013).

The simplest and therefore most frequently applied is that of a kernel density

function (Silverman, 1986). For this work, an isotropic Gaussian kernel (Conway

et al., 1998) is applied with a bandwidth of 2 km for Harrat Rahat (Moufti et al.,

2010):

λs =
1

N

N∑
i=1

1

2πh
exp[−|x1 − x|2

2h2
] (2.8)

Where N : total number of eruptions, h: kernel bandwidth, and |x1 − x|:

distance between ith vent at xi and location x. Figure 2.6 shows the variation

in spatial recurrence rates across Harrat Rahat for both vents and the grouped

and individual-vent events. The expert elicitation event record was used for this

illustration as it shows the highest level of agreement with the other three event

records (Table 2.5).
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The use of events concentrates the spatial recurrence rate into predominantly

smaller, higher density areas with values of approximately an order of

magnitude larger than those seen when considering all vents as independent.

This results from decreasing the spatial dispersion of probability caused by a

large number of vents. The event spatial recurrence rate estimate also identifies

an area of higher event density offset slightly to the east of the main spine of

Harrat Rahat (Fig. 2.6(d)). This area coincides with the occurrence of the most

evolved compositions observed in the field (trachytes, benmoreites). These

evolved rocks suggest magma is being stored in the crust (Moufti et al., 2012).

2.6.3 Quantitative Method

The statistical method outlined in this paper is transparent, repeatable, and

provides quantification of the inherent uncertainties in dealing with volcanic

field eruptions. Further, the resulting temporal recurrence rate does not appear

sensitive to the prior distribution used, although the specific volcanic event

record is dependent on the accuracy and variation of the priors, and the

additional data used to obtain the a posteriori distributions.

As all three of the a priori distributions were adapted for Harrat Rahat using

the dimensions of the historical eruptions (Table 2.2), it is necessary to consider

how well these two events represent all eruptive events across the whole of

Harrat Rahat. Without knowledge of additional eruptive events, this is

impossible to determine directly. However, if a relationship between vent and

event dimensions is assumed, the individual volcanic vents of 641 AD and 1256

AD can be compared to field-wide observations.
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Figure 2.6: Spatial recurrence rate estimates. A: Vent locations, B: Vent spatial recurrence
rate, C: Event locations, D: Event spatial recurrence rate (arrow indicates location of eruptions
with more evolved compositions). Colour scales of B and D represent contour values (per km2)
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Figure 2.7: Estimated vent diameters. Histogram of Qm7 vent diameters (squares) vs older
than Qm7 vent diameters (circles)

Figure 2.7 compares the estimated vent diameters for the two historical

eruptions (Qm7) with all older (pre-Qm7) vent diameters. The former are

smaller than the latter which may suggest that the resulting a posteriori

distributions for event length and thickness may be skewed. However, further

investigation into other parameters (e.g., eruption type, magma composition)

are necessary to assess how typical (or atypical) the two most recent eruptions

are of the overall behaviour of Harrat Rahat.

By design, the a posteriori distributions for the non-informative priors were

dominated by the dimensions of the historical eruptions. This is especially

evident when considering the deviation from dominant strike angle (Fig. 2.3).

For the other two priors, where the prior and additional data align, a more

concentrated a posteriori distribution was obtained (Fig. 2.3), e.g., analogue

volcanic field a priori lengths were between 500 m and 3000 m and the

historical events lengths fell well within this distribution (820 m, 1520 m),

causing the a posteriori distribution range to compress.
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Where the prior and additional data disagreed, a more distributed a posteriori

distribution was obtained, e.g., analogue volcanic field width. With future

geological work planned in Harrat Rahat it is likely that more vent groups will

be definitively identified as multi-dimensional or single-vent events. Increased

numbers of known events will greatly benefit this analysis as the actual

distribution of eruptive event dimensions becomes better constrained.

2.6.4 Qualitative versus Quantitative Event Determination

During a qualitative analysis, a large amount of varied information is often

considered, e.g., the relative age of vents as interpreted by the colour or degree

of weathering, the overlap of deposits, and the relative location of vents in

relation to a broader region. Therefore, it is likely that the quantitative method

uses a subset of the data used for a qualitative analysis since every event

characteristic cannot be quantified for every vent. However, in any qualitative

analysis, even in rare, well-exposed areas such as Harrat Rahat, there is

unknown aleatoric and epistemic uncertainty leading to unquantifiable,

subjective, and non-repeatable results.

The quantitative method presented here is a robust, repeatable way of including

these characteristics and uncertainties. The results of the quantitative method

may be substantially improved by increasing the number of event

characteristics, which could be facilitated by expansion of the method to include

incomplete/locally available data. The qualitative analysis identified 752 events

for Harrat Rahat (Table 2.4), well within the 95 % confidence range of the

quantitative event record. Furthermore, general agreement levels of greater than

65 % were found with all of the quantitatively determined event records (Table

2.5).
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This suggests that the quantitative method outlined allows determination of an

event record to a relatively good degree of reliability even when using only a few

event characteristics, especially with regards to the total number of events,

which has significant implications for temporal recurrence rates. The largest

variation between quantitative and qualitative event records is with that of the

analogue volcanic field. This is likely due to the more densely concentrated

probability for the a posteriori distribution for event length which, in turn,

refers consideration back to how well the historical eruptions reflect those of

events across the whole of Harrat Rahat. The more concentrated analogue

volcanic field distributions resulted in vents in close proximity being grouped

more frequently into longer multiple vent events, similar to the 641 AD and

1256 AD eruptions. If it is assumed that the qualitative assessment represents

the most likely event record, this would suggest that the two historical events

do not reflect event dimensions for Harrat Rahat very well and that the expert

elicitation distributions give the most reliable quantitative result.

2.6.5 Hidden Vents

The estimated ratio of hidden to observable vents was approximately 2:1, i.e.,

only a third of those erupted are still visible today. Accepting this potential high

rate of vent ‘loss’, the quantitative analysis proposed here is more robust than a

qualitative analysis. It also has the potential to be more accurate under certain

conditions; a qualitative assessment is less likely to group two vents separated by

a subsequent lava flow (which may or may not be covering a third vent) than the

quantitative method which would not be incorrectly biased by this visual aspect.

This may also suggest that the analogue volcanic field record may be the most

accurate as it grouped more vents into multiple-vent events than the qualitative

assessment.
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2.7 Chapter Summary

Temporal and spatial hazard forecasts are required for almost all aspects of

volcanic hazard analyses. However, many difficulties are encountered during the

estimation of these forecasts which tend to result in the inclusion of numerous

assumptions, the validity of which cannot often be ascertained. Aleatoric

uncertainties can be reduced by removing some of these assumptions and, by

quantifying the epistemic uncertainties, upper and lower bounds for spatial

densities and temporal recurrence rates can be obtained.

Two major assumptions often imposed during the volcanic hazard analysis of

volcanic fields have been tackled here: 1. That a volcanic eruption is a point

process (discrete in both time and space), and 2. That the number of hidden

vents cannot be quantified. The methods demonstrated here are applicable to

any volcanic field, especially those with evidence of multiple-vent or fissure

eruptions where the assumption of each vent being a discrete, independent

eruptive event can no longer be justified, and for regions where it is highly likely

that some of the eruptive vents are no longer visible. It is of particular use for

the majority of volcanic fields where (unlike Harrat Rahat), a qualitative

analysis is prevented by vegetation cover, burial, or severe erosion.

Further work could expand this statistical method for event determination to

include incomplete data sets, the hidden vent method could also be improved

with lava thickness to vent height data, and there is the potential to combine

the two methods using a Monte Carlo approach to randomly place ‘hidden’ vents

into the temporal episode of interest during event determination.







3
Relating Geological and Geophysical

Data to Volcanism

Determining correlations between geological and geophysical data and

volcanic vent location: A multi-scale application to the Arabian Shield

Journal of Volcanolology and Geothermal Research (submitted)

This chapter addresses the relationship of volcanism to ancillary data via the

development of an objective non-parametric method, and is applied to the

volcanism across the whole of the Arabian Shield, with closer analyses

performed on five of the harrats, including Harrat Rahat. A field-wide hidden

vent estimation is also presented.

Through this study it is shown that the location of volcanic fields across the

Arabian Shield appear to be related to locations of major and minor faults, and

at regions of higher gravity anomaly values and elevation. Relationships are also

apparent at the harrat-scale, with higher vent-density regions being related to

both elevation and gravity anomaly values.
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3.1 Introduction

Volcanic eruptions are one of a suite of natural events with the potential to

negatively affect human communities and infrastructure, alongside extreme

weather events, earthquakes, tsunami, and meteorite impacts. To prepare a

population for such events, analyses are commonly undertaken to determine

relative levels of hazard (e.g., Connor et al., 2001; Cronin et al., 2001). These

inform emergency management (e.g., Lindsay et al., 2010), and land-use

planning (e.g., Crowe et al., 1998).

Such analyses rely heavily on forecasting the likelihood and severity of future

events based on the properties of a system in the past. Reliable, robust

estimates with understood significance and uncertainty levels are thus required

(Bebbington, 2013).

In continental shield settings, the most common manifestation of volcanism is

within distributed volcanic systems, often referred to as monogenetic volcanic

fields. Volcanic fields consist of broad areas where the location of activity shifts

from site to site, so that individual volcanic edifices and their related landforms

are normally formed during a single eruption episode (e.g., Macdonald, 1972;

Connor and Conway, 2000).

The underlying geophysical processes and properties of volcanic field systems

are not yet understood sufficiently to create reliable deterministic models (e.g.,

Marzocchi et al., 2012). Therefore, probabilistic methods are favoured, in which

models are fitted to patterns in previous activity and projected into the future

(e.g., Decker, 1986).
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A variety of probabilistic approaches can be applied to volcanic fields to

produce spatial, temporal, or spatio-temporal forecasts. The ideal outcome is to

forecast locations and timings of future volcanic activity within a region

(Marzocchi and Bebbington, 2012). Hazard estimates based solely on past

volcano location and timing data can be informed with additional independent

geological or geophysical data via Bayesian frameworks (e.g., Martin et al.,

2004), or weighted combinations (e.g., Mart́ı and Felpeto, 2010). This enables

the adaptation of forecasts to include potential eruption locations based on

information as to some of the controlling subsurface processes, which may

suggest areas well outside the higher vent-density regions formed by previous

eruptions which dominate purely vent location based estimates.

To include such additional data, a relationship must be assumed between it and

volcanic activity. Examples include an assumed or inferred relationship of

volcano locations with fault locations and geological boundaries (Briggs, 1983;

Lutz and Gutmann, 1995; Germa et al., 2013), or with magnetic or gravity data

that may represent buried volcanic vents or fault structures (O’Leary et al.,

2002; El Difrawy et al., 2013). In some cases, a suspected relationship can be

ground-truthed via drilling (e.g., O’Leary et al., 2002), or field-based

observations (e.g., Cassidy and Locke, 2010). Mostly, however, relationships

between geological or geophysical data and volcanism are based on analogue

volcanic settings (e.g., El Difrawy et al., 2013), or are purely geological

hypotheses. Even in cases where the assumptions can be supported, the

uncertainties involved are very difficult to quantify given that the majority of

the subsurface processes remain unknown.
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Available geophysical and geological data sets across a region of interest can

require multiple dimensions for characterisation (e.g., earthquakes require at

least five: x, y, z, time, and magnitude). Data can be discrete (e.g., fault

locations) or continuous (e.g., elevation), and be available as direct

measurements (e.g., seismograms), interpreted (e.g., earthquake locations),

interpolated/smoothed (e.g., earthquake prone regions), or inferred (e.g., crustal

structure via tomography).

Spatial clustering statistics (e.g., Clark and Evans, 1954; Hopkins and Skellam,

1954; Ripley, 1979) can be employed to characterise whether the locations of

volcanic eruptions are clustered, regularly spaced, or randomly distributed

across a defined area (e.g., Connor and Hill, 1995; Le Corvec et al., 2013c).

Temporal recurrence rates can be tested for systematic deviation from a Poisson

(random) eruption sequence (Bebbington, 2010).

However, these methods only assess the existence of patterns within a single

data set in either space or time, or in some cases, time-correlation between two

processes (e.g., Mulargia, 1992).

Outside of the field of volcanology, testing of correlation between two

independent data sets which occupy the same region of space or time includes

the J-function of Foxall and Baddeley (2002) to assess possible relationships

between points (in their case, gold deposits) and lines (faults) within a region of

interest, and Stoyan and Penttinen (2000) who simultaneously assessed the

temporal correlation between multiple tree characteristics at different locations.
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These models are based on the simplest case of lines and points, and assume a

null hypothesis of independence, which, if rejected, confirms the existence of a

relationship between the features concerned, and hence implies some degree of

predictability.

Other, more complex approaches are available, such as a spatial principle

component analysis (PCA) (e.g., a kernel PCA, Schölkopf et al., 1997) to

determine which of a set of spatial ancillary data relate the most to a specific

process. However, these are complex to implement, require a lot of

computational time, a high level of certainty in the ancillary data, and no

information is obtained as to whether the best candidate data set is

well-related, meaning it could just be the best of a bad bunch of candidates. As

a parametric approach it also includes inherent distribution assumptions which

can be complicated to validate.

The challenge addressed in this work, therefore, is to develop a method to

objectively quantify relationships between any form of observed geological,

geographical, and geophysical data and the locations of volcanic eruptions

within distributed volcanic systems. The method is based on Monte Carlo

resampling for statistical inference, and is illustrated using the numerous and

extensive volcanic fields of the Arabian Shield. Elevation, structural, gravity,

and magnetic anomaly data are assessed and results are presented at three

scales: across the whole of the Arabian Shield, across individual volcanic fields,

and across regions within a single volcanic field (Harrat Rahat).
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3.2 Arabian Shield

3.2.1 Arabian Shield Volcanism

One of the world’s largest alkali basalt provinces, covering ∼180,000 km2 is

located in the Kingdom of Saudi Arabia (Coleman et al., 1983). This overlies a

Precambrian basement complex within the shield area of the western Arabian

plate. The province is subdivided into localised regions (fields) of dominantly

basaltic activity known as harrats (Fig. 3.1).

Figure 3.1: Arabian Plate volcanism. Underlined harrats have experienced activity within the
Quaternary. A: Harrats Kura, Khaybar, Ithnayn (detail in Fig. 3.4), B: Harrat Rahat (detail
in Fig. 3.6), C: Harrat Kishb (detail in Fig. 3.5). Arabian plate lava flow field extents and
ages taken from maps listed in Table 3.1; East African volcanic flow field extents from Lucassen
et al. (2008). Dyke locations from Camp and Roobol (1992), Digital Elevation Model (DEM)
from Jarvis et al. (2008), country borders from thematicmapping.org
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Extensive geological mapping, dating, and geochemical work was carried out in

this region in the 1970s - early 1990s (e.g., Brown, 1970; Coleman et al., 1983;

Brown et al., 1989; Camp and Roobol, 1989), leading to volcanic source models

and hypotheses about the relationship of volcanism to the Red Sea Rift (e.g.,

Camp and Roobol, 1992), which remain debated (e.g., Moufti et al., 2012).

More recent research in this area has focussed on recent volcano-seismic activity

(e.g., Harrat Lunayyir, Baer and Hamiel, 2010; Pallister et al., 2010; Hansen

et al., 2013), volcanic processes and hazards (e.g., Harrat Rahat, Moufti et al.,

2010; El Difrawy et al., 2013; Murcia et al., 2014), or for geological heritage

value (e.g., Harrat Hataymah, Moufti et al., 2014).

In this study, published data on Arabian Shield volcanism along with recent

high-resolution satellite images were collated and compared to refine the

locations and timings of volcanic vents across the 19 volcanic provinces of the

Kingdom of Saudi Arabia (Appendix A.3).

Vents were identified on geologic maps from the Saudi Geological Survey (SGS),

topographic maps from the Saudi Arabian Ministry of Petroleum and Mineral

Resources, Aerial Survey Department, elevation data (Jarvis et al., 2008),

GoogleEarth, Microsoft Bing Maps, Landsat and SPOT images where available,

as well as harrat-specific publications (Table 3.1).

For the majority of the volcanic fields with detailed geological maps,

determining vent location was straightforward, due to a lack of surficial

sediment and vegetation cover.
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However, for the oldest volcanic fields (Table 3.1, Fig. 3.3), aeolian erosion

(Brown, 1970) and sand burial rendered vent identification almost impossible,

such that for five harrats only one or two unambiguous vents were identified

(Table 3.1). Age spans of volcanic fields were based on published K-Ar ages

(Table 3.1, Fig. 3.3), with priority given to the most recent published work

where discrepancies arose.

Figure 3.2: Major structures of the Arabian Shield shown with locations of identified volcanic
vents, data compiled from Nehlig et al. (2002) with ages from Johnson et al. (2011) and
references therein. Underlying topography and country borders as for Fig. 3.1.
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As well as these nineteen volcanic fields, extensive dyke swarms were mapped

close to the Red Sea Rift (Fig. 3.1). These were dated at 28 to 18 Ma (Brown,

1970), and 25 to 20 Ma (Camp and Roobol, 1992), which is synchronous with

the earliest dates for volcanic eruptions on the Arabian Plate (Fig. 3.3).

Figure 3.3: Estimated age ranges (K-Ar) for all Cenozoic volcanic fields of Saudi Arabia (Table
3.1). Crosses indicate potentially anomalous samples dated outside the otherwise quoted age
span. Data sources as follows: a Maps as listed in Table 3.1; b Brown (1970); c Brown et al.
(1989); d Coleman et al. (1983); e Moufti et al. (2010); f Camp et al. (1991); g Camp and Roobol
(1989); h Roobol and Camp (1991a). See text for reconciliation of discrepancies in published
results.
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3.2.2 Arabian Shield Geophysical and Structural Data

Five sets of ancillary data were obtained for this analysis: (1) surface elevation,

(2) geological structures (major and minor faults, as well as lineaments at

volcanic field level), (3) gravity anomaly data, and both (4) regional and (5)

global magnetic anomaly data sets.

Surface elevation data were obtained from the shuttle radar topography

mission (Jarvis et al., 2008) which has stated resolutions in this region of 90 m

(x, y) and 16 m (z). Data is available in GeoTiff format (georeferenced raster

imagery) in 5°x 5° tiles for the entire globe. These were collated in ArcGIS

with the raw data used for all analyses.

Geologic structures across the Arabian Shield were compiled by Nehlig et al.

(2002) from previous work by Stoeser and Camp (1985) and Johnson (1998).

Here, the identified structures were georeferenced using satellite imagery where

possible and form a data set of major and minor faults, as well as areas

designated as fault and suture zones (Fig. 3.8(b)).

Free air gravity anomaly (FAA) data were obtained from the EGM2008

model (Pavlis et al., 2012). This was read using FORTRAN and the region of

interest was extracted using GMT (Generic Mapping Tools, e.g., Wessel et al.,

2013). The model is based on regional gravity surveys (detail in Pavlis et al.,

2012) and is available as a 2.5 x 2.5 arc minute grid (approximately 5 x 5 km

resolution).
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Regional magnetic surveys were undertaken across the Arabian Plate

between 1962 and 1985 (e.g., ARGAS, 1976; Georgel et al., 1985) and compiled

by Zahran et al. (2003), with the most frequent line spacing stated at 800 m

(Nehlig et al., 2001). As the raw survey data was not available for this work,

the aeromagnetic map of the Arabian Shield (Nehlig et al., 2001) was digitised

using MATLAB at a grid spacing of ∼200 m as constrained by the image

resolution (i.e., data was implicitly smoothed). The local area around the city of

Makkah (Mecca) was not included in any of the published survey results and

therefore could also not be included here.

Global magnetic anomaly data were obtained from the EMAG2 model

(Maus et al., 2009). Data is available in GeoTiff format as a 2 x 2 arc minute

grid and the model is based on the compilation of regional surveys.

3.2.3 Volcanic Fields of Interest

Five of the nineteen harrats had detailed geological maps and low level of

erosion, making them most suitable for higher resolution volcanic field level

analysis: Harray Kura, Harrat Khaybar, Harrat Ithnayn, Harrat Kishb, and

Harrat Rahat.

Harrat Kura, Harrat Khaybar, and Harrat Ithnayn

Located ∼100 km NNE of the city of Al Madinah and approximately 400 km

east of the Red Sea Rift, Harrats Kura, Khaybar, and Ithnayn cover an area of

approximately 21,000 km2, forming one of the largest volcanic complexes on the

Arabian Shield (Fig. 3.4).
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Erupted products are alkali-basaltic to trachytic-comenditic lavas, the latter

attributed to a high-level magma chamber below the central spine of Khaybar

(Camp et al., 1991). Volcanism across this area has been dated from 11.5 Ma in

Harrat Kura to the west to historical (1883 AD) in the north in Harrat Ithnayn

(Table 3.1, Fig. 3.4, Camp et al., 1991). Vent locations were cross-checked for

this study against Geoscience Map GM-131 (Roobol and Camp, 1991b), Saudi

Geological Survey maps (Fairer, 1986; Dhellemmes and Delfour, 1979),

topography (Jarvis et al., 2008), and satellite images.

Figure 3.4: Harrats Kura, Khaybar, and Ithnayn. Flow extents and local faults from Roobol
and Camp (1991b), major faults from Nehlig et al. (2002), underlying topography from Jarvis
et al. (2008).



3.2. ARABIAN SHIELD 79

Of the 438 volcanic vents (scoria cones, shield volcanoes, domes, tuff cones, and

a single stratovolcano) identified in Camp et al. (1991), six vents were discarded

due to both lack of correlation with the other maps and absence on satellite

images. Subsequently, a further 140 vents were identified (as per Section 3.2.1).

In similar work, Moufti et al. (2010), also discovered many ‘new’ vents in the

northern Harrat Rahat with newer satellite imagery than used in earlier

regional studies of Camp and Roobol (1989).

In some cases, collapse craters above extensive lava tubes in the area resembled

small volcanic vents, but these were weeded out by close examination of lava

flow patterns and taking a conservative approach to omit those that were

questionable (Fig. 3.4).

It was difficult to identify vents within Harrat Kura due to the level of erosion

(also noted in Brown, 1970). Thus a low vent-density of 0.015 vents/km2 was

observed, in comparison to neighbouring harrats (Khaybar: 0.031 vents/km2,

Ithnayn: 0.025 vents/km2). Using total volume estimates of Camp et al. (1991),

each vent produced an average of 0.15 km3 for Harrat Kura, 0.49 km3 for

Harrat Ithnayn, and 3.21 km3 for Harrat Khaybar. This latter high volume is

reflected in particularly long lava flows noted in Khaybar.

Local (fault-controlled) lineaments were identified by Roobol and Camp (1991b)

and digitised in the same way as those for the whole of the Arabian Shield (Fig.

3.4). However, the majority of these could not be unambiguously verified

against Google Earth images.
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Harrat Kishb

Harrat Kishb (Fig. 3.5) is located < 400 km east of the Red Sea Rift,

immediately east of Harrat Rahat (Fig. 3.1). It covers ∼6,000 km2 with basaltic

through to phonolitic products (Camp et al., 1992). Volcanism began at Harrat

Kishb as early as 15 Ma according to Roobol and Camp (1991a), although

others suggest 5.3 Ma to 2.6 Ma (Brown, 1970; Coleman et al., 1983; Moufti

et al., 2010). Eruptions in Harrat Kishb continued into the Holocene (Table 3.1,

Fig. 3.3).

Figure 3.5: Harrat Kishb. Flow extents and local faults from Roobol and Camp (1991a),
major faults and suture zones from Nehlig et al. (2002), underlying topography from Jarvis
et al. (2008).



3.2. ARABIAN SHIELD 81

Past mapped vents in Camp et al. (1992) compared well with data from

Geoscience Map GM-132 (Roobol and Camp, 1991a) and were cross-checked

with Saudi Geological Survey maps (Kemp et al., 1982; Sahl and Smith, 1986),

topography data (Jarvis et al., 2008), and new satellite images. Only three of

the 178 originally identified scoria cones, shield volcanoes, domes, and tuff rings

were not visible on satellite images and consequently discarded from this

analysis. The local lineaments identified by Roobol and Camp (1991a) for

Harrat Kishb were digitised (Fig. 3.5) although the majority could not be

unambiguously verified via satellite imagery.

Harrat Rahat

Harrat Rahat covers an area of ∼20,000 km2 and is located immediately SE of

the city of Al-Madinah. Consequently, it was the focus of a large body of recent

work via the VORiSA (Volcanic Risk in Saudi Arabia) project (Lindsay and

Moufti, 2014). Vent locations from Camp and Roobol (1989) were cross-checked

in the same way as described above.

Originally 704 volcanic vents were identified across the whole of Harrat Rahat,

but using high resolution LandSat images and new Digital Globe images

(DigitalGlobe.com) a further 264 vents were found (Chapter 2, Runge et al.,

2014, Fig. 3.6). Age data was available in the form of chronostratigraphic units

(designated Tw1, Tw2, Th, and Qms 1-7) as defined by Camp and Roobol

(1989) and vents were assigned a most likely age group based on previous

mapped temporal episodes (Chapter 2, Runge et al., 2014).
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Approximately 250 ‘fault controlled’ lineaments were collated and digitised from

data of Camp and Roobol (1989) and georeferenced via aerial photographs and

LandSat images where possible (Fig. 3.6).

Figure 3.6: Harrat Rahat. Flow field extent and local faults from Camp and Roobol (1989) and
Camp and Roobol (1991), major faults and suture zones from Nehlig et al. (2002), underlying
topography from Jarvis et al. (2008).
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3.3 Method

3.3.1 Method Outline

This method compares attribute values (e.g., gravity anomaly) sampled

randomly from an entire volcanic field area with the same attribute values at

observed vent locations. If both distributions correspond, it indicates that the

occurrence of volcanism is independent of the chosen spatially distributed

variable.

In order to decide whether any discrepancy between the two distributions is

significant, a Monte Carlo approach is adopted by taking a large number of

repeat random samples from the whole field of the same size as the number of

vents identified. From this repeat sampling, point-wise confidence bands can be

developed to determine an approximate P-value for the vent-located dataset

against the null hypothesis of independence.

The method can be split into four steps (see Appendix A.4 for graphical

representation):

(1) Sample each data set at the locations of all n vents: Record the values

of the measured (or interpolated where necessary) data at the locations of

each of the n vents.

(2) Sample each data set at n random points: Randomly place n points

within the region and record the value of the (interpolated) data at each

point.
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(3) Iterate step 2: Repeat step 2 many times (e.g., 100,000 iterations),

generating n new random locations each time and recording the results

from each iteration separately.

(4) Compare the distribution of values at vents (1) with the

distributions found for random sample sets (2,3): For each

iteration, present the information in such a way as to visualise the

variation of values, e.g., an empirical cumulative density function (CDF).

The sample sets represent the expected range of values for random

samples across the region. By comparing the data measured at the n

vents with this range, the existence of a relationship between the

measured data and vent location can be determined.

If the distribution of values at vents falls within the envelope of the random

sample distributions then the vent locations are behaving like another random

sample and it is likely that there is not a relationship between the measured

data and the spatial distribution of volcanism.

If however, the distribution of values at vents falls outside the envelope of the

random sample distributions, then it is likely that there is a relationship

between the measured data and the spatial distribution of volcanism.

The above method was applied across a variety of different sized regions using:

(1) elevation, (2) lineaments, (3) gravity, (4) regional magnetic, and (5) global

magnetic data. This allowed assessment of scale invariance and potential data

resolution limitations, while investigating the possible existence of correlations

between the data and localised regions of volcanism.
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The regions selected for analysis were as follows:

(1) Arabian Shield level: to identify predictors of volcanic field sites and

potential future harrat locations.

(2) Volcanic field level: to examine predictors of vent location and field

boundaries across five different volcanic fields.

(3) Sub-volcanic field level

(a) 1:1 Aspect Ratio (AR): to look for patterns across subsections

of the elongated (∼1:6 AR) volcanic field of Harrat Rahat and assess

relationships independently of field shape.

(b) At 10 x 10 km and 20 x 20 km cell sized grids: to assess the

level at which small-scale data-to-vent location relationships may change,

and to provide insight into possible method limitations in terms of vent

number, vent size, or data resolution and distribution. To assess result

sensitivity to specific grid location, the cells were moved in 1 km (for 10

x 10 km cells) or 2 km (for 20 x 20 km cells) steps both laterally and

longitudinally, simultaneously and independently resulting in 100 ‘answers’

for each data set.

Harrat Rahat was selected for sub-volcanic field analyses due to it having the

most comprehensive suite of data available (Lindsay and Moufti, 2014). The

volcanic field was divided into six sub-harrats (Table 3.2) based on vent-density

distribution and volcanic pile thickness variation (adapted after Camp and

Roobol, 1989; Blank and Sadek, 1983). The splitting reduces the influence of

the elongated nature of the entire harrat (Fig. 3.6). For individual volcanic

fields, and the above subdivisions, the region of analysis was defined as the

convex hull formed by the applicable vent set (Fig. 3.7).
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Table 3.2: Harrat Rahat subdivisions

Sub-Harrat Location Vents Flow Age Range Maps

Harrat ar Rashid
23.9 - 24.45 N
39.5 - 40.1 E

508
Tw2 - Qm7

(8.5 Ma - 1256 AD)
GM-52A-24D (Pellaton, 1981)

GM-123 (Camp and Roobol, 1991)

Harrat Bani Abdullah
(BA)

23.4 - 23.9 N
39.9 - 40.3 E

159
Tw2 - Qm6

(8.5 Ma - 1500 BP)
GM-87C-23D (Camp, 1986)

GM-123 (Camp and Roobol, 1991)

Harrat Turrah North
23 - 23.4 N
39.9 - 40.3 E

118 Tw1 - Qm5

(10 Ma - 4500 BP)

GM-84C-22D (Ramsay, 1986)

GM-123(Camp and Roobol, 1991)Harrat Turrah South
22.7 - 23 N
40 - 40.3 E

98

Harrat ar Rukha North
22.2 - 22.7 N
40.1 - 40.3 E

51 Tw2 - Th
(8.5 Ma - 1.7 Ma)

GM-107C-21D
(Moore and Al-Rehaili, 1989)

GM-123 (Camp and Roobol, 1991)Harrat ar Rukha South
21.8 - 22.2 N
40.2 - 40.6 E

34

Figure 3.7: Sub-volcanic field analysis regions for Harrat Rahat; regions were selected based
on volcanic vent density and to maintain an approximate 1:1 aspect ratio. Convex hulls used
for analysis are shown in red. Elevation data from Jarvis et al. (2008). Inset: 10 x 10 km grid
example on top of vent locations and flow extent within the region
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3.4 Results

3.4.1 Arabian Shield

Results for 1000 iterations across the whole of the Arabian Shield (defined from

Nehlig et al., 2001) for each of the five data sets were obtained (Fig. 3.8). More

than 80 % of vents are located at elevations greater than 1000 masl compared

to ∼30 % of randomly placed points and with a notable departure for almost

the entire range of elevation values outside of the 99.9 % confidence band (Fig.

3.8(a)). Similarly, almost all volcanic vents are located at distances < 10 km

from the nearest identified lineament (Fig. 3.2) whereas randomly placed

points were located on average further away and up to distances of 20 km (Fig.

3.8(b)).

A relationship with vent location was also noted for free air gravity anomaly

data, with values at vents much more likely to have larger positive values than

random points, and less likely to have lower or negative anomaly values (Fig.

3.8(c)).

Considering all identified volcanic vents across the whole of the Arabian Shield

(Fig. 3.2), the regional magnetic anomaly data digitalised from Nehlig et al.

(2001) suggest that volcanic vents are more likely to have values between -580

and -340 nT, and between -50 and 145 nT, than randomly located points (Fig.

3.8(d)). Although the range of global magnetic anomaly values across the

same region from the EMAG2 model is less than a third that of the regional

survey values, results generally agree, with evidence of correlations between -60

and 130 nT (Fig. 3.8(e)).
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(a) Elevation (b) Distance to nearest lineament

(c) Gravity anomaly (d) Regional magnetic

(e) Global magnetic

Figure 3.8: Arabian Shield results. The shaded regions represent 99.9 % confidence bands
from 1000 runs. Below each graph is a visual representation of how the values at vents compare
with the confidence bands. Where the empirical CDF for values at vent locations lies above the
upper limit of the confidence band it is shown with green upward diagonal lines, where it lies
below the lower limit, this is shown with red downward diagonal lines. Black regions indicate
no departure from a random sample.
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3.4.2 Volcanic Field Results

Harrat Kishb and Harrat Rahat

Results for Harrat Kishb (15 Ma - post-Neolithic, Table 3.1, Fig. 3.5) show that

identified vents are less likely to be located at distances < 16 km from the

nearest lineament than a randomly located sample set (Fig. 3.9(b)). There are

also apparent relationships with free air gravity anomaly (FAA) values (with

vents less likely to have values 35 - 50 mGal, Fig. 3.9(c)), elevation (Fig.

3.9(a)), and the global magnetic anomaly values from EMAG2 (Fig. 3.9(e)),

but no relationship with the regional magnetic anomaly data is observed

(Fig. 3.9(d)).

Analysis of Harrat Rahat (10 Ma - 1256 AD, Table 3.1, Fig. 3.6) reveals a very

similar vent-elevation relationship to that of Harrat Kishb (Fig. 3.9(a)), and

almost identical tendencies with respect to proximity to nearest observed

lineament (Fig. 3.9(b)). The distribution of values at vents appears to be

significantly different for a large proportion of the gravity anomaly range

(Fig. 3.9(c)) and for ∼40 % of the global magnetic anomaly values (Fig.

3.9(e)).

Magnetic anomaly values vary significantly between the regional and global

data for both Harrats Kishb and Rahat. For Harrat Rahat, the regional

magnetic anomaly data suggests values at volcanic vents are significantly

different to the distributions of values at randomly located samples from within

the region analysed, with values at vents less likely to be between -350 and 60

nT (Fig. 3.9(d)).
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(a) Elevation (b) Distance to nearest lineament

(c) Gravity anomaly (d) Regional magnetic

(e) Global magnetic

Figure 3.9: Results for Harrat Kishb and Harrat Rahat from 1000 runs. Description as per
Fig. 3.8.
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(a) Elevation (b) Distance to nearest lineament

(c) Gravity anomaly (d) Regional magnetic

(e) Global magnetic

Figure 3.10: Results for Harrat Kura, Harrat Khaybar, and Harrat Ithnayn from 1000 runs.
Description as per Fig. 3.8.
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Harrat Kura, Harrat Khaybar, and Harrat Ithnayn

Results for Harrat Kura (11.5 - 5.5 Ma, Table 3.1, Fig. 3.4) show little (Fig.

3.10(a), 3.10(c), 3.10(e)) or no (Fig. 3.10(b), 3.10(d)) evidence of any

relationships between the data sets tested and the locations of identified

volcanic vents, and any difference in values where a departure from the 99.9 %

confidence band is observed, is very small.

Analysis of Harrat Khaybar (5 Ma - Holocene, Table 3.1, Fig. 3.4) suggests that

elevation (Fig.3.10(a)), proximity to nearest lineament (Fig. 3.10(b)), and

both gravity and magnetic anomalies (Fig. 3.10(c), 3.10(d), 3.10(e)) appear

significantly different in their distribution of values at vent locations than those

for randomly located samples.

For Harrat Ithnayn (3 Ma - 1883 AD, Table 3.1, Fig. 3.4), magnetic anomaly

values (Fig. 3.10(d), 3.10(e)) and the distance to nearest lineament (Fig.

3.10(b)) appear to have significantly different distributions at volcanic vents

than of random samples taken across the harrat, with only a small apparent

correlation at lower (< 1100 m) elevation values (Fig. 3.10(a)), and very little

relationship with gravity anomaly values (Fig. 3.10(c)).

3.4.3 Sub-Volcanic Field Results

The Harrat Rahat was assessed in ∼1:1 aspect ratio regions (Fig. 3.7) and then

in 10 x 10, and 10 x 20 km grids (Fig. 3.11), with variation in the presence and

nature of relationships with all ancillary data assessed (Table 3.3).
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Table 3.3: Harrat Rahat subdivision results

Sub-Harrat Elevation Distance from Lineaments Gravity Anomaly Regional Magnetic Anomaly Global Magnetic Anomaly

H. ar Rashid
Less likely

720 - 1100 m
Less likely
2 - 20 km

Less likely
to be positive

Less likely <20 nT
More likely >140 nT

More likely
to be negative

H. Bani
Abdullah

Less likely
<1350 m

None None
More likely

to be negative

H. Turrah
North

More likely <950 m
Less likely 1 - 1.4 km

Less likely
0.5 - 8.5 km

More likely to be lower
More likely - 10 - 25 nT
Less likely 35 - 60 nT

H. Turrah
South

More likely <1.2 km
Less likely 1.3 - 1.6 km

More likely
2.5 - 5.5 km

More likely -60 - 100 nT
More likely <- 20 nT
Less likely >25 nT

H. ar Rukha
North

Less likely to be lower
More likely

to be further
None None None

H. ar Rukha
South

None None Less likely 57 - 66 mGal None
More likely

<35 nT —— >10 nT

For 10 x 10 and 20 x 20 km grid based analyses of Harrat Rahat, any cells with

fewer than three vents or measurement points were omitted. The remaining 20

x 20 km cells contained 3 to 185 vents (Fig. 3.11(g)) with the majority of cells

housing between 20 and 80. For 10 x 10 km cells, up to 64 vents were contained

in a single cell, but the majority contained between 8 and 25 (Fig. 3.11(a)).

Elevation results show that vent-based CDFs in the north-west of Harrat

Rahat tend to lie above the 99.9 % confidence bands, i.e., vents are more likely

to be at lower altitudes than randomly located samples across the surrounding

terrain (Fig. 3.11(b) and Fig. 3.11(h)). Below 23°N the opposite applies within

a region of ∼800 km2 (two 20 x 20 km cells), with values at vents being greater

than those of the surrounding terrain.

10 km cell results for distance to nearest lineament vary substantially across

the whole of Harrat Rahat, most obviously at latitudes above ∼24°N (Fig.

3.11(c)) and were also highly sensitive to grid placement. 20 x 20 km cell results

(Fig. 3.11(i)) were much less sensitive to grid placement and a relationship was

only observed in the NW of Harrat Rahat where vents appeared more likely to

occur further from a lineament than equivalent random samples.
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Free air gravity anomaly results show a region ∼40 x 40 km at ∼39°45’E,

24°N where values at vents are more likely to be lower than those of the

surrounding terrain, whereas the majority of the rest of the harrat shows the

opposite trend, with values at vents more likely to be higher (Fig. 3.11(d) and

Fig. 3.11(j)). The two low density vent regions (representing the breaks

between sub-Harrats Bani Abdullah and Turrah, and Turrah and ar Rukha,

respectively) at latitudes 22°40’N, and 23°20’N (Fig. 3.11(a) and Fig. 3.11(g)),

are reflected in the gravity results as regions of no correlation.

Regional magnetic anomaly data results (Fig. 3.11(e) and Fig. 3.11(k))

suggest the CDF of vents in the north tends to lie below the 99.9 % confidence

band, with more central and southern regions tending to lie above, or within,

the variations from randomly located samples across a cell. This suggests more

positive values at vents in the north, and slightly more negative values in the

south. Global magnetic anomaly data (EMAG2) results agree with the

regional values for the southern half of the field but show more prevalent

(outside the confidence band) relationships in the north. The results are almost

exactly opposite those noted for the gravity data (e.g., Fig. 3.11(d) vs Fig.

3.11(f)) with magnetic anomaly values at vents being more positive than the

surrounds at 39°45’E, 24°N and more negative elsewhere.

All results appeared relatively insensitive to the change in grid size between 10

and 20 km cells (Fig. 3.11) with the exception of lineament proximity as

previously mentioned.
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3.4.4 Scale Sensitivity

Elevation

Assessment of the whole of the Arabian Shield (Fig. 3.12(a)) shows that elevation

values at vents tend to be higher than randomly placed samples, but less likely

to be at the very top end of the elevation range.

(a) Arabian Shield scale (b) Volcanic field scale

(c) 1:1 Aspect Ratio (d) 20 x 20 km grid (e) 10 x 10 km grid

Figure 3.12: Elevation result variation with scale. A region is coloured black if the results
were entirely within the 99.9 % confidence band (i.e., no relationship noted). A cell is coloured
red if the vent CDF fell at any point below the 99.9 % band, and green if it fell at any point
above.
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Harrats Khaybar, Kishb, and Rahat (Fig. 3.12(b)) also show this relationship.

Harrat Kura shows no relationship, and Harrat Ithnayn showed a very slight

tendency for vents to be at lower elevations.

Within Harrat Rahat, the northern five divisions are consistent with vents

generally correlating to higher elevations (Fig. 3.12(c)). The southern-most

subdivision showed no relationship. By contrast, the 10 and 20 km grid results

(Fig. 3.12(d) and Fig. 3.12(e) respectively) indicate a significantly different

relationship in the north, where vents are preferably at lower elevations.

From Arabian Shield (∼1500 km x 600 km) down to sub-Harrat scale (∼50 x 50

km) vents tend to be at higher elevations over an area of 2000 km2 in the north,

and over 800 km2 regions further south. However, this correlation is reversed at

fine detail in the north of Harrat Rahat (10 and 20 km grids).

Lineaments

Different lineament data sets were used between analysis at Arabian Shield

scale and harrat scale (Section 3.2.3). At harrat level, the lineaments may not

form part of major crustal-scale structures. The same lineament data set was

used for Harrat Rahat and all sub-harrat analyses.

At harrat scale (Fig. 3.13(b)) vent locations either show no relationship with

lineaments (Kura), or they are located preferentially further away from

identified lineaments than randomly placed sample sites.
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Within Harrat Rahat, the 10 x 10 km cell results were highly sensitive to grid

location; Figure 3.13(e) is only one example of the many potential result

variants. The 20 x 20 km cell results were much more stable with respect to grid

placement, and in the north, where a relationship was apparent, these agreed

with the six sub-harrat partition results and are consistent across ∼600 km2.

(a) Arabian Shield scale (b) Volcanic field scale

(c) 1:1 Aspect Ratio (d) 20 x 20 km grid (e) 10 x 10 km grid

Figure 3.13: Lineament result variation with scale. Description as per Fig. 3.12.
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Gravity Anomaly

Results for the global gravity anomaly data (Pavlis et al., 2012) are generally

consistent at all scales (Fig. 3.14), with higher gravity anomaly values at harrat

locations (Fig. 3.14(a)) and at vent locations for all harrats assessed (Fig.

3.14(b)). Within Harrat Rahat, the majority of regions agree with this

relationship, but just one region (∼24°N, 39°40’E) of ∼1600 km2 exhibited an

opposing result.

(a) Arabian Shield scale (b) Volcanic field scale

(c) 1:1 Aspect Ratio (d) 20 x 20 km grid (e) 10 x 10 km grid

Figure 3.14: Gravity anomaly result variation with scale. Description as per Fig. 3.12.
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Magnetic Anomaly

At the Arabian Shield level, harrats preferentially occur in areas of lower (more

negative) magnetic anomalies on regional and global datasets (Fig. 3.15 and

Fig. 3.16). At the harrat-level, vents are related to low anomalies only in Harrat

Ithnayn (Fig. 3.15(b)).

(a) Arabian Shield scale (b) Volcanic field scale

(c) 1:1 Aspect Ratio (d) 20 x 20 km grid (e) 10 x 10 km grid

Figure 3.15: Regional magnetic anomaly result variation with scale. Description as per Fig.
3.12.
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Across Harrat Rahat, the correlation is in the opposite direction, with more

positive magnetic anomalies in higher vent-density regions (Fig. 3.15(b)). This

is also true in the northern-most region (Harrat ar Rashid, north of ∼24°N), but

the matching of vents with low anomalies holds for the remainder of the region

at all sub-harrat levels (Fig. 3.15(c), Fig. 3.15(d), and Fig. 3.15(e)).

(a) Arabian Shield scale (b) Volcanic field scale

(c) 1:1 Aspect Ratio (d) 20 x 20 km grid (e) 10 x 10 km grid

Figure 3.16: Global magnetic anomaly result variation with scale. Description as per Fig.
3.12.
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Global magnetic anomaly results show a dominant low magnetic anomaly

relationship with vents at all scales (Fig. 3.16), with Harrat Kishb showing the

only exception. Within Harrat Rahat, results align with the overall harrat (Fig.

3.16(c)), with only the central two sections (Harrat Turrah N and S) showing

more complex interactions. At 20 x 20 km (Fig. 3.16(d)) and 10 x 10 km (Fig.

3.16(e)) scales, alternating regions occur with positive or negative values

correlating with vent locations.

3.5 Validation of Results

Each of the results presented in Section 3.4 represents how the vent-located

distribution of data set values compares to a 99.9 % confidence band, based on

randomly-located distributions within the same region. In order to establish the

legitimacy of a relationship between any of the ancillary data and the location

of vents, consideration must be given as to how well each dataset (e.g., a digital

elevation model) represents the phenomena described (e.g., elevation), as well as

the completeness of the volcanic vent record.

In addition, consideration must be given to the spatio-temporal nature of these

distributed volcanic systems, with eruptions being discrete in both time and

space. To obtain some insight into the driving subsurface processes or

constraining factors it is therefore necessary to apply this method over some

proportion of space-time. Thus it is assumed that any interdependency of vent

locations within a measured data set are: (1) invariant in space (over the region

being assessed), and (2) invariant in time. These two assumptions are

considered in more detail below.
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3.5.1 Validity of Assumptions

Spatial and Scale Invariance

It is assumed that there is a dominant or overriding relationship between vents

and a data set across the area of analysis. If this relationship varies

substantially within the area, or if two or more conflicting relationships are

present, confounding results may exhibit overall as a false negative. Repeated

analyses were thus performed to assess both scale and spatial invariance.

The results in Section 3.4.1 show that variations of the size of the area of

interest induced variations with scale. If a dominant relationship can be

assumed at each assessment level, the results can still be considered valid. For a

relationship to remain constant at all scales, the range and distribution of values

at vents must vary at the same rate as those for randomly located samples. For

any given data set, different relationships are apparent at different scales if the

local variation is different to the regional variation in a non-self-similar way.

Differing vent densities across a region control the level at which a pattern is

observable. At the Arabian Shield level, the clustering of vents into harrats and

therefore the results, unavoidably reflect any relationships with these cluster

locations. Across harrats with non-randomly distributed vents, higher vent

density regions (suggesting more fertile or longer-lived regions of magma

generation) dominate the vent based CDFs thus the results reflect these high

density locations. Within a harrat, closer analyses pick up small variations in

vent density, and potentially even specific vent locations which influence results,

especially at harrat margins that may be biased by edge-effects.
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Any significant vent density variations within a region must be taken into

account during analysis of a whole region. Here, the vent density variations

across the five harrats analysed exhibit two distinct regimes: (1) spine-focussed,

and (2) randomly distributed (Poisson) vents. A spine-focussed regime is

defined here as a distribution of vents exhibiting a strong alignment along a

central axis. Lava low thicknesses (relative elevation) and the vent distributions

in Harrats Rahat (Fig. 3.6), Khaybar (Fig. 3.4), and the < 1 Ma vents of

Harrat Kishb (Fig. 3.5) show a strong spine-focussed structure. Harrat Ithnayn

vents are better represented as a randomly distributed (Poisson) structure, and

Harrat Kura is likely an eroded remnant of the same (vents now exhibit greater

spacing (sparse) distribution, but with no obvious spine structure).

Vent clustering values can be determined using convex hull areas, observed vent

numbers, and the Clark and Evans (1954) relationship (R), where R < 1

represents clustering, R = 1 reflects randomly distributed points, and R > 1

suggests maximum spacing (Table 3.4). The oldest five harrats had insufficient

numbers of observed vents for calculation (≤ 3) and hence were classified as

‘Sparse’. These were qualitatively assessed using flow direction, the overall

shape of the flow field extent, and elevation variation across the area to estimate

a pre-erosion classification.

The three spine-structured harrats chosen for harrat level analysis all exhibit

similar elevation relationships, with the majority of vents located within the

central, elevated region of each volcanic field. The 20 and 10 km grid analyses

of Harrat Rahat showed that, while patterns vary along the spine of Harrat

Rahat, they do not appear to vary in any systematic way.
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Table 3.4: Harrat vent densities, clustering properties, and classification. Areas for
calculations obtained from convex hull defined boundaries.

Harrat Vent Density (vents/km2) Clark-Evans (R) Type

Ash Shama 0.012 0.671 Spine
Ar Raha 0.005 2.110 Sparse (potential spine structure)

Al Uwayrid 0.016 1.216 Poisson
Hutaymah 0.067 1.088 Poisson (some spine structure)
Hurayrah - - Sparse (was Poisson?)
Ithnayn 0.025 1.005 Poisson
Khaybar 0.041 0.666 Spine

Kura 0.015 1.300 Sparse (was Poisson?)
Lunayyir 0.047 1.025 Poisson (potential spine structure)

Ishara-Khirsat - - Sparse (was Poisson?)
Kurama - - Sparse (was Poisson?)
Rahat 0.049 0.645 Spine
Kishb 0.030 0.916 Spine
Hadan - - Sparse (was Poisson?)

Nawasif-Buqum 0.029 0.900 Spine
Shama - - Sparse (was Poisson?)

As Sirat 0.040 1.323 Sparse (potential spine structure)
Al Birk North 0.086 0.975 Poisson
Al Birk South 0.104 0.951 Poisson

There is also no distinct variation with distance perpendicular to the major

axis, which may be due to the corresponding dramatic reduction in vent density.

A further complication is the potential for multiple relationships across a region.

There may be cases where vents of different types (e.g., distinct variations in

erupted volume, composition, or eruption style) have different driving or

controlling subsurface processes, and thus different relationships with the

ancillary data.

In this case, the vent locations across an area should be split into two or more

sets accordingly to avoid dilution or masking of spatially-coincident

relationships. To validate such additional assumptions, the results must be

compared to randomly sampled subsets of the total vents of the same split sizes.
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An example in Harrat Rahat is that more evolved magmas (such as trachytes)

have only erupted within a ∼23 x 13 km region in the NE part of the field (Fig.

3.6), interspersed with (and potentially through existing) basaltic vents. Thus,

while the sensitivity of spatial invariance has been assessed here, it is not

possible to simultaneously test for invariance between eruption processes (or

more vs less evolved eruptions) as, in Harrat Rahat, these cannot be assumed

independent of space.

Temporal Invariance

There is very poor resolution in age data currently available for the volcanism of

Saudi Arabia, thus any variations in time could not be assessed as robustly as

spatial variation, so these are qualitatively discussed here.

There is general agreement that volcanic activity across the Arabian Shield

began at Harrats Hadan, As Sirat, Harayah, and Ishara-Khirsat (Fig. 3.3; e.g.,

Chazot et al., 1998 and references therein). Volcanism is thought to have

occurred in two major pulses (30 - 20 Ma, and 12 Ma - Recent) attributed

predominantly to mantle upwelling (Camp and Roobol, 1992).

The lavas from the older phase (thought to be produced during crustal thinning)

have a very primitive composition, and the more recent harrats produced more

silica-rich basaltic magma occurring synchronous to spreading of the Red Sea Rift

(Coleman et al., 1983). This suggests that the two phases of volcanism should be

considered independently as the assumption of temporal invariance may only be

valid within each pulse.
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3.5.2 Reliability of Inputs

Before any geological interpretation is attempted, the reliability of the eruption

record and potential ancillary data set issues must be considered.

Eruption Record and the Problem of Missing Vents

Eight of the oldest harrats were classified as ‘sparse’ (Table 3.4) due to their

vent clustering characteristics and extensive erosion as noted in previous

geological studies (e.g., Brown, 1970).

For analysis across the Arabian Shield, these older, severely eroded volcanic

fields were included but the low number of identifiable vents means these

harrats are unavoidably under-represented in the eruption record. The overall

results therefore likely predominantly reflect any relationships with the second

phase of volcanism, where the vent-based eruption record is more complete (12

Ma - Recent).

A potential approach to assessing the older phase would be to assume a number

of vents based on the average vent density of the original volcanic field structure

(Poisson/spine) and visible flow extent, and subsequently place vents within

this region based on some stochastic model (e.g., Bebbington, 2013). The

variation in vent density between these volcanic field structures is detailed in

Fig. 3.17. Linear regression results suggest an average vent density (number of

vents per square km of lava flow extent) of 0.033 vents/km2 when considering

all Quaternary-active fields, compared to 1/7th of this value for the older

harrats (0.005 vents/km2).
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When considered separately as spine and Poisson type fields, the vent density

for spine-structured fields is almost twice that of Poisson fields. Both of these

vent densities are at least one order of magnitude greater than typical vent

densities published for volcanic fields which tend to lie around 10−4 − 10−5

vents/km2 (Connor and Conway, 2000).

This approach to estimate the number of missing vents was applied to the eight

oldest harrats (Table 3.4) resulting in 249 vents calculated to be missing from

across the Arabian Shield; Ar Raha: 65, Hurayrah: 28, Kura: 10,

Ishara-Khirsat: 20, Hadan: 68, Shama: 0, and As Sirat: 0.

This initial estimate is based on the precarious assumption that all vents within

all Quaternary-active volcanic fields on the Arabian Shield were identified.

Figure 3.17: Harrat vent density variation. Spine and Poisson classification as per Table 3.4.
Inset: Number of vents vs volcanic activity span (data from Table 3.1, Fig. 3.3).
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Previous harrat-scale work on Harrat Rahat, using a Monte Carlo based

method, estimated that only a third of all vents would be currently observable

based on both erosion and subsequent burial by lava flows (Chapter 2, Runge

et al., 2014). This may mean that the Harrat Rahat contains up to 0.147

vents/km2 similar to the local vent densities in the most recently active sections

of the field. Assuming that other harrats have similar missing vent proportions,

then the eruption record for the Arabian Shield volcanism (Table 3.1) may only

be 30 % complete.

Given the temporal dependency of both erosion and subsequent flow burial,

identified vents are likely to be representative only for the youngest phase of

volcanism (12 Ma - Recent).

Data Set Considerations

For this application, the assumption that the present day ancillary data are

relevant to evaluate the record of volcanic activity, dating as far back as 30 My

was unavoidable. Within Harrat Rahat, further chronostratigraphic information

is available (Camp and Roobol, 1989). However, with the apparent

spatio-temporal variations (i.e., more recent activity appearing towards the

north, Camp and Roobol, 1989), it would be virtually impossible to separate

spatially and temporally varying relationships.

With the exception of lineament locations, all data sets assessed here were

gridded samples from continuous parameters. Large degrees of uncertainty are

introduced into the results when interpolation is over grid spacings that are

coarser than the dimensions of the phenomena being assessed.
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This is most apparent at the sub-volcanic field scale where values at specific

vent locations have greater influence on the results.

Across the whole of Harrat Rahat, vent diameters range from ≤ 50 m to ≥ 1200

m, with ∼40 % of vents between 200 m and 400 m. In some of the highest vent

density regions, a 10 x 10 km cell could contain up to 64 vents, with data values

interpolated from between 9 (5 km resolution gravity anomaly data) and 12,544

points (90 m elevation data). However, even the highest resolution data used

here has grid-spacings larger than the smallest vents. This is especially

apparent in the northern area of Harrat Rahat where vent diameters are

generally smaller. Thus the more detailed analyses (at specific vent location

level) may not be reliable, especially in areas such as the northern section of

Harrat Rahat. Larger region analyses, however, may be more reliable due to

filtering out of noise through smoothing.

3.6 Discussion

Here, the relationships between ancillary and volcanic vent data are discussed in

light of the uncertainties presented above. Relationships between vent locations

and ancillary data can be retrospective or prospective. Retrospective cases are

when parameter variations may be caused by the volcanism, such as an increase

in local elevation due to scoria cone formation. Prospective relationships are

when parameter variations may influence the occurrence of volcanism, such as

the area above an inferred location of mantle upwelling, or for which variations

might be dependent on the same external factor, e.g., lineament and volcano

location due to a local stress regime.
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This division is not clear cut, for example elevation may also be a function of

mantle upwelling. Retrospective data may show previously unidentified (e.g.,

buried or eroded) eruption centres resulting in a more complete eruption record.

Prospective data may indicate locations more likely to house future eruptions.

3.6.1 Elevation

The grid-resolution of the elevation data used here was 90 x 90 m, with a stated

vertical resolution of 16 m (Jarvis et al., 2008). For the vast majority of vents,

this resolution is adequate, however, elevation data cannot be assumed

temporally invariant at any of the spatial scales assessed. At the Arabian Shield

level, major crustal uplift of western Arabia started between 20 Ma (Bohannon

et al., 1989) and 14 - 12 Ma (Camp and Roobol, 1992) and continued into the

Holocene. At the local level, elevation variation with time is inherently linked to

the variation of volcanism with time, due to the formation of each volcanic

construct, such as a scoria or lava field.

Results suggest that harrats are located in regions of higher elevation across the

Arabian Shield but less likely to be located at the highest elevations. This

reflects the tendency of Arabian Shield harrats to be located > 2000 km from

the Red Sea Rift, or 75 - 100 km from the coast, and the lack of volcanic

activity noted along the Hejaz, and Asir mountain ranges (Fig. 3.2). The

western shield uplift was hypothesised to be related to volcanism (Camp and

Roobol, 1992), which is strongly supported by the Arabian Shield level results

obtained in this work. Thus elevation is potentially prospective at the Arabian

Shield-scale, with regions at higher elevations potentially more likely to host

future harrats.
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At harrat level, the observed relationships are dependent on vent-density

distributions. Across spine-structured harrats, higher vent-density regions are

located along the elevated spines of Harrats Khaybar, Kishb, and Rahat. This

reflects a combination of correlation with elevation and close-spaced edifice

construction to build local elevations. Local uplift or inflation due to magma

emplacement along the central region of each harrat is also possible.

No relationship was noted across the older, ‘sparse’ Harrat Kura, which likely

reflects the degree of erosion. At the Poisson-classified field (Harrat Ithnayn)

there is a slight tendency for vents to be located at lower elevations, particularly

in the northern-most regions. This can be explained by the southern regions of

Harrat Ithnayn being inundated by flows from adjoining Harrat Khaybar (Fig.

3.4) which renders the harrat-level Ithnayn results likely invalid.

Figure 3.18: Elevation cross-section AB across a northern region of Harrat Rahat. Inset top
left: histogram of vent heights within the same region. Inset bottom right: cross-section AB.
Numbers 1:4 refer to vents lying along the line AB to aid visualisation
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At sub-harrat level, a tendency of vents to be correlated with low elevations is

also noted in the north of Harrat Rahat in regions where the slope masks the

small vent dimensions (Fig. 3.18).

Vent identification is often based on the visibility of cones above the horizon,

thus at specific vent location level, elevation data can be considered

retrospective, with an eruption generally causing an increase in local elevation.

This relationship could be used to locate potential vents in more eroded

volcanic fields where visual examination of a region may not pick up vents, but

a sufficient local increase in elevation may suggest a vent location.

3.6.2 Lineaments

The majority of the major lineament structures at the Arabian Shield level

(Fig. 3.2) could be georeferenced via satellite imagery, thus a resolution of 100

m was assumed. Fewer of the lineaments identified at the harrat-level could be

visually georeferenced, thus a conservative estimate of 1 km resolution was

assumed for these. Substantial uncertainties also arose from undetected

lineaments at this level, especially in areas covered by young lava flows.

The sub-harrat scale results support a relationship between vents and structures

in areas where lineaments are less likely to be hidden (areas of older lavas and

away from thick volcanic stacks), e.g., regions south of ∼23°N in Harrat Rahat

(Fig. 3.13(c)), where lavas are generally older (Camp and Roobol, 1989) and

thinner (Blank and Sadek, 1983). Whether these relationships can be

extrapolated to higher vent density regions however, is unknown.
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The low lineament resolution across Harrat Rahat causes the 10 x 10 km cell

results to vary greatly. This suggests that the analysis region is too small to

detect any overriding pattern, and the results are dominated by ‘noise’.

Therefore, the harrat-scale and sub-harrat scale results are unlikely to be of any

geological significance. Further uncertainty arises from unknown ages of

lineaments. However, the similarities between relationships for the

spine-structured fields of Harrat Rahat and Harrat Kishb are certainly

interesting.

At the Arabian Shield scale, harrats were consistently more likely to be closer to

lineaments than randomly placed points. Whether both cracks and faults form

from the same processes during magma rise to the surface, or eruption locations

are influenced by the pre-existing structures within the crust over small scales is

still debated (e.g., Le Corvec et al., 2013b). However, at Arabian Shield scale,

the major structures reflect the overriding stress regimes of the region’s

development, thus the structure-harrat relationship is likely prospective.

Future work could involve the incorporation of temporal variations into the

Arabian Shield lineament data. For example, the current stress regime (as

estimated from GPS movements) could be used to infer locations of future

volcanic activity. There are also a number of alternatives to the approach used

here for lineament data. As lineaments represent binary data (either ’on’ or

’off’), the continuous parameter of distance to the nearest lineament was used

due to ease of computation. It also follows the common assumption that vents

are located close to existing fault structures. Possible alternatives include

evaluating the number of lineaments within a specific distance, or the conversion

of the binary data into a surface representing lineament density across a region.
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3.6.3 Gravity Anomaly

The free air gravity anomaly (FAA) data used here was taken from a global

model (Pavlis et al., 2012) with a resolution of ∼5 x 5 km. At this resolution,

no reliable conclusions can be drawn when comparing this data with specific

vent locations at sub-harrat level as interpolated values at vents cannot be

assumed representative.

Figure 3.19: Free Air Gravity Anomaly variation (data from EGM2008 model of Pavlis et al.,
2012) overlain with Arabian Shield and harrat outlines
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Despite this, a consistent pattern was observed at all analysis scales and across

almost all locations, with vents preferably at more positive gravity anomalies.

This dominant pattern likely reflects the increased mass of volcanic products. A

single region of ∼1200 km2 located in the north-west of Harrat Rahat (∼24°N,

39°40’E). exhibits an opposing result. This likely reflects the very low

vent-density in this area, and corresponding lack of erupted products, coupled

with a large mountain range occurring immediately to the west. This data set

must be considered retrospective due to the evident relationship between FAA

values and lava flow thicknesses (Fig. 3.19).

The analyses here used the directly available free air anomaly (FAA) values,

without any neighbouring elevation correction to CBA (complete Bouguer

anomaly). This avoids additional uncertainties brought about by implicitly

removing the digital elevation model at a different resolution, and thus

potentially introducing a confounding relationship.

3.6.4 Magnetic Anomaly

Magnetic data across the Arabian Shield included a global model (EMAG2,

resolution ∼4 km), and a regional survey (resolution ∼800 m), which were

assessed here as independent data sets. These resolutions suggests results can

be assumed reliable at the Arabian Shield level, and possibly for whole-harrat

level analyses.

A strong temporal dependence is expected for any magnetic anomaly data set

within a volcanic field because values vary with lava composition (particularly

iron content), and the polarity of the magnetic field at the time of eruption.
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Over the last 30 My there have been around 120 polarity reversals with an

almost even split of time spent in positive and negative polarity intervals

(Cande and Kent, 1995). Stacked layers of lava flows with different ages and

polarities will also generate confused signals. Despite these issues, both regional

and global data suggest that harrats are associated with negative values.

3.7 Implications

3.7.1 Volcanism on the Arabian Shield

Both elevation, and free air gravity anomaly values appear to reflect lava flow

thicknesses representing the locations of harrats on the Arabian Shield scale,

and higher vent density regions within harrats. The good exposure of volcanism

across the Arabian Shield made harrat identification relatively straightforward.

However, these retrospective relationships could be gainfully employed

elsewhere, in heavily vegetated or urbanised areas worldwide to identify volcanic

vent clusters.

Elevation and lineament data results also potentially provide prospective data

at the Arabian Shield level. Harrats are expected to occur in regions of

relatively high elevation, but none are apparent along the mountain ranges

parallel to the Red Sea Rift. Harrats are also expected to be preferentially < 10

km, and 90 % of vents < 5 km of major structural lineaments (Fig. 3.8(b)).

These quantitatively determined relationships suggest that both the crustal

structure and the regional uplift of the Arabian Shield influence the locations of

volcanism across the Arabian Shield.
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These prospective data relationships could be incorporated into spatial density

estimates, although, only data at the Arabian Shield level are deemed

sufficiently reliable. These results can also be used to determine the focus for

future data collection. Given the good Arabian Shield level lineament results,

determination of the local geological/seismic structure across a region of interest

(e.g., the northern region of Harrat Rahat, proximal to the city of Al-Madinah)

is likely to be more valuable rather than a high-resolution magnetic anomaly

survey. Another important result from this work is the classification of harrats

across the Arabian Shield and the recognition that volcanic field behaviour in

spine-structured fields must be modelled differently to randomly distributed

(Poisson) vent systems. An average vent density could be used for the latter,

whereas variations must be accommodated when assessing the former.

3.7.2 Method Development

Application of this method to the volcanism across the Arabian Shield has

provided some useful insights in terms of data requirements, and application

specifics, as well as highlighting the advantages, sensitivities, limitations, and

potential directions of future development.

The scale-sensitive results obtained suggest that the scale at which a

relationship is being assessed should determine the size of the region selected for

analysis. Data resolution and accompanying uncertainties have a substantial

influence on result validity. The resolution of an ancillary data set also restricts

the minimum analysis area. This was highlighted here via the gravity (∼5 km

resolution) and global magnetic (∼4 km resolution) anomaly data.
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For this study, a minimum of three data points within a cell were required for

analysis, and the 10 x 10 km results were found to be highly erratic (Section

3.4.1). The more stable 20 x 20 km results suggest that a minimum of 12 data

points should be used, unless a steep, constant gradient across the region can be

assumed. With very low data resolution, a larger number of points should be

considered, and small analysis regions avoided.

As well as the ancillary data, analysis grid size must be matched to vent

density, vent diameters, and in some cases even vent morphology. For

application of this method, vents are considered point processes, i.e., discrete in

time and space. Thus a single value is interpolated for each ancillary data set at

the point location of each vent. As the analysis region is reduced, the

proportion of the terrain physically covered by vents increases and the validity

of a point-process assumption becomes questionable. The designation of specific

vent location also becomes important, e.g., a decision has to be made as to

whether the vent location should be specified as the highest point or the

geometric centre (of generally non-symmetric structures).

During the 10 x 10 km grid-based analyses, it was evident that areas containing

larger vents showed minimal to no relationships with data sets. These are likely

false-negatives due to randomly placed points falling unavoidably on

vent-covered areas. These regions also tended to be more sensitive to specific

grid location, which may reflect the change in percentage of vent coverage.

Thus, if a significant proportion (> 10 %) of an analysis region is covered by

vents, then serious consideration should be given to increasing the size of the

analysis area, or potentially altering the method algorithm to establish alternate

average ancillary data values across a vent for comparison.



120 CHAPTER 3. RELATING ANCILLARY DATA TO VOLCANISM

All results were insensitive to the change in grid size between 10 and 20 km cells

(Fig. 3.11), thus future analyses across Harrat Rahat or similar volcanic fields

could be undertaken solely at the 20 x 20 km cell level, which is also less

computationally intensive and more robust.

The main limitation of this method is the dependency on inputs. Any missing

vent information, or incorrect or low resolution ancillary data issues are

propagated through into the results. Causation, as distinct from correlation,

cannot be determined purely via the use of this statistical method, and requires

additional consideration of the region, or known geological processes. Similarly,

while the method can be applied to all available data sets, dependencies should

be noted at the outset to ensure that when relationships are used in future

model infusion steps, any independence assumptions are not violated. The

non-parametric nature of the method, low likelihood of false-positives with

sufficient data, but high likelihood for false-negatives (for reasons described

above), means that this method is less powerful, but much more robust than

alternatives (e.g., Schölkopf et al., 1997). It is also simple and computationally

inexpensive to implement.

Future development and application of this method could include the use of a

size-variable grid and implementation of an alternate algorithm to compare

average values over vent areas. A size-variable grid would allow higher

resolution results to be obtained over small cells where more ancillary data is

available (e.g., for non-uniformly distributed data points), or over higher

vent-density regions, whilst allowing greater faith to be placed in results over

larger regions containing lower vent or data densities, or in regions with larger

vents.
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An alternate algorithm could be used to assess average values across a region,

which may better assess high vent-density or harrat specific relationships by

smoothing out the smaller, vent specific variations. Here, for example, the

values of an ancillary data set could be evaluated at all vent locations across the

Arabian Shield and then averaged across each volcanic field to obtain a

harrat-based rather than vent-based CDF.

3.8 Chapter Summary

This work presents a novel, robust, non-parametric method which quantitatively

determines the strength of a relationship between natural phenomena and

ancillary data. It can be applied to any spatially varying information spanning

the area(s) of interest. The scale at which the method is applied should match

the questions being asked of the data, and a variety of different analysis scales

are recommended to assess scale sensitivity and/or different levels of

relationships.

By applying this method to all available data across the Arabian Shield,

quantitative, objective relationships were determined between currently

observable properties, and the locations of volcanism. Retrospective

relationships between the locations of volcanism and both elevation and gravity

anomaly data were found at both Arabian Shield and harrat-scales, which may

aid identification of hidden vents in these, or similar volcanic fields elsewhere.

Prospective relationships were noted between elevation and lineament data sets

and the locations of volcanism at the Arabian Shield level, which may aid in

understanding the subsurface processes driving volcanism and help forecast

locations of future activity.
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Insufficient data resolution resulted in inconclusive results for indicators of

specific vent locations within small regions of Harrat Rahat using the data

available to this study.

This work also highlights the potential dangers of assuming relationships

between observed data and the occurrence of a natural phenomenon without

quantitative assessment or proper consideration of the effects of data resolution.

It also raises the question as to whether data observed today can really provide

any information on past, or future, volcanic behaviour.

This method has the greatest potential where high resolution data is available.

The results suggest that any future data collection across Harrat Rahat should

be done across regions of > 20 x 20 km to provide sufficient information for

comparison with scales of volcanic structures, and that a local seismic velocity

model is likely to be the most useful dataset for forecast areas of future

volcanism.







4
Volcanic Field Boundaries

Defining a volcanic field boundary

Journal of Applied Volcanology (submitted)

This chapter discusses the effect of volcanic field boundary definition on

exploratory statistics and spatial forecasts. This is illustrated using sensitivity

analyses performed on two volcanic fields: Harrat Rahat and the Auckland

Volcanic Field.

Through this work, it was found that for irregular shaped fields (such as the

Harrat Rahat), the choice of boundary fitting method had a substantial impact

on results, and consequently, a vent density based field boundary which

minimises empty space was recommended.

Work on more regular shaped fields however (such as the Auckland Volcanic

Field) found that the choice of boundary had minimal influence, predominantly

due to the minimal variation in field area, regardless of the fitted method.
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4.1 Introduction

Regions of distributed volcanism are often referred to as volcanic fields. As each

eruption tends to occur in a different location, they can be further classified as

monogenetic volcanic fields and are frequently modelled as spatial or

spatio-temporal point processes for ease of analysis.

Volcanic activity within these regions tends to be predominantly basaltic, with

low flux rates. Consequently volcanic fields tend to grow laterally rather than

build up a single edifice in one location (Wood and Shoan, 1981), and eruptions

typically form cinder cones, tuff cones and rings, maars, lava domes, shield

volcanoes, and lava flows (Connor and Conway, 2000).

Classification of a distributed volcanic field’s spatio-temporal behaviour is a key

to understanding its underpinning magmatic processes, evolution, and hazard

potential. Various characteristics can be easily collated, for example, the

number of eruption sites, the estimated total erupted volume, or the extent of

the erupted products. Others are more difficult, such as defining the

dimensions, or boundary, of a volcanic field. The work presented here addresses

how the boundary is best defined in order to most reliably forecast future

volcanic activity. This was accomplished via the assessment of the sensitivity of

hazard forecasting to a range of methods of boundary definition.

The temporal boundaries used in hazard analysis of a volcanic field are

generally based on the oldest and youngest determined eruption ages, although

a modern age is used if the field is thought to be active.
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The spatial boundaries of a volcanic field are conventionally defined as the

extent of the existing lava flows, scoria cones, or other volcanic edifices. These

are usually well constrained via geological mapping. This provides a present-day

view of the location of current volcanic material from a resource-mapping

perspective.

However, for assessment of future volcanic activity, this definition is not

sufficient as it does not account for the locations of new eruption vents and may

confound the locations of previous volcanic eruptions with factors controlling

lava distribution. Depending on rheology and underlying topography, lava may

extend tens of kilometres from a source vent and focus in depressions giving

false weight to these regions far from potential eruption locations.

For the majority of volcanic systems, the location of future eruptions

substantially influences the areas at risk from eruption related hazards. The

specific location may also affect the eruption style, e.g., the presence of

ground-water may lead to an explosive phreatomagmatic eruption (Ross et al.,

2011). Thus, the probable location is one of the most important pieces of

information for volcanic hazard estimation.

The first step in estimating future eruption locations is to define the surface

region within which a future eruption must occur. Volcanic fields form above

mantle regions where partial melting produces magma, which may be related to

low rates of crustal extension (Takada, 1994). In these sites, magma supply

rates are insufficient to maintain a single conduit, such that each new magma

batch has to find its own path to the surface (Fedotov, 1981).
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Due to the variety of geological conditions under which mantle materials melt to

form magmas (e.g., within subduction zones, in areas of weak crustal thinning,

or hot-spot upwelling) boundary parameters remain unknown, thus a

well-informed geological approach to boundary definition is currently

impossible.

For forecasting purposes, the volcanic field boundary has a significant influence

on estimates of event recurrence rate and spatial intensity. Where a hard

boundary is required (e.g., for clustering statistics, or spatio-temporal models)

is it assumed that there is zero probability of an eruption occurring outside of

this region. Often, even when a soft boundary (e.g., 99%) is feasible, a hard

boundary is imposed for convenience in spatial models (e.g., Lindsay et al.,

2010; Sandri et al., 2012).

Estimation of the region of potential volcanic vent breakout in a field represents

a typical bias-variance trade-off. Underestimating the area may result in future

eruptions occurring outside the area of analysis and an overestimate of average

vent density, which may in turn bias statistical diagnostics (e.g., Clark and

Evans, 1954; Hopkins and Skellam, 1954; Ripley, 1979).

Overestimation ensures a conservative ‘safe’ solution, but potentially

underestimates average vent-density and consequently spatial intensity. It also

increases the coverage area over which supplementary data is required for a

hazard analysis, thus either increasing costs, or lowering the data resolution.
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In this work, various approaches are evaluated for the definition of volcanic field

boundaries for spatial intensity estimates at two quite different volcanic fields:

Harrat Rahat, Saudi Arabia, and Auckland Volcanic Field (AVF), New Zealand.

This study illustrates the importance of field boundary definition for hazard

evaluation.

4.2 Case Studies

4.2.1 Harrat Rahat

Harrat Rahat is one of at least nineteen volcanic fields from within the western

Arabian Plate (e.g., Brown, 1970). The harrat has a total erupted volume of

∼2000 km3 (Blank and Sadek, 1983) from at least 986 identified vents (Chapter

2, Runge et al., 2014, Fig. 4.1(a)) and is predominantly basaltic with some

more evolved compositions.

The cause of the volcanism across the Arabian Shield is still very much under

discussion (e.g., Moufti et al., 2013; Rolandone et al., 2013), and although there

are other volcanic fields, and a major zone of crustal rifting proximal to Harrat

Rahat, little is known about their influence on magma generation for the harrat.

Erupted products include extensive lava flows (Murcia et al., 2014), as well as

scoria and spatter cones, shield volcanoes, tuff rings, and lava domes (Camp and

Roobol, 1989). Eruptions in Harrat Rahat have been dated between 10 Ma and

1256 AD, with age data broadly suggesting a northward focussing of volcanism

with time (Camp and Roobol, 1989).
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A caveat on this is, however, that definitive ages are only available for 3 % of

vents, and recent 40Ar/39Ar ages suggest there are also older flows in the north

(Tw1: up to 10 Ma), and younger flows (Qm5: ∼ 4500 BP) in the centre of the

field (Moufti et al., 2013).

Previous boundary definition for Harrat Rahat has included the mapped limits

of lava flows (Moufti et al., 2010), a convex hull (Chapter 2, Runge et al., 2014),

and a rectangular area of interest within the northern region known as Harrat

Al-Madinah (Moufti et al., 2010; El Difrawy et al., 2013).

4.2.2 Auckland Volcanic Field

The Auckland Volcanic Field (AVF) is a basaltic field located on the North

Island of New Zealand. The field has a total erupted volume of at least 1.7 km3

(Kereszturi et al., 2013) from approximately 50 volcanoes (Fig. 4.1(c)).

Volcanic features include lava flows, scoria cones, maars, and tuff rings (e.g.,

Allen and Smith, 1994). Eruption order and locations are relatively well

constrained (Bebbington and Cronin, 2011) with events dated between ∼250 ka

and 0.6 ka (Lindsay et al., 2011).

The AVF boundary has been defined as a minimum area ellipse fitted to the

outer vent locations (Spörli and Eastwood, 1997), which was used for evacuation

planning (Tomsen et al., 2014). This approach was expanded by Bebbington

(2013) to include an outer ellipse with an exponentially decaying intensity.

Rectangular bounds were employed by Lindsay et al. (2010) and subsequently

Sandri et al. (2012), and a convex hull with a ∼1 km buffer zone was employed

for exploratory analyses by Le Corvec et al. (2013a).
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(a) HR vent locations (b) HR vent density

(c) AVF vent locations (d) AVF vent density

Figure 4.1: Volcanic field examples (Harrat Rahat: HR, Auckland Volcanic Field: AVF). Vent
density contours based on isotropic kernels and represent [0.05, 0.5, 1, 5, 10, 20, 50, 80] % of
maximum density.
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4.3 Boundary Options

While an area is an integral part of the description of a volcanic field, very few

studies define how the boundary is represented, thus comparison of exploratory

statistics (e.g., average vent densities) between fields is meaningless, and

repeatability of the study impossible.

Here, three of the most commonly identified volcanic field boundary definitions

were investigated: (1) convex hull, (2) minimum area ellipse, and (3) minimum

area rectangle. Two additional boundary options based on isotropic and

anisotropic kernels are also explored. A description of how each of these shapes

were fitted in this study is also provided.

4.3.1 Convex Hull

For a volcanic field, a convex hull is the smallest convex set that contains all of

the vents (any straight line between any two vents must be entirely contained

within the hull). Various algorithms can be used to obtain this shape, such as

gift-wrapping (e.g., Chand and Kapur, 1970), or divide-and-conquer (e.g.,

Preparata and Hong, 1977), and the majority of statistical packages (e.g., in

MATLAB, or R) have inbuilt functions for this.

For this reason, and because the fitting of a convex hull is quick, and always

renders the same answer, a convex hull is often used as the default shape when

applying initial exploratory methods on volcanic fields.
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One of the first published uses of a convex hull in describing volcanic systems

was by Zhang and Lutz (1989) for the assessment of the spatial extent of

kimberlites. Since then it has been frequently used in volcanic hazard

evaluations, e.g., Auckland Volcanic Field (Le Corvec et al., 2013c),

Springerville volcanic field, Arizona (Condit and Connor, 1996), and Mount

Gambier, Newer Volcanic Province, Australia (Bishop, 2007).

In this study, the convex hull shape was determined via the inbuilt MATLAB

function convhull.

4.3.2 Minimum Area Ellipse

The main supports for an elliptical, or curved boundary to a volcanic field are

based primarily on thermodynamic arguments (e.g., Fedotov, 1981). A mantle

source zone below a field is likely to be susceptible to partial melting from a

relatively stable (in terms of location) heat source (e.g., Condit and Connor,

1996). These tend to be circular in plan-view, because the heat diffusion process

is Gaussian and as such, radiates equally in all directions as long as the

lithology is broadly homogeneous.

An ellipse can be fitted to a set of points (in this case, volcanic vents) via a

variety of methods such as non-linear least squares (Angell and Barber, 1977),

maximum likelihood (Kanatani, 2005), or bootstrapping (Cabrera and Meer,

1996). A minimum ellipse area is predominantly used as the optimisation

parameter as it can be calculated exactly, as opposed to the bounding perimeter

for which there is no simple, closed-form expression.
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Ellipse algorithms are slightly more complex to run than a convex hull

algorithm because there are five parameters to vary within the chosen

optimisation process: the centre of the ellipse (xo, yo), the major and minor

radii (ra, rb), and the orientation angle (θ). In this work, the minimum area

ellipse method of Khachiyan (1996) was adopted which greatly reduces the

computational time by finding the bounding convex hull first, reducing the

number of points required to fit an ellipse.

4.3.3 Minimum Area Rectangle

A minimum bounding rectangle can be fitted to the points of a convex hull from

a data set, similarly to an ellipse. Several relatively straightforward methods are

available such as rotating callipers (Toussaint, 1983), or minimum perimeter

(Freeman and Shapira, 1975). Rectangular shapes are often used when analysis

of a sub-region of a field is required, for example, around an area being assessed

as a nuclear waste facility (Connor and Hill, 1995).

Although rectangular volcanic field bounds are difficult to justify geologically,

similar shapes have been used in areas where there is thought to be some

geological structural control. Kear (1964) fitted oblong structures to the Bay of

Islands Volcanic Zone, NZ, and a rift-subparallel structure known as the

Mekkah-Madinah line was inferred in Saudi Arabia by Camp and Roobol

(1989)). This shape also has several advantages over an ellipse: it is easier to fit

a minimum area rectangle, and it tends to truncate the field at one or both ends

which minimises empty space. In this work, the minimum area rectangle was

calculated from the convex hull of the vents, and a rectangle fitted based on the

orientations of each edge, the best-fit is then the rectangle corresponding to the

minimum area.
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4.3.4 Isotropic and Anisotropic Kernels (Vent Density Contours)

The final two boundary methods included in this work are based on Gaussian

isotropic (Eqn. 4.1), and anisotropic (Eqn. 4.2) kernels:

λs =
1

N

N∑
i=1

1

2πh
exp[−|x1 − x|2

2h2
] (4.1)

λs(x) =
1

2nπ
√
|H|

N∑
i=1

exp[−0.5 |xi − x|T H−1 |xi − x|] (4.2)

Where N : total number of eruptions, h: 1D kernel bandwidth, H: 2D kernel

bandwidth matrix, and |xi − x|: distance between i th vent at xi and location x.

These methods have been frequently applied for spatial intensity estimates (e.g.,

Connor and Hill, 1995) or to represent vent density variation (e.g., Lutz and

Gutmann, 1995). Despite this potential reflection of spatial variations in

magma fertility or persistent melt columns (as represented by high vent density

regions, Germa et al., 2013), kernel methods are not yet widely used to define a

volcanic field boundary (although two exceptions have been made known to the

author: Richardson et al., 2012 and Germa et al., 2013). In this study,

bandwidth estimation (h, H) is accomplished via SAMSE (e.g., Connor and

Connor, 2009) using the R package ks (Duong, 2007).

This complements the probabilistic approach taken for intensity estimates by

assuming that future volcanic activity is strongly linked to past activity, and thus

more fertile regions of the fields (as represented by a greater number of vents)

are more highly weighted, pushing the boundary out farther from them. As an

exponential function, a user-defined cut-off value is required to define a boundary.
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Here, this truncation was assumed as the maximum isocontour that includes all

vents within the same shape, without any empty regions (simply connected).

4.4 Geological Considerations

Regions of distributed volcanism are the surface representation of highly

complex subsurface systems which vary from system to system. Thus, each

volcanic field must be considered independently with respect to any potential

constraints or known system properties (such as major crustal lithological or

fault boundaries). There are several assumptions that need to be made when

imposing a boundary and since some may be subjective, it is important that

their accompanying uncertainties are propagated through to intensity estimates

and hazard forecasts. Assumptions need to address the following:

(1) Temporal invariance

(2) Unobserved (hidden) vents

(3) Anomalous vents

(4) Geological constraints

(5) Field maturity

4.4.1 Temporal Invariance

In the case of volcanic field boundaries, temporal invariance suggests a fixed

region within which all eruptions have, could have, or will occur. Questions that

need to be asked include whether the eruption locations have shifted in a

systematic way with time, or if the locus of activity has drifted towards, or

away from, a particular area.

Shifts in the locus of activity within a volcanic field have been noticed by

Tanaka et al. (1986) from west to east in the San Francisco volcanic field over
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the last 2.5 My, and Connor and Hill (1995) found substantial movement in

volcanic activity (east to west) within the Yucca Mountain region, Nevada.

Kiyosugi et al. (2010) noted a constant location of volcanism within the Abu

Monogenetic Volcano Group, Japan over the last 0.46 My, and Condit and

Connor (1996) observed continuous waxing and waning of certain areas across

Springerville volcanic field, Arizona.

If it is thought that the locus of activity is moving in a specific direction, then a

volcanic field boundary may need to be extended, or widened, in that direction

to accommodate future eruptions. Or, if no young eruptions have been

identified in a region of the volcanic field, this area could be removed from the

current or future boundary region. Recognising that tectonic stress regimes,

upward mantle flow (driving partial melting), and plate motions all vary with

time, a time-invariant volcanic field boundary is unlikely. However, for young

fields, or if the influence of these on local volcanism is minor, then temporal

invariance can be assumed.

For Harrat Rahat, the most recent eruptions occurred in the northern most part

of the field, however, due to the high levels of uncertainty regarding the ages of

the older eruptions, northward migration of the source region cannot be

conclusively assumed. Thus, temporal invariance was assumed. While this may

be a conservative estimate for the boundary definition, it may lead to

underestimation of the hazard, especially in the northern areas of the harrat.

Spörli and Eastwood (1997) found no shift in activity with time for the AVF,

and neither did more recent work by Bebbington and Cronin (2011) nor

Bebbington (2013). Given that this field is very young (< 0.25 Ma), temporal

invariance is a justifiable assumption.
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4.4.2 Unobserved (Hidden) Vents

For the majority of volcanic fields, the eruption record is typically incomplete

due to burial and erosion of volcanic products and surface water or vegetation.

Geological, geophysical, seismic, and remote sensing studies can be used to

minimise the number of unidentified vents/eruptions (e.g., Perry et al., 2005),

but this is not always feasible or affordable. The main problem with an

incomplete eruption record is that of underestimating temporal recurrence rates

and spatial intensities (Chapter 2). Further, hidden vents may lie significantly

outside boundaries fit to observed vents, leading to underestimation of the field

area. This is often used to justify including lava flow field extent within a

volcanic field boundary, although as described above, surface topography and

magma rheology are likely uncorrelated with the spatial location of source areas

and magmas.

For Harrat Rahat, Runge et al. (2014) (Chapter 2) used the ages of surface lava

flow extents and an erosion function to estimate that two thirds of eruptive

vents are hidden. This estimate correlated well with estimates of lava flow

volumes (Camp and Roobol, 1989) and volcanic pile thickness (Blank and

Sadek, 1983). The maximum thickness of the eruptive sequence across the

harrat commonly reaches > 200 m and along the centre of the field can be up to

400 m (Blank and Sadek, 1983). More than 50 % of observed cones and related

vent structures are < 50 m in height, hence they are easily buried by lava in

central regions of the field. Since total lava thickness dramatically reduces with

distance from the central spine of a field (Fig. 4.1(a)), the likelihood of vent

burial at its edges is low (Blank and Sadek, 1983). Thus it is assumed that no

unobserved vents are located outside of the region enclosed by those observed.
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The Auckland Volcanic Field is small, and young, and has a long history of

detailed study (e.g. von Hochstetter, 1864). Thus, unidentified volcanic vents

are unlikely, especially outside the area bounded by all observed eruption sites.

Thus the same assumption as that of Harrat Rahat is applied, no unobserved

vents are located outside of the region enclosed by those observed.

4.4.3 Anomalous Vents

This section considers whether atypical volcanic vents within or near a volcanic

field should be included or ignored. Anomalous eruptions might have distinct

geochemistry, erupted volume, or age. There are also regions where polygenetic

volcanoes coexist within, or overlapping, the region of a volcanic field, for

example, the Cascade Range (Guffanti and Weaver, 1988), and the Eastern

Volcanic Zone, Iceland (Jakobsson et al., 1979).

Condit and Connor (1996) discounted three outlying vents from the

Springerville volcanic field on the basis of previous cluster analysis work

(Connor et al., 1992). Lutz and Gutmann (1995) discounted any distal vents

deemed to be located at the edges of the Pinacate volcanic field when

performing lineament analysis using a circular region. For island-based

distributed volcanism (e.g., Jeju, Brenna et al., 2012; Ambae Island, Vanuatu,

Németh and Cronin, 2009), offshore eruptions are often discounted when

forming a volcanic field boundary for spatial intensity estimation (e.g., Tenerife,

Mart́ı et al., 2009; El Hierro, Canaries, Melián et al., 2014), although they were

included in subsequent work by Becerril et al. (2013). This may cause a strong

underestimate in hazard, especially where magma-water interaction may cause

the most explosive eruptions of such fields (e.g., Németh and Cronin, 2009).
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The most widely dispersed volcanic vents of Harrat Rahat occur at the most

north-western, and south-eastern extents of the field (Fig. 4.1(a)). The vents in

the north-west are among the most recent eruptions (641 AD), and those in the

south-east among the oldest (thought to be 8.5 - 2.5 Ma, Camp and Roobol,

1989; Runge et al., 2014). Since there is no evidence other than their location to

suggest these vents are anomalous, they must be included in the field boundary

estimations.

Evidence of more complex eruption behaviour is also present in Harrat Rahat in

the form of more evolved (trachytic) eruptions within a small region around

24°5’N. These eruptions have also anomalously erupted through older more

mafic volcanic structures. While anomalous in eruption style, these vents and

their magma compositions are related to the basaltic lavas in this field, and are

common to other volcanic fields on the Arabian Shield (e.g., Khaybar, Camp

et al., 1991), as well as other similar volcanic fields in other parts of the world

(e.g., Jeju, Brenna et al., 2012). The co-genetic relationship of these eruptions

of differing composition leads to the decision to include all observed vents

within the volcanic field boundary.

In the Auckland Volcanic Field, the most recent eruption and volcanic

structure, Rangitoto, is anomalous in terms of size (Kereszturi et al., 2013),

potential polygenetic eruption style, and composition (Needham et al., 2011).

However, the most recent eruption may be the best indicator of future

eruptions, and it is not uncommon for volcanic fields to contain large, shield-like

volcanic structures (e.g., Mount Gambier, Bishop, 2007; Jeju, Brenna et al.,

2012), which may represent slightly different manifestations of volcanism from

the same source area. Thus, in the AVF, all vents should be included in the

field boundary estimations.
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4.4.4 Geological Constraints

Knowledge of any field-limiting factors should be incorporated into the volcanic

field boundary definition, such as crustal/fault structure, geological boundaries,

or specific impenetrable lithologies. For example, the Uinkaret volcanic field,

Colorado is bounded to the east and west by the Toroweap and Hurricane faults

respectively (Karlstrom et al., 2007), and in the Garrotxa volcanic field, Spain,

structural control on magma at depth was inferred and used to provide

field-limiting constraints (e.g., Barde-Cabusson et al., 2014).

Another consideration may be the presence of ‘holes’ within a volcanic field

representing localised regions of depleted mantle or crustal conditions that

hinder magma reaching the surface. Due to substantial uncertainties, these have

yet to be incorporated into boundary definitions but could be considered, e.g.,

at the locations of previous eruptions. This would require a substantial change

to how boundaries are fitted to points beyond a simply connected polygon.

Stalled, or failed eruptions, where magma is intruded into the shallow crust may

also provide additional boundary information. At Harrat Rahat, a 1999 AD

earthquake swarm was interpreted as a site of potential dyke intrusion (Lindsay

and Moufti, 2014), similar to that of the 2009 AD intrusion in nearby Harrat

Lunayyir (Pallister et al., 2010). The location of these inferred intrusions could

either be treated as sites where eruptions are now less likely, or conversely,

where magma may be stalled, and instead erupt as a more evolved, and

therefore potentially more explosive, magma in the future.
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Observed structures across and proximal to Harrat Rahat include suspected

shear zones, terrane boundaries, and Precambrian sutures and faults (e.g.,

Camp and Roobol, 1989). There are also volcanic fields nearby, which have

been identified as separate systems based on the variation in vent clustering

within and between regions, and relative geochemistry (Coleman et al., 1983).

Although the identified structures may control the orientation of vent

lineaments (e.g., Connor, 1990; Magill et al., 2005), little is known about their

influence on magma pathways for Harrat Rahat, so no definitive field-limiting

factors can be assumed.

The eastern boundary of the Auckland Volcanic Field was hypothesised at a

contact with up-faulted greywacke basement rocks (Allen and Smith, 1994).

Consequently, Lindsay et al. (2010) extended their AVF boundary to the North

where no outcropping of basement is observed. However, this geological bound

was not considered during boundary construction in the interest of a

conservative approach, but this assumption should be revisited if more

substantial support for this idea comes to light.

4.4.5 Field Maturity

Fitting a boundary to the observed vents based on a minimum constraint, e.g.,

a convex hull, or minimum area polygon, is used to obtain a unique solution to

a mathematical construct. However, this process means that those outermost

vents are likely to lie on, or very close to, the volcanic field boundary edge. This

assumes that all future eruptions will occur in the currently confined area, an

assumption that may not be valid for a very young field, or one with evidence of

persistent vent migration, or where the most recent activity is focussed on a

sub-area.
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For the Auckland Volcanic Field, Spörli and Eastwood (1997) argued that vents

at the outer limit of the current field extent varied substantially with age,

potentially defining a constant magma source area. In many other settings

however, this argument is hard to justify.

Specifics of magma transport through the crust below volcanic fields are

debated (e.g., Lister and Kerr, 1991; Buck, 2006; Tait and Taisne, 2013), but

generally it is thought to move via dyke propagation (e.g., Valentine and

Hirano, 2010). The geometry and orientation of dykes may be influenced by

existing tectonic or geological boundary structures within the crust (Le Corvec

et al., 2013b). The degree of lateral forcing of such structures is little known,

however, if dyke propagation is forced too close to horizontal (e.g., via reaching

a neutral buoyancy within the upper crust), a sill will form and magma is

unlikely to reach the surface (Kavanagh et al., 2006).

As a conservative compromise to cover source uncertainty, a 5 km buffer zone

was added to each fitted boundary. This value represents the > 95 % upper

limit of dyke length from a posteriori distributions (Chapter 2, Fig. 2.3, Runge

et al., 2014) adapted to Harrat Rahat, with initial a priori distributions taken

from an eroded analogue volcanic field (San Rafael, Utah, Delaney and Gartner,

1997), and expert elicitation. Although adapted specifically for Harrat Rahat,

without any alternate data, the same distance was applied to the Auckland

Volcanic Field. Le Corvec et al. (2013a) used ∼1 km, however, the actual buffer

distance is not important to this study, rather it is the sensitivity of results to

the existence of a buffer that is being assessed.
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For the minimum area ellipse and rectangle boundaries, a buffer zone is

straightforward to implement, with 10 km added to both the major and minor

axes of the shape. For a convex hull, each of the hull points is moved 5 km

further away from the polygon’s centroid. For the contour boundaries, which

already include a form of buffer zone, the boundary cut-off criteria was set to 10

% of the optimally determined value (‘no holes’ criterion), thus increasing the

bounds in all directions, but not necessarily by the same distance (Fig. 4.2).

4.4.6 Assumptions for Volcanic Field Boundaries

Near identical boundary assumptions were adopted for Harrat Rahat and the

Auckland Volcanic Field.

To summarise:

(1) Temporal invariance is assumed.

(2) It is assumed that there are no unobserved vents outside the area enclosed

by the convex hull of observed vents.

(3) There are no anomalous vents which should be discounted.

(4) For Harrat Rahat, there are no known proximal geological constraints

bounding the field extent in any direction, for the AVF a potential eastern

boundary is noted, but not considered a definitive constraint here.

(5) Field development is still on-going, thus the current extent of erupted vents

does not reflect the potential maximum, and consequently an additional

buffer zone of 5 km is assumed.
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4.5 Results - Summary Statistics

Five volcanic field boundaries for the two volcanic fields were constructed based

on the above five assumptions (Fig. 4.2). This section assess the sensitivity of

four commonly applied exploratory methods (analysing vent clustering and

preferred orientations) to the choice of boundary definition. First-order

statistics are based on a single measurable value (e.g., the mean of a set of

values). The methods of Clark and Evans (1954) and Hopkins and Skellam

(1954) have been used in previous volcanic field work (e.g., Connor and Hill,

1995; Martin et al., 2004). Second-order statistics are based on variation, or

distribution, of a measured value (e.g., the standard deviation). Here, the

K-function (Ripley, 1979) is applied to identify variations in clustering

behaviour at different scales (Fig. 4.3) which has been used previously for the

Auckland Volcanic Field by Magill et al. (2005).

Figure 4.3: Visualisation of clustering statistics. Red triangles represent vent. Blue circles
represent randomly placed points. (a) Clark-Evans, (b) Hop-F, (c) K-function
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The final exploratory method applied here was that designed for lineament

identification, the two-point azimuth (TPA) method of Lutz and Gutmann

(1995) who applied it to the Pinacate volcanic field, Mexico. Connor (1990) also

used TPA within and across inferred clusters of the TransMexican volcanic belt.

The exploratory methods were carried out before a buffer zone, boundary

assumption (5), was applied. A buffer zone would cause an increase in area, a

corresponding decrease in average vent density, and stronger clustering results.

4.5.1 Clark-Evans: 1st Order Randomness Statistic

The Clark-Evans test compares the mean distance between neighbouring

samples (r̄a) to an equivalent random (homogeneous Poisson) distribution (r̄e,

Fig. 4.3(a)). The random distribution (r̄e) requires an average vent density and

therefore relies heavily on the estimated volcanic field area (A). A ratio (R) of

the two of R = 1 suggests a random distribution, while R < 1 indicates

clustering, and R > 1, regular spacing or dispersion (Clark and Evans, 1954):

R =
r̄a
r̄e
, r̄a =

∑
r

N
, r̄e =

1

2
√
ρ
, ρ =

N

A

N : number of samples, ρ: mean sample density, r: distance between neighbouring

samples (vents), A: area. r̄e can also be determined by placing the same number

of points within the defined bounds via a Monte Carlo (MC) approach. The

statistical significance can be assessed with the standard variate:

c =
r̄a − r̄e
σr̄e

, σr̄e =
0.26136√

Nρ

c: standard variate of the normal curve, σr̄e : standard deviation for an

equivalent random distribution.
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Where c lies outside of the range encompassed by 0 ± 2.58, the result can be

assumed more than 99 % significant (Clark and Evans, 1954), although

Hamilton et al. (2010) suggest this value of c should be increased for analysis of

low sample sizes.

All Clark-Evans results (R, Table 4.1) suggest significant clustering (R < 1) in

Harrat Rahat from 1000 runs. The elliptical volcanic field boundary suggests

much stronger clustering than the other three due to the significantly larger

area encompassed, much of which is empty.

The Auckland Volcanic Field results (Table 4.2) are highly dependent on the

choice of volcanic field boundary. The contour based boundaries suggest

clustering, the ellipse and rectangular boundaries suggests random dispersion,

and the convex hull suggests a more regularly spaced vent distribution.

However, none of these results appear to be statistically significant

(−2.86 < c < 2.86) and as such, cannot be assumed reliable.

Table 4.1: Harrat Rahat boundary summary statistics, Clark-Evans R values are reported
alongside the standard variate (c), Hop-F values are reported with the standard error on the
mean from 1000 simulations

Boundary Area (km2) Vent density (km-2) R Ag

Convex Hull 12,535 0.077 0.652, c = -20.77 1.014 ± 0.047
Ellipse 22,430 0.043 0.487, c = -30.58 1.006 ± 0.043

Rectangle 14,717 0.066 0.601, c = -23.77 0.978 ± 0.048
Isocontour 13,496 0.072 0.628, c = -22.18 0.914 ± 0.038

Anisocontour 15,292 0.063 0.5899, c = -24.45 0.956 ± 0.047
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Table 4.2: Auckland Volcanic Field boundary summary statistics, Clark-Evans R values are
reported alongside the standard variate (c), Hop-F values are reported with the standard error
on the mean from 1000 simulations

Boundary Area (km2) Vent density (km-2) R Ag

Convex Hull 324.5 0.1527 1.134, c = 1.829 0.887 ± 0.160
Ellipse 385.7 0.129 1.04, c = 0.547 1.191 ± 0.242

Rectangle 400.2 0.127 1.021, c = 0.287 1.0582 ± 0.226
Isocontour 585.7 0.087 0.844, c = -2.132 0.793 ± 0.141

Anisocontour 579.4 0.088 0.849, c = -2.069 0.896 ± 0.173

4.5.2 Hop-F: 1st Order Randomness Statistic

The Hop-F statistic compares the distance between neighbouring samples (r) with

the distance between random points and neighbouring samples (d) (Fig. 4.3(b)).

The resulting coefficient of aggregation (Ag) indicates randomness if Ag = 1,

clustering if Ag > 1, and regular spacing or dispersion if Ag < 1 (Hopkins and

Skellam, 1954):

Ag =

∑N
i=1 d

2∑N
i=1 r

2

N : is the number of samples. Ag is most often reported with the standard error

on the mean using the results of at least 100 simulations (Cressie, 1991). It is

this simulation step that requires definition of the specific field boundary.

The Hop-F results from 1000 simulations (Ag, Table 4.1) for the ellipse,

rectangle, and convex hull suggest random dispersal of vents across Harrat

Rahat with the standard error bounds all including unity (random). The

isocontour boundary suggests slightly dispersed vent locations (Ag < 1). For the

Auckland Volcanic Field, results vary dramatically as with the Clark-Evans

results, however, similar to the Harrat Rahat, almost all results span unity.
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The exception is that of the isocontour, which suggests dispersed vent locations,

and the ellipse boundary (although spanning unity) that more strongly suggests

clustering than any of the other bounds.

While the Clark-Evans statistic tests the degree of departure from a Poisson

distribution (Fig. 4.3(a)), the Hop-F statistic assesses clustering (Fig. 4.3(b)).

These results suggest that the Clark-Evans statistic is more sensitive to the

smaller distances between vents within multiple vent eruptions (frequently noted

within Harrat Rahat, i.e., Chapter 2, Runge et al., 2014). The proportions of

the number of single to multiple vent events may have more influence on the

Hop-F statistic when using a more closely fitting boundary within which

random points can fall. Since contour boundaries tailor the boundary to the

vent locations, they effectively discard empty space furthest from vents and thus

false-positive clustering results are avoided. However, without knowledge of the

actual volcanic field boundary, it is difficult to determine if this makes the

contour results more reliable for awkward volcanic field shapes, such as that of

Harrat Rahat, or instead, overly biased towards observed eruption locations.

4.5.3 K-Function: 2nd Order Randomness Statistic

This second order test compares the number of vent samples within distance d of

each sample, with the number expected for a random distribution with the same

density (Fig. 4.3(c)):

K̂(d) =
A

N2

N∑
j=1

N∑
i 6=j

H(d− di,j)
wi,j

L̂(d) =

√
K̂(d)

π
− d
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N : number of samples, A: area, di,j: distance between ith and jth samples, wi,j:

edge correction (e.g., Martinez and Martinez, 2001).

This statistic is most easily interpreted as a graph of the L-function, where

L̂(d) = 0 suggests randomness, L̂(d) > 0: clustering, and L̂(d) < 0: regular

spacing (Ripley, 1979). Significance levels are determined via random Poisson

(MC) simulations run over the defined area.

(a) Harrat Rahat all boundaries (b) AVF Convex Hull

(c) AVF Ellipse (d) AVF Rectangle

(e) AVF Isocontour (f) AVF Anisocontour

Figure 4.4: L-function (L̂(d)) statistic for Harrat Rahat (a) and Auckland Volcanic Field
(b)-(f) vent locations within various volcanic field boundaries. Thin lines represent upper and
lower 95 % significance levels from 1000 random Poisson simulations
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K-function (and subsequently L-function) results are often diluted or smoothed

if the method is applied over large areas containing highly varying vent

densities. The strong spine-type structure of Harrat Rahat vents thus produces

unusual results when this method is applied across the whole field and, in

practice, much smaller regions should be assessed to look for specific clustering

distances. All volcanic field boundaries fitted here to Harrat Rahat show

clustering (L̂(d) > 0) at all distances (Fig. 4.4(a)), with similar shapes following

similar trends (e.g., both contour boundaries follow similar lines, as do the

convex hull and rectangular bounds).

For the Auckland Volcanic Field, results are more informative for actual clustering

distances due to the more dispersed eruption locations, and lower vent number

(Fig. 4.4). All results show the minimum vent distance at ∼300 m, and suggest

clustering at distances > 11 km which likely reflects the maximum vent-spacing,

and consequently, field dimensions. The convex hull, ellipse, and rectangular

bounds suggest clustering between ∼0.5 km and 2.5 km, and then maximum

spacing between 3 and 6 km (3 and 8 km for the convex hull), and then clustering

at larger distances. The two contour boundaries however, suggest clustering at

all distances above ∼0.5 km. Previous results from application of the K-function

(Ripley, 1979) to 49 vents of the Auckland Volcanic Field by Magill et al. (2005)

found clustering between 0.9 km and 1.6 km, and then maximum spacing at

4.6 km, which closely resembles the convex hull results presented here. The

significant variation in results between boundaries is important. Although the

boundary shapes of the Auckland Volcanic Field are broadly similar, the extra

space incorporated around the external vents in the contour methods dilutes the

second-order statistics by effectively forcing a cluster in the centre of the region

(Fig. 4.2).



4.5. RESULTS - SUMMARY STATISTICS 153

4.5.4 TPA: Lineament Identification Method

Lutz and Gutmann (1995)’s method for lineament identification (Two Point

Azimuth: TPA) is based on the azimuth between each sample and every other

sample and provides a distribution of the frequency of alignment angles, usually

presented within groups of 10°intervals (e.g., Connor, 1990; Wadge and Cross,

1988). To accommodate any non-circular field shape, the results are then

compared to Monte Carlo simulations with the same number of samples placed

within the defined area, thus the results are dependent on the specific field

boundary definition.

Harrat Rahat TPA results for the five volcanic field boundaries show

approximately the same results, but with, in some cases, substantially varying

proportions (Fig. 4.5). For example, the convex hull results show that vent

alignments are only slightly more likely to be between 160°and 170°than

randomly placed points within the defined field area.

In contrast, the elliptical boundary results show ∼50 % more alignments than

would be expected for random points within the elliptical field (Fig. 4.5(b)).

Had only a convex hull boundary been used, these apparent NNW/SSE vent

alignments may have been discarded as an artefact of overall volcanic field

shape. The only variation is that of the anisocontour boundary which does not

pick up the peak that the other four bounds do (160°and 170°). This is a result

of the base kernel (as defined by H) being pre-aligned (via SAMSE) to the

overall dominant lineament direction.
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(a) Convex Hull (b) Ellipse

(c) Rectangle (d) Isocontour

(e) Anisocontour (f) Convex Hull

(g) Ellipse (h) Rectangle

(i) Isocontour (j) Anisocontour

Figure 4.5: TPA frequency histograms for Harrat Rahat (a) - (e), and Auckland Volcanic
Field (f) - (j) vents within various volcanic field boundaries. Thin lines represent the 95 %
significance levels from 1000 random Poisson simulations
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Across the Auckland Volcanic Field, all boundaries (except the isocontour)

suggest a slight tendency for alignments between 110°and 120°(Fig. 4.5). The

rectangle bounds suggest a negative preference for alignments between 40°and

50°. Although several of the other results get close, none breach 95 %

significance levels. Unlike the previous clustering results (Table 4.2, Fig. 4.4),

the TPA results are insensitive to the volcanic field boundary of the Auckland

Volcanic Field because this analysis is based on the field shape (relative

proportions) rather than its dimensions.

4.6 Results - Spatial Intensity Estimates

For exploratory methods, a buffer is superfluous as it is the existing locations

and spacings of eruptions that are assessed, not the potential extent of future

eruptions. However, for forecasts, field maturity and potential eruption

migration need to be considered, with a buffer zone included to the definition of

a boundary as a conservative measure. However, the addition of a buffer zone is

non-trivial, especially where specific spatial densities are important as

excessively increasing the volcanic field area will result in an underestimate of

average vent-density and consequently spatial intensity. This is illustrated here

using the city of Al-Madinah, located immediately to the north-west of Harrat

Rahat (Fig. 4.1(a)) which is spread over an area of ∼300 km2 (Fig. 4.6(a)),

defined by the outer city ring-road, and with a population of 1 million.

To estimate spatial density, a spatial method needs to be employed, of which

there are many (see Marzocchi and Bebbington, 2012, Bebbington, 2013). Here,

the simplest method is employed, that of a uniform spatial intensity, whereby

all regions within the volcanic field boundary are assumed equally likely to host

future eruptions, irrespective of the locations of previous.
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The assumption of a uniform spatial density may be unrealistic, but was used

here to avoid confounding of the boundary analysis with assumptions inherent

to more complex methods. Comparison between the relative boundary results

will be approximately equal, irrespective of this method selection. To obtain the

spatial density across the region as a conditional probability (probability at a

given location, given an eruption occurs), the probability across the volcanic

field area must sum to one. For a uniform spatial density model this is a simple

calculation as the spatial density at a point (γ(x)) is equal to 1 / A, where A is

the total field area. The probability of an eruption occurring within the area of

interest then becomes the ratio between the proportion of the area of interest

(in this case, the city of Al-Madinah) within the volcanic field boundary and the

total area of the field.

Four buffer variations were assessed for each boundary type: (1) a fitted boundary

(no buffer), (2) an equal intensity buffered boundary, and (3),(4) two inner-outer

boundary approaches. For these latter two, the uniform spatial density estimate

is imposed across the region, but with the values in the outer boundary is set as

a proportion (p ≤ 1) (50 % and 10 % here) of that of the inner boundary:

γ(x)


1

ηoA1
∗ x ∈ A1 (inner)

p
ηoA1
∗ x ∈ A2 & x /∈ A1 (buffer)

ηo = [p(
A2

A1

− 1) + 1]−1

Where p: proportion, A1: area within inner boundary, A2: area within outer

boundary (i.e., A1 ⊆ A2, and A2 ≥ A1). This is a generalised form of that

suggested in Bebbington (2013) in which the larger area was assumed to have

twice the area of the smaller.
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(a) Al-Madinah city and surrounds (b) Convex Hull

(c) Ellipse (d) Rectangle

(e) Isocontour (f) Anisocontour

Figure 4.6: Harrat Rahat boundary proximities (fitted: dashed, buffer: solid black line)
compared to the city limits of Al-Madinah (red), 1256 AD lava flow extent shown in red,
Al-Madinah extent shown in blue in (a)
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Table 4.3: Eruption probability estimates for an eruption within the area of interest, the city
of Al-Madinah. Estimates are based on a uniform distribution of eruption probability, given
that an eruption occurs within the region defined for Harrat Rahat.

Boundary No buffer Equal intensity buffer 50 % intensity buffer 10 % intensity buffer

Convex Hull 0.0092 0.0147 0.01227 0.0099
Ellipse 0.0132 0.0119 0.0125 0.0131

Rectangle 0.0100 0.0146 0.0125 0.0106
Isocontour 0.0206 0.0190 0.0198 0.0204

Anisocontour 0.0200 0.0184 0.0192 0.0199

As the city of Al-Madinah borders the current flow field extents, the effect of

volcanic field boundary definition on the area susceptible to future eruptions is

substantial (Fig. 4.6). For the fitted boundaries (without a buffer) the

anisocontour boundary already includes the whole of Al-Madinah, and both the

isocontour and elliptical bounds incorporate almost the entire extent of

Al-Madinah within the area deemed susceptible to a future eruption. Thus, the

addition of the buffer zones results in a decrease in eruption probability within

the city limits as the spatial density is spread over a larger region (Table 4.3).

Conversely, the convex hull and rectangular boundaries enclose less than half of

Al-Madinah without a buffer zone, and thus when the buffer is added, the

proportion of the city within the boundary increases sufficiently to also increase

the eruption probability, even though the spatial intensity at any specific point

is reduced (Table 4.3).

The estimate of the intensity within Al-Madinah therefore is a balance between

the extent of the city enclosed by the bound, and the spread of the intensity

across the whole field. Comparing across boundaries, the isocontour boundary

with no buffer resulted in the highest probability of eruption within the area of Al-

Madinah city, with values more than twice that of the corresponding unbuffered

convex hull and rectangular boundaries (Table 4.3).
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The probability of an eruption within the city limits (given that an eruption

occurs) was assessed as 0.0206, or a 2.1 % chance. Of the five boundary shapes

tested, the convex hull results were most sensitive to the addition of a buffer zone,

varying up to ∼160 % (Table 4.3), predominantly due to the change in proportion

of the area of interest falling within a susceptible region (Fig. 4.6). This is closely

followed by the rectangle volcanic field boundary with a variation of ∼ 140 % for

the same reason.

4.7 Discussion

The results above show the significant effect that the definition of a volcanic

field boundary has on even the simplest of exploratory methods (e.g., Table 4.1,

Table 4.2). The effect on spatial density estimation is also substantial (e.g.,

Table 4.3), with the estimate of eruption probability within Al-Madinah varying

significantly even between the few boundaries assessed here (Table 4.3). The

use of a constant (fixed) boundary is also questionable, especially in those cases

(such as Harrat Rahat), where a strong shift in eruption locations with time is

noted. In these cases, a temporally varying boundary may be more appropriate

by allowing the boundary definition to expand with time, or even move with

time for those fields where regions of older activity are considered no longer

active - a memoryless boundary could be imposed which is fitted only to the

eruptions from the most recent x years.

For forecasting purposes, a buffer zone is recommended as a conservative

approach. It allows some accommodation of spatio-temporal migration or

focussing (e.g., Harrat Rahat), and on-going field development (e.g., Auckland

Volcanic Field).
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However, the size of the buffer zone was not investigated here and while the 5

km buffer zone imposed for Harrat Rahat is a relatively small increase in total

area, this value has a substantial effect on the area designated to the Auckland

Volcanic Field (Fig. 4.2). A buffer zone distance based on the dimensions of a

volcanic field may be more appropriate (e.g., the ∼1 km buffer zone imposed by

Le Corvec et al., 2013a).

The 5 km buffer zone for Harrat Rahat was estimated from previous estimates

of dyke length (Chapter 2, Runge et al., 2014), however it is likely that the

distribution of dyke lengths, and subsequently the distance along which magma

may erupt from, may vary between fields thus, at the very least, the tectonic

regime should be considered (e.g., Pinel and Jaupart, 2004). The presence of

fissure eruptions (as noted in Harrat Rahat) may also justify an increase in

buffer zone distance, and, if multiple fissures show similar alignments,

anisotropic buffer zones may be more appropriate. Evidence of waning may also

suggest a decrease (or even exclusion) of a buffer zone as the future eruptions

may be smaller, and from shorter subsurface structures (Valentine and Perry,

2006).

While a contour-based boundary was determined as the optimum for Harrat

Rahat, this should be determined on a case by case basis, and the effect of

smaller scale structures on the field definition should be considered. For

example, in Harrat Rahat, where there is strong anisotropic structure (e.g.,

Chapter 2, Runge et al., 2014), or dominant alignment directions, the

anisotropic kernel based boundary added a large amount of empty space in the

directions determined by the SAMSE determined base kernel, which in turn is

strongly influenced by regional vent alignments.
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The isotropic kernel based contour resulted in a much more irregular volcanic

field boundary than that of the anisotropic kernel (Fig. 4.1), mainly due to the

smaller optimum bandwidth (also reflected in the TPA results for Harrat Rahat,

Fig. 4.5). This is consistent with previous work that suggests vent-specific

locations are influenced by smaller-scale local, rather than regional, structures

(e.g., Connor et al., 1992).

For Harrat Rahat, a contour-based volcanic field boundary is a likely optimum,

because it minimises the empty space of the other three fitted shapes, with the

isotropic kernel preferred here over the anisotropic kernel as it avoids the extra

space at the north and south ends of the field. However, this does not take into

account the potential (based on highly uncertain age dates) northward focussing

of activity (Camp and Roobol, 1989). Notably, none of the boundary methods

would have included the 641 AD eruption (the most north-westerly vent area)

should this analysis have been carried out in 640 AD. This suggests an evolving

field boundary and a buffer zone should be imposed for Harrat Rahat, and other

volcanic fields exhibiting strong spatio-temporal migration.

For the Auckland Volcanic Field, with the exception of the rectangle boundary,

the range of fitting processes resulted in similar shapes. Thus, choosing an

optimum boundary is somewhat subjective. Had the bounds been fitted prior to

the most recent eruption (Rangitoto), only the elliptical and rectangular bounds

would have included it, and as a rectangular boundary is hard to justify

geologically, the elliptical boundary is adopted as the optimum, supporting the

findings of previous work (e.g., Spörli and Eastwood, 1997).
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While the field is still relatively young (Lindsay et al., 2011), previous work has

suggested that the spatial distribution of eruptions within the Auckland

Volcanic Field has been relatively stable since the formation of the 15th

eruption (Bebbington, 2013; Le Corvec et al., 2013a). This may suggest the

addition of a buffer zone is unnecessary. However, as the most recent eruption

was anomalous both in terms of polygenetic behaviour (Needham et al., 2011)

and large erupted volume (Kereszturi et al., 2013), a buffer zone is advised to

conservatively accommodate, at least in part, these potential changes in

eruption characteristics.

4.8 Chapter Summary

Forecasts of long-term volcanic activity should be accompanied by an estimate

of their precision and uncertainties imposed by the assumptions made.

However, hazard analyses are required for incompletely understood volcanic

regions threatened by future eruptions. This requires parametrisation of the

unknown. This study showed the substantial effect that the definition of a

volcanic field boundary may have on even the simplest exploratory methods for

hazard forecasting.

As research on volcanic fields and geophysical methods progress, boundary

fitting may become better informed by more extensive knowledge of specific field

constraints, however, a region definition will always be vital for probabilistic

approaches. When carrying out any analysis on volcanic fields, it is vital to

specify how the volcanic field boundary has been defined, assess the sensitivity

of boundary choice, and to carry these assumptions and related uncertainties

through to estimates of future activity and related hazard analyses.
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For Harrat Rahat, sensitivity of results to boundary definition is substantial,

and a contour-based volcanic field boundary is the likely optimum as it

minimises empty space. For the Auckland Volcanic Field, the range of fitting

processes resulted in similar shapes, however the elliptical boundary is the likely

optimum as it would have included the most recent eruption, even if fitted

prior. For both of these fields, a buffer zone should also be imposed, to

accommodate the spatio-temporal nature of Harrat Rahat, and the young

(likely not completely developed) age of Auckland Volcanic Field.





5
Spatio-Temporal Modelling & Discussion

Spatio-temporal modelling of volcanic field behaviour: integration

and discussion

This chapter presents a logical and defensible decision-making process for

volcanic hazard analysis, which includes validation and evaluation steps for

selection of the most suitable pattern approximation model.

This chapter combines the data, methods, and results obtained in the preceding

four chapters in order to provide a complete modelling process for volcanic field

hazard analysis. Here, the issues identified in Chapter 1 are addressed using the

methods developed in Chapters 2 and 3, and uncertainties accommodated for

by the sensitivity analyses of Chapter 4.

This process was applied to Harrat Rahat and an updated forecast of future

activity for the field was developed, with an optimum model based on an

anisotropic kernel with an expanding field boundary.

165
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5.1 Introduction

Volcanic fields are formed when volcanic activity is distributed across a region.

Within such fields, eruptions tend to be separated in both time and space. Over

thousands to millions of years, these can form extensive lava flow fields with

tens to hundreds of small vents (Connor and Conway, 2000). The Smithsonian

Institution’s Global Volcanism Program (GVP) identifies 98 volcanic fields on

Earth active within the last 10,000 years (Fig. 5.1), and thus are considered still

active under International Atomic Energy Agency (IAEA) guidelines (IAEA,

2012). Approximately half of these (42) have more than 10,000 people living on

or within 5 km of the volcanic field, and six have more than a million (Siebert

and Simkin, 2014).

Figure 5.1: Distribution of volcanic fields globally. Named volcanic fields (red triangles) are
those with a population of > 1 million people within 5 km, data from Siebert and Simkin (2014)
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Hazard analyses are desired for any potentially volcanically active region where

there is possible impact on human populations. Hazard assessments to

determine the area(s) most likely to experience volcanic hazards such as lava

flows, pyroclastic flows, and ash fall out can feed into risk assessments, which, in

turn, inform city development (e.g., Chirico et al., 2009), emergency

management plans (e.g., Lindsay et al., 2010), and land-use planning including

even the siting of nuclear installations (IAEA, 2012, e.g., Connor and Connor,

2009). Hazard assessments require robust estimates for when the next eruption

is most likely to occur (temporal recurrence rates), and where the next eruption

is most likely to be (spatial intensities). For volcanic fields co-located with

populated areas, eruption location is often the most important for hazard

mitigation planning. This is especially pertinent for those volcanic fields

exhibiting some spatio-temporal drift. For example, volcanism on Taveuni (Fiji)

appears to be migrating towards the SW (Cronin et al., 2001) which suggests

that future infrastructure should be built in the NE.

Volcanic fields can be considered surface representations of highly complex

subsurface systems; where and when magma reaches the surface is dependent on

multiple processes and variables (Valentine and Gregg, 2008), the majority of

which are unobservable with current techniques. Consequently, current

approaches to estimating recurrence rates and spatial intensities are generally

probabilistic rather than deterministic (e.g., Decker, 1986; Marzocchi and

Bebbington, 2012). A multitude of probabilistic methods are available to the

hazard modeller, all of which assume that the past behaviour of the volcanic

field provides some information as to the future behaviour.
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These methods are commonly spatial, temporal, or spatio-temporal, but other

variants based on volume-, or energy- time relationships have also been

suggested. More recently, these estimates have been informed with additional

geological or geophysical data by assuming some relationship between this data

and the volcanic activity (e.g., Martin et al., 2004; Mart́ı and Felpeto, 2010;

El Difrawy et al., 2013). Model selection (inherent method assumptions and

fitted parameters), and inclusion of ancillary data all have a significant influence

on the resulting forecasts of future activity for a volcanic field. Thus, a

transparent, robust approach should be taken that assesses the sensitivity of

results to these choices.

5.1.1 Previous Work

To aid model selection, and to better understand a volcanic field, various

exploratory statistics have been employed which assess the degree of clustering

(e.g., Clark and Evans, 1954; Hopkins and Skellam, 1954; Ripley, 1979),

dominant lineament direction (e.g., Lutz and Gutmann, 1995), or lineament

location (e.g., Wadge and Cross, 1988, Connor, 1990).

The clustering statistics aid determination of whether eruption locations are

completely spatially random (within a region, e.g., Cressie, 1991), or controlled

by some non-random process. First-order methods (e.g., a field-wide ‘average’

value) are frequently employed in volcanic field analysis due to the simplicity of

the calculation. Clark and Evans (1954) results are quoted for numerous fields,

including volcanic fields on Mars (e.g., Bruno et al., 2004; Bleacher et al., 2009),

likely instigated by the work of Connor and Hill (1995) on Yucca Mountain,

with ‘batch‘ analyses easily performed e.g., the thirty-seven volcanic fields

analysed in Le Corvec et al. (2013c).
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Hop-F (Hopkins and Skellam, 1954) results are much less commonly presented,

because the calculation requires numerous (> 100, Cressie, 1991) simulations of

randomly placed points. However, a Hop-F value is quoted for Yucca Mountain

(Connor and Hill, 1995), and the Hop-F statistic is included here because the

null hypothesis is very different from that of Clark and Evans (1954). The

Clark-Evans statistic tests departure from a Poisson distribution, whereas the

Hop-F function assesses clustering. Thus it is possible to have no clusters

(negative Hop-F result), but with eruptions distributed non-randomly (positive

Clark-Evans result). Thus, the use of only one of these first-order statistics is

insufficient for determining the existence of any patterns in a field.

A third clustering statistic often used for exploratory analysis of volcanic fields

is the K-function (Ripley, 1979) which assesses clustering at different distances,

hence it is second-order. This analysis has been carried out on Yucca Mountain

(Connor and Hill, 1995) and the Auckland Volcanic Field (Magill et al., 2005).

As well as the above statistics which explore proximity, various methods have

been employed to assess the anisotropy of the relative locations of eruptions.

Lineaments (groups of closely aligned vents) are commonly sought after as these

may provide clues as to the subsurface magma transport mechanisms or

tectonic controls (e.g., Connor et al., 1992; Takada, 1994; Mazzarini and

D’Orazio, 2003; Germa et al., 2013). Various methods are available for

detection of lineaments from the locations of points (e.g., Lutz and Gutmann,

1995; Wadge and Cross, 1988; Hammer, 2009).
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For analysis of volcanic fields, dominant lineament direction is commonly

assessed using the Two Point Azimuth (TPA) method of Lutz and Gutmann

(1995) and has been applied to the Pinacate volcanic field (Lutz and Gutmann,

1995), the TransMexican Volcanic Belt (Connor, 1990), the Springerville

volcanic field (Connor et al., 1992) and the Michoacan-Guanajuato volcanic

field (Wadge and Cross, 1988). An alternate, or complementary method to this

is a 2D-Fourier analysis (e.g., Clement, 1973) which was also applied to the

TransMexican Volcanic Belt (Connor, 1990). To quantitatively estimate specific

lineaments within volcanic fields the Hough Transform (Wadge and Cross, 1988)

is most common, and was applied to the Michoacan-Guanajuato volcanic field

(Wadge and Cross, 1988), the TransMexican Volcanic Belt (Connor, 1990), and

the Springerville volcanic field (Connor et al., 1992).

The use of exploratory statistics, such as the ones above, are predominantly to

gain some insight into the general behaviour of a volcanic field for future

modelling steps. If the first-order statistics suggest non-random (Clark and

Evans, 1954) behaviour, or clusters of eruptions (Hopkins and Skellam, 1954)

then any modelling of the field should avoid uniform estimates. Depending on

the combination of Clark and Evans (1954) and Hopkins and Skellam (1954)

results, appropriate clustering of inhomogeneous density components could be

incorporated into a model. The presence of clustering implies a dependence

between eruption sites, thus locations of future eruptions may be expected close

to existing ones. Conversely, the presence of maximum spacing suggests the

locations of future eruptions may be dispersed farther from existing ones. An

inhomogeneous density (non-random distribution of eruptions) implies eruptions

are more likely in certain locations than others, but not necessarily

preferentially closer to existing eruption sites.
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If the second-order statistics (Ripley, 1979) suggest variations in clustering and

maximum spacing with distance then some attempt should be made to identify

the controls on these clusters (e.g., multiple-vent events, Chapter 2, Runge

et al., 2014) and then incorporate them into the forecast.

The results from lineament analyses can be used solely as indication of

anisotropy (e.g. Lutz and Gutmann, 1995), and consequently as justification for

the non-consideration of homogeneous methods such as isotropic kernels, or the

specific lineament locations used within a model as representative of more likely

future eruption locations (e.g., Felpeto et al., 2007; Moufti et al., 2010).

The main component of a probabilistic volcanic hazard analysis is that of

method selection and application. These methods are mathematical constructs

used to fit a probability density to eruption locations and timings. Method

selection can have a substantial influence on the resulting forecast, both in

terms of identifying susceptible locations, and determining associated eruption

probabilities. However, the majority of existing forecasts do not adequately

assess this sensitivity, and in some cases, minimal or no justification of method

choice is presented. A few notable exceptions apply. Connor and Hill (1995)

applied three different models to the same data for Yucca Mountain and found

that results were highly sensitive to model selection. More recent work is

beginning to incorporate formal goodness-of-fit assessments of models

(Bebbington, 2013). Temporal models fitted to data from Kilauea and Mt Etna

were assessed using synthetic data based on predictive posterior distributions

(Passarelli et al., 2010b), and Bebbington (2013) presented a spatio-temporal

predictive density to aid model selection for the Auckland Volcanic Field.
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Overall, the components for a complete volcanic hazard assessment are

well-established and current work is moving towards objective determination of

model selection, but a guiding/formal process has yet to be presented which

allows the incorporation of all of these steps. So here, a first attempt at this is

proposed as a repeatable, objective, and updatable workflow process.

5.1.2 Harrat Rahat

The suggested workflow process is demonstrated at each step using the volcanic

field of Harrat Rahat, Kingdom of Saudi Arabia, where there is evidence of

volcanic activity from 10 Ma, with the two most recent eruptions occurring in

the last 1500 years within 25 km of the city of Al-Madinah. A seismic swarm

potentially related to subsurface magma-intrusion occurred in 1999 AD ∼40 km

SE of the city.

Harrat Rahat is part of an extensive alkali basalt province with localised lava

fields (harrats) covering ∼180,000 km2 of the western Arabian Plate (e.g.,

Coleman et al., 1983, Fig. 5.2(inset)). The field is situated immediately

south-east of the city of Al-Madinah and it has an estimated total erupted lava

volume of ∼2,000 km3 (Blank and Sadek, 1983). Harrat Rahat was active from

at least 10 Ma, with an eruption record divided (using weathering and

stratigraphic criteria) into ten chronostratigraphic units from Tw1 (oldest) to

Qm7 (youngest) (Camp and Roobol, 1989). Across the whole of the field, 968

vents were identified (Chapter 2, Runge et al., 2014, Fig. 5.2), yet fewer than 3

% of them have definitive ages (Moufti et al., 2013).
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Figure 5.2: Harrat Rahat vent locations, the extent of Al-Madinah city (blue), and location
on the Arabian Shield (inset). Regions A,B, and C represent example areas used in Fig. 5.4.
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Table 5.1: Harrat Rahat Eruption Record. Age data from Camp and Roobol (1989), events
from Chapter 2 (Runge et al., 2014).

Stratigraphic
Unit

Temporal
Episode

Age Span Vents Events

Madinah

Qm7
1256 AD 7 1
641 AD 4 1

Qm6 4500 - 1500 BP 45 22
Qm5 0.3 Ma - 4500 BP 39 25
Qm4 0.6 - 0.3 Ma 38 32
Qm3 0.9 - 0.6 Ma 77 60
Qm2 1.2 - 0.9 Ma 154 94
Qm1 1.7 - 1.2 Ma 422 353

Hammah Th 2.5 - 1.7 Ma 162 144

Shawahit
Tw2 8.5 - 2.5 Ma 18 18
Tw1 10 - 8.5 Ma 2 2

To facilitate assessment of the spatio-temporal evolution of the field, vents were

classified to their most likely temporal unit, or eruption set (Table 5.1) based on

directionality of proximal lava flows and relative degrees of erosion (Chapter 2,

Runge et al., 2014). As the age spans designated to Qms 5 - 7 are substantially

shorter than those of the other temporal units, these were grouped together

during analysis as Qm567. Based on previous eruption sizes, and lava flow

extents across Harrat Rahat (Murcia et al., 2014), only eruptions within 30 km

of Al-Madinah are likely to cause significant physical damage (apart from the

potential for distal tephra fall). Lava flow lengths of up to 23 km are known

from single eruptions in Harrat Rahat (Murcia et al., 2014). In comparison, the

field width is between 30 and 45 km. Therefore, information as to the probable

locations of future eruptions is paramount. This requires consideration of how

the volcanic activity across the harrat may vary with time, i.e., determination of

current and future spatio-temporal intensity estimates.
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Two forecasts of eruption probabilities exist for the northern region of Harrat

Rahat, known as Harrat Al-Madinah: an isotropic kernel smoothing method

updated using inferred lineament locations (Moufti et al., 2010), and an

anisotropic kernel smoothing method updated with aeromagnetic data assumed

to represent hidden or buried eruption sites (El Difrawy et al., 2013). The

results from these forecasts are compared with the result from this work in

Section 5.3.1.

5.2 Method

5.2.1 Work Process Overview

The workflow process suggested here to robustly obtain a volcanic field activity

forecast is comprised of the following stages: data collection, definition of

assessment region, a determination loop, an approximation step, and finally

model construction and testing (Fig. 5.3).

All probabilistic approaches to density estimation assume that patterns in

previous volcanic activity will continue into the future. The first step in all

hazard estimates therefore, is the collection of data on previous activity (Data

collection, Fig. 5.3). For volcanic fields, the most frequently required estimates

are of probable locations and timings of future eruptions. Therefore data must

include, as a minimum, some information on where and when all previous

known eruptions occurred. If only spatial data (eruption locations) are

available, only purely spatial methods can be applied and only conditional

probabilities can be calculated, assuming both that an eruption occurs, and

that the spatial and temporal behaviours of the volcanic field are independent.

This also assumes that there is no change in spatial pattern over the time

period which the conditional probability is calculated over.
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The next step is to define the assessment region (Define assessment region,

Fig. 5.3). This may be the entire volcanic field region (the definition of which is

not straightforward as was shown in Chapter 4) or a smaller region around an

area of interest.

This is followed by a check for the existence of any patterns in space, time, or

space-time (Determine pattern existence, (Fig. 5.3). This information can

be obtained using first and second order statistical tests that assess the

departure from randomness and the significance of the result, e.g., the

probability of obtaining this pattern from a Poisson point process is less than 5

%. If there is no significant (low probability) departure from randomness, then

sufficient information has been gathered to proceed to model development (‘No

significant departure from randomness’, Fig. 5.3). However, if the existence of a

non-random pattern is suspected (‘Non-random pattern’, Fig. 5.3), the next

step is to explain this via detailed modelling. These patterns can include, for

example, clustering (or regularity), trends, or correlations with an ancillary

variable.

For a volcanic field, knowledge of processes influencing eruptions can be used to

model non-random behaviour, including geologic structures (e.g., multiple-vent

eruptions, Chapter 2, Runge et al., 2014), or objective determination of

relationships between observed data and volcanism (Chapter 3). If

quantification of this information is possible (Quantify correlation, Fig. 5.3),

its effect on the overall eruptive pattern can be accommodated (Record

correlation, then remove influence, Fig. 5.3), and the process repeated to

seek any additional influences (Determine pattern existence, Fig. 5.3).
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If there is no known or observed explanation for a departure from randomness

(‘Unknown’, Fig. 5.3), an approximation of the observed pattern is the next

best thing (Approximate remaining pattern). It is often the case that

non-random patterns occur in volcanic fields but their cause or properties are

unknown, thus probabilistic estimation of future volcanic field behaviour is

based on the adoption (or adaptation) of statistical methods (e.g., Marzocchi

and Bebbington, 2012). Consequently, a multitude of options are readily

available for pattern approximation, and model selection should be based on

consideration of both data certainty (predominantly dependent on availability

and resolution) and apparent volcanic field behaviour. After this, potential

models should be assessed using a predictive density approach (e.g.,

Bebbington, 2013).

Model construction and testing (Fig. 5.3) then allows model development

(Model) which includes reincorporating any of the known influences on pattern

development, if they inform future activity (e.g., via Bayesian techniques, e.g.,

Martin et al., 2004). Validation and Evaluation steps are also advised (and

outlined here in Section 5.2.5), along with an assessment of potential future

behaviour based on the selected models, before a credible forecast can be

presented (Fig. 5.3).

5.2.2 Determine Pattern Existence

At some intrinsic level, due to observational limits, all real-world systems

exhibit natural variability which can be modelled as a random process (Jeffreys,

1973). Therefore, by looking at departures from randomness in a volcanic field,

the existence of patterns can be established that exceed natural variability in

the frequency of eruptive events in space-time.
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The most commonly applied statistical methods for exploratory volcanic field

analysis are two first-order (single number) spatial randomness tests:

Clark-Evans (R: Clark and Evans, 1954), and Hop-F (Ag: Hopkins and

Skellam, 1954), and a second-order (distance varying) statistic: K-function

(L̂(d): Ripley, 1979).

Application of these requires objective definition of the assessment region

(calculation of the volcanic field area) (Fig. 5.3). This was shown to be a

complex exercise in Chapter 4, thus where possible, multiple boundaries should

be fitted to a volcanic field to assess sensitivity to the selection.

In this previous chapter, an isocontour-based boundary was suggested as the

most reliable for hazard forecasts of future activity in Harrat Rahat. This

accommodates (or minimises) the regions of empty space and elongated nature

of the vent distribution. For exploratory statistics, a convex hull is used due to

its simplicity of fit in this section for determination of pattern existence.

Application of these two first-order statistics to Harrat Rahat vent locations,

using a convex-hull defined boundary and 1000 Monte Carlo simulations (to

assess the significance), produces a Clark-Evans result that strongly suggests

clustering in space (R = 0.628), i.e., there are higher and lower vent-density

regions than would be expected from a Poisson distribution. The Hop-F result

suggests a random vent dispersal (Ag = 1.040 ± 0.049), i.e., the distances

between vents are distributed similarly to distances to random points in space.
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Second-order K-function results across the whole of Harrat Rahat were

non-informative as the strong spine-structure causes substantial spatial

variations in vent densities (Fig. 5.2), which overpowers any other clustering

information. Consequently, K-function analyses were performed across 30 x 30

km regions, because these 1:1 aspect ratio sections correspond approximately to

the field width (Fig. 5.2). Almost all regions suggested significant vent

clustering at distance < 3 km (three examples are shown in Fig. 5.4(a),(c),(e)).

(a) Vents: Region A (b) Events: Region A

(c) Vents: Region B (d) Events: Region B

(e) Vents: Region C (f) Events: Region C

Figure 5.4: L-function (L̂(d)) statistic for Harrat Rahat across three example regions (A-C)
for vent, and event eruption records (Table 5.1). Thin lines represent upper and lower 95 %
significance levels from 1000 random Poisson simulations



5.2. METHOD 181

5.2.3 Determine Correlation or Causation

If some information on the cause of a non-random vent distribution is known,

this influence on the departure from randomness can be statistically quantified

and then removed (Determination loop, Fig. 5.3). For example, in volcanic

fields, magma can breach the surface as a fissure which may produce groups of

closely-aligned vents (e.g., Wood, 1980; Walker, 1999). The effect of these

localised clustering structures on the overall departure from randomness can be

removed by pre-grouping vents into their most likely multiple-vent event

(Chapter 2, Runge et al., 2014) and then reassessing the field using these

aggregated events, rather than individual vent locations.

In Harrat Rahat, the two most recent eruptions (Table 5.1) were comprised of

multiple vents: a 641 AD event that produced four small scoria / spatter cones,

and a 1256 AD event that produced ∼0.5 km3 of magma from at least seven

vents (Camp et al., 1987; Moufti et al., 2010). Evidence of other multiple-vent

eruptions across Harrat Rahat motivated the work in Chapter 2 (Runge et al.,

2014) to group the observed eruptive vents into their most likely eruptive event.

The 968 vents were resolved into 752 eruptive events (Table 5.1) thus at least

partially removing the effect of these vent-structures on any departure from

randomness.

The harrat was then reassessed for any non-random pattern within the event

eruption record (i.e., one full pass of the workflow process determination loop,

Fig. 5.3). For this, and all subsequent analyses, the events (including

multiple-vent events), were treated as a point process because almost all of

these randomness statistics and probabilistic approximation methods are

inherently point process-based.
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The alternative, i.e., disregarding the point process assumption is statistically

complex. Given the relative dimensions of events and the inter-event distances

across Harrat Rahat, this point process assumption is still justifiable. However,

should more detailed analyses be required over smaller regions, this approach

would have to be reassessed.

After collapsing multi-vents into their likely events, the Clark-Evans first-order

statistic still suggests a non-Poisson distribution with R = 0.7668. However the

Hop-F results now more strongly suggest a random dispersal of events (Ag =

0.982 ± 0.045, i.e., Ag ∼ 1). This reflects the difference in algorithm, with the

Clark-Evans testing departure from a Poisson distribution, and the Hop-F

function assessing clustering and thus, with the event-clusters removed, the

Hop-F result is ‘random’, but the locations of the events are still not Poisson

distributed (Clark-Evans R < 1). The K-function results for eruptive events

differ from the vent results in that there is no longer significant clustering noted

≤ 3 km. However, large scale structures (with clustering at distances up to ∼8

km) still remain (Fig. 5.4(b),(d),(f)).

Observable geological or geophysical data can be compared to volcanic activity

and any objectively determined relationships can be accommodated as known

correlation effects for re-insertion during model forecasting stages. To assess any

other potentially quantifiable influences on the non-random behaviour,

exploratory work on Harrat Rahat was carried out using all available

geophysical and geological data sets (Chapter 3). This showed that none of the

available ancillary data were of sufficient resolution and/or coverage to produce

reliable results at the eruptive event level, thus further removal of objectively

determined pattern influences was not possible.
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5.2.4 Pattern Approximation

If the remaining eruption locations still exhibit a departure from randomness

once all known constraints are removed, this residual spatio-temporal pattern

must be approximated (Approximate remaining pattern, Fig. 5.3). A

number of well-established spatial, temporal, and spatio-temporal methods are

available for the step of pattern approximation (see Bebbington (2009);

Marzocchi and Bebbington, 2012). These aim to construct 1D (time, or

occasionally space, e.g. Cronin et al., 2001), 2D (space), or 3D

(spatio-temporal) probability densities from the known data points (x, t) in

order to recover an underlying structure.

Spatial, Temporal, and Spatio-Temporal Models

Temporal methods vary both in terms of assumed behaviour structure (e.g.,

steady-state, excitation, or renewal, and/or volume- or energy- dependent

processes; Marzocchi and Bebbington, 2012) and in terms of fitted shape (e.g.,

Poisson, or Gamma distributions). Consequently, a wide range of models can be

produced for a volcanic system. For prolific polygenetic volcanic systems, the

amount of temporal data facilitate the fitting of complex temporal models (e.g.,

Hawaii, Bebbington, 2008; Passarelli et al., 2010a, and Etna, Bebbington, 2007;

Smethurst et al., 2009). However, for the majority of volcanic fields, age data is

often limited to a small minority of eruptions (some notable exceptions apply,

e.g., Auckland Volcanic Field, Bebbington and Cronin, 2011; Springerville

volcanic field, Condit and Connor, 1996), and thus simpler methods are

adopted, with a steady-state homogeneous Poisson process often assumed for

temporal recurrence rate estimates.
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Spatial approximation methods are often used to obtain a smoothed

interpretation of the distribution of eruption locations (i.e., event density

variations across a field). Various mathematical constructs are available to fit a

probability density to data points. The majority of spatial methods use kernel

density estimation to obtain the required density; these are based on kernels

(typically rounded cone shapes) centred at each eruption location. The spatial

density at a point is then obtained by summing the proportions from all kernels

(for an in depth discussion on kernel density estimation as a smoothing

technique see Wand and Jones, 1994).

Similar to temporal methods, spatial models can vary in terms of fitted shape

(e.g., Gaussian, or Epanechnikov kernel), and related parameters (i.e., kernel

bandwidths, and volcanic field area). However, it has been shown that the

influence of the kernel shape is minimal under the majority of circumstances

(Epanechnikov, 1969) and thus the focus for these methods is on the

optimisation of the bandwidth (smoothing) matrix, i.e., on the extent of (or

number of nearest) data points which exert influence (Silverman, 1986).

Lack of eruptive ages for the majority of eruption centres in almost all volcanic

fields, compared with relatively accurate location data, has resulted in the

frequent separation of volcanic field estimates into distinct spatial and temporal

models. This requires the assumption of independence of the field behaviour in

space and time. These models are then multiplied to obtain a three dimensional

result (e.g., Conway et al., 1998; Weller et al., 2006; Cappello et al., 2012).
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Due to this general lack of age data, very few spatio-temporal models have been

developed for volcanic field analysis. A notable exception however is the

spatio-temporal nearest neighbour model developed by Connor and Hill (1995)

that accommodates variations in time and space simultaneously. This model

can only be applied to those volcanic fields where reliable eruption ages can be

assumed for each event (e.g., Auckland Volcanic Field, Bebbington, 2013;

Springerville volcanic field, Condit and Connor, 1996; Yucca Mountain, Connor

and Hill, 1995; Taveuni volcano, Cronin et al., 2001).

The validity of a method depends on the robustness of any inherent assumptions

and how well the method matches the unknown volcanic field subsurface

processes, which results in a circular problem: determination of which method

best-fits the unknown behaviour requires knowledge of the that behaviour.

Model Selection Considerations

Model selection is based on data availability, and observed underlying structures

that may suggest specific alignment directions or other controls. For volcanic

fields, data availability is a significant factor. Unless good age or eruptive

sequence data are available, ‘out-of-the-box’ spatio-temporal methods should be

avoided, and any temporal recurrence rate estimates should be approached with

caution. If there is evidence to support the possibility of a large number of

unobserved (buried/quarried/eroded) vents, a highly detailed method which

closely fits the pattern of identified eruptions is likely to be overly biased

towards the observed data (Wetmore et al., 2009) unless it can be assumed that

the hidden vents follow the same pattern as those visible. In these cases, any

data which can be shown to reflect these hidden vents should be incorporated

into the model (e.g., Connor et al., 1997; El Difrawy et al., 2013).
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To aid model selection by supporting or discarding inherent assumptions, other

features or structures across the field can be assessed. The most commonly

sought features are lineaments, i.e., lines joining known eruption points, as these

may represent larger scale structural controls on the volcanic field (e.g., Connor

et al., 1992). These either determine dominant alignment direction(s) (e.g.,

Two-Point Azimuth (TPA), Lutz and Gutmann, 1995) or estimate specific

lineament locations (e.g., Hough Transform, Wadge and Cross, 1988).

(a) Vents

(b) Events

Figure 5.5: Two Point Azimuth frequency histograms for Harrat Rahat for vent-based, and
event-based eruption records (Table 5.1). Thick lines represent vent/event values, thin lines
represent upper and lower 95 % significance levels from 1000 random Poisson simulations of
points placed within the isocontour boundary. Shaded areas exceed the 95 % significance level.
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For Harrat Rahat, TPA analyses revealed prevalent alignment directions

between 160°and 180°for both vent, and event eruption records (Fig. 5.5). The

between-event directions (Fig. 5.5(b)) tended slightly more towards a N-S

direction than when the alignments within vents were also included in the

analysis (Fig. 5.5(a)). This dominant alignment direction matches that of the

overall field shape (Fig. 5.2), represented by the finer lines on Fig. 5.5. The

prevalent alignment may suggest that the controls on the local event dimensions

(as representative of subsurface dyke orientations), match the controls on the

general locations of eruptions, as well as the controls on the overall volcanic

field region. This may support previous suggestions of a stress-controlled system

(Camp and Roobol, 1992). This evidence of directionally heterogeneous

behaviour removes the consideration of isotropic kernel-based methods as

candidate models for Harrat Rahat, as these are unlikely to be able to capture

the observed structure.

Data availability also has substantial influence on model choice for Harrat

Rahat. The limited temporal data (Moufti et al., 2013) means that temporal

method results cannot be assumed reliable and any application of a

spatio-temporal model is open to question. However, this forces separate spatial

and temporal analyses and the assumption of independence, thus, some idea of

the validity of this unavoidable assumption is required. In the case of Harrat

Rahat, some eruption sequence information is available via previous

chronostratigraphic work (Camp and Roobol, 1989, Table 5.1). While this

discrete, and broadly designated, temporal data has limited use for density

estimates, it may still provide some information as to any possible migration, or

focussing with time.
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By collapsing events onto the approximate spine of the harrat (in an approach

similar to that taken by Cronin et al., 2001), it becomes apparent that the

location of eruptions appears to be focussing towards the north with time as

evidenced by the shortening (narrowing) distributions of event locations with

younging temporal unit (Fig. 5.6(a)). A potential second region of continuing

activity can be envisioned ∼150 km SSE of the Qm7 events (Fig. 5.6), however,

this relies heavily on a single Qm5 designated eruption site, thus it must be

interpreted with caution.

As an analysis based on discrete, temporal data of varying age spans, the

uncertainty is difficult to quantify, however, by rotating the axis of the line onto

which events were collapsed, some idea of the main direction of inferred

movement of volcanism could be obtained (NNW-SSE, Fig. 5.6(a)). However,

the results were relatively insensitive to small changes in line direction (± 15°).

For comparison, the perpendicular axis results are also presented here and show

two main bands of higher event density reflecting the slight lateral (∼E-W)

offset of the spine structure at ∼23°15’N (Fig. 5.6(b), Fig. 5.2).

Qm7 only contains the two historical eruptions, thought to be located in the

north. The seismic swarm in 1999 AD which may be indicative of magma

intrusion (Lindsay and Moufti, 2014) was also located in this northern region

(Fig. 5.7). However, it should be noted, that these seismic observations have

only been possible since the installation of the first permanent seismic stations

in Saudi Arabia in 1992 (Endo et al., 2007) thus any seismic activity prior to

this (including during the last 1500 years, Qm7) may have been located

elsewhere (e.g., further south) and just not observed. Historical earthquakes

have been noted near Madinah in 626, 641, 1122, 1256, and 1293 AD (Poirier

and Taher, 1980; Ambraseys et al., 2005).
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(a) Event distribution along SSE-NNW

(b) Event distribution along WSW=ENE

Figure 5.6: Spatio-temporal analysis of Harrat Rahat. Temporal unit ages are given in Table
5.1. Event density variations (black lines) are given along (a) and perpendicular (b) to the
spine of Harrat Rahat. Red dots indicate event locations, kernel smoothing applied with a
normal distribution and bandwidth optimised via ksdensity,MATLAB based on Bowman and
Azzalini (1997). Densities normalised across the whole field.
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An additional consideration is the likely large number of missing eruption

locations from the older temporal units (Chapter 2, Runge et al., 2014). In

Harrat Rahat, the specific locations of missing eruptions could not be inferred

except that they were more likely under areas of thicker subsequent lava flow

coverage. This is supported here with the older events observed within the

lower event-density regions of subsequent temporal units (e.g., compare Tw1

and Tw2 event locations with Th density distribution, Fig. 5.6(a), or Tw1 event

locations with Tw2 gaps, Fig. 5.6(b)). It is intuitive that larger eruption centres

are more likely to ‘survive’ subsequent eruptions, with lava flows more likely to

flow around, rather than over substantial topographic highs (e.g., Griffiths,

2000). The older vents of Harrat Rahat (Tw1, Tw2), however, have relatively

small estimated diameters (Fig. 5.7) which may, in part, be due to erosion. This

also may suggest non-uniform distributions of vents in the older event sets,

similar to those noted in the more recent ones. This survival versus size

relationship was also examined in Chapter 2 (Runge et al., 2014).

Figure 5.7: Spatio-temporal behaviour of Harrat Rahat. Black open circles represent basaltic
centres, more evolved trachytic centres are shown in red. Temporal unit ages are given in Table
5.1, estimated vent diameters are represented by marker size, also shown are the historical
activity: 641 AD and 1256 AD eruption locations, and the 1999 AD seismic swarm.
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To accommodate the likely substantial amount of missing data, only those

events relating to the Madinah stratigraphic unit (< 1.7 Ma, Table 5.1) were

used here for subsequent density estimates. This essentially removes any

potential information about the behaviour of the harrat over its whole lifetime

(e.g., long-term waxing or waning) and instead, focuses on any potential

shorter-term patterns, limiting the future scope for plausible forecasts. However,

forecasts of up to 105 yrs are acceptable for the most risk averse applications

(IAEA, 2012) and are likely sufficient for the majority of applications e.g., risk

analyses or lava flow inundation studies. Due to the apparent spatio-temporal

behaviour of Harrat Rahat (Fig. 5.6) this temporal restriction also partially

accommodates the apparent focussing of activity northwards by reducing the

analysis region in terms of volcanic field length by approximately a third.

Other observed variations in eruption behaviour across Harrat Rahat include

vent sizes and composition (basaltic or trachytic) of erupted products (Fig.

5.7). There is no apparent trend in estimated vent diameter with distance along

the spine of the field, and both larger and smaller vents are observed in regions

of high and low vent densities (Fig. 5.7). However, eruptions of more evolved

compositions appear to be constrained within three temporal units (Qm3-5; 0.9

Ma - 4500 BP), over a NNE-SSW distance of ∼30 km, and tend to be among

the larger vents (reflecting the variation in eruption style, Fig. 5.7). They also

appear above the higher vent density regions of Qm1 and Qm2 (Fig. 5.6(a)).

This may suggest more complex pathways to the surface, which as petrological

studies also indicate, includes pausing of magma within, or at the base of the

crust to differentiate to more evolved and more buoyant compositions.

Alternatively, trachytic eruptions are evolved from magma that remained in the

crust after previous basaltic eruptions.
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These apparent spatial constraints on the trachytic eruptions must be taken

into consideration for hazard analyses as they are related to more explosive

eruption styles and consequently different potential hazard footprints. This also

suggests a variation in volcanic field behaviour within this region (and

potentially, time period).

For forecasting purposes, the two sets of concentrations of events from Qm1-2

means that such eruptions may be viable further south, potentially above the

second region of possible activity (Fig. 5.6). However, without additional

information on crustal structure or an evidence-supported rationale for these

constraints, they will be considered equivalent to the basaltic events for spatial

density estimates.

With the above considerations for model selection, two potential spatial density

models might be appropriate: an anisotropic kernel (1), or a nearest neighbour

kernel (2). Strong evidence for spatio-temporal dependency in the Harrat Rahat

means that the spatio-temporal nearest neighbour model (3) was also

considered, despite the aforementioned age concerns. These three models are

briefly outlined here.

Anisotropic Kernel

The anisotropic kernel can be applied as a smoothing method which facilitates

creation of a 2D probability density surface from data points exhibiting

anisotropic relationships. It is a generalisation of the two-dimensional isotropic

kernel, which is a well-established means of estimating spatial density of

eruptions in volcanic fields (e.g., Conway et al., 1998).
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Connor and Connor (2009) suggested a Gaussian anisotropic kernel for spatial

density estimation in the Yucca Mountain Range, which was subsequently used

on the Abu Monogenetic Volcano Group (Kiyosugi et al., 2010), Auckland

Volcanic Field (Bebbington and Cronin, 2011), and Harrat Al-Madinah

(El Difrawy et al., 2013). This will be applied here:

λs(x) =
1

2nπ
√
|H|

N∑
i=1

exp[−0.5 |xi − x|T H−1 |xi − x|]

Where N : total number of eruptions, H: 2D kernel bandwidth matrix, |H|:

determinant of H, and |xi − x|: distance between i th event at xi and location

x. Bandwidth estimation was done here via minimising the sum of the

asymptotic mean square error (SAMSE) using the R package ks (Duong, 2007)

as it always produces a finite bandwidth matrix (Duong and Hazelton, 2003),

sufficiently balances robustness and detail (e.g., Bebbington, 2013), and was

found to well represent the clustering structures often found within volcanic

fields (Connor and Connor, 2009; Bebbington, 2013).

Application of this method as a spatial density estimate requires the assumption

that a steady-state model is valid, with future eruptions following the same

spatial distribution as previous eruptions, i.e., are more likely to fall in regions

of existing higher event densities. This method also incorporates a constant

(homogeneous) spatial structure varied only by event density thus it is assumed

that this constant (2D) kernel bandwidth reflects the behaviour of the volcanic

field at all locations and times.
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Nearest Neighbour Kernel

The nearest neighbour kernel is an alternative kernel smoothing method which

bases the bandwidth on the distance to the mth nearest neighbour (Silverman,

1986) and was applied by Connor and Hill (1995) on the Yucca Mountain region,

Nevada. While is it based on an isotropic kernel, this method accommodates

spatial inhomogeneity via a spatially varying bandwidth and consequently adapts

the level of smoothing to the variation in event density:

λs(x) =
1

2nπ

m∑
i=1

1

rm2
exp[−0.5(

xi − x
rm

)2]

Where m: number of nearest neighbour eruptions, rm: distance between a

location x and the mth nearest neighbour, and |x1 − x|: distance between i th

event at xi and location x. Here, the optimum number of nearest neighbours

was found via least squares cross validation (LSCV) (e.g., Bebbington, 2013) .

Application of this method as a spatial density estimate requires the same

assumption that a steady-state model is valid with future eruptions following

the same distributions as previous eruptions.

Spatio-Temporal Nearest Neighbour

The spatio-temporal nearest neighbour (STNN) model assesses volcanic field

behaviour variations in both space and time simultaneously and thus the results

are dependent on the time at which an estimate is required. The ‘nearest’

neighbours are proximal both in terms of distance and time (i.e., using positive

values of the metric π ‖x− xi‖2 (t− ti)), where ti < t.
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It was introduced by Connor and Hill (1995) and has since been applied to the

Springerville volcanic field (Condit and Connor, 1996), Taveuni, Fiji (Cronin

et al., 2001), and the Auckland Volcanic Field (Bebbington, 2013):

λs,t(x, t) =
m∑m

i=1 π ‖x− xi‖
2 (t− ti)

Where m: number of nearest neighbour eruptions, t: time of estimate, ti: time

of i th eruption (< t), and x− xi: distance between i th event at xi and location

x.

For application to the age data of Harrat Rahat, an eruption centre was

assigned the age at the centre point of its assigned temporal unit. While likely

inaccurate, more involved methods (e.g., randomly assigning event ages within

each temporal unit) would dramatically increase computational time (due to the

number of simulation runs required to obtain a distribution of possibilities) and

with no guarantee of improved results.

Qm designations in Camp and Roobol (1989) were based on perceived distinct

variations in levels of erosion, with an inter-basaltic disconformity noted

between Qms 3 and 4. The fact that classification into individual units was

possible also suggests heterogeneous eruptive activity across the Qm range.

Thus assigning random ages across the whole time span (for which a

distribution would need to be assumed) is unlikely to represent eruption times

well, as eruptions are more likely within the centre of the designated spans than

at the edges.
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To determine the optimum number of nearest neighbours, Condit and Connor

(1996) applied the model through time with a range of m values to find the best

estimates of subsequent 0.25 Myr intervals and found that this optimum value

varied with time step. Bebbington (2013) found that the optimum number of

nearest neighbours always increased with, and disproportionately to, the

number of eruptions. These findings pose a significant problem; if the optimum

value of m varies with time, what is the optimum value that will best-describe

future unknown eruptions? Here, the same approach as in Condit and Connor

(1996) is followed, whereby the number of nearest neighbours is varied from

1:number of events and the optimum m determined for each temporal unit

based on the fit of the known subsequent eruption set. This method assumes

that location, and more importantly age data have been accurately determined

for all of the observed events. However, as the older events have lesser impact

on current and future estimates, some uncertainty in these can be justifiably

accommodated. It is also assumed that the number of nearest neighbours in

some way represents the level of variations in volcanic activity in space-time.

5.2.5 Model Construction and Testing

Once the known pattern dependencies are accommodated for (Section 5.2.4),

the commonly applied next step is to construct a complete model of the

behaviour of the volcanic field from the pattern approximation methods

(Model, Fig., 5.3), and any correlated additional data (e.g., fault locations).

This modulation can be done via Bayesian frameworks (e.g., Martin et al.,

2004), weighted combinations (e.g., Mart́ı and Felpeto, 2010), or proportional

hazards (e.g., Bebbington and Marzocchi, 2011; Green et al., 2013).
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Pattern approximation and construction phases often involve several subjective

choices (e.g., the weightings to be given to different data sets) which can result

in a wide range of potential models, and subsequently quite different ‘answers’

for future activity estimates. Where objectively determined decisions are not

possible, all viable model variations should be carried through for testing and

validation.

For Harrat Rahat, no available ancillary data was shown to be correlated with

vent locations at the vent level (Chapter 3), thus no modulation methods were

required. The event-based eruption record was used (rather than individual

vent locations) as this removes at least some multiple-vent eruption bias from

the data. This avoids artificially high densities at the sites of the most recent

multiple-vent events.

The three models were applied to Harrat Rahat alongside a uniform (spatial)

distribution for comparison. The volcanic field boundary was defined as an

isocontour based on the spatial model of choice (Chapter 4). The model was

fitted to the data, and the isocontour containing 99.9 % of the spatial density

was taken as the field boundary, thus ensuring inclusion of the complete

eruption set of ∼1000 vents. This value produces a finite boundary (whereas

100 % does not) and also this value allowed all boundary results to form a single

simply connected region (i.e., with no holes).

For the spatio-temporal model, the volcanic field boundary is evaluated

conditional on an event occurring within the subsequent time period (i.e.,

normalised over ti − t, which for Harrat Rahat are inter-temporal unit spans).
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The boundary can be determined using the remaining, purely spatial, densities.

For the uniform spatial density model, the boundary must be defined with an

independent method, because the value at a point is completely dependent on

the predefined area over which the probability is spread. Here, it was taken as

the isocontour of the isotropic kernel density estimate (bandwidth optimised via

SAMSE) containing 99.9 % of the probability density (as per Chapter 4).

To accommodate the temporal variation in spatial pattern three boundary

definitions were also applied:

(1) Stationary (or fixed) boundary: this must contain all events from past

and future temporal units. This is, of course, not feasible for forecasting.

(2) Expanding boundary: this is initially fitted to the oldest event set and

then refitted with each subsequent set of eruptions, where all previous events

must be included.

(3) Memoryless boundary: this is dependent on the previous temporal unit’s

events only. This attempts to capture migration in the field.

An illustration of how these vary with time (here, discrete temporal units) are

shown using the variation in spatial density and consequently boundary for the

anisotropic kernel based models (Fig. 5.8). In this manner, twelve potential

models (anisotropic, nearest neighbour, spatio-temporal nearest neighbour, and

uniform distribution of values, with either fixed, expanding, or memoryless

boundaries) were fitted to Harrat Rahat with parameters optimised according

to the boundary-based assumptions (Table 5.2), e.g., a memoryless boundary

definition is based solely on the immediately previous event set, therefore, so

were the SAMSE based anisotropic kernel, and the LSCV determined number of

nearest neighbours (an example of each of these models is shown in Fig. 5.9).
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(a) Fixed Qm1 (b) Fixed Qm2

(c) Expanding Qm1 (d) Expanding Qm2

(e) Moving Qm1 (f) Moving Qm2

Figure 5.8: Volcanic field boundary variations for the anisotropic kernel model with SAMSE
determined bandwidths. Red lines represent volcanic field boundaries as fitted at the end of the
specified temporal unit (Table 5.1). Contour colour levels span [0: 5 x 10−5] and are consistent
for all figures.
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(g) Fixed Qm3 (h) Fixed Qm4

(i) Expanding Qm3 (j) Expanding Qm4

(k) Moving Qm3 (l) Moving Qm4

Figure 5.8: Volcanic field boundary variations continued
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(a) Anisotropic(F) (b) Anisotropic(E) (c) Anisotropic(M)

(d) Nearest-Neighbour(F) (e) Nearest-Neighbour(E) (f) Nearest-Neighbour(M)

(g) Uniform(F) (h) Uniform(E) (i) Uniform(M)

(j) Spatio-Temporal(F) (k) Spatio-Temporal(E) (l) Spatio-Temporal(M)

Figure 5.9: Model fitting example for the twelve models, fitted to the data at the end of
Qm2. Contour colour levels span 0 to 5 x 10−5 and are consistent for all figures with the
spatio-temporal likelihood values averaged over 0.3 Ma (ti − t)
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Table 5.2: Model Parameters. Qm designations as per Table 5.1. F: Fixed, E: Expanding,
M: Moving boundaries. NN: nearest neighbour, STNN: Spatio-temporal nearest neighbour.
Anisotropic kernel bandwidths found via SAMSE, Nearest Neighbour numbers found via LSCV.
*STNN parameter value for Qm567 set equal to Qm4 value.

Model Parameter Qm1 Qm2 Qm3 Qm4 Qm567

Anisotropic (F)√
H , km

[
10.93 −1.92
−1.92 1.85

]
Anisotropic (E)√

H , km

[
11.04 −1.74
−1.74 1.86

] [
11.06 −1.92
−1.92 1.90

] [
11.16 −1.93
−1.93 1.87

] [
11.03 −1.89
−1.89 1.87

] [
10.93 −1.93
−1.93 1.85

]
Anisotropic (M)√

H , km

[
11.04 −1.74
−1.74 1.86

] [
9.74 −1.81
−1.81 2.88

] [
12.57 −2.86
−2.86 3.46

] [
4.07 −2.00
−2.00 3.27

] [
6.94 −1.37
−1.37 2.72

]
NN (F)

m
m = 18

NN (E)
m

m = 20 m = 15 m = 12 m = 10 m = 11

NN (M)
m

m = 20 m = 5 m = 9 m = 5 m = 6

STNN (F)
m

m = 14

STNN (E,M)
m

m = 18 m = 12 m = 12 m = 6 m = 6 *

For the spatio-temporal model, the temporal unit defined ages meant that for a

memoryless boundary, all events within the model were assigned the same age,

thus for evaluation over a single Qm, the STNN model is reduced to a purely

spatial model, but differs from the nearest-neighbour kernel in the spatial decay

rate (1/r2, rather than exp[−r2]).

Validation

To validate these potential volcanic field models (Validate, Fig., 5.3), a spatio-

temporal log-likelihood function has been suggested in Bebbington (2013), based

on the forward likelihood-based predictive approach of Chiodi and Adelfio (2011).

By fitting model parameters to previous eruptions (say, the first 50 % of events),

the point-process based log-likelihood of the subsequent (known) event(s) can be

calculated.
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By applying a log-likelihood function to all potential models, the best model is

objectively determined as that with the greatest log-likelihood:

˜logL =
n−1∑
i=k−1

logL(xi+1, ti+1|(xj, tj), j ≤ i)

n : total number of events, k : number of model parameter initiating events,

(x, t) : points in space and time where events occur.

For application of the above equation, some information is required as to the

ages of all previous eruptions, which is not often available for volcanic fields. In

these situations, or for purely spatial models, a cross-validation approach can be

taken where a random selection of the observed events is used as the

‘subsequent’ eruption set (n− k) and stationarity assumed.

In Harrat Rahat, this log-likelihood validation approach was easily adapted to

the temporal event groupings with model assessment done from unit to

subsequent unit. The initialisation period was set as the number of previously

occurring events that a model could see, with the log-likelihood then calculated

as the sum of the model determined values, assessed at the locations of events

within the subsequent time period. For fixed and expanding boundaries, the

initialising set (k) was equal to all previous eruptions, for a memory-less

boundary, this was equal to the immediately previous temporal unit only.

The spatio-temporal model posed some complications for both validation and

evaluation steps due to the limited age data.
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Without information on the order of eruptions within the initialising events

(here Qm1), the spatio-temporal model becomes equivalent to a nearest

neighbour model, with all events designated the same (mid-span) age of the

Qm. The values vary with time as well as space, thus, the time at which the

subsequent Qm event locations are evaluated also has some influence on model

performance.

Further, the spatio-temporal rate (km-2yr-1) at any point decreases with time if

no eruption occurs within the field (representative of decreasing recurrence

rate). If the same model is evaluated at the beginning, or mid point of the

subsequent Qm, it performs better (higher values at subsequent eruption

centres) than if it is evaluated at the end. The variation in values with time,

therefore, comes from the smoothing effect of moving through time. As time

passes, with no eruption, the values of (t− ti) for each eruption increase, placing

more weight on this ‘distance’ than the non-varying distance between each point

and each event location. This is functionally a temporal equivalent of increasing

a spatial kernel bandwidth and so as time continues, the space-time ‘distance’

increases, and the instantaneous probability densities across the region are

smoothed over time.

To assess the sensitivity of the results to this, three sets of options were

evaluated for each time step: namely, all of the subsequent events erupted at

the beginning, mid-point, or at the end of their designated time period. The

effect on the resulting log-likelihoods (across 0.5 Ma time steps) was found to be

minimal (max. ± 0.01), and significantly less than the variations generally

noted between models (Fig. 5.10).
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Results for the twelve model variations show that the anisotropic kernel

approach almost always performs best i.e., renders the highest log-likelihood.

The uniform model almost always performs the worst (lowest log-likelihood)

regardless of boundary definition (Fig. 5.10). However, for the most recent

temporal step, the spatio-temporal nearest neighbour model with an expanding

boundary outperforms all other models tested (Fig. 5.11). Apart from this final

step, the spatio-temporal model with a memoryless boundary appears to

perform similarly to the nearest neighbour model, despite the variation in

optimum number of nearest neighbours (Table 5.2).

This is an interesting result, because the memoryless boundary should better

adapt to the spatio-temporal focussing northwards noted for Harrat Rahat (e.g.,

Fig. 5.6). The result is probably due to the fact that all of the models

(including the spatio-temporal nearest neighbour model) have to assume

temporal invariance across the time periods being assessed. The memoryless

boundary is fitted, say to Qm2 (Fig. 5.9), but then assessed as to how well it

predicts Qm3 events, which are generally clustered still further north than those

of Qm2. The isotropic boundary fitting (used for the uniform density model) to

Qm3, and Qm567 required much larger (SAMSE estimated) isotropic smoothing

bandwidths in order to meet the ‘no holes’ criteria (Chapter 4). This was due to

the large gaps between some of the eruptions, with both event sets having the

majority of eruptions in the north, and then one or two 50 - 100 km further

south (Fig. 5.6(a), Fig. 5.7). The effect of this much larger boundary had a

substantial influence on the performance of the uniform density model moving

from Qm3 to Qm4 due to the increase in total area, and also likely renders the

uniform-memoryless forecast invalid (Fig. 5.12(g)).
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Aggregated values (over the four time steps), place the four top spatial models

as anisotropic (F), (E), (M), and nearest neighbour (E). As the difference in

log-likelihood between these models was ∼0.1, which is not statistically

significant, all four of these models were progressed through for evaluation

(Evaluate, Fig., 5.3).

Figure 5.10: Spatial log-likelihoods with temporal unit. Qm divisions in Table 5.1. The best
model is considered to be that with the highest log-likelihood

Evaluation

For evaluation (Evaluate, Fig., 5.3), an initialised model (from k eruptions) is

progressed through the known evolution of the volcanic field, but the

parameters are updated with model-based eruption locations, rather than actual

eruption information. Two summary statistics are suggested here to assess how

well a spatial model performs. The degree of clustering (R: Clark and Evans,

1954) and the spread of activity (A: convex hull area).
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The model parameters are fitted to the first k eruption locations. A

model-based event location is generated by comparing the model density at a

randomly located point, with a randomly generated value between 0 and the

maximum density of the field, accepting an ‘eruption’ at this location if the

former is greater. The model parameters are then refitted (including this new

point), and this is repeated until the required number of eruptions in the

subsequent time period are located. The whole process is run many times (>

1000) and the appropriate quantiles from the model simulations then compared

with the actual observations. This is repeated for subsequent temporal units.

This approach was not expanded here to include spatio-temporal models, due to

the substantial increase in computational time required, and the large,

predominantly unconstrained uncertainties in the model results caused by the

reliance on age data. The spatio-temporal nearest neighbour model assessed

here also did not perform as well as the anisotropic models except for the most

recent time step. Expansion of this evaluation method to include a

spatio-temporal model would be beneficial and a suggested method follows. As

the density values vary with time as well as space one first needs to obtain a

model-based eruption time (t∗). This is done by integrating the density over

space to obtain a temporal density (λ(t)). The eruption time can then be

obtained by inverting P (t > s) = exp(−
∫ s

0
λ(t)dt), and t∗ found based on a

randomly generated value of P (t > s) between [0,1]. The model can then be

calculated at t = t∗ to obtain a spatial probability density (integrates to one),

and a point randomly placed within the field region, and accepted if the ratio of

the value at the point over the highest value in the field is greater than a

random number [0, 1], thus obtaining a model based eruption location (x∗).
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When this analysis was applied to the top four models identified from the

validation step for Harrat Rahat, several things were noted. Although the

optimum bandwidths and number of nearest neighbours were re-evaluated with

model-dependent points, the actual variation observed was minimal. This is

probably because synthetic eruptions were placed based on well-defined starting

models, such that the optimum (SAMSE) bandwidths for the anisotropic

models were relatively consistent, and the optimum (LSCV) number of nearest

neighbours required to describe the variation in events tended to reduce very

slightly (by 1 - 3). Thus, this step likely could be performed without varying

model parameters, which would drastically reduce the run time.

For those models with an expanding or memoryless field boundary definition,

boundaries are also dependent on the addition of each new event and thus also

required simultaneous refitting at each step. An interesting problem arose for

the memoryless boundary definition as this requires some (subjective) decision

as to when the boundary should move. Alternatively, a continuously moving

boundary could be imposed whereby, as a new eruption is added, the ‘oldest’

one is removed. With better constrained age data, a consistent number of

events could be imposed and this latter method employed.

However, for Harrat Rahat, this is a difficult problem because it is essentially

trying to incorporate a temporal aspect into a purely spatial model via the

boundary, with no real constraints. Thus, in the interest of limiting unknown

unknowns the memoryless boundaries should not be applied to Harrat Rahat

with only span-constrained age data.
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This could be re-visited if more reliable age data becomes available. The

analysis was still performed, but with temporal unit stationary boundaries (i.e.,

the model parameters were updated with new eruptions, but the boundary was

not).

Evaluation results show that none of the four spatial models tested manage to

capture the subsequent temporal unit behaviour of Harrat Rahat well (Fig.

5.11). This is predominantly due to the at times, substantial, changes in

behaviour from temporal unit to subsequent temporal unit, which reflects the

designation of temporal units made by the initial chronostratigraphic work

(Camp and Roobol, 1989). All of the models applied here include the inherent

assumption that patterns in previous periods of activity of a field continue into

the future. However, as purely spatial models, while they can be updated with

‘time’ in the form of eruption locations to alter the model parameters and

boundaries, the synthetic eruption locations are based on a spatially invariant

model, i.e., higher event density locations are more likely to accept future events

than lower density locations. Thus, any temporal variation in field behaviour in

terms of movement of higher event density locations (even if only minor) will

cause problems as this variation with time cannot be seen by the spatial models.

The two summary statistics are presented for within a Qm only, e.g., the area

presented for Qm3 is the area enclosed by a convex hull based solely on Qm3

events. The degree of clustering (as measured here by the R statistic of Clark

and Evans, 1954) in Harrat Rahat suggests significant clustering for all

temporal units shown (Qms 2 to 567), with a particularly low value noted for

Qm3 due to the majority of the 60 assigned events (Table 5.1).



210 CHAPTER 5. SPATIO-TEMPORAL MODELLING & DISCUSSION

Qm3 covers a similar area to Qm2 (Fig. 5.11(b)), but clustered in two regions

to the north and just two events located 75 km further south (e.g., Fig. 5.7).

This clustering is not captured by any of the models at any point with only the

anisotropic fixed and memoryless boundaries ever crossing into the clustering

(rather than maximum spacing) region.

(a) Degree of clustering (R)

(b) Spread of activity (A)

Figure 5.11: Summary statistics: evaluation (Qm1 - Qm567) and geological plausibility of
the model predicted behaviour for the next 50 events using the degree of clustering (a), and
spread of activity (b). Qm divisions in Table 5.1.
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To assess the degree of clustering with Clark and Evans (1954) for the model

results, the distances between randomly placed points are compared with those

between model-based synthetic event locations (i.e., Fig. 4.3(a)). The random

part of the Clark-Evans statistic is based on the average event density. This

tends to be much lower for the synthetic events, due to the larger convex hull

area, as the models (even those with the memoryless boundary) are based on

the previous event locations. These are generally more widely distributed than

subsequent event sets due to the northwards focussing (e.g., Fig. 5.6).

The spread of activity was measured here as the convex hull area of events within

the temporal unit being assessed. In Harrat Rahat, this varies from ∼4,000 km2

in Qm2, down to ≤1,000 km2 for the closely located events of Qm4 (Fig. 5.6(a)).

In general, the spread of activity predicted by the individual models was better

than the clustering predictions, although only the anisotropic kernel-memoryless

boundary managed to capture the actual extent of a subsequent temporal unit

(Qm3 from Qm2, Fig. 5.11(b)). This is because the extent of the events of

Qm3 closely match those of Qm2, but not any of the previous temporal units

(Fig. 5.6, Fig. 5.8(e)(f),(k)(l)). The spread of activity noted for the Qm4 period

does appear to represent a change in volcanic field behaviour, with events closely

spaced along the spine of the field, and relatively well spread out perpendicular

to it (Fig. 5.6). Qm4 also contains the majority of the trachytic eruptions (Fig.

5.6(a)), has the lowest proportion of multiple-vent eruptions (Table 5.1), and

only has 32 events associated with it, despite being assigned a 0.3 Ma age span

(resulting in a much lower average recurrence rate compared to the previous two

Qms). Thus, Qm4 differs substantially from previous field behaviour and it is

little surprise that the models were unable to forecast it.
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Geological Plausibility

The validation and evaluation results above show that for Harrat Rahat, the

best performing model (of those variants tested here) is the anisotropic kernel.

The expanding boundary is probably the optimum pairing, and also avoids the

pre-vision requirement of the fixed boundary. Eruptions in the southern region

of Harrat Rahat cannot be completely ruled out due to insufficient age

information which removes the memoryless boundary as an option, and the

spatio-temporal behaviour (e.g., Fig. 5.7) suggests expansion of the field is

likely, even if just because the current eruptions may not yet represent the

furthest extent of current possible eruption locations.

The validation process presented above allows objective selection of the best

model(s). However it does not assess how well this model may reflect the

underpinning volcanic process. The evaluation process provided identification of

how well a model is performing through the lifetime of the volcanic field, but it

cannot provide information as to how well it might represent future behaviour.

In an attempt to see into the future, the evaluation process was continued on,

past Qm567, with an additional 50 events added to Harrat Rahat (Fig. 5.10)

based on each of the best models with parameters assessed using present day

data (e.g., for a memoryless boundary, just Qm567). While the future

behaviour of Harrat Rahat is unknown, the variation of model dependent

parameters can provide an idea as to the long-term geological plausibility of the

adopted ‘answer(s)’ (Future Behaviour, Fig. 5.3).
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The future extent of ∼5,000 km2 predicted by the anisotropic (fixed and

expanding) kernel models (Fig. 5.10) is plausible for Harrat Rahat but has only

been seen previously in Qm1 which had almost seven times the number of

events associated with it (Table 5.1). All models tested forecast the locations of

future eruptions such that their resulting distributions were either randomly

spaced (R = 0) or widely distributed (R > 1). Although this is a viable

solution, recognising that several volcanic fields have been assessed as having

randomly distributed eruptions, e.g., Auckland Volcanic Field (Le Corvec et al.,

2013a), this was not previously seen in Harrat Rahat and as such, is thought

unlikely in the future.

5.3 Discussion

The present day spatial density estimates for Harrat Rahat for all tested models

show a similar location of highest susceptibility at 39°45’ - 39°50’E, 24°10’ -

24°20’N (Fig. 5.12, discounting the uniform density estimate). The proportion

of conditional probability assigned to this region varies from ∼99 % (NN (M),

Fig. 5.12(f)), to ∼60 % (all spatio-temporal NN models, Fig. (5.12(d),(h)).

The above results show that (assuming eruption record completeness within the

Qm temporal periods) the best spatial model of those tested for Harrat Rahat is

likely that of the anisotropic kernel with an expanding field boundary. However,

this does still not capture the strong spine structure of the field. The events of

Harrat Rahat are very strongly spine-focussed, with a substantially higher event

density along an approximate NNW-SSE line within the central region of the

field (Fig. 5.2).
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While the parameters of models such as the anisotropic kernel are optimised to

best accommodate any dominant shape, the constant bandwidth inherent to the

model could incorrectly identify further off-spine regions of higher eruption

probabilities (based on pre-existing off-spine events which may have been

temporally clustered). Thus, even though each of the models was re-directed

with the actual events at the start of each Qm in order to estimate the

subsequent unit’s events, the model-based events diverge from the spine more

rapidly than is observed for the field.

This suggests an adaptive, or an age-exponentially smoothed anisotropic kernel

might be more informative for Harrat Rahat. With an adaptive kernel, the

optimum bandwidth is obtained for sub-regions of the harrat to accommodate

the substantial variation in event density between on, and off-spine regions (Fig.

5.2(b)). This may improve the matching of the clustering structures observed in

the field (e.g., Marshall and Hazelton, 2010).

Although the anisotropic kernel was the best of the tested models, it is a purely

spatial model, and even with a temporally varying boundary definition, it does

not adequately adapt to the strong spatio-temporal dependencies observed

across the field (Fig. 5.11). However, the lack of age data available for Harrat

Rahat prevents any improvement of this model in this regard. The

spatio-temporal nearest neighbour results are presented as if an eruption

occurred now (2015), and within the boundary-defined areas such that the

regions could be normalised to one.
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Except for the 1 % probability contour, the distribution of spatial intensities are

largely the same and the absolute values just slightly lower for the memoryless

boundary due to the larger area over which the estimate was normalised (Fig.

5.12(d),(h)). The optimum model (anisotropic kernel with an expanding

boundary), suggests the centre of this region is ∼18 km SE of the outskirts of

Al-Madinah (Fig. 5.13), and, given an eruption occurs somewhere within the

field bounds (Fig. 5.13(a)), the probability of this eruption occurring within the

bounds of the city of Al-Madinah is 2.2 %.

(a) Al-Madinah Region

(b) Harrat Rahat region

Figure 5.13: Anisotropic kernel expanding boundary model-based spatial density estimate,
with previous volcanic vent locations and the extent of Al-Madinah city (hatched region)

5.3.1 Comparison with Existing Models

Adopting the anisotropic kernel with an expanding boundary model fitted to

the eruptive event record as the optimum determined via this analysis, some

comparisons can be made with the two existing models for Harrat Rahat.
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These were presented in Section 1.5.1: An isotropic kernel fitted to vent

locations and linearly combined in equal parts with inferred lineament data

(Moufti et al., 2010), and Section 1.5.2: An anisotropic kernel fitted to vent

locations and linearly combined in proportions 2:3 with aeromagnetic data

(El Difrawy et al., 2013). As each set of model results span a slightly different

area, the models were aligned and scaled such that visual comparison of the

probability density was possible (Fig. 5.14). A box was also added to aid model

comparison but had no influence on any of the results presented here.

The existing models based on vent locations (as opposed to event locations)

identify the same region of high susceptibility to host future eruptions ∼28 km

of the city centre, ∼7 km ESE of the 1256 AD eruption site (Fig. 5.14). The

model of El Difrawy et al. (2013) also identifies a second region of similar

susceptibility ∼60 km from Al-Madinah. The model suggested here is based on

eruptive events and thus the effect of the high local vent-densities at locations

of multiple vent-events is removed. The result is a much smoother region of

greater susceptibility spanning the region of the two areas identified by

El Difrawy et al. (2013), and a further area, assigned slightly lower probabilities

located immediately SSE of the city limits (Fig. 5.14).

Both of the existing models only assessed the northern region of Harrat Rahat,

thus, field-wide maximums cannot be reasonably compared. Therefore, the

maximum probability estimate within this northern area is compared instead.

Moufti et al. (2010) presented spatio-temporal probability estimates from which

spatial probabilities could be reacquired via division by the constant temporal

recurrence rate estimate of γt = 3.13 x 10−4.
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Thus, the maximum spatial eruption probability within the northern region of

Harrat Rahat based on the model of Moufti et al. (2010) is γs = 1.12 x 10−3

km-2. The results for El Difrawy et al. (2013) are presented as values per 50 m2,

so by multiplying by 400, the equivalent model maximum is γs > 1.6 x 10−3

km-2, which is slightly higher than that of Moufti et al. (2010), and the

anisotropic model from this work is approximately an order of magnitude less

with a maximum density of γs = 2.12 x 10−4 km-2.

The probability of an eruption within Al-Madinah city limits cannot be directly

compared between models without access to specific model data, which is only

available for the model suggested in this work, and renders a probability of

0.0114, i.e., should an eruption occur, the model estimates that there is a 1.14

% chance of the eruption occurring within the city bounds. However, the

maximum spatial density within the city limits for the three models can be

compared: γs = 2.67 x 10−4 km-2 (Moufti et al., 2010), γs = 6 x 10−4 km-2

(El Difrawy et al., 2013), and γs = 4.7 x 10−5 km-2 (this work).

The consequences of an eruption within the city are more substantial than those

from distant vents, however, the hazard to Al-Madinah is not just from

eruptions occurring within the city bounds. For example, the 1256 AD eruption

had accompanying lava flows of ∼23 km. The model presented here suggests

not only a magnitude increase in the region of high susceptibility identified in

the existing published model (El Difrawy et al. (2013)), but also a second region

much closer to the city. Thus the hazard in general as estimated by this model

from Harrat Rahat to Al-Madinah is significantly increased. Whether this

model better represents the actual hazard of future activity however remains

unknown.
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5.3.2 Wider Implications

The behaviour of every volcanic system is unique. Thorough data collection

phases must be accompanied by substantial analyses and modelling processes in

order to obtain the best hazard forecast with the available data. The work

presented here does not claim to provide a correct estimate of future eruption

activity in Harrat Rahat, nor a completely foolproof workflow process in order

to obtain the best guess. However, the ‘answer’ presented here is open,

justifiable, repeatable, and was obtained via well-established methods for each

step. As further data becomes available and/or knowledge of subsurface

volcanic processes improves, the assumptions employed here can be revisited

and the workflow process re-initiated to obtain a better informed estimate.

A valuable addition to this workflow process may be that of an acceptance

criterion, which would follow (or replace) the function of geological plausibility.

While both the validation and evaluation steps allowed assessment of which

model (of those tested) performed the best, an acceptance criterion would allow

assessment of how well a model performs, e.g., based on goodness of fit residuals

(spatstat (v1.6) library (Baddeley et al., 2005; Baddeley and Turner, 2005)

based in R (R-Core-Team et al., 2012). This would provide at least some

indication of how well the best model performs based on past data.

The current IAEA guidelines for volcanic hazard analyses (IAEA, 2012) are

often quoted in volcanic field analyses as they provide a standard for

‘dangerous’ volcanoes. For example, volcanic systems with recurrence rates

greater than 1 event in 10 Ma require further investigation if proximal to a

region of interest, and those with any known activity within the last 10,000

years are considered still potentially active (IAEA, 2012).
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However, apart from some suggestions as to what should inform a hazard

analysis (geological data, analogue volcanic fields, numerical simulation of

volcanic phenomena), and while considerable detail is provided for specific

volcanic phenomena (e.g., tephra fallout, lava flow inundation) (IAEA, 2012), a

formal procedure to obtain spatio-temporal probability estimates is currently

lacking within these guidelines.

As has been demonstrated in this chapter, and several of the previous chapters,

each decision that is taken during the modelling process may have a significant

impact on the resulting forecast. This is especially significant when considering

the specific values for a region, and in cases (like the siting of nuclear facilities)

where this value has important implications, no decision should be taken lightly.

A final question remains unanswered. All existing probabilistic volcanic hazard

analyses are based on the fundamental assumption that past eruptions are a

reliable indicator of future events. This is an assumption that still requires

testing, although separation of the sensitivity of the assumption from any model

fitted to the existing data is challenging.

5.4 Chapter Summary

This work presents a repeatable, defensible approach to volcanic field density

estimation but also highlights substantial issues with the use of purely spatial

models on fields exhibiting strong spatio-temporal dependence. The usefulness

of validation and evaluation steps within model development for any volcanic

fields was also demonstrated in order to assess model reliability.
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The results suggested the best model for Harrat Rahat was the anisotropic

kernel model with an expanding boundary, which identifies locations more

susceptible to host future eruptions in three regions, one located ∼18 km from

the city limits of Al-Madinah, and also identified by the majority of other

models tested due to the high event density within this region.

Overall, however, none of the models tested showed adequate forecasting skills

based on the ‘known’ evolution of Harrat Rahat, and as such the answer to

‘where are future eruptions likely to occur in Harrat Rahat’ remains elusive

although, they are probably more likely to occur in the north than the south.

Several factors in this analysis may reduce the importance of the northward

focussing of the behaviour with time: (1) the more recent activity in the north

has produced extensive lava flows which likely obscure the number of eruptions

located in this region, and (2) the expanding boundary method assigns more

weight to the south than is suggested by the spatio-temporal extent of more

recent temporal units (Fig. 5.6).

Thus, the figure depicting spatial density (Fig. 5.13) must be treated with

caution, especially since the presentation of model results often lends them more

credibility than can be supported by the data. However, it is vitally important

that a best guess answer is provided for human safety and hazard assessments.

Even with substantial uncertainties in cases like Harrat Rahat, where age data

is lacking, and the number of hidden eruptions is likely large, hazards

assessments must be made somehow.
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Expansion of this work with reliable age data (with appropriately small error

margins) for a volcanic field would allow a similar process to be carried out for

temporal recurrence rate estimation models. Suggested summary statistics for

evaluation include the number of eruptions expected within a specific time (to

look at average forecasting power), and the ratio of eruptions over two

subsequent time periods (to assess temporal variation modelling). The

suggested validation process allows objective selection of the best model tested.

The evaluation process provides identification of how well a model is performing

through the lifetime of the volcanic field, but in a predominantly qualitative

fashion. Thus an additional step that could be added into the process (in place

of, or as well as an assessment of geological plausibility) could be that of an

acceptance criterion, i.e., a statistical goodness-of-fit test.

Estimating future behaviour within a volcanic field such as Harrat Rahat is

straightforward: any model with any data can produce an estimate. However

estimating the future behaviour with some level of accuracy is exceptionally

difficult, especially when a hugely important aspect of the data (namely, the age

of eruptions) is lacking. Thus, future work on Harrat Rahat must include a

large scale dating component if relatively reliable forecasting is to be expected

in the future, beginning with geochronological studies on the later (Qm567) and

more northerly eruptions closer to Al-Madinah (following Moufti et al., 2013 for

example).

The estimate presented here is distilled from both the small scale structures

(eruptive events, Table 5.1), the larger scale structural controls (Fig. 5.5), and

the apparent spatio-temporal behaviour of the field (Fig. 5.6).





6
Summary and Recommendations

6.1 Summary

Forecasting future volcanic hazard within volcanic fields is complex, because

each eruption may occur separately in both time and space. Their relatively low

eruption rates, fertile soils, and attractive landscapes draw human populations

to live in close proximity to these volcanic fields. Thus, the need for hazard

forecasts is present, but most traditional methods fail, due to the difficulty of

establishing high precision event records and the lack of universally common

spatio-temporal behaviour.

To forecast future activity in fields, simplification is required to attempt to

model their behaviour. This is highly fraught with difficulty because the choice

of simplification approach may have substantial impacts on the forecast, with

the potential to render incorrect, rather than just uncertain, results.

225
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Thus, objective methods must be employed wherever possible to mitigate this

issue. For situations where subjective decisions are unavoidable, extensive

sensitivity analyses must be carried out in order to determine the impact of

each decision.

Novel quantitative methods were presented here to address three major

complexities noted within volcanic fields: (1) multiple-vent eruptions, (2)

hidden eruptive centres, and (3) the relationship of volcanism to geological,

geophysical, and geographical ancillary data. Sensitivity analyses were

completed for two major subjective decisions common during volcanic field

hazard forecasting: (1) the definition of a volcanic field boundary, and (2)

selection of a pattern approximation method.

The primary motivation for this work was to forecast the spatial probabilities

for future eruptions in the Harrat Rahat, a large volcanic field situated

immediately south east of the Islamic holy city of Al-Madinah (population 1.5

million) in the Kingdom of Saudi Arabia. Initial work focussed on the collation

and digitisation of geological, geophysical, and geographical data sets available

for the Harrat Rahat and the wider region of the Arabian Shield. Further, 2629

eruption centres were mapped across all nineteen volcanic fields of Saudi Arabia

via geological maps, previous published work, and satellite images. The 968

eruption centres identified in the Harrat Rahat were assigned a most likely age

(range) based on chronostratigraphic work by Camp and Roobol (1989). This

collection phase provided the base data from which forecasts could then be

estimated and methods tested.
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6.2 Quantitative Methods

Many of the available modelling approaches for volcanic field eruption forecasts

included multiple assumptions that could not be justified for application to the

Harrat Rahat. Thus, novel applications for existing statistical methods were

developed, accompanied by a variety of sensitivity analyses with the aim of

assessing the effect of these commonly imposed assumptions on volcanic field

forecasts.

A common assumption in volcanic field analysis is that each eruption centre

represents an individual eruption. However, evidence of multiple-cone or fissure

style eruptions are often noted within extensional tectonic environments. In this

case, historical accounts of multiple-vent eruptions within Harrat Rahat further

rendered the assumption of individual eruptions invalid.

This motivated the development of a statistical method to group visible vents

into their most likely eruptive cluster (or event) based on three independent

priors. One of these was based on an expert elicitation campaign to establish

the dimensions of multi-vent eruptions expected within volcanic fields, updated

using knowledge of the historical eruptions within Harrat Rahat (Chapter 2).

Thus, the 968 identified vents of Harrat Rahat could be collapsed into an

eruption record comprising of 752 events, many of which were multi-vent.

The number of currently observable eruption centres across a volcanic field is

generally accepted as the lower bound for temporal recurrence rate estimates.
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This is likely sufficient for young volcanic fields, but harder to justify for

longer-lived fields with millions of years of repeated eruptions causing a thick

volcanic pile to build up, potentially masking many eruption centres,

particularly the older ones. Very little work was done before this study on

estimating the likely number of missing or hidden vents in a long-lived field. In

Harrat Rahat, a thick lava pile dominates the spine of the field and the total

erupted volume estimate is significantly higher than is reasonably possible from

the number of observed vents. Thus, a statistical method was developed to

estimate the number of hidden eruption centres based on burial and erosion

functions (Chapter 2). The estimation of hidden eruption centres suggested that

only a third of the total eruptions of Harrat Rahat are visible today with an

average estimate of the total number of eruptions at 2,783 (Chapter 2). An

additional, more general method was then developed for the estimation of the

number of missing vents for other extensively eroded volcanic fields across the

Arabian Shield (Chapter 3).

More recent developments in both volcanic field and polygenetic volcanic

eruption forecasts incorporate other geological, tectonic, or geophysical data

that are assumed to influence eruption location. Across the Arabian Shield, five

separate geospatial data sets were available (elevation, lineament location,

gravity anomaly, and two magnetic anomaly data sets), along with constraints

provided by earlier postulated crustal uplift and structural controls on the

locations of volcanism. A quantitative non-parametric assessment method was

devised to test whether any of the ancillary data sets should be incorporated

into the forecasts for Harrat Rahat by determination of the existence of a

relationship between spatially overlapping data (Chapter 3).
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When applied across the whole of the Arabian Shield, this method revealed

volcanism occurs preferentially < 10 km from major tectonic structures, with 90

% of eruptions occurring within 5 km as well as being more likely to occur in

more elevated regions of the Arabian Shield, except along the mountain ranges

(Chapter 3).

6.3 Sensitivity Analyses

Sensitivity analyses were carried out for major subjective decisions made during

volcanic field eruption hazard forecasting. These included assessing the effect of:

(1) volcanic field boundary definition on exploratory statistics and future

eruptive activity estimates (Chapter 4), and (2) model selection (including

variable spatial, and spatio-temporal models) on how well the known evolution

of a field is captured (Chapter 5).

For irregular shaped fields (such as the Harrat Rahat), the choice of

field-boundary fitting method had a substantial impact on exploratory statistics

and the subsequent forecasts. As a result, a vent-density based field boundary

that minimises empty space was recommended for Harrat Rahat. By contrast,

for more regular shaped fields (such as the Auckland Volcanic Field) the choice

of boundary definition had little influence on the resulting hazard forecasts,

predominantly due to the minimal variation in field area between methods

(Chapter 4).

Selection of model approximation method had a substantial effect on the

forecasts of future volcanic activity, reinforcing the need for an open, defensible

selection procedure.
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The optimum approach for Harrat Rahat was an anisotropic kernel density

smoothing method, with an expanding boundary. This still did not adequately

capture the spatio-temporal evolution and northward focussing of the field nor

its clustering behaviour and extremes of eruption locations (Chapter 5). Thus,

forecasts for Harrat Rahat, even using this optimum method and based on

available data are not reliable. However, with better age data, the forecasts

could easily be improved.

6.4 Recommendations for Future Work

Several possible future research directions have emerged from the work

presented here. The apparent northward focussing of eruptions in the Harrat

Rahat over time hinders the application of separate spatial and temporal

models, because the behaviour cannot be assumed independent in space and

time. Reliable hazard forecasts require in the first instance, reliable age data,

which is strongly lacking in the Harrat Rahat. At a minimum, a reliable

eruption order, would be beneficial. Both improving knowledge of age and

eruption order, are however, expensive and time-consuming to carry out. The

work on ancillary data in the Harrat Rahat indicated that the volcanic system

is structurally controlled. Therefore, the development of a local seismic velocity

model may be useful for better forecasting of future eruption locations by

updating spatial, and spatio-temporal models based only on past event

locations.

The method for determination of multiple-vent eruptions from existing volcanic

centres may be expanded to include a larger number of eruption characteristics

and the adaptation of the algorithm to include incomplete data sets.
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Fissure and multiple-centre eruptions should also be incorporated into hazard

analyses, both in terms of determining a study field’s susceptibility to host these

complex eruptions, and locations within a field more likely to host these

eruptions with commonly greater areas of impact than simple events. For the

eruption record of Harrat Rahat, if more sets of clustered or fissure-related

eruption centres can be identified, then the epistemic uncertainty of a posteriori

distributions could be significantly reduced. Further investigation of volcanic

and tectonic data across the region is also warranted. More recent eruptions

have been predominantly multiple-vent events, if this is anything other than

simply observation bias, a temporal (or spatio-temporal) variation in crustal

and asthenospheric tension on the style of eruptions would need to be

considered.

There is significant extension potential for the hidden-vent estimation method.

The erosion function developed here could be vastly improved with

location-specific (and time-specific) geological or paleoclimate data. Also, the

burial function could be converted into a spatially dependent function with

parameters based on lava pile thickness and estimated eruptive centre heights.

Random vent placement routines could be further adapted to include a vent

height for comparison with lava flow thickness at a point, or a multiple-vent

eruption could be randomly placed to assess the likelihood of any of the cones

surviving today.

The method developed here for quantitative assessment of the relationship

between potentially predictive data and the locations of volcanism should be

applied for all new spatially overlapping data sets as they become available for

Harrat Rahat.
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A temporal expansion of the method would improve this greatly, since some

phenomena may be strongly time dependent, e.g., stress-field variation due to

plate movements. Further, the algorithm should also be expanded to allow a

size-variable grid, which would allow the accommodation of variations in both

vent-density and ancillary data resolution across different parts of a field.

Another potential adaptation is to develop harrat- or region- averaged

approaches whereby an average value of points across an area is taken (akin to

replacing linear regression by local linear regression) to reduce the noise in

larger scale analyses.

6.5 Concluding Remarks

The research presented here has arrived at a conservative forecast for future

volcanic activity at Harrat Rahat, using a number of new techniques, which

were ultimately limited by the poor basic vent-age information. This work has

also highlighted the potential dangers of over simplifying volcanic fields and the

substantial influence that some seemingly harmless assumptions and subjective

decisions may have over future forecasts.

Novel quantitative methods and sensitivity analyses have shown that volcanic

fields must be assessed individually, and that forecasting must be done in a

thorough, rigorous, and open way with the uncertainties, and effects of any

decisions made, assessed and carried through as limitations of the resulting

forecasts.

This work may have some bearing on the safety standards for siting of nuclear

facilities (IAEA, 2012), specifically for the second stage: ‘characterization of

potential sources of future volcanic activity’.
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This work is applicable for all volcanic systems for which a hazard analysis is

desired, and in the case of the ancillary data method (Chapter 3), all spatially

varying natural phenomena. It also calls into question a large number of

existing practices in volcanic hazard forecasting, especially with regards to

objective decision making, and assumption validation.
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A.2 Vent-to-Event Method Step D
Flow diagram illustrating step (d) of the vent-to-event method, namely
assessment of potential event combinations against a posteriori distributions
(Chapter 2)
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A.4 Ancillary Data Method
Illustration of the method for objective determination of the presence of a
relationship between the locations of volcanism and ancillary data (Chapter 3)
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