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1 Introduction 

The science of physical volcanology has made significant advances on many different fronts in the last 

few decades, including detailed observations of volcanic (eruptions and) deposits in the field and 

laboratory, remote sensing and ground-based monitoring, analogue and numerical modelling, and 

detailed petrologic studies of eruptive products to investigate subsurface processes and relate them to 

eruptive processes. To gain a full proper understanding of volcanoes and eruptions however, it is crucial 

to continue combining new developments in modelling and analysis techniques with high-quality data 

on eruptions and natural eruptive products, gathered in the field and/or laboratory.  

For highly explosive, Plinian-style, eruptions, a lot of our understanding is based on studies of high-

viscosity, silicic systems, as they are the source for the majority of Plinian eruptions. In these SiO2-rich 

systems, high magma viscosities limit syn-eruptive magma expansion, which allows for sufficient 

overpressure to build up, generating highly explosive eruptions. There are however several examples 

known of low-to-moderate-viscosity systems generating Plinian-style eruptions as well, e.g. basaltic 

(Sable et al., 2006; Costantini et al., 2010), phonolitic (Gurioli et al., 2005; Andújar et al., 2008) or 

trachytic (Bursik et al., 1992; Polacci et al., 2003; Fontijn et al., 2011), and this raises important 

questions about Plinian-style eruption mechanisms, e.g. in terms of magma vesiculation and 

fragmentation.  

This thesis integrates detailed laboratory measurements of density variations in natural pumices of a 

phonolitic Plinian-style eruption with numerical tephra dispersal modelling, and advanced qualitative 

and quantitative textural analyses using both traditional (optical microscopy) and modern (X-ray 

microtomography) techniques. This integrated methodology yields important insights into the behaviour 

of phonolitic magmas during highly explosive eruptions. 

A significant part of this thesis is dedicated to systematically documenting density variations of pumice 

in function of grain size. Even though Walker (1980) already observed a negative relationship between 

the density of a pyroclast and its grain size, no further research was conducted on this relationship since 

the 1980s. Even in recent modern tephra dispersal models used for hazard assessment such as the 

model of Bonadonna et al. (1998), clast density is set at a constant value for fist-sized to less than 1-mm-

sized tephra which is not realistic. Bonadonna and Phillips (2003) recommended the use of a logarithmic 

increase of the density from a certain grain size to the maximum density of an ash particle which was 

applied to the 4 ka Rungwe eruption by Fontijn et al. (2011). However, this logarithmic increase of 

density is not based on any measurements on clasts and was rather a theoretical idea. The research 
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conducted during this thesis therefore tackles the problem of density variation with a decreasing grain 

size by systematically measuring the density variation of clasts per decreasing grain size in the 

laboratory. Our research goal is to answer the following, at first sight, simple question: how does the 

density change with the particle grain size and what is the reason behind this density variation? Because 

most models neglect density variation or incorporate a simple theoretical density variation, the answer 

to this question could potentially have a large impact on hazard assessment as the density of tephra 

particles should have a thorough influence on the way how a particle is entrained in the eruption 

column, transported in the umbrella cloud (the laterally spreading “top” of a large eruption column 

typical for sustained Plinian-style eruptions) and the manner at which it travels from this umbrella cloud 

through the atmosphere to fall on the ground. Therefore after the density distribution is constrained in 

function of grain size, this dataset will be used as an input in the tephra dispersal model by Bonadonna 

and Phillips (2003), which is a more enhanced version of the model by Bonadonna et al. (1998), to assess 

what the influence of a density variation per grain size is on the modelling results.  

As a focus of this study, the Laacher See (LS) volcano in West-Germany was chosen because of its 

intriguing relatively, well documented, large scale eruption dated at 12,900 a (
40

Ar/
39

Ar dating; Van den 

Bogaard, 1995) and its proximity to Belgium enabling low-cost field work. This allowed us to conduct 

fieldwork in two stages, during which the stratigraphy of the LS tephra deposits was studied and 

samples were taken. Because the LS is also a fine example of how low-viscosity magmas can erupt 

violently, a textural study was also undertaken on different pyroclasts from different levels of the LS 

tephra deposits in an effort to contribute to research regarding high explosive low-viscosity magmas and 

to investigate what textures could potentially affect the clast density. The textural study especially 

focuses on the clasts found in the layer which was used for the density measurements. In this textural 

study, the high resolution X-ray tomography (µCT) method is used as main research tool in favour of 

more traditional methods such as optical microscopy and Secondary Electron Microscopy (SEM). 

Nowadays µCT is slowly but steadily being used more frequently in physical volcanology to study clast 

textures (e.g. Polacci et al., 2006, 2010; Degruyter et al., 2009; Giachetti et al., 2011). However, in most 

cases it is only used as a qualitative method to study clast textures. In this thesis, µCT data will also be 

used to quantify certain textural characteristics in 3D, which gives us important information with regards 

to the bubble network in pumices. We are able to quantify the vesicle size distributions and bubble 

number densities, which has never been achieved before for highly vesicular pumice clasts using µCT. 

Power-law vesicle size distributions were found which suggest that the vesicles have an apollonian 

packing (Blower et al., 2002). This work therefore also illustrates the usefulness of µCT to quantify 
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textural characteristics in tephra particles in comparison with traditional methods such as optical 

microscopy and SEM. 

Chapter two provides a concise summary of the LS eruption based on literature and field observations in 

order to make the reader familiar with the eruption and its deposits. First, the Eifel region and the origin 

of the European intra-continental magmatism will be discussed. After that we will discuss the LS 

eruption chronologically going from what happened before the eruption, what kind of eruption styles 

were present during the LS eruption, the stratigraphy of the deposited tephra layers and finally what 

happened after the LS eruption regarding its deposits and the inhabitants of the region around the 

volcano. In chapter three, we will give a concise review on tephra texture and how certain textural 

characteristics can tell us something about the condition of the pre-eruptive magma. Section 

3.1discusses how tephra is formed starting from magma stored in a magma chamber, going from the 

nucleation of bubbles in the magma to the growth of these bubbles in the ascending magma and finally 

to the moment where the magma fragments and tephra particles are being formed. In section 3.2, the 

three different methods to study the texture of pyroclasts and what can be learnt about the pre-

eruptive conditions of the magma from these methods are presented:  (1) analyzing the texture of 

natural pyroclasts and link it to intra-conduit processes, using (2) analogue modelling and (3) 

analytical/numerical modelling to explain how the texture of natural pyroclasts is created. At the end of 

chapter three, a short introduction is presented of the tephra dispersal model of Bonadonna and Phillips 

(2003) which was used in the thesis. 

The two field stages are briefly discussed at the start of chapter four, as well as the different methods 

which were used throughout this thesis and which are provided with a short explanation. The laboratory 

measurements, textural analysis and tephra dispersal modelling are separated in different sections in 

chapter four as well as in chapter five, in which the results are discussed. This is done in an effort to 

clearly separate observations made out of the three different research angles. In the discussion (chapter 

six), we will combine and discuss all observations made. In chapter seven, we will summarize our 

conclusions regarding the main research questions of this thesis. 
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2 The Laacher See eruption: a phonolitic 

magmatic/phreatomagmatic eruption 

Around spring 12,900 ± 560 a (Van den Bogaard, 1995), the Laacher See volcano (LSV) in the Eifel region 

(Germany; Figure 2-1) violently erupted and threw out ca. 6.3 km³ (dense rock equivalent, DRE) of highly 

evolved phonolitic magma. At least during two phases of the eruption sub-Plinian to Plinian intensities 

were achieved. Schmincke et al. (1999) estimated that approximately 20 km³ of tephra was ejected 

which was dispersed over an area of 700,000 km² (Van den Bogaard and Schmincke, 1985) and which 

reached as far as Stockholm (Sweden), more than 1200 km northeast of the volcano. The ejected 

magma volume did not only dwarf the erupted volume of the more than 300 scoria cones scattered 

throughout the Eifel region, it was also larger than more recent Plinian eruptions like the AD79 Vesuvius 

eruption, the 1980 Mount St Helens eruption and even the 1991 eruption of Pinatubo. In the 1991 

eruption of Pinatubo around 10 km³ of tephra was ejected out of the vent (Newhall and Punongbayan, 

1996). The influence of external water during the beginning and ending phases of the LS eruption was 

very important. This phenomenon is also witnessed in some other Plinian-style eruptions such as the 

3760 BP eruption of Somma-Vesuvius (Rolandi et al., 1993) and the 800 BP eruption of Quilota (Ecuador; 

Di Muro et al., 2008). Periods dominated by external water-magma interaction are called 

phraetomagmatic phases, whereas phases of magmatic activity which does not involve any influence of 

external water are called dry magmatic phases (Francis and Oppenheimer, 2004). In this chapter the 

geologic setting of the Eifel volcanic field, a basic overview of the Laacher See eruption (LSE) ranging 

from the pre-eruptive magma chamber to the post-eruptive reworked sediments, and the basic 

stratigraphy of its deposits are described. 

2.1 Volcanic field of the Eifel 

The volcanic area of the Eifel in western Germany consists of two areas: the Western Eifel volcanic field 

(WEVF) and the Eastern Eifel volcanic field (EEVF; Figure 2-2). The Eifel is situated on the western central 

side of a large lithospheric block, the Rhenish Shield. During the past 100 million years, the Rhenish 

Shield has experienced several periods of uplift: (1) in the Mesozoicum, (2) in the Late-Oligocene and 

Miocene, and (3) in the Quaternary during which the WEVF and EEVF were formed (Schmincke et al., 

1990). Meyer and Stets (1998) estimated, based on river incisions, an uplift of approximately  
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Figure 2-1: An overview of the Rhine graben with an inset in the lower left corner containing a close up of the EEFV and the 

WEFV. We can see the similar elongated shape in the NW to SE direction of WEFV and EEFV (Baales et al., 2002) 
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Figure 2-2: A closer look at the EEFV and its four phonolite volcanoes. (Ginibre et al., 2004) 

 

150 – 200 m during the last 800 ka in the area around Laacher See, which is situated in the EEVF. The 

WEVF extends over 600 km2 and is made of approximately 240 volcanoes which are aligned in a NW-SE 

direction. WEVF magmas are generally more mafic than EEFV magmas. WEVF products also contain 

more and larger sized peridotite xenoliths than EEFV ones. Even though the EEFV is only made up of 100 

volcanoes, it contains four highly differentiated phonolitic volcanic complexes: Rieden, Wehr, 

Dümpelmaar and Laacher See (Schmincke et al.., 1990). The difference in primitive parent magma 

composition between both volcanic fields indicates that the fields originate from two different sources 

in the mantle. Both fields, however, share some characteristics: an elongated shape in NW-SE direction, 

a decrease in spacing between the eruptive centres as well as more evolved differentiation of the 

magma towards the centre of the fields (Schmincke, 2004). 

Volcanism in the Eifel region is a typical example of intraplate volcanism in contrast to generally better 

known European volcanoes such as Etna (Italy) which is associated with the subduction of the African 

plate under the European plate. There has been some discussion about the origin of the intraplate 
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volcanism of the Eifel. Some well-known examples of intraplate volcanism are the hot spots of Hawai’i 

(oceanic intraplate volcanism) and Yellowstone (continental intraplate volcanism). As both regions are 

associated with a mantle plume, many researchers tend to link intraplate volcanism with mantle plumes. 

If one compares the Eifel region with typical mantle plume generated volcanism such as the Yellowstone 

region however, there are some important differences to note. First of all there has been a controversy 

about a possible plume track in the Eifel which is one of the main conditions to support a mantle plume 

hypothesis. Duncan et al. (1972) suggested the existence of a plume track in the 700 km long chain of 

volcanic fields which extends from Silesia in the East (Poland and eastern Germany) to the Eifel volcanic 

field in the West. However their interpretation was refuted by later radiometric dating on volcanic rocks 

which documented recurring series of volcanic activity (Figure 2-3). These periods of increased volcanic 

activity roughly coincide with periods of tectonic events throughout Europe (Schmincke, 1990) which 

could indicate a link between tectonic and volcanic unrest. Other inconsistencies for the interpretation 

of a mantle plume beneath the Eifel region include the small area covered with volcanic rocks and the 

relatively small uplift in comparison with other regions under the influence of mantle plumes (Meyer 

and Foulger, 2007). 

 

Figure 2-3: Age of European Cenozoic volcanoes plotted against the distance from the WEVF. The two dashed lines represent 

the trace of age progression of the so-called Eifel Plume postulated by Duncan et al. (1972). Radiometric dating contradicts 

the Eifel plume model but shows recurring series of volcanic activity. McCann (2008) modified this figure from Schmincke 

(2004). 
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There are two alternatives for the mantle plume hypothesis. The first alternative states that an old 

plume had settled itself in the lithosphere and that the volcanism is due to baby/phantom plumes which 

originated from the old plume head (Lustrino and Carminati, 2007). The second explanation states that 

due to the subduction of the European plate under the Adriatic plate which formed the Alps, stresses in 

the lithosphere caused rifting and therefore thinning of the lithosphere (Meyer and Foulger, 2007). A 

similar hypothesis is suggested for the Sirte Basin in Libya where the subduction of the African plate 

under the European plate causes lithospheric extension and thus lithospheric thinning due to slab 

pulling (Capitanio et al., 2009; Figure 2-4). This process created topography at the lithosphere-

asthenosphere boundary, which induces further upwelling of low density asthenosphere material, 

resulting in uplift at the surface (Garcia-Castellanos et al., 2000). In this scenario the volcanism thus 

originated from passive upwelling rather than active upwelling of the asthenosphere. Uplift could be 

caused by enhanced melt production due to this small-scale convection. Such uplift would start after the 

development of a rift in contrast with mantles plumes where uplift can precede rifting by a few million 

years (Meyer and Foulger, 2007). Oppenheimer (2011) acknowledges that the volcanism of the Eifel is 

related to the collision between the African and Eurasian plates and adds to it that the fact that 

volcanism is concentrated in bursts could possibly be linked to the loading and unloading of the 

European continent by ice sheets.  

 

Figure 2-4: Due to the thinning of the lithosphere under the Eifel because of the subduction of the European plate under the 

Adriatic plate, topography at the lithosphere-asthenosphere boundary is created. This topography will cause the 

asthenosphere to well up and form a small scale convection cell. This small scale convection cell will cause rifting and in a 

later stadium uplift. 

 

Van den Bogaard (1989) distinguishes four eruptive periods in the EEVF which were possibly preceded 

by one or more older phases. The oldest well-documented phase is that of the Rieden volcanic complex 

(ca. 380 – 430 ka) during which 5 km³ DRE phonolitic magma erupted. The second phase is characterized 
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by the construction of the southeastern subfield of the EEVF approximately 190 – 215 ka ago. This 

southeastern subfield is dominated by basanites which later differentiated in most volcanoes to tephrite 

during storage in shallow magma chambers. The phonolite complex of Wehr volcano is also located in 

the southeastern subfield and erupted at least twice. The first Wehr eruption was dated at 215 ± 4 ka 

(
40

Ar/
39

Ar dating; Van den Bogaard, 1989) and most scoria cones in the subfield are formed within 

20,000 years after this first eruption. The third phase (ca. 100 – 150 ka) consists of two minor phonolite 

eruptions: the second eruption of Wehr volcano, around 151 ± 11 ka, and the 116 ± 16 ka eruption of 

the Dümpelmaar (both 40Ar/39Ar dating; Van den Bogaard, 1989). Both eruptions formed a phonolitic 

volcano. The fourth and last phase is characterized by one large scale eruption, namely the 12,900 ± 560 

a (40Ar/39Ar dating; Van den Bogaard, 1995) eruption of the Laacher See volcano. 

2.2 Prior to the Laacher See eruption 

2.2.1 Geography around the Laacher See volcano before the 12,900 a eruption 

Even before the LSE, the present Laacher See (LS) area had a relative negative topography to its 

surroundings and supposedly already contained a shallow lake (Figure 2-5). The negative topography 

was created due to the numerous scoria cones and lava flows which border LS. The scoria cones can be 

divided into two groups based on geochronological evidence. The first group consists of the scoria cones 

Thelenberg and Wingertsberg, which are situated south of LS. Both scoria cones are dated in the third 

eruptive phase of EEFV (100 – 150 ka) and have a tephritic composition. The eruption of Wingertsberg 

was associated with a lava flow on which the present village of Niedermendig was built. The second 

group consists of the scoria cones Krufter Ofen (southeast of LS), Heidekopf (east of LS), Veitskopf (north 

of LS) and Laacherkopf (west of LS) which are dated in the second eruptive phase of EEFV (190 ka – 215 

ka) and are basanitic to tephritic in composition. Some of these scoria cones are accompanied by lava 

flows, although they are all smaller than the Wingertsberg lava flow. 

2.2.2 Pre-eruptive magma chamber        

A unique feature that attracted volcanologists to study the LSE and its deposits is that the magma 

chamber of the Laacher See Volcano was almost completely emptied during the eruption (Schmincke, 

2004). In most cases only a limited fraction of the melt in a magma chamber is erupted whereas the bulk 

leftover magma remains in the magma chamber or is withdrawn to deeper levels. Due to the seepage of  
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Figure 2-5: A topographic map of the area around Laacher See. Note that black bar at the left bottom corner of the figure 

function as a scale and is represents 2 km. 
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water into the magma chamber during the ending phase, new batches of magma which would 

otherwise not have erupted were thrown out as a result of pulsating phreatomagmatic explosions. The 

almost complete emptying of the magma chamber made it possible to model the pre-eruptive magma 

chamber of LS before it erupted. The material stored at the top of the magma chamber, which erupted 

first, is now preserved as the lowermost deposits whereas the topmost deposits represent the bottom 

of the magma chamber. Wörner and Schmincke (1984a) stated that the magma chamber was zoned 

from highly evolved, volatile-rich and crystal-poor phonolite at the top towards slightly more mafic, 

crystal-rich phonolite at the bottom.  

 

Figure 2-6: A schematic overview of how the magma chamber of the Laacher See volcano was before the eruption. (1) Melt 
convection, and thus redistribution and settling of crystals; (2) buoyant magma and crystals rising to the top of magma 
column; (3) crystal-rich lower levels of magma column. Note that the inset left to the magma chamber represents the main 
stratigraphic units: LLST stands for Lower Laacher See tephra, MLST stands for Middle Laacher See Tephra and ULST 
stands for Upper Laacher See Tephra. The change of the magma from MLSTb to MLSTc espcecially sticks out as this is 
also the boundary after which there is no convection of the melt anymore. Chemical compositional boundary is at the top 
of MLSTc (in perspective of the magma chamber). (Schmincke et al., 1999). 
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Partial melting of crustal or mantle rocks is not a plausible explanation for the origin of LS magma 

because (1) it has a low Mg number, i.e. molar Mg/(Mg+Fe) of order 26 to 30, (2) the 
87

Sr/
86

Sr ratio of 

the LS magma (0.70467 – 0.70840) is similar to that of East Eifel mafic magmas (0.70436 – 0.70466) and 

(3) no crustal rock was found in the xenoliths of LSE which are capable of being the source rock. The 

chemical zonation of the pre-eruptive magma chamber of LS is in contrast thought to originate from low 

pressure fractional crystallization of a primitive mafic parent magma. Wörner and Schmincke (1984b) 

proposed two models (A and B), based on mass balance fractionation calculations, which describe how a 

primitive mafic parent magma could evolve into a zoned magma chamber. 

Models A and B both start from a parental basanite magma volume of approximately 56 km³. In model 

A, the entire parental basanite magma volume is accumulated in the upper crust after which it 

differentiates into 16.6 km³ mafic phonolite magma by crystal fractionation of mainly clinopyroxene and 

amphibole (first differentiation stage). As a result of feldspar fractionation (second differentiation 

stage), this mafic phonolite magma further evolves into a 5.3 km³ chemically zoned phonolite magma 

chamber. Note that this model A assumes a cooling cumulate body of 50 km³ to be present underneath 

the zoned phonolite magma chamber. Instead of having the entire parental basanite magma emplaced 

in the upper crust, in model B the first stage of differentiation takes place at the crust/mantle boundary 

after which the 16.6 km³ mafic phonolite magma rises into the upper crust, leaving a residual cumulate 

body of 40 km³ at the crust/mantle boundary. After the second stage of differentiation, the zoned 

phonolite magma was achieved on top of an 11 km³ cooling cumulate body. 

Wörner and Schmincke (1984b) argue that a third differentiation stage was responsible for the 

discrepancies of oxides between the calculated and observed magma compositions at the top layer of 

the magma chamber. Because an unrealistically high volume of the lower part of the zoned magma 

chamber would need to crystallize in order to achieve the extreme trace element enrichment towards 

the top layer of the magma chamber, or magma mixing would require an extremely fractionated liquid 

as one end-member, liquid-state differentiation or liquid-state thermogravitation diffusion (LSTD) could 

have caused the extreme enrichment. 

Even though Wörner and Schmincke (1984b) favour a simple cylindrical geometry geometry of the LS 

pre-eruptive magma chamber, multidisciplinary research on some very well-documented volcanoes (e.g. 

Kilauea, Hawai’i, USA) shows that magma chambers probably have a complicated geometry and are not 

to be thought of a well-established zones of fully molten rock in the crust (e.g. Parfitt and Wilson, 2008). 

However, because no data is available about the geometry of the LS pre-eruptive magma chamber and 

in an effort to avoid unnecessary complications, we will assume here that the magma chamber has a 
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cylindrical geometry. Wörner (1982) predicted that the magma chamber of LS was set in shallow crustal 

levels around 3 to 6 km depth.  

2.3 The Laacher See Eruption 

There are two main mechanisms by which tephra were deposited in the LSE: fallout from an eruptive 

column, whether sustained or unsustained, and flow deposition by pyroclastic density currents (PDCs). 

The latter has been traditionally further subdivided into two end members: pyroclastic surges and 

pyroclastic flows. Although this terminology is slowly getting out of use in the international literature, 

we retain it here as most literature on the LS stratigraphy dates from the 1980s and 1990s. Pyroclastic 

surges are fast moving dilute density currents and more or less neglect the landscape as they are able to 

move over slopes. Flow deposits are generally more massive and will follow the landscape (e.g. a valley 

between two scoria cones). Flow deposits will therefore be thicker in the valleys than on the ridges in 

between, in contrast with fall deposits which preserve their thickness over large distances (Francis and 

Oppenheimer, 2004). Pyroclastic fall deposits originate from the eruptive column. However, the settling 

of ash and lapilli is complicated by several factors: the influence of wind speed and direction, shape and 

density of the particles which affects the terminal fall velocity, height of the  troposphere/stratosphere 

boundary which fluctuates seasonally. Bonadonna et al. (1998) defined two sedimentation regimes: (1) 

plume margins, from which particles are ballistically thrown out of the crater, and (2) the base of the 

spreading umbrella cloud, from which particles can fall out in a turbulent, intermediate or laminar 

sedimentation regime. Changes in the direction of the wind and height of the eruptive cloud have a 

direct impact on the distribution of the fall deposits (Carey and Sparks, 1986).  

Because the direction of the wind does not stay the same during the eruption as well as the fact that 

PDCs have the tendency to follow a certain path in function of the local topography, the deposits of the 

LSE show significant variations over relatively short distances. The main stratigraphy is presented in 

Figure 2-7 including a summarized description of the deposits whereas a more in detail stratgiraphy is 

presented in Figure 2-8. Schmincke and Van den Bogaard (1991) distinguished four main facies of the LS 

tephra: the southern Mendig/Winterberg facies, the southeastern Krufter Ofen facies, the eastern 

Nickenich facies and the northern Brohltal facies (inset of Figure 2-8). As there was no southern wind 

during the LSE, no fall deposits and only flow deposits are found in the Brohtal facies. During the LSE 

there were three periods which were dominated by pyroclastic flow formation, which contributed 

around 10 vol% to the entire LS tephra deposits. The Mendig, Krufter Ofen and Nickenich facies are 

divided into four stages: LLST, MLST (itself subdivided into MLSTa - MLSTc), ULST and RLST. The Brothal 
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facies is divided into T1, T2 and T3 in which the T stands for Trass (“tuff” in German). Stratigraphically T1 

belongs to MLSTb, T2 occurs at the end of MLSTc and T3 is the ULST hydroclastic stage. The lithological 

descriptions are mostly based on the notes of Schmincke (1990) and on own observations during the 

two field stages.  

2.3.1 Lower Laacher See Tephra (LLST) 

The LLST is underlain by a fine layer of a mixture of Devonian country rock, vegetation and angular 

glassy phonolite shards. As a buoyant hot body of magma started ascending towards the surface, it 

came in contact with an aquifer. This resulted in an immediate transformation of liquid water into 

steam. It is this phase transition, which coincides with an abrupt volume increase (theoretically ca.  1600 

times assuming pure steam generation at standard temperature and pressure) that was responsible for 

the strong opening blast. Due to this blast, a passage was created between the magma and the open air 

which caused a rapid acceleration of the magma towards the surface. The opening phase of the LSE is 

visible in outcrops as a greenish basal layer, locally called the ‘basistuff’. Similar to the overlying LLST 

facies, the basistuff thins towards more northern outcrops. It is approximately 1.5 m thick in the Mendig 

facies and can be subdivided into three layers: (1) 1 m thick fine grained tuff, (2) 30 cm thick coarse 

grained tuff and (3) 20 cm fine grained tuff. Whereas the basistuff is 10 cm thick in the Krufter Ofen 

facies, it only has a thickness of 1 cm in the Nickenich facies, so it was clearly dispersed to the south.  

After the opening blast, a sustained eruptive column was rapidly developed which carried pumice lapilli 

to heights of more than 20 km and transported them as far as 1000 km from the vent. This phase in the 

eruption is also known as the first Plinian phase or the first convective phase. Older basaltic lava flows 

which covered the LSV prior to the eruption were broken up and thrown out of the crater, resulting in 

the deposition of m-sized basaltic blocks more than 2 km away from the crater. In the LLST deposits, a 

transition from a massive tephra bed intercalated with basaltic blocks into a layered tephra bed can be 

observed. This transition represents a change in eruption dynamics: the stable eruption column became  
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Figure 2-7: Stratigraphic section of the LS tephra deposits including a summarized description of the deposits. 
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Figure 2-8: A more detailed stratigrapy of each facies of the LS tephra deposits. The locations of the four different facies are 

presented in the small inset at the right corner of the figure. 
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unstable and started oscillating. As observed in the basistuff, deposits from the first Plinian phase also 

thin towards the northeast. Where 8.5 m of aphyric white pumice represents the first Plinian phase in 

the Mendig facies, this fallout deposit is only 3 m thick in the Krufter Ofen facies and merely 1 m thick in 

the Nickenich facies. 

The LLST ends with the so-called ‘Big Bang layer’ which is rich in Devonian slate and sandstone 

fragments, Hunsrück Schiefer and Siegen Schiefer, which are the typical country rocks found in the EEFV 

(Wörner and Schmincke, 1984). This lithic-rich deposit could point to a certain time in the eruption 

during which the walls became unstable and partly fell into the conduit, temporarily blocking it, after 

which the volcano cleared its vent with a big explosion similar to Vulcanian-style activity. The instability 

of the conduit walls could be a consequence from the decreasing gas pressure as the gas-rich cupola of 

the magma chamber was rapidly evacuated during the first phases of the LS eruption (Schmincke, 2004). 

2.3.2 Middle Laacher See Tephra (MLST) 

The boundary between LLST and MLST is very clear in the field due to a sudden change in grain size. The 

lowermost part of MLST typically consists of ash, contrasting with the pumice lapilli intercalated with 

country rock fragments of the ‘Big Bang Layer’. There is also a slight change in chemical composition at 

the LLST/MLST boundary, more specifically in the concentration of compatible and incompatible 

elements between the LLST and MLST. Incompatible elements are strongly enriched in the LLST whereas 

compatible elements are depleted in comparison with the MLST, although the bulk rock has the same 

phonolitic composition for both. This subtle change in chemical composition was explained by Wörner 

and Schmincke (1984) as a minor compositional boundary in the magma chamber between the magma 

which formed the LLST and the magma which formed the MLST. It is this minor composition boundary 

which could be caused by LSTD. A new crater approximately 1 km northwards of the first one opened up 

during the transition from LLST to MLST (Schmincke, 2004). Morphologically one can still find evidence 

for this transition in the somewhat 8-shape of the lake which nowadays fills the LS crater. In contrast to 

the LLST, the thickness of the MLST is highest in the Krufter Ofen facies. The MLST can be 

stratigraphically divided into three parts: MLSTa, MLSTb and MLSTc.  

MLSTa shows a characteristic sequence of fine-grained tuff layers rich in accretionary lapilli followed by 

minor Plinian pumice lapilli fall layers. Impact sags and accretionary lapilli suggest that the ash layers 

were deposited under wet conditions. Grain size oscillations may reflect an episodic transition from a 

sustained Plinian eruption column to an unsustained eruption column, possibly due to periodic 



18 

interaction of vesiculating phonolite magma with external water which would increase the explosiveness 

of the eruption and thus explain the fine-grained tuff layers.  

MLSTb contains several significant pyroclastic flow deposits representing collapsing fountains of tephra 

as the magma was unable to develop a sustained column. As previously stated, these deposits are the 

stratigraphical equivalent of the T1 layer in the Brohtal facies. These ignimbrite deposits are unwelded, 

suggesting relatively low depositional temperatures (Francis and Oppenheimer, 2004). At the end of 

MLSTb, an oscillating eruptive column was once again developed, as indicated by pronounced bedding 

of the tephra deposits. Even though the MLSTb represents more than 10 m of deposits (maximum 

thickness 12m) in the Krufter Ofen facies, it is only 0.5 – 1 m thick in the Mendig facies and can be traced 

back to a single layer which is locally called the ‘Tauchschicht’ (“dipping layer”). Even though the 

Tauchschicht is made out of fine white ash, the MLSTb in the Krufter Ofen consists of ignimbrites which 

are intercalated with fall deposits up to 1.5 m in thickness. The thickest fall layer contains some very 

large pumice bombs (up to 50 cm in diameter). Because most of the pumice bombs are broken upon 

impact and sometimes one can reconstruct the original bomb, these are called ‘Humpty Dumpties’.   

MLSTc represents the second major Plinian phase during which the eruption column may have reached 

a maximum height of more than 35 km. In the Brohtal facies this phase of the eruption corresponds to 

T2. Towards the end of the MLST, the eruption column decreased in height and collapsed repeatedly 

generating small pyroclastic flow deposits which are interbedded with the fall deposits. There is a 

pronounced difference in the colour and major element composition between the deposits of MLSTb 

and most deposits of MLSTc which is best demonstrated in the Mendig facies. On top of the 

Tauchschicht (MLSTb), a fall layer (layer XIV) consisting of white aphyric pumices can be found which is 

similar to the pumices of LLST to MLSTb. This fall layer is covered by a white flow deposit of 

approximately 30 cm thick. On top of that white flow deposit, two fall layers (layer XV), which consist of 

grey pumices, were deposited. These two fall layers are intersected by a dark grey surge layer. 

Remarkable is the sudden and obvious change in color between layers XIV and XV. Wörner and 

Schmincke (1984b) explained this as a major compositional boundary in the magma chamber prior to 

the eruption.  

2.3.3 Upper Laacher See Tephra (ULST) 

The deposits of the terminal phreatomagmatic phase are made up of several rhythmic repetitions of 

three distinct deposit types: (1) massive low-temperature pyroclastic flow deposits, (2) medium-grained 

cross-bedded high-energy dune deposits, (3) coarse-grained breccia layers (Schmincke, 2004). Most 
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noticeable in the ULST deposits are the antidune deposits. These deposits were originally explained as 

the result of reworking by strong winds. However two observations contradict this explanation. First of 

all the wave length of the antidunes decreases in downcurrent direction from the LSV and secondly the 

transport direction is opposite to that of a normal dune which suggests fast-moving flow. These 

observations suggest that the antidune structures were deposited by fast-moving dilute currents such as 

base surges. Base surges like the ones which formed the antidunes are generally known to have a 

limited run-out distance. Therefore in the ULST deposits further away from the LSV, these antidune 

structures are not present, but are instead replaced by graded lapilli/ash layers. 

In the Krufter Ofen facies, ULST ends with a massive yellow-green very fine-grained ash (silt) which 

can be more than 2 m thick. It is not clear how this packet was deposited and why it is only visible at 

Krufter Ofen. In the Nickenich facies, there is also evidence of lahars between the ash layers. 

Generally, the thickness of the ULST decreases from the Mendig facies (ca. 30 m) to Krufter Ofen 

facies (ca. 20 m) to the Nickenich facies (ca. 5 m). The abundance of metamorphic rocks in ULST might 

indicate that the walls of the magma chamber were unstable and collapsed into the magma chamber. 

The basanite lapilli found in the upper deposits, suggest that there was an influx of basaltic hot magma 

which could have originally triggered the eruption (Schmincke, 2004). 

2.4 Post-Eruption 

After the tephra was deposited during the eruption which probably lasted less than 3 days (Schmincke, 

2004), some of the deposits were quickly reworked and re-deposited in the following months by erosive 

transport processes (e.g. debris flows, mudflows and hyperconcentrated flows). Stratigraphically, these 

deposits belong to the reworked laacher see tephra (RLST). An interesting and devastating phenomenon 

was the blocking of the Rhine River during the MLSTc phase of the eruption. This damming of the Rhine 

resulted in a lake with a maximum depth of 18 m. This dammed lake (Figure 2-9) left three distinct 

sedimentological points of evidence. First of all, some layers consist solely of low-density pumice and are 

interpreted as pumice rafts. This can be explained by the fact that only low-density pumice could float 

on water whereas rock fragments and high-density pumice would have sunk to the bottom of the lake. 

Second, erosion gullies were formed in the already deposited LS tephra and the underlying sediments 

which can be explained by a disastrous fast drainage of the dammed lake. Third, cross-bedded layers can 

be found which consist of a mixture of pumice, slate and brownish sand. These cross-bedded layers also 

demonstrate the intensity of the drainage of the dammed lake. 
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It is reasonable to assume that an eruption of the size such as the 12,900 a Laacher See eruption has had 

a profound impact on its environment and the people who were living around the volcano. To indicate 

how sudden and destructive the onset of the LSE was, Fischer and Schmincke (1984) estimated that 

1,400 km² of land was devastated by near-vent ejecta and a total area of more than 225,000 km² was 

thoroughly affected by tephra. As the tephra deposits are still 10 m thick 5 km away from the vent, 

Oppenheimer (2011) assumed that for a distance of around 60 km to the northeast and 40 km to the 

southeast, all plants and animals must have been exterminated either by the opening blast, PDCs or by 

the accumulation of tephra. During the eruption a minimum of 1.9 Tg sulphur, 6.6 Tg chlorine and 403 

Tg H2O were released (Harms and Schmincke, 2000). Important to note is the fact that these are 

minimum estimations because S and Cl could have been accumulated in a separate fluid phase. These 

estimates are based on petrological evidence only (melt inclusions), which has been documented to 

provide underestimates in calculated amounts of erupted S (e.g. Wallace, 2001; Gerlach et al., in 

Newhall and Punongbayan 1996). Harms and Schmincke (2000) also estimated that 20 Tg SO2 were 

injected in the atmosphere which could cause a significant negative climate response and can be 

correlated to two concentrated sulphuric acid fallout horizons in GISP2 ice core in Greenland. As 

mentioned before, the estimation of 20 Tg SO2 is a minimum assumption because a comparison 

between petrologically estimated sulfur emissions and data obtained with the satellite sensor TOMS 

(Total Ozone Mapping Spectrometer) of historic eruptions reveals a difference of up to a factor of 435 

which is probably due to a separate fluid phase of S in the magma chamber which is not recorded in the 

minerals. As the estimated 20 Tg SO2 was based on a discrepancy factor of 10, higher emissions are 

plausible. The effect of LSE on the climate is witnessed in several paleoclimate proxies. Tree rings from 

the late glacial Dättnau pines show six years of reduced growth around 12,900 a. Sedimentation in lakes 

in central Germany were strongly disturbed for up to 20 years after the LSE which was probably caused 

by a period of heavy rain due to the increase of fine particles in the atmosphere which helps the 

nucleation of water droplets. Recent modeling (Timmreck et al., 1999) suggests a significant negative 

anomaly as high as -6 W/m² for at least 4 years. In comparison, the 1991 Pinatubo eruption caused a 

negative anomaly of -2.4 W/m². 
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Figure 2-9: Overview of the deposits of the LSE ranging from tephra fall, ash flow to flood wave deposits. Note the dammed-

up lake generated by the blocking of the river Rhine due to the LS eruption. (Schmincke et al., 1999) 
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As Western Europe was already inhabited by human populations, the LSE must have had a thorough 

impact on the late-glacial hunters-gatherers. Riede and Bazely (2009) state that the LSE initiated 

significant demographic fluctuations along the periphery of Late Glacial human settlement and that 

these led to a number of material culture transformations. As a result of the eruption, the Central 

European regions were temporarily abandoned which led to the rise of Southern Scandinavian Bromme 

culture and the Northeastern European Perstunian culture. It is curious to notice that the LSE had its 

most severe impact in more distal areas. Whereas acute tephra-related health effects include asthma 

attacks, bronchitis, breathlessness, chest tightness and wheezing, long-term exposure to respired tephra 

could lead to scarring, irreversible narrowing of the airways and chronic mucous hypersecretion in COPD 

(International Agency for Research on Cancer, 1997). Important to realize is that particles only become 

hazardous at sizes < 15 µm as they are able to penetrate deeper in the pulmonary system. Riede and 

Bazely (2009) however show that the health hazard potential of the LST may have increased with 

distance.   

Given that volcanic fallout poses a significant economical and ecological challenge even nowadays, a 

population entirely made out of hunters and gatherers would have been extremely vulnerable. This is 

especially true when other health hazards such as fluoride poisoning and dental wear because of 

ingestion of tephra-loaded vegetation are also taken into account (Riede and Bazely, 2009 and 

references therein).     

 

Figure 2-10: A schematic map of the forager population movements after the eruption of LS. FMG stands for Federmessen-

Gruppen which is a toolmaking culture of the late Upper Palaeolithic era. Based on Schmincke et al. (1999), modified by 

Riede and Bazely (2009). 
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3 Tephra Studies 

Once described as the ‘leftovers of petrology’, in the past decennia the study and application of tephra 

has dramatically increased. Especially in physical volcanology, tephra is the central research subject. In 

this chapter, a concise summary is presented of what tephra studies entail with the emphasis on the 

subjects of this thesis. At first, a closer look is given at how tephra is generated and thus the processes 

vesiculation and fragmentation. Afterwards, how we can study the texture of tephra and what can be 

learned by studying the texture of tephra is the main subject. The chapter concludes with a closer look 

at tephra dispersal modelling and an emphasis is placed on the model which will be used in this thesis. 

Note, that important tephra studies such as the quantification of eruption parameters (e.g. plume 

height, total erupted mass etc) out of detailed field measurements and mapping, like thickness and 

maximum clast size, is not described in this thesis as it is out of scope of this thesis.          

3.1 Vesiculation and Fragmentation 

As the top layer of magma, in a magma chamber, can be oversaturated in volatiles and thus contain 

small amounts of gas bubbles, the presence of gas bubbles in itself is not sufficient to trigger an 

explosive event. This is supported by the observation of volcanic gas emissions close to inactive 

volcanoes. These emissions represent a certain leakage of the magma reservoir and indicate the 

presence of a separate gas phase. Even a small increase in the amount of gas bubbles will cause an 

increase in the pressure exerted by the magma on the surrounding rock. Therefore, overpressure can 

lead to the fracturing of the country rocks through which magma or hot gasses can rise (Francis & 

Oppenheimer, 2004). Volcanoes often require an external trigger to erupt. Possible triggers are the 

sudden collapse of the edifice similar to the 1980 eruption of Mt. St. Helens or periodic injections of 

batches of less evolved magma into the reservoir which slowly adds volatiles and heat to the system 

until it reaches a critical stage. Another possible trigger mechanism is the interaction of external water 

with the magma or the hot gasses, which leads to a large explosion after which magma can ascend and 

erupt through a newly formed or reopened conduit (e.g. LS eruption). A heavily debated trigger is the 

occurrence of a large earthquake in the vicinity of the volcano, thoroughly shaking the magma chamber. 

However, this earthquake induced eruption model is not widely accepted. In this section, the process of 

an ascending magma is described in a successive manner: starting from the exsolution of volatiles in the 
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magma and thus nucleation of bubbles, the growth of bubbles and ultimately whether or not the 

magma fragments and in what matter it fragments. 

3.1.1 Bubble Nucleation 

When a liquid is oversatured in a volatile phase such as CO2, a separate gas phase will exsolve and 

bubbles will be generated. This process is called vesiculation. Classical homogenous nucleation theory 

tells us that bubble nuclei can only be stable above a certain critical size Rcritical. Therefore bubbles will 

not necessarily start nucleating when a liquid is (over)saturated, because the energy gained from the 

exsolution of the gas phase has to be at least equal to the energy required to maintain the boundary 

gas-liquid up. Thus, if a bubble is smaller than its critical size, it will be unstable and will ultimately 

diminish. If a bubble is larger than or equal to its critical size, it will be stable and thus will be able to 

grow (Sparks, 1977). Bubbles which nucleate in low-viscosity liquids (e.g. water) will do so at relative low 

oversaturation. However, bubbles will have more difficulty nucleating in high-viscosity liquids such as 

magma and therefore a certain supersaturation has to be reached (Houghton et al., 1999).  

Mourtada-Bonnefoi and Laporte (1999) experimentally showed that homogenous nucleation in a 

volatile-rich rhyolitic magma requires high supersaturation pressures (> 150-200 MPa). Thus the 

exsolution surface in the magma chamber/conduit is significantly higher than the volatile saturation 

surface (Figure 3-2). If only the homogenous nucleation model is taken into account, magma would have 

to rise far above the saturation surface in order to achieve these high supersaturation pressures before 

bubbles can nucleate. An alternative to homogenous nucleation is heterogeneous nucleation. Existing 

impurities (e.g. microlites) provide sites where bubbles can more easily nucleate at smaller 

supersaturation pressures. In the heterogeneous nucleation model, the exsolution surface is much 

closer to the volatile saturation surface than in the case of homogeneous nucleation and bubbles 

therefore start nucleating at deeper levels (Figure 3-1). Two end-member models of vesiculation in 

volcanic conduits can be described only on the basis of bubble nucleation theory: crystal-free magmas 

where homogeneous nucleation dominates and crystal-rich magmas where heterogeneous nucleation 

dominates.  
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Figure 3-1: Heterogeneous bubble nucleation model. Due 

to impurities bubbles can nucleate more easily and 

therefore the exsolution surface is closer to the saturation 

surface than in the case with homogeneous bubble 

nucleation. (Houghton et al., 1999)  

 

Figure 3-2: Homogeneous bubble nucleation model. As the 

supersaturation pressure has to be very high before bubbles 

can nucleate, the exsolution surface will be significantly 

higher than the saturation surface. (Houghton et al., 1999) 

 

Bubble nucleation in itself increases the magma ascent because it decreases the density of the magma. 

This is a reinforcing mechanism because the faster the magma rises, the faster it decompresses and thus 

more volatiles can be exsolved and bubble nucleation increases. Note that different volatiles have 

different saturation pressures. For example, CO2 has a higher saturation pressure than H2O which leads 

to the exsolution of CO2 at a larger depth. In general, CO2 and other volatiles such as SO2 and Cl2 play a 

minor role in causing bubble nucleation due to their low abundance and lower saturation level in 

comparison with H2O, which causes volatiles such as CO2 to degass whereas the magma is still in the 

magma chamber. However, CO2 could play an important role of initiating the first event of nucleation 

which accelerates the magma upwards after which H2O oversaturate and takes over as the main driver 

of the process (Pers. Comm., Karen Fontijn). This could be a favourable mechanism for eruptions of low-

viscosity magmas such as Rungwe and 79 AD eruption of Vesuvius. In order to explosively degass a low-

viscosity magma, the magma has to ascent at high speed to ensure fragmentation. One of the 

explanations to explain the explosiveness of low-viscosity magmas is that microlites are formed in the 

ascending magma which increase the viscosity to a level were very high ascent rates are not necessary 

anymore to fragment the magma. However, no microlites can be found in pumices of the 4 ka Rungwe 

Pumice eruption or the 79 AD Vesuvius eruption which contradicts the theory of an increased viscosity 
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due to microlites to explain the explosiveness of these eruptions. Because the texture of a bubble is not 

depended on what specific volatile created it, we cannot be sure if CO2 caused the initiative nucleation 

phase and thus the high ascent speed in the 12,900 a LS eruption. However, if microlites are not 

observed in the LS pumices, it raises an important question: how could the LS magma accelerate to such 

a high speed where the magma is fragmented without microlites?  

3.1.2 Bubble Growth 

When a bubble has formed and has a radius larger than the critical radius, it will continue to grow. We 

will first look at a situation where only one bubble is present in a stationary fluid with constant pressure 

and temperature. The bubble growth can be described in three phases: a first phase where there is an 

exponential growth and where the viscosity is the limiting factor and a second phase where there is a 

parabolic growth during and where the diffusion rate of volatiles is the limiting factor. The final phase 

will occur when equilibrium is almost reached between the inflow and outflow of volatiles in the bubble 

similar to an equilibrium reaction in chemistry (Figure 3-3).  

 

Figure 3-3: At the start of the bubble growth, there 

will be enough volatiles to feed the bubble fast 

enough and thus the growth will be viscosity limited 

as the melt has a certain inertia and will not 

immediately be pushed back (segment A). The 

growth of the bubble will be exponential during 

segment A. However, at a certain time the growth 

will be limited by the diffusion rate (segment B) as it 

takes more time to ‘gather’ enough volatiles to 

expand than the time that the melt can be pushed 

back due to its inertia. The growth during segment B 

is parabolic and thus slower than segment A. At a 

certain time, the bubble will reach equilibrium with 

the diffusion rate: the outflow of volatiles out of the 

bubble is as large as the inflow of volatiles and thus 

the growth stagnates and drops below the parabolic 

growth of the diffusion rate (segment C). (Houghton 

et al., 1999) 

 

In reality, there are of course multiple bubbles present in a magma. Because neighbouring bubbles 

decrease the abundance of volatiles available for one bubble, the equilibrium phase is more rapidly 

reached and thus the faster the growth curve will drop below the parabolic growth curve. Simply put, 

the higher the abundance of neighbouring bubbles, the smaller the bubbles tend to be. Another 

important factor is the rate at which magma ascents and thus decompresses. As the magma rises up the 

conduit, it will start to decompress which will influence the diffusion-limited and viscosity-controlled 
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growth of the bubble. The less pressure is exerted on the magma, the smaller the amount of volatiles 

which can be in solution. Therefore more volatiles will be exsolved and this will increase the diffusional 

rate. However, during this exsolution of volatiles the increasing viscosity of the melt will require more 

energy for the bubble to expand. A rapid expansion can therefore create such an excess of internal 

bubble pressure at shallow conduit depth that it may lead to fragmentation of the magma.    

The rise of magma in the conduit was previous considered as a closed system. However, in reality this is 

not always the case. For example, gas can escape through the wall rock. There is also abundant evidence 

at inactive volcanoes that large amounts of gas are being emitted daily. Therefore it is clear that the gas 

phase does not always stay in the melt, but it can escape prior to an eruption. There are two ways how a 

gas phase can escape the melt: (1) due to a different relative speed of the bubbles vs. liquid in a two-

phase flow, or (2) through a permeable bubble network similar to foam. In the case of a two-phase flow, 

there is a relative motion between the bubbles and the melt. As the bubbles are less dense than the 

surrounding melt, they will have the tendency to rise. If the bubbles rise much faster than the melt due 

to a low melt viscosity and/or slow ascent of the melt, the bubbles can simply boil out of the melt. If the 

ascent of bubbles is more or less equal to that of the melt, the only way in which the gas phase can 

escape is by forming a permeable network in the magma through which gas can flow freely to the 

surface. Magma, which is vesicle-poor due to sufficient degassing, will not have the tendency to 

violently erupt, but will rather ooze out of the conduit and form lava flows. In case the magma is subject 

to high pressures (e.g. on the ocean floor) it cannot exsolve its gas content and therefore will simply 

ooze away and form pillow lavas.       

Sparks (1977) states that the final dimensions and behaviour of the bubbles close to the surface are 

essentially insensitive to when and how nucleation takes place. The reason for this is that a bubble 

grows very rapidly (parabolic growth) when the bubble radius is small. Therefore lately formed bubbles 

can almost catch up to the size of early-formed bubbles. In pumice, one can clearly make a distinction 

between rhyolitic pumice and basaltic pumice in terms of bubble number density (BND) and bubble size. 

The BND of rhyolitic pumice and basaltic pumice is respectively 10
14

-10
16

 /m³ and 10
10

 /m³. As BNDs 

increases and thus bubble nucleation dominates when the supersaturation is high, this might be a 

reflection of higher supersaturation pressures in rhyolitic magmas than basaltic magmas (Houghton et 

al., 1999). However, heterogeneous nucleation on microlites in the rhyolitic magma cannot be ruled out. 

Basaltic pumice however mostly has much larger bubbles in comparison with rhyolitic pumice because 

of (1) the lower viscosity of a basaltic magma and (2) the lower supersaturations and thus less 

dominance of bubble nucleation. 



28 

As a bubble grows, a number of processes can happen such as coalescence, bubble collapse and Oswald 

ripening. Oswald ripening is a thermodynamic process in which larger particles are more energy 

favourable than smaller particles. This causes the volatiles in tiny bubbles to migrate to large bubbles. 

This self-reinforcing mechanism causes the smallest bubbles to become even smaller and can cause the 

radius of the bubble to become less than the critical radius. This leads to the disappearing of bubbles. 

When there is a high abundance of bubbles, the large bubbles tend to touch each other and merge 

together. A process we call coalescence. When the bubble’s volatile can escape the bubble due to the 

creation of a permeable network, the bubble can collapse, leaving behind a smaller banana shaped 

bubble. This is what we understand with bubble collapse.   

3.1.3 Magmatic fragmentation 

What essentially drives an eruption is the pressure difference between the magma in the magma 

chamber/conduit and a region of lower pressure (e.g. atmosphere) across a surface, which we will call 

the fragmentation surface (Figure 3-1 and 3-2). Below the fragmentation surface there is a continuous 

melt phase with a dispersed gas phase while above the fragmentation surface, there is a continuous gas 

phase with a dispersed liquid/solid phase. The imbalance of forces across the fragmentation surface will 

also cause the slow moving magma to accelerate to sometimes twice the speed of sound and thus up to 

approximately 700 m/s. It is ultimately this fragmentation process which dictates the eruption activity 

style ranging from Hawaiian-style to Ultraplinian-style for dry magmas and Surtesyan-style to 

Phreatoplinian-style for wet magmas, i.e. where there is external water involved. We can thus 

immediately make a distinction between a fragmentation in presence or absence of external water. 

Walker (1973) stated that external water will cause more fragmentation of the magma due to the rapid 

volume expansion of water to steam and used this to make a new classification scheme. This will 

therefore lead to finer particles. Another distinction can be made based on whether the eruption and 

thus the fragmentation process continue for hours or has a rather pulsating nature. Plinian-style activity 

(Figure 3-4) is a typical example of sustained activity and thus of a long period of continuous 

fragmentation as it typically lasts for several hours in contrast to Vulcanian-style eruptions (Figure3-5) 

characterized by pulsating activity and thus fragmentation. Mason et al. (2006) suggest that sustained 

activity is possible if the system is under complete equilibrium, whereas non-sustained activity occurs in 

the absence of equilibrium. If the diffusion of volatiles is fast enough to keep the system in equilibrium, 

sustained Plinian-style activity is achieved. If the diffusion of gas is too slow, the system is in 

disequilibrium and will lead to short explosive events as in the case in Vulcanian eruptions. 
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Figure 3-4: An example of a sustained eruption column 

which spreads laterally at a certain height (in this case 

18 km). Mount Spurr, Alaska (1992). Courtesy of  R. 

McGimsey (18.8.1992). 

 

Figure 3-5: An example of a unsustained column. Vulcanian 

explosion at Colima (Mexico) on 10 March 2007. Courtesy of 

Colima Volcano Observatory. 

 

Although both activity styles are rather calm in comparison with Plinian-style activity, there is a 

significant difference between Hawaiian-style (Figure 3-6) and Strombolian-style (Figure 3-7) activity in 

terms of fragmentation. In a Strombolian eruption, bubbles will start to coalescence and form large 

bubbles which will burst when they reach the surface. This bursting effect causes the melt, which forms 

‘the skin’ of the bubble, to fragment as it is thrown out in every direction. In contrast with this bubble 

bursting model, Hawaiian-style activity or lava fountains occur when liquid magma is thrown in the air 

similar to spraying water with a water hose. The magma fountain will flow in a laminar way after which 

it will flow in a turbulent way. At a certain moment, the magma current will start to break up in 

individual froths of magma and thus fragmentation occurs. As Hawaiian-style activity is more or less 

sustained eruption, it might reflect on a small scale what happens during Plinian-style eruptions. 
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Figure 3-6: An example of a lava fountain. Mauna 

Ulu (Hawai’i), 22 August 1969. Courtesy of  D.A. 

Swanson  (USGS)  

Figure 3-7: An example of Strombolian activity. Mt. Etna (Italy), 

October 2002. Courtesy of Tom Pfeiffer 

 

It is not possible to observe the fragmentation process in more violent eruptions like Vulcanian or 

Plinian-style ones. Therefore understanding these processes depends on certain models of 

fragmentation, both theoretical, numerical and experimental. In experiments, fluid with volatiles is kept 

under high pressure and suddenly forced to fragment by rapidly relieving this pressure. There are two 

main types of fragmentation: solid-like brittle fragmentation, where fragmentation precedes 

acceleration and expansion, and liquid-like ductile fragmentation, where foam acceleration precedes 

fragmentation (Ichihara, 2008). Ichihara (2008) distinguishes three fracture processes at micro-scale 

(Figure 3-8): (1) brittle fracture of the bubble wall, (2) ductile fracture which is sequence of nucleation, 

growth and coalescence of smaller micro-bubbles inside the bubble wall and (3) unstable necking of the 

bubble wall. Of these three fracture process, (2) and (3) are considered ductile deformation while (1) is 

clearly brittle deformation. Even though fragmentation precedes expansion in the case of brittle 

fragmentation, the process at a micro-scale is (1) and/or (2) (Ichihara, 2008). Ductile fragmentation 

occurs when there is a detachment of the stretched bubbles; this can be achieved whether by the 



31 

formation of cavities similar to fracture process (2) or fluid dynamical instabilities of the thin film 

surrounding the bubble caused by micro-scale fracture process (3). 

 

Figure 3-8: Three micro-scale fracture process: 

(1) Brittle fracturing of the bubble wall, 

(2) Due to a sequence of nucleation, growth and coalescence of micro-

bubbles, we can create a weakened bubble wall as in process (1). 

(3) Due to unstable necking, the bubble wall can detach. 

 (Ichihara, 2008) 

 

 

 

 

 

 

 

 

 

Three fragmentation mechanisms for highly viscous magma under rapid decompression will be 

discussed and applied to two cases: fragmentation of magma with closed bubbles and fragmentation of 

magma with connected bubbles. Alidibirov and Dingwell (2000) distinguish three fragmentation 

mechanisms of high viscosity vesicular magma assuming brittle fragmentation: (1) an unloading elastic 

wave, (2) fragmentation wave and (3) gas-filtration flow. All three fragmentation mechanisms are based 

on the removal of a plug. However, this cannot be taken too literarily. Plug removal can range from the 

actual removal of solidified magma blocking the conduit, the collapse of a dome to rapid removal of 

country rock due to a phreatic explosive event similar to the opening blast of the 12,900 ± 560 a LS 

eruption (Van den Bogaard, 1995). 

3.1.3.1 Unloading Elastic Wave Mechanism 

The propagation of an unloading elastic wave is similar to a very hazardous phenomenon in mining 

namely a rock burst. A rock burst is a spontaneous violent fracturing of rocks because of the increase in 

pressure gradient between the excavated mine shaft and the surrounding rocks which were once under 

immense pressure. Due to the suddenness and the high viscosity, the magma will behave as a solid and 

an elastic wave will be able to travel downward through the magma. This elastic waves generates cracks 

parallel to its wave front. The compressed gas in the bubbles of the disrupted magma will try to expand 
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and therefore fragment the magma after which a mix of pyroclasts and gas will be thrown out of the 

conduit.  

3.1.3.2 Fragmentation Wave Mechanism 

Layer-by-layer vesicle bursting or a fragmentation wave is the second mechanism of fragmentation. If 

the plug, which subjects the magma to a higher pressure, is more slowly removed or if the magma is less 

viscous, an unloading elastic wave will not be able to fragment the magma. In this case, the gas pressure 

in the bubbles of the top layer of the magma will try to disrupt the magma due to an increasing pressure 

gradient. When this gradient is high enough the bubble will rupture the interbubble partitions and thus 

fragment the magma. The underlying layer will then be subject to the same decreased pressure and thus 

an increased pressure gradient between the bubble and their surrounding and will also rupture. This 

process repeats itself downwards as a so-called fragmentation wave. Even though Alidibirov and 

Dingwell (2000) only considered this mechanism for brittle fragmentation, this process can also be 

applied to ductile fragmentation. In this case, the first bubble layer will undergo expansion until 

detachment of the bubble wall is achieved. The underlying bubble layer will undergo more rapid 

expansion due to the removal of the first layer and detachment of the bubble wall will also happen. This 

process repeats itself downwards and again a so-called fragmentation wave is realized, however now in 

a ductile fashion. 

3.1.3.3 Gas Infiltration Flow Mechanism 

The last mechanism presumes that all the bubbles are connected. Due to the removal of the plug, a 

rapid flow of gas from the vesiculated magma towards an area with lower pressure (e.g. atmospheric 

pressure) will be generated. Due to the drag forces and tortuosity of this gas flow, the vesiculated 

magma will break up and therefore fragmentation is achieved. 

3.1.3.4 Fragmentation In The Presence of Closed vs Open Bubbles 

In the case of closed bubbles in magma, the gas-infiltration flow mechanism cannot occur. Therefore the 

other two proposed fragmentation mechanisms will take place either separately or synchronically. If the 

plug is removed fast enough and thus the decompression rate is high, an unloading elastic wave can be 

generated. If the pressure gradient between the bubbles and their surroundings is high enough, they 

can provide additional fragmentation by the fragmentation wave mechanism. When the interbubble 

partitions are thick and thus strong, the unloading elastic wave mechanism can solely play a role in the 

fragmentation. Alternatively, if the plug is removed too slowly, only the fragmentation wave will play a 

role which would also be the case if we consider ductile fragmentation. 
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When the bubbles are connected, a fragmentation wave cannot form. The infiltration of gas flow 

through the connected bubbles can therefore play a major role in the fragmentation in combination or 

without the unloading elastic wave which can still occur. Of course if none of the three mechanisms 

work due to a slow removal of the plug (unloading elastic wave mechanism), too thick interbubble 

partitions (fragmentation wave mechanism) and infiltration flow which is not effective in disrupting the 

magma (gas-infiltration flow mechanism), no fragmentation occurs and the magma can non-violently 

degass. 

3.2 Pumice Texture 

As we cannot look directly into the conduit of a volcano, we cannot observe important processes such as 

fragmentation, bubble nucleation etc. (see section 3.1) in real time. However, there are three methods 

by which we can indirectly study these phenomena: (1) study the texture of collected pyroclasts, 

assuming that no significant textural changes happen after fragmentation even though this is not always 

the case (see later), (2) constrain pyroclast textures by modelling magma ascent and (3) experimentally 

mimic the processes which happen inside the conduit in the lab and study the experimentally induced 

equivalent of pyroclasts. The advantage of methods 2 and 3 is that we can study the processes in a 

controlled environment whereas in case of natural pyroclasts, we can only observe the final product and 

have no idea of what the process were that lead to this. We can thus constrain and change certain 

parameters in order to see the importance of the parameters in question in the final product. One can 

for example increase the viscosity of an experimental magma analogue and observe how this affects the 

texture of the modelled/experimentally created equivalents of pyroclasts. However, it remains vital to 

compare experimental and modelled data with what we can observe in nature and thus what we 

observe in pyroclasts collected on the field. Note that we will focus on the elements of pumice textures 

that can be used to extract qualitative/quantitative information about the nucleation/fragmentation 

process. 

3.2.1 Natural pumice 

In essence, there are two important quantitative parameters which describe the texture of pumices: 

bubble number density (BND) and bubble size distribution (BSD). Instead of the term bubble, vesicle is 

sometimes used as a synonym in literature. Therefore, in some literature the terms vesicle number 

density (VSD) and vesicle size distribution (VSD) are used. However, we make a clear distinction between 
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these two definitions: bubble is used while it is in the dynamic state of the magma and vesicle is its 

frozen state in a pyroclast. As mentioned before (Section 3.1.3: Magmatic Fragmentation) pyroclast are 

generated after the magma undergoes fragmentation and quenches. In order to describe the state of 

bubbles in the pre-fragmentation magma, we have to study the pyroclasts. However, this requires that 

the pyroclasts are representative for the pre-fragmentation magma and thus that the texture does not 

change between fragmentation and quenching. However especially in the case of liquid fragmentation, 

the bubbles in the soon to be pyroclast can still change during the quenching phase. It is therefore 

important to keep in mind what can happen to the bubbles after fragmentation. If the bubbles are not 

immediately quenched, the volatiles in the bubbles will continue to expand due to decreasing pressure 

and will therefore expand. However, if a permeable network is created, volatiles might degas out of the 

bubbles which causes the bubble to collapse. Recent research by McIntosh et al. (2012), reveal that the 

bubble’s volatiles can be resorped by the surrounding magma which causes the bubble to shrink. As this 

water resorption depends on the contact surface between the volatile water and the surrounding 

magma, this effect is the largest in smaller bubbles. To this date, no research has been conducted on 

what has the most impact on the bubble size distribution after fragmentation: bubble shrinking due to 

resorption or bubble growing due to the expanding volatile phase. If indeed bubbles tend to shrink more 

than expand before being quenched, we should multiply VSDs with a constant or even better a factor 

depending on the size of the vesicle to obtain correct BSDs. 

Toramaru (2006) and references therein proposed that BNDs may be a possible indicator of the 

processes in the conduit. An empirical relationship can be found between BND and column height 

(Figure 3-9), in which an increasing BND corresponds to an increasing column height. As the eruptive 

column height depends on intra-conduit processes, this suggests a link between intra-conduit processes 

and BND. Furthermore, recent studies suggest that BND strongly depends on the decompression rate 

(Toramaru, 2006 and references therein). However, BND is not only controlled by intra-conduit 

processes, but also by the characteristics of the magma and its volatiles. The BND and knowledge about 

the physical properties of the pre-eruptive magma such as viscosity, volatile content, etc., can therefore 

provide us with an estimate of the decompression rate (Toramaru, 2006).      
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Figure 3-9: (a) BND (m
-3

) vs. eruption column height HT (km) and (b) BND (m
-3

) vs silica content SiO2 (wt%). Note that there 

appears to be a clear empirical relationship between BND and eruption column height: the higher BND, the higher the 

column height.  

 

From looking at the bubble shapes, whether in 2D or 3D, we can also constrain important qualitative 

information. Basically, there are three main shapes of bubbles which can be observed in pyroclasts: 

spherical, tube and erratic. Theoretically, every bubble which nucleates and grows, should be spherical 

as that is the geometry that requires the lowest energy (Sparks, 1977). However, the shape of these 

spherical bubbles can be altered by intra-conduit processes. As bubbles grow, it will become more likely 

that the two bubbles 'touch’ each other and thus these two neighbouring bubbles therefore become 

one bubble after a intermediate phase of alteration. This process is called coalescence. Coalescence 

gives rise to (large) erratic bubbles because the viscosity increase of the magma, due to water 

exsolution, prohibits the bubble to relax to a spherical form. If there is a large differential stress present 

in the magma, spherical bubbles will react to this differential stress and elongate to form tubular shapes. 

In a volcanic conduit, shear stress can occur at the contact of magma with the surrounding rock, i.e. 

along the conduit wall. As mentioned before, when a permeable network is created, the bubble can be 

sufficiently degassed that it collapses creating a typical banana shape.   
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Figure 3-10: The effect of intra-conduit processes such as coalescence, Oswald ripening etc. on the VSD. (Shea et al., 2010a) 
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The shape of BSDs can be used to qualitatively constrain information about the nucleation behaviour 

and growth of bubbles present in the ascending magma, such as number of nucleation events, amount 

of coalescence and bubble collapse. Figure 3-10 illustrates how certain intra-conduit processes could 

have an effect on a BSD. If there is only nucleation, a transition from a unimodal to a power-law BSD can 

be linked to whether there was a single or a continuous nucleation and growth phase. If there is a low 

amount of nucleation and growth phases (three to eight), an exponential BSD can be observed. 

Processes such as coalescence, Oswald ripening and collapse can alter these distributions. Note that 

when the BSD steepens, this coincides with an increase in the number of bubbles with that volume, 

whereas a plunging translates in a decrease. Coalescence causes the intermediate bubbles to melt 

together and thus decreases the amount of intermediate bubbles (plunging of the BSD) while increasing 

the amount of larger bubbles (steepening of the BSD). As mentioned before, Oswald ripening causes 

larger bubbles to grow and smaller bubbles to shrink. Therefore, there would be a larger amount of very 

small bubbles and intermediate bubbles without Oswald ripening. Collapsing of bubbles causes the 

largest bubbles to decline in numbers, whereas the small-intermediate bubbles will grow in numbers. 

One way to gain insights in what we might expect from the texture of pumices from the 12,900 a 

Laacher See eruption is to make a comparison with case studies of eruptions of similar magmas 

(phonolite, trachyte) described in literature. One eruption which has been widely studied and which 

bears some similarities with the Laacher See eruption, is the 79 AD eruption of Vesuvius (Italy) which 

was also a Plinian eruption of a phonolitic to tephri-phonolitic magma which was stored in a zoned 

magma reservoir (Shea et al., 2010b). A summary of textural parameters obtained on pumices from a 

number of relevant key studies, is given in Table 3-1.  

Natural Samples BND (m
-3

) Form of BSD Exponent d 

EU1low 3.40E+15 power-law 3.42 

EU2low 8.70E+15 power-law 3.44 

EU1mean 2.60E+15 power-law 3.39 

EU2mean 1.10E+16 power-law 3.50 

EU1high 7.80E+15 power-law 3.47 

EU2high 1.20E+16 power-law 3.63 

Tabel 3-1: Summary of natural samples of the 79AD eruption of Vesuvius (Shea et al., 2010b) 

 

3.2.2 Analogue Modelling 

The vesiculation process in an ascending magma can be simulated by experiments in which a mixture of 

a fluid and volatiles undergoes a decompression event, either in one step (Blower et al., 2002) or in 

multiple steps (Shea et al., 2010a; Hamada et al., 2010). Due to decompression, volatiles in the mixture 
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reach supersaturations levels and will therefore start to nucleate bubbles which will expand with time. 

Generally, there are two types of starting material which are used in decompression experiments: 

natural melts such as molten obsidian, pyroclasts etc. (Shea et al., 2010a; Hamada et al., 2010) and 

synthetic melts such as gum rosin (natural pine resin) in acetone (GRA) (Blower et al., 2002). A typical 

setup for a decrompression experiment is presented in Figure 3-11. 

 

 

Figure 3-11: (a) A typical setup for a decrompression experiment. The diaphragm divides the large tube in two parts: (1) test 

cell in which the GRA solution is kept under a pressure of 1 atm and (2) the shock tube which is linked with a vacuum 

chamber. (b) The experiment setup for the diapraghm is removed. Note the GRA solution in the test cell. (c) The experiment 

setup after the diapraghm is removed. Note that the acetone is dissolved out of the gum rosin. After draining the acetone, 

the gum rosin can be used as an analogue for pyroclasts. 

 

In the first case, volcanic rocks are collected in the field and partially or entirely molten in capsules 

capable of reaching temperatures and pressures comparable to a magma chamber (e.g. 850°C and 150 

MPa). Volatiles, commonly only H2O, are added to the molten material, because the used material has 

lost most of its initial volatiles during the eruption (e.g. in the case of pyroclasts such as pumice). Shea et 

al. (2010a) replicated crystals present in the magma chamber before eruption, which can play a major 

role in nucleation behaviour (see heterogeneous nucleation, section 3.1), by only partially annealing the 

natural pumices. Instead of annealing the pumices at 1000°C at which most microlites would be 

eliminated (e.g. the liquidus of most feldspars is around 750°C), samples were only annealed at 850°C. 
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The ascent of the magma and thus decompression is replicated by lowering the pressure stepwise (e.g. 5 

MPa pressure drops followed by 20 s waiting period or 0.25 MPa/s which corresponds to an ascent rate 

of 10 m/s; Shea et al., 2010a) or continuously (Hamada et al., 2010) and quenching the vesiculated melt 

at an ending pressure (25 - 125 MPa) to prevent foam collapse or fragmentation. Results from such 

experiments approach bubble number densities (BND) and sizes, which are found in pyroclasts 

generated by violent eruptions. However, experimentally generated BNDs generally show a narrower 

size distribution, which can be related to the fact that nucleation appears to be continuous (possibly due 

to non-linear rates of decompression) in nature instead of instantaneous such as in the laboratory. 

Instead of using silicate melts, one can also use analogue materials. GRA is such an analogue mixture 

used by Blower et al. (2002). This is a mixture which is very useful as it not only replicates magmatic 

degassing (even fragmentation in some cases) but also produces a solid end product that has textures 

similar to those of natural pyroclasts. At room temperatures and pressure, gum rosin is an amorphous 

solid. GRA is a viscous Newtonian liquid of which the viscosity is largely dependent on the amount of 

acetone the mixture contains. By altering the amount of acetone, one can alter the viscosity of the GRA 

and thus change the experiment to mimic the behaviour of different magmas ranging from low viscosity 

(e.g. basalts) magmas to high viscosity (e.g. rhyolitic) magmas. The experiments are typically performed 

in a standard shock tube and are mainly controlled by two parameters: initial acetone concentration and 

pressure in the vacuum chamber. Violent degassing similar to an explosive eruption can be achieved by 

applying chamber pressures lower than 200 mbar (0.002 Pa) and the violence of the degassing can be 

increased by either lowering the chamber pressures or increasing the concentration of acetone. When 

the GRA decompresses to pressures lower than 200 mbar, acetone boils explosively and drives a two-

phase flow up the shock tube. Boiling proceeds as an evaporation/nucleation wave (Blower et al., 2002 

and references therein) which propagates downwards with time. If the reaction is violent enough, the 

bubbly liquid may spatter similar to a strombolian eruption and even entirely fragment similar to a 

Plinian-style eruption. After the foam ceases to expand, acetone is removed from the shock tube and 

the gum rosin can be studied in the same way as a natural pyroclast (Blower et al., 2002). We can 

conclude that analogue modelling can help us in understanding vesiculation and fragmentation process 

as it gives us artificial textures which we can compare with the texture found in natural pyroclasts. 

However, we have to keep in mind that a lot of simplification and downscaling is necessary to make 

these lab experiments executable. 
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3.2.3 Analytical/Numerical Modelling 

Observed power law BSDs in natural and experimentally created pyroclasts are explained by two 

mechanisms: (1) cascading coalescence (Gaonac’h et al., 1996) and (2) nucleation behaviour (Blower et 

al., 2002). Gaonac’h et al. (1996) explains that the power law is created due to the fact that larger 

bubbles have more chance to coalesce with other larger bubbles and therefore reduce their bubble 

density whereas smaller bubbles are less likely to coalesce and their bubble density thus remains at the 

same level. However, as Simakin et al. (1999) demonstrated, power law BSDs can be achieved in 

absence of bubble coalescence. Blower et al. (2002) therefore proposed a mechanism which attributes 

the power law BSDs to nucleation behaviour. Nucleation has to be imagined as a continuous process and 

not as an instantaneous process. Whereas some bubbles grow due to decompression and increased 

oversaturation, new bubbles will nucleate in the space between the existing bubbles generating the 

observed power law distributions. This ultimately leads to a fractal texture, in other words, a texture 

that looks the same on different scales. As in most cases in nature, the two proposed mechanisms, 

namely cascading coalescence and continuous nucleation are probably two end-members and will both 

play a role in generating power law BSDs in ascending magmas. 

In order to model such a fractal texture, Blower et al. (2002) proposed two constructions: Cantor’s 

middle-third fractal (Figure 3-12a) and Apollonian packing (Figure 3-12b). Cantor’s middle-third fractal 

can be best imagined by dividing a line in three pieces. After one removes the piece in the middle the 

remaining pieces are once again cut in three pieces, afterwards the middle piece is again removed and 

the process repeats itself. It can be proven theoretically that the number of bubbles greater than or 

equal to a certain radius (#�� ��� is: 

 

#�� �� � 	��	 
 1, 

 

in which L stands for the radius and d stands for the exponent which in case of Cantor’s middle-third 

fractal is 0.6309. 



41 

 

Figure 3-12: Two constructions out of which a fractal texture can be achieved. (a) Cantor’s middle-third fractal. (b) Apollonian 

packing. (c) The distribution of circle sizes in the Apollonian packing. Note that the y-axis stands for the number of circles 

larger than the radius of the circle in question. 

 

The Apollonian packing is a more realistic construction for BSDs and can be generated by drawing three 

equal, mutual tangential circles and then filling the curved triangular space in between them with ever-

smaller circles (Blower et al., 2002). The circle size distribution is in the form of a power law. In 2D, this 

fractal construction leads to an exponent d of 1.312 (Figure 3-12c) whereas in 3D this leads to an 

exponent of around 2.45.  
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Figure 3-13: An example of how nucleation is modeled (Blower et al., 2002). Note that the dark grey circles represent 

bubbles in a magma whereas the polygons around the circles represent the Voronoi cell of that bubble. (a) the begin step, 

bubbles are nucleated at random places in the magma, (b) second nucleation event: the first generation bubbles have grown 

while at the intersection of different Voronoi cells second generation bubbles have nucleated, (c) third nucleation event and 

(d) fourth nucleation event. 

 

In order to create a numerical model which utilizes the process of space-filling nucleation and growth to 

produce volcanologically realistic textures, Blower et al. (2002) utilizes Voronoi cells (Figure 3-13). At the 

start, the model will nucleate 3 to 10 bubbles at a random position in a 3D domain. Around each bubble, 

a Voronoi cell is drawn which means that every pixel inside this cell is closer to the bubble in question 

than to any other bubble. In other words, we can say that the Voronoi cell is the ‘zone of influence’ of 

the nucleated bubble. At each time step, new generations of bubbles will be nucleated at the places as 

far as possible from the existing bubbles and thus on the intersection of different Voronoi cells. This is 

argued for by the fact that these locations will be the least depleted in volatiles and thus most prone to 
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nucleate new bubbles. During each time step bubbles are allowed to grow according to a parabolic 

(diffusional) growth law (see Section 3.1). Important to note is that when two bubbles touch, they cease 

to grow. This is necessary in the model to avoid problems of bubble overlap and to prevent bubble 

coalescence. This is thus an important limitation of this numerical model. This numerical model 

concludes that the form of the BSD depends most strongly on the number of nucleation events which 

occur during growth (Blower et al., 2002). When there are more than five nucleation and growth events, 

a power-law distribution is achieved whereas at one nucleation and growth event a unimodal 

distribution is created. Between one and five nucleation and growth events, a exponential distribution is 

obtained.  

 

 

Figure 3-14: The results of the numerical modeling of Blower et al. (2002). Top left plot: the results are plotted for a different 

amount of nucleation and growth events. Top right plot: the three different distribution that were found: (1) unimodal for 

one nucleation and growth event, (2) exponential for between one and five nucleation and growth events and (3) a power-

law distribution for more five or more nucleation and growth events. Bottom plot: the power-law exponent d plotted against 

the number of nucleation events. As the number of nucleation events increases so will the power-law exponent d of the 

distribution. 
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3.3 Tephra Dispersal Modelling 

As a precise approximation of the total deposited tephra is critical for hazard assessments, scientists 

estimate the volume of deposits by going in the field and collecting samples. However due to 

weathering, tephra layers can be badly preserved and thus partly eroded away. This is especially true for 

more distal deposits. As a result, precise field data are scarce and mostly incomplete making an accurate 

estimation very difficult. Modelling sedimentation from volcanic plumes can therefore be a good 

addition to field data in order to fill the gaps in the field data and ultimately make more precise 

estimates. The focus is placed on a 1 dimensional analytical model which is based on a simplified 

Advection-Diffusion-Sedimentation (ADS) equation, which is derived from the mass conservation 

condition, and requires the input of certain approximations such as the plume height, total erupted 

mass, total grain size distribution (GSD) and the density per grain size. 
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where ��� , ", , #, $� is the concentration of particle class j, (ux,uy,uz) is the wind velocity and vj(x,y,z) is 

the terminal velocity of particale class j. Note that a apostrophe nexto to variable means that it is the 

turbulent fluctuation and if there is a bar on top of the variable it stands for the ensemble average. Even 

though the equation looks intimidating, it consists of five parts: (1) change of average concentration, (2) 

advection, (3) sedimentation, (4) diffusion and (5) input mass flux. The first term on the left-hand side of 

the equation represents the time of change on the average concentration ��̅, while the second, third and 

fourth terms represent advection which in our case is the wind transport. The fifth and last term on the 

left-hand side of the equation represents sedimentation out of the umbrella cloud. The first, second and 

third term of the right-hand side of the equation represent the diffusive transport due to atmospheric 

turbulence. The fourth term stands for the source in our case the mass flux of particle class j injected per 

unit volume and unit time. 

In order to solve equation analytically, the equation needs to be simplified. This can be done by 

considering a horizontally uniform wind field, constant diffusion coefficient, negligible vertical motion 

and diffusion. Instead of working with an input mass flux, a constant value of the total mass of particles 

is inputted into the model which thus nullifies the fourth term on the right-hand side equation. As a 

result, equation becomes: 
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where U represents the current velocity in the s-direction. Note that in contrast with the previous 

equation, only the advection part and the sedimentation part remains because of the simplifications. 

By integrating the previous equation for the sedimentation rate derived by Bonadonna and Philips 

(2003) and references therein, Sparks et al. (1992) made a model based on the previous equation. This 

model considers the umbrella cloud to be a uniform turbulent suspension intruding as a gravity current 

into the atmosphere. Relative mass fluxes of sedimenting particles could thus be calculated as a function 

of the distance. Bonadonna et al. (1998) further developed this model by taking account of the change 

of settling low from large particles falling at high Reynolds numbers to small particles falling at low 

Reynolds numbers which affects the terminal velocity of the particles. However, a simplification of the 

Bonadonna et al. (1998) model is they chose a constant density for every clast size until the ash size in 

which the DRE was chosen. Further development of the model and in particular the density per grain 

size distribution entails a constant value for the largest clast sizes till a certain grain size after which a 

logarithmic decrease is used until the fine ash size fraction after which a constant value is once again 

used (Fontijn et al., 2011). This distribution however is not supported by systematic density 

measurements and is thus conceptual model. One of the goals of this thesis is to try and quantify how 

the density decreases with decreasing grain size. The model we apply differentiates between three 

situations at which the mass flux is calculated: (1) at the base of the umbrella cloud, (2) at the ground in 

which the atmospheric conditions (wind direction, height of the tropopause etc.) play an important role 

and (3) at the base of the umbrella cloud but at wind still conditions. Because the density of a particle 

will have a thorough effect on how it will fall out of the umbrella cloud and transported by the reigning 

atmospheric condition, the second situation (at the ground) will be used throughout the thesis.     
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4 Methodology 

4.1 Field Work 

Field work was conducted in two stages. Introductory field work, in collaboration with Dr. Karen Fontijn, 

was carried out from 15
th

 – 17
th

 April 2011, during which emphasis was placed on understanding the 

stratigraphy of the LS tephra deposits (Schmincke et al., 1999) and searching one specific layer to 

conduct systematic density measurements on. A second two-week individual field work stage was 

undertaken from 26
th

 August to 10
th

 September 2011. During this second field stage, two types of 

samples were taken: (1) bulk samples for systematically measuring the pumice density per grain size 

fraction and (2) individual pyroclast samples from different stratigraphic levels covering a range of 

eruptive styles and pumice textures. We will discuss the reasoning and the methodology of the two 

different sampling methods in this section.  

4.1.1 Bulk Samples 

In the first field stage, a stratigraphic layer was found which matches the four criteria needed to ensure 

the possibility to perform high-quality density measurements: (1) a fall deposit from the main Plinian-

style phase of the eruption during which the column was stable, (2) crystal-poor pumice in order to 

minimize the necessity to correct density measurements, (3) a thick enough deposit that can easily be 

sampled systematically and (4) a deposit which is easy to locate in the stratigraphy during the field work. 

The layer which has all four necessary characteristics is layer XIV (the stratigraphy of the LS tephra 

deposits can be found at Figure 2-8). Layer XIV was deposited during the second Plinian phase, which 

stratigraphically belongs to MLSTb, and is mostly made out of crystal-poor white phonolitic pumice. The 

deposit is approximately 15 cm thick in the Wingertsberg quarry (Figure 4-1 and 4-2) and can easily be 

accessed and recognized because of its internal stratigraphic features (Figure 4-3): below and on top of 

layer XIV the distinctive Tausenschicht (layer XIII) and Autobahn (layer XV) layers occur respectively. 

Because a certain amount of pyroclasts of each grain size is needed to make systematic density 

measurements, a total of 4 large bulk samples (3-5 kg) were taken to ensure enough large pumice clasts 

(e.g. larger than 16 mm) to be present in the set of samples. Bulk samples were slowly and carefully 

taken, during the second field stage, by hand in order to avoid breakage of the fragile (larger) pyroclasts. 

By obtaining such a large set of samples, we also ensured that the bulk samples were representative for 

the layer XIV.    
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Figure 4-1: A satellite image obtained from http;//maps.google.com. The white arrow indicates where the quarry 

Wingertsberg is located where as the outlined square indicates the location of Figure 4-2.  

 

4.1.2 Individual pyroclasts for textural studies 

Individual pyroclasts from different stratigraphic levels were collected during the second field stage. 

Because the LS magma chamber was zoned and the LS eruption was characterized by different eruption 

styles ranging from purely magmatic to phreatomagmatic, four individual pyroclasts were hand-picked 

at the Wingertsberg quarry, each representative for a specific eruption style and magma properties.  

The four pyroclast types are (1) White Pumice: crystal-poor white phonolitic pumice, typical for the first 

and the start of the second Plinian phase of the eruption; (2) Grey Pumice: grey phonolitic pumice 

erupted at the end of the second Plinian phase; (3) Green Pumice: grey to greenish crystal-rich pumice 

erupted early in the final phreatomagmatic phase, and (4) Cumulate: a black cumulate representing the 

crystal mush erupted during the final phreatomagmatic phase of the eruption. The pyroclasts will be 

referred to by their approximate colour(e.g. Green Pumice refers to type 3) further in this thesis.             
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Figure 4-2: A satellite image zooming in at the quarry Wingertsberg at which we sampled layer XIV and XV. The exact location 

of the sampling is indicated by the white arrow. Note that Laacher See is to the north of where this image is taken. 

 

 

Figure 4-3: A close-up at the wall in Wingertsberg quarry where we sampled layer XIV and layer XV. (1) Layer XV or better 

known as the ‘Autobahn’, (2) White tuff layer, (3) Layer XIV, (4) Layer XIII which is a flow deposit layer better known as the 

‘Tausenschicht’. Note that the scale bar in the bottom right of the figure represents 50 cm.   
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4.2 Laboratory Measurements 

In this section, the process of starting from a bulk sample to obtaining individual density measurements 

per grain size fraction is described. Bulk samples were first air-dried before any laboratory procedures or 

measurements were undertaken.  

4.2.1 Sieving 

To make it easier to select clasts for density measurements from several grain size fraction, the bulk 

samples were first sieved. Typically in geology, grain sizes are represented as φ values rather than using 

the more traditional metric system. The φ scale is logarithmic and can be calculated by using the 

formula  ϕ �	
 log,   , in which x stands for the grain size in mm. Bulk samples were dry-sieved per 0.5 

φ, ranging from -5.5 φ (45 mm) to 4 φ (63 µm). Because of the fragility of the larger pumices, samples 

were sieved by hand down to -1 φ (2 mm) whereas pumices smaller than this size were sieved 

mechanically using a low shaking amplitude for approximately one minute. Every grain size fraction was 

weighed in order to construct a grain size distribution for every bulk sample separately.   

4.2.2 Density Measurements 

To establish the number of pumices needed to approximate the proper density distribution, the density 

of 120 pumices of size -4.5 φ were first analysed. Based on this methodological study, the minimum 

number of pumices necessary to create a representative distribution of the density per grain size was 

set at 70 (see Chapter 5). 70 clasts were then randomly selected from each grain size fraction, ranging 

from -4.5 φ to -2 φ, to measure their density whether individually or in group in the case of small clasts. 

All pumices were first cleaned by putting them in an ultrasonic bath for one minute and drying them in 

an oven at 30°C for a minimum of two days to avoid contamination of dirt and/or adhered ash. Pumice 

clasts were first individually or in a batch of three to five clasts weighed in air (ωAIR in g). Afterwards they 

were wrapped in a latex coating which was sucked vacuum to ensure tight wrapping, weighed in air 

(ωCOATING in g) and also weighed while immersed under water (ωWATER in g). Because the density of water 

and the latex coating are known, the density of the pumice or the average of the group of pumices (ρBULK 

in g/cm³) can be calculated as follows:      
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Because the weight of a pumice clast generally decreases with decreasing grain size, around clast size -

1.5 φ (2.8 mm) the weight of a pumice clast is almost equal to the weight of the latex coating which 

leads to significant errors in the calculation. Because of the setup, pumices larger than -4.5 φ (22.4 mm) 

cannot be measured due to size limitations. For pumices smaller than -1 φ (2 mm), it is practically 

difficult to apply the latex coating and create a vacuum, even when clasts are grouped.   

Given the measured ρ<=>? and the density of the glass fraction ρDRE which is 2.4 g/cm³ (Wolff, J.A., 

1985), we can calculate the clast vesicularity (Ve in %) using the following formula: 
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4.3 Textural analysis 

 As mentioned before, four different pumice types were collected during the second part of field work. 

The pumice texture was analysed using multiple techniques, ranging from traditional 2D optical and 

scanning electron microscopy (SEM) to 3D laboratory density measurements and computerized X-ray 

microtomography (µCT). Because µCT is a non-destructive method, pyroclasts were first scanned in their 

entirety before making thin sections for traditional methods such as SEM and optical microscopy. 

Because pumices, especially the white pumice and the grey pumice, are fragile, pumices were 

impregnated after being scanned and before being cut. The use of µCT data to make quantative 

measurements on pyroclasts is a fairly new approach, so new methods needed to be developed 

specifically for this study, in order to obtain as detailed as possible information over the entire range of 

vesicle sizes. Due to time constraints, only basic textural studies were executed on the Grey Pumice, 

Green Pumice and Cumulate whereas a detailed investigation into the usefulness and limitations of µCT 

data for textural studies on highly vesicular pumice was conducted on the White Pumice. In this section, 

we will first shortly discuss the principles behind high-resolution µCT and then explain how we analysed 

the obtained µCT data with in-house Morpho+ software. Afterwards, we will go into more detail about 

how we used µCT data to construct detailed vesicle size distributions (VSDs) and vesicle number 

densities (VNDs). In total six µCT scans were conducted: one on each individual pyroclast type and two 

extra scans to obtain increasingly higher resolutions on the White Pumice.   
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4.3.1 High resolution X-ray tomography (µCT) 

High resolution X-ray tomography allows the 2D or 3D reconstruction of the internal structure of an 

object in a non-destructive fashion (Dewanckele et al., 2012) in contrast with traditional imaging 

techniques such as SEM. µCT images are reconstructed based on the attenuation of X-rays through an 

object, and this attenuation depends on the size and the density of the object, which is rotated over 

360°. X-rays are more strongly attenuated by a denser object (e.g. mineral) than by a less dense object 

(e.g. a void like a vesicle). In total six µCT scans were obtained: one for each pyroclast type and two µCT 

scans for the subsamples of White Pumice pyroclast type of which one has a diameter of 0.78 cm 

whereas the second one has a diameter of less than 0.2 cm. The White Pumice and Grey Pumice were 

scanned using a voltage of 100 kV and a tube current of 200 µA whereas Green Pumice and Cumulate 

were scanned using a voltage of 100 kV and a tube current of 140 µA. The subsample of White Pumice 

with a diameter of 0.78 cm was scanned using a voltage of 100 kV and a tube current of 90 µA whereas 

the subsample with a diameter of less than 0.2 cm was scanned using a voltage of 80 kV and a tube 

current of 37.5 µA. For more technical information on the µCT technique used at the Centre of X-ray 

computed Tomography (UGCT; Ghent University, Belgium), the reader is referred to the literature 

(Masschaele et al., 2007). After the raw µCT data are obtained, in-house reconstruction software 

Octopus is used to remove dark and bright spots (artefacts) and regroup the data into so-called 

sonograms (Dierick et al., 2004). After this step, one can make 3D visualizations using software such as 

VGStudio 2.0 (Volume Graphics). Besides qualitative visual information, whether in reconstructed 2D 

slices or in 3D, about the internal structure of an object, one can also obtain quantitative data 

acquisition by using in-house software Morpho+. 

4.3.2 Morpho+ 

To give the reader a feel about how quantitative measurements are made in Morpho+, a concise 

description is presented in this section of how a set of µCT slices lead to quantitative measurements of 

single vesicles such as its shape, its volume etc. First of all, all the µCT slices has to be loaded in Morpho+ 

after which the program will ask the user if a conversion to 8bit data is necessary which lowers the 

resolution but also decreases computing time. Because distinguishing the smallest bubbles relies on 

having the highest resolution as possible, 8bit conversion was not an option and thus was never done 

for any of the µCT scans. Generally, one has to first distinguish a volume of interest (VOI) in which the 

measurements will occur. Because our VOI is the entire clast or subsample, we will first threshold the 

glass matrix of our sample (Figure 4-4). By thresholding the µCT data, a binary image is created of all the 
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µCT slices. In this binary image, the glass matrix will be white (equal to value 1) whereas the rest will be 

black (equal to value 0). 

 

Figure 4-4: One can threshold the µCT data by selecting a range of grey values. 

 

 

Figure 4-5: The clast or subsample is completely white after the four binary operations and thus can be set as a VOI. 
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After the binary images are obtained, binary operations are executed in order to fill in the vesicles of the 

clast or the subsample. This was done by executing in four steps: (1) Remove isolated foreground voxels 

(2D), (2) Inflate mask (1 in 2D), (3) Fill holes (2D) and (4) Shrink mask (2 in 2D). After these four steps, the 

entire clast or subsample should be completely white and this is subsequently ‘Set as VOI’ (Figure 4-5). 

As the VOI is now selected, a threshold of the vesicles is made (similar to Figure 4-4 but of course for a 

different range). After the threshold is made for the vesicles of the entire clast or subsample, the binary 

operation ‘Remove isolated foreground voxels’ (2D) is once again executed to remove artefacts. If this 

step is not executed, Morpho+ crashes because it will have to analyze too many vesicles. An analysis 

script is subsequently used (Figure 4-6), this is the script that will make the quantitative measurements 

and save it to two excel files of which one contains basic information such as what analysis’s were 

executed and the size of the clast or subsample and one which contains the quantitative measurements 

such as volume of the vesicle, sphericity etc.  

 

 

Figure 4-6: After a threshold is made of the vesicles of the clast or subsample, an analysis script is made. This consists out of 

five steps: (1) Label objects and save diameter circumscribed sphere, this step will basically select each object (vesicle) and 

measure its shape and labels the vesicle. (2) Distance which is a necessary step before one can separate the objects. (3) 

separate objects with diameter circumscribed sphere and connections, this will separate certain objects. Because of the 

limited resolution, some vesicles will appear to be connected because of an artefact. Even though it is impossible to 

completely remove all faulty connected vesicles, we feel this improves the dataset significantly. (4) Smart rejoin, some 

vesicles will be rejoined. (5) Save objects, this step saves all the measurements of the vesicles to an excel file.  
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4.3.2.1 VSDs 

Instead of using traditional SEM images to construct VSDs, µCT data was used to construct VSDs which 

allowed us to analyse each vesicle in 3D and quantify the volume of each vesicle. Using µCT data to 

reconstruct VSDs is never attempted before for pumice even though it holds two important advantages: 

(1) because we analyse each vesicle in 3D, no 2D-to-3D conversion is necessary (Shea et al., 2010) and 

(2) this method allows us to analyse non-spherical shaped bubbles. One disadvantage is that the 

resolution of µCT decreases with increasing sample size. Thus, if we analyse a pumice sample of 4-6 cm, 

the maximum resolution is approximately 20 µm/voxel. Because we need at least three voxels to 

recognize a vesicle, the smallest bubbles (approximately 5 µm in diameter because of the Rcritical, see 

section 3.1.1) can in that case not be observed in µCT data from the entire pyroclast. To counter this 

disadvantage, a method was developed and tested on the White Pumice. Two cylindrical subsamples 

were taken from the original scanned pyroclast (White Pumice) with a diameter of 7.9 mm and 

approximately 2 mm, and scanned separately to attain increasingly higher resolutions. Because the data 

are plotted against a scaled Y-axis, we should be able to easily merge these three µCT data sets and 

attain one entire VSD covering the smallest as well as largest vesicles. 

Morpho+ calculates the volume of an object by counting out of how many voxels an object is made. 

Therefore, Morpho+ presents the volume of an object as the number of objects rather than in metric 

scale. Before one can make a VSD plot, one has to process the raw µCT data. Because one knows the 

resolution (i.e. 20 µm/voxel) of the scanned object, one can calculated the volume one voxel represents 

and thus calculate the volume. Because the y-axis of the VSD plots is the number of vesicles with an 

equal or larger volume, all the vesicles are ordered on size and given a number (n) ranging from 1 which 

is the largest bubble to highest number which is the smallest bubble. Afterwards a self written script 

checks if vesicle n+1 has the same volume as n. If that is not the case than the vesicle receives value 1 in 

the column ‘Keep’ else value 0 in column ‘Keep’. Subsequently, n is divided by the size of the total 

scanned object to scale the y-axis in order to compare different clasts. This excel file is than filtered 

through the column ‘Keep’. Every vesicle with value 1 is kept whereas all vesicles with value 0 are 

blanked out. Because the µCT data is too large to put into this thesis (i.e. the excel file of the low-

resolution of the µCT scan of White Pumice contains the 3D measurements of 579618 vesicles), a small 

example of the processed excel file is presented in Table 4-1. 
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Voxels Volume n Keep 

5135 0.282213 2004 1 

5131 0.281993 2005 0 

5131 0.281993 2006 1 

5130 0.281938 2007 1 

5126 0.281718 2008 1 

5125 0.281663 2009 1 

5124 0.281608 2010 1 

5123 0.281553 2011 1 

5120 0.281388 2012 0 

5120 0.281388 2013 1 

5115 0.281114 2014 0 

5115 0.281114 2015 1 
Table 4-1: An example of the processed µCT data.  

4.3.2.2 VNDs 

Because µCT has a limited resolution dependant on the sample size, just like in the case of VSD 

reconstruction, we cannot use one scan to obtain the complete VND of the pyroclast. We cannot simply 

add the VNDs from the separate scans as there is a certain overlap in bubble sizes between the three 

scans. To overcome this, three separate ranges of bubble sizes are selected depending on the precision 

with which a bubble can be recognized. Priority is given to lower resolution scans because they scan a 

larger area of the pumice. The VND is then measured for each of these bubble size ranges in the 

separate scans and added to obtain one entire VND estimate. Therefore, we have to combine the three 

scans ranging from high resolution (approximately 1µm/voxel), medium resolution (approximately 

8µm/voxel) to low resolution (approximately 20µm). However because the subsample of the White 

Pumice moved a bit during the high resolution scan, we could not use the high resolution data in 

measuring the VND.    

4.4 Tephra Dispersal Modelling 

As mentioned before, the total grain size distribution (GSD) of an eruption is a necessary input to run the 

model of Bonadonna and Phillips (2003) and in this thesis we aim to evaluate the importance of having 

detailed pumice density data as an input for the model. Because no total GSD is available for the 12,900 

a eruption of LS and because the LS eruption is characterised by different styles of eruptive activity, the 

pumice density data acquired in this study are used to model the effect of having such a detailed dataset 

in the tephra dispersal modelling of a fully magmatic Plinian-style eruption of a magma of similar 

composition and viscosity: the 4 ka trachytic Rungwe Pumice eruption, for which total GSD data are 
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available but no pumice density data (Fontijn et al., 2011).  The Rungwe Pumice eruption was a Plinian-

style eruption from start to finish instead of a fluctuating eruption between eruption styles and is thus 

better suited for tephra dispersal modelling. As input for the density per grain size, we use three 

different datasets: (1) constant density as used by Bonadonna et al. (1998); (2) hypothetical linear 

density variation as recommended by Bonadonna and Phillips (2003) and used by Fontijn et al. (2011); 

and (3) density variation based on our systematic density measurements obtained from layer XIV. Note 

that datasets 2 and 3 are mostly used throughout this thesis because those two datasets are the most 

realistic ones.  
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5 Results 

5.1 Laboratory Measurements 

5.1.1 Grain Size Distribution (GSD) 

GSDs and their descriptive statistics calculated by GRADISTAT (Blott and Pye, 2000), including median 

and standard deviation, were obtained from six different bulk samples (GJ2011-01, GJ2011-02, GJ2011-

03, GJ2011-04, GJ2011-05 and GJ2011-06; see Appendix A: Figures 1 through 6 for the individual 

histograms) taken at the Wingertsberg quarry from layer XIV and layer XV. Because they were sampled 

close to each other and at the same location, we can combine GSDs from the same layer and obtain one 

GSD per layer. The GSDs of layers XIV and XV are presented in Figure 5-1 and their descriptive statistics, 

as defined by Folk and Ward (1957), are shown in Table 5-1. As mentioned before (see Section 2.3.2), 

layer XIV mainly consists out of white pumices whereas layer XV mainly consists of grey pumices and 

thus represents an important compositional boundary in the magma chamber.        

 

The median of the GSD of layer XIV is -2.95 whereas the median of the GSD of layer XV is -3.46 φ (Table 

5-1). Therefore it appears that layer XIV is generally less coarse than layer XV. However because the 

standard variation of both layers is larger than the difference in the median between both layers, we 

cannot be sure of this (Figure 5-2). Both GSDs of layer XIV and layer XV are positively skewed, meaning 

that the tail of the GSD is pointed to the smaller grain sizes. Both GSDs also appear to be platykurtic 
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which means that they have a wide peak around the mean. Layer XV is slightly better sorted (lower σ(φ)) 

than layer XIV. For both layers, σ(φ)) is lower than 2, and both thus clearly fall in the field of pyroclastic 

fall deposits as defined by Walker (1973; Figure 3). 

 

Figure 5-1: The histograms of layer XIV (black bars) and layer XV (white bars).  

Layer Md(φ) σ(φ) SK K 

XIV -2.95 1.57 0.22 1.11 

XV -3.46 1.39 0.16 1.24 

Table 5-1: The descriptive statistics of GSD of layer XIV and layer XV. Md(φ) stands for median and σ(φ) stands for the 

standard deviation expressed in the φ scale (Folk and Ward, 1957). SK stands for the skewness or the asymmetry of the GSD 

whereas K for kurtosis or the ‘peakedness’ of the GSD.   

     

 

Figure 5-2: The median Md (Φ) values of layer XIV and layer XV are presented with error bars representing their standard 

deviation σ(Φ), which is a measure for the sorting of the distribution. 
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Figure 5-3: A plot to determine whether a layer is a flow deposit or a fallout deposit on the basis of the Md(φ) and σ(φ) of its 

GSD (after Walker, 1973). Filled diamond: layer XIV; open diamond: layer XV. 

 

5.1.2 Density Measurements  

Polacci et al. (2003) suggest that a set of 100 randomly sampled clasts is needed to be able to constrain 

a statistically significant clast density distribution. In this study, we will systematically document density 

data in function of grain size classes of half-φ intervals. In a first step, we tried to evaluate whether less 

than 100 clasts (Polacci et al. 2003) might also be sufficient to obtain a representative dataset. This is 

done by selecting increasingly less clasts for analysis and comparing the total range of measured 

densities in each sample set. Overall, 7 sample sets were analysed, containing between 40 and 115 

clasts. The approach is illustrated in Figure 5-4.  
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Figure 5-4: Increasingly less clasts were selected for analysis and the total range of measured densities were compared in 

each sample set in an effort to find the significant amount of density measurements necessary to constrain a representative 

density distribution. 

 

The increasing amount of measured pyroclasts of course causes the distribution curve to rise with 

increasing analyzed samples. This could be solved by scaling the counts with the total amount of 

measured pyroclasts, and presenting the data in percentages. However, because the density distribution 

curves have a certain offset from one another, there is no overlap and we can thus better analyze the 

overall shape of the curve in the way presented in Figure 5-4. The density distributions based on 40 and 

55 analysed pyroclasts both have two equal important modes at 0.35  g/cm³  and 0.45 g/cm³  and have a 

rather broad distribution which is demonstrated by a very low kurtosis of -0.62 (Table 5-2). As the 

amount of measured pyroclasts increases, the mode of 0.35 g/cm³ increases in importance and the 

second mode of 0.45 g/cm³ becomes less important. This can also be observed in the descriptive 

statistics (Table 5-2) in which the kurtosis of the density distribution based on 70 or more pyroclasts 

drastically increases to a range of 1.85 - 3.56, and the median also decreases from 0.41 g/cm³ to a range 

of 0.36 - 0.38 g/cm³. We can observe a third mode of 0.60 g/cm³ in the density distribution curves based 

on 55 or more measurements. This third mode is believed to be caused by the presence of lithics 

trapped in some pyroclasts, significantly increasing the overall clast density. Note that there is a 

significant positive skewness in all the density distribution curves. As the shape and the descriptive 

statistics of the density distribution curve based on 70 measured pyroclasts are almost equal to the 

density distribution curve based on a larger amount of samples, we can conclude that a minimum of 70 
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clasts need to be measured in order to obtain a significant density distribution for the studied deposit. 

To demonstrate this further a histogram of the density distribution based on 70 and 130 clasts is 

presented in Figure 5-5.   

 

Number of measurements 40 55 70 85 100 115 130 

Mean (g/cm³) 0.41 0.41 0.41 0.42 0.41 0.41 0.40 

Standard Deviation (g/cm³) 0.02 0.02 0.01 0.02 0.02 0.01 0.01 

Median (g/cm³) 0.41 0.40 0.37 0.38 0.37 0.37 0.36 

Kurtosis -0.62 -0.57 1.85 3.56 2.50 2.12 2.30 

Skewness 0.44 0.43 1.14 1.55 1.19 1.07 1.13 

Table 5-2: The descriptive statistics of the density distribution based on 40, 55, 70, 85, 100, 115 and 130 clasts.  

 

In contrast with Figure 5-4, the counts in Figure 5-5 are scaled by the total amount of measured 

pyroclasts which makes comparison between both histograms easier. The overall appearance of both 

histograms is similar. The mode of the 70-clast distribution is however more pronounced than that of 

the 130-clast distribution even though the kurtosis values of respectively 1.85 and 2.30 suggest that the 

130-clast density distribution should have a more pronounced peak. This contradiction can be explained 

as an effect of the binning of the data which affects the density distribution curves of Figure 4 and the 

histogram of Figure 5 but does not affect the descriptive statistics which is based on the non-binned 

density distribution. 
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Figure 5-5: Histogram of the density distribution based on a set 70 measured clasts (black bars) and a set of 130 measured 

clasts (white  bars).  

 

Because of our previous findings, the number of clast to measure their density was set at 70. Note that 

because of decreasing clast sizes, clasts were measured in batches of three for clast size -2.5 Φ and in 

batches of five for clast size -2 Φ. In order to have a significant number of measured samples, the 

number of measured clasts was increased to respectively 90 and 150. A summary of the descriptive 

statistics of the density measurements per grain size can be found in Table 5-3. The mean density has 

the tendency to increase with decreasing grain size. This trend is better visible in the median density 

which increases from 0.53 g/cm³ at -4φ to 0.69 g/cm³ at -2φ. Generally, we can thus observe that as the 

grain size decreases, the density will increase. A pumice density decrease with increasing grain size was 

also described by Walker (1980) for pumices of different magma compositions (mostly 

rhyolite/rhyodacite, as well as some trachyte and phonolite), but this relationship has ever since not 

been explored in literature. Our density values for the phonolitic Laacher See pumices correspond well 

with those for the phonolitic Vesuvius 79AD white pumice reported by Walker (1980). Because the 

mean is more dependent on outliers than the median, the median of the density distribution will be 

used throughout the thesis to represent the density of a certain grain size. Figure 5-6 clearly 

demonstrates that the density distribution shifts to higher densities for smaller grain sizes.    
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Grain Size  

(φ) 

Mean  

(g/cm³) 

Standard Deviation 

(g/cm³) 

Median 

(g/cm³) 

K SK n 

-4 0.562 0.19 0.538 -0.710 0.454 70 

-3.5 0.553 0.16 0.531 -0.371 0.632 70 

-3 0.611 0.23 0.566 3.798 1.754 70 

-2.5 0.571 0.10 0.586 0.287 0.320 90 

-2 0.691 0.14 0.685 2.719 0.832 150 

Table 5-3: Descriptive statistics of the density distribution for  grain sizes ranging from -4 Φ to -2 Φ. SK stands for the 

skewness or the asymmetry of the distribution whereas K for kurtosis or the ‘peakedness’ of the distribution.  n stands for 

the number of clasts analysed for that grain size. Note that for grain size -2.5 Φ density was measured for a batch of 3 clast, 

for a grain size of -2 Φ density was measured for a batch of 5 clasts whereas for grain sizes -4 Φ to -3 Φ density was 

measured for each clast individually. 

 

 

Figure 5-6: Histogram of the density distribution for grain size -2 φ (fblack bars) and -4 φ (white bars). There is an overall shift 

towards higher densities from the smaller (-2φφφφ) to larger (-4φφφφ) grain sizes. 

 

As the density increases significantly from grain size -3.5/-4 φ to -3 φ going from 0.531/0.538 to 0.566 

g/cm³, we assume the density to be constant before -3 φ (i.e. for clasts larger than 8 mm). For this 

constant density, we take the average of the median of grain size -4 φ and -3.5 φ, which is 0.535 g/cm³. 

Because our methods do not allow us to measure densities for clasts smaller than -2 φ, a regression was 

executed. We opted for two different regressions: logarithmic and linear. Note that grain size is a 

logarithmic unit (Φ) meaning that a linear regression of the grain size in Φ units and density (g/cm³) is 

actually a logarithmic regression of grain size in metric units and density (g/cm³). Therefore the ‘linear 

regression’ of grain size and density is not strictly linear but we will refer to it as linear. The calculated 
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regression equations based on the average median of grain size -4 φ and -3.5 φ and the laboratory 

measurements for the median of grain sizes -3 φ to -2 φ are:  

 

y = 5.7399ln(x) + 0.2753 (Logaritmic regression) 

y = 9.3241x - 8.278 (Linear regression) 

 

Note that y stands for the grain size (Φ) whereas x stands for the clast density (g/cm³). As the maximum 

density is achieved when no bubbles are present, the maximum density of a pyroclast without crystals 

equals the DRE density, which is 2.4 g/cm³ for a phonolitic magma (Wolff, 1985). In order to decide 

which regression we will use, the minimum grain size in which the density is equal to the DRE was 

calculated. The median density per grain size and the two regressions are presented in Figure 5-7. 

 

 

 

Figure 5-7: The density measurements for grain size are presented as filled squares whereas the calculated density using 

logarithmic regression is presented as an open square. The extrapolated grain size corresponding to density 2.4 g/cm³ using 

linear regression falls far below the density axis as shown. The straight line is the linear regression whereas the curved line is 

the logarithmic regression.      
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With the logarithmic regression, the minimum grain size in which maximum density is achieved is 5.3 φ 

or approximately 0.025 mm whereas the linear regression results in a minimum grain size of 14.1 φ or 

approximately 0.057 µm, a value far below what is considered the smallest possible bubble (of order of 

a few µm) and hence not considered realistic. Because the logarithmic regression supplies us with more 

realistic approximations, the logarithmic regression will be used for our measurement-based density 

model which is presented in 5- 8. This measurement-based density model has three segments (Figure 5-

8): (1) constant density until grain size -3.5 φ, (2) logarithmic increase of density per grain size from -3.5 

φ to 5.2 φ at which maximum (DRE) density is achieved and (3) constant density for all pyroclasts 

smaller than 5.2 φ. Note the function of the density increase of segment 2 depends on what units one 

uses for the grain size. If one uses the Φ scale for grain size, the density increase will be a logarithmic 

distribution. However if one uses the metric scale for grain size, the density increase will be an 

exponential distribution. As in volcanology most grain sizes are described in the Φ scale, segment 2 will 

be referred to as a logarithmic increase throughout the thesis. 

  
Figure 5-8: The density per grain size model based on our measurements and logarithmic regression 
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5.2 Tephra dispersal modelling using precise density measurements 

The model output of the two different ‘density with grain size’ models is presented in Figure 5-9. We 

assume that the runs using our own detailed density dataset represent more realistic values than the 

runs using a hypothetical linear decrease of clast density with grain size. In this study we only focus on 

Plinian-style eruptions and therefore use only model input parameters relevant for those types of 

eruptions. The results of the model using our detailed density dataset predicts more tephra deposits 

very close to the vent (<30 km) whereas it predicts less tephra deposits at a medium distance from the 

vent (30-200km) in comparison with the model using the hypothetical linear decrease of density with 

grain size. Note that the results of the model using our detailed density datasets also predicts more 

tephra deposts more distal away from the vent (>200km) which can be important for agriculture.  

 

 

Figure 5-9: The output of the model with a total erupted mass set at 1e
15

 kg, a plume height set at 35 km and a maximum 

wind speed of 30 m/s. These constants are representative for a Plinian-style eruption. The black diamonds are the output of 

the model when the hypothetical density per grain size model is applied whereas the white diamonds represent the output 

of the model when our density per grain size model is used (Figure 5-8). The solid line represents the difference between the 

hypothetical and our obtained density per grain size model. Note that the distance is the distance along the dispersal axis. 

 

In order to see how the difference between the model using our density dataset or the theoretical linear 

decrease dataset changes with different parameters such as plume height, maximum wind speed and 
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total erupted mass; the model was ran several times with different parameters. In Figure 5-10, the 

parameter plume height is varied along values 25, 35 to 50 km. It appears that the difference between 

the results of the model using the different density dataset increases with a decreasing plume height.      

 

Figure 5-10: The difference between the model results using the theoretical linear decrease of density with grain size dataset 

and the density dataset obtained by our measurements is plotted in this figure in function of a changing plume height. The 

solid line represents the same parameters as Figure 5-9. The plume height of the dotted line is set at 25 km whereas of the 

dashed line it is set at 50 km. Note that the distance is the distance along the dispersal axis. 

 

The parameter maximum wind speed was varied from 20, 30 to 40 m/s in Figure 5-11. Notice that as the 

maximum wind speed increases, the bulge of positive difference, which means that less tephra is 

predicted to be deposited in the model using our density measurements, moves further away from the 

vent and the bulge also becomes less wide and thus higher. Thus, the area where less tephra is 

predicted becomes less wide, which means more tephra is deposited at one spot than before, and the 

area shifts away from the vent.  In Figure 5-12, the total erupted mass is changed from 1e
13

, 1e
15

 to 1e
16

 

kg. Note the scale of Figure 5-12 which is much larger than Figures 5-9, 5-10 and 5-11 because of the 

very large differences. Basically, a larger erupted eruption mass increases the difference between the 

two models significantly.  

From these results, one can conclude that the difference between the model using our density dataset 

and the model using the hypothetical linear decrease dataset enlarges when the column height 

becomes smaller and when the total erupted mass increases. The maximum wind speed has a more 

intriguing effect on the difference between the models using the two datasets. As previously mentioned, 

larger maximum wind speeds shift the positive difference bulge away from the vents and makes the 

bulge less wide. 
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Figure 5-11: The difference between the model results using the theoretical linear decrease of density with grain size dataset 

and the density dataset obtained by our measurements is plotted in this figure in function of a changing maximum wind 

speed. The solid line represents the same parameters as Figure 5-9. The maximum wind speed of the dotted line is set at 20  

m/s whereas of the dashed line it is set at 40 m/s. Note that the distance is the distance along the dispersal axis. 

 

 

 

Figure 5-12: The difference between the model results using the theoretical linear decrease of density with grain size dataset 

and the density dataset obtained by our measurements is plotted in this figure in function of a changing maximum wind 

speed. The solid line represents the same parameters as Figure 5-9. The maximum wind speed of the dotted line is set at 1e
13

 

kg whereas of the dashed line it is set at 1e
16

. Note that the distance is the distance along the dispersal axis. 
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5.3 Textural analysis 

5.3.1 Qualitative  

The White Pumice (3D visualization can be found in Appendix A, Figure 9 and Figure 10) is mostly 

described as aphyric in literature. However µCT slices (Figure 5-13) clearly demonstrate that this type of 

pyroclast is made out of a low percentage of crystals (less than 5%) and can thus better be described as 

phenocryst-poor rather than aphyric. Most crystals are determined to be mainly sanidine and 

plagioclase, because of their low birefringce colour (white to grey) and twinning (Appendix A, Figure 14), 

with a small amount of titanite (Appendix A, Figure 15) determined based on its high relief, extreme 

birefringce and typical diamond/wedge shape. Almost all phenocrysts appear to be euhedral and many 

phenocrysts appear to be fragments of a once larger one. Even though it is not clearly visible at the scale 

of the entire clast, there appears to be an alignment of the crystals. Vesicles are distributed randomly in 

the pyroclast and there thus does not appear to be a tendency for the larger vesicles to be located in 

specific areas (e.g. in the interior, around crystals) of the clast. Vesicle shapes range from almost 

spherical, elongated to very irregular. Numerous vesicles seem to contain remnants of vesicle walls 

inside them and can thus be imagined to have originally existed of two or more spherical bubbles 

suggesting that they result from coalascence. The glass matrix is almost entirely uniform, however on 

the µCT slices some stripes of a lighter glass matrix can be observed.  In neither the high resolution µCT 

scan nor the SEM images, microlites could be found. The overall texture remains the same throughout 

different magniciations going from the low resolution µCT scan, medium resolution µCT scan to the high 

resolution µCT scan (Appendix A, Figure 7 and Figure 8). In all the magnifications, one can observe the 

different types of vesicles ranging from highly iregular, elongated vesicles to almost spherical as well as 

broken phenocrysts.  The White Pumice thus appears to have a fractal texture.  

A very distinctive charactersitic of the Grey Pumice (Figure 5-14; 3D visualization can be found in 

Appendix A, Figure 11) is that we can observe two distinct glass matrices: a dark grey coloured one and a 

patchy light grey coloured one. As the greyness in a µCT slice is dependent on the density of the object 

combined with the chemical composition of the constituing minerals, the light grey coloured glass 

matrix seems to be more dense than the dark grey one. Although chemical analyses would be required 

for confirmation, we tentatively interpret these different zones as an expression of mingled magma. The 

light coloured and thus denser magma should be more mafic as the dark coloured magma. This 

coincides with our observation that the texture of the dark coloured magma is similar to the texture 

found in the White Pumice as the White Pumice came out of a more felsic magma. Note that even 
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though the terms mafic and felsic is used, the difference in SiO2 is only in the range of 1-2% (Wörner and 

Schmincke, 1984a). Besides the colour of the glass matrices, the vesicle size is also very different. 

Whereas the vesicles in the dark grey parts are similar to the vesicles in the White Pumice, the vesicles 

in the patchy light grey part are significantly smaller and appear to be more spherical. Note that in the 

darker patches in the light grey glass matrix, the vesicles are also larger than in the lighter patches. This 

is in accordance with the general believe that bubbles can grow larger in a less viscous fluid because the 

volatile in the bubble can more easily push away less dense fluid. Even though the crystal content is 

similar in both parts, the overall crystal size tends to be larger than what was observed in the White 

Pumice type. There is evidence that some crystals were broken but the pieces of the broken crystals 

remained together and can be found close to each other and fit together similar to a jigsaw puzzle. In 

contrast with White Pumice, the crystals do not appear to be aligned in a specific direction.   
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Figure 5-13: Representative µCT slice of the low resolution scan of White Pumice pyroclast type.  
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Figure 5-14: Representative µCT-slice of the Grey Pumice pyroclast type. Note the two different coloured glass matrices and 

the difference between the size and shape of the vesicles inside the two different coloured glass matrices. There is also a 

good example of a phenocryst which has a jigsaw crack. 

 

Green pumice (Figure 5-15; 3D visualization can be found in Appendix A, Figure 12) has a much higher 

crystal content than the previous two pyroclast types, i.e. around 30-40 vol. %, and is made out of an 

entirely uniform glass matrix. Besides sanidine, plagioclase and titanite, amphiboles and clinopyroxenes 

are recognised in thin section. Many crystals appear to be broken but remained close together. As in the 

Grey Pumice type, there appears to be no alignment of crystals in a certain direction. Vesicle shapes 

range from spherical to highly irregular in which evidence of coalascence, as described above, can be 
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observed. The overal vesicle size appears to be larger than the vesicles in the previous two pyroclast 

type.  There seems to be a central zone in the clast where vesicles tend to be larger and the crystal 

content is a little lower than in the rest of the clast. The glass colour of this central zone is on the CT data 

a little bit darker (i.e. less dense) than the other parts – although this is not entire conclusive as the 

colour is somewhat obscured by the high abundance of crystals – and might thus be similar to the darker 

patches in the Grey Pumice.     

 

 

Figure 5-15: Representative µCT slice of the Green Pumice pyroclast type. Note the large amount of broken phenocrysts and 

the difference in vesicle size between the left and right side of the µCT slice. 
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Even though the crystal assemblage in the Cumulate (Figure 5-16; 3D visualization can be found in 

Appendix A, Figure 13) is roughly the same as in the Green Pumice, the overall size and abundance of 

the crystals dramatically increase (50-60%) whereas the glass matrix decreases in abundancy. In 

comparison with the Green Pumice pyroclast type, much more phenocrysts are euhedral. The Cumulate 

can be described as a phenocryst supported framework in which there is a vesiculate melt in between 

the phenocrysts. We can distinguish two distributions of bubbles: (1) large, often highly irregular, 

bubbles, which sometimes resemble a polygonate shape because of the neighbouring cyrstals, in 

between the crystals and the glass matrix, (2) smaller spherical to iregular bubbles which are present in 

the glass matrix.   
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Figure 5-16: Representative µCT-slice of the Cumulate pyroclast type. Note the zonation of grey values in the large 

automorphic phenocryst at the left top of the µCT slice, which is generated because of a difference in chemical composition, 

and the jigsaws cracks. 

5.3.2 Quantitative analysis 

Analyzing an enormous amount of objects, which are vesicles in our case, with Morpho+ is a very time- 

and computer-power-consuming task. During the analyses of Morpho+, we noticed that the software 

crashes with some scans (Green Pumice and Cumulate) whereas other scans could be processed without 

major difficulties (White Pumice and Grey Pumice). Therefore only the samples of White Pumice and 
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Grey Pumice could be entirely quantitatively analyzed. In order to have an idea about the VSD of the 

Green Pumice and Cumulate, the full scan had to be subsampled digitally and analysed. Note that we 

will refer to the digitally subsamples as subvolumes whereas physical subsamples will be referred to as 

subsamples. This could however potentially bias our VSD. Therefore two subsamples of the entire scan 

of White Pumice were also randomly taken, analysed with Morpho+ and compared with the analysis of 

their respective entire scan to see if analyzing subsamples of a scan biases the data. The obtained VSD 

for the entire scan and the two subsamples for White Pumice are shown in Figure 5-17.       

 

 

Figure 5-17: The VSD of the entire scan of White Pumice (solid line) compared with two digital subsamples (dotted and 

dashed lines). Note that the vertical axis represents how many vesicles have an equal or larger size than the vesicle in 

question. The vertical axis is also scaled with the total volume of the scanned object which is in this case the entire White 

Pumice pyroclast. 

 

Whereas the VSD curves of the two subsamples are very similar in shape as well as in their position in 

the graph, the VSD curve of the entire scan deviates significantly. Even though its overall shape is 

somewhat similar to the two subsamples, there appears to be a certain offset which seems to increase 

with decreasing vesicle size, with the subsamples overestimating the abundance of smaller vesicles. At 

around a vesicle volume of ca. 10 mm³, the VSDs of the subvolumes start to deviate from the VSD of the 

entire sample. It appears that if we cannot obtain a full analysis of our pyroclast scans, there will be a 

certain bias in the smaller vesicle sizes of the obtained subsample VSDs. The shape of the three VSDs in 
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Figure 11 can be divided in two parts: (1) an almost straight line in the range of the largest vesicle sizes 

(0.1 mm³ - 150 mm³) which is close to a power-law distribution (see further) and (2) a plateau towards 

smaller vesicle sizes. We investigated if this feature is reality or an artefact in Figure 12 with the use of 

two subvolumes of White Pumice.   

 

 

Figure 5-18: Both VSDs are from the White Pumice. The dotted line represents the VSD of the low-resolution scan whereas 

the solid line represents the VSD of the medium-resolution scan. Note that the vertical axis represents how many vesicles 

have an equal or larger size than the vesicle in question. The vertical axis is also scaled with the total volume of the scanned 

object. 

 

Due to the scaled y-axis, the two VSDs fit very well even though the analyzed volume of the medium 

resolution scan is much smaller than that of the low resolution scan. Because the VSD of the medium 

resolution scan of White Pumice continues in a somewhat power-law fashion, it appears that the 

bending towards a plateau of the VSD of the low resolution scan is an artefact. In order for the two VSDs 

to overlap, the VSD of the medium resolution scan was multiplied with a constant until both VSDs 

matched (Figure 5-4). The constant was 2 in the case of matching the low resolution µCT scan with the 

medium resolution µCT scan. The offset of the VSD can be created by a different VND. Therefore if the 

VND in our subsample was lower than in the entire sample, the curve would move downward. In order 

to obtain a representative VSD, we therefore cut off all vesicles smaller than 1.298 mm³ in the low 

resolution scan and all the vesicles larger than 1.298 mm³ in the medium resolution scan. This results in  
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Figure 5-19: The same plot as in figure 5-18, except the data acquired from the medium resolution is multiplied by 2 to 

obtain a better match between both distributions. Note that the vertical axis represents how many vesicles have an equal or 

larger size than the vesicle in question. The vertical axis is also scaled with the total volume of the scanned object. 

 

a combined VSD for the White Pumice which is represented in Figure 5-20. Even though the entire VSD 

of the White Pumice closely resembles a power-law distribution (y = 0.0009x
-0.944

), it slightly curves 

upwards. As the data is closer packed together towards the side of the smallest vesicles in Figure 5-20 

(x-axis), we cannot use a normal power-law regression on the entire dataset because the small vesicles 

would have a larger influence than the large vesicles due to their abundance. Therefore we have 

assigned the best power-law fit ourselves in a qualitative way.  

 

The VSDs of the four pyroclast types are presented in Figure 5-20. Note that only the scans with a low 

resolution were used to construct these VSDs and that only entire scans were obtained for White 

Pumice and Grey Pumice.  Because the plateau of the VSDs in the smaller vesicle sizes is an artefact, the 

VSD is represented by a solid line at vesicle volumes larger than 0.01 mm³ and by a dotted line at 

vesicles smaller than 0.01 mm³.      
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Figure 5-20: Dotted line represents the best-fit power-law equation for the combined VSD of the White Pumice (solid line): y 

= 0.0009x
-0.944

. Note that the vertical axis represents how many vesicles have an equal or larger size than the vesicle in 

question. The vertical axis is also scaled with the total volume of the scanned object. 

 

The VSDs of the four pyroclast types are presented in 5-21. Note that only the scans with a low 

resolution were used to construct these VSDs and that only entire scans were obtained for White 

Pumice and Grey Pumice.  Because the plateau of the VSDs in the smaller vesicle sizes is an artefact, the 

VSD is represented by a solid line at vesicle volumes larger than 0.01 mm³ and by a dotted line at 

vesicles smaller than 0.01 mm³. The value of 0.01 mm³ was chosen because this is the point in which the 

VSD of the low resolution scan of White Pumice starts to deviate significantly from the medium 

resolution scan of White pumice (Figure 5-19). In Figure 5-21 we can observe that there is a certain 

offset between the White Pumice and Grey Pumice VSDs on the one hand and the Green Pumice and 

Cumulate VSDs on the other hand. The Grey White Pumice VSDs have a similar position but the Grey 

Pumice VSD declines faster towards larger vesicle sizes than the White Pumice VSD.  Green Pumice and 

Cumulate VSDs are also very similar and differ only at the largest vesicle sizes. Even though there is a 

certain offset, the VSDs of White Pumice, Grey Pumice and Green Pumice have a similar overall shape. 

This appears to be a power-law distribution which has a slight upwards curve. Only the Cumulate VSD 

however appears to show a power-law distribution with a slight upward curve in the small vesicle sizes 

but a small downward curve in the larger vesicle sizes. 
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In order to calculate the VND of White Pumice, the same division is used as with the VSD: all vesicles 

larger than 0.01 mm³ will be used to calculate the VND of the low resolution µCT data whereas all 

vesicles smaller than 0.01 mm³ will be used to calculate the VND of the medium resolution µCT data.  

 

VNDHIHJ> � VNDKLM	NOPLKQRSLT	�UOPSVKOPWX.XZ	[\� � VND[O]SQ[	NOPLKQRSLT	�UOPSVKOP^X.XZ_[\� 

 

The VNDTOTAL is calculated to be 7.22e
14

. In comparison with another eruption of low-viscosity magma 

(Table 3-1), the VND of the White Pumice appears to be significantly lower. However, if this is due to the 

absence of the VND of the highest resolution of White Pumice or realistic is unclear.   

 

 

Figure 5-21: VSD of the four pyroclast types. It is proven that the plateau at the larger volume sizes is an artefact. Note that 

the vertical axis represents how many vesicles have an equal or larger size than the vesicle in question. The vertical axis is 

also scaled with the total volume of the scanned object. 

 

The VSDs of the four different pyroclast types is presented in Figure 5-21. Even though there is a certain 

offset between the pyroclast types White Pumice, Grey Pumice and pyroclast types Green Pumice, 

Cumulate; it is not sure if this is due to a higher VND or due to the subsampling. Remember that only the 

µCT scans of White Pumice and Grey Pumice were entirely analyzed whereas Cumulate Pumice and 

Green Pumice were only partially analyzed. It is clear, however, that the four different pyroclast types 
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follow a similar distribution. This distribution can be best described as a power-law distribution which 

slightly curves upward. 
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6 Discussion 

6.1 Density Measurements 

Table 5-3 clearly demonstrates that there is a negative relationship between grain size and density of 

the pyroclast. A pyroclast is mainly built from three components: glass, crystals and vesicles (i.e. frozen 

gas bubbles). Therefore theoretically, a pyroclast’s density is dependent on the density of its glass, the 

density and the abundance of its crystals and the amount of space taken up by vesicles. Note that the 

glass and the crystal component have a positive relationship with the density whereas the vesicle 

component has a negative relationship with density. The more volume is taken up by vesicles or the 

higher the vesicularity of a clast, the less the amount of the other two components are and thus the 

lower density becomes. Because all the samples are taken from the same layer and thus erupted at the 

same time, a change in glass density is not expected. An increase in the crystal abundance with 

decreasing grain size or a changing crystal content with changing grain size is also unlikely. One of the 

reasons layer XIV was chosen was in fact because of its low crystal content (see section 4.1) to reduce 

the introduced error in calculating vesicularity from density. Therefore the influence of the crystal 

component in the relationship between grain size and the density of the pyroclasts can be ruled out. It 

thus appears that the vesicle component of the pyroclasts changes with grain size and thus causes the 

increase in density with decreasing grain size. This can be explained by imagining that fragmentation 

basically represents a random sampling of the magma. In 2D, we can represent the pre-eruptive magma 

by a square in which there are all kinds of different sized spherical bubbles (later to become vesicles 

upon cooling), ranging from a certain maximum bubble size to a certain minimum bubble size, at 

random positions in the 2D (or 3D) space. Now subsampling this square would have the same effect as 

fragmenting the magma. As long as our subsampling square is large enough, the vesicularity will remain 

constant. However as the subsampling square approaches the size of the maximum bubbles, vesicularity 

will depend on where the subsample is taken. If it incorporates the maximum sized bubbles, the 

resulting vesicularity will be high. However, if the subsample is taken in between the maximum sized 

bubbles, the vesicularity will be small. Therefore, we believe that there is a relationship between the 

maximum vesicle a pyroclast of a certain size can contain and its vesicularity and thus its density. 

Therefore the largest pyroclasts which can contain the largest vesicles will have the highest vesicularity 

and thus the lowest density.  Interestingly, the density distribution of each grain size shows a Gaussian 

distribution. One can explain this by once again imagining that fragmentation randomly samples the 



83 

magma similar to a stochastic process. Even though there is a median density per grain size, sometimes 

a clast incorporates more large vesicles and thus has a lower density than the median value.  

However in our density measurements, the density remains constant until a grain size of -3.5 φ, which 

might be indicative for the fact that bubbles cannot grow indefinitely. The largest bubbles found in the 

µCT scans of White Pumice had a volume of around 128.2 mm³ (diameter of 6.2 mm assuming spherical 

shape). If we assume that this is one of the largest bubbles found in the pre-eruptive magma, we can 

calculate how much space one of those bubbles would occupy in a clast of a certain size (Table 6-1). It 

appears that if we incorporate one of those big bubbles in a clast with a grain size -3.5 φ, 16.5 % of a 

spheric pyroclast or 8.6 % of a cubic pyroclast will consist of one vesicle. However, if we go a step lower 

to a grain size of -3 φ, 46.6% of a spheric pyroclast or 24.4 % of a cubic pyroclast will consist out of one 

big vesicle which is rather unrealistic as such a clast would be very fragile and probably break into 

smaller fragments when it is ejected out of the vent. Apparently, the density remains constant when 

pyroclasts are made out of maximum sized bubbles and starts dropping when the grain size becomes 

smaller than the critical size which can still support maximum sized bubbles. We believe that this critical 

size is somewhere between a grain size of -3 φ and -3.5 φ. 

 

Grain Size (Φ) Vclast,sphere (mm³) Vbubble, sphere(%) Vclast,cube(mm³) Vbubble,cube (%) 

-5.5 48528.13 0.26 92681.90 0.13 

-5 17157.28 0.73 32768.00 0.38 

-4 2144.66 5.83 4096.00 3.05 

-3.5 758.25 16.48 1448.15 8.63 

-3 268.08 46.62 512.00 24.41 

-2.5 94.78 131.88 181.012 69.05 

-2 33.51 373.02 64.00 195.31 

Table 6-1: For every grain size from -5.5 φ φ φ φ to -2 φφφφ, the volume is calculated whether in the shape of a sphere Vclast,sphere or in 

the shape of a clast Vbubble,cube. Vbubble, sphere stands for the volume% a 125 mm³ bubble would occupy in a spheric clast of that 

grain size whereas Vbubble,cube stands for the volume% a 125 mm³ would occupy in a cubic clast of that grain size.  

 

From the shape of the density per grain size model, it appears that the density change per decreasing 

grain size itself increases exponentially meaning that at first the change of density is limited, but the 

smaller the grain size becomes, the more the density will change with every step of decreasing size. 

Because of the limitations with our laboratory measurements, we cannot measure the density of grain 

sizes lower than -2 Φ. In order to better constrain the density changes per decreasing grain size, a new 
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method should be devised in order to measure the density distributions of these smaller grain sizes. One 

possibility would be to use the µCT method. However, making systematic density measurements in 

function of clast grain size with µCT is bothersome because of the time it takes to make one scan and 

the costs. This could be countered by scanning a batch of clasts of the same grain size and measuring the 

vesicularity of each particle separately. One thing to keep in mind though is that in order to measure the 

vesicularity accurately a resolution of around 1 µm/voxel is needed, because at least three voxels are 

required to recognize a vesicle. Therefore scanning in a batch of particles of one grain size would only be 

feasible for very small grain sizes, e.g. smaller than 3-4 φ (fine to very fine ash). A practical problem with 

these small grain sizes is the accurately separation of lithics from ash shards. Based on morphology and 

grey value (depended on density and chemical composition), one can separate for example lithics from 

ash. Therefore the separation phase appears to be redundant. However because obtaining µCT scans 

are time and computer power consuming, executing an initial separation is necessary to guaranty a high 

enough efficiency for each µCT scan. Furthermore, as the scanned objects may not move during the scan 

they would have to be glued to an object which can be a bothersome task considering the small grain 

size. Despite the mentioned practical problems, executing this kind of µCT scans is feasible and 

therefore should be at least attempted in the future. At the moment, there does not appear to be a 

good suitable method to systematically measure the density of clasts between a range of -1.5 φ to 3 φ 

which is the middle and thus very important segment of the density per grain size distribution. One 

possible method of gaining more insight in the density of clasts for grain sizes between -1.5 Φ and 3 Φ 

would however be to simulate fragmentation in a µCT scan, as described above. Fragmentation can be 

simulated by taking cube-shape subvolumes of the µCT scans. For example if one wants to ‘make’ a clast 

with a size of 1.5 Φ, one takes a subvolume which has the shape a cube with a side of 0.5 mm. One can 

now quantify the vesicularity of this subvolume and calculate the density of this virtual clast. By 

randomly selecting subvolumes, we should be able to systematically collect theoretic densities of clasts.  

6.2 Modelling 

One of the key questions of this thesis was if and how the density changes with decreasing grain size. 

Now it appears that instead of a linear decrease of density with grain size, there is more support for a 

logarithmic decrease. Out of a practical viewpoint, we could ask ourselves if the efforts of creating a 

detailed density per grain size distribution is worth spending the time on making many systematic 

measurements in regards with making hazard maps by modelling possible eruptions. Out of the results 
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of the modelling, we found out that very strong eruptions cause large discrepancies between the two 

applied density per grain size models. The density per grain size model we created predicts that tephra 

will be dispersed relatively further than the hypothetical model meaning that our model predicts more 

tephra fallout further away from the vent in the order of 10-1000 kg/m² depending on the parameters 

of the model. If we assume that our model is more realistic than the hypothetical model (as it is based 

on actual data acquired on natural products), this would mean that for example houses further away 

from the vent are more prone to roof collapse due to static tephra load than what is assumed by the 

model using the hypothetical density per grain size model. The threshold for damage to agriculture is set 

at an accumulated mass per unit area of 10 kg/m² whereas 150 kg/m² is believed to be the minimal 

loading for roof collapse (i.e. a flat roof is more prone to roof collapse) and 700 kg/m² for roof collapse 

for all buildings (Bonadonna et al., 2005). Therefore our results for large eruptions predict that the roof 

collapse hazard area should be expanded in comparison with results using the linear decrease proposed 

by Bonadonna and Philips (2003). We can thus conclude that if one wants to model the fallout of a 

Plinian eruption in detail with this model, it is worthwhile to construct a density per grain size model 

unique to the eruption one wants to model. If, however, one wants to model a sub-Plinian eruption, it is 

reasonable to just use the hypothetical linear decrease distribution.    

6.3 Texture 

All four pyroclast types appear to have a fluid-like, poly-lobate clast shape. This suggests that these 

clasts were formed by ductile fragmentation. Tephra which is formed by brittle fragmentation has a 

more blocky shape with straight edges. It appears that the eruption style had little to no effect on the 

texture of the pyroclasts. The main difference in texture is the state of the pre-eruptive magma, i.e. 

crystal-rich or crystal-poor, the presence of two magma sources resulting in magma mingling, etc. The 

many irregular shaped phenocrysts in all the pyroclast types White Pumice, Grey Pumice and Green 

Pumice can be explained by cracking of the phenocrysts due to the fast nucleation of bubbles and/or the 

vesiculation of melt inclusions.  

If we take a look at the entire VSD of White Pumice, the VSD follows a logarithmic distribution which is 

also suggested by Blower et al. (2002) and interpreted that the pyroclast has a fractal texture in which 

vesicles have an Apollonian packing. The low, medium and high resolution scans confirm that the 

texture of the White Pumice pyroclast is fractal and that the vesicles are somewhat Apollonian packed. 

This could be created due to continuous nucleation and growth events or cascading coalascence. 

Because no microlites were found in the µCT scans, SEM images nor in the thin sections of White 
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Pumice, the microlites forming mechanism, in which the viscosity of a low-viscosity magma increases 

significantly due to the formation of microlites that it allows explosive degassing without the ascending 

magma attaining very high ascent rates, cannot be used. Therefore the low low-viscosity magma has to 

attain a very high ascent rate in order to erupt violently (e.g. Sable et al., 2006; Houghton and 

Gonnermann, 2008). If this was the case, it appears unrealistic that cascading coalescence was 

responsible for the logarithmic distribution as that would require one nucleation and growth event and 

steady condition in order to for the bubbles to coalescence.  

The VSDs can be best as having a power-law distribution which slightly curves upwards. Shea et al. 

(2010a) explained this by the fact that some amount of coalescence has taken place, creating the slight 

upward motion of the VSD. Therefore, we believe that in the ascending magma bubbles were 

continuously nucleating and growing which created the power-law distribution. The ascending magma 

rose so fast that there was no relative motion between the volatiles and the melt, a process called 

coupled degassing. However, as bubbles grew larger due to slow movement or simply growing into each 

other, coalescence was inevitable and some occurred creating the slight upward motion of the VSD we 

can observe in the four pyroclast types. 
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7 Conclusion 

This thesis successfully integrated detailed laboratory measurements of density variations in natural 

pumices of a phonolitic Plinian-style eruption with numerical tephra dispersal modelling, and advanced 

qualitative and quantitative textural analyses using both traditional (optical microscopy) and modern (X-

ray microtomography) techniques. In this study, we present one of the very few datasets which were 

acquired by systematically acquiring density measurements of different grain sizes and proved that it is 

worthwhile to acquire such a density dataset if one wants to model a Plinian eruption accurately. Based 

on the systematic density measurements and the applied regression, instead of a linear increase in 

density for decreasing grain size, as proposed by Bonadonna and Philips (2003), a logarithmic increase in 

density for decreasing grain size is observed. A possible mechanism to explain this negative relationship 

is that the density of a pyroclast is mainly dependent on the maximum vesicle size it can incorporate. 

Therefore as long as a pyroclast can incorporate the maximum bubble size found in the pre-eruptive 

magma, its density will be constant. However, from the moment the grain size is too small to 

incorporate the maximum sized bubble, its vesicularity will start decreasing in a logarithmic fashion and 

its density will thus increase until the maximum DRE density is achieved.  

Using the obtained density variation for grain size, instead of the linear decrease suggested by 

Bonadonna and Philips (2003), the tephra dispersal modelling reveals that less tephra is being deposited 

in the more proximal areas and more tephra is being deposited in distal areas. This difference between 

modelled fallout using both density – grain size relationships, increases with increasing plume height, 

erupted mass and increasing maximum wind speed. Especially in highly explosive eruptions, there 

appears to be a significant increase in tephra being deposited further away from the vent, than what is 

predicted from the model using the density variation suggested by Bonadonna and Philips (2003). This 

suggests that models being used for hazard assessment for large eruptions should definitely incorporate 

a more detailed density - grain size relationship than what has been used so far. This is especially true 

when considering volcanic hazardous such as roof collapse due to the static load of tephra. 

The usefulness of µCT data in analyzing pyroclast textures whether qualitatively or quantitative is 

definitely demonstrated in this thesis. Because µCT is a fairly new method in volcanology, especially in 

acquiring quantitative measurements, a new technique was created in order to measure VSDs and VNDs 

in pyroclasts using µCT data and we are confident that this technique has certain advantages over 

traditional methods of acquiring VSDs such as using SEM images. Note that this is the first time µCT data 

is used to create a complete VSD. Using µCT methods in order to quantify certain textural characteristics 
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such as VND, VSD and 3D vesicle characteristics appears to be very useful in studying tephra. Two main 

advantages using µCT instead of traditional methods are (1) no 3D to 2D conversion is required and (2) 

non-spherical shaped bubbles can be studied. Disadvantages such as limited resolution can be 

countered by acquiring a subsample and scanning that at a higher resolution than the “mother sample”. 

Because one can choose the direction of a µCT slice and there is no interference by structures 

underneath or above the ‘cutting’ surface, using µCT slices to analyze 2D structures was found to be 

more favourable in studying the texture, than using the optical microscope. However, because one 

cannot determine a crystal in µCT slices, except for its shape and its density, observation of µCT slices 

and optical microscopy should always be combined.      

Due to time limitations, this thesis is only a small part in an effort to better constrain low-viscosity 

magmas. Instead of using well known volcanoes such as Etna and Vesuvius to constrain low-viscosity 

magmas, more attention needs to be directed to other volcanoes which also violent erupt low-viscosity 

magmas. However, these are mostly more difficult to access. A good example of such a volcano is 

Rungwe (Tanzania) which is a good and unique volcano to study low-viscosity magmas. Further research 

regarding better constraining the Laacher See phonolitic magma should focus on obtaining the complete 

VSDs of the other three pyroclast types because we only successfully obtained the complete VSD of the 

White Pumice pyroclast type. Instead of analyzing just one pyroclast for each pyroclast type, the 

different pyroclast types should be systematically collected and analyzed to see if the results we 

obtained are true for the entire population or only for a limited amount of the population of that 

pyroclast type. One problem with our obtained density measurements is that we could not measure the 

density of pryoclasts with a smaller grain size than -2 φ. One can solve this problem in multiple ways. 

This could be solved by using the µCT to scan batches of small ash fragments. Another solution would be 

to virtually collect density measurements by taking subvolumes in the µCT scan of White Pumice (see 

Section 6.1).  

Instead of advancing just one facet of volcanology which ultimately makes one a hyperspecialist in 

his/her field, more efforts need to delivered in combining observations on the field, systematic 

laboratory measurements, information out of numerical/analogue modelling and textural analysis using 

a range of techniques. This thesis therefore did not limit itself to just one branch of volcanology but tried 

to be versatile by integrating multiple approaches to solve one problem.      
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Nederlandse samenvatting 

Fysische vulkanologisch onderzoek is in de laatste decennia sterk gegroeid op verschillende vlakken 

gaande van gedetailleerde observatie van vulkanische afzettingen in het veld en in het laboratorium, 

satellietwaarnemingen, analoge en numerieke/analytische modellen, gedetailleerde petrologische 

studies van eruptieproducten  om meer inzicht te verkrijgen in het verband tussen ondergrondse 

processen en eruptieprocessen. Het is echter van cruciaal belang dat als men processen die zich 

afspelen tijdens vulkanische uitbarstingen wil begrijpen, men de nieuwste ontwikkelingen in modellering 

en analysetechnieken combineert met kwaliteitsvolle data vergaard op het veld en/of in het 

laboratorium. 

 

Omdat deze het talrijkst voorkomen is veel van wat we begrijpen over explosieve Plinische uitbarstingen 

gebaseerd op studies op hoog-viskeuze silicarijke systemen. In deze silicarijke systemen zorgt de hoge 

viscositeit van het magma ervoor dat de volatiele bestandsdelen, die vrijkomen door de decompressie 

van het magma bij het omhoog stijgen van het magma, niet kunnen ontsnappen waardoor er een zekere 

overdruk ontwikkeld wordt. Als deze overdruk een zekere kritische waarde overschrijdt, zal het magma 

explosief uitbarsten. Ondanks het feit dat de meeste explosieve uitbarstingen hun oorsprong vinden in 

silica-rijke magma's, zijn er verschillende voorbeelden gekend waarbij een matig tot weinig viskeus 

magma explosief uitbarst, zoals onder andere de 122 BC uitbarsting van Etna (basaltisch) en de 79 AD 

uitbarsting van Vesuvius (fonolitisch). Omdat men ervan uit gaat dat de lage viscositeit van deze 

magma's onder normale omstandigheden de volatiele bestandsdelen niet gevangen kan houden, rijst er 

een aantal vragen omtrent de vesiculatie en de fragmentatie van laag-viskeuze magma's. 

 

Om bij te dragen bij het onderzoek van het explosief gedrag van laag-viskeuze magma's, combineert 

deze thesis gedetailleerde densiteitsmetingen in het laboratorium op natuurlijke puimstenen van een 

fonolitisch magma dat Plinisch is uitgebarsten met een numeriek tefraverspreidingsmodel en 

geavanceerde kwalitatieve and kwantitatieve texturele studies waarbij zowel traditionele methodes 

zoals optische microscopie als moderne methodes zoals X-stralen microtomografie (µCT) aan bod 

komen. Als focus van onze studie werd de uitbarsting van de Laacher See vulkaan, die 12,900 jaar 

geleden plaatsvond in het Eifel gebied te West-Duitsland, gekozen omdat deze ten eerste goed 

gedocumenteerd is en ten tweede omwille van de nabijheid van het studiegebied waardoor er met 

beperkte financiële middelen veldwerk kon worden uitgevoerd. Uiteindelijk werden er twee veldstages 
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georganiseerd naar de Laacher See vulkaan. Een driedaagse veldstage waarbij vooral de stratigrafie van 

de tefralagen en het vertrouwd geraken met verschillende soorten afzettingen van vulkanische 

uitbarstingen centraal stond, werd georganiseerd van 15 tot 17 April 2011 onder leiding van Dr. Karen 

Fontijn. Een tweede individuele veldstage werd ondernomen van 26 Augustus tot 10 September 2011 

waarbij bulkstalen werden verzameld van een specifiek laag voor densiteitsmetingen en individuele 

pyroklasten werden gekozen over de gehele tefralagen die een bepaalde eruptiestijl 

vertegenwoordigen. Om de kwaliteit van de densiteitsmetingen te garanderen, werd gezocht naar een 

laag die (1) een fallout (neerslag) vertegenwoordigt, (2) afkomstig is van een gedeelte van de eruptie 

waarbij Plinische intensiteit behaald werd, (3) dik genoeg is om genoeg stalen te kunnen verzamelen en 

(4) die stratigrafisch gemakkelijk terug te vinden is.       

 

Een groot deel van deze thesis is gewijd aan systematische densiteitsmetingen die werden uitgevoerd 

op puimstenen van verschillende korrelgrootten. Ondanks het feit dat er in 1980 al een negatief verband 

werd geobserveerd tussen de korrelgrootte van een pyroklast en de densiteit van een pyroklast, werd 

op deze vaststelling nooit opvolgend onderzoek verricht. Nochtans kan dit zeer interessant kan zijn voor 

bijvoorbeeld het modelleren van vulkanische uitbarstingen. In recente studies wordt er nauwelijks 

rekening gehouden met een al dan niet variërende densiteit in functie van de korrelgrootte. Als er al 

rekening mee wordt gehouden, dan is de densiteitsvariatie met de korrelgrootte niet gebaseerd op 

effectieve metingen op natuurlijke puimstenen, maar eerder gebaseerd op een theoretisch model zoals 

bijvoorbeeld een logaritmische toename van de densiteit vanaf een zekere korrelgrootte tot de 

maximale densiteit die een asdeeltje kan hebben, namelijk dedense rock equivalent dichtheid (met 

andere woorden de dichtheid van het magma zonder gasbellen). Naast deze dicthheidsmetingen 

werden op vier verschillende pyroklasten texturele studies verricht: (1) Witte Puimsteen: zeer laag 

gehalte aan kristallen en typisch voor de eerste en het begin van de tweede Plinische uitbarstingsfasen, 

(2) Grijze Puimsteen: laag gehalte aan kristallen en typisch voor het einde van de twee Plinische 

uitbarstingsfase, (3) Groene Puimsteen: een grijsgroenige puimsteen die een hoog gehalte aan kristallen 

heeft, maar nog steeds sterk vesiculair is; deze puimsteen is typisch voor de beginperiode van de 

freatomagmatische fase van de uitbarsting, en (4) Cumulaat: zeer hoog gehalte aan kristallen dat typisch 

is voor het einde van de freatomagmatische fase van de uitbarsting. De gehele pyroklasten werden 

ingescand met µCT en er werden slijpplaatjes van de pyroklasten gemaakt. Er werden ook twee 

cylindrische substalen van de Witte Puimsteen genomen, namelijk één met een diameter van 0.78 cm 
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en één met een diameter van 0.2 cm, die beide opnieuw werden ingescand om telkens hogere 

resoluties te bekomen.  

 

Voor onze densiteitsmetingen werden pyroklasten gemeten van korrelgrootte -4 phi (16mm) tot -2 phi 

(4 mm). Grotere en kleinere korrelgroottes waren praktisch niet mogelijk vanwege limitaties aan de 

gebruikte methode. Eerst werd er onderzocht hoeveel pyroklasten men moet meten om een 

representative densiteitsdistributie te verkrijgen. Omdat dit 70 bleek te zijn, werden er vervolgens van 

elke korrelgrootte tussen -4 phi en -2 phi 70 pyroklasten uitgezocht en gemeten. Omdat de tefradeeltjes 

te klein werden vanaf -2.5 phi, werden korrelgroottes -2.5 phi en -2 phi respectievelijk per 3 en per 5 

klasten samen gemeten. Uit deze metingen konden we concluderen dat de densiteit inderdaad 

toeneemt met afnemende korrelgrootte vanaf een korrelgrootte van -3.5 phi (11.2 mm). Vervolgens 

werd er een regressie toegepast op de gemeten densiteit per korrelgrootte om zo voor alle 

korrelgroottes die gebruikt worden in het tefraverspreidingsmodel een waarde voor de densiteit te 

verkrijgen. Er werd gekozen voor een machtsfunctie omdat hiermee de meest realistische waarden 

verkregen werden. Hierdoor kon er een model opgesteld worden die de densiteitstoename voor 

afnemende korrelgrootte weerspiegelt. Dit model heeft drie segmenten: (1) constante densiteit van 

0.535 g/cm³, (2) een toename van densiteit voor afnemende korrelgrootte volgens een machtsfunctie 

gaande van korrelgrootte -3.5 phi tot 5.2 phi, (3) vanaf 5.2 phi een constante densiteit van 2.4 g/cm³ wat 

een typische waarde is voor fonolitische magma's. 

  

Deze densiteitsvariatie voor verschillende korrelgroottes werd gebruikt in een tefraverspreidingsmodel. 

Hierbij zullen we als input de totale korrelgrootteverdeling van de ca. 4 ka Rungwe Pumice uitbarsting 

van de Rungwe vulkaan in Tanzania gebruiken omdat voor de Laacher See uitbarsting zulke 

gedetailleerde data niet voorhanden zijn. De Rungwe Pumice uitbarsting is een waardig alternatief 

omdat ze ook gekenmerkt wordt door een fonolitisch/trachitisch magma, en gedurende de gehele 

uitbarsting een Plinische intensiteit werd bereikt. Om de invloed van onze densiteitsvariatie voor 

korrelgroottes te testen, hebben we het model van de tefraverspreiding laten lopen voor zowel onze 

densiteitsvariatie als voor de theoretische densiteitsvariatie waarbij er een logaritmische 

densiteitstoename is vanaf een zekere korrelgrootte voor een aantal verschillende waarden voor de 

volgende inputparameters: hoogte van de eruptiekolom, totale geërupteerde massa en maximale 

windsnelheid. Er werd geconcludeerd dat er een belangrijk verschil is tussen de resultaten van het 

model als men de densiteitsvariatie verandert. Het model dat gebaseerd was op de effectief gemeten 
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densiteitsvariatie in functie van korrelgrootte die gevonden werd tijdens deze thesis, voorspelde een 

grotere hoeveelheid tefra (maximaal 1500 kg/m²) vlakbij de vulkaan (20-30 km), minder tefra (maximaal 

1000 kg/m²) op middelmatige afstand van de vulkaan (30-100 km) en meer tefra (20-100 kg/m²) op 

grote afstand van de vulkaan (>100 km), dan het model gebaseerd op de theoretische densiteitsvariatie. 

Daarnaast werd ook bekeken of dit verschil vergrootte of verkleinde bij het veranderen van de hoogte 

van de eruptiekolom, de totale geërupteerde massa en de maximale windsnelheid. Hierbij werd 

besloten dat een grotere hoogte van de eruptiekolom leidt tot kleinere verschillen en dat een 

verhoogde totale geërupteerde massa leidt tot grotere verschillen. Wanneer men de maximale 

windsnelheid verhoogt, zal het gedeelte waar er meer tefra voorspeld wordt opschuiven naar een 

grotere afstand van de vulkaan en dit gedeelte zelf verkleinen waardoor er dus meer tefra voorspeld 

wordt. Deze resultaten zijn niet al.leen belangrijk in functie van fundamenteel onderzoek, maar ook voor 

risicovoorspellingen gerelateerd aan grote vulkanische uitbarstingen. 

 

Een van de voordelen van µCT is dat deze methode de textuur van een pyroklast zowel kwalitatief als 

kwantitatief kan vastleggen. Voor de kwalitatieve texturele karakterisatie van de individuele pyroklasten 

werden zowel 2D µCT doorsnedes (slices) als traditionele slijpplaatjes gebruikt. Terwijl de 

mineraalassemblage in de vier pyroklasten zo goed als constant is, neemt het kristalgehalte drastisch 

toe van de Witte en Grijze puimsteen naar de Groene puimsteen en Cumulaat. In de puimstenen is er 

ook een duidelijke aanwijzing dat de meeste kristallen gebroken zijn. Er werden geen microlieten 

vastgesteld. Een aantal observaties wijzen erop dat het ontstaan van volatiele gassen in het rijzende 

magma, die niet konden ontsnappen wegens een te hoge snelheid, de oorzaak kan zijn van de vele 

gebroken kristallen.  

 

Om inzicht te krijgen in processen die zich tijdens het opstijgen van het magma voordoen, werden er 

ook vesiclegroottedistributies opgesteld door middel van µCT beelden die kwantitatief geanalyseerd 

werden door het softwarepakket Morpho+. Ondanks de twee grote voordelen van µCT t.o.v. SEM 

(Scanning Elektronen Microscopie), namelijk dat er geen 2D-naar-3D conversie nodig is en dat ook niet-

sferische vesicles kunnen gemeten worden, werd er nog nooit gebruik gemaakt van µCT voor deze soort 

metingen op natuurlijke puimsteen. Het grootste probleem van µCT, namelijk dat naarmate de grootte 

van het gescande object vergroot, de resolutie afneemt, werd opgelost door een fysiek substaal te 

nemen van de pyroklast en dit substaal op hogere resolutie in te scannen. Door de distributies te plotten 

tegen een geschaalde y-as, sluiten de distributies van de gehele pyroklast en het fysieke substaal goed 
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aan. De kleine offset werd weggewerkt door de distributie van het fysieke substaal te vermenigvuldigen 

met een constante (2 in ons geval). Offset in vesiclegroottedistributies kan verklaard worden door een 

verschillend verschillend aantal vesicles per volume-eenheid (vesicle number density). De 

vesiclegroottedistributies van zowel de Witte, Grijze en Groene puimsteen en Cumulaat volgen 

machtfuncties wat erop wijst dat er een fractale textuur aanwezig is. Dit werd bevestigd door de lage, 

middelmatige en hoge resolutiescan van de Witte Puimsteen. Deze fractale textuur kan verklaard 

worden door een continue nucleatie en groei in het opstijgende magma. De kleine opwaartste knik in de 

vesiclegroottedistributie kan verklaard worden door coalescentie (vergroeiing) van de grotere gasbellen 

terwijl het magma omhoogrijst. De vesicle number density werd vastgelegd op 7.22e
14

 m
-3

 Algemeen kan 

men dus stellen dat het magma zeer snel rees en dat er continue nucleatie en groei van bubbels 

aanwezig is waarbij de grootste bubbels samengroeien. Door de plotse toename van gasbellen in het 

magma, veroorzaakt doordat de volatiele bestandsdelen het magma niet kunnen verlaten (gekoppelde 

ontgassing), zijn de meeste kristallen in het magma gebroken. 

 

Deze thesis vormt een belangrijke bijdrage tot kennis van de dynamica van Plinische uitbarstingen van 

fonolitische magma's. 
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Appendix 

 

Figure 1: Histogram of the GSD of GJ2011-01 

 

 

Figure 2: Histogram of the GSD of GJ2011-02 
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Figure 3: Histogram of the GSD of GJ2011-03 

 

 

 

Figure 4: Histogram of the GSD of GJ2011-04 
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Figure 5: Histogram of the GSD of GJ2011-05 

 

 

Figure 6: Histogram of the GSD of GJ2011-06 
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Figure 7: Representative µCT-slice of the high resolution scan of White Pumice. Note that the diameter of the subsample is 

approximately 0.2 cm. 
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Figure 8: Representative µCT-slice of the medium resolution scan of White Pumice 
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Figure 9: Visualized 3D block of the medium resolution scan of White Pumice.  
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Figure 10: Visualized 3D block of the low resolution scan of White Pumice 
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Figure 11: Visualized 3D block of the Grey Pumice. Note the block has a length of approximately 2-3cm. 
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Figure 12: Visualized 3D block of the Green Pumice. 
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Figure 13: Visualized 3D block of the Cumulate Pumice. Note that the block has a length of 3-4 cm. 
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Figure 14: Twinned sanidine phenocryst found in a thin section of White Pumice  

 

 

Figure 15: A sphene phenocryst found in a thin section of Grey Pumice. Notice the crack in the phenocryst.  


