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ABSTRACT 
 

Peperite is a textural term to describe a rock formed by the disruption of magma mingling 

with unconsolidated, typically wet sediments. The current models of peperite formation (magma 

mingling and breakup driven by sediment fluidization and explosive fuel coolant reactions) do not 

explain the wide variety of features seen in rocks with peperitic textures. In addition, the peperitic 

textures catalogued by over 90 authors do not show any evidence of fine scale break up as expected 

if mingling and explosive fuel-coolant reactions were driving the process. The inherent space 

problem associated with moderate to large-scale fluidization also cannot be addressed using the 

current models. 

The purpose of this thesis was to examine the fluid dynamic and thermophysical constraints 

on peperite formation. To carry out this goal a series of experiments reproducing peperites in the 

laboratory setting were performed. Following these experiments a full characterization of the 

rheological and thermodynamic properties of the melts and the sediments used in the experiments 

were conducted. Then the processes driving melt breakup (i.e., sediment failure, heat flow and 

boiling at the sediment interface, and the fluid dynamic breakup of viscous liquids) were examined.  

The vibrational-liquefaction model proposed in this thesis is the first unified model of 

peperite formation. It explains both the textural features observed in peperites, and accounts for the 

disruptions and compaction of sediments without the need for large-scale movement of sediments. 

The vibrational energy produced by vapour film oscillation and collapse transmits mechanical 

energy to the surrounding sediments inevitably leading to liquefaction. Liquefaction of the 

sediments provides magma with the space needed to behave in a ductile or brittle fashion needed 

for magma breakup to occur without moving large volumes of sediment. The magma can then 

deform in this zero effective stress as an immiscible fluid, where the dense magma will sink below 

the less dense liquefied sediments. Numerical simulations of immiscible fluid breakup using 

openFoam software are then used to show how magma breakup occurs. 
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CHAPTER 1 - INTRODUCTION 
 

1.0 Overview 

The interaction between water and magma, or hydromagmatism, has been a topic of 

discussion in the geological community since the birth of Surtsey in 1963. The explosive nature of 

a Surtseyan volcanic eruption does not define hydromagmatic interactions in and of itself. More 

often than not, the interaction of water and magma is passive, for example the passive extrusion of 

pillow lavas, or mildly energetic, for example the formation of hyaloclastite1 on the surface of lavas 

in the deep sea environment. To better understand the dynamics of hydromagmatic interactions, a 

variety of experimental and theoretical methods have been used. Such studies have employed 

numerical simulations (Mastin, 1995; Büttner and Zimanowski, 1998; Starostin et al., 2005; 

Mastin, 2007) or scale model volcano experiments (Sheridan and Wohletz, 1981; Wohletz and 

Sheridan, 1981; Fröhlich et al., 1993; Wohletz, 2002; Zimanowski et al., 2003; Schipper et al., 

2011). Most research into hydromagmatic interactions focus on the generation of explosive 

eruption products via fuel-coolant interactions2. There are few studies that focus on more passive 

systems. 

The idea behind studying “The fluid dynamic and thermophysical constraints of peperite 

formation, and the vibrational-liquefaction model” came from doing a literature review on peperite. 

Peperite is a textural term for a rock formed by the disruption of magma intruding into and mingling 

with unconsolidated or poorly consolidated, typically wet sediments (White et al., 2000). The 

interaction of magma with wet sediment is very common (McBirney, 1963; Klien, 1985; Einsele, 

                                                      
1 Hyaloclastite roughly translates into glassy (hyalo) clastic rock (clastite). It is a tuff-like breccia rich in 

volcanic glass formed by the thermogranulation of lava under water, ice or where lava flows into water.. 
2 Also referred to as an FCI. This can be defined as a steam explosion where violent boiling or flashing of 

water into steam occurs when water is either superheated, rapidly heated by fine hot debris produced within 

it, or heated by the interaction of molten metals. 
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1986; White, 1996; Skilling et al., 2002), especially in subaqueous volcanic environments as lavas 

or high-level sill and dykes. Peperites are useful indicators of paleoenvironmental conditions and 

can be used for the relative timing of events as they demonstrate that magmatism and sedimentation 

was contemporaneous or nearly so (Shaw et al., 1999; Dadd and Van Wagoner, 2002; Young et 

al., 2004). The presence of peperite along the upper contact of a concordant igneous body also 

helps distinguish true lavas from intrusive bodies. 

The key factors that influence the textures of peperite (according to Skilling et al., 2002) 

are magma and host sediment rheology. Magma rheology is a complex interplay of major oxide 

chemistry, volatile, crystal content and temperature variations. Sediment rheology depends on grain 

size, sorting, permeability and shear strength variations, as well as the internal structure of the host 

sediment (i.e., laminations and grain skeleton). Important secondary factors include magma/water 

mixing ratios, the rate of magma-sediment mingling (i.e., magma flux), the magma injection 

velocity, the total volume of pore water heated, and confining pressure at the time of interaction. 

Our understanding of how these factors bear on the development of peperites is based namely on 

field and petrographic observation (White et al., 2000; Dadd and Van Wagoner, 2002; Skilling et 

al., 2002). In general, there are two major classifications of peperite (a) fluidal (globular) peperites 

- typically found in association with magmas of basaltic composition and (b) blocky peperites - 

typically found in association with silicic magmas (Busby-Spera and White, 1987) (Fig. 1.1). 

Skilling et al. (2002) suggest the main controls on magma-wet sediment interactions 

leading to the generation of peperitic textures are the quenching and/or autobrecciation of lava 

during intrusion while sediment disruption is occurring. One process important in the 

hydrodynamic mingling of magma and wet sediments is the injection speed of one fluid into the 



Chapter 1 - Introduction 

3 

 

 

Figure 1.1 - Fluidal (globular) and blocky peperites (a) The fluidal contact between basalt and 

mudstone with flame like structures from the Passamoquoddy Bay Volcanic Sequence (PBVS). (b) 

Large pillows often have appendages that intrude into the surrounding sediments, and often have 

partially chilled margins. (c, d) Blocky to jigsaw fit peperite can be seen in the PBVS, and typically 

occurs on the margins of sills and domes where rhyolite was intruded into siltstone or mudstone. 

 

other. Zimanowski and Büttner (2002) found that when density and viscosity values were similar 

between the two fluids the faster injection occurred the finer domains of one liquid dispersed into 

the other was, suggesting that injection velocity plays a key role in peperite formation.  

The experimental studies of Wohletz (2002) used molten thermite as an analogue material 

in the place of magma. His work infers that the mixing mechanisms that precede explosive 

eruptions are analogous to the FCI that occur during peperite formation. Though it is reported that 

the various physical properties (e.g., viscosity, density, heat capacity, etc.) of molten thermite are 

similar to that of basalt at 1100 °C, I suspected that the temperatures of the experiments were 

significantly higher, as thermite is produced by an uncontrolled exothermic reaction, reaching 
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temperatures of up to 2500°C. This then leads us to question the validity of Wohletz’s conclusions, 

as the thermodynamics of any hydromagmatic reaction using thermite as an analogue material 

would differ greatly from that of a natural system as the heat capacity of thermite is an order of 

magnitude higher than that of basalt. Also important to point out is the variability of the bulk 

chemistry of the end product thermite debris (i.e., SiO2 contents range from 14.3 to 36.6 wt%, 

Al2O3 contents range from 11.4 to 42.5 wt%, and FeO contents range from 17.3 to 57.0 wt%) 

suggesting that incomplete 1:3 sand-thermite mixture occurred. In addition, Wohletz’s (2002) study 

does not report any rheological data for the sediments used.  

Based on the arguments given above, it was proposed that a new set of experiments should 

be conducted to gather quantitative information on the importance of magma and sediment 

rheology in the development of peperitic textures. Therefore, a series of experiments were designed 

to explore the hypothesis that the rheological properties of the unconsolidated sediment are the key 

factor in determining the mode by which peperitic textures form. This was the first experimental 

study that attempted to produce and analyse the non-explosive products of hydromagmatic 

interactions.  

1.1 Goal of Project 

The objectives of this study were to: (1) design and perform a series of experiments to 

explore the textural variations produced during wet sediment-magma interactions; (2) design and 

construct a system that is capable of melting silicate glasses and subsequently injecting them into 

water, water spray and unconsolidated wet sediments; (3) relate the products produced in the 

laboratory to those found in natural settings; (4) develop a model for peperite formation. The 

experiments for this study were carried out at the Experimental Vulkan Labour in the Sektion 

Mineralogie, Petrologie, und Geochemie at Ludwig-Maximilians-Universität, München. 
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1.2 Methodology of the Project 

This project was conducted in 4 phases: (1) The development of the silicate melt injection 

laboratory experiment (SMILE). This was a new apparatus that allowed for the effusive and 

explosive injection of molten silicate into a variety of media. It was designed to evaluate the 

mechanisms of magma/wet-sediment interactions and “turbulent shedding” during shallow 

submarine volcanic eruptions.  (2) The use of poured melt experiments to evaluate the effusive 

parameters of magma/wet-sediment interactions. (3) An evaluation of the physical properties of the 

analogue materials used as magma and sediments in SMILE and poured melt experiments. (4) 

Analysis of the experimental results. (5) Modelling of the processes responsible for producing 

magma/wet-sediment interactions. Complete details of the methods used are given in Chapter 3 – 

Methods. 

1.3 Organization 

This thesis is organized into eight chapters and several appendices. Chapter 1 gives the 

objective and scope of the study. Chapter 2 contains an overview of peperites and peperitic textures 

with emphasis on their occurrence and textures. Chapter 3 outlines the methodology used in the 

design and construction of the apparatus used to produce peperitic textures in a laboratory setting. 

It also outlines the methods used to evaluate the physical properties of the melts and the sediments 

used in these experiments. Chapter 4 contains the results of the experimentation, and a complete 

chemical and physical analysis of the rock types used (i.e., chemistry, viscosity, density, heat 

capacity, thermal diffusivity, glass transition temperatures, etc.). In addition, Chapter 4 contains 

the analysis of the unconsolidated sediments used to produce peperitic textural variations in the lab. 

Chapter 5 contains a discussion of the scaling of basaltic melts used in the experiments and a 

comparison with other materials used for peperite experiments by other authors. Chapter 6 

examines the factors involved in the production of peperite and presents the results of cooling 
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models, as well as immiscible fluid breakup models. Chapter 7 proposes a new model for the 

behaviour of magma-wet sediment interactions. Chapter 8 states the overall conclusions of this 

work and discusses areas for future study. 
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CHAPTER 2 - PEPERITES 

 

2.0 Overview 

Peperite is a genetic term for a rock formed by the disruption of magma intruding into and 

mingling with unconsolidated or poorly consolidated, typically wet sediments. It is formed by 

hydrovolcanic processes that produce a rock that texturally resembles a pyroclastic rock but 

comprises both igneous and sedimentary components. Interaction between magma and wet 

sediment is common, especially in subaqueous volcanic environments where sedimentation is 

contemporaneous with volcanism and large volumes of magma are emplaced as syn-volcanic 

intrusions. Peperites have been observed in association with syn-volcanic intrusions in submarine 

sedimentary sequences, lacustrine successions, fluvial settings, subaerial successions (i.e., vent-

fills in phreatomagmatic volcanoes), associated with lavas in a dry setting, at the base of pyroclastic 

flows.  

The correct identification of peperite is important for paleoenvironmental reconstruction 

and the relative timing of events because the occurrence of this rock type demonstrates that 

magmatism and sedimentation was contemporaneous or nearly so (Shaw et al., 1999; Dadd and 

Van Wagoner, 2002; Young et al., 2004). The presence of peperite along the upper contact of a 

concordant igneous body helps distinguish true lavas from intrusive bodies. As such, it is also 

important to demonstrate there is sufficient evidence that the peperitic features being described are 

the result of a magma-wet sediment interaction. The evidence for this will be presented in detail 

later in this chapter.  

Peperites are described based on the texture of the igneous clasts and their contact relations 

with the sedimentary matrix. These textures range from blocky, angular clasts to more fluidal 

(globular) varieties that may have irregular margins. Variation in peperite texture is linked to the 
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properties of both the rheology of the magma and host sediment, as well as the type and efficiency 

of the fragmentation process (Busby-Spera and White, 1987). The shape, fabric and distribution of 

clasts in peperite, and the peperite forming process is discussed in detail below. As a member of 

the hyrovolcanic spectrum ranging from phreatic eruptions to passive quench, peperites provide an 

insight into the mingling of hydrodymanic fluids, possibly representing a precursor to 

hydromagmatic explosions (White, 1991; Lorenz et al., 2002). 

2.1 Entomology of the term “Peperite” and key factors in its identification 

The term peperite is derived from the Italian word “peperino” meaning ground pepper. This 

term was coined by Scrope (1827) to describe clastic rocks that comprised of a mixture of lacustrine 

limestone and basalt from the Limagne d’Auvergne region of central France, considered to be the 

type locality for peperite. Scrope (1827) postulated that some of the Limagne peperites were formed 

by pyroclastic material falling into lake water and mixed with sediments as the peperites are 

regularly stratified, and the volcanic fragments show a normal graded bedding (Scrope, 1827, p. 

17-18). Other peperites formed where a lava flow or sill penetrated soft calcareous sediments 

producing a gradational contact from massive basalt to a conglomerate made up of scoria and 

basaltic fragments cemented by calcite that shows no obvious stratification (Scrope, 1827, p. 21).  

Scrope’s (1827) primary interpretation that peperites form by fallout of pyroclastic 

materials was largely dropped from use in English literature over time. Rather, the view point that 

these rocks represent an intrusion of magma into wet lime mud, later adopted by Michel-Levy 

(1890) was preferred. However, in France the term ‘peperite’ is commonly used as a purely 

descriptive term applied to any rock that comprises juvenile glassy volcanic components in a non-

juvenile matrix (De Goër, 2000). Cas and Wright (1987) suggest the term should be used with care 

and in a non-genetic, descriptive sense only, because of the diverse possible origins of deposits 

with peperitic textures and suggest a less genetic term “peperitic breccia”. This is further supported 

by the fact that all the studies subsequent to Jones (1969) have firmly established that Limagne 
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peperites were products of subaerial phreatomagmatic eruptions whose carbonated matrix results 

from the pulverisation of former sedimentary rocks (De Goër, 2000 and references therein). 

Brooks et al. (1982), White et al. (2000), and Skilling et al. (2002) are strong proponents 

of using the term peperite in a genetic sense. All rocks carry information on the relative timing and 

processes responsible for their physical characteristics. With respect to peperites, information on 

the relative timing of magmatism and sedimentation, on the flow and fragmentation process of the 

magma, and on the rheology of the host sediments can be gleaned from the rocks. As such, peperite 

is an identifiable lithofacies type used to describe sedimentary mixtures formed by a specific set of 

physical processes that otherwise lacks a name and where no other term is applicable to deposits 

formed by these processes. For an indisputable determination to be made, peperite must be 

distinguished from other texturally similar rocks (e.g., autoclastic breccias, block and ash flows, 

hyaloclastic tuff formed by quench granulation). Since a wide range of sedimentary and volcanic 

processes can produce mixtures of igneous and sedimentary rocks that may resemble peperites a 

robust study of the area containing the potential peperite should be conducted, ideally where there 

is a three-dimensional outcrop surface present.  

The identification of peperite, as genetically defined, can be made based on existing 

criteria. First and foremost is the close spatial association with and gradation of peperite into 

sediment free, coherent intrusions or lavas of the same composition and texture as the igneous clasts 

(Brooks et al., 1982; Kokelaar, 1982; Busby-Spera and White, 1987) (Fig. 2.1a). Peperite is 

typically non-stratified, ungraded, and may be highly discordant to bedding (Snyder and Fraser, 

1963; Kokelaar, 1982; Clague et al., 2006) (Fig. 2.1). Equally important is the partial to complete 

disruption or destruction of sedimentary structures (i.e., bedding, laminations) as it demonstrates 

that the sediment was highly mobile during peperite formation (Snyder and Fraser, 1963; Kokelaar, 

1982; Doyle, 2000; White et al., 2000) (Fig. 2.1b). Additional evidence of sediment fluidization 

includes emplacement/inclusion of sedimentary material in the igneous unit (Fig. 2.1c) and the 
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presence of elutriation pipes in the enclosing sedimentary unit (Kokelaar, 1982; Busby-Spera and 

White, 1987; McLean et al., 2016). Secondary lines of evidence can also suggest that peperite form 

by the movement of hot lava into cold, wet sediments. These include the partial or complete chilling 

of the igneous component in contact with the sediment (Busby-Spera and White, 1987; Goto and 

McPhie, 1996; Dadd and Van Wagoner, 2002) (Fig. 2.1d), and induration or alteration of the 

sediment component where in contact with the igneous component (Hanson and Schweickert, 1982; 

Kokelaar, 1982; Duffield et al., 1986) (Fig. 2.1e). Table 2.1 gives an outline of occurrences that 

may be confused with peperitic textures and shows the reader what to look for in making a correct 

identification. 

Peperites can be distinguished from other occurrences of rock-sediment mixing based on 

their relationship to their parent flow or intrusion. For example, in mass flows containing a high 

abundance of volcanic clasts there is no gradational link to their parent flow or intrusion. The 

maximum distance peperitic clasts have been documented away from their parent flow or intrusion 

is several metres. Though peperites can occur in coarser sediments, most often they are found with 

sand and silt size sedimentary beds. The region containing the peperitic clasts should show near 

complete homogenization of the sediments and these clasts can be traced back to their parent flow 

or intrusion. As you move from the zone of preserved sedimentary structurestoward the parent, the 

clasts either become more frequent (i.e., go from sediment supported clasts to clast supported 

configuration) or are for contiguous deformed bodies.  

Another example of a volcanic texture that may be confused for peperite would be the 

infiltration of sediments into an open-framework autoclastic breccia where sedimentary 

laminations wrap around or truncate against the igneous clast. There are several other types of 

deposit that may be confused with peperites. However, features such as a lack of an observable 

parent intrusion or flow, the gradation in size of clasts in the flow, and the presence of laminations 

all lead to the exclusion of similar textures as peperite. If there is doubt about the provenance of 
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the “peperite”, than descriptive terminology using names for the clastic and igneous components 

along with clast size, and/or other descriptors should be applied (e.g., massive mudstone ± basalt 

breccia, or poorly sorted siltstone ± rhyolite breccia) (White et al., 2000).  

Presently, the scientific community accepts the possibility of distinguishing between 

peperites and other breccia-like rocks. For this thesis the term will be used in a genetic sense, as 

defined by White et al. (2000): Peperite (n): a genetic term applied to a rock formed essentially in 

situ by disintegration of magma intruding and mingling with unconsolidated or poorly 

consolidated, typically wet sediments. The term also refers to similar mixtures generated by the 

same processes operating at the contacts of lavas and hot pyroclastic flow deposits with such 

sediments. 

2.2 Characteristics of Peperites 

The volume and geometry of peperite, its spatial relationship to the magma, its internal 

structure, and spatial variation in texture are the gross characteristics that enable the discrimination 

of peperite from other similar volcaniclastic rocks (Skilling et al., 2002). Peperite domains range 

in volume from less than a few m3 to several km3 (Snyder and Fraser, 1963; Hanson and Wilson, 

1993). Examples of this include peperites formed along the contacts between sediments and 

intrusions (Fig. 2.2a,b,c), as well as lavas and hot volcaniclastic deposits (Fig. 2.2d) (Skilling et al., 

2002). Peperite domains often appear interconnected with the host sediment and typically have 

contacts that are discordant to stratification in the host sediment.  

Peperites may show irregular or pod-like geometries (Fig. 2.2a) (Doyle, 2000), fluidal 

(globular) to blocky (Figs. 2.2a,b,c), to sheet or dyke-like (Fig. 2.2a) (Snyder and Fraser, 1963; 

Schmincke, 1967; Brooks et al., 1982; Kano, 1989; Godchaux et al., 1992; Boulter, 1993a; Hanson 

and Wilson, 1993; Hanson and Hargrove, 1999; Doyle, 2000). Peperites have a range of two-

dimensional geometries that are typically not bedded or laminated. However, juvenile clasts and/or 
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matrix grains in the host sediment may display a preferred orientation or lamination, which is not 

present in, or differs from that of the adjacent host sediment (Fig. 2.2b). 

Juvenile magmatic clasts3 in peperite commonly occur close to the margins of the magma, 

but can also be more widely dispersed within the host sediment (Skilling et al., 2002). In an 

idealised setting, peperites grade from a coherent facies (i.e., the lava flow or igneous intrusion) 

into a close-packed fabric to domains of dispersed peperite (Fig. 2.2a). Near the margins of the 

coherent facies, the sedimentary component may fill joints and fractures that define pseudo-pillows 

(Watanabe and Katsui, 1976; Yamagishi, 1991). Columns and polyhedral joint blocks (Brooks et 

al., 1982) may also be present, progressively grading into a close packed fabric where distinct clasts 

can be recognized. Domains of close-packed peperite most often occur broadly parallel to the 

coherent intrusion, though they may lay along linear zones oblique to this contact (Skilling et al., 

2002). In peperite with a close-packed fabric, the igneous clasts fit tightly together separated by 

sediment filled fractures. Domains of peperite with dispersed fabric (Hanson and Wilson, 1993) 

typically are more irregular in shape and the sedimentary matrix-rich breccia comprises both widely 

separated clasts and apophyses of the igneous component (Doyle, 2000). 

 

The classification of peperite is based primarily on the two dominant textural types 

identified by Busby-Spera and White (1987): blocky or globular. The shape, size and internal 

characteristics (i.e., vesicularity, groundmass texture) of the igneous clasts or bodies within a 

sedimentary matrix vary widely (Skilling et al., 2002), as does the sediment type. In addition, 

peperites are described in terms of their spatial qualities (i.e., volume and geometry), the presence 

                                                      
3 Juvenile clasts are derived from magma and are often preserved as glass or its alteration products.  
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of fabric and internal structures, and their location with respect to the margin of an igneous body 

(Skilling et al., 2002). 

In blocky peperite, the clasts derived from the magma have angular boundaries with 

curviplanar to planar surfaces. These shapes are polyhedral to tabular in 3-D and are predominantly 

comprised of centimetre ash and lapilli sized fragments to large decimetre or metre scale blocks. 

Sub-millimetre to millimetre sized ash fragments are rare and are typically found as fragments 

spalling from the margins of larger clasts.  

Jigsaw fit textures are commonly observed in blocky peperites (Skilling et al., 2002). This 

in situ brecciation consists of jagged polyhedral clasts, millimetres to decimetres in size, that show 

little movement with respect to one another. In jigsaw fit textures, the clasts could be fit back 

together into their original configuration (Busby-Spera and White, 1987). Larger jigsaw fit clasts 

commonly show irregular, branching cracks along their margins with the matrix penetrating into 

them (Hanson and Schweickert, 1982). 

Typically, blocky peperites are associated with high viscosity magmas, such as rhyolites 

(Hanson, 1991; Cas et al., 1998; Cas et al., 2001; Dadd and Van Wagoner, 2002; Gifkins et al., 

2002) but have also been frequently observed with basalts (Busby-Spera and White, 1987; 

Rawlings, 1993; Cas et al., 1998; Dadd and Van Wagoner, 2002). Other melt types exhibiting 

blocky textures include andesites (Hanson and Hargrove, 1999; Erkül et al., 2006), and in rare cases 

dacites (Goto and McPhie, 1998; Coria and Pérez, 2002)  and komatiites (Houle et al., 2008).  A 

detailed description of blocky peperites from each magma type along with additional references 

can be found in Tables 2.2 through 2.5. 

Globular peperite is used in cases where the magma forms centimetre- to decimetre-scale 

amoeboid, bulbous, tongue-like, or globular bodies surrounded by sediment (Busby-Spera and 

White, 1987; Doyle, 2000). Roughly equant globular bodies may be bound by digitate margins, 
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whereas others are connected by fluidly shaped stems. Other clasts types present in globular 

peperite include such complex outlines as laminea, tendrils and whips (Lorenz, 1984; White and 

Busby-Spera, 1987). A special subset of globular peperite is microglobular peperite, having fine-

scale fluidal bodies (≤1–2 mm across) that are more intimately intermixed with sediment (Busby-

Spera and White, 1987). 

Typically, globular peperites are associated with low viscosity magmas, such as basalts 

(Busby-Spera and White, 1987; Walker and Francis, 1987; Dadd and Van Wagoner, 2002; Martin 

and White, 2002; Waichel et al., 2007), komatiite (Houle et al., 2008) , and nephelinite (White, 

1991). They have also been observed with moderate to high viscosity magmas like andesites 

(Kokelaar, 1982; Riggs and Busby-Spera, 1990; Durant, 1999; Hanson and Hargrove, 1999), 

rhyolites (Hanson and Schweickert, 1982; McPhie, 1993; Hunns and McPhie, 1999; Busby et al., 

2003)), and dacites (Snyder and Fraser, 1963; Lorenz, 1984). There are also only 3 documented 

cases of microglobular peperites have been observed with basalt (Busby-Spera and White, 1987), 

dacite (Coria and Pérez, 2002) and rhyolite (Donaire et al., 2002).   A detailed description of 

globular peperites from each magma type along with additional references can be found in Tables 

2.6 to 2.9, and the descriptions of microglobular peperites can be found in Table 2.10. 

Not all peperites fall into these end member categories. Often, they consist of a mixture of 

blocky and globular clasts (Brooks et al., 1982; Kokelaar, 1982; McPhie, 1993; Hanson and 

Hargrove, 1999; Doyle, 2000; Squire and McPhie, 2002) or contain shapes with complex margins 

(McPhie, 1993; Hunns and McPhie, 1999; Airoldi et al., 2011). These so-called mixed peperites 

transition from a coherent lava into globular clasts with blocky clasts surrounding the margins, and 

in almost all cases show jigsaw fit textures. 

Mixed clasts peperites are typically associated with low to moderate viscosity magma, such 

as basalts (Schmincke, 1964; Schmincke, 1967; Busby-Spera and White, 1987; Doyle, 2000; Squire 
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and McPhie, 2002; Templeton and Hanson, 2003; Befus et al., 2009; Airoldi et al., 2011) and 

andesites (Kokelaar, 1982; Hanson, 1991; Durant, 1999; Hanson and Hargrove, 1999; Busby et al., 

2008; Vezzoli et al., 2008). Mixed-clast peperites have also been observed with basanite (Martin 

and Németh, 2007) and lamprophyre (White, 1990; Hooten and Ort, 2002). This type of peperite is 

normally dominated by large globular igneous bodies surrounded by smaller blocky igneous clasts 

in a coarse-grained sedimentary matrix. A detailed description of mixed-clast peperites from each 

magma type along with additional references can be found in Tables 2.11 to 2.13. 

Another commonly described feature related to peperites is the presence of sediment dykes 

in the igneous bodies (Kokelaar, 1982; Boulter, 1993a). These dykes range in size from several 

centimetres up to 10’s of metres in length, and millimetre to metre widths (Brooks, 1995; Rawlings 

et al., 1999; Dadd and Van Wagoner, 2002). In most cases, the sediment dykes themselves contain 

blocky peperite exhibiting jigsaw fit textures (Kokelaar, 1982; Leat and Thompson, 1988; 

Godchaux et al., 1992; Hanson and Wilson, 1993). The size and abundance of the clasts present in 

sediment dykes varies as a function of the dyke’s dimensions (i.e., the largest and most abundant 

clasts are found in the largest dykes). 

2.3 Current Theory and Experiments on the Formation of Peperite 

The disintegration and fragmentation of magma to form juvenile clasts along with the 

mingling (mobility) of these clasts with in a sedimentary matrix are key processes in the formation 

of peperite (Skilling et al., 2002). The textural variation observed in peperites is largely attributed 

to the rheological properties of the magma (Brooks et al., 1982; McPhie, 1993; Rawlings, 1993; 

Goto and McPhie, 1996; Hunns and McPhie, 1999; Doyle, 2000; Dadd and Van Wagoner, 2002; 

Gifkins et al., 2002) and of the host sediment (Kano, 1989). This section will examine the current 

state of knowledge in the peperite literature on sediment fluidization and types of magma breakup. 

This includes the role rheology of the magma and host sediments play in determining the type and 

efficiency of the fragmentation process (c.f., quench granulation vs. hydrodynamic mingling). It 
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will also discuss previous experiments done on peperite formation, specifically the work of 

Wohletz (2002) who examined the magma/water mixing ratio and heat transfer regimes.  

2.3.1 Sediment Fluidization  

Fluidization is a key process in the formation of peperitic textures, though the concept has 

not been used in the strict sense. It is a process similar to liquefaction: the process by which water-

saturated sediments are transformed into a substance that acts like a liquid. In the case of 

liquefaction, this may occur when vibrational waves are passed through the water-saturated 

medium. Fluidization occurs when a fluid (liquid or gas) is passed upward through the granular 

material (Davidson et al., 1985) resulting in loss of cohesion between the grains. In peperite 

literature, fluidization takes on the broader definition of particle support and transport by a fluid 

moving in any direction (Skilling et al., 2002). The fluidization of host sediments in this sense is 

an important process where magmas intrude into wet sediments leading to the mingling and 

transport of juvenile clasts 

During the emplacement of magma into wet sediments, sediment fluidization by water 

vapour expansion occurs. This may be response to either heating upon contact with the magma 

(thermal vaporization) or on subsequent cooling when fractures develop in the magma surface 

leading to a pressure vacuum (i.e., triggered fluidization) (Kokelaar, 1982). Both of these 

mechanisms result in the creation of a density gradient between the sediments at the margin of the 

intrusion and the surrounding stable sediments. In addition, they both lead to the wet sediments 

interacting directly with high temperature magma.  

Thermal vapourization occurs by the in situ boiling and volatilization of pore fluids as a 

result of direct heating by the intruding magma (Kokelaar, 1982; Schofield et al., 2012). When a 

magma invades wet, unlithified sediments the presence of pore water and lack of consolidation 

promotes mingling (e.g., similar to that seen in two immiscible fluids) and magma-break up along 
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the contacts. The water at the contact boundary heats rapidly in response to the large temperature 

gradient. Where the pressure of the pore water is much less than the critical pressure of water (PCrit) 

(Fig. 2.3, Pathway A), isobaric heating through the phase boundary occurs and with it there is an 

instantaneous expansion of the pore water (Kokelaar, 1982). The expansion of the pore water may 

disrupt the adjacent sediments and allow particle entrainment away from the contact (Kokelaar, 

1982; McPhie, 1993). The magnitude of this interaction is dependent on both the thermophysical 

properties of the intruding magma and the wet sediments. 

The fluid pressure generated upon thermal vapourization by expanding pore water in the 

host sediments, combined with the changes in stress regime produced by the advancing magma 

(Kano, 2002), causes sediments to fluidize and deform. If there is a suitable heat source available 

to prevent condensation, the sedimentary material at the contact with magma may become 

continuously fluidized over a prolonged period of time by the flow of vapour and transported along 

the contact zone (Kokelaar, 1982). In cases where an insulating steam layer forms, fluidization at 

the contacts may be inhibited preventing the magma from exerting stress on the host sediments and 

this will result in minimal deformation (Kokelaar, 1982; Branney and Suthren, 1988). 

Triggered or momentary fluidization, as mentioned above, occurs as the result of rapid 

decompression of a volume of heated fluid causing the instantaneous expansion of pore fluids. In 

this scenario, the expansion of pore fluid occurs at a uniform temperature. If rapid decompression 

takes place below TCrit (Fig 2.3, Pathway B) there is a large change in the density of water vapour 

as it crosses the phase boundary, followed by rapid expansion as the pressure is further reduced 

(Kokelaar, 1982). This commonly occurs during the opening of cooling fractures, which open 

where the pressure momentarily approaches zero creating vacuum-like conditions (Kokelaar, 

1982). This may lead to sediment injection as the opening of a fracture proceeds due to the large 

pressure gradient.  
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The fracturing of the cooled outer surface of a flow or intrusion, followed by the rapid 

emplacement of fluidized sediments into the fracture may subsequently lead to further mingling 

and breakup if the interior of the intrusion is still molten. This has been inferred by the observations 

of Walker and Francis (1986), where the main vein margins are sharp but toward the interior of the 

intrusion the veins are irregular and lobate with obvious chilled margins. There have been several 

other cases where the interior of the sediment filled fractures show peperitic textures (Boulter, 

1993a; Hanson and Wilson, 1993; Soriano and Marti, 1999; Dadd and Van Wagoner, 2002). This 

suggests that large pressure gradients and high sediment concentrations are required to completely 

fill the fractures with sediment without developing distinctive geopetal structures (Rawlings et al., 

1999). Other authors have observed fine laminations of sediment parallel to the fissure margins 

(Walton and O'Sullivan, 1950; Kokelaar, 1982; Branney and Suthren, 1988; Doyle, 2000). The 

presence of these features suggests that vapour pressure was building, equilibrating and waning 

rapidly allowing for fluid streaming to operate where fracture cuts through the intrusion (Doyle, 

2000). 

Evidence for the fluidization of sediments at the contact with the magma comes from the 

observation that the host sediments are homogenized. At some distance from these contacts, outside 

the fluidized zone, sedimentary structures (i.e, bedding, laminae, grain size variation) are present. 

The thickness of the zone of interaction, also referred to as the boiling zone, ranges from 

centimetres to metres, with the widest zones denoting high volumes of fluidization. The large 

variation in the thickness of the homogenized halo is a function of the thickness of the magmatic 

intrusion and the thermophysical properties of both the magma and the sediments (i.e., temperature, 

viscosity, density, etc.).  

The homogenized halo may remain relatively narrow where a stable, insulating vapour film 

forms. This typically occurs in a situation where the presence of a heat source (i.e., a thick large 

intrusion) prevents condensation of the vapour. In such cases, the surrounding host sediments 
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remain largely unaffected by fluidization until the boiling temperature is reached (Krynauw et al., 

1988). Martin and Nemeth (2007) observed that the homogenized halos are typically narrow (i.e., 

centimetres) where globular peperite has developed, whereas the halos are much larger for blocky 

peperite (i.e, on the scale of metres to 10`s of metres). Escaping pore fluids, as observed by Goto 

and McPhie (1998), disrupt bedding and cause mixing of sand and mud layers up to 5 metres from 

the contact.  

The active intrusion of magma into a sedimentary pile requires that the same volume of 

sediment is displaced. This creates an apparent space problem where there is no strong evidence to 

indicate that this has occurred. For example, where there is little appreciable disturbance to the 

sedimentary sequence (Boulter, 1993a; Hanson and Wilson, 1993) or where sedimentary structures 

abruptly terminate against peperite clasts (Kokelaar, 1982; Branney and Suthren, 1988). The 

replacement of wet sediments by intrusive magma can be explained by either of these mechanisms, 

alone or in combination: (1) fluidization, or (2) thermal tamping4.  

Continuous, low volume fluidization may occur where a stable, insulating vapour film 

forms. In this instance, only a thin layer of sediment is fluidized at any given time and this prevents 

magma from exerting a stress on the host (Kokelaar, 1982; Branney and Suthren, 1988). Due to 

buoyancy differences, large volumes of sediments may be displaced along the intrusive boundary, 

accounting for both the replacement of large areas of host sediments by peperite and the 

preservation of primary sedimentary structures (Boulter, 1993b; Hanson and Wilson, 1993). The 

displaced sediments form voluminous enclaves; examples of such displaced sediments have been 

observed by Kokelaar (1982). 

                                                      
4 Thermal tamping is defined as reduction in porosity as a result of repeated heating and condensation of 

vapour resulting in the grain rearrangement and compaction of the unconsolidated sediments. 
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The large-scale migration of heated pore water fluids away from intrusive contacts 

occurring during injection of magma into wet sediments, as described by Einsel et al. (1980) and 

Francis (1980), is a feasible mechanism to explain the apparent space problem. The porosity of wet 

sediments at the margin of intrusions has been documented to have undergone a substantial 

reduction, from approximately 80 % to about 40 to 60% within a range of several tens of metres 

above and especially below the sediment-sill contacts (Einsele, 1986). This reduction in porosity 

leads to the induration of the sediments. Einsel et al. (1980) proposed that this reduction in porosity 

occurs by a phenomenon known as ‘thermal tamping’. This occurs where non-uniform or cyclic 

heating leads to the condensation of vapour and as a consequence causes the repacking and 

compaction of the sediments reducing their overall permeability (Francis, 1982; Walker and 

Francis, 1987). The substantial porosity reduction in the host sediment column creates space for 

the intruding magma (Hanson, 1991). 

2.3.2 Magma Breakup  

There are three major types magmatic breakup that have been proposed to govern the 

formation of peperitic textures: ductile (i.e., mingling or hydrodymanic breakup), brittle (i.e., 

quench or cooling and contraction granulation), and molten fuel coolant interactions leading to 

steam explosions. The concepts will be reviewed in this section with specific relevance to peperite 

formation.  

2.3.2.1 Ductile Breakup 

The ductile breakup of magmas occurs when magma is reshaped through viscous relaxation 

driven by surface tension forces on a time scale fast enough to compete with cooling times (Porritt 

et al., 2012). In the peperite literature, this type of magma break-up has been referred to as 

hydrodynamic mingling and is thought to be the way globular peperites form. Zimanowski and 

Büttner (2002) were the first to propose that hydrodynamic mingling between magma and liquefied 

sediments can lead to the break-up of magmas. Hydrodynamic mingling occurs exclusively 



Chapter 2 - Peperites 

22 

 

between two immiscible liquids, such as silicone oil and water, which have interfacial tension 

allowing for the dispersion of domains of one liquid into the other (Zimanowski and Büttner, 2002). 

The properties of water and the oils used in these experiments can be found in Table 2.14. 

Zimanowski and Büttner (2002) published a paper to discuss the results of the 

hydrodynamic mingling experiments of Nestler (2000) and provide a mathematical assessment of 

hydrodynamic mingling in geologically relevant materials. They demonstrate that the governing 

physical parametre of the hydrodynamic mingling between immiscible liquids is the contrast of the 

respective viscosities of the liquids. This has been visualized and tested using fluids with both 

similar and contrasting viscosities in an experimental setup that allows for the injection of a water 

jet into silicone oil at various speeds. In the experiments where the viscosities were in the same 

range, hydrodynamic mingling was effective and jet break up was observed (Fig. 2.4a). This was 

due largely to the fact that the flow in the water jet was occurring in the turbulent regime, thus 

resulting in droplet break up. In experiments where there was greater than an order of magnitude 

difference in viscosity between the two fluids, it was virtually impossible to induce breakup on a 

cm scale or smaller (Fig. 2.4b). Here the differential flow speed required to induce breakup would 

be too high to make it geologically relevant for the formation of peperite (Zimanowski and Büttner, 

1997). 

The ductile break up of magma in wet sediments is limited by the cooling time of individual 

magma droplet (Zimanowski and Büttner, 2002). The cooling time (t in s) for a magma droplet of 

a specific diametre (d) needed to transfer heat (q in J) from the magma to the surrounding host 

sediments under stable vapour film boiling conditions can be calculated using the following 

equation: 

𝑞 = ∫ (
𝑑

2
) 𝜋𝑡𝛼𝑇 𝑑𝑇

𝑇2

𝑇1
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where the heat transfer number (αT) is assumed to be 2.1 × 10-3 W/m2∙K for basaltic magmas in the 

range of 1200-1400K (Fiedler et al., 1980). Using an initial magma temperature (T1) of 1400K to 

the assumed transition glass temperature (T2) of 1200K, and mean values for a basaltic magma with 

a density (ρ) of 2800 kg/m3 and heat capacity (c) of 1500 J/kg∙K (Büttner and Zimanowski, 1998), 

magma that is dispersed in sediments will reach the transition glass temperature at a time of 10 to 

100 seconds for droplets with diametres of centimetres to decimetres (Zimanowski and Büttner, 

2002). This indicates that hydrodynamic mingling cannot explain the formation of droplets less 

than a decimetre in diametre. Droplets of this size will cool so rapidly that they will become solid 

in a matter of seconds (Zimanowski and Büttner, 2002) because upon detachment from their parent 

intrusion no further droplet break up can occur. However, larger fluidal bodies may form a thin 

skin during early growth (Zimanowski and Büttner, 2002) as these bodies take longer to cool 

completely and deformation of the body may be possible. 

2.3.2.2 Cooling and Contraction Granulation 

 

Quench granulation, also known as cooling and contraction granulation, has been described 

by many authors in relation to submarine deposits (Fisher and Schmincke, 1984; Mastin, 2007; 

Clague et al., 2009; Helo et al., 2013). It has also frequently been observed in peperite (Rawlings, 

1993; Templeton and Hanson, 2003; Martin and Németh, 2007; Németh et al., 2008; Vezzoli et al., 

2008). It is defined as the process where brittle mechanical breakage occurs due to a volumetric 

contraction in silicate melts upon cooling (Zimanowski, 1998; Büttner et al., 1999; Schmid et al., 

2010). Quench granulation is a non-explosive process that happens when magma is super-cooled 

upon contact with water.  Super-cooling cause the magma to contract and fragment in situ by the 

propagation of a network of fractures produced as a result of the buildup of thermal stress (van 

Otterloo et al., 2015). In peperitic textures, this passive style brittle fracture likely occurs as a 
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consequence of either reduced water availability or the breakdown of fluidization in the sediments 

(Squires and McPhie, 2002). According to the present models of peperite formation it is an 

indication that the vapour film formed at the contact between the magma and wet sediments have 

collapsed and as such are no longer acting as an insulating barrier preventing the cooling of the 

magma. Unlike other, more energetic styles of magma break up, there is no depth limit on its 

formation as steam expansion is not a consideration (Carey, 2005). 

An excellent overview of quench granulation can be found in van Otterloo et al. (2015). 

This is the first paper written to provide a comprehensive review of the quench granulation process, 

though in the past many authors have used the term. As this is an important model of magma break 

up for peperite formation I will briefly overview quench granulation and its mechanisms in this 

section. 

Essential to the understanding of quench granulation is the concept of the glass transition. 

The glass transition is defined as the reversal transition in amorphous materials from a brittle, glassy 

state to a viscous state as temperature is increased. Thermodynamically it can be observed by 

comparing how variables such as specific volume (V) and enthalpy (H), or specific heat (Cp) and 

the coefficient of expansion (α) behave as a function of change in temperature.  

When a silicate liquid cools slowly the volume and enthalpy decrease following a linear 

path until the melting temperature (Tm) is reached where it starts to crystallize. As shown in Figure 

2.7a, at Tm there is a steeply defined break in slope indicating rapid change in the volume (ΔVm) or 

enthalpy (ΔHm) of the silicate liquid. Once the liquid begins to undergo crystallization, the positive 

linear dependence with V and H resumes, though this occurs at approximately 1/3 the rate observed 

above Tm. If the liquid is cooled rapidly, it should avoid crystallization forming a super-cooled 

liquid, even at temperatures well below Tm .(Fig. 2.5b). The liquid remains in this super-cooled state 

until, the viscosity has increased to such a value that the molecular structure of the liquid is “locked 
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in”. To be considered a glass, the value of viscosity is taken as 1012 – 1013  Pa∙s (Roy, 1970; 

Zarzycki, 1991; Borovec, 1993), with an average working value of ~1012.5
 Pa∙s. The temperature 

where the viscosity is 1012.5 Pa∙s is commonly referred to as the glass transition temperature (Tg). It 

is signified by the inflection point where there is a significant change in the volume (ΔVm) or 

enthalpy (ΔHm) affecting the slope of the line (Fig. 2.5a). Below Tg, the liquid has turned into a 

glass and a linear decrease in temperature with volume and enthalpy is observed (Fig 2.5a). As with 

the case of crystallization, the rate observed is approximately 1/3 of the rate of the liquid phase. In 

the case of specific heat (CP) and coefficient of expansion (α) a near vertical break in slope in the 

region of Tm is present for the crystallizing liquid (Fig 2.5a), whereas a somewhat more gradual 

decline in slope occurs after Tg for the super-cooled liquid. Typical values of Tg for various magma 

compositions can be found in Table 2.15.  

Now that an idea of the thermodynamic changes in glass has been address, the physical 

mechanism for brittle fracture should be examined. However, it is the transformation of magma 

into glass through Tg, combined with further cooling that causes the rapid volume reduction or 

contraction in turn creating high tensile stresses in the glass. As glass is weakened by the cooling-

induced tensile stress it readily fractures through the formation of brittle contraction cracks. When 

cooling occurs at high rates the glass undergoes thermal shock, and thermal stress reaches a critical 

value as the critical temperature is reached. How glass goes on to fracture is related to the material’s 

fracture toughness. The fracturing of glass is also greatly influenced by the rheological properties 

of the melt (i.e, density, viscosity, cohesive strength, heat capacity, thermal expansion, thermal 

conductivity and diffusivity). These properties may have significant effect on the fracture 

mechanics due to their influence on the rate of cooling and the internal stresses that building the 

glass. In addition, glass can fracture under a wide range of conditions determined by the mode and 

velocity of crack propagation, crack length, shape, and spacing with the latter resulting in 

controlling the grain size of resulting glass fragments (van Otterloo et al., 2015).  
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There have been three major sets of experiments published on the quench granulation of 

basaltic melts (Mastin et al., 2009; Schipper et al., 2011; Sonder et al., 2011). The thermal 

granulation experiments of Mastin et al. (2009), conducted in conjunction with this thesis, was the 

first published experiment to show thermal granulation of basaltic melt. The findings of our study 

on the cooling and contraction granulation of melts was affected by the mode in which they were 

cooled. Experiments jetting melt into standing water at high pressure lead to effective granulation, 

whereas pouring melt into converging water spray produced Pele’s hair, thin bubble shards, melt 

droplets in addition to granulated glassy material. The major difference in the clasts produced can 

be contributed to a combination of cooling rate and shear rate of the melt (Mastin et al., 2009), 

though the speeds are much lower than those observed in Surtseyan activity as was desired. 

The experimental work of Schmid et al. (2010) and Sonder et al. (2011) focuses on the 

rapid cooling of basaltic melts in water generating thermally granulated particles and the efficiency 

of the granulation processes using drop calorimetry. Different composition melt streams at various 

temperatures were poured into a coolant reservoir. Analysis of the granulated particles show a direct 

relationship between the temperature of the coolant and size of the granulated particles. However, 

they showed that there is little to no effect of initial melt temperature on the efficiency of thermal 

granulation. Rather, it is the melt composition that dictates thermal efficiency. The results of Sonder 

et al. (2011) show that depending on the material composition, between 5 and 20% of the melt’s 

initial heat content is not transferred to the coolant. However, this last point requires further 

investigation as differences of this magnitude suggest that heat loss to the atmosphere may have 

occurred as their experimental apparatus was not a closed system. 

Continuing upon the work of Sonder et al. (2011), an investigation on the effect of dirty 

coolants on melt granulation was performed by Schipper et al. (2011). Using the same setup as 

Schmid et al. (2010) and Sonder et al. (2011), experiments were conducted with the addition of a 

series of high-speed force sensors to record the characteristic acoustic response of the quench 
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granulation process. The basaltic melt was poured from a constant height over a period of 20 to 30 

seconds into water containing variable concentrations of sediments. The sediments used in these 

experiments are bentonite clay (~70% montmorillonite, ~5% illite), pumice, and glass beads or a 

mixture of the different components. The dirty coolant mixtures were stirred during the course of 

the experiments to ensure an equalized distribution of particles throughout the water. The 

composition of the basaltic melt used in these experiments can be found in Table 2.16.  

Upon conducting these experiments, Schipper et al. (2011) identified four different types 

of melt behaviour. These are: (1) complete thermal granulation; (2) domains of coolant entrained 

in excess melt; (3) domains of melt dispersed in excess coolant (4) no interaction as melt built up 

into a continuous pile (Fig. 2.6). The observations of the different melt behaviours are coincident 

with the effect of the sediment concentrations on the heat transfer process and mingling as the 

velocity and shear rate of the melt were constant. Further, the dirty coolant density and viscosity 

strongly influenced the resulting mode of behaviour. However, Schipper’s treatment of the coolants 

mixed with sediments as viscous fluids may be incorrect. It is likely that the behaviour of the system 

is dependent on water content, grain size and abundance, grain configuration and permeability. 

This can be seen from the pumice bearing and stratified runs that are not used in his interpretation 

of the results. 

The behaviour of the melt in response to the sediment load is summarized in Figure 2.7. 

This figure shows that the quench granulation and more specifically rate of heat transfer is greatly 

affected by the volume of sediments used. In experiments using bentonite clay at concentrations 

below 30% extensive quench granulation was documented (Schipper et al., 2011). In the 

experiments using greater than 30% sediment (pumice, glass beads) by mass the heat transfer rates 

decrease to near zero and pods of coolant are observed in the melt (Schipper et al., 2011). Above 

40% sediment by mass, melt is observed to disperse in the dirty sediment rich coolant or pile on 

top of the mixture. Schipper et al. (2011) conclude that this behaviour suggests that high sediment 
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contents suppress convective heat removal at the melt-coolant contact preventing quench 

fragmentation. 

With respect to peperite formation, the findings of Schipper et al. (2011) indicate that at 

low sediment loads granulation dominates over mingling. At moderate sediment loads, mingling 

may take place and at high sediment loads the mingling of melt and sediments is inhibited. He goes 

on to suggest that these impure coolants can play a role in another mode of magma breakup – fuel 

coolant interactions – as increasing the sediment content enhances the melts ability to undergo 

hydrodynamic mingling as was previous suggested by (White, 1996).  

2.3.2.3 Fuel Coolant Interactions leading to Breakup 

 

A Fuel-Coolant Interaction (FCI), more commonly referred to as molten fuel-coolant 

interactions (MFCI) in geology, is a process where the internal energy of molten fuel is partially 

transferred to a volatile coolant liquid (Long, 1957). This phenomenon occurs when the temperature 

of the molten fuel is above the vapourization temperature of the coolant liquid, and in some 

circumstances, may lead to a vapour explosion (Buxton, 1974). FCI’s may lead to a vapour 

explosion when the rate of local pressure rise is so high that the system becomes overpressured 

causing fuel fragmentation as the system decompresses to ambient conditions. FCI’s are common 

and have applications in the metal casting industry and nuclear reactor safety. However, in this 

thesis I will be dealing with it from a hydrovolcanic standpoint. In the case of peperites, this can 

occur when water (or saturated sediments) are either trapped close to magma or engulfed in it 

(Wohletz, 2002). Several authors have postulated that MFCI are responsible for the formation of 

peperitic textures occurring within vent sequences, such as in maar-type (Hooten and Ort, 2002; 

Martin and Nemeth, 2007) or diatreme settings (Junqueria-Brood et al., 2005).  
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Wohletz and McQueen (1981) were the first authors to give some basis for understanding 

of fuel-coolant interactions (FCI) and hydromagmatic clast formation based on the series of 

experiments performed by Wohletz (1980) for his doctoral dissertation. The Los Alamos Working 

Group designed and carried out experimental studies based on the designs of previous FCI 

experiments from nuclear safety engineers and physicists with interdisciplinary cooperation. 

These hydromagmatic experiments lead to the discovery water/melt ratios have a controlling 

effect on the potential explosivity. They also gave insight into the thermal to kinetic energy 

conversion ratios required for an FCI to occur and examined the processes related to the 

formation of pyroclasts. 

Hydromagmatic experiments were conducted at the Los Alamos National Laboratory and 

were designed to use an analogue material: thermite, a mixture of magnetite (Fe3O4) and aluminum 

(Al) metal, which undergoes a highly exothermic reaction when an electric current is passed 

through the mixture. This reaction occurs because aluminum has high affinity for oxygen leading 

to the reduction of magnetite. During this exothermic reaction, the molten iron metal produced can 

reach temperatures of up to 2500 °C and has an enthalpy of 3700 kJ/kg (Wohletz et al., 1995). To 

achieve the thermite reaction, as defined by the following equation: 

3𝐹𝑒3𝑂4 + 8𝐴𝑙 → 9𝐹𝑒 + 4𝐴𝑙2O3 + Heat (2.1) 

 

a mixture of 24 wt. % fine-grained aluminum and 76 wt. % fine-grained magnetite was used. In an 

attempt to create a melt with chemical and physical properties similar to that of basalt Wohletz 

(1980) added quartzo-feldspathic sand to the thermite mixture in a ~1:3 ratio (Tables 2.17 and 

2.18). 



Chapter 2 - Peperites 

30 

 

While studying FCI and hydromagmatic clast formation, Wohletz and McQueen (1981) 

commenced a series of experiments on peperite formation. This research was continued by Wohletz 

and McQueen (1984) and Wohletz et al. (1995) using molten thermite as a magma analogue for 

producing gas-rich explosions by interaction with external water to produce peperite when the melt 

interacted with wet sand (Fig. 2.8). The set-up of these experiments is outlined in Wohletz (2002). 

The experiments produced violent interactions that lasted several seconds, simulating 

Strombolian bursts and Surtseyan explosive activity, reaching heights of 2 – 10 m and 

fragmentation of the melt into cm and mm sized clasts (Wohletz, 2002). These experiments 

produced thermite/sand interactions that texturally can be described as mm-sized fragments of 

thermite in a matrix of sand and fine thermite dust (Wohletz, 2002). The thermite/sand interactions 

show completely mingled textures, with up to 70 % sand grains. There is no evidence of thermal 

alteration on the sand grain indicating rapid quenching of the melt. A thermite dyke intruded into 

the sediments shows uneven margins, with bulbous protrusions and wrinkles; the surface textures 

are similar to quench textures on lava surface. From these experiments Wohletz (2002) was able to 

demonstrate empirically that when the magma’s heat energy is converted to thermodynamic work, 

the resultant steam explosions cause melt fragmentation, which in turn leads to mingling that can 

produce a variety of brecciated textures including peperite (Fig. 2.9).  

The thermodynamic properties of water are very well known. However, many 

volcanological studies over-simplify its behaviour in complex systems. There are important 

thermodynamic constraints for the production of peperite in wet sediment/magma interactions 

including the temperature and heat content of the wet sediments and magma and the rate of heat 

transfer between them (Wohletz, 2002). Heat transfer between the magma and wet sediment is 

limited by the thermal equilibrium between the two. It is important to note that the wet sediments 

can never gain more heat energy than the magma loses during any interaction. Thermal equilibrium 
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can be expressed as a function of the water/magma mass ratio, R = mw/mm (Wohletz, 2002). Since 

saturated sediments act as heat sinks (White, 1996), the mass ratio is given as: 

𝑅𝑠 =  
𝑚𝑠

𝑚m

 (2.2) 

 

where Rs is the water/magma mass ratio for saturated sediments, ms is the sediment mass including 

pore water and mm is the magma mass. The water/magma mass ratio is: 

𝑅 =  𝑥𝑤𝑅𝑠 (2.3) 

 

where xw is the sediment water mass fraction (Wohletz, 2002). The sediment water mass fraction 

can be calculated by: 

𝑥𝑤 =  
𝑆𝜙𝜌𝑤

𝜌𝑠
′

  (2.4) 

 

where S is the sediment saturation (the volume fraction of pores filled with water),   is the sediment 

porosity, 𝜌𝑤 is the density of water5, and 𝜌𝑠
′  is the sediment bulk density. From equations 2.2 and 

2.4 R may be approximated as: 

𝑅 =  (
𝑆𝜙𝜌𝑤

𝜌𝑚

)
𝑉𝑠

′

𝑉𝑚

  (2.5) 

 

                                                      
5 The term 𝜌𝑤was added by myself and is not present in the equations 2.4 or 2.5 as presented in Wohletz 

(2002). Without the addition of this term the values xw and R will not be dimensionless.  
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where Vs
’ is the sediment bulk volume (including the pore space) and ρm accounts for the magma 

composition by its density (Wohletz, 2002). 

The mass of sediment involved in the formation of peperite can be approximated by 

estimating the volume of sediment and magma fragments in the peperite, Vs and Vm respectively, 

and measuring their respective particle densities, ρs and ρm . Using the appropriate S and   values 

for the sediments the term Se = S /(1- ) can be defined and Rs can be defined as:  

𝑅𝑠 =  (
𝜌𝑆 + 𝑆𝑒𝜌𝑤

𝜌𝑚

)
𝑉𝑆

𝑉𝑚

  (2.6) 

 

where the term Se accounts for the percentage of the pore space filled with water (Wohletz, 2002) 

as e is the void ratio. 

Thereby, a simple estimate of thermal equilibrium for which there is no phase change6 can 

be written by applying energy conservation for heat exchange: 

𝑚𝑠𝐶𝑠(𝑇𝑒 − 𝑇𝑠) + 𝑚𝑚𝐶𝑚(𝑇𝑒 − 𝑇𝑠) =  0  (2.7) 

 

where C is the constant volume heat capacity, T is the temperature, and the subscripts e, s and m 

indicate equilibrium, sediment and magma, respectively (Wohletz, 2002). The heat capacity of the 

wet sediments can be approximated (Bunebarth and Schopper, 1989) by: 

                                                      
6 I recognize that there would be a phase change associated with water and that this effects the thermal 

equilibrium equation. This equation represents is the simplest explanation with the real system being much 

more complex. 
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𝐶𝑠
′ =  𝑥𝑤𝐶𝑤 + (1 − 𝑥𝑤) 𝐶𝑠  (2.8) 

 

where Cw and Cs
 denotes the constant volume heat capacities of water and solid constituents, 

respectively. 

According to Wohletz (2002), magmas interacting with wet sediments can have thermal 

equilibrium temperatures (Te) that exceed the critical temperature for the pure water system (674K) 

as well as for systems with up to 5 % dissolved solids (720K) where Rs is 1.0 and 0.5 for basalt and 

rhyolite, respectively. Wohletz concluded that this observation indicates that supercritical pressures 

can be created, possibly leading to the production of peperite or to explosive magmatism depending 

on the rheology of the magma. 

2.3.3 Limits of Formation 

It has been postulated that confining pressure places an important constraint on the range 

of depths that fluidization can occur and peperitic textures may form. The confining pressure may 

reduce the efficiency of heating and suppress the transition of water to vapour in high pressure 

environments. For unconsolidated wet sediments, the confining pressure is a function of the 

ambient hydrostatic pressure of the overlying sediment and water columns, whereas for solid rock 

with low permeability, lithostatic load governs the pressure. The precise confining pressure of 

unconsolidated wet sediments is dependent on its internal characteristics, such as grain size, sorting, 

porosity and permeability. Hydrostatic pressure dominates in poorly-sorted sediments with high-

permeability such as sands as the interconnectivity of the pore water and the lower bulk density 

effects the overall strain regime (Hantschel and Kauerauf, 2009). In the case of well-sorted 

sediments with low-permeability such as muds pressure is governed by a combination of both 

lithostatic and hydrostatic pressures as a function of the wet sediments density (Hantschel and 
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Kauerauf, 2009). To examine the effect of hydrostatic and lithostatic pressure as a function of depth, 

see Figure 2.10.  

In a pure water system, the critical point of water occurs at 22.1 MPa (221 bars) and 647K 

(374°C) (Sourirajan and Kennedy, 1962). As most occurrences of peperitic textures have been 

document in submarine environments the critical point of sea water should be considered. Sea water 

containing 3.2% dissolved NaCl the critical point occurs between 28.5 and 30.2 MPa (285 and 302 

bars) at temperatures between 676 and 679K (403 and 406°C) (Bischoff and Rosenbauer, 1984). 

Given these considerations, the maximum depth limit for a high-permeability sediment with an 

overlying water column would be 2.2 km pure water and near 3.0 km for sea water. For sediments 

with low-permeability, assuming the average density of seafloor muds of 2g/cm3 (Krauskopf, 1967) 

the maximum depth limit would be 1.6 km (Kokelaar, 1982). The latter value is commonly used as 

a benchmark for the maximum depth at which fluidization may occur (Krynauw et al., 1994; Curtis 

and Riley, 2003; Thomson, 2007; Thomson and Schofield, 2008). However, Schofield et al. (2010) 

argues that fluidization can occur at depths as great as 2.2 km as pore-fluid pressure is governed by 

an unconfined interconnected water column. Work by Downey and Lentz (2006) shows that even 

at great water depths, density changes upon heating produce supercritical fluid phase with extreme 

volume expansions. Given this, even in deep water environments the fluidization of sediments 

would be possible as hot low density fluids would rise buoyantly.  

In the case of thermal vapourization, for pressures below the critical pressure (PCrit) the 

path of heating crosses the phase boundary with an instantaneous expansion of water vapour 

(Kokelaar, 1982). Under these conditions fluidization will easily occur. For pressure above PCrit, 

the likelihood of fluidization diminishes above the critical point as the expansion of pore water is 

slower as it pass from a liquid to supercritical fluid (Fig. 2.3, Pathway B). Above the critical 

pressure, the system may be susceptible to thixotropic behaviour but it is unclear whether the 

sediments could become fluidized due to the change in pore water fluid density alone (Kokelaar, 
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1982). In the case of triggered fluidization, the reduction of pressure above the critical temperature 

(TCrit), pathway D, shows rapid expansion (Fig. 2.3). Because pressure may momentarily approach 

zero in the opening of a fracture, a momentary fluidizing flow of vapour is expected in both cases. 

 

2.4 Peperite in the Passamaquoddy Bay Volcanic Sequence, New Brunswick 

A well-known exposure of peperites can be found in the Passamaquoddy Bay Volcanic 

Sequence, southwestern New Brunswick. This locality, described by Daad and Van Wagoner 

(2002), is ideal for study since it has described blocky peperite in both rhyolite and basalt and 

fluidal peperite in basalt. The stratigraphic setting for this site is well known thereby validating any 

comparison with the results of laboratory experiments. Peperites collected for comparison come 

from exposed rocks in coastal outcrop or road cuts as indicated on the locality map of the area (Fig. 

2.12). The samples lack major secondary tectonic fabrics, the rocks are only weakly hydrothermally 

altered, the metamorphic grade is very low, and primary volcanic textures and sedimentary 

structures are well preserved. Detailed photography of the peperties and a comparison with 

experimentally produced peperites can be found in Chapter 5, Section 5.4 of this thesis.  

The Passamaquoddy Bay Volcanic Sequence makes up the eastern part of the Coastal 

Volcanic Belt covering an area of approximately 185 km2 (Boucot, 1968; Boucot et al., 1974). The 

area is dominated by Silurian mafic lava flows and rhyolitic sills intruded into a sedimentary pile, 

producing abundant peperitic textures. The 4 km thick sequence is comprised of 4-major cycles of 

bimodal mafic-felsic volcanism, covering a lateral extent of ~28 km. The Passamaquoddy Bay 

Volcanic Sequence is unconformably overlain by the subaerial clastic rocks of the Late Devonian 

Perry Formation to the south and is intruded by the Upper Devonian St. George batholith in the 

north (Van Wagoner et al., 1994). Volcanism and sedimentation were contemporaneous and 
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continuous with no period of volcanic quiescence during the first three cycles. Sedimentary rocks 

dominate the fourth cycle during the waning stages of volcanism. 

Sedimentary rocks in the volcanic pile include red siltstone, fine- to medium-grained 

sandstone and grey-green mudstone, siltstone and sandstone (Van Wagoner et al., 1994). 

Conglomerate, volcaniclastic sandstones and carbonate rip-up breccias are rare. Sedimentary units 

may be up to 900 m thick, but generally are ~200 m in thickness (Van Wagoner et al., 1994). 

Evidence from sedimentary structures, fossil assemblages (Pickerill and Pajari, 1976), grain size 

and preservation of delicately shaped mafic shards suggest that the sediments were deposited in a 

low-energy peritidal depositional environment (Evans, 1975; Reineck, 1975). Sedimentary rocks 

at the base of the sequence are predominately mudstone and siltstone. Higher up, the sequence is 

dominated by siltstone to sandstone with coarser grained sandstone and conglomerate beds (Van 

Wagoner et al., 1994) and followed by a thick succession of sandstone only. This change in 

lithology indicates increasing water depth or transgression, changing from an upper to lower 

intertidal zone (Van Wagoner et al., 1994). In addition, sedimentation and subsidence occurred at 

a rapid rate as suggested by the presence of well-preserved mafic glass shards. 

The mafic volcanic rocks include mafic lava flows and pyroclastic fall and surge deposits. 

Mafic peperitic textures occur at the margins of mafic lava flows in all four volcanic cycles. In all 

cases, they are observed in association with either mudstones or sandstones (Dadd and Van 

Wagoner, 2002). Sediment fluidization is inferred by the presence of sediment filled vesicles, 

though soft sediment deformation structures have not been observed. 

The mafic flows of the lower three cycles are similar in mineralogy, texture and structure, 

and range in thickness from 12 m to 460 m (Dadd and Van Wagoner, 2002). The lower lavas 

typically occur as a series of thin stacked flows, with interbedded peperite at the base of some 

flows. The peperite breccia typically occurs in sedimentary beds over 2-14 m thick zones with 30-
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90% mafic clasts of identical composition and texture as the lava, though mudstone filled vesicles 

may be present within the clasts (Fig. 2.12). The clasts are 2 mm to 50 cm in size, occurring in 

bleb-, lobe- pillow-like (Fig. 2.13, 2.14) or angular shapes. Large pillows often have appendages 

that intrude into the surrounding sediments, and often have partially chilled margins. The upper 

lava units are much thinner than those found in the lower three cycles, ranging in thickness from 1 

to 12 m and are separated by sedimentary beds. These units typically have peperite at the base 

(Dadd and Van Wagoner, 2002). Angular peperitic clasts have jigsaw fit textures; this combined 

with a lack of mud-filled vesicles suggests quench shattering and minor clast transportation. 

Peperitic textures in this cycle have lobe like morphologies and commonly contain irregular 

protrusions on the basal section of the lava flows.  

The felsic volcanic rocks include lava flows, sills and domes, and felsic pyroclastic flow, 

fall and surge deposits. The flows and domes are flow-banded to massive, and sparsely porphyritic 

to aphyric. Pyroclastic flows are comprised of vitric-rich massive tuffs. Fall and surge deposits 

typically are crystal- and lithic-rich bedded tuffs (Van Wagoner et al., 1994). Felsic flows and 

domes of the lower three cycles are flow-banded, aphyric to sparsely plagioclase-phyric with rare 

clustered sanadine and rare zircon. Secondary alteration of ferromagnesian mineral to opaques and 

calcite can be observed (Van Wagoner et al., 1994). Felsic flows and domes in cycle four are similar 

to those in the lower three cycles, but also contain unaltered ferromagnesian minerals (e.g., biotite, 

pyroxene). However, several domes in the last cycles have 2-5 % plagioclase phenocrysts in a 

pilotaxitic groundmass of devitrified glass with clinopyroxene and plagioclase microlites, and rare 

zircon.  

Felsic peperitic textures occur at the upper and lower margins of sills and domes, and the 

lower margins of flows. Felsic unit D4ffl contains several large clastic dykes (Fig. 2.15, 2.16, 2.17) 

of angular rhyolite in a ‘net vein’ arrangement of siltstone to sandstone. The lower contact of this 

dome-like intrusion contains several large clastic dykes (up to 15 cm in width) cross-cutting flow 
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banding. Angular blocks of rhyolite are present in the underlying sandstone bed for a distance of 

30 m. Clastic dykes cut the upper 80 m of the intrusion and are matrix supported (i.e., angular 

rhyolite clasts in a cherty siltstone matrix) (Dadd and Van Wagoner, 2002). Felsic unit D3ffl is a 

100 m thick rhyolitic body with a jigsaw fit peperitic textures at the base where the rhyolite 

interacted with a wet, unconsolidated tuff. The upper contact may either be a brecciated carapace 

with sediment filling the spaces post eruption indicating a rhyolitic flow or it is a sill-like body 

intruding between a wet, unconsolidated tuff and semi-consolidated, partially dewatered sediment 

(Dadd and Van Wagoner, 2002). 

2.5 Summary 

This chapter presented a comprehensive overview of peperitic textures and the current state 

of knowledge on their formation. Most important to this discussion is the proper identification of a 

peperite including a full description of all observable features (or lack there or) in confirmation of 

this texture. In addition, past experimental work on peperitic textures does not account for 

experimental biases, such as the assumption that the thermite-sand mixtures behave like magma 

although the physical properties were not measured. 
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2.7 Tables 

Table 2.1– Distinguishing other rock types from peperite.  

Scenario Differences from Peperite Often confused with/ Look for 

Infiltration of sediment into open framework 

autoclastic breccia (e.g., hyaloclastite or 

autobreccia) or pyroclastic breccia (e.g., coarse 

fallout deposit) 

Sedimentary laminations wrap around the 

igneous clasts and/or truncate against the clasts. 

Peperite forming at upper sill margin. In peperites 

laminations are disrupted to completely disturbed. 

Similar to peperite in that the sediments filling in the 

spaces between clasts in close-packed peperite. 

Fallout of juvenile pyroclasts into 

unconsolidated sediments 

Laminations wrap around the pyroclasts when 

they are sufficiently large (i.e., bombs and bomb 

sags) 

Peperite formed on pyroclasts that are still molten, have 

jig saw fit and/or expel magma in globs 

Water-settled fallout of juvenile pyroclasts 

contemporaneous with hemipelagic or mass-

flow sedimentation 

Blocky to rounded clasts that are hosted in a 

fine-grained matrix exhibiting graded -bedding. 

Idealized peperite moving from close-packed to 

dispersed peperite 

Mixing of juvenile pyroclasts with non-juvenile 

sediments in base surges and pyroclastic flows 

 

Has an erosive surface where fine pelagic 

sedimentation is disturbed. The rest of the PDC 

follows the Bouma sequence in PDC. 

 

Syneruptive or posteruptive collapse of lavas or 

domes emplaced onto unconsolidated sediment 

or tephra 

Lacks sorting of clast and graded bedding 

except in the last layer where the fine particles 

settle. 

Dispersed peperite where the clasts size is chaotically 

distributed. 

Re-sedimentation of autoclastic or juvenile 

pyroclastic deposits by sedimentary mass-flow 

processes such as lahars 

Look for evidence of other things incorporated 

into the deposit lithics, organics, displaced 

fauna, etc 

Often confused with re-sedimented peperites – look for 

blocks that are composed of igneous clasts and fluidized 

sediments together (RARE) 

Phreatomagmatic tuff 
Shape and size distribution of the clasts. 

Presence of spherules in the micron fraction 

There are no cases where peperite includes an ash 

fraction. In Peperite, Larger clasts (bomb size) are 

similar to dm scale igneous clasts in globular to block 

peperite (cf of composition of the magma) 

Hydroclastic tuff Cooling rates of the clasts, size of the clasts 

Abundance of fine glassy particles. Submm to cm size 

fraction predominate. Generally, occurs as thin layers 

(<10 cm). Overlying sediments show lamination and 

lack evidence of fluidization 

Intrusive breccia 

Often breaks up the consolidated sedimentary 

rock. Visible rotations in the sedimentary clasts. 

Igneous material invades the space around these 

sedimentary clasts. 
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Table 2.2 – Detailed descriptions of blocky peperite with andesite as the igneous clast type. 

REFERENCE SETTING MAGMA TYPE SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST 

GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Branney and 

Surthern, 1988 

Lacustrine Andesite homogenized 

silt-sized 

volcaniclastic 

sediment 

blocky to ragged 
 

quench cooling and 

brecciation of magma 

with sediment 

fluidization 

sill upper margin 

of intrusion 

sheet-like  size grading of 

clasts away 

from intrusion 

Wispy traces of bedding, undisturbed 

in places but commonly highly 

discordant, occur within the peperite. 

Overlying this is a zone, 2 m thick, of 

disrupted volcaniclastic sediments, in 

turn overlain rather sharply by similar 

but undisturbed parallel-bedded 

deposits. 

Brown Knotts, 

Borrow Dale, 

Lake District, 

England 

Branney and 

Surthern, 1988 

Lacustrine Andesite silt to sand 

lacustrine 

sediments 

blocky, irregular 

edges , jigsaw-fit 

clasts on margins of 

larger blocks 

having cuspate 

boundaries. 

up to 1 

m 

quench cooling and 

brecciation of magma 

with sediment 

fluidization 

sill upper margin 

of intrusion 

sheet-like  size grading of 

clasts away 

from intrusion.  

textural homogeneity near igneous 

contacts. Further into the peperite 

domain there is some laminated 

sediment wrapping around clasts.  

Clast supported near intrusion and 

sediment supported as you move 

further away. 

Hopper Quarry, 

Honister Pass, 

Lake District, 

England 

Brooks et al., 

1982 

deep submarine andesite (tholeiitic) phosphatic 

radiolarian 

chert 

incompletely 

lithified 

Blocky mm-dm 

(coarse 

ash to 

coarse 

blocks) 

quench cooling of 

partially cooled 

andesitic dykes with 

fluid interiors 

sill (swarms) at lithified 

/unlithified 

boundaries 

sheet poorly sorted, 

matrix 

supported 

sediments in vesicles and infilled 

cracks in juvenile cracks. Chert is 

lithified in places and still wet in 

others. The dykes cross these 

lithified/unlithified boundaries 

producing peperite where they are still 

liquid.  

Sierra Nevada, 

California            

Late Devonian 

Ellwood 

Formation 

Erkul, 2006 lacustrine/evaporitic 

deposits 

andesite (trachy-

andesite, 

plagioclasephyric) 

micritic 

limestone 

blocky w/ minor 

globular; 

curviplanar margins 

dm quench fragmentation 

w/ low volume 

fluidization 

dyke along dyke 

margins 

sheet-like close packed silicification near dyke margins. 

Laminated beds and slump structures 

found together with pipe-like 

structures are probably related to 

sediment fluidisation during initial 

intrusion of magma. 

Bigadiç Basin, 

western Turkey 

Hanson and 

Hargrove, 

1999 

hypabyssal 

intrusions, shallow 

submarine 

Andesite intermixed 

tuff with 

lapilli tuff 

breccia 

blocky cm-dm quench fragmentation, 

dynamic stressing of 

chilled margins  

composite sill 

or laccolith 

 
chaotic close packed, 

matrix 

supported. In 

places grades 

out into 

dispersed 

peperite 

textural homogeneity near igneous 

contacts. Further into the peperite 

domain there is some laminated tuff. 

Tuttle Lake, 

Sierra Nevada, 

California 

Kano, 1989 shallow submarine, 

hypabyssal intrusions 

Andesite dacitic tuffs 

and tuffaceous 

sandstones 

blocky cm-dm 

with 

minor 

mm  

hydroclastization 

(cooling and contraction 

granulation) 

domes (?) 
 

irregular n/a hydrothermally altered and chaotically 

disrupted. Sedimentary structures are 

disrupted several meters from contact 

of intrusion 

Izu, Japan 

Kano, 2002 submarine deep 

water, hypabyssal 

intrusions 

Andesite volcaniclastic 

turbidites 

blocky cm-dm sediment fluidization 

with quench 

fragmentation, dynamic 

stressing of chilled 

margins  

dyke 
 

feeder conduit dispersed (20-

30 %) 

disorganized along host contacts Kukedo, 

Shimane 

Peninsula, SW 

Japan 
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Table 2.3a – Detailed descriptions of blocky peperite with basalt as the igneous clast type. 

REFERENCE SETTING 
MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 
STRUCTURE 

SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 
LOCATION 

Brooks et al., 

1995 

hypabyssal 

intrusions 200 m 

to 2 km water 

depth 

basalt and 

basaltic andesite 

fine, thinly 

laminated 

basaltic tuff  

blocky, having 

planar to curvi-

planar margins. 

Some clasts exhibit 

frayed boundaries. 

mm-cm cooling and contraction 

granulation 

intrusion 

(specific type 

not defined) 

upper margin 

of intrusion 

isolated pockets 

and sediment dykes 

close packed Circular to elliptical (avg. 2mm) 

vesicles in tuff indicate that the ash 

contained water at the time of the 

intrusion and was vaporized. These 

vesicles occupy discontinuous sheets 

that are rigorously parallel to the tuff 

laminae (p.318) 

Sierra Nevada, 

California            

Late Paleozoic 

Taylor Formation 

Busby-Spera 

and White, 

1987 

shallow marine, 

hypabyssal 

intrusions 

Basalt lithic lapilli 

tuff breccia 

blocky mm clast blocking and 

subsequent granulation 

sill with upward 

projected dykes 

upper margin 

of intrusion 

n/a n/a coarse-grained, poorly sorted but 

generally ash poor, high permeability. 

Large (m scale) well develops 

elutriation pipes. 

Punta China, Baja 

California, 

Mexico 

Busby-Spera 

and White, 

1987 

shallow marine, 

hypabyssal 

intrusions 

Basalt lithic lapilli 

tuff breccia 

blocky cm-dm  steam explosions?? In 

fluidized sediments 

sill with upward 

projected dykes 

upper margin 

of intrusion 

n/a dispersed coarse-grained, poorly sorted but 

generally ash poor, high permeability. 

Large (m scale) well develops 

elutriation pipes. 

Punta China, Baja 

California, 

Mexico 

Cas et al., 1998 deep water 

lacustrine 

Basalt unknown blocky unknown sediment injection into 

quench-cooled magma 

dyke, sill, 

cryptodome 

 
unknown unknown Structureless nature of the sediments 

and the mixing of sediments and 

hydroclasts indicate fludization 

 

Coria and 

Perez, 2002 

submarine/outer 

shelf-slope basin 

basalt (spilite - 

hydrothermally 

altered basalt) 

mudstone blocky and 

polyhedral 

cm-dm quench granulation sill 
 

discontinuous along 

sill 

just matrix 

supported (20% 

matrix) 

strongly silicified, showing convoluted 

and contorted laminations 

Quebrada 

Colorada, Puna 

Highland, 

Argentinan 

Dadd and Van 

Wagoner, 2002 

Intertidal Basalt siltstone blocky to irregular  cm-dm sediment fluidization and 

quench granulation 

lava flow 
 

sheet close packed not mentioned Passamaquoddy 

Bay, Southeastern 

New Brunswick 

Godchaux et 

al., 1992 

Lacustrine Basalt n/a blocky  cm-dm n/a dyke 
 

sediment dykes close packed n/a Seventy-one 

Glulch Volcano, 

Snake River 

Plain, Idaho 

Jutras, 2006 
between lithified 

and 

unconsolidated 

strata 

Basalt fanglomerate 

- poorly 

rounded 

calcareous 

clastic rocks 

blocky with jigsaw-

fit 

cm forceful intrusion dyke 
 

termination of 

dykes 

directly above or 

migrating to the 

east of the dykes 

dyke emplacement at unconformity that 

lead to melting due to high water 

content in pore space of carbonate 

clastics 

New Carlise, 

Quebec 

Leat and 

Thompson, 

1988 

sediment filled 

fault basin 

basalt (alkali) sandstone blocky: angular, 

poorly vesicular 

mm-cm 

clasts in 

sediment 

dykes 

pore-water FCI dyke 
 

volcanic neck 
 

sediment dykes cross cut the volcanic 

neck.  

Yampa and 

Elkhead 

Mountains 

volcanic fields, 

NW Colorado, 

USA  
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Table 2.3b – Detailed descriptions of blocky peperite with basalt as the igneous clast type; continued from the previous table.  

 
REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF CLAST 

GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Martin and 

Nemeth, 2007 

Maar basalt 

(alkali) 

lapilli tuff blocky with jigsaw-

fit textures, minor 

globular 

dm to m  Initial globular phase with 

magma-sediment density 

contrasts. Changes to quench 

fragmentation in fluidized wet 

sediments as magma cools. 

lava flows and 

dykes 

 
irregular dispersed The original bedding of the host 

phreatomagmatic tephra along the sill 

margin was destroyed by fluidization, 

resulting in a homogenized, fines-

enriched zone in the host up to few tens of 

centimetres in thickness (Fig. 12a). These 

homogenized zones appear to form a halo 

around the coherent lava bodies (Fig. 

12b). Larger lava fragments often form 

vertical alignments. Original sediment 

consisted of alternating coarse- and fine-

grained lapilli tuff and tuff beds, poorly to 

moderately sorted. 

Ság-hegy, 

Pannonian Basin, 

Western Hungary 

Rawlings et al., 

1999 

shallow water 

lacustrine 

hypabyssal 

intrusions 

Basalt mudstone blocky to globular 

and microglobular 

cm-dm hydroclastic fragmentation sill 
 

sheet Close packed that 

grades from clast 

supported to 

matrix supported. 

jigsaw-fit clasts. 

4-5 m sediment dykes that lack 

laminations. 1-2 cm baked/altered 

sediments surrounds pillowed clasts. 

Karoo flood basalt 

province, northern 

Lebombo, South 

Africa 

Rawlings, 1993 shallow marine Basalt mudstone and 

sandstone 

blocky to cuspate 

with some ragged 

mm-dm quench fragmentation and 

sediment fluidization 

sills and dykes 
 

n/a close packed, 

matrix supported, 

no size grading of 

clasts.  

no clast sized grading, jigsaw-fit clasts. 

Baked margin around clasts. Obliteration 

of sedimentary structures, convolution of 

layers. Sediment inclusions in basalt. 

McArthur Basin, 

Northern 

Territory, 

Australia 

Smedes, 1956 Hypabyssal basalt and     

andesite 

mudstone and 

siltstone 

blocky n/a steam explosions sill 
 

sheet, some sills are 

completely 

composed of 

peperite 

dispersed thinly bedded, repeated layers. Strat 

overlying sills is contorted. Sediments 

sow strong evidence of plastic 

deformation. 

Elkhorn 

Mountains, 

Montana, USA 

Walker and 

Francis, 1986 

intertidal 

lagoon or 

swamp, low 

coastal where 

coal forms 

basalt 

(olivine-

dolerite) 

siltstone and 

coal 

blocky clasts with 

jigsaw-fit textures 

mm-dm sediment fluidization and 

injection into fissures and low 

pressure voids; sediment 

fluidization and quench 

granulation 

sill 
 

sheet close packed, 

matrix supported 

extensive zone of igneous clasts in 

sedimentary matrix showing no 

sedimentary structures and strongly 

fractured coal pieces 

Cardenden. Fife, 

Scotland 

White and 

Busby-Spera, 

1987 

sub-wave base 

submarine / 

hypabyssal 

Basalt coarse-grained 

tuff and lapilli 

tuff 

blocky  n/a sediment fluidization / quench 

granulation 

sill upper and 

lower margins 

n/a n/a bedding features absent Punta Cono, Baja 

California, Mexico 
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Table 2.4 – Detailed descriptions of blocky peperite with basanite, dacite or komatiite as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Goto and 

McPhie, 1996 

hypabyssal 

intrusion into 

alluvium (likely 

shallow marine) 

basanite basaltic 

breccia 

blocky dm cooling and contraction 

granulation/dynamic stressing 

dyke 
 

sheet close packed unstratified, bedding destroyed in 

adjacent host rock. Some vesicles in 

intrusion filled with host rock sediment. 

Stanley, 

northwestern 

Tasmania, 

Australia 

Martin and 

Nemeth, 2007 

Maar basanite sand and silt blocky with jigsaw-

fit textures floating 

in sedimentary 

matrix. Minor 

globular. 

cm, but 

locally 

up to 25 

cm 

quench fragmentation in wet 

sediments 

lava flows and 

dykes 

  
dispersed 

peperite 

Original bedding destroyed by 

fluidization of sediments. Undisturbed 

sandstone and siltstone (from the 

Pannonian Sandstone Formation?) are 

fine-grained, well bedded, well sorted. 

Hajagos-hegy, 

Pannonian Basin, 

Western Hungary 

Coria and 

Perez, 2002 

submarine/outer 

shelf-slope basin 

dacite mudstone blocky to lenticular 

clasts 

cm -dm  quench granulation sills and 

laccoliths 

upper margin 

of intrusion 

forms a carapace 

around the intrusion 

close packed 

grades into 

dispersed as you 

move away from 

the intrusion 

Structureless and indurated  Quichagua River, 

Puna Highland, 

Argentinan 

Coria and 

Perez, 2002 

submarine/outer 

shelf-slope basin 

dacite siltstone blocky: angular to 

subangular showing 

jigsaw-fit textures 

dm - m  quench granulation cryptodomes upper margin 

of intrusion 

forms a carapace 

around the 

cryptodome 

close packed 

grades into 

dispersed as you 

move away from 

the intrusion 

larger clasts dominate margins near the 

intrusion. Siltstone is structureless but 

shows fine laminations as you move away 

from the contact.  

Muñayoc 

cryptodome, Puna 

Highland, 

Argentinan 

Goto and 

McPhie, 1998 

shallow 

submarine, 

hypabyssal 

intrusions  

dacite alternating 

beds of 

mudstone and 

sandstone 

blocky cm-dm cooling and contraction 

granulation, dynamic 

stressing 

cryptodome 
 

sheet close packed Near the dome within . 5 m from the 

contact , the alternating sandstone and 

mudstone beds have been highly 

deformed and locally intermixed. The 

mixed part comprises amoeboid patches 

of sandstone 10–20 cm across embedded 

in massive mudstone.  

Momo-iwa dome, 

Rebun Island, 

Japan 

Houle et al., 

2008 

hypabyssal deep 

water 

komatiite argillite (mud) blocky cm-dm quench cooling and 

brecciation of magma 

sill 
 

margin of flows 

and sills 

close packed 

(inferred from 

photo) 

shows no inclusions of sediment Dundonald 

Township, Ontario 
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Table 2.5 – Detailed descriptions of blocky peperite with rhyolite as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Boutler, 1993   

Soriano and 

Marti, 1999 

high-level 

intrusion into 

marine 

sediments and 

VMS 

rhyolite 

(quartz-

feldspar 

porphyry) 

slate 

(mudstone) 

and purple 

shale 

blocky to ragged cm-dm cooling and contraction 

granulation; fluidization 

sill margins sheet matrix supported 

grades to clasts 

supported and 

then sediment 

free breccia 

Sediment dykes (m scale) penetrate the 

intrusion. 

Rio Tinto, Iberian 

Pyrite Bel, Spain 

Cas et al. , 

1998, 2001 

deep water 

lacustrine 

rhyolite black muds 

and black 

silty 

sediments 

blocky cm-dm sediment injection into 

quench-cooled magma 

large volume 

dykes, 

cryptodomes, and 

domal lavas 

 pods and dykes 

within and along 

margins of domes 

close packed, 

clast - matrix 

supported 

Structureless nature of the sediments and 

the mixing of sediments any hydroclasts 

indicate the effects of dynamic, thermally 

induced mixing. 

Bunga Beds, 

Bunga Head, SE 

Australia 

Dadd and Van 

Wagoner, 2002 

Intertidal rhyolite sandstone blocky cm-dm quench fragmentation and/or 

hydromagmatic explosions 

and sediment injection into 

cooling joints 

sill  clastic dykes 

forming vein 

networks 

matrix supported not mentioned Passamaquoddy 

Bay, Southeastern 

New Brunswick 

Gifkins , 2002 volcaniclastic 

pile beneath 

sea floor  

rhyolite pumaceous 

breccia 

blocky to ragged 

pumaceous material 

  sill     Cambrian Mount 

read Volcanics, 

Australia 

Hanson , 1991 sediments 

beneath sea 

floor  

rhyolite andesitic 

hyaloclastic 

pile 

blocky with some 

clasts showing 

jigsaw-fit textures 

cm-dm cooling and contraction 

granulation/dynamic stressing 

small domes  irregular matrix supported/ 

close packed 

intrudes into andesitic cryptodome Sierra Buttes 

Formation, Sierra, 

Nevada 

Hanson and 

Schweickert, 

1982 

submarine 

deep water 

rhyolite radiolarian 

chert and 

siliceous 

argillite 

blocky with jigsaw-

fit textures 

cm-dm,  quench cooling and 

brecciation of magma 

sill 
 

pods or pockets close packed intense soft sediment deformation; 

bedding is chaotic and in places nearly 

obliterated. Minor mm spalling off of 

larger fragments 

Bowman Lake, 

Sierra Buttes 

Formation, 

Nevada 

Hanson and 

Wilson, 1993 

hypabyssal 

intrusions in 

deep marine 

sediments rift 

basin 

rhyolite mudstone and 

chert 

blocky cm-m cooling and contraction 

granulation/dynamic stressing 

sill 
 

pod matrix supported 

grades to clasts 

supported and 

then sediment 

free breccia 

black, radiolarian-bearing, siliceous 

mudstone and carbonaceous chert with f-

g crystal-lithic tuff and cherty, crystal 

vitric tuff also are present. Sediment 

dykes (m scale) penetrate the intrusion 

and contain blocky peperite showing 

jigsaw-fit textures. 

Cerro Zapta, Chile 

Kokelaar, 1982 Subaqueous rhyolite silty 

mudstone 

blocky clasts with 

jigsaw fit textures 

in both sheet and 

sediment-breccia 

dykes 

cm-m 

with 

mm-cm 

in sed 

dykes 

quench cooling and 

brecciation of magma 

sill upper margin 

of intrusion 

sheet-like jigsaw-fit- matrix 

supported clasts 

in sediment 

dykes 

interstices in the breccias are completely 

filled with black mudstone, although this 

association has, in places, particularly 

around fine breccias 

Moelwyn Hills, 

central 

Snowdovia, Wales 

Nemeth et al., 

2008 

shallow 

subaqueous 

rhyolite pelitic blocky cm-dm quench cooling and 

brecciation of magma 

dome/cryptodome 
 

irregular in 3-d but 

form a halo around 

the domes 

close packed at 

the margin of the 

dome, dispersed 

as you move 

away 

dispersed peperites igneous clasts are 

rotated. Homogenized sediments, often 

plastically deformed.  

Pálháza, NE Tokaj 

Mountains, 

Hungary 

Williams, 1929 

Williams and 

Curtis, 1977 

lacustrine, 

hypabyssal 

rhyolite sand, shale 

and gravel  

blocky, angular 

clasts 

mm-dm steam-blast explosions (pore 

water FCI) 

dome         Sutter Buttes, 

Sacramento 

Valley, California 
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Table 2.6 – Detailed descriptions of globular peperite with andesite as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF CLAST 

GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Hanson and 

Hargrove, 1999 

hypabyssal 

intrusions, 

shallow 

submarine 

andesite fine tuff globular: ovoid to 

ameoboidal bodies 

dm-m sediment fluidization, magma-

sediment density contrasts 

composite sill 

or laccolith 

  interconnected close packed, 

matrix supported 

textural homogeneity near igneous 

contacts. Further into the peperite domain 

there is some laminated tuff. 

Tuttle Lake, Sierra 

Nevada, California 

Kokelaar, 1982 

Durant, 2000 

Lacustrine andesite Sandstone globular pillows 

with some detached 

and finger like 

protrusions. 

dm-m 

sized 

pillows 

density contrasts with 

sediment fluidization 

sill   sills with pillowed 

margins 

matrix supported inter-pillow fine sandstones are 

commonly laminated parallel with the 

regional dip, although others are 

structureless and locally fill fractures that 

penetrate pillows. 

Denure, Ayeshire 

Coast, Scotland 

Riggs and 

Busby, 1990 

hypabyssal, 

stratovolcano 

andesite quartz arenite 

(aeolian) 

globular, highly 

irregular 

cm-dm sediment fluidization sill   irregular close packed sediment domains in intrusion Mount Wrightson 

Formation, Santa 

Rita Mountains, 

Southern Arizona 

Snyder et al, 

1963 

submarine deep 

water 

andesite mud (argillite)           

originally 

illite-chlorite 

clay 

(plus minor 

calcite) 

globular: amoeboid 

to globular 

dm to m 

pillows 

in 

globular 

to block 

peperite 

density contrasts in turbulent 

flow regime 

shallow level 

sill 

  interconnected 

pillows and lobes 

with larger pods 

that represent 

magma supply 

ducts (see p B12) 

close packed Four types of evidence of intrusive 

contact of layered lava pods or sills with 

overlying argillite have been observed : 

(1) truncation of sediment beds (figs. 

4,16) ; (2) development of contact breccia 

and peperite (figs. 6, 13) ; (3) 

development of small pillows in contact 

sediments (fig. 10) ; and (4) warping of 

overlying sediment layers (fig. 7). 

Unalaska Island, 

Alaska, USA 
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Table 2.7a – Detailed descriptions of globular peperite with basalt as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Assorgia and 

Gimeno, 1994 

shallow seafloor Basalt calcarenitic 

sandstone 

globular n/a, 

unclear 

from 

photos. 

forceful , rapid intrusion 

with little to no sediment 

fluidization 

dyke margins of 

dyke 

lobe-like, 

occupying pillow 

margin 

n/a Coarse sediment hampers the 

identification sediment fluidization 

around the pillows. The high porosity of 

the sediments may have enabled and 

easy escape of vapour, with only minor 

disturbances in the sedimentary laminea. 

Zone of interaction small (cm to 10`s 

cm). 

Guardia Marine 

Beach, Sardinia 

Island, Italy 

Befus et al., 

2009 

hypabyssal intrusions 

into unlithified 

fluvial strata 

Basalt colour banded 

mudstones with 

less abundant 

lenticular 

sandstones (up 

to 5 cm) 

globular cm-dm density contrasts with 

sediment fluidization during 

forceful intrusion of magma 

in diatreme complex 

dykes and sills margins lobes in a feeder 

zone 

widely dispersed Harden baked zone up to 5o cm wide. 

Mudstone is homogenized. Pillows up to 

2 m within matrix of microglobular 

peperite. Numerous tendrils of mud 

penetrate intrusion. 

main intrusive 

complex, Rosillos 

Mountains, SE 

Trans-Pecos, 

Texas 

Brown and 

Bell, 2007 

Lacustrine Basalt claystones and 

siltstones 

globular in basal 

zone, below this 

angular clast types 

are predominate. 

cm-dm sediment fluidization with 

later stage brittle behavior 

upon cooling (in situ 

hyaloclastization) 

sill complex lower margin sheet size grading of 

clasts, close 

packed 

isolated patches of coarse-sand are 

present. There is a very fine lamination 

that is highly contorted around igneous 

clasts showing evidence of fluidization. 

Mull Lava Field, 

NW Scotland 

-Busby-Spera 

and White, 

1987 

shallow marine, 

hypabyssal intrusions 

Basalt unconsolidated 

micrite (lime 

mud) 

Globular cm-dm sediment fluidization and 

magma-sediment density 

contrasts 

sill with upward 

projected dykes 

upper margin 

of intrusion 

n/a n/a very fine-grained, well sorted. Overlain 

by solid shelly biotherm that acts as a 

flow barrier to the dykes. mm scale 

fluidization pipes. 

Punta China, Baja 

California, 

Mexico 

Dadd and Van 

Wagoner, 2002 

Intertidal Basalt Mudstone globular to 

microglobular 

mm - 

dm 

sediment fluidization and 

magma-sediment density 

contrasts, with late quench 

fragmentation 

lava flow   sheet close packed contains irregularly shaped vesicles, soft 

sediment deformation structures, 

penetration of mud into lava 

Passamaquoddy 

Bay, Southeastern 

New Brunswick 

DeWolfe and 

Gibson, 2005 

shallow marine/ 

hypabyssal intrusion 

Basalt fine ash tuff globular to blocky cm - dm buoyancy contrasts 

(burrowing), 

sill or 

cryptoflow 

  n/a grades from 

pillowed facies 

into fluidal to 

blocky clasts 

n/a Hidden 

Formation, Flin 

Flon, Manitoba 

Doyle, 2000 shallow marine/ 

hypabyssal intrusion 

basaltic 

andesite 

sandstone with 

minor siltstone 

globular: lobes m to 

10`s m 

incomplete brecciation of 

coherent facies 

sill   lobe dispersed within 

peperite facies 

n/a Kima, Australia 

Duffield et al., 

1986 

lacustrine/ burrowing 

of lava flow 

Basalt marly siltstone Globular  unclear 

from 

photos. 

burrowing sill   irregular pods graded contorted laminations, hydrothermal 

alteration of sediment 

Coso Range, 

California 

Erkul, 2006 lacustrine/evaporitic 

deposits 

basalt 

(olivine 

phyric) 

micritic 

limestone 

globular to 

ameboidal w/ minor 

blocky jigsaw-fit 

clasts at margins 

cm sediment fluidization and 

density contrasts; blocky 

clast formed by in situ 

fragmentation of clast with 

fluidal margins. 

lava domes   lobe shaped close packed to 

dispersed 

micritic limestone is massive in the 

peperite domain.  displays planar and 

laminated stratification away from the 

intrusive contacts. Hydrothermal 

mineralization in contact zone. 

Bigadiç Basin, 

western Turkey 
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Table 2.7b – Detailed descriptions of globular peperite with basalt as the igneous clast type; continued from the previous table. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Galerne et al., 

2006 

lacustirne, 

hypabyssal 

intrusion 

Basalt Mudstone globular to 

amoeboid 

cm-dm magma - sediment density 

contrast 

rounded 

magmatic bodies 

  free floating lobes matrix supported no description. Does not present evidence 

of sediment fluidization but it was must 

have been fluidized. 

North Armorican 

Basin, France 

Leat and 

Thompson, 

1988 

sediment filled 

fault basin 

basalt 

(alkali) 

Sandstone globular cm - dm 

pillowed 

mafic 

dyke 

margins 

pore-water FCI dyke   irregular n/a n/a Yampa and 

Elkhead 

Mountains 

volcanic fields, 

NW Colorado, 

USA 

MacDonald, 

1939 

shallow marine 

or evaporitic 

Basalt Limestone globular: 

apopthyses 

cm-dm vapour film oscillation, 

sediment fluidization in low 

pressure void openings 

sill   n/a n/a intrusives are closely associated with 

brecciated limestone and cherts that are 

infilled with lime mud. sediment dykes 

forming network veins in the lava flow. 

San Pedro Hills, 

Los Angeles, 

California 

Martin and 

White, 2002 

shallow 

submarine 

Basalt pumice lapilli 

ash 

(phonolitic) 

globular: 

apopthyses to lobes 

with smaller scale 

interfingering 

m to 

10`s m 

weak steam-driven mixing 

with sediment fluidization 

dyke   irregular to lobe fused pumice 

margin, not 

typical peperite 

consist entirely of pumice with sub-

angular to sub-rounded clasts. Average 

grain size, estimated from outcrop and 

thin section, ranges from 0.5 to 2 cm, 

with larger clasts up to 30 cm. 

Allans Beach, 

Otago Peninsula, 

New Zealand 

McClintok and 

White, 2002 

volcano-

tectonic rift 

system 

basalt 

(dolerite) 

coal (lignite to 

sub-bitumous) 

globular to blocky     sill   n/a gradational from 

basalt to coal 

fragments 

  Mawson 

Formation, 

Transantarctic 

Mountains, 

Antarctica 

Waichel et al., 

2007 

Lacustrine Basalt mud and silt globular clasts with 

sub-rounded to 

blocky margins 

cm-dm 

with mm 

blocky 

margins 

sediment fluidization, 

magma-sediment density 

contrasts 

lava flow   sheet-like graded, matrix 

supported close 

packed to 

dispersed 

vesiculated sediment, sediment in 

vesicles and fractures in lava flow and in 

juvenile clasts in the peperite and soft 

sediment deformation. Fluidized sediment 

infills fractures in the overlying lava 

flows for up to 10 m above the basal 

contact. 

Paraná Basin, 

Southern Brazil 

Walker and 

Francis, 1986 

intertidal 

lagoon or 

swamp, low 

coastal where 

coal forms 

basalt 

(olivine-

dolerite) 

mudstone and 

siltstone 

globular blebs of 

sediment in sill 

cm sediment fluidization and 

quench granulation 

sill   interconnected to 

lobate 

dispersed 

(interpretation 

from description) 

Along the margins of the sill sedimentary 

veins (1-10 mm) injected into it with 

irregular to lobate terminations from 

fracturing of the solidified outer skin 

followed by rapid emplacement of 

fluidised sediment into the fracture. 

Subsequent interaction between the 

sediment and magma in the still-fluid 

interior of the sill.. Disruption of 

sedimentary structures that passes 

downward into laminated zones. 

Cardenden. Fife, 

Scotland 
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Table 2.8 – Detailed descriptions of globular peperite with basanite, dacite, komatiite or nephelinite as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Goto and 

McPhie, 1996 

hypabyssal 

intrusion into 

alluvium 

(likely 

shallow 

marine) 

basanite basaltic breccia globular dm magma - sediment density 

contrast, fluidization 

dyke   sheet apopthyses unstratified, bedding destroyed in 

adjacent host rock. Some vesicles in 

intrusion filled with host rock 

sediment. 

Stanley, 

northwestern 

Tasmania, 

Australia 

Martin and 

Nemeth, 2007 

Maar basanite Sand globular cm-m density contrasts with 

sediment fluidization 

lava flows   ellipsoidal or tongue-

like bodies detached 

from the main lava 

flow or dyke 

densely packed sediment is volume derived from 

interpillow matrix 

Hajagoshegy, 

Pannonian 

Basin, Western 

Hungary 

Lorenz, 1984 fore-arc basin Dacite Mudstone globular n/a magma-sediment density 

contrasts 

sill   chaotic n/a n/a Birchy Island, 

Dunnage 

Melange, 

Newfoundland 

Snyder et al, 

1963 

submarine 

deep water 

Dacite mud (argillite)           

originally 

illite-chlorite 

clay 

(plus minor 

calcite) 

globular dm 

(inches 

to feet) 

grading 

into cm 

sized 

clasts 

density contrasts in 

turbulent flow regime 

shallow level sill   they grade upward, 

downward, or 

laterally into 

structureless non-

globular lava 

close packed Four types of evidence of intrusive 

contact of layered lava pods or sills 

with overlying argillite have been 

observed : (1) truncation of sediment 

beds (figs. 4,16) ; (2) development of 

contact breccia and peperite (figs. 6, 

13) ; (3) development of small pillows 

in contact sediments (fig. 10) ; and (4) 

warping of overlying sediment layers 

(fig. 7). 

Unalaska Island, 

Alaska, USA 

Houle et al., 

2008 

hypabyssal 

deep water 

komatiite argillite (mud) globular: ameoboidal 

to irregular 

dm sediment fluidization, 

magma-sediment density 

contrasts 

sill   margin of flows and 

sills 

close packed 

(inferred from 

photo) 

inclusions of sediment in komatiite Dundonald 

Township, 

Ontario 

White , 1990    

White, 1991 

maar-

diatreme vent 

fill in 

lacustrian to 

fluvial 

sediments 

nephelinite Mud globular cm-m sediment fluidization with 

magma sediment desity 

contrasts 

flow margins of 

dyke 

root zone irregular allignment of clasts within disrupted 

sediments 

Teshim maar, 

Hopi Buttes 

Volcanic Field, 

Navajo Nation, 

Arizona, USA 
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Table 2.9 – Detailed descriptions of globular peperite with rhyolite as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF CLAST 

GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Busby et al., 

2003 Busby 

2005 

submarine deep 

water 

rhyolite carbonaceous 

mudstones 

globular n/a sediment fluidization and 

magma-sediment density 

contrasts 

dome   n/a size grading of 

clasts 

peperites pass gradationally upward into 

carbonaceous mudstone 

Bald Mountain, 

Maine 

Hanson , 1991 hypabyssal 

intrusions in 

sediments 

beneath sea 

floor 

rhyolite radiolarian 

chert 

globular to 

amoeboid shaped 

pillows with some 

hyaloclastic 

margins 

dm magma - sediment density 

contrast, fluidization 

small domes   interconnected to 

free floating 

pillows 

dispersed n/a Sierra Buttes 

Formation, Sierra, 

Nevada 

Hunns and 

McPhie, 1999 

shallow 

submarine, 

shallow 

intrusion 

rhyolite volcaniclastic 

siltstone 

globular to ragged cm dynamic mixing of a 

pumaceous intrusion with wet 

sediment 

domes   lobes interconnected unstratified in peperite domain, elsewhere 

it exhibits graded bedding. Sediment host 

is vessiculated near contacts with rhyolite. 

Mount Chambers, 

Queensland, 

Australia 

McPhie, 1993 deep submarine rhyolite Sandstone globular: bulbous to 

ragged 

cm-dm density contrasts with 

sediment fluidization 

sill upper and 

lower margins 

n/a n/a Sedimentary contacts are indurated and 

siicified. Sedimentary inclusions up to a 

few m across are found in the rhyolite 

(quartz-feldspar porphyry) . 

Tennant Creek 

Porphyry, central 

Northern Territory, 

Australia 

Kokelaar, 1982 Subaqueous rhyolite rhyolitic ash 

fall and flow 

tuffs and 

tuffaceous 

sandstones 

globular with 

clouds of liberated 

phenoclasts 

cm-dm density contrasts with 

sediment fluidization 

sill   sheet-like to lobe 

like 

  elutriation pipes in overlying sediments. 

Reconstitution of sediment u to several m 

away from peperitic margins 

Ramsey Island, 

South Wales 

 
Table 2.10 – Detailed descriptions of microglobular peperite. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Busby-Spera 

and White, 

1987 

shallow marine, 

hypabyssal 

intrusions 

Basalt unconsolidated 

micrite (lime 

mud) 

microglobular mm immiscibility; sediment 

fluidization; arrested FCI. 

sill with upward 

projected dykes 

upper margin 

of intrusion 

n/a n/a very fine-grained, well sorted. Overlain 

by solid shelly biotherm that acts as a 

flow barrier to the dykes. This barrier 

caused the magma to spread laterally. 

Mm scale fluidization pipes. 

Punta China, Baja 

California, 

Mexico 

Coria and 

Perez, 2002 

submarine/outer 

shelf-slope basin 

Dacite siltstones and 

fine sandstones 

microglobular to 

bulbous 

mm vapour film oscillation sill   irregular matrix supported homogenous and structureless with 

vesicles and vuggy cavities (100-400 

microns). 

Huancar Sill, 

Puna Highland, 

Argentina 

Donaire and 

Pascual, 2002 

deep submarine rhyolite Sandstone microglobular to 

globular 

mm-cm sediment fluidization with 

low viscosity magma 

Sill   sheet matrix supported laminations in the sandstone are 

disturbed at the contact for ~ 10 cm 

Aznalcollar 

mining district, 

Iberian Pyrite Belt 

(IPB), Spain 
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Table 2.11 – Detailed descriptions of mixed peperite with andesite as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Hanson , 1991 hypabyssal 

intrusions in 

sediments 

beneath sea floor 

andesite andesitic 

hyaloclastic 

pile/ silicic 

fine grained 

laminated 

tuffs 

mixed: blocky 

peperitic margins 

on pillows 

cm-dm cooling and contraction 

granulation/dynamic stressing 

cryptodome   interconnected 

pillows with lobes 

of breccia 

close packed little host sediment present, restricted to 

the margins where cryptodome is bulging 

into the laminated silicic tuffs 

Sierra Buttes 

Formation, Sierra, 

Nevada 

Hanson and 

Hargrove, 1999 

hypabyssal 

intrusions, 

shallow 

submarine 

andesite intermixed 

tuff with 

lapilli tuff 

breccia 

mixed: blocky and 

globular 

cm-dm quench fragmentation, 

dynamic stressing of chilled 

margins 

composite sill 

or laccolith 

  chaotic close packed textural homogeneity near igneous 

contacts. Further into the peperite domain 

there is some laminated tuff. 

Tuttle Lake, Sierra 

Nevada, California 

Kokelaar, 1982 

Durant, 2000 

lacustrine andesite sandstone mixed: globular 

pillows and bulbous 

finger-like 

projections / 

irregular pillows 

with jigsaw-fit 

angular clasts at 

margins 

cm-dm 

sized 

pillows 

with 

mm-cm 

sized 

angular 

casts 

jigsaw-

fit 

sediment fluidization with 

later stage brittle behavior 

upon cooling (in situ 

hyaloclastization) 

sill   sills with pillowed 

margins 

matrix supported intruded into a laminated sandstone. 

Laminations absent near contacts. 

Vessiculated sandstone in places. 

Turnburry, 

Ayeshire Coast, 

Scotland 

Skilling et al., 

2002         

Busby et al., 

2008 

fluvial/montane, 

vent proximal 

intrusion 

andesite vitric lapilli 

tuff 

mixed: globular and 

blocky 

cm-dm resedimented peperite 

domains 

dyke   irregular (may be 1 

- 300 m across) 

close packed, 

matrix supported 

hydrothermal reddening of sediments Mehrten 

Formation, 

Kirkwood, 

California, USA 

Vezzoli et al., 

2009 

coastal flood 

plain, shallow 

level intrusion 

amphibole 

phyric 

andesite 

conglomerate 

with sandy 

matrix 

mixed: globular and 

blocky with jigsaw-

fit textures 

dm-m rapid quenching and mixing 

with unconsolidated 

sediments 

dome   fingers and 

apopthyses/pillows 

to interconnected 

globs with blocky 

margins 

grades from clast 

supported to 

matrix supported 

to clasts 

supported breccia 

to coherent lava 

host sediments infill fractures and 

inclusions within the intrusion. 

Destruction of host sediment bedding. 

Eastern Cordillera 

of the Central 

Andes 
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Table 2.12 – Detailed descriptions of mixed peperite with basalt as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Airoldi et al, 

2011 

shallow 

intrusive 

system 

associated with 

LIP in failed 

rift arm 

basalt 

(dolerite) 

volcaniclastic 

debris and mafic 

phreatomagmatic 

tuff 

ragged: flame like 

apopthyses 

n/a hydrodynamic mingling/ low 

volume sediment fluidization 

dyke margins of 

dyke 

lobes/flame discrete domains Sediments are baked and form chaotic 

mixture with intruding dolerite dykes. 

Allan Hills, south 

Victoria Land, 

East Antarctica 

Befus et al., 

2009 

hypabyssal 

intrusions into 

unlithified 

fluvial strata 

basalt conglomerate mixed: globular 

clasts with cm sized 

angular and 

irregular fragments 

showing jigsaw-fit 

textures 

dm forceful intrusion of magma 

in diatreme complex 

dykes and sills margins irregular globs with 

some inter-

connected basaltic 

lobes 

close-packed to 

dispersed 

Conglomerate masses and clast-rich areas 

with in disrupted mudstone are likely 

channel lag deposits that were slumped 

down into and become incorporated into 

growing intrusive complex. 

main intrusive 

complex, Rosillos 

Mountains, SE 

Trans-Pecos, 

Texas 

Befus et al., 

2009 

hypabyssal 

intrusions into 

unlithified 

fluvial strata 

basalt light-coloured, 

arkose containing 

quartz and 

feldspar, calsts of 

mudstone and 

chert; 

mixed: globular to 

blocky 

mm-cm 

with 

dm-m 

pillows 

density contrasts with 

sediment fluidization with 

subsequent brecciation 

during forceful intrusion of 

magma in diatreme complex 

coherent 

intrusive 

complex 

(cryptodome?) 

internal pod of sediment 

trapped inside of 

larger intrusion 

chaotic Structureless nature of the sediments and 

the mixing of sediments any hydroclasts 

indicate the effects of dynamic, thermally 

induced mixing. 

main intrusive 

complex, Rosillos 

Mountains, SE 

Trans-Pecos, 

Texas 

Doyle, 2000 shallow 

marine/ 

hypabyssal 

intrusion 

basaltic 

andesite 

sandstone with 

minor siltstone 

mixed: lobes with 

blocky to platey and 

mesoblocky 

margins showing 

jigsaw-fit. Vesicular 

clasts occur in 

dispersed facies 

cm - dm quench granulation with 

jigsaw-fit textures 

sill   pod-like closely packed 

grading to 

dispersed 

peperite the 

further you move 

away from 

coherent facies 

Rare discontinuous planar- to cross-

lamination associated with closely 

packed peperite. Not the product of 

infilling, rather from fluidization as 

laminations are frequently parallel to 

fracture walls. CF Kokelaar 1982; 

Brooks 1995) 

Kima, Australia 

Schmincke 

Schmincke, 

1967 1964 

lacustrine 

(dried lake 

bed) 

basalt ash tuffs, 

diatomites and 

pelites 

mixed: globular to 

blocky. Clasts vary 

from dense glassy 

to scoria,  highly 

vesicular. Clasts 

have chilled rinds 

mm- dm magma-sediment density 

contrasts followed by 

vesiculation and chilling 

causing brecciation. Steam 

explosions may have played 

a minor role. 

flow that 

burrowed into 

sediments 

  apopthyses off 

shooting beneath 

lava flow 

close packed 

(less than 50% 

matrix), grades 

downward or 

laterally into 

massive flow 

disruption of bedding, envelopes of 

baked sediment around clasts (1cm 

wide). Sediment penetrates cooling 

cracks. Peperite dyke penetrate into the 

sediments (possible evidence for 

explosive behavior; see page 147) 

Columbia River 

Plateau, Ponomo 

basalt, 

Washington State 

Squire and 

McPhie, 2002 

shallow 

submarine 

(below wave 

base), 

hypabyssal 

intrusions 

basalt polymictic 

volcanic 

conglomerate 

with a matrix of 

volcanic 

sandstone 

mixed: blocky and 

globular 

(ameoboidal) 

< 20 cm viscosity contrasts from 

temperature variations and 

influenced by strain rate 

upon intrusion. 

sill   irregular close packed, 

supported by 

cobbles 

Destruction of bedding cannot be 

recognised because the host sediment is 

coarse-grained and very thickly bedded. 

Small (up to 4 cm) cavities are present 

and may represent the least partial 

fluidisation of the sediments 

Pliocene Ba 

Volcanic Group at 

Yaqara in 

northern Viti 

Levu, Fiji 

Templeton and 

Hanson, 2003 

submarine, 

vent proximal 

basalt to 

andesite 

mudstone and 

fine-grained 

siltstone 

mixed: globular 

with minor finger-

like protrusions and 

blocky, jigsaw-fit 

clasts 

cm-dm 

globs 

mm-cm 

blocky 

magma-sediment density 

contrasts coupled with 

sediment fluidization and 

quench granulation as 

cooling occurs 

synvolcanic 

intrusions: pods 

and pillows 

  lobe-like to 

irregular 

matrix 

supported, close 

packed 

sediment laminations are disrupted or 

absent. In places where the primary 

sedimentary structures are least 

disrupted, they are warped around the 

intrusive bodies. Centimeter scale soft-

sediment deformation faults locally 

displace laminae. 

northern Sierra 

Nevada, 

California 
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Table 2.13 – Detailed descriptions of mixed peperite with basanite or lamprophyre as the igneous clast type. 

REFERENCE SETTING MAGMA 

TYPE 

SEDIMENT 

TYPE 

CLAST 

MORPHOLOGY 

CLAST 

SIZE 

MECHANISMS OF 

CLAST GENERATION 

STRUCTURE SPATIAL 

LOCATION 

OF 

PEPERITE 

2-D 

MORPHOLOGY 

INTERNAL 

STRUCTURE 

NATURE OF THE HOST 

SEDIEMENTS 

LOCATION 

Martin and 

Nemeth, 2007 

maar basanite marly silt and 

mud 

mixed globular, 

minor blocky 

up to 2 

m 

density contrasts with 

sediment fluidization 

lava flows and 

dykes 

  ellipsoidal or 

tongue-like bodies 

detached from the 

main lava flow 

floating in 

sedimentary matrix 

matrix supported, 

dispersed to 

close packed 

Lava mingled with the unconsolidated 

sediment, incorporating sediment grains 

and destroying its original texture by 

fluidization and other mechanical effects. 

Original marly silt- and mud are from 

post-tuff ring lacustrine beds. Very fine-

grained, beds structure-less between 

pillow lobes, but micro-laminated in 

basal position, very well sorted. 

Kissomlyó, 

Pannonian Basin, 

Western Hungary 

Martin and 

Nemeth, 2007 

maar basanite lapilli tuff mixed: globular, 

minor blocky 

up to 1 

m 

density contrasts with 

sediment fluidization 

dyke   ellipsoidal or 

tongue-like bodies 

detached from the 

main lava flow or 

dyke 

dispersed 

peperite 

sedimentary structures destroyed in 

fluidized zone. Alignment of crystals, 

glass shards and quartz grains preserved 

alongside juvenile clasts. 

Hajagos-hegy, 

Pannonian Basin, 

Western Hungary 

Hooten and 

Ort, 2002        

White, 1990 

maar lamprophyre siltstone mixed: blocky to 

globular in same 

domain 

mm-cm coarse mixing-stage FCI 

processes 

dyke buds   irregular close packed 

(inferred from 

photo) 

textural homogenization near igneous 

contacts, vessiculated sediments, fine 

fractures in igneous clasts filled with 

sediments 

Hopi Buttes 

volcanic field, 

Navajo Nation, 

Arizona, USA 
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Table 2.14 – Table of the properties of oils used in the injection experiments of Zimanowski and Buttner (2002). 

Properties Series A Series B 

Injected Material Water Water 

Diameter 5 mm 5 mm 

Substrate Medium Silicon Oil Oil 

Viscosity 1.35 Pa s 0.001 Pa s 

Density 970 kg/m3 752 kg/m3 

Interfacial Surface Tension 0.021 N/m 0.035 N/m 

Speed Range 0.7 – 7.8 m/s 0.7 – 7.8 m/s 

 
 

Table 2.15 – Range of glass transition temperatures for various magma compostions reported in van Otterloo 

et al. (2015). 

Compostion Tg (K) 

Granite 669-845 

Granodiorite 783-989 

Gabbro 840-1061 

Eclogite 840-1061 

Komatiite 1011-1277 

Peridotite 1068-1349 
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Table 2.16 – Major element geochemistry by x-ray flouresence of the Billstein/Rhön basalt (Zimanowski et al., 

2004) used in the experiments of Schipper et al. (2011). 

Major Oxide Blocky Particle 

SiO2 45.31 

TiO2 2.16 

Al2O3 12.86 

FeO 11.93 

MnO 0.17 

MgO 10.90 

CaO 10.50 

Na2O 3.14 

K2O 1.38 

P2O5 0.54 

Total 98.98 
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Table 2.17 - Representative bulk chemical analyses in wt% of thermite melt debris from experiments by Wohletz (1980) 

using quartzo-feldspathic sand added to thermite in a ratio of ~1:3 to produce a silicate melt. This data was collected using 

standard energy dispersive spectral analyses (EDS) with total Fe expressed as FeO. 

Major Oxide Blocky Particle Silicate Coating Spindle Particle 

SiO2 14.3 36.6 18.6 

TiO2 2.3 1.4 1.9 

Al2O3 11.4 34.4 42.5 

FeO 57.0 17.3 23.3 

MnO 1.6 1.0 1.3 

MgO 6.4 3.7 5.8 

CaO 2.1 1.7 1.9 

Na2O 3.1 2.0 3.2 

K2O 2.0 2.0 1.9 

 

Table 2.18 Physical and Thermal Properties of Fe-Al Thermite and Basaltic Melt (Wohletz et al., 1995). 

Properties Fe-Al melt Tholeiitic Basaltic Melt 

Liquidus T 1000 – 2000 K 1370-1520 K 

Enthalpy 3700 kJ/kg 1150 kJ/kg 

Viscosity 102 Pa s 102 – 103 Pa s 

Density 3.0 – 4.0 g/cm3 2.5 – 2.7 g/cm3 

Surface Tension 0.5 N/m 0.35 N/m 

Thermal Conductivity 2.4 J/ (m s K) 2.1 J/ (m s K) 
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2.8 Figures 

 
Figure 2.1 – Idealized sketches of the distinguishing features of peperites. Crosses represent intrusive body 

or crystallized lava flow, lack of crosses indicates chilling. a.) Contact between a dyke with globular 

peperite and sediments that is highly discordant to bedding. b.) Complete destruction of sedimentary 

structures at the margin of a peperite with blocky texture. The blocky clasts show gradational contact with 

the main intrusive body. c.) Pods of sediments trapped inside and intrusion. d.) Chilled contacts of peperitic 

intrusions with a blocky sedimentary dyke. e.) Indurated or altered sediments in the peperitic zone shown 

by wavy lines. f.) Mixed clast peperite showing both blocky and globular peperite. 

 



Chapter 2 - Peperites 

 

65 

 

 
Figure 2.2 – Synopsis of the characteristics of peperitic textures (as modified from Skilling et al., 2002). a.) 

Sketch of peperite domains. b.) Clast morphologies. c.) evidence for unconsolidated nature of host 

sediment. d.) clast generation. e.) mingling of clasts and sediments.  
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Figure 2.3 – P-T plot for the water system the specific volume of vapour in cm3/g, and the phase fields for 

liquid, supercritical fluid and vapour. Path A shows how great the expansion of water is on density by 

heating. Pathway B shows that there is still expansion at high pressure as the liquid passes to the 

supercritical phase, but it is much less than for lower pressures that pass from the liquid to vapour phases. 

Pathway C shows decompression can cause the instantaneous expansion of the vapour phase. Pathway D 

also shows very rapid expansion of the vapour phase, the rate of expansion is a function of the rate of 

decompression in this latter case. Copyright image can be found in (Kokelaar, 1982), Figure 1. 

 

 



Chapter 2 - Peperites 

 

67 

 

 
Figure 2.4 – Water jets in silicon oil demonstrating the differences between viscosity. Experiments 

preformed by Zimanowski and Büttner (2002). a.) Silicon oil with 1.35 Pa∙s viscosity and 1.5 m/s differential 

flow speed. b.) Silicon oil with 1.9×10-3 Pa∙s viscosity and 1.5 m/s differential flow speed. Copyright image 

can be found in Zimanowski and Büttner (2002), Figures 1 and 2. 

  

a.) b.) 
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Figure 2.5 – Graphs showing the relationship between the glass transition and cooling from Otterloo et al., 

(2015). a.) Variation in specific volume with temperature. b.) Variation in coefficient of expansion with 

temperature for a single component melt. c.) Variation in coefficient of expansion with temperature for a 

natural melt composition. Tm – melting temperature; ΔVm – change in volume by melting; ΔHm – change 

in enthalpy by melting; Tg – glass transition temperature. Copyright image can be found in Otterloo et al., 

(2015), Figure 2. 
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Figure 2.6 - Dirty coolant experiments of Schipper et al. (2011). Degree of granulation (i–iii) and particles 

formed (A–E). i–iii: Photographs of bulk experimental particles, showing qualitative range of granulation 

efficiency. i: Run A1, complete granulation of melt. ii: Run A3, extensive granulation, but with larger 

compound particles and non-granulated melt. iii: Run B1, no granulation, melt is preserved as singleunit. 

Black arrow indicates entrainment of pumice at base, white arrow indicates large limu bubble at top. A–
E: Type individual particles. A: Limu o Pele fragments. Left image shows limu o Pele shard, right shows 

partially preserved bubble, at much smaller scale than in iii. B: Dense, blocky glass particles. C: Vesicular 

particles. White arrow in right image indicates sediment within vesicle. D: Sub-spherical, dense, individual 

glass balls. Note roughness, “tails,” and asperities on particles in left image. E: Compound particles formed 

by welding of various smaller particles. Note larger scale compared to other individual particles. 

“Grapestone” particle in right image is almost exclusively composed of dense glass balls. Copyright image 

can be found in Schipper et al. (2011), Figure 4. 
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Figure 2.7 – Summary diagram relating fragmentation processes to coolant properties. Heat transfer, 

expressed as the ratio ΔTmax/tTmax is the primary control on thermal granulation efficiency. Total 

sediment is taken as a proxy for coolant viscosity, and is the primary control on hydrodynamic mingling. 

Copyright image can be found in Schipper et al. (2011), Figure 8. 

 



Chapter 2 - Peperites 

 

71 

 

 
Figure 2.8 – Experimental setup of the MFCI peperite experiments by Wohletz (2002). Copyright image 

can be found in Wohletz (2002), Figure 7. 

 

 
Figure 2.9 – Photographs of the thermitic peperite produced by Wohletz (2002). Copyright image can be 

found in Wohletz (2002), Figure 10. 

 



Chapter 2 - Peperites 

 

72 

 

 
Figure 2.10 – Graphs showing the effect of increasing pressure with depth in the offshore and on shore 

environment, including the effect of hydrostatic and lithostatic pressure and the resulting pore pressure as 

a combination of the two (from Hantschel and Kauerauf, 2009). Note: Lithostatic pressure changes as a 

function of rock density. Copyright image can be found in Hantschel and Kauerauf (2009), Figure 2.2. 
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Figure 2.11 - Map of the northern end of the Passamaquoddy Bay area with the mafic units shown in green, 

the felsic units shown in yellow and the sedimentary units shown in pale blue. Intrusive units are shown in 

pink and purples. X marks the location of the mafic peperites and Y marks the location of the felsic 

peperites. Map courtesy of Brittany Charnley, Department of Energy and Resource Development, 

Government of New Brunswick. 

Y 

X 
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Figure 2.12 – Mafic peperites samples from the Passamoquoddy Bay area showing mudstone filled vesicles 

and jig-saw fit textures. 
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Figure 2.13 – Mafic peperites from Passamoquoddy Bay showing pillow to flasar texture. Black (mafic 

rock) and grey (sedimentary rock) images generated in photoshop using special filters and the magic wand 

tool. 
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Figure 2.14 - Mafic peperites from Passamoquoddy Bay showing the gradation contact between the clasts 

and the lava flow (a, b). Closeup of pillow with ragged margins (c, d). Black (mafic rock) and grey 

(sedimentary rock) images generated in photoshop using special filters and the magic wand tool. 
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Figure 2.15 – Felsic rocks from the Passamoquoddy Bay area. a, b.) Showing injection of sediment dykes. 

c, d.) Closeup of dykes showing angular peperite.  

 

 
Figure 2.16 – Lower margin of felsic flows in the Passamoquoddy Bay area. a, b.) Showing jig-saw fit 

angular peperite breccia. c, d.) Closeup of sediment dykes showing abundant angular peperite.  
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Figure 2.17 – Felsic peperites from the Passamoquoddy Bay area showing the intimate relationship between 

angular clasts and the sediments. 
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CHAPTER 3 - METHODS 

3.0 Overview 

Volcanism is a defining and enduring feature on our planet, making it a central element in 

the Earth System. In fact, volcanic activity across the globe can be observed daily. Volcanic 

eruptions can cause substantial economic and societal disruption. As populations rise and 

international air traffic over volcanic regions increases so does the risk to life and property through 

exposure to volcano hazards. A good example of this was the 2010 eruption of Eyjafjallajökull, 

which shut down air travel in over 20 countries affecting 10 million passengers, by producing large 

volumes of hydromantic ash that reached the jet stream. In this case, shutting down air travel was 

essential as volcanic ash has been shown to cause engine failure by coating the surfaces with glass 

as the ash melts at the high engine temperatures. In volcanology, the challenge is to produce reliable 

quantitative models to better predict such events and mitigate the hazards.  

Experiments have long been central to the scientific method itself serving one of four 

primary purposes: to establish or refute the validity of a hypothesis, as a tool to explore new 

phenomena or to provide systematic observations of a process, to determine the values of key 

parameters, and as a tool to test computational models (Mader et al., 2004). The use of laboratory 

experiments in volcanology is essential to the advancement of our understanding of these complex 

multi-component systems as they are capable of providing insight into processes that cannot 

necessarily observe first hand.  

For this thesis, laboratory experiments carried out under controlled conditions have 

allowed us to explore the peperite formation, and assess the potential for explosive behaviour 

during such interactions. By controlling as many of the multi-component system variables as 

possible (i.e., pressure, temperature, density, viscosity, heat capacity, thermal diffusivity) can better 
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understand how these systems work in nature. In turn, physical and textural characterization of the 

resulting samples allows us to qualitatively assess their state. 

This chapter focuses on the experimental approach used to create peperitic textures in the 

laboratory setting. First, there is an overview of the experimental apparatuses used to conduct the 

experiments and how each experiment is preserved, along with an explanation of how the modified 

basaltic melt was prepared. I then discuss the techniques used to examine the physical properties 

of the magma analogue material. This is followed by a discussion of the substrate material used as 

sediment in the experiments and the techniques used to assess the physical properties of this 

analogue sedimentary material. Finally, I overview how to calculate the pour or injection rates for 

each type of experimental apparatus I used in the course of this study.  

3.1 Experimental Approach 

3.1.1 For the Production of Peperite 

Three approaches were used to produce peperitic textures in a laboratory setting. The first 

two phases of experimentation used analogue material to mimic the interaction between wet 

sediments and magma. The third phase of experimentation employs Kilauean Basalt with a fluxing 

agent (see Section 3.1.3) and wet sediments achieving results similar to peperite in the natural 

environment.  

Phases 1 and 2 were conducted at in the Experimental Petrology Lab at the University of 

New Brunswick. Phase 1 employed s modified P464 steel permeability cylinder and Lexan, a type 

of polycarbonate plastic, was injected into unconsolidated, wet sands. Successful runs were 

obtained using wax as an analogue magma but using molten Lexan proved to be a more challenging 

task. Due to the difficulties presented in Phase 1 type experiment and later identified 

thermophysical constraints (i.e., very low temperature and heat capacity) this method of 

experimentation was abandoned. A detailed description of the Phase 1 apparatus and information 
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on the experiments themselves can be found in Appendix 1. Phase 2 used Cerrotru® alloy to 

perform a series of drop experiments, where molten Cerrotru® was poured onto a wet substrate 

(Fig. 3.1). Cerrotru® was chosen as it has a relatively low melting temperature (133ºC) and a high 

thermal conductivity (32.68 W/mk), providing the ideal thermophysical properties to induce the 

reactions thought to be present in peperite formation. Further details on the drop experiments using 

the Cerrotru® alloy can be found in Appendix 1. These experiments were also abandoned as it was 

found that sand was not an ideal substrate for producing peperitic textures. 

Phase 3 was completed in the Experimental Vulkan Labor in the Sektion Mineralogie, 

Petrologie, und Geochemie at Ludwig-Maximilians-Universität München through collaborative 

agreements with Professor Dr. Don Dingwell and Dr. Oliver Spieler. In Phase 3, natural silicate 

melts were produced in a simple nickel crucible and poured directly onto wet sediments and are 

referred to as peperite pour experiments. 

The goal of these experiments was to produce peperitic textures similar to those seen in 

nature by using a modified basaltic melt. A nickel crucible filled with a mixture of powdered 

Kilauean Basalt and a fluxing agent (see Section 3.1.3 – Modified Basaltic Melts) was heated in a 

high-temperature furnace (Fig. 3.2) and then poured into a container filled with wet unconsolidated 

sediments (Fig. 3.3). The experiments themselves were photographed using a standard 35 mm 

digital camera (Nikon digital SRL) and filmed using a standard video camera.  

The nickel crucible (nickel alloy C22, Spezialstahl Handelsgesellschaft GmbH, Stelle, 

Germany) had a 4.3 cm internal diameter with 3 mm thick walls and was about 20 cm long (Fig. 

3.4). It was manufactured by welding a nickel base to the nickel tubing. This crucible is capable of 

holding up to 290 mL of melt, though approximately 100 mL of melt was used during each 

experimental run. Melt was produced by heating a mixture of powdered Kilauean Basalt and a 

fluxing agent in a high-temperature Naberthem Furnace at temperatures of 1200°C for 6-8 hours 
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and cooled to temperatures of between 1050 -1100°C for 3-4 hours. Information on the preparation 

of basalt and fluxing agent mixtures can be found in Section 3.1.3 of this chapter. The melt itself 

was poured from a height of between 5 to 10 cm into a container holding between 500 and 600 mL 

of wet sediments (Fig. 3.3). As shown by Schmid et al. (2010), the heat loss due to radiation of the 

ingoing melt jet is negligible. The authors confirmed this with both optical pyrometry and drop 

calorimetry measurement. They found the two techniques have near identical values for melts pour 

at distances between 63 cm and 114 cm. The sediment holding container has a 10 cm inner diameter 

and is 10 cm tall, with a maximum liquid capacity of 790 mL, and is comprised of aluminum (Fig. 

3.3). A full description of the wet sediments can be found below in Section 3.3 (Substrates) and 

Chapter 4, Section 4.2 (Physical Properties of the Analogue Sediments).  

Using the method described in the previous paragraph, two types of peperite experiment 

were conducted – static and liquefaction experiments. Static experiments were conducted when the 

wet sediments were in a vibration free environment prior to the start of the experiment whereas 

liquefaction experiments were conducted by vibrating the sediments in their sample holder during 

the pouring of the melt. A motorized sieve shaker with rotational oscillation of 50 to 60 Hz, 

traditionally used to perform sieve separation on dry sediments, was used to initiate sediment 

liquefaction (Fig. 3.5).  

The peperite samples produced during these experiments were preserved using Araldite® 

resin (Huntsman Advanced Materials GmbH, Osnabruck Germany)7 and were subsequently 

sectioned and polished to reveal their textures. Araldite® resin is a low viscosity, self-curing two-

part epoxy resin with a density slightly higher (1.12 g/cm3) than that of water making it ideal for 

vacuum impregnation. To preserve the samples, they were placed in a drying oven at 35°C for 

several days. Slow drying at a relatively low temperature was used to prevent the cracking or 

                                                      
7 The use of trade names does not imply endorsement of these products. 
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fracturing of the muds as they dried. The peperite samples were then removed from the drying oven 

and placed in a vacuum sealed container. The vacuum seal setup consists of a large glass vacuum 

desiccator (Fig. 3.6) with a 23 cm ceramic plate and was connected to the vacuum pump of a rotary 

evaporator. The samples were then vacuum impregnated with Araldite® resin. 

The vacuum impregnation process relies on buoyancy contrasts and capillary forces to 

displace the air in the void spaces. Approximately 250 mL of Araldite® resin was prepared; this 

was slowly poured on top of the peperite sample in 50 mL increments. The cover was then placed 

on the vacuum desiccator and the sample pressure was the lowered to 120 mbars, slightly above 

the 70 mbars vapour pressure of the resin. This was done to prevent boiling during impregnation, 

which would lead to disturbance of fine fragments and disruption of layering. To ensure complete 

impregnation of the sediments, the pressure was slowly cycled between 120 mbars and atmospheric 

pressure. When the resin had penetrated the samples, additional aliquots of resin were added and 

the vacuum impregnation process was repeated. This was continued until there was a layer of resin 

visible on the sediment surface. This entire process was completed before curing began; Araldite® 

resin has a pot life of approximately 1 hr. 

As Araldite® resin is a self-curing resin the impregnated samples were left to sit for several 

days. At this point the aluminum sample container was cut from the now solidified peperite sample 

so that it could be sectioned into 1 cm thick slabs, such that the results of each experiment could be 

assessed. The slabs were either polished or coated with glycerine to achieve a polished look suitable 

for photography. The results of these experiments and photographs of the polished slabs can be 

found in Chapter 4, Section 4.3 (Peperite Experiments). 

3.1.2 Silicate Melt Injection Laboratory Experiment 

The Silicate Melt Inection Laboratory Experiment (SMILE) was constructed in the 

Experimental Vulkan Labor at the Sektion Mineralogie, Petrologie, und Geochemie at Ludwig-
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Maximilians-Universität München. The original concept for the design was by Dr. Oliver Spieler. 

The machining of key components and electrical systems were completed by the technical staff at 

the Sektion Mineralogie, Petrologie, und Geochemie at Ludwig-Maximilians-Universität 

München. Minor modifications to the system have been made since its original conception, but the 

overall design remains largely the same. Therefore, this section discusses the components of the 

system as it is currently functioning. The silicate melt injection system was conceptualized to 

perform experiments to study the dynamics of Surtseyan type volcanic eruptions.  

A schematic illustration of the complete SMILE system can be found in Figure 3.7. The 

main components are an internally heated autoclave containing a series of furnaces, an injection 

system, an argon-driven pressurization system, a temperature control system, a cooling system and 

a low-pressure tank containing the reaction media (e.g., water, water spray or wet sediments). The 

internally heated autoclave (Nimonic 105, S+D Spezial Stahl, Stelle, Germany) was constructed 

with a wide diameter boring to meet the specifications required for the furnaces to produce a high 

melt volume. Upper and lower lid closures were constructed (Fig. 3.8) to create a housing for the 

temperature control system and the heated injection system outlet. The autoclave, without lids, has 

a height of 51.5 cm (Fig. 3.8) with an external diameter of 18.5 cm and an internal diameter of 8.0 

cm. 

The internal components of the system are as follows: (1) a doubly wound molybdenum or 

Kanthal wire furnace sitting on an Alsint tube (Fig. 3.9a-c); (2) Alsiflex insulation blanket; (3) 

nickel crucible (Fig. 3.4); (4) 4-6 ceramic shielded S-type (platinum/platinum-rhodium) 

thermocouples (Fig. 3.9a); (5) an ejection system (Fig. 3.10). The furnace winding has two 

configurations depending on the heating element used (Figs. 3.9, 3.11). The molybdenum wound 

furnace (Fig. 3.9b-c) consists of an Alsint ceramic tube (99.7% Al2O3, 6 cm external diameter, 5.2 

cm internal diameter, Friatec AG, Mannheim) wound both vertically (Fig. 3.9b) and horizontally 

(Fig.3.9c) with 0.7 mm wire (99.5% Mo, 0.23Ω/m at 20ºC, Goodfellow GmbH, Bad Nauheim, 
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Germany) to minimize the thermal gradient in the furnace (+/- 6ºC). The vertical winding of the 

furnace is directly against the Alsint tube and is held in place via a series of slits on the upper and 

lower ends of the tube. The vertical winding is secured to ensure that the wires do not come into 

contact with each other, and the furnace is then covered with Alsiflex insulation (Alsiflex 1260, 

Promat GmbH, Ratigen, Germany) and the second furnace is wound in the horizontal direction. 

The length of the wire used in this configuration is approximately 12 m for the vertical winding 

and 10 m horizontal winding. The Kanthal doubly wound furnace (Fig. 3.11) sits on an Alsint tube 

and is wound in a double helix fashion as the resistivity of the Kanthal wire is much higher than 

molybdenum. Approximately 3 m of 1.0 mm diameter Kanthal wire (Kanthal AF, FeCrAl alloy, 

1.23 Ω/m at 20ºC, Kanthal ZN der Sandvik GmbH, Mörfelden-Walldorf, Germany) is required for 

each winding. This type of furnace produces a similar thermal gradient to the molybdenum wound 

furnace. In both configurations, the outer surface of the furnace is covered with Alsiflex blanket to 

insulate it from the autoclave wall. 

The nickel crucible is manufactured by welding a flattened circular nickel base to a 30 cm 

length of nickel tubing (work number 2.4066, 49 mm external diameter, 43 mm internal diameter, 

Spezialstahl Handelsgesellschaft mbH, Stelle, Germany). This crucible has a maximum capacity of 

435 mL of melt, but holds approximately 325 mL during each experimental run due to the presence 

of the melt injection tube.  

Ceramic shielded S-type thermocouples are constructed from Alsint tubes (2 hole, 2 mm 

external diameter, 0.4 cm internal diameter, Friatec AG, Mannheim) and Pt/PtRh10 wire (W.C. 

Haraeus GmbH, Hanau, Germany). There are six thermocouples used in the experimental set up 

(Fig. 3.9a). These are located in the following positions: (1) below the base of the doubly wound 

molybdenum furnace; (2) between the furnace wall and the crucible at the midway point; (3) at the 

center point of both furnaces; (4) at the base of the crucible; (5) on the injection system furnace; 

and (6) along the autoclave wall. The latter thermocouple was used in the initial setup and design 
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but was later found to be unnecessary as the cooling system is efficient enough to keep the autoclave 

wall well below 850°C.  

The injection system comprises a small Kanthal furnace, an injection tube and a sealing 

cone (Fig. 3.10). The injection tube is composed of both Rene 41 (Work number 2.4973, S+C 

MÄRKER GmbH, Lindlar, Germany) and two Alsint tubes to allow construction of a small Kanthal 

furnace that prevents the melt from quenching in the upper injection tube. The total length of the 

injection tube is 32 cm and comprises an upper and lower section. The upper injection tube fitting 

screws into the lower tube, this allows for a variable design of the injection tube. The lower section 

of the injection tube is 21 cm long, with an internal diameter of 10 mm and is constructed entirely 

of Rene 41. The upper section of the injection tube is 11 cm in length and is encased in a 5 cm long 

Alsint tube containing an internal furnace wound on a thin Alsint tube. The sealing cone (Rene 41) 

is cemented to the upper section of the injection tube; this high precision piece is press fit into the 

upper autoclave lid, creating a gas-tight seal. A circlip ring (Seeger,-Oris GmbH, Königstein, 

Germany) holds the injection tube tight on the upper lid.  

An argon-gas driven pressurization system is used for melt injection (Fig. 4.15) and is 

equipped with remotely controlled valves for pressure regulation. This system is based on the same 

principles as the fragmentation bomb designed by Alidibirov and Dingwell (1996a; 1996b) and 

Spieler et al. (2003; 2004) The autoclave is separated from the low-pressure tank by a gas supply 

ring that houses a copper diaphragm. The diaphragm is scored with a pattern to ensure regular, 

reproducible rupture behaviour, and has an adjustable failure pressure of between 0.1 and 10 MPa, 

with a 5-10% variation for any chosen pressure. Additional diaphragms may be added to increase 

the pressurization conditions and enhance the precision of the rupture disc opening pressure to 

0.1MPa. Rupturing of the diaphragm causes rapid decompression of the autoclave, leading to 

ejection of the melt. Both a static and dynamic pressure transducer (Models 4075A100 and 601A, 

Kistler Instrumente GmbH, Ostfildern, Germany), are employed to monitor the 
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pressurization/depressurization of the apparatus. The data acquisition for the static pressure 

transducers are managed by a fast sampling rate up to 2 kS/ s, 16 bits, PCI NI 6042E PC-Card, and 

the data acquisition for the dynamic pressure transducers are managed by a fast sampling rate up 

to 5 MS/ s, 12 bits, PCI NI 6110 PC-Card inside a standard PC in connection with LABVIEW 

software (National Instruments Corporation, Austin TX, USA). 

The temperature control system comprises three controllers, accompanying temperature 

sensors and power supply units. Three high stability, single loop PID temperature controllers 

(model 2408, Eurotherm Regler GmbH, Limburg an der Lahn) are used in conjunction with three 

50-amp DC power supply units (Delta Elektronica SM120-50, Schluz-Electronic GmbH, Baden-

Baden, Germany) and ceramic shielded S-type thermocouples. Both systems may be controlled 

automatically; however, when the molybdenum furnace is being used a heating rate of no more 

than 2ºC/s must be employed below 400°C as the heating of the wire at higher rates below this 

temperature leads to burnout. Using this system, the furnace can reach temperatures between 1100 

and 1200°C in under 2 hrs. 

The SMILE system is cooled using a re-circulating chiller (Model FK3HD, Colora 

Messtechnik GmbH, Berlin, Germany). The cooling system was tested and monitored to ensure the 

temperature of the inner autoclave wall did not exceed 850°C (the weakening point of the alloy) 

while the furnace was running. The cooling system also ensures that the lid of the pressure vessel 

is sufficiently cooled to prevent the mud or water in the low-pressure section from boiling prior to 

the melt injection. 

There are two different low-pressure tanks used in our experimental setup, depending on 

the injection media. The tanks can operate up to overpressures of 0.2 MPa and 1.0 MPa respectively 

and are secured against over pressurization by relief valves. When the melt is injected into a water 

column or water spray the low-pressure tank of Spieler et al. (2004) is used. This consists of a 
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stainless steel tube (internal diameter 400 mm, length 3000 mm, volume 0.38 m3) to which two to 

three pairs of converging water jets may be mounted (Fig. 3.12). The converging water jets are 

Bete Fog Nozzles (BETE Fog Nozzle Inc., Greenfield, MA, USA), which produce a planar fan-

shaped spray with variable fan angles dependant on the model used (for a complete description of 

the nozzles see Mastin et al. (2009). A special drainage disc is installed above the gas supply rings 

to transfer the hydromagmatic material from the low-pressure tank into sedimentation cylinder. 

When the melt is injected into wet sediment the low-pressure tank of Alidibirov and Dingwell 

(1996a) is used. The neck of the tank is comprised of a stainless steel tube (internal diameter 20 

mm, length 120 mm) and vents into the larger tank (internal diameter 700 mm, length 2000 mm, 

volume ~ 0.7 m). In this setup, a 2 meter sediment column of 150 mm diameter is installed and 

secured between the base of the tank and the autoclave (Fig. 3.13). This sediment column has been 

designed to easily break down into two component pieces (i.e., a sample holder in the zone of 

interaction and residual column) for ease of sample collection. 

This system successfully underwent 3 tests: a) in air, b) in a standing water column and c) 

in a wet sediment column. The analogue melts in the last experiment, mimic the pour experiments 

in the previous section on peperite generation. The melt is injected into 3 m sediment column 

partially filled with unconsolidated, wet mud and sand. The reaction product is then removed and 

preserved using the same technique as in Section 3.1.1. The results of the SMILE experiments can 

be found in Chapter 4, Section 4.4. 

3.1.3 Modified Basaltic Melts 

Previous experiments exploring hydromagmatic ash generation and peperite formation 

used thermite as a magma analogue. Thermite was chosen as it is relatively cheap and easy to 

produce, and large masses of melt can be produced in a relatively short time. Though using thermite 

as an analogue melt produced experimental results relatively easily, its thermal properties (i.e., 
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enthalpy, heat capacity, thermal conductivity and thermal diffusivity) are radically different than 

natural silicate melts (See Chapter 2, Table 2.3).  

The motivation for conducting experiments using a modified basaltic melt stems from 

concerns that the thermal properties of the melt itself, especially the enthalpy, heat capacity, thermal 

conductivity and thermal diffusivity, significantly change the heat transfer behaviour of the system 

and thus the nature of the interaction of melt and sediment. The difference in the thermal properties 

when using thermitic melts leads to major problems in the scaling of the system (as will be 

discussed in Chapter 5) as the available heat and rate of heat transfer are several orders of magnitude 

higher than that of a natural melt. As a consequence, the conclusions regarding the efficiency of 

heat transfer in such systems are suspect as is the interpretation that FCI control both 

hydromagmatic clast generation and peperitic textures. 

Natural volcanic rocks collected in the field do not represent the original composition of 

the magma because of fluid exsolution, alteration and weathering but they do represent a very close 

approximation to it. This fact has been confirmed by numerous geochemical and petrological 

investigations over the course of the last 50 years (Rogers, 2015), and these data are available to 

every geoscientist. Re-melting of considerable amounts of volcanic (several 100 g) under 

atmospheric pressure can be assumed to produce similar rheological properties to a natural 

magmatic melt, as demonstrated in Chapter 4, Section 4.1. 

Due to concerns about scaling using analogue materials, specifically substantial differences 

in the thermal properties of the melt, natural melt was seen to be an ideal candidate for the 

experimental set up. The natural volcanic rocks chosen to be our experimental standard, used in 

both the peperite pour experiments and SMILE, are of a relatively low viscosity basaltic 

composition. They were collected by D.A. Swanson from the deposits of the July 1974 fissure 

eruptions of the Kīlauea Volcano, about 150 m northwest of Keanakāko’i Crater. The bulk 
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chemistry, measured by Lockwood et al. (1999), is given in Table 3.1. The July 1974 lavas are 

nearly aphanitic tholeiitic basalts with widely scattered minor olivine and/or plagioclase 

phenocrysts about 1 mm across; representative modal compositions are given in Table 3.2 

Early attempts to use the natural basaltic material for these experiments required high 

temperatures (~1,275 º C) to achieve melting. When the melt was cooled to the desired experimental 

temperature they viscosity was too high to allow for easy flow out of the crucible. At T=1,200º C, 

the calculated viscosity is approximately 1.87 Pa∙s using the method of Giordano et al. (2008). As 

the observed viscosity was much higher than this, I suggested that the presence of incompletely 

melted plagioclase crystals led to rapid crystal nucleation. Due to the temperature constraints of the 

experimental system (i.e, maintaining high temperature for long periods of time) and the effect of 

crystallinity on viscosity a fluxing agent (Spectromelt A10®, dilithium tetraborate anhydrous, 

Li2B4O7, Merek, KGaA, Frankfurt, Germany) was added to enhance the usability of the natural 

melt system. The presence of Spectromelt A10® reduces the liquidus temperature of our melt and 

prevents the recrystallization of plagioclase by disrupting the ratio of non-bridging oxygen to 

tetrahedral cations (NBO/T)8. By changing the natural rock to fluxing agent ratios were able to 

examine the effect of lowering viscosity on peperitic textures. The physical properties of 

Spectromelt A10® can be found in Table 3.3. 

Preparation of the melt differed slightly between early experiments and latter ones. Early 

experiment used powdered Kīlauean basalt mixed with the powdered Spectromelt A10®, placed in 

the crucible, and heated. Latter experiments used the same process but employed the use of fine-

crushed (1-2 mm) Kīlauean basalt. In the former case, the powdering of the Kīlauean basalt caused 

the melt to foam, potentially damaging the furnace and thermocouples. Foam of the melt occurred 

                                                      
8 NBO/T is a measure of the degree of polymerization of a silicate melt relating the number of shared oxygens, 

known as bridging oxygens, per tetrahedral. Increases in the degree of polymerisation result in increases in 

viscosity and density, and decreases in diffusion coefficients.  
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due to the expansion of gas pockets in the original powder or liberation of O2 in the oxygen-poor 

environment where the experiments were flushed under argon gas. To avoid foaming in early 

experiments, the melt was pre-heated in a furnace flushed with argon gas. The melt was allowed it 

to foam, then chill and chips of this pre-foamed glass were used in the experimental set-up. Once 

it was determined that employing the use of granulated Kīlauean basalt fragments greatly reduced 

the foaming effect, a standard protocol for melt preparation was created.  

The following steps were used in the preparation of a standard melt in large-scale 

experiments: large pieces of Kīlauean basalt were examined and where present alteration rinds 

where removed from the sample surface. Although the least-altered rock samples were carefully 

selected for crushing, some inclusions and veins of altered rock could not be avoided. Granulated 

Kīlauean basalt was produced by crushing samples in a rock-chipper; this was relatively easy to 

accomplish because of the scoriaceous nature of the rocks themselves. The granulated Kilauean 

basalt was weighed along with Spectromelt A10® to achieve the desired natural rock to fluxing 

agent ratio. This mixture was filled in a nickel crucible and heated in a furnace at 1200°C. The 

crucible was left in the furnace for a minimum of 6 hours ensure complete thermal equilibrium was 

reached and a dehydrated, bubble free homogeneous melt was achieved. A complete chemical 

analysis along with the thermophysical parameters of the resulting modified basaltic melt system 

for various natural rock to fluxing agent ratios can be found in Chapter 4, Section 4.1 of this thesis. 

3.2 Physical Properties of Magma Analogue Material 

Essential to our understanding of melt-wet sediment interactions is the characterization of 

the rheological and thermophysical properties of the remelted Kilauean basalt and Spectromelt 

A10®. The properties must be ascertained to analyze the scaling effects of the experiments. As the 

natural rock to fluxing agent ratios are variable between experiments a detailed investigation of 

rheological and thermophysical properties of Kilauean basalt with 0 to 15% Spectromelt A10® was 

conducted. The rheological properties measured include the viscosity (η), density (ρ) and surface 
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tension (γ) of the modified basalt mixtures. The thermophysical properties were limited to 

measuring the specific heat capacity of the modified basaltic belts. The various methods used to 

obtain each of these measurements are discussed in the section below.  

3.2.1 Sample Preparation 

To obtain homogenized glasses for the analysis of the rheological and thermophysical 

properties of modified basaltic melts the following procedure was used: Kilauean basalt was 

crushed into < 5 mm pieces by putting them into a rock crusher. The basalt crushed easily into this 

size fraction as it has a scoriaceous nature. These pieces were then ground to fine powder using a 

steel swing mill. This powder was weighed and mixed with 0 to 15 wt% Spectromelt A10® to 

produce samples with a total weight of 200 g; Table 3.4 shows the precise amounts in each mixture. 

The incremental change in each composition (i.e., 0, 2.5, 5, 10 and 15 wt. % Spectromelt A10®) 

also corresponds with the composition that have been used in the peperite experiments during this 

thesis,  as well as the hydromagmatic experiments conducted with Mastin et al. (2009). The five 

glass samples produced are referred to as HB100 HB97.5, HB95, HB90, and HB85 and correspond 

to incremental weight percent of Spectromelt A10® used (i.e., 0, 2.5, 5, 10, 15 wt.%, respectively). 

The glass samples were prepared by in a cup-shaped Pt90Rh10 platinum crucible (40 mm 

height, 40 mm diameter, 1 mm wall thickness). The various prepared natural rock-fluxing agent 

mixtures were fused in a MoSi2 box furnace at 1749K (1475°C) by adding small amount of the 

mixture to the crucible until the entire 200 g mixture was used. The melt filled crucible was then 

kept in the furnace at this temperature for a period of 6 hours to allow for complete thermal and 

chemical homogenization of the melt itself. The melts were poured from high temperature onto a 

thick stainless steel plate for cooling. The glass pucks produced using this method were then 

transferred into a smaller low temperature furnace and left there at a temperature of 50°C below 
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the glass transition9 temperature for approximately 8 hrs. The furnace was then switched off and 

the sample was allowed to cool inside the furnace over night. This step allows the glasses to anneal 

or relax so that cylindrical samples could be drilled from them. Annealing of the glasses helps them 

become more stable as glass poured from a high temperature typically has a high amount of internal 

stress that causes it to shatter. 

3.2.2 Microprobe Measurements 

The composition of the samples that were used in this study were measured by electron 

microprobe (JEOL® JXA-733) in the Microscopy and Microanalysis Facility at the University of 

New Brunswick. The microprobe was operated under following conditions: 15 kV acceleration 

voltage, 30nA probe current. Matrix corrections were by the ZAF method. The calibration was 

based on mineral standards including jadeite (Na), diopside (Ca, Si), hornblende (Al), orthoclase 

(K), strontium titanite (Ti), Cr metal (Cr), bustamite (Mn), Fe metal (Fe).  

3.2.3 Viscosity Measurements  

Viscosity (η) is a fundamental physical property of silicate melt that controls its ability to 

flow. It was defined by Newton as a liquids internal resistance to flow and assumed is to be the 

proportionality between shear stress (τ) and strain rate (γ) where  

τ = 𝜂 ∙ γ (3.1) 

 

The viscosity of any silicate melt is a function of temperature, pressure and bulk chemical 

composition. Certain types of silicate melts may also exhibit variations in viscosity as a function 

of the oxygen fugacity (Dingwell and Virgo, 1987; Mysen, 1988). At a fixed temperature, the 

viscosity of silicate melts can vary by orders of magnitude as a function of their chemical 

                                                      
9 Glass transition temperature is the temperature at which a silicate melt can undergo a reversible transition 

from a hard, brittle glass state into a viscous state. 



Chapter 3 - Methods 

94 

 

composition (Richet, 1984). Viscosity changes can also be observed as a function of changes in 

temperature where an increase in temperature decreases the viscosity. This can be attributed to the 

ease of structural rearrangements in the melt at higher temperatures because both the free volume 

and the configurational entropy increases (Richet, 1984). It also is affected by changes in the crystal 

and bubble content of the melt.  

The temperature dependence on viscosity can be modelled using the Arrhenius equation 

for a relatively narrow temperature range (e.g., viscosities between 0.1 to 104 Pa·s). The Arrhenian 

model for a fixed melt composition is 

𝜂(p, T) =  𝜂𝑜exp [
(𝐸𝐴 + 𝑃𝑉𝐴)

𝑅𝑇
] (3.2) 

 

where η0 is the asymptotic viscosity as T → ∞, EA is the activation energy of the viscous flow, PVA 

is the activation volume of the viscous flow, and R is the universal gas constant and T is the absolute 

temperature. However, many silicate melts do not follow this type of behaviour, especially when 

the temperature range is large enough. Rather, they exhibit a non-Arrhenian relationship between 

viscosity and temperature (Neuville et al., 1993; Hess and Dingwell, 1996; Whittington et al., 

2000). This non-Arrhenian behaviour, exhibited by most silicate melts, reflects the non-linear 

relationship between viscosity and temperature. The most commonly used model to predict the 

temperature dependence on viscosity is the Tammann-Vogel-Fulcher (TVF) expression 

𝜂 =  𝑛0 𝑒𝑥𝑝[𝐵/(𝑇 − 𝑇𝑘)] (3.3) 
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where B and Tk are functions of the composition but not the temperature. Tk is closely related to the 

glass transition (Tg) and Kauzmann catastrophe10 temperatures. The TFV model shows that the 

variation in melt viscosity with reciprocal temperature decreases as temperature increases and is 

not a constant as in the Arrhenian model (Lesher and Spera, 2015). It has been developed into a 

widely empirical model (Giordano et al., 2008) that gives viscosity as a function of composition 

and temperature, as well as estimating Tg and melt fragility at low-pressure. 

There are multiple methods for measuring the viscosity of a silicate melt. The most 

commonly used techniques are the concentric cylinder viscometry (Dingwell, 1986) for the low 

viscosity range (0.1 to 104 Pa·s) and micropenetration methods (Hummel and Arndt, 1985) for the 

high viscosity range (108 to 1014 Pa·s). Other experimental techniques include the falling sphere 

technique (Shaw, 1963) for the low viscosity range (0.1 to 105 Pa·s), parallel plate creep viscometer 

(Neuville and Richet, 1991) and fiber elongation method (Lillie, 1931) for the high viscosity range 

(108 to 1014 Pa·s). 

The temperature dependent, non-Newtonian viscosity of the modified Kilauean melts was 

determined using the high temperature concentric cylinder method of Dingwell (1986). These 

viscosity measurements were made using the facilities available in the Experimental Geomaterial 

Characterisation Laboratory, Sektion Mineralogie, Petrologie, und Geochemie at Ludwig-

Maximilians-Universität, München.  

The viscosity measuring apparatus consists of a Brookfield RVDV-III+ concentric cylinder 

viscometer (full-scale torque = 7.2×10-2 Nm) and a Deltech Inc. furnace with six MoSi2 heating 

elements. The viscometer head drives a 3.05 mm diameter Pt80Rh20 spindle at a range of constant 

                                                      
10 Kauzmann found that there is a peculiar thermodynamic circumstance presented by glass-forming liquids 

as it cools toward Tg. The difference between the entropy of the liquid and crystal phase tends decreases. The 

Kauzmann temperature (Tk) can be found by extrapolating the supercooled liquid heat capacity below Tg to 

a temperature where the entropy become zero. If a liquid is supercooled below Tk then the Kauzmann 

catastrophe arises as the liquid displays lower entropy than the crystal.   
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angular velocities (0.5 up to 100 rpm) and digitally records the torque exerted on the spindle by the 

sample. The spindles are cylindrical cross section with 45° conical ends to reduce the effect of 

friction and are 42 mm in length. The viscometer was calibrated with a DGG-1 standard glass, 

whose viscosity as a function of temperature is well known. Using this apparatus viscosities 

between 10-1 and 105 Pa·s with an accuracy of +.0.05·log10 Pa·s can be determined (Hess and 

Dingwell, 1996).  

To take a viscosity measurement a sample filled cylindrical Pt80Rh20 crucible (51 mm 

height, 25.6 mm inner diameter and 2 mm wall thickness) is loaded into the SiC-heated vertical 

tube furnace from the base (Dingwell, 1986; Dingwell and Virgo, 1988; Dingwell, 1989) (Fig 3.14). 

Approximately 100 g of chipped glass material made during sample preparation is used for each 

viscosity measurement. Once the sample material has become molten, the spindle head is lowered 

into the melt and the samples are stirred at 40 RPM in the crucible for at least 12 hours or until 

inspection of the stirring spindle indicates that melts are crystal- and bubble-free. The high-

temperature shear viscosities of the homogenized glasses are then measured at 1 atm and stirred at 

20 RPM in the temperature range between 1100 and 1400°C. 

At this point the torque value of the material is determined using a torque transducer on the 

stirring device. Then viscosity was measured in steps where the melt temperature is decreased by 

25°C/min to the desired temperature, followed by a 60 minute isothermal segment, until the 

temperature at which crystallisation begins. Once the required steps have been completed the 

temperature is increased to the initial value to check if any drift of the torque values have occurred 

which may be due to volatilization or instrument drift. 

This type of spindle/cylinder configuration is known as the ‘‘wide-gap geometry’’ with the 

ratio of inner to outer radius of the two cylinders equalling 0.12. In the ‘‘wide-gap geometry’’ set 

up the shear stress is inversely proportional to the distance from the spindle toward the outer 
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cylinder [Landau and Lifshitz, 1987]. The shear stress/shear rate relationship over the interval of 

shear rates in the gap can be described by the following simplified Herschel-Bulkley (1926) power 

law equation: 

𝜏 =  𝐾 𝛾𝑛 (3.4) 

 

where the consistency (K) is the viscosity for Newtonian flow when n = 1. For this geometrical 

assemblage, the strain rate is estimated from the applied angular velocity given by:  

𝛾 =  
2Ω

𝑛 (1 − (
𝑅𝑜

𝑅𝑖
)

2/𝑛

)

 
(3.5) 

 

and the stress resistance to the flow material is given by: 

𝜏 =  
𝑀

2𝜋ℎ𝑅𝑖
2 (3.6) 

 

where Ω is the angular velocity (rad/s), Ro is the radius of the outer cylinder, Ri is the radius of the 

inner cylinder, M the measured torque and h the effective immersed length of the spindle. The 

results obtained for our measurements, using this method, are given in Chapter 5, Section 5.1.2. 

The data from the measurements can be found in Appendix 2. 

3.2.4 Calorimetric Measurements 

Calorimetry is a technique used measure the change in thermal energy associated with a 

chemical or physical change. The word is derived from the Latin “calor” meaning heat, and the 

Greek “metry” meaning to measure. Calorimetry measurements are made using a calorimeter; this 

is a device that is well-insulated such that no heat is lost or gained from the surroundings. There 

are several types of calorimeters, each type being specially designed to study a different type of 
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chemical or physical change (e.g., melting, evaporation dehydration, dissolution, solid-state 

reaction, crystal phase transition).  

Calorimetric techniques can be used to measure the specific heat capacity (Cp) of any 

material or process where a measurable physical quantity equal to the ratio of the heat added to (or 

removed from) an object results in a temperature change. The heat capacity (Cp) represents the 

amount of heat required to raise the temperature of a unit mass by one-degree Kelvin. Based on 

heat transfer theory, the relation between the heat effect generated and the quantity measured in the 

calorimeter, known as the heat balance equation is established.  This expresses the change of 

temperature directly as a function of the heat produced in a calorimeter and is applied to design 

different types of calorimeters. In general, this can be expressed as: 

𝑞 =  𝑚𝐶𝑝Δ𝑇 (3.7) 

 

where q (J) is the total amount of thermal energy absorbed or released into the system, m is the 

mass (kg) of the substance, Cp (J/kgK) is the heat capacity and ΔT (K) the temperature change 

experience by the substance.  

The heat capacity of any silicate rock or mineral is a function of pressure, temperature and 

bulk chemical composition (including volatile content). The specific heat capacity of any silicate 

in the liquid state can be calculated using partial molar isobaric heat capacities of the molten oxides 

applying to temperatures above 1400K using the equation: 

𝐶𝑝 =  Σ 𝑥𝑖 ∙ 𝐶𝑝𝑖 (3.8) 

 

where xi is the mole fraction and Cpi the composition independent partial molar heat capacity of 

oxide i (Richet, 1987). The partial molar heat capacities used in this calculation are found in Table 
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3.5. Bouhifd et al. (2013) found a better than 1.5%, between the calculated and measured heat 

capacity data for anhydrous silicate liquids using this method. 

A key parameter in the temperature dependence on heat capacity of a silicate melt is the 

abundance and specific heat capacity of individual oxide components, with metallic oxides such as 

MgO and LiO2 and water having a significant impact on the final heat capacity of the melt. Figure 

3.15 shows the effect of oxide components on the specific heat capacity of melts and Table 3.5 

shows the specific heat capacity of each oxide. Oxide components with large heat capacities, such 

as Al2O3 and CaO, do not always contribute to higher specific heat capacities (Fig. 4.20b, c) of a 

silicate melt due to the overall all melt chemistry, as magmas containing less than 50% SiO2 also 

have high abundances of MgO. The MgO content of a silicate melt greatly affects the specific heat 

capacity (Fig.3.15 d), which is why ultramafic magmas have such specific heat values. 

Figure 3.15a shows that the specific heat capacity of a silicate melt increases with SiO2, 

with values between 1375 and 1793 J/kg∙K for granitic to peridotitic compositions at their 

respective liquidus temperatures (Lesher and Spera, 2015). The change in heat capacity as a 

function of chemical composition is not as dramatic as it is with the variation in viscosity. The 

change in viscosity over the same composition range (Fig. 3.16) would vary by 10 orders of 

magnitude, from 1.2 x 102 to 0.15 Pa∙s (Lesher & Spera, 2015).  

The specific heat capacities (Cp) of basaltic glasses used in this study were determined 

using a NETZSCH® DSC 404 Pegasus differential scanning calorimeter in the Experimental 

Geomaterial Characterisation Laboratory, Sektion Mineralogie, Petrologie, und Geochemie at 

Ludwig-Maximilians-Universität, München. Developed by E.S. Watson and M.J. O’Neill in 1960, 

this instrument is primarily used to measure heat capacity of solid materials to above the 

calorimetric transition glass temperature into the supercooled liquid. As such, measurements of the 

variation of Cp with temperature can be used to define the calorimetric glass transition temperature.  
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Prior to analysis of the samples the temperature of the calorimeter was calibrated using the 

melting temperatures of standard materials (In, Sn, Bi, Zn, Al, Ag and Au). Then a baseline 

measurement was taken where two empty Pt/Rh crucibles were loaded into the DSC and it was 

then calibrated against the Cp of a standard sapphire crystal. The calorimeter was calibrated with a 

sapphire cylinder with the same dimensions as the samples and with the heat capacity data from 

Archer (1993) for α- Al2O3. Commercially available, pure sapphire is used as a standard, as it is a 

stable solid, so it does not change much or become contaminated. The use of this standard allows 

for high quality heat capacity measurements. The precision of the heat capacities were ±1% for the 

glassy samples and ±2% for the supercooled liquids. The accuracy of the heat capacity of the glass 

was ±1%, and for the metastable liquid values ±3% (Potuzak et al., 2008). 

Glass sample disks are prepared by cutting of a 1.5 mm disc from the 8 mm cylinders that 

were drilled out of the originally prepared modified basaltic glasses. The samples are then doubly 

polished, to a weight of approximately 84 milligrams, which is just slightly less than the weight of 

the reference standard. Following this, the samples are ultrasonically cleaned, rinsed in distilled 

water, dried in an oven at 105°C, and stored in a desiccator at room temperature. 

A defined temperature program is used to measure the difference of energy required to 

increase the temperature of a sample and a reference standard in the DCS. The furnace temperature 

for both the sample and the reference is kept nearly identical and thus it is possible to measure small 

differences in heat consumption caused by physical transformations of the sample, like phase 

transitions and other endo- or exothermal reactions. The modified basaltic glass samples for this 

study were placed in Pt/Rh crucibles and heated from 313 K across the glass transition into the 

supercooled liquid at a rate of 10 K/min. To allow complete structural relaxation and to minimize 

chemical modifications of the melt the samples were heated to a temperature about 50K above the 

glass transition temperature. Each measurement was repeated at least once to check for 

reproducibility. The Cp data were then calculated using the sample mass, heat flow of the sample, 
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the baseline and the sapphire standard (Archer and Kirklin, 2000) and standard mass. The data 

curves are then processed using the procedure outlined below. Data for heating and cooling at 

10K/min are discussed in Chapter 4, where they are analysed and both the glass and liquid heat 

capacities are determined along with the glass transition temperatures for each sample composition.  

In the solid state, there is an increasing dependency on temperature for the isobaric specific 

heat capacity of glass (Cp
glass). In the glass transition (Tg) region there is a rapid increase in the 

measured heat capacity. This break in in slope of the solid region of the heat capacity curve 

represents the onset of enthalpy relaxation, where structural rearrangements of the material from 

the solid to liquid are occurring because both the free volume and the configurational entropy 

increases (Webb and Knoche, 1996; Toplis et al., 2001). The shape of this part of the curve depends 

on the rate of cooling in the initial samples before reheating (Webb and Knoche, 1996; Toplis et 

al., 2001; Yue et al., 2002). The peak region shows a state of transition in the area between relaxing 

and fully relaxed liquid. When a state of full relation is reached, on the high temperature side of the 

heat capacity peak there is very little change in heat capacity (Toplis et al., 2001). 

In the solid state region, the DSC data from a modified basaltic glass can be modelled using 

a Maier-Kelly fit (Cpg = a +bT+c/T2). In the liquid state region, the data can be fit to a straight line 

(y= a+ bT) on the steepest part of the curve and extrapolated to lower temperatures. A line of best 

fit (y= a+ bT) can be drawn on the line through the steepest part of the curve at the inflection point 

in the glass transition region. This curve should be extrapolated to lower and higher temperatures, 

with the low temperature and high temperature intersections of the extrapolated curves 

corresponding to Ta and Tb (Fig. 3.17). The calorimetric glass transition temperature is then defined 

as Tg
cal = Ta + (Tb − Ta) / 2 consistent with the methods of Webb and Knoche (1996). 

After compiling and graphing the data for each of the measured samples and applying the 

Maier-Kelly fit the glassy heat capacity (Cp
glass), transition glass temperature (Tg

cal) and liquid heat 
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capacity (Cp
liq) are determined. The effect on adding Li2B4O7 to a basaltic melt can be discussed 

and these values can be compared calculating the heat capacity from the molar fraction and partial 

molar heat capacity of each oxide. These results are given in Chapter 4, Section 4.1.3. The data 

from the measurements can be found in Appendix 3. 

3.2.5 Density Measurements 

Density is a fundamental property of silicate melts as it controls many important 

petrological processes. The ascent of magma through the lithosphere via buoyancy is controlled by 

the density of the magma. The magma density is controlled by the constituent oxides that make it 

up.  

Since the density of the magma cannot be directly measured in nature, several techniques 

have been developed to allow us to determine the density of any magma. First, the density of a 

magma can be measured directly at high temperature using a high temperature furnace and platinum 

bobs (as outlined below). If the facilities are not available for this type of measurement, the density 

can be calculated from the determination of the density of glass formed by rapid quenching of 

liquids by using the coefficient of thermal expansion, if it is known.  

Another method to determine the density of a magma by using the partial molar volume of 

the oxide component by the evaluation of: 

𝜌 =  ∑
𝑋𝑖 ∙ 𝑀𝑖

𝑉𝑖

𝑁

𝑖

 (3.9) 

 

where Xi is the mole fraction, Mi is the molar mass and Vi is the partial molar volume in the ith 

component of the melt (Lesher and Spera, 2015). The partial molar volume, Vi, can be calculated 

from the following equation:  
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𝑉𝑖 =  [𝑉𝑖 1673𝐾 + ( 
𝛿𝑉𝑖

𝛿𝑇
)

𝑇
 (𝑇 − 1673) +  (

𝛿𝑉𝑖

𝛿𝑃
)

𝑃
𝑃] (3.10) 

 

where Vi1673K is the partial molar volume at 1673K, (δVi /δT)P is the thermal expansion and (δVi 

/δT)T is the compressibility in the ith oxide component of the melt (Lesher and Spera, 2015). The 

values for each of the oxide components found our modified basaltic melt, including Spectromelt 

A10® (Li2B4O7) can be seen in Table 3.6. 

Densities of the investigated modified basaltic melts were determined in air using the Pt-

based double-bob Archimedean buoyancy method based on the concept of Bockris, et al., (1956) 

and has been previously described by Dingwell and Brearley (1988). The precision of the double 

bob Archimedian technique has been tested using molten NaCl by Dingwell and Brearly (1988), 

and is estimated to be better than 0.2%. The protocols used for the density measurements of 

modified basaltic melts in this thesis are the same as those described in Courtial and Dingwell 

(1999) and will be briefly outlined in this section. The densitometry data were collected using the 

facilities available in the Experimental Geomaterial Characterisation Laboratory, Sektion 

Mineralogie, Petrologie, und Geochemie at Ludwig-Maximilians-Universität, München.  

The densitometry measurement system (Fig. 3.18) consists of a GERO vertical-tube 

electrical-resistance furnace heated with MoSi2 elements and a Mettler AE 100 high precision 

laboratory balance (+.0.001 g). The balance is set upon a stabilized weighing table with an X-Y 

stage designed to center the balance over crucible and allows for the vertical displacement of the 

platinum bobs at variable speeds into the furnace, providing a precision of 0.2 mm over a range of 

15 cm. A cylindrical Pt80Rh20 crucible (51 mm height, 25.6 mm inner diameter and 2 mm wall 

thickness) is bottom-loaded into the 35 mm inner diameter muffle tube, and supported in the hot 

zone of the furnace by an alumina-silica ceramic pedestal (Fig. 3.18) drilled at the center for 

positioning of a thermocouple. The hot zone temperature is maintained with an electronic set-point 
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controller and a B type (Pt94Rh6-Pt70Rh30) thermocouple; this temperature is then monitored with a 

second S type (Pt-Pt90Rh10) thermocouple positioned as closely as possible to the crucible inside 

the furnace. Using this method, the maximum temperature uncertainty including fluctuations and 

thermal gradients is estimated to be +/- 2°C.  

The double-bob Archimedean technique employs two spindle-formed platinum bobs with 

different volumes that are immersed in the melt. The spindle formed bobs at attached to a 1 mm Pt 

wire suspended from a 0.5 mm Pt wire that extends out of the furnace to a balance. The mass of the 

bobs, corrected for air, is measured in the melt and recorded at regular time intervals for different 

temperatures (i.e., buoyancy determinations). The submerged volume of the bobs is then computed 

from their masses, using a volume–temperature relationship for platinum, geometric consideratios 

of the immersed length of leader wire, and the melt height displacement of the submerged bob.  

The densitometry measurements required that approximately 75 g of sample material be 

re-melted into the platinum crucible for each type of modified basaltic melt. The experiments were 

conducted in sets of at least three immersions for each bob (large and small bob) at each temperature 

(i.e., four different temperatures), to compute a mean and standard deviation of the density 

determinations. The small bob is a cylindrical platinum rod 250 mm long and 3.05 mm diameter 

with a flattened bottom edge. The large bob is a cylindrical platinum bob 11 mm long and 3.05 mm 

diameter with a flattened bottom edge. Each re-immersion of the bobs involved all the intermediate 

steps required between different samples (i.e., removing the wire and bob assembly, cleaning the 

bob in 40% HF, re-suspending the bob and re-taring the balance once the weight and the 

temperature stabilized). The buoyancy data and the volumes of the bobs were entered into Eq. 

(3.11) to solve for density (ρ): 

𝜌 =
(𝐵1 − 𝐵2)

𝑉1 − 𝑉2

 (3.11) 
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where B1 and B2 are the buoyancies and V1 and V2 are the submerged volumes of the large and small 

bobs, respectively. 

Special care was taken to measure the temperature during the experiments. For each 

composition, the temperature of the melt was measured prior to the first buoyancy determination 

by dipping a Pt-sheathed thermocouple into the crucible containing the melt. A second 

thermocouple which was loaded outside the crucible and positioned at its bottom recorded the 

temperature during this calibration phase as well as during the buoyancy measurements. A 

calibration temperature curve (i.e., temperature of the melt vs. temperature of the crucible at the 

bottom) enables us to determine the temperature of the melt during the buoyancy measurements, 

when direct temperature measurements of the melt were impossible. No drift in the temperature 

larger than ±1 K was observed during the buoyancy measurements or between the different 

immersions of the bobs at the same temperature conditions. Temperature uncertainties including 

contributions from thermal gradients and time fluctuations are estimated to contribute an 

imprecision of less than 0.1% to the experimental density data. The measured densities of the 

modified basaltic melts will them be compared to the calculated densities. 

3.2.6 Surface Tension Measurements 

Surface tension is the attractive force on surface molecules by the bulk of the liquid that 

makes the liquid acquire a free surface shape with the least surface area possible. The cohesion of 

the liquid molecules to each other, rather than to the surrounding gas (or liquid) results in the liquid 

behaving as if its surface were covered with a stretched elastic membrane. Thus, the surface comes 

under tension from the imbalanced forces, which is probably where the term "surface tension" came 

from (Granger, 2012). In high viscosity magmas, the property of surface tension is often dampened 

out by the high effective viscosity (Bousquet, 2015). However, when the viscosity of a magma is 

very low the surface tension effects may play a dominant role in droplet breakup during magma 

fragmentation (Mastin, 2007). 
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Surface tensions of modified basaltic melts were measured using the facilities available in 

the Experimental Geomaterial Characterisation Laboratory, Sektion Mineralogie, Petrologie, und 

Geochemie at Ludwig-Maximilians-Universität, München. The method used for the measurement 

of surface tension follows the method of Walker and Mullins (1981) and most recently by Vexsler 

et. al (2010). For this study surface tension measurements use the same system as described for 

densitometry of silicate melts and other high temperature liquids via the double-bob Archimedean 

buoyancy method as outlined in the previous section. 

The measurement of surface tension was taken following the densitometry measurements. 

To assure that the melts were bubble free, they were held in the tube furnace for 3 hours prior to 

inspection at 1600°C. To perform a measurement, a platinum rod was positioned in the hot zone of 

the furnace just above the melt filled crucible. When the temperature was of the furnace was 

stabilized and the balance showed zero drift the balance was tared. The surface tension 

measurements are conducted using cylindrical platinum bob (250 mm long, 3.05 mm diameter) 

with a flattened bottom edge was used to detach from the melt surface (Fig. 3.19 a). This rod was 

then attached to a 0.5 mm Pt-wire and suspended from the balance. 

A complete attachment/detachment cycle being when the balance and platinum rod are 

gradually lowered until contact was made with the surface of the melt. The attachment of melt to 

the platinum rod due to the forces of surface tension was indicated by the sudden increase in weight 

as shown on the balance. The height of the balance pedestal was recorded and following this the 

balance and platinum rod are raised in 0.02 mm steps until the point where the maximum pull on 

the rod was found. The balance pedestal was then continually raised in 0.02 mm steps until 

detachment occurred (Fig. 3.19b), resulting in the sudden drop of the apparent weight on the 

balance.  
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To verify reproducibility for each sample at least three attachment/detachment cycles were 

measured. This was then repeated at least 2 different temperatures between 1250°C and 1600°C, 

dependant on the composition of the modified basaltic melt being used. The detached weight of the 

bob was usually slightly (by 1 or 2 mg) more than its original dry weight due to the presence of 

adhering melt due to the wettability of the platinum rod. Experimental static noise at the balance 

was also at about ± 0.001 g or slightly lower. 

By raising a probe from the free surface of the melt, it raises some melt above the 

undisturbed horizontal level (Fig. 3.19b). The maximum force, Fmax, observed before meniscus 

breakaway, can be measured by the excess of the dry weight of the probe and is equal to the weight 

of the raised liquid. This force depends on the radius (r) of the probe, the density contrast (Δρ) 

between the two phases above and below the interface (e.g., the melt surface/air interface), the 

surface tension (γ) and the contact angle (θ). The relationship is represented by the following 

equation (Padday et al., 1975; Rusanov and Prokhorov, 1996): 

𝐹 = 𝜋𝑟ℎ(∆𝜌)𝑔 + 2𝜋𝛾sin (𝜃) (3.12) 

 

where h is the maximum height of the probe above the free surface of the melt and g is earth’s 

gravitational force. The first term represents the hydrostatic pressure of the liquid below the 

interface acting on the probe and the second term represents the wetting force of the melt on the 

probe.  

The contact angle (θ) could not be determined with the high temperature furnace method, 

so the method of Padday et al. (1975) was applied. The latter term in Equation 3.12 is directly 

related to the mass of the meniscus adhering to the probe, and can be used to calculate the force of 

the melt acting on the probe, i.e.,: 
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𝐹𝑚𝑎𝑥 = 𝑚𝑚𝑔 (3.13) 

 

where mm is the weight of the meniscus under the probe. Thus, the force measured by the balance 

is given by: 

𝛾 =
𝐹𝑚𝑎𝑥 − 𝜋𝑟ℎ(∆𝜌)𝑔

2𝜋𝑠𝑖𝑛(𝜃)
 (3.14) 

 

The radius of the cylindrical Pt-rod was corrected for thermal expansion using linear thermal 

coefficient data for platinum by Walker and Mullins (1981) of 10.4x10-06. Values for the density of 

the modified basaltic melts used to calculated the surface tension can be found in Chapter 4, Section 

4.1.5. 

 

3.2.7 Thermal Conductivity and Thermal Diffusivity 

The properties of thermal conductivity and thermal diffusivity are important to the study 

of silicate melts at high temperature at they control the rate at which heat is transferred out of the 

melt to a coolant in a fuel-coolant interaction. The thermal conductivity (km) quantifies a material’s 

ability to conduct heat and the thermal diffusivity (αm) is the measure of the ability of a material to 

conduct thermal energy relative to its ability to store thermal energy. The thermal diffusivity of a 

material can be calculated using the following equation: 

𝛼𝑚 =
𝑘𝑚

ρ𝑚C𝑝𝑚

 (3.15) 
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when the thermal conductivity (km), density (ρm) and heat capacity (Cpm) of the material at the 

temperature of interest are known. 

The thermal conductivity and diffusivity of a silicate melt at high temperature can be 

measured using laser flash analysis. The measurement of these properties of the modified basaltic 

melt were not available at the time of this study in the Experimental Geomaterial Characterisation 

Laboratory, Sektion Mineralogie, Petrologie, und Geochemie at Ludwig-Maximilians-Universität, 

München. There are very limited data available on these thermal transport properties in silicate 

glasses in the molten state, within the best knowledge of the author of this thesis (Mottaghy et al., 

2007; Pertermann et al., 2007; Miao et al., 2013). However, the thermal diffusivity can be 

calculated to within 10% error using the model of Choudhary and Potter (2005) and the calculator 

of Fluegel (2007) at room temperature.  

Given that the density and specific heat for each of the modified basaltic melts have been 

measured, the thermal conductivity can be calculated by: 

𝑘𝑚 = ρ𝑚C𝑝𝑚𝛼𝑚 (3.16) 

 

using the thermal diffusivity calculator of Fluegel (2007). Though this is not ideal, it will provide 

an idea of the heat transfer rates between the modified basaltic melt and water or wet sediments. 

The values for the thermal diffusivity and thermal conductivity using these methods as used in 

Chapter 5 (Scaling). 

3.3 Substrates  

Mud and sand were used in the peperite experiments. The muds used are not true muds, 

rather they were collected from the sediment catch basin of the drill in the Experimental 
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Volcanology Laboratory, Sektion Mineralogie, Petrologie, und Geochemie at Ludwig-

Maximilians-Universität, München. The sands used in these experiments were simple playground 

sand purchased from the local hardware store. Several runs will include stratified unconsolidated 

muds and sands to test the effects of varying the sediment type. 

To obtain the muds used in peperite experiments any residual water ponding off the top of 

the catchment basin was poured off the settled muds and they were dried in air over the period of 

several weeks. Visible clasts larger than 1 cm in size were removed from the dried mud manually; 

some of this dried mud material was set aside and used as a mixed grain sized sandy-mud in 

experiments. The mud was later sieved using a shaker table and the < 250 μm fraction was used in 

several experimental runs. Prior to using the mud in an experiment, it was placed in a drying oven 

for several days to ensure that it was completely dry. 

When conducting the peperite experiments I chose not to employ the use of a standardized 

sediment or commercially available drilling mud. When these experiments began, it was uncertain 

if and how the SMILE system would work, and the main goal of the project was to generate a 

method where by a reproducible experiment could be achieved. Cursory experiments using 

playground silica sand did not produce any peperitic textures; weak if any undulations present (Fig. 

3.20) though large glass bubbles were present on the surface of the melt and intense boiling of pore 

water had occurred sediment liquefaction was inhibited. An early literature review had shown that 

the majority of peperitic textures occur in fine grained siltstone to mudstone. However, I was 

ignorant of the fact that there are commercially available standardized sediment and if such 

sediments were available if would they would fit our desired criteria – silt to clay sized (<63 μm) 

material with a high component of volcanic ash or volcaniclastic material. The use of the analogue 

sediment filled a void when trying to overcome a series of logistical problems with melt generation 

and furnace stability. 
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Drilling muds were considered as a possible analogue sediment material but they were 

rejected because of the presence of caustic soda and soda ash. Caustic soda (sodium hydroxide) has 

a high boiling point (1338°C) but when mixed with water boiling occurs at 145°C and is highly 

corrosive and reactive (MSDS caustic soda solution). It reacts readily with metals such as 

aluminum, magnesium, zinc, tin, chromium, bronze, brass, copper, and tantalum. These materials 

may also react with most animal tissue, including leather, human skin, and eyes. In addition, the 

boiling of these muds would likely cause severe irritation of the nose and throat. The data on the 

physical properties of the drilling muds also often not available or incomplete for the parameters 

required for the peperite experiments. 

In hindsight, choosing to use the analogue sediment collected from the sediment catchment 

basin of the drill was advantageous to the project since it produced very good liquefaction. Many 

of the commercially available standardized sediments are only available for sands and clays. 

Examples of these include the standardized Monterey, Ottawa and Toyoura Silica Sands, 

commercially available bentonite and kaolin clays. These sands come in a variety of different size 

fractions, for example the Ottawa Sand is commercially available as a 20/30 Test Sand is specially 

graded, natural silica sand that passes a No. 20 (850µm) sieve and be retained on a No. 30 (600µm) 

sieve following the ASTM C778. The properties of these sands and clays have been well studied 

(Budiman et al., 1995; Gratchev et al., 2006a; Gratchev et al., 2006b; Chiaro et al., 2013; Eseller-

Bayat et al., 2013).  

3.4 Physical Properties of the Analogue Sediment  

Essential to our understanding of water-melt and melt-wet sediment interactions is the 

characterization of the rheological properties of the analogue sedimentary material. These 

properties must be ascertained to analyze the scaling effects of the experiments. The same type of 

analogue sediment was used in each of the peperite experiments, however, since the initial moisture 

contents of the analogue sediment varied between experiments a detailed investigation of 
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rheological properties is required. The rheological properties measured include the specific gravity 

(SG), liquid limit (LLn), plastic limit (PL), undrained shear strength (su), minimum and maximum 

index density (ρdmin, ρdmax) and void ratios (emin, emax), as well as the consolidated drained shear 

strength. The tests on the physical properties of the analogue sediments were performed at the Soils 

Laboratory in the Department of Civil Engineering at the University of New Brunswick with the 

assistance of the technician Christopher Forbes. The various methods used to obtain each of these 

measurements are discussed in the section below.  

3.4.1 Particle Size Analysis 

Two test methods were used to determine the particle size of the sediment analogue used 

for peperite experiments: traditional sieve methods using wet and dry sieving and laser particle size 

analysis. Multiple methods were required for size analysis because of the variable size distribution 

of the sediments.  

The sediment was initially dry sieved using a Ro-Tap shaker table with a nested set of 

standard 8 inch sieves with a 0.5Φ size difference between each mesh. A collection pan was placed 

beneath the nest of sieves to retain the finest aggregate size. The exact mesh of each sieve in the 

stack can be found in Table 3.7. Between 400 and 600 g of sediment were placed on the upper 

sieve, secured in the Ro-Tap, and the entire nest is then agitated for 15 minutes. The sieved material 

was then weighed using a balance precise to 0.01 g. The particle size analysis from the dry sieving 

determined that wet sieving methods needed to be used and that laser particle size analysis would 

be the most useful method as over 76% of the sediment fraction was less than 2.0 Φ (250 μm).  

Wet sieving was performed using approximately 400 g of the sediment. This sediment was 

mixed with water in a glass cylinder with a 1000 mL marked volume and is mixed with a sufficient 

volume of distilled water until it becomes a suspension. The material is then washed through the 

2.0 Φ (250 μm) sieve and the suspension of fine particles is collected in a 1000 mL glass cylinder. 
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The material retained on the 250 μm sieve is transferred to a tin basin, covered with distilled water 

and brought to a vigorous boil for one minute while stirring. This step ensures that all soil 

aggregations are disintegrated and that all the soil adhering to the aggregate has been loosened. The 

sample is then rewashed in through the 250 μm sieve until the water runs clear. An additional step 

of vigorous boiling and stirring after washing may be repeated if necessary.  

After separating the coarse from fine fraction by wet sieving the suspension containing the 

fines washed through the 250 μm sieve is boiled down to a slurry. This slurry is then dried in an 

oven at a low temperature (less than 105°C) to prevent changes in the particles. The material 

retained on the 250 μm sieve is placed in a drying oven and left for a 24 hr period at temperatures 

between 105 and 110°C. The coarse fraction material is then dry sieved using the dry sieving 

procedure as listed above and weighed using a balance precise to 0.01 g. 

Particle sizes of the analogue sediment finer than 250 μm are analyzed by laser particle 

size analysis using the Mastersizer 2000 (Malvern Instruments Ltd) with a Hydro 2000S sample 

dispersion unit. This unit utilizes Mie theory and converts light scattering data to particle size 

distribution data. This machine is capable of measuring particles between 0.2 and 2000 μm but an 

upper limit of 250 μm is used to eliminate any potential effects of sedimentation within the sample 

chamber. A NIST traceable 9 μm mean diameter uniform polymer microsphere standard (Duke 

Standards™) is used to check the machine calibration before running a sample. In addition, a 

quality audit standard is performed using QAS3001 (Malvern Instruments Ltd). 

Samples were processed for analysis by mixing a large volume of sediments in 

approximately 1L of distilled water. The water sediment mixture was stirred rapidly and a small 

sample was taken using a pipette. Several drops of the mixture are placed in the Hydro2000S for 

dispersement. It is essential that this step be completed rapidly as settling may occur within the 

beaker and the pipette. Duplicate samples are run to ensure that settling during sampling did not 
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effect the distribution of the particle size analysis. The samples are run at 900 rpm and 2000 rpm 

on the sample stirrer and cell pump respectively, additional runs using ultrasonic vibration were 

also done. Background signals are measured prior to each test run and are close to baseline. This, 

together with two-minute sampling times means that air bubbles are unlikely to have had a 

significant affect on the analysis.  

The Mastersizer uses two lasers, meaning that two sets of optical properties are required. 

Identical settings of refractive index and absorption were used for both laser wavelengths. The 

refractive index was set to 1.54, that of Quartz (Beuselinck et al., 1998), whilst the absorption was 

set to 0.008. It was found that this absorption value gave a good fit to the light scattering data as 

described by Wedd (2003), with the residual error reported by the Malvern being less than 1%. The 

issue of optical parameters will be addressed further in the discussion. The particle size analysis of 

the analogue mud material can be found in Chapter 4, Section 4.2.1. All raw data for the particle 

size analysis is found in Appendix 4. 

Data from the wet sieve analysis and the laser particle size analysis are combined to 

produce an average grain size distribution. These data can then be processed using GRADISTAT: 

A grain size distribution and statistics package for the analysis of unconsolidated sediments (Blott 

and Pye, 2001). GRADISTAT is a free program that enables the user to rapidly calculate the mean 

grain size, grain sorting, skewness and kurtosis of the frequency curve using arithmetic, geometric 

(metric units) or logarithmic (phi units) methods (Table 3.8). Additionally, this program calculates 

the fraction of sediment from each size fraction (i.e., clay, silt, sand) using the modified Wentworth 

Scale. 

3.4.2 Specific Gravity and Density 

The specific gravity of a material is the ratio of the mass of unit volume of soil to the mass 

of the same volume of gas-free distilled water. This test is done using fine-grained soil by the 
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pycnometer method as per the American Society for Testing and Materials (ASTM) standard D854-

06e1. The ASTM C127 was not performed on for the solids retained on the 4.75 mm sieve as few 

such particles were found. Such large pieces were discarded when preparing the muds using the 

analogue sediments for peperite experiments. 

The apparatus used for the specific gravity testing include a volumetric stoppered flask 

with a 500 mL volume, a balance with precision to 0.001 g, a drying oven, a thermometer, a 

desiccator, a vacuum pump for the removal of trapped air, an insulated container, a non-corrosive 

smooth surface funnel, a 4.75 mm sieve and 250 μm, and blender with mixing blades. 

The 4.75 mm and 250 μm sieved sediment were dried in an oven prior to the start of the 

specific gravity measurement to remove all excess moisture. The volumetric flask was filled with 

de-aired, distilled water to the 500 mL mark and was weight and recorded. The temperature of the 

degassed distilled water was measured and the calibrated volume Vp of the pycnometer was 

calculated using the following equation: 

𝑉𝑃 =  
(𝑀𝑝𝑤,𝑐 − 𝑀𝑝)

𝜌𝑤,𝑐

 (3.17) 

 

where Mpw,c is the mass (g) of the pycnometer and water at calibration temperature, Mp is the mass 

(g) of the pycnometer dry, and ρw,c is the mass density (g/mL) of the water at calibration temperature 

taken from the Table 1 in the ASTM D854-06. 

The sediments were added to the volumetric flask in accordance with ASTM D854-06 

based on the sediment size (e.g., 100 g for sand sized sediments and 50 g for silt and clays). The 

dried sediments were broken up using a mortar and a rubber pestle to ensure that the particle size 

was not changed. Approximately 100 mL of degassed distilled water was added to the dried 

analogue sediment and was gently mixed to loosen any material from the sides of the sample 



Chapter 3 - Methods 

116 

 

container. The slurry was then rinsed into the pycnometer using a funnel and a wash bottle 

containing degassed distilled water until the water was between 1/3 and ½ of the way up the 

pycnometer. Any particles adhering to the sides of the pycnometer were rinsed into the slurry and 

the pycnometer was filled to the 500 mL mark with degassed, distilled water. Any entrapped air 

was removed from the sediment by placing the pycnometer under vacuum and gently agitating it 

over a period of 2 hours. Continual agitation allows the silt /clay size particles to remain in 

suspension while the vacuum was applied.  

The pycnometer containing the slurry of wet sediments was weighed on a balance precise 

to 0.01g and recorded. The temperature of the slurry mixture was measured to 0.1°C. The slurry 

was then transferred to a drying pan of known mass and the pycnometer is rinsed until all the 

sediment is transferred. The sample was left to dry in an oven maintained at 110 + 5°C until the 

water completely evaporated and the pan had a constant mass. The sample was cooled in a 

desiccator and the dry pan containing the sediments weighed to the nearest 0.01g after which the 

mass of the dry sediment is calculated.  

The specific gravity of the dry solids at the test temperature can be calculated from the 

density of water at the test (room) temperature and the mass of the oven dried solids. The following 

equation is used to calculate the specific gravity 

𝐺𝑠 =
𝜌𝑠

𝜌𝑤,𝑡

=  
𝑀𝑠

(𝑀𝑤,𝑡 − (𝑀𝜌𝑤𝑠,𝑡 − 𝑀𝑠)
 (3.18) 

 

where ρs is the density (g/cm3) of the sediment solids, ρw is the density (g/cm3) of the water at test 

temperature (Tt), Ms is the mass (g) of the dry sediment solids, Mpwst is the mass (g) of the 

pycnometer, water and solids at room temperature. The specific gravity calculations of the analogue 

mud material can be found in Chapter 4, Section 4.2.2. 
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3.4.3 The Atterberg Test: Liquid and Plastic Limit of Sediments 

The Atterberg limits are a series of tests used to estimate the strength and settlement 

characteristics of sediments. The behaviour of fine grained sediments is affected by the amount of 

water the sediment can hold. As a dry, clayey sediment takes on increasing amounts of water, it 

undergoes dramatic and distinct changes in behaviour and consistency. Depending on the water 

content of the sediment, it may appear in four states: solid, semi-solid, plastic and liquid. In each 

state, the consistency and behaviour of a sediment is different and consequently so are its 

engineering properties, such as permeability, compactability and shear strength. 

The liquid limit (LL) is often defined as the water content of a sediment at the boundary 

between the semi-liquid and plastic state. Clayey sediments, such as the analogue sediment used 

for the peperite experiments, have a very small shear strength at the liquid limit and the strength 

decreases as water content increases. Thus, the transition from plastic to liquid behaviour occurs 

over a range of water contents. The precise definition of the liquid limit is based on standard test 

procedures described below. 

The liquid limit tests are performed using the Casagrande Apparatus (Fig. 3.21a-c) defined 

by ASTM D4318. The moistened sediments are placed into the brass cup portion of the device and 

a small ~2 mm groove is made down its center with a standardized grooving tool. The cup is 

repeatedly dropped 10 mm onto a hard rubber base at a rate of 120 blows per minute. The groove 

closes gradually as a result of the impact and when it is closed along a distance of 13 mm the 

number of blows are recorded.  

The sediment is prepared for this test using a dry preparation method. Between 100-200 g 

of dried sediment passing through a 425 μm (No. 40) sieve and is mixed thoroughly with distilled 

water using a metal spatula. The water content of the sedimentis adjusted until a consistency is 

achieved that closes the grove between 25 and 35 blows. The time taken to mix the material may 
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vary depending on the plasticity and initial water content of the sediment. If, after several trials at 

progressively higher water contents, the sediment continues to slide in the cup or the number of 

blows required to close the groove is always less than 25, record that the liquid limit could not be 

determined. The sediment is then deemed as non-plastic and the plastic limit test does not need to 

be performed. 

Sediments that are deemed to have plastic behaviour (i.e., those that close between 25 and 

30 blows) should have the number of blows required to close the groove recorded. A slice of the 

sediment roughly the width of the spatula (~ 20 mm) should be removed and dried according to 

ASTM D4959-07 (see below). This slice should extend from edge to edge of the sediment cake and 

at right angles to the groove including the portion of the groove that flowed together. The remaining 

specimen is then remixed in the dish adding distilled water to increase the water content and 

decrease the number of blows required to close the groove. The above process is repeated for at 

least two additional trials producing successively lower numbers of blows to close the groove. In 

total a minimum of three tests closure trials are required: 25 to 35 blows, 20 and 30 blows, and 

requiring 15 to 25 blows. The apparatus is cleaned between each test. 

Moisture contents for the sediment samples in the liquid limit test were determined 

according to ASTM D4959-07. Determination of initial masses (container plus moist sediment) 

was performed immediately after completion of the liquid limit test. The sediment sample container 

was then placed in the drying oven and the sample left to dry at 110 + 5°C until the water completely 

evaporated and the pan had a constant mass (typically a 24 hr period). The sample was cooled in a 

desiccator and the dry pan containing the sediments is weighed to the nearest 0.01g and the mass 

of the dry sediment is calculated. The water content, wc, of the sediment specimen for each trial is 

calculated using the following equation: 

𝑤𝑐 =
(𝑀𝑐𝑚𝑠 − 𝑀𝑐𝑑𝑠)

(𝑀𝑐𝑑𝑠 − 𝑀𝑐)
× 100 =  

𝑀𝑤

𝑀𝑠

× 100 (3.19) 



Chapter 3 - Methods 

119 

 

 

where wc is the water content (%) of the sediment at n blows, Mcms is the mass (g) of the container 

and the moist sediments, Mcds is the mass (g) of the container and the oven dry sediments, Mc is the 

mass (g) of the empty container, Mw is the mass (g) of the water (Mw = Mcms – Mcds) and Ms is the 

mass (g) of the oven dry sediments (Ms = Mcds – Mc). 

To obtain the liquid limit of the examined sediment the relationship between the water 

content, wc, and the corresponding number of drops, N, of the Casagrande cup is plotted on a 

semilogarithmic graph (Fig. 3.21c). The water content is plotted as ordinates on the arithmetical 

scale, and the number of drops as abscissas on a logarithmic scale. A straight line of best fit is 

drawn through the three or more plotted points. The liquid limit of the samples corresponds to the 

intersection of the straight line with N = 25 and is round to the nearest whole number (Fig. 3.21c).  

The plastic limit (PL) procedure, as outlined in ASTM D 4318-05, is a measure of the water 

content (%) of the sediment at the boundary between the plastic and semi-solid state. The plastic 

limit is determined by rolling out a thread of sediment on smooth, non-absorbent and non-

contaminant surface (e.g., depolished glass, ceramic). 

Approximately 30 g of sediment is collected from the liquid limit test; the sample is dried 

until it can be rolled into a small ball that does not stick to the fingers when pressed. The sample is 

then rolled into a uniform cylinder of approximately 1 cm, in diameter and then cut into two equal 

parts lengthwise. One of the portions is then kneaded into an ellipsoidal mass and then subsequently 

rolled between the palm of the hand and the rolling surface. As the sample is being rolled with a 

rhythmic motion, just enough pressure is applied to obtain a roll with a 3 mm diameter over its 

entire length. The rolling motion should occur at a rate of 80 to 90 movements per minute; this rate 

of rolling may be decreased for very fragile samples. In some cases, it may be necessary to strongly 
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squeeze the clay to achieve the shape of a roller of 3 mm, particularly while approaching the plastic 

limit. A soil is considered non-plastic if a thread cannot be rolled out down to 3 mm at any moisture. 

The procedure, as outlined in the above paragraph, is then repeated until the roll breaks up 

into pieces of 3 mm to 10 mm long when its diameter reaches 3 mm. If the roll breaks up before 

the sample reaches a 3 mm diameter, then this is the last test. The crumbled portions are then 

transferred to a clean sample container and then placed in the drying oven. The procedure is then 

repeated for the second half of the sample.  

The water content of the sediment is measured and calculated according to ASTM D4959-

07 (as described above). The plastic limit (PL) is obtained by taking an average of the two water 

contents and rounding to the nearest whole number. This test is repeated if the difference between 

the two trials is greater than 5% of the average water content. The Atterberg Limits of the analogue 

mud material can be found in Chapter 4, Section 4.2.3 

3.4.4 Swedish Cone Fall Tests 

Another method for measuring the liquid limit (LL) is the fall cone test (FCT). It is based 

on the measurement of penetration into the sediment of a standardized cone of specific mass. 

Although the Casagrande test is widely used across North America, the fall cone test is much more 

prevalent in Europe due to being less dependent on the operator in determining the liquid limit. 

Another advantage of using the FCT is that it allows you to obtain the undrained shear strength (su) 

of the sediment.  

The FCT was carried out following the procedure of Standard Council of Canada 

(CAN/BNQ 2501-092/2014) for the measurement of the liquid limit. In the FCT apparatus (Fig. 

3.22) the mass and the conical angle of the cone are 60g and 60°, respectively.  



Chapter 3 - Methods 

121 

 

Samples were prepared by sieving dried sediments through a 5 mm and then passing 

through a 400 um sieve until a 300 g sample was obtained. The sample is then mixed thoroughly 

with distilled water using a metal spatula until the sample has the consistency required to achieve 

a penetration value of 7 mm in the liquid limit test as described below. The sample is then left in a 

hermetically sealed container for 16 hrs before proceeding with the liquid limit test.  

There are two types of liquid limit tests that may be carried out: multiple point and single 

point methods. The single point method is routinely used on non-organic sediments whose liquid 

limit is less than 80% and the multiple point method is recommended for a precise determination 

independently of the sediment type. The single point method was not used in this case since I am 

working with an analogue sedimentary material and a first run of this test showed inconsistencies 

in the penetration depth.  

In the multiple point method, the previously mixed moist sediment is freshly kneaded for 

5 minutes by hand using either with gloves or by placing it in a plastic bag. The moist sediment 

sample is then placed in in a rust proof sample container conforming to the standard of liquid limit 

by the fall cone test (CAN/BNQ 2501-092/2014), i.e., its inside diameter and depth are more than 

50 mm and 25 mm, respectively. The sample is made in three successive layers using the spatula 

and tamping to remove as much air as possible. Once the sample container is filled to the surface, 

it is scraped using the straight edge of the spatula. For the penetration test, the sediment filled 

sample container is placed on the fall cone penetrometer, as seen in Figure 3.22. The penetration 

cone is attached to the apparatus and it is moved into place, such that the tip of the cone skims the 

surface of the sediment.  

The penetration test begins by recording the initial value on the penetrometer (i.e., in the 

case of this model 0.00 mm). After the tip of the cone touches the specimen surface the cone is 

freely dropped. After 5s, the penetration depth is recorded to one tenth of a millimeter (0.1 mm). 
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The fall cone is then cleaned and the test is then repeated at a distance of 15 mm from the edge of 

the container and the last penetration test. The mean value of the two penetration tests is then 

calculated and the variance between the measurements is noted. If the variance between the tests is 

below or equal to 0.3 mm then the test is deemed acceptable, otherwise the test is repeated until a 

variance of less than or equal to 0.3 mm between two consecutive reading is achieved. A specimen 

weighing approximately 20 g is then removed from the sample container and at the water content 

of the sediment is measured and calculated according to ASTM D4959-07 (as described in Section 

4.5.4). 

The determination of the liquid limit can then be achieved by successively performing fall 

cone tests at increasing water contents. Each successive test is accomplished by adding a small 

amount (i.e., several mL) of water to the sediment and kneading for 5 minutes to achieve a 

homogenous mixture. The procedure as described in the previous paragraph is then repeated to 

obtain 3 or 4 values of the water content corresponding to penetration values between 7 and 15 mm 

spread evenly on either side of the 10 mm penetration value.  

To obtain the liquid limit (LL) of the examined sediment, the relationship between the 

water content, w, as ordinates and the penetration depth, d, as abscissas is plotted on a graph. A 

straight line of best fit is drawn through the four or more plotted points. The liquid limit of the 

samples corresponds to the intersection of the straight line with d = 10 and is round to the nearest 

whole number.  

The undrained shear strength, su, of the sediment specimen for each trial is calculated using 

the following equation: 

𝑠𝑢 = 𝑘𝛼

𝑚 ∙ 𝑔

𝑑2
 (3.20) 
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where m is the mass of the cone (60 g), g is the acceleration due to gravity (980.66 cm/s), d is the 

penetration depth, and kα is the cone factor depending on the cone angle (Hansbo, 1957). In the 

instance of the FCT as per the Standard Council of Canada (CAN/BNQ 2501-092/2014) for a cone 

angle of 60, weighing 60g has a factor of kα = 0.29 according to Wood (1990). The results of the 

Swedish fall cone test on the analogue mud material are reported in Chapter 4, Section 4.2.3 

3.4.5 Dry Density, Void Ratio and Bulk Density 

The minimum and maximum index density (ρdmin, ρdmax) and void ratios (emin, emax) can be 

determined for both of the analogue sediments (mixed sediments and <250 μm sized fraction) to 

evaluate relative density (Dr). The most common method to determine the relative density and void 

ratio is the vibrating table method (ASTM D4253 Standard Test Method For Maximum Index 

Density Of Soils And Calculation Of Relative Density and D4254 Standard Test Method For 

Minimum Index Density Of Soils And Calculation Of Relative Density). However, this method 

precludes testing on sediments with > 15% of the grain size distribution below the 75 μm size 

fraction (fine sand to silt) because material of this fine nature does not compact (densify) via 

vibration.  

The minimum index density (ρdmin) and maximum void ratio (emax) must be determined by 

other methods since there is no specified ASTM procedure for cohesionless soils applicable to silty 

material. Polito (1999) states that silts often exhibit high bulking when dry samples were used for 

determination of the maximum void ratios (ASTM D4254). Commonly, the maximum void ratio 

is instead obtained by allowing a slurry to settle out in a graduated cylinder (Polito, 1999; 

Bradshaw, 2006; Baxter et al., 2010).  

The following method was used to determine the minimum index density (ρdmin) and 

maximum void ratio (emax), and was modified from the methods used for testing the specific gravity 

testing (ASTM D854-06). The apparatus used include a graduated cylinder with a 1000 mL volume, 
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a balance with precision to 0.01 g, a drying oven, a thermometer, a non-corrosive smooth surface 

funnel, a non-corrosive mixing container with spatula and samples of the mixed and sieved 250 μm 

analogue sediments. 

The mixed and 250 μm sieved sediments were dried in an oven prior to the start of the 

minimum index density (ρdmin) and maximum void ratio (emax) test to remove all excess moisture. 

The graduated cylinder was filled with degassed distilled water to the 1000 mL mark and was 

weighed and recorded. The temperature of the degassed distilled water was measured and the 

calibrated volume (Vp) of the graduated cylinder was calculated using the following equation: 

𝑉𝑝 =
(𝑀𝑝𝑐,𝑤 − 𝑀𝑝)

(𝜌𝑤,𝑐)
 (3.21) 

 

where Mpw,c is the mass (g) of the graduated cylinder and water at calibration temperature, Mp is 

the mass (g) of the graduated cylinder dry at calibration temperature, and ρw,c is the mass density 

(g/mL) of the water at calibration temperature taken from the Table 1 in the ASTM D854-06.  

The dried sediments were processed using the same method described in Section 3.4.2 of 

this chapter. The main difference being 200 mL of degassed distilled water was used.  The slurry 

was rinsed into a 1000 mL graduated cylinder, filled to the 1000 mL mark and weighed on a balance 

precise to 0.01g and recorded. The temperature of the slurry mixture is measured to 0.1°C. The 

graduated cylinder is gently agitating and then left to sit for 5 days to allow for complete settling 

of the sediment. After this time, the settled volume of the slurry was recorded. 

The slurry is then transferred to a drying pan of known mass and the graduated cylinder is 

rinsed until all of the sediment is transferred. The sample is left to dry in an oven maintained at 250 

+ 5°C until the water has completely evaporated and the pan has a constant mass. The sample is 
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cooled in a desiccator. The dry pan containing the sediments is weighed to the nearest 0.01g and 

the mass of the dry sediment is then calculated.  

The minimum index density (ρdmin) and maximum void ratio (emax) of the dry solids at the 

test temperature can be calculated from the density of water at the test (room) temperature, the 

volume of the wet sediments (as read from the graduated cylinder after settling), the mass of the 

oven dried sediment solids, the specific gravity of the solids (as obtained in Section 3.4.2). The 

following equation is used to calculate the minimum index density: 

𝜌𝑑𝑚𝑖𝑛 =
𝑀𝑠

𝑉𝑇

 (3.22) 

 

where Ms is the mass (g) of the over dry sediment solids, and VT is the volume (cm3) of the settled 

wet sediment solids at room temperature. The maximum index void ratio, a dimensionless number, 

can then be calculated using the following equation: 

𝑒𝑚𝑎𝑥 =
𝜌𝑤 ∙ 𝐺𝑠

𝜌𝑑𝑚𝑖𝑛

 (3.23) 

 

where ρw is the density of the water at calibration temperature (g/cm3), Gs is the specific gravity of 

the sediment, and ρdmin is the minimum index density (g/cm3). 

Similarly, the maximum index density (ρdmax) and minimum index void ratio (emin) must be 

determined by other methods than the specified ASTM D4254. Polito (1999) showed that for silty 

sands, the modified compaction test (ASTM D1557) gave similar results to the vibrating table test. 

Other authors have also used this method to find the minimum index void ratio of non-plastic silty 
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material (Polito, 1999; Bradshaw, 2006; Baxter et al., 2010). Therefore, minimum void ratios were 

obtained for the analogue sediments using the modified compaction test.  

The modified compaction test procedures are outline in detail in ASTM 1557 (Standard 

Test Methods for Laboratory Compaction Characteristics of Soil Using Modified Effort). This test 

was performed under the supervision of Peter Gaunce in the Soils Lab at the Department of 

Transportation and Infrastructure, Government of New Brunswick.  

The test methods outlined in ASTM 1557 cover laboratory compaction methods used to 

determine the relationship between molding water content and dry unit weight of sediments 

(compaction curve) compacted in a 4 or 6 in. (101.6 or 152.4 mm) diameter mold with a 10.00 lbf. 

(44.48N) rammer dropped from a height of 18.00 in. (457.2 mm) producing a compactive effort of 

56 000 ft-lbf/ft3 (2700 kN-m/m3). As the sediments contain ≤ 20% sedimentary material retained 

on a No. 4 (4.75 mm) sieve (as confirmed by sieve analysis) Methods A as outlined in ASTM 1557 

was used.  

The apparatus used for the maximum index density and minimum index void ratio include 

a 4-in. diameter mold, a manual rammer, a hydraulic piston extruder, a graduated cylinder with 100 

mL volume, a balance with precision to 0.01 g, a drying oven, a thermometer, a non-corrosive 

mixing container with spatula, a series of non-corrosive sample containers, and samples of the 

mixed and sieved 250 analogue sediments (Fig. 3.32a). The mold assembly (Fig. 3.24) comprises 

two parts, made of rigid metal, with the sample section of the mold having a 10.16 cm diameter 

and a height of 11.64 cm for a 944 cm3 volume. The mixed and 250 μm sieved sediments were 

dried in an oven prior to the start of the maximum index density (ρdmax) and minimum void ratio 

(emin) test to remove all excess moisture.  

As determined by test Method A, the sediment in the mold is made in 5 layers and each 

layer is compacted using the rammer 25 times in a circular fashion as seen in Figure 3.25. The 
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sample and the compaction mold with its base (without the collar) are weighed and the values are 

recorded. Using the weight of the sample, the initial molding water content for the first test can be 

calculated. Often the optimal water content can normally be estimated by the technician used to 

working with various sediment specimens. In the case of the analogue sediment used for the 

peperite experiment, an initial molding water content of 5% lower than the liquid limit was chosen. 

This number was chosen as it was the water content where the sediment could be squeezed into a 

lump that barely sticks together when hand pressure was applied, but would break cleanly into two 

pieces when bent.  

The water for the initial molding content is weighed out, added to the sediment, and mixed 

thoroughly (Fig. 3.23b,c). The moistened sediment is then left to sit for 16hrs in a hermetically 

sealed container as directed in Table 2 of ASTM 1557. Once the 5 layers are assembled into the 

mold assembly (Fig. 3.23d) and individually compacted with 25 blows per layer (Fig. 3.23e) as 

determined by Method A. The upper shell of the mold is removed and the sediment sample is cut 

level to the top of the mold (Fig. 3.23f). The mold with the moistened sediments is then weighed. 

The sediment sample is removed from the mold and a sample of moistened sediment is taken from 

each of the 5 layers for assessment of the moisture content.  

The maximum index density (ρdmax) and minimum void ratio (emin) of the dry solids at the 

test temperature can be calculated after plotting the compaction curve and assessing the optimal 

water content and dry unit density. The following parameters are necessary for calculation of the 

optimal water content and the dry unit density: the density of water at the test (room) temperature, 

the mass of the wet sediments. the mass of the dry sediments, the volume of the wet sediments in 

the mold, the moisture content of the wet sediment sample (obtained using the method described 

in Section 3.4.3), the specific gravity of the solids (as obtained in Section 3.4.2). The first set 

calculating the desired parameters is to calculate the dry mass of the test fraction using following 

equation: 
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𝑀𝑑,𝑡𝑓 =
𝑀𝑚,𝑡𝑓

1 +
𝑤𝑡𝑓

100

 (3.24) 

 

where Mm,tf  is the mass (g) of the moistened sediment solids, and wtf is the water content of the test 

fraction. The moist density of the test fraction is then calculated: 

𝜌𝑚 =
(𝑀𝑡 − 𝑀𝑚𝑑)

𝑉𝑚

 (3.25) 

 

\where Mt is the mass (g) of the moist sediment solids in the mold, Mmd is the mass (g) of the 

compaction mold and Vmd is the volume (cm3) of the compaction mold. The following equation is 

used to calculate the dry density of each compaction point: 

𝜌𝑑 =
𝜌𝑚

1 +
𝑤

100

 (3.26) 

 

where ρm is the dry density (g/cm3) of the compaction point, and w is the molding water content of 

the compaction point. The dry unit weight is then calculated: 

𝛾𝑑 = 𝑔 × 𝜌𝑑 (3.27) 

 

where g is the acceleration due to gravity and ρd is the dry density (g/cm3) of the compaction point. 

The compaction curve can be plotted using the molding water content vs the dry unit 

weight, along with a saturation curve. The saturation curve can be calculated using the equation: 
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𝑤𝑠𝑎𝑡 =
𝛾𝑤 ∙ 𝐺𝑠 − 𝛾𝑑

𝛾𝑑 ∙ 𝐺𝑠

× 100 (3.28) 

 

where γw is the unit weight of water (9.789kN/m3 at 20°C), Gs is the specific gravity of the 

sediments (as determined in Section 3.4.2), γd is the unit weight of the dry sediment (9.789kN/m3 

at 20°C). The 100% saturation curve, sometime referred to as the zero air voids curve, is an aid in 

drawing the compaction curve. For sediment containing more than about 10% fines (< 75μm) and 

molding water contents well above optimum, the two curves generally become roughly parallel 

with the wet side of the compaction curve between 92% and 95% saturation. Theoretically, the 

compaction curve cannot plot to the right of the 100% saturation curve. If it does, there is an error 

in specific gravity, in measurements, in calculations, in testing, or in plotting. If all is deemed 

correct with the data then the optimum water content and maximum dry unit weight can be read off 

of the graph at the apex of the compaction curve. 

Essential to the experiments that I conducted on the production of peperitic textures is the 

water content and density of each sample. The bulk density of each sample can be calculated using 

a known volume: 

𝜌𝑏𝑢𝑙𝑘 =
(𝑀𝑤 + 𝑀𝑠)

(𝑉𝑤 + 𝑉𝑠)
 (3.29) 

 

where Mw is the mass (g) of the water, Ms is the mass (g) of sediments, VW is the volume of water 

and VS is the volume of the sediments. The volume of water is known based on the mass and the 

volume of the sediment solids can be calculated using the following equation: 

𝑉𝑠 =
𝑀𝑠

𝜌𝑠

 (3.30) 
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where Ms is the mass (g) of sediments and ρs is the density of the sediment solids (g/cm3) as 

determined from the specific gravity (Section 3.4.2).  

The results of the relative density and void ratio tests using this method are given in Chapter 

4, Section 4.2.4. The report from the Soils Lab at the Department of Transportation and 

Infrastructure can be found in Appendix 5. The bulk densities calculated for the analogue sediment 

and water mixtures used for the peperite experiments are reported in Chapter 4, Section 4.3. 

3.4.6 Direct Shear of Consolidated Drained Sediments 

The consolidated drained shear strength of a sediment material was measured using the 

direct shear apparatus. This provides a measure of the sediment’s ability to resist forces that can 

cause the internal structure of the material to slide against itself. The shear strength of any sediment 

is affected by several factors: stress history, compaction, water content, degree of saturation, 

structure, void radio, drainage conditions, isotropic media in the sediment and rate of loading 

(Head, 1982). The shear strength of sediment at a failure plane (τf) can be described using 

Coulomb’s equation: 

𝜏𝑓 = 𝑐 + 𝜎𝑓𝑡𝑎𝑛𝜃 (3.31) 

 

where c is the apparent cohesion of the sediment, σf is the total normal stress on failure plane, and 

θ is the angle of shearing resistance of soil (angle of internal friction). In the case of cohesionless 

sediments, where c = 0, the friction angle θ influences the failure behaviour governed by the 

mineralogy, grain size and shape, grain size distribution and structure of the sediment (Cernica, 

1995). 
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Direct shear tests are performed by deforming a specimen at a controlled strain rate on or 

near a single shear plane determined by the configuration of the apparatus. Generally, three or more 

specimens are tested, each under a different normal load, to determine the effects upon shear 

resistance and displacement, and strength properties such as Mohr strength envelopes. For the 

analogue sediments, the direct shear tests were performed using the dead weight direct-residual 

shear device by DGSI with a 4 channel digital output reader by Karol-Warner Co (Model 6574), 

conforming to ASTM D3080-04 (Fig. 3.26). The data from the direct shear tests were automatically 

recorded and saved using the GETDATA program.  All samples of the analogue sediment were 

prepared using the method and run using the same parameters as outlined below. 

Samples were prepared for testing in the direct shear apparatus oven drying the sediments 

at 110 + 5°C. The dry sediment was weighed and water was added to the sediment in an amount 

greater than the liquid limit as determined by the fall cone experiment. The sample is then mixed 

thoroughly with distilled water using a metal spatula until the sample has a uniform consistency. 

The sample is then left in a hermetically sealed container for at least 36 hrs before proceeding with 

the liquid limit test. 

The moist sediment sample is then manufactured in the circular shear box conforming to 

the ASTM D3080-04 (Direct Shear Test of Soils Under Consolidated Drained Conditions). The 

circular shear box has an inner diameter of 63.5 mm (2.5 inches) and is held together by two (2) 

bolts allowing for the sample to remain centered inside the shear rings. Approximately 25.4 mm (1 

inch) of the analogue sediment sample is sandwiched between a layer of filter paper and a water 

saturated porous stone on either side of the sample. The porous stones provide drainage and are 

used to distribute the pressure during the test. The bottom drainage plate and then a water saturated 

porous stone with a filter paper cover are placed into the locked shear rings. The sample is 

manufactured in three successive layers using the spatula and tamping to remove as much air as 

possible, until it reaches 25.4 mm mark on the inner shear ring. A piece of filter paper and porous 
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stone are then placed on the top of the sample along with the top load pad. The shear box assembly 

plus sediment is weighed and the mass is recorded. 

The shear box assembly is placed inside the direct shear water chamber and the load cell 

shaft is connected to the shear rings and aligned. The load cell is connected and is tared to zero. 

The top cross arm is installed and the height is adjusted until there is about 1.6 mm space between 

the arm and the stainless-steel ball of the load pad being certain the arm is level. The upper cross 

arm has a displacement indicator pin that is positioned on the load pad ball. The linear displacement 

transducer is adjusted to the top of this pin to allow for sufficient travel when the sediment sample 

compresses. The vertical dial indicator is positioned and set to read some arbitrary initial reading.  

Primary consolidation is then achieved by using the normal load (i.e., the weight of the 

consolidation load arm with two upright rods lower cross arm and lower weight platform is 11.9 

lbs or 5.39 kg) or the require weight require for the consolidation load is added to the lever arm. 

For our runs the normal load weight (5.39 kg) was used, and was subsequently double (10.79 kg), 

then tripled (16.17kg). The data recorder program is turned on once the load is applied and the 

sample is left in place until the vertical displacement reading shows it is that primary consolidation 

of the sample has occurred. 

Once primary consolidation is achieved, the plastic screws holding the shear rings in place 

are removed and the shear box is adjusted to leave a gap between the two shear rings using the 4 

adjusting screws. The gap is made by loosening the screws in an even fashion to prevent tilting of 

the top ring and the size of the gap is dependent on the material being measured. For sands of a fine 

to medium size, 1 1/4 of a revolution of the adjusting screw is used, resulting in a 2 mm gap. For 

coarser sands, 1 revolution is used. For fine grain sediments and clays, a ½ revolution is used, 

resulting in a gap less than 1 mm. To start running a direct shear measurement, the shear rate is 

selected for the sample by setting the shear rate selector. The shear rate used on our test runs was 
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1.5 mm/minute (0.0591 inches/minute). The machine was switched on and the shear and 

compression measurement were automatically recorded via the horizontal and vertical deflection 

output channel, and a model DS diamond load cell with a 1.5 K capacity. Each test is stopped 

several minutes after failure was achieved and the vertical load is removed.  

When the direct shear test is complete, the shear box assembly is weighed to obtain the 

percentage of water lost upon consolidation. The entire sediment cake is then removed from the 

direct shear box and the water content of the sediment is measured and calculated according to 

ASTM D2215-05 (as described in Section 3.4.2). The water content (expressed as a percentage) is 

determined by dividing the mass of water by the mass of the wet sediments, multiplied by 100.  

The principal directions of stress acting on the sample can be found in Figure 3.27. The 

nominal shear stress (τ) acting on the specimen can be calculated from the shear force acting on the 

specimen and the initial area of the specimen: 

𝜏 =
𝑇𝐹

𝐴
 (3.32) 

 

where TF is the shear force (kPa) applied to the specimen via the shear rate, A is the area (mm2). 

The normal stress (σ) acting on the sample is: 

𝜎 =
𝑁

𝐴
 (3.33) 

 

where N is the normal stress (kPa) as applied by the consolidation load, A is the area (mm2). Both 

the shear stress (τ) and normal stress (σ) should be calculated for each reading taken by the 

GETDATA program to obtain the maximum nominal shear stress (τmax) and get the corresponding 
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maximum normal stress (σmax). From this data a shear stress (τ) vs normal stress (σ) graph can be 

plotted. 

As the direct shear test progresses, displacement leads to a decreasing area of contact 

between the sediments in the upper and lower shear boxes (Fig. 3.28). The surface area of the 

sample in its original (AO) state must be calculated and area correction (Fc) need to be applied by 

the equation: 

𝐴𝐶 = 𝐴𝑂𝐹𝐶 (3.34) 

 

to determine the corrected area (AC). For a circular sample with diameter D, the original area (AO) 

is given by: 

𝐴𝑂 =
𝜋

4
𝐷2 (3.35) 

 

and the area correction factor (FC) by: 

𝐹 =
2

𝜋
{cos−1 (

𝛿

𝐷
) − (

𝛿

𝐷
) √1 − (

𝛿

𝐷
)

2

} (3.36) 

 

where the arc cosine is in radians and δ is the horizontal displacement. The data from the direct 

shear measurements can be found in Appendix 6 and the calculated results and graphs for the 

analogue mud material are reported in Chapter 5, Section 5.2.5. 
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3.5 Pour or Injection Rates 

The pour or injection rate of a silicate melt can be calculated by a series of simple equations. 

Both the drop experiments and those done using SMILE (Silicate Melt Injection System) are 

capable of holding relatively small volumes of melt, between 325 and 790 mL. The pour or injection 

rate (v) can be calculated by 

𝑣 =
𝑑

𝑡
 (3.37) 

 

where d is distance in metres and t is time in seconds. In the case of drop experiments, the distance 

travelled over time can be observed in the video footage taken and velocities can be calculated.  

In the SMILE experiments the exit velocities require a more complex approach. SMILE 

experiments using modified basaltic melt pass from a crucible into an injection tube by pressurizing 

the autoclave with argon gas until the diaphragms burst at a pressure (P) of approximately 3 MPa. 

Given a known melt viscosity (ηm), the exit velocity u can be calculated using the equation for 

steady laminar Poiseuille flow: 

𝑢 =
(2𝑟)2

32𝜂𝑚

×
∆𝑃

𝐿
 (3.38) 

 

where r is the radius, L is the length of the injection tube in metres, and (ΔP) is the change in 

pressure.  

3.6 Summary 

This chapter presented a comprehensive look at the methods used during the course of this 

thesis. The results of using these techniques and calculations can be found in Chapter 4. 
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3.8 Tables 

 
Table 3.1  – Chemical analysis of major oxide elements from the July 1974 fissure eruptions of the 

Kilauea Volcano (Lockwood et al., 1999). Values given in wt. %, LOI = Loss on Ignition. 

Analysis Number 1 2 3 4 5* 6* 7* Average 

SiO2 50.5 50.41 50.71 50.6 49.9 50.5 50.5 50.4 

TiO2 2.5 2.43 2.48 2.55 2.51 2.51 2.53 2.5 

Al2O3 13.94 13.95 13.77 13.64 13.3 13.4 13.3 13.6 

Fe2O3 1.64 1.66 1.34 1.56    1.55 

FeO 9.59 9.57 9.82 9.72 12.3 12.3 12.4 9.68 

MgO 7.49 7.57 7.41 7.38 7.16 7.27 7.37 7.37 

MnO 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.17 

CaO 11.26 11.26 11.32 11.27 11.1 11.1 11.2 11.2 

Na2O 2.27 2.28 2.24 2.23 2.14 2.2 2.17 2.22 

K2O 0.49 0.48 0.47 0.47 0.48 0.49 0.49 0.48 

P2O5 0.23 0.22 0.24 0.24 0.27 0.27 0.27 0.25 

Cr2O3 0.03 0.02 0.01 0.01    0.02 

Cl 0.013 0.01 0.011 0.01    0.01 

F 0.037 0.033 0.035 0.04    0.04 

LOI 0.1 0.13 0.11 0.04 0.1 0.01 0.01 0.07 

Total 100.25 100.13 100.14 99.93 99.43 100.22 100.41 99.56 

 
Table 3.2 – Modal compositions in volume percent of lavas from the 1974 fissure eruptions of the 

Kilauea Volcano (as modified from Lockwood et al., 1999). 

Thin Section # L-92-59A L-92-60 L-92-61 L-92-65 L-92-66 

Olivine (%) 4 1.4 0.5 1.1 2.2 

Plagioclase (%) 3.9 0.1 -- 0.4 0.4 

Clinopyroxene (%) 0.7 0.1 -- 0.1 -- 

Matrix (%) 91.4 98.4 99.5 98.4 97.4 

Total (%) 100 100 100 100 100 

 
Table 3.3– Table of the physical properties of dilithium tetraborate (Spectromelt A10®) from selected 

references. 

Properties Li2B4O7 Reference 

Melting Point 917°C (1190K) Anzai et al. (1993); Hong and Lu (1999) 

Enthalpy 104 kJ/mol Hong and Lu (1999) 

Viscosity at 917°C 280 mPa∙s Anzai et al. (1993) 

Density at 917°C 1.951 g/cm3 Anzai et al. (1993) 

Specific Heat at 25°C 179.32  Kubaschewski et al. (1991) 

Surface Tension 917°C 0.195 N/m Anzai et al. (1993) 

Thermal Expansion 2.1x10-4/K Anzai et al. (1993) 
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Table 3.4 - The initial compositions of the natural melt and fluxing agent used to produce modified 

basaltic melts. HB represents the Kilauean basalt and Li2B4O7 is the chemical composition of 

Spectromelt A10® 

 Li2B4O7 HB100 HB97.5 HB95 HB90 HB85 

Li2B4O7 (%) 100 0 2.5 5 10 15 

HB (g) 0 200 195 190 180 170 

Li2B4O7 (g) 200 0 5 10 20 30 

Total (g) 200 200 200 200 200 200 

 
Table 3.5  – The partial molar and specific heat capacities of oxide components for calculating the 

isobaric heat capacities of silicate glasses using the method of Richet, 1987. 

Oxide 

Component 

Molar 

Cpi (J/gfw∙K) 

Molar Mass 

(g/mol) 

Specific 

Cpi (J/kg∙K) 
Reference 

SiO2 80 60.08 1331 Stebbins et al. (1984) 

Al2O3 157.6 101.96 1545 Stebbins et al. (1984) 

FeO 78.9 71.844 1100 Stebbins et al. (1984) 

MgO 99.7 40.3044 2424 Stebbins et al. (1984) 

CaO 99.9 56.0774 1781 Stebbins et al. (1984) 

Na2O 102.3 61.9789 1651 Stebbins et al. (1984) 

K2O 97 94.2 1030 Stebbins et al. (1984) 

TiO2 111.8 79.866 1392 Stebbins et al. (1984) 

MnO 12.72 70.9374 179 Chase (1998) 

Cr2O3 126.94 151.99 835 Chase (1998) 

P2O5 495.64 283.89 1746 Chase (1998) 

Li2B4O7 473.1 169.119 2797 Chase (1998) 
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Table 3.6  – The molar mass, partial molar volume, thermal expansion and compressibility of oxide 

components for calculating fractional molar volume of silicate glasses using the method of Carmicheal 

and Lange (1997). (Modified after Riebling (1967); Lange and Carmichael (1990); Knoche et al. (1995); 

Lange (1997)). 

Oxide Component 
Molar Mass 

(g/mol) 

Partial Molar 

Volume 

Vi 1673K 

(10-6m3/mol) 

Thermal  

Expansion 

(δVi /δT)P  

(10-9m3/mol∙K) 

Thermal 

Compressibility 

(δVi /δT)T  

(10-6m3/mol∙GPa) 

SiO2 60.08 26.86 0 -1.89 

Al2O3 101.96 37.42 0 -2.26 

FeO 71.844 13.65 2.92 -0.45 

MgO 40.3044 11.69 3.27 0.27 

CaO 56.0774 16.53 3.74 0.34 

Na2O 61.9789 28.88 7.68 -2.4 

K2O 94.2 45.07 12.08 -6.75 

TiO2 79.866 23.16 7.24 -2.31 

MnO 70.9374 13.94 2.92 -0.45 

Li2B4O7 169.119 16.85 5.25 -1.02 

 
Table 3.7 – Sieve sizes used in particle size measurements using the dry sieving technique. 

Φ Metric Mesh Millimeters Microns Sieve No.  

-2.5 5.66 5.6 mm 5600 μm No. 3.5 

-2.0 4 4.00 mm 4000 μm No. 5 

-1.5 2.83 2.80 mm 2800 μm No. 7 

-1.0 2 2.00 mm 2000 μm No. 10 

-0.5 1.41 1.4 mm 1400 μm No. 14 

0 1 1.00 mm 1000 μm No. 18 

+0.5 0.707 0.710 mm 710 μm No. 25 

+1.0 1/2 0.500 mm 500 μm No. 35 

+1.5 0.353 0.355 mm 355 μm No. 45 

+2.0 ¼ 0.250 mm 250 μm No. 60 

+2.5 0.177 0.180 mm 180 μm No. 80 
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Table 3.8 – Statistical formulae used by GRADISTST for the grain size analysis of unconsolidated 

sediments (as modified from Blott and Pye, 2001). 
a. Arithmetic method of moments 

Mean Standard deviation Skewness Kutosis 

�̅�𝑎 =
∑ 𝑓𝑚𝑚

100
 𝜎𝑎 = √

∑ 𝑓(𝑚𝑚 − �̅�𝑎)2

100
 𝑆𝑘𝑎 =

∑ 𝑓(𝑚𝑚 − �̅�𝑎)3

100𝜎𝑎
3  𝐾𝑎 =

∑ 𝑓(𝑚𝑚 − �̅�𝑎)4

100𝜎𝑎
4  

b. Geometric method of moments 

Mean Standard deviation Skewness Kutosis 

�̅�𝑔 =
∑ 𝑓ln𝑚𝑚

100
 

𝜎𝑔

= 𝑒𝑥𝑝√
∑ 𝑓(ln𝑚𝑚 − ln�̅�𝑔)

2

100
 

𝑆𝑘𝑔

=
∑ 𝑓(ln𝑚𝑚 − ln�̅�𝑔)

3

100𝜎𝑔
3  

𝐾𝑔

=
∑ 𝑓(ln𝑚𝑚 − ln�̅�𝑔)

4

100𝜎𝑔
4  

c. Logarithmic moment of methods 

Mean Standard deviation Skewness Kurtosis 

�̅�𝜙 =
∑ 𝑓𝑚𝜙

100
 𝜎𝜙 = √

∑ 𝑓(𝑚𝜙 − �̅�𝜙)
2

100
 𝑆𝑘𝜙 =

∑ 𝑓(𝑚𝜙 − �̅�𝜙)
3

100𝜎𝜙
3  𝐾𝜙 =

∑ 𝑓(𝑚𝜙 − �̅�𝜙)
4

100𝜎𝜙
4  

d. Geometric (Folk and Ward, 1957) graphic measures 

Mean  Standard deviation  

𝑀𝐺 = 𝑒𝑥𝑝
ln𝑃16 + ln𝑃50 + 𝑙𝑛𝑃84

3
 𝜎𝐺 =

ln𝑃84 − ln𝑃16

4
+

ln𝑃95 − ln𝑃5

6.6
 

Skewness  Kurtosis  

𝑆𝑘𝐺 =
ln𝑃 + ln𝑃84 − 2(ln𝑃50)

2(ln𝑃84 − ln𝑃16)
 

    +
ln𝑃5 + ln𝑃95 − 2(ln𝑃50)

2(ln𝑃25 − ln𝑃5)
 

𝐾𝐺 =
ln𝑃5 − ln𝑃95

2.44(ln𝑃25 − ln𝑃75)
 

e. Logarithmic (Folk and Ward, 1957) graphic measures 

Mean Standard deviation Skewness Kutosis 

𝑀𝑧 =
𝜙16 + 𝜙50 + 𝜙84

3
 𝜎𝐼 =

𝜙84 − 𝜙16

4
+

𝜙95 − 𝜙5

6.6
 

𝑆𝑘𝐼 =
𝜙16 + 𝜙84 − 2𝜙50

2(𝜙84 − 𝜙16)
 

    +
𝜙5 + 𝜙95 − 2𝜙50

2(𝜙95 − 𝜙5)
 

𝐾𝐺 =
𝜙95 − 𝜙5

2 ∙ 44(𝜙75 − 𝜙25)
 

f. Classification of Logarithmic (Folk and Ward, 1957) graphic measures 

Sorting (σl) Skewness (Skl) Kurtosis (Kl) 

Very well sorted < 0.35 
Very fine 

skewed 
+ 0.3 – + 1.0 Very platykurtic < 0.67 

Well sorted 0.35 – 0.50 Fine skewed + 0.1 – + 0.3 Platykurtic 0.67 – 0.90 

Moderately well sorted 0.50 – 0.70 Symmetrical + 0.1 – - 0.1 Mesokurtic 0.90 – 1.11 

Poorly sorted 0.70 – 1.00 Coarse Skewed - 0.1 – - 0.3 Leptokurtic 1.11 – 1.50 

Very Poorly Sorted 1.00 – 2.00 
Very Coarse 

Skewed 
- 0.3 – - 1.0 Very Leptokurtic 1.50 – 3.00 

Extremely Poorly Sorted > 4.00    
Extremely 

Leptokurtic 
> 3.00 
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3.9 Figures 

 

 

 

 
Figure 3.1–Photograph of Cerrotru® experiment with saturated sand as a substrate. 

 

 

 
Figure 3.2–Photograph of melt filled crucible being removed from furnace. 
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Figure 3.3 –Photograph of peperite drop experiment with modified basaltic melt and wet mud as a 

substrate. 

 
Figure 3.4 – Nickel crucible (nickel alloy C22, Spezialstahl Handelsgesellschaft GmbH, Stelle, 

Germany) design for pouring melts in peperite experiments (a) cross-sectional view of crucible (b) 180° 

slice of 3-D crucible render (c) 3-D render of crucible. 
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Figure 3.5 –Photograph of vibratory sieve shaker similar to the one used to liquefy water saturated 

sediments. 

 

 
Figure 3.6 – Photograph of glass vacuum desiccator similar to the one used for the preservation of 

peperite with Araldite® Resin. http://www.aulandscientific.com.au/media/1222/desiccator-vacuum-

glass-laboratory-28307-7570653.jpg 

http://www.aulandscientific.com.au/media/1222/desiccator-vacuum-glass-laboratory-28307-7570653.jpg
http://www.aulandscientific.com.au/media/1222/desiccator-vacuum-glass-laboratory-28307-7570653.jpg
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Figure 3.7 –Schematic diagram of the SMILE setup used for the initial test of the apparatus in a 

standing water column. 
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Figure 3.8 –Diagram of the SMILE autoclave showing the internal components, ejection system, and 

argon-driven gas pressurization system.  
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Figure 3.9 – Schematic diagram of the furnace windings used in the SMILE system showing: (a) 

thermocouple placement; (b) vertical winding of a molybdenum furnace; (c) horizontal winding of a 

molybdenum furnace. 
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Figure 3.10– Schematic diagram of the ejection tube with insets showing detailed views of the ejection 

furnace and connection between the upper and lower parts of the ejection tube. 
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Figure 3.11 – Furnace design for Kanthal® furnaces used in the production of hydromagmatic ash 

experiments of (Mastin et al., 2009) and SMILE of this thesis (a) 2-D render of doubly wound furnace 

(b) cross-section of the furnace housing with crucible (c) 180° slice of 3-D furnace render (c) 3-D render 

of furnace. 

 

 



Chapter 3 - Methods 

153 

 

 
Figure 3.12 –Diagram of the setup used for the 2008 swirling water system. (a) Fragmentation tank 

with spray system mounted in brass tube. The water level was maintained by draining through and 

outflow piped into a sump bucket at the same rate of water inflow as the spray system. The water level 

was observed from the outside of the tank with a clear hose mounted to the tank. (b) Spray pattern of 

the Bete® 0150SA Fog Nozzle. (c) Spray pattern of the Bete® 1080 Fog Nozzle. 
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-  
Figure 3.13 – Schematic diagram showing attachment of the sample holder to base of low pressure 

tank. A larger sediment filled column is attached to the sample holder to prevent sediment blow out 

during experiment. 

 

 

 



Chapter 3 - Methods 

155 

 

 
Figure 3.14 – Schematic diagram of the concentric cylinder apparatus. The heating system Deltech 

furnace, position and shape of one of the 6 MoSi2 heating elements is illustrated in the figure. Details 

of the Pt80Rh20 crucible and the spindle shape are shown on the right. The stirring apparatus is coupled 

to the spindle through a hinged connection. 
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Figure 3.15 – Diagram showing the relationship between isobaric specific heat capacity* and select 

major element oxide contents for silicate melts at T > 1400K. (a) As the SiO2 content decreases the 

specific heat capacity increases due to increasing volumes of Al2O, CaO, and MgO. (b) Relationship 

between specific heat capacity and Al2O3 content, (c) Relationship between specific heat capacity and 

CaO content, (d) Relationship between specific heat capacity and MgO content,  *Cp values calculated 

from the GEOROC database (Geochemistry of Rocks of the Oceans and Continents, 

http://georoc.mpch-mainz.gwdg.de) for ultramafic rocks and the Geochemical Database for Igneous 

Rocks (http://pubs.usgs.gov/ds/439/downloads/DATABASE/SW%20Casc%20geochem%20DB.xls). 

Magenta – komatiites; light blue – basanites; dark blue – basalt; green – andesite; red – dacite; black 

– rhyolite.  

 

http://georoc.mpch-mainz.gwdg.de/
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Figure 3.16 –Viscosity as a function of temperature at 1 bar for volatile free natural melts spanning 

the compositional range rhyolite to komatiite at typical eruption temperatures (from Lesher and 

Spera, 2015). 
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Figure 3.17 – Graphical representation for the calculation of the transition glass temperature using the 

method of Webb and Knoche (1996).  
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Figure 3.18 –Schematic diagram of the furnace and balance system used for melt density 

determinations using the double bob Archimedean method (modified from Dingwell and Brearly, 

1988). 

 

 
Figure 3. 19 –a) A sketch of the platinum probing rod used for attachment/detachment cycles in a melt 

filled crucible b) A sketch of the meniscus around a vertical cylinder. r is the cylinder radius; h is the 

height of the lower face above the horizontal level of the liquid; φ is the contact angle (modified from 

Veksler, 2010). 
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Figure 3.20 –Photograph showing an early experiment between magma and wet sand with a one euro 

coin (23.25 mm diameter) for scale. 

 

 
Figure 3.21 – The Cassagrande Apparatus. (a) Drawing of the apparatus specification; (b) photograph 

of the apparatus with a sediment cake having a 13 mm closure along the groove; (c) semi-logarithmic 

plot of Water Content (%) vs. Number of Blows to obtain the liquid limit of a sample at N = 25. Image 

From http://www.tankonyvtar.hu/hu/tartalom/tamop425/0033_SCORM_MFKHT6504SI-

EN/content/1/1_1/image099.png Accessed on 14/02/2015 

 

http://www.tankonyvtar.hu/hu/tartalom/tamop425/0033_SCORM_MFKHT6504SI-EN/content/1/1_1/image099.png%20Accessed%20on%2014/02/2015
http://www.tankonyvtar.hu/hu/tartalom/tamop425/0033_SCORM_MFKHT6504SI-EN/content/1/1_1/image099.png%20Accessed%20on%2014/02/2015
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Figure 3. 22 – The fall cone apparatus used to test the liquid limit and the undrained shear strength of 

the analogue sediment used in peperite experiments. 
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Figure 3.23 - Apparatus and still shots of the preparation method used in the Standard Test Methods 

for Laboratory Compaction Characteristics of Soil Using Modified Effort (ASTM 1557). A. The 

apparatus used including: a manual rammer, graduated cylinder, mold assembly, moisture cans, 

straight edge, trowel and mixing pan; B. partially moistened sediment; C. Specimen moistened to 

initial molding content; D. A layer of moistened sediment being placed in the mold assembly; E. Final 

layer of moistened sediment being compacted using modified rammer; F. The upper portion of the 

mold assembly is removed and the surface is cut level to the surface of the mold; G. The mold and 

moistened sediments are weighed; H. The sediment sample is removed from the mold; I. A sample of 

moistened sediment is taken from all 5 layers for assessment of the moisture content. 
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Figure 3.24 – Schematic diagram of the 4” mold used in the modified compaction tests from ASTM 

1557. 

 

 
Figure 3.25 – Rammer pattern for compaction in 4” mold assembly from ASTM 1557. 
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Figure 3.26 – Dead weigh direct- residual shear apparatus used for shear strength tests of consolidated 
drained soils. 

 

 
Figure 3.27 – Sketch of a soil sample in a direct shear box showing the direction of the normal force by 

loading N and the shear force T. If A is the surface area of the sheared surface C-D, the shear stress τ 

acting on C-D is equal to T/A, and the normal stress σ is equal to N/A. 
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Figure 3.28 – Sketch of a soil sample in a direct shear box showing the corrected area AC. This area 

varies with the relative shear displacement δ between the upper and lower boxes. 
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CHAPTER 4 - EXPERIMENTAL RESULTS AND 

ANALYSIS 

4.0 Overview 

This chapter focuses on the results and analysis of the experiments conducted to create 

peperitic textures using materials as close to natural products as possible. This chapter of the thesis 

is broken down into 5 major sections. The first two sections examine the physical properties of the 

analogue melt and sedimentary materials used in the experiments. The second two sections 

qualitatively describe the resulting materials produced in these experiments. The success of the 

experiments can be further gauged by making a comparison to the examples of peperite found in 

nature. Specifically, the globular mafic peperites from the Passamaquoddy Bay area, near St. 

Andrew’s, New Brunswick.  

4.1 Physical Properties of Magma Analogue Material 

As it was deemed necessary to add a fluxing agent to the natural silicate glass system for 

the magma analogue to have both a realistic melt temperature and a viscosity that permitted easy 

pouring, it is essential that I have a full characterisation of the physical properties of the modified 

basaltic melt. Even small changes in the degree of crystallization or gas-content of a silicate melt 

may cause substantial changes in the rheological properties; the same is true of borates, which are 

known to change the viscosity of silicate melt by disrupting the NBO-T structure (Dingwell et al., 

1992; Zhang and Reddy, 2004).  

This section of the results outlines the data gathered to ascertain the scaling effects of using 

such a fluxing agent in a natural basaltic melt. The bulk chemistry was analysed for each of the five 

glass samples produced (HB100 HB97.5, HB95, HB90, and HB85). The rheological and 
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thermophysical properties of these glass samples where measured, including the composition, 

viscosity (η), heat capacity (cp), density (ρ), and surface tension (γ) of the modified basalt mixtures. 

4.1.1 Microprobe Data 

Results from the electron microprobe (JEOL® JXA-733) analysis of the modified basaltic 

melts are given in Table 4.1. From the data in this table it is clear that during microprobe analyses 

the light elements are not being detected and it is then possible to calculated the loss of light 

elements for each of the samples analysed (Table 4.1). This calculated the weight percent light 

element loss (LEL) corresponds closely to the weight percent of the powdered Spectromelt A10® 

(Li2B4O7) mixed into the Kīlauean basalt.  

The accuracy of the microprobe analysis was determined by including a sample of pure 

homogenized glass (HB100) as a reference standard. The microprobe data for the HB100 sample 

(Table 4.2) shows a very close correlation with the normalized data of the modified basaltic melts 

(Table 4.3). The margin of relative error in the normalized data of the modified basaltic melts 

compared to the normalized average composition of the pure homogenized glass HB 100 is less 

than 2.5% for the major elements except in those oxide elements that are near the detection limit 

of the microprobe (Table 4.3).  

In addition, a duplicate sample of a modified basaltic melt with 5% powdered Li2B4O7 

(HB95) (Table 4.1), a select sample from a known experimental run (HB90IR) and an unknown 

(UK) samples were also included for analysis (Table 4.4). The results of the microprobe analysis 

show that HB90 samples are the best fit for the UK glass sample.  

The abundance of Li2B4O7 from the loss of light elements and percent error was calculated 

for each sample of HB95 (Table 4.5) and HB90 (Table 4.6). The HB95 glasses that were used in 

the physical property measurements contain an average of 5.4 % Li2B4O7 with an average error 
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from the expected abundance of 8 % relative. The data show that a single analyzed point had a 

higher LEL than expected, at 6.29 % or an error of 25.8%. The other 5 analyzed data points for 

HB95 show errors on LEL of < 10%. The HB90 glasses used in the physical property measurements 

contain an average of 11.48 wt % Li2B4O7, where as those used in in other experimental runs 

contain an average of 10.42 wt % Li2B4O7. This corresponds to an average error from the expected 

abundance of Li2B4O7 of 14.83% and 4.22%, respectively. The higher than expected LEL results 

from the HB90 glass used in the physical properties measurement could be a result of several factors 

including inhomogeneity of the mixtures or foaming of the basaltic melts during preparation.  

The results from duplicate analysis of modified basaltic melts show a moderate degree of 

variability in the expected values of Li2B4O7. Each sample used in an experiment was mixed 

specifically for that particular experimental run. Some variance in LEL is expected between sample 

preparations for the same composition as there is always some degree of human error. The main 

source of this error likely occurs during sample transfer into the crucible during the unmelted state. 

However, foaming of the basaltic melt during the initial melting phase may also contribute to this 

error. Granular basalt and Li2B4O7 were weighed and then poured into the crucible for both the 

hydromagmatic and peperite experiments, as well as for the physical properties analysis. 

Sometimes very fine dust from the sample preparations would rise out of the crucibles and settle 

on the counter accounting for variations in abundance of either granular basaltic material or 

Li2B4O7. As the glasses used in our experiment set up were not homogenized using the same set up 

as the ones used for physical properties measurements, there is a larger variation in the LEL 

between two points in a single sample. This effect may have a minor effect on the experiment itself 

as there are slight changes in viscosity, therefore fluid dynamics, but the errors are low (i.e., < 

10%).  
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HB85 shows variability in the data at sample point S2b has an LEL of 24.55% whereas 

S2c has an LEL of 15.28%, which corresponds well with other two points at 15.52% and 15.12% 

respectively. HB85 shows a very low silica content (34.72 %) and a high LEL. If I consider the 

measurement taken at S2b an outlier, then the value of LEL correspond well within the normal 

range of values of the amount of Spectromelt A10® added to the sample. The increase value of 

point S2b can be explained by having a sample that was not completely homogenized. 

A single sample was completely used up during sample preparation for rheological and 

thermophysical properties measurements. The modified basaltic melt using 2.5% Li2B4O7
 (HB97.5) 

could not be analyzed for its major oxide composition because of this. The data in the sections on 

viscosity, calorimetry, density and surface tension contained in this chapter clearly show that there 

is a continuous variation in the results. This indicates that the actual composition of this sample 

was very close to the nominal composition in terms of its rheology and thermophysical properties 

and as such I have chosen to nominally calculate that weight percent of the major element oxides 

from HB97.5 from the normalized data of HB100 (see Table 4.7).  

The microprobe data for HB100 was then input into the program Melts for Excel (Gualda 

and Ghiorso, 2015) to determine the liquidus temperature. Results of this indicate that the liquidus 

temperature of HB100 is 1234 oC or 1507 K. 

4.1.2 Viscosity Data  

High temperature viscometry was performed on the modified basaltic melts as described 

in Section 3.2.3, the results of these measurements are presented in Table 4.8. The values in this 

table are the time averaged viscosities. Figure 4.1 shows that the viscosity of the melt was 

continuously measured, during each temperature reduction step the melt was allowed to re-

equilibrate at the desired measurement temperature. The melt was considered to be re-equilibrated 
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when there was no drift in viscosity reading. During the experiments for this work none of these 

effects were observed.  

The viscosity measurements (log η in Pa∙s) of natural and modified basaltic melts measured 

at each temperature interval (i.e, 25°C steps) are presented in Table 4.9; the complete data set for 

the viscosity measurements can by found in Appendix 2. An additional data set for the values of 

Li2B4O7 can be found in Table 4.10; these data were taken from Anzai et al. (1993). The viscosity 

data presented in this section are plotted against the reciprocal absolute temperature, as seen in 

Figure 4.2. This viscosity data shows the anticipated exponentially decreasing relationship with 

increasing temperature. In Figure 4.3 the relationships between viscosity and temperature of five 

modified basaltic melt samples is shown on a log-normal plot where the log viscosity is plotted 

against the reciprocal absolute temperature. Generally, the lines in Figure 4.3 illustrate an 

Arrhenian (linear) dependence of viscosity on reciprocal temperature, with the exception of pure 

Specromelt A10®. It is uncertain if the viscosity-temperature relationship becomes increasingly 

non-Arrhenian with increasing percentage of Li2B4O7 at very high viscosity (i.e., greater than 108 

Pa∙s or approaching Tg). Typically for a narrow temperature range (e.g., temperatures with 

viscosities between 0.1 to 104 Pa·s), the dependence of viscosity on temperature is well described 

by the Arrhenius equation (e.g., Bottinga and Weill, 1972). When the temperature range is large 

enough, most silicate melts exhibit a non-Arrhenian relationship between viscosity and temperature 

(e.g., Neuville et al., 1993; Hess and Dingwell, 1996; Whittington et al., 2000). 

In the Figure 4.3, the experimental results show good linear functions. The linear 

relationships of the modified basalt samples can be regressed using the following equation: 

𝒍𝒐𝒈𝟏𝟎 𝜼 = 𝒂 + (𝒃 𝑻⁄ ) (4.1) 
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where T is the temperature (K) and η is the viscosity (Pa∙s). Thus, I can use the linear function to 

predict the viscosity at temperatures outside of the measured range. The equations can be used over 

a range of viscosity of 102 to 108 Pa∙s 11 and the results of the regression for each sample of modified 

basalt can be found in Table 4.11. The viscosity data from the concentric cylinder measurements 

for all of the samples can be described within error using Equation 4.1, as illustrated in Figure 4.3. 

The equations for each of the modified basaltic compositions can be found in Table 4.12. 

It has been well established that the temperature dependence on viscosity-temperature may 

be fitted, within error, to the Arrhenius equation (Dingwell, 1986): 

𝒍𝒐𝒈𝟏𝟎 𝜼 = 𝒍𝒐𝒈𝟏𝟎𝜼𝟎 + (𝑬𝜼 𝟐. 𝟑𝟎𝟑𝑹𝑻⁄ ) (4.2) 

 

where η is the viscosity at temperature T, log10 η0 is the pre-exponential factor, R is the gas constant 

(8.3145 J/K∙mol) and Eη is the activation energy. Thus, Eη can be calculated from the slope of the 

line given Equation 4.1 where b = (Eη / 2.303RT). The values of Eη derived from the regressions 

using Equation 4.2 range from 218 kJ/mol to 180 kJ/mol where by the activation energy decreases 

with increasing Li2B4O7 contents; exact values can be found in Table 4.11.  

For the modified basaltic melts there is a strong temperature dependence of the viscosity becoming 

more significant for lower temperatures as seen in Figure 4.4. For example, at 1325°C the viscosity 

ranges from 5.32 (HB100) to 1.82 (HB90) Pa∙s, while at 1225°C the viscosity drops from 12.41 

                                                      
11 Note 1012 represents Tg. Above 108 (high viscosities) we would need to use micropenetration because the 

viscosity would be so high that the spindle would not turn at the time scale required to take measurements. 

However, in most silicate melts the onset of crystallization occurs long before the 108 is ever reached. 

Micropenetration allows us to measure the viscosity of the pure glass behave without the presence of crystals. 

They can then use both the shear viscometry and micropenetration to write an equation describing the pure 

glass state if crystallization could be inhibited from 10 to 1012 Pa∙s. 



Chapter 4 – Experimental Results and Analysis 

173 

 

(HB97.5) to 2.36 (HB85) Pa∙s. The result of adding Li2B4O7 agrees well with the results of previous 

studies where the increasing alkali content (e.g., Li2O, Na2O, K2O, Rb2O, Cs2O.) leads to the 

decreasing viscosity of a silicate melts (Hess et al., 1995). 

The decrease in viscosity with increasing Li2B4O7 content at a fixed temperature is non-

linear but the magnitude of decrease gets smaller with increasing temperature, as indicated by the 

converging curves in Figure 4.4a and the slope of the lines on a log-normal plot in Figure 4.4b. 

Thus, the temperature- and composition-dependence of viscosity for the studied compositions 

becomes smaller with increasing temperature. Figure 4.3 also shows that the viscosities of the 

modified basaltic melts have a decreasing viscosity with increasing Li2B4O7 content occurring in a 

step wise linear fashion. A change of approximately 6% per 5 wt % Li2B4O7 added (i.e., from the 

slope of the line as calculated in Table 4.11). When the data are plotted to examine the isothermal 

variation of the average log viscosity with increasing percentage of Li2B4O7 it is evident that the 

effect of addition of the network disrupter is greatest at lower temperature (Fig. 4.4b). The 

magnitude of change per 5 wt % Li2B4O7 added at a given temperature varies from 3.5 to 5.5 % 

(i.e., from the slope of the line as calculated in Table 4.13). 

4.1.3 Calorimetric Data 

Specific heat capacities for each sample were measured using a differential scanning 

calorimetry, as described in Section 3.2.4. The measurements for each sample can be found in 

Appendix 3. Figures 4.5 and 4.6 display the specific heat capacities as a function of temperature, 

measured at a heating rate of 10 K/min across the glass transition interval into the super cooled 

liquid. Every curve shows a positive temperature dependence from the beginning up to the onset 

of relaxation, which is indicated by a strong slope increase between 800 and 850K. This region of 

the curve may be described within 1% by the Maier-Kelley equation (Maier and Kelly, 1932): 
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𝑪𝒑
𝒈𝒍𝒂𝒔𝒔

= 𝒂 + 𝒃𝑻 + (𝒄 𝑻𝟐⁄ ) (4.3) 

 

where T is the temperature (K) and a, b and c are regression constants. Figures 4.8 to 4.11 show 

the Cp
glass for each measured composition of modified basaltic melt. The best fit results for each 

DSC analysis are given in Table 4.14 for the natural curves with equations found in Table 4.15. 

The results of the 10K/min heating/cooling curves (from here on in referred to as 10/10) are given 

in Table 4.16 and the equations are found in Table 4.17. 

These glassy heat capacities (Cp
glass) are independent of thermal history since the glasses 

were manufactured in a laboratory setting. This is evident from looking at the glassy region of the 

heat capacity curves: there is a strong similarity between the first heating cycle showing the natural 

curve and the 10/10 heating and cooling cycle curve (Figures 4.8 through 4.11). Examination of 

the peak in the glass transition region shows similarity in both shape and size. The variation in 

shape strongly depends on the cooling history of any sample. The faster the cooling rate, the wider 

and lower the peak (Webb and Knoche, 1996). The similarity in the samples measured reflects that 

the tempering of the sample during manufacturing was close to a 10/K per minute cooling rate. 

In the glass transition (Tg) region, the steepest part of curve can be modelled using  

𝑪𝒑
𝒐𝒏𝒔𝒆𝒕 = 𝒂 + 𝒃𝑻𝒈

𝒐𝒏𝒔𝒆𝒕 (4.4) 

 

where T is the temperature (K), and a and b are regression constants. Figures 4.7 to 4.11 show the 

Cp
onset line with the intersection of the Cp

glass curve for each measured composition of modified 

basaltic melt. The best fit results for are given in Table 4.18 for the natural curves with equations 
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found in Table 4.19. The results of the 10K/min heating/cooling curves are given in Table 4.20 and 

the equations are found in Table 4.21. From this line I am able to calculate the intersection with the 

glass heat capacity curve to obtain Tg
onset or Ta. The glassy heat capacity (Cp

glass) at Tg
onset and the 

liquid heat capacity (Cp
liqu) are reported in Table 4.22. 

The maximum heat capacity (Cp
max) can be observed and an additional linear function can 

be plotted  

𝐂𝒑
𝒎𝒂𝒙 = 𝒂 + 𝒃𝑻 (4.5) 

 

in the region between the maximum heat capacity (Cp
max) and the liquid heat capacity (Cp

liqu). The 

best fit results for are given in Table 4.23 for the natural curves with equations found in Table 4.24. 

The results of the 10K/min heating/cooling curves are given in Table 4.25 and the equations are 

found in Table 4.26. Where the Cp
peak line intersects the Cp

onset line I am able to obtain the Tb value. 

The values for Ta and Tb, as reported in Table 4.27, can then be used to calculate the transition 

glass temperature Tg
cal. 

The sample HB100 was measured multiple times in the DSC. Each time the sample 

approached 1200°C without producing a peak (Fig. 4.7). Thin sections were made from the HB100 

glasses that were measured in the DSC and from the original glass used in other measurements. 

These sections show extremely fine-grained plagioclase crystallization in the HB 100 sample. The 

basaltic glass was remelted and poured at 1600°C but examination of the glass after tempering 

revealed the presence of plagioclase crystallites. This indicated that this composition of basaltic 

glass is unstable and has a tendency to crystallize. The presence of the plagioclase crystallites 
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prevents the basaltic glass from attaining a peak heat capacity and measuring Tg at a rate of 

10K/min.  

The glassy heat capacity (Cp
glass) show a positive dependence with increasing Li2B4O7 from 

1170 J/kg∙K for HB97.5 to 1190 J/kg∙K for HB90, then decrease to 1182 J/kg∙K for HB85 (Table 

4.22). The liquid heat capacity (Cp
liqu) also increases with increasing Li2B4O7 from 1570 J/kg∙K for 

HB97.5 to 1757 J/kg∙K for HB85 (Table 4.22). This table shows near identical values for both the 

natural and the 10/10 curves. 

The glass transition glass temperature (Tg
cal) decreases with increasing Li2B4O7 from 915K 

for HB97.5 to 834K for HB85. The relationship between the heat capacity (Cp) and glass transition 

temperature (Tg
cal) shows increasing heat capacity with decreasing Tg as Li2B4O7 increases (Fig. 

4.12 and Table 4.27). As with the other tables presented, the table of glass transition temperature 

(Tg
cal) shows near identical values for both the natural the 10/10 curves. The values of both Ta and 

Tb (Table 4.27) show the same relationship of increasing heat capacity with decreasing Tg as 

Li2B4O7 increases. The Tg value for Li2B4O7 has been reported by Soliman (2008) using DTA is 

795K. 

The changes in configurational heat capacity were used to assess the melt fragility. The 

configurational heat capacity (Cp
config) can be approximated from the difference between the liquid 

heat capacity (Cp
liqu) and the glassy heat capacity (Cp

glass) at Tg
onset. The melt fragility was classified 

using the Angell diagram (Angell, 1995) of Log η vs Tg/T (Fig. 4.13). The melt fragility 

characterizes how rapidly viscosity increases as a melt is cooled toward the glass transition. Rather 

than being a measure of the brittleness of a material, the fragility of a melt is a measure of the 

degree to which the temperature dependence on the viscosity (or relaxation time) deviates 

from Arrhenius behavior (Angell, 1995; Debenedetti and Stillinger, 2001). Melt fragility ranges 

https://en.wikipedia.org/wiki/Glass_transition
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from “strong” glass forming liquids to “fragile” depending on the structure of the liquid and its 

flow properties. Typically, "strong" liquids show near-Arrhenian temperature dependence, where 

as "fragile" liquids show non-Arrhenian temperature dependence. “Strong” liquids, such as SiO2, 

show a firm resistance to structural change over a wide temperature interval. Conversely, “fragile” 

liquids accommodated temperature swings by continuous changes in the melt structure. Silicate 

melt with a higher fragility have a relatively narrow glass transition temperature range, while those 

with low fragility have a relatively broad glass transition temperature range (Giordano et al., 2008).  

In terms of the Adam-Gibbs equation, a strong liquid has a small ΔCp, whereas a fragile 

liquid possesses a large ΔCp (Christiansen and Drozdov, 2002). As the content of Li2B4O7 in the 

basaltic melt increases Cp
config also increases, from 400 J/kg∙K for HB97.5 to 575 J/kg∙K for HB85 

(Table 4.22). This represents an increase in change from 34% of the Cp
glass to 48%, for HB97.5 to 

HB85. This indicates an increase in melt fragility with increasing Li2B4O7 content (Fig. 4.13). 

The isothermal curves for heat capacities illustrate a linear composition dependence for the 

glassy state for all temperatures below 850K (Fig. 4.14). Above the glass transition temperature, in 

the super-cooled liquid region, a smooth but strongly non-linear composition dependence is 

observed (Fig. 4.14). This relationship is in accordance with literature data and models for the heat 

capacities of glasses (Stebbins et al., 1984; Richet and Bottinga, 1986; Richet, 1987, Knoche, 1994) 

for other compositions of silicate melts. 

Heat capacities were calculated for all compositions of modified basaltic melts at 1400°C 

using Equation 4.8. The calculated liquid heat capacities (Cp
liqu), found in Table 4.28 using, are in 

good agreement with the measured heat capacity data for the modified basaltic melts. The error 

between the calculated and measure heat capacities are between 3.17% and 6.33%. The liquid heat 

capacity (Cp
liqu) for HB100 is 1489.09 J/kg∙K for the normalized composition. The calculated liquid 
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heat capacities for the normalized values of the modified basaltic melt averages1488.37 J/kg∙K, 

less than a 0.05% difference. 

4.1.4 Density Data 

Densities for each sample were measured using the double-bob Archimedean technique, as 

described in Section 3.2.5. The high-temperature density measurements are listed in Table 4.35 and 

are plotted as a function of temperature in Figure 4.15. The typical mean precision of the density 

measurements for the double bob buoyancy method between consecutive measurements is less than 

0.2%, found by propagating the standard deviation of equation using the square root of the sum of 

squares (Dingwell and Brearley, 1988; Courtial and Dingwell, 1999). For the set measurements at 

1600°C the mean precision is roughly 3%, which may be linked to greater instability of the system 

probably caused by thermal convection in the melt. Table 4.35 also shows the densities of Li2B4O7, 

calculated from data obtained by Anzai et al. (1993). In addition, densities were calculated using 

molar fraction, partial molar volume, thermal expansivity and compressibility using the method of 

Lange and Carmichael (1990).  

The measured density of the natural basaltic melt (HB100) range from 2840 to 2884 kg/m³ 

from 1882K down to 1609K (Table 4.35). Figure 4.16 shows that density decreases as the 

temperature increases. This negative dependence on temperature can be modelled using a linear 

regression (Tables 4.36 and 4.37), and has been calculated for each composition of the modified 

basaltic melt (Figures 4.17 to 4.20). The densities range from 2814 to 2859 kg/m³ for HB97.5 (Fig. 

4.17), a change of less than 1% from the natural basaltic melt. The densities range from 2787 to 

2869 kg/m³ for HB95 (Fig. 4.18), an average change 1.80%. The densities range from 2734 to 2785 

kg/m³ for HB90 (Fig. 4.19), an average change 3.59%. The densities range from 2680 to 2735 

kg/m³ for HB85 (Fig. 4.20), an average change 5.39%. This represent a reduction in density of 

1.80% for every 5% Li2B4O7 by weight added to the natural basaltic melt. 
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Theoretically modelled, densities for natural basaltic melt (HB100) were calculated to be 

between 2820 and 2916 kg/m³ for temperatures between 1689K and 1882K (Table 4.38). The error 

between the measured and calculated densities is less than 1% (Table 4.39). The densities were also 

calculated for the modified basaltic melts (Table 4.38) and the error was found to be near to or less 

than 1% in all cases (Table 4.39). 

A plot of the isothermal curves for density versus Li2B4O7 contents shows a linear 

dependence on composition. The density of the modified basalt decreases with an increase of di-

lithium tetraborate (Fig. 4.21). The linear regression for the isotherms can be found in Tables 4.40 

and the equations for the lines in Table 4.41.  

4.1.5 Surface Tension Data 

High temperature tensiometry was performed on the modified basaltic melts as described 

in Section 3.2.6, the results of these measurements are presented in Table 4.42. Figure 4.22 shows 

surface tension measurements plotted versus temperature. Ideally, there should be measurements 

for three temperatures, providing a range of ca. 350K. The natural basaltic melt couldn’t be 

measured at 1523K (1260°C) because it starts to crystallize plagioclase at about 1573K (1300°C). 

Furthermore, it is not possible to measure the samples HB90 and HB85 above 1773K (1500°C) 

because they start to foam rapidly. The overall precision is of the surface tension measurements is 

limited by the manual movement of the Pt-rod (+ 0.2 mm) and the precision of the balance (+.0.001 

g); hence the maximum error is estimated to be no more than 5%.  

The data show that the surface tension increases slightly with temperature and decreases 

significantly with increasing Li2B4O7 content. The surface tension ranges from a minimum of 

288.32 mN/m for HB85 at 1409K (1263°C) up to 371.36 mN/m for HB100 at 1875K (1602°C). 

The slope of the surface tension measurement vs temperature varies from about 5-8%, though the 



Chapter 4 – Experimental Results and Analysis 

180 

 

variation may be more consistent if more data were collected. However, there is a significant 

change in surface tension with increasing Li2B4O7 (Fig. 4.23). The surface tension decreases from 

367.39 to 297.50 mN/m from 0 to 15% Li2B4O7 at 1400°C., a decrease of 20%. The same 

percentage decrease can be seen in the surface tension at 1260°C. This shows that the influence of 

di-lithium tetraborate on surface tension is significant. 

4.2 Physical Properties of Analogue Sedimentary Material 

This section presents the classification of the sedimentary material used in the peperite 

experiments, and its physical properties. This comprehensive data set allows for the comparison 

with sediments of known composition and failure criteria. 

4.2.1 Particle Size Analysis 

The particle size and size distribution of the analogue sediments was determined using the 

methods described in Section 3.4.1. Dry sieving, wet sieving, microscopy, and laser particle size 

analysis were completed to look at the nature of this analogue sediment. The results of the wet 

sieving and laser particle size analysis were recalculated, then used to create frequency and 

cumulative frequency curves to help classify the specific sediment type used.  

Dry sieving without washing shows that approximately 76% of the analogue sediments 

were below 250 μm in size (Table 4.43). Wet sieve analysis indicated that approximately 88% of 

all sediments were below 250 μm (Table 4.44). The character of the retained sediments for each 

size fraction can be seen in Figures 4.24 and 4.25. Photomicrographs of the analogue sediments 

were also taken at 6.4, 50, 100 and 200 X magnifications under reflected light. These images, as 

shown in Figure 4.26, clearly show a variety of lithologies and glass fragments. The coarser 

fragments are subangular and the finer fragments are subangular to subrounded. The dominant 

lithologies present are pumice and andesite, with smaller amount of NIST standard glass and mafic 
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glass. This is consistent with the material typically drilled or sawed that feeds into the catchment 

basin from which the analogue sedimentary material was recovered. 

As the majority of particles are below 250 μm in diameter laser particle size analysis was 

performed, as outlined in Section 3.4.1. The results were analysed using Malvern Application 5.60. 

Analysis of a NIST traceable 9 μm mean diameter uniform polymer microsphere standard (Duke 

Standards™) and a quality audit standard QAS3001 (Malvern Instruments Ltd) were performed. 

Complete results of these standards can be found in Appendix 4 (Laser Particle Size Analysis Data 

Tables).  

The NIST traceable 9 μm mean diameter uniform polymer microsphere standard (Duke 

Standards™) certifies that the product has a mean diameter of 9.0 μm + 0.3 μm with a standard 

deviation of 0.9 μm. Results reported in Table 4.45 show the volume weighted mean diameter 

having an average of 9.09 μm. This result falls within the error margins reported for this standard. 

Figure 4.27 shows that the graphical representation of analysis of this standard has a symmetrical 

distribution with the peak of the curve occurring at 9 μm.  

The expected results for the quality audit standard QAS3001 (Malvern Instruments Ltd) 

run using a Hydro S sampler are reported in Table 4.46. Data from the particle size analysis on 

QAS3001, as reported in Table 4.47, show lower limits and median values fall within the acceptable 

range of error (i.e., + 3% on 0.1 d12 and + 2% on 0.5 d). The results reported for 0.9 d for all 3 

samples are near the upper end of acceptable values including the + 3 % error margins for this 

standard. This indicates that part of the contents of the quality assurance standard may have adhered 

to the sample bottle or there may have been particle contamination present in the Hydro S prior to 

                                                      
12 d – refers to the average particle diameter at 10% (0.1 d), 50% (0.5 d) and 90% (0.9 d) of the analyzed 

sample aliquot. 
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the sample analysis. Figure 4.28 shows that the graphical representation of analysis of the quality 

audit standard QAS3001. The data for this standard have a symmetrical distribution with the peak 

of the curve occurring at approximately 63 μm, the volume weighted mean diameter. As there is a 

strong correlation between the volume weighted mean for all 3 runs of this sample previous 

assumptions about particle contamination are incorrect; the tight correlation in the volume weighted 

mean between the 3 runs of the quality audit standard indicated that there was likely adhesion of 

particles to the sample chamber wall. 

Since satisfactory results for the standards were achieved, laser particle size analysis was 

performed on multiple samples of the analogue sedimentary material as outlined in Section 3.4.1 

using a Mastersizer 2000. The results were then analysed using Malvern Application 5.60. 

Complete results of these standards can be found in Appendix 4 (Laser Particle Size Analysis Data 

Tables).  

Using the standard operating procedure (SOP) outlined in Section 3.4.1, the analogue 

sediment samples were run at two different RPM values (900 and 2000) to prevent the effect of 

settling within the chamber during an analysis. The samples were also run with the ultra sound off 

or on, successively as initial sample analysis indicated the presence of a population of particles 

with diameters above the maximum wet sieving size of 250 μm (Fig. 4.29a,e and Fig. 4.30c,g) 

when the ultrasound was left off. Upon running the analysis with the ultrasound on (Fig. 4.29b and 

Fig. 4.30a, e), the presence of particles > 250 μm in diameter decreased to near trace values (see 

data tables in Appendix 4).  

Since the values of the refractive index (RI) and absorption coefficient (AC) were assumed 

prior to running the PSA, as the precise composition was unknown, a detailed examination was 

performed on the grain-size distribution of each analyzed sample aliquot to determine the effect of 



Chapter 4 – Experimental Results and Analysis 

183 

 

incrementally changing RI and A. There are extensive references on the RI of individual mineral 

components (e.g., Kerr, 1977) but the analogue sedimentary material used in the peperite 

experiment likely contains multiple rock sources of varying proportions and thus the composition 

could contain tens of different minerals all having a unique composition. As such the method used 

Horwell (2007) has been employed by where the refractive index is varied in 0.2 RI intervals and 

the absorption coefficient is varied in 0.1 AC intervals on samples of known compositions. 

Horwell’s results show that both the RI and AC for a representative sample of a specific magma 

type can be determined without painstakingly determining the exact chemical composition of each 

mineral phase, summing the RI’s for the component material, and adjusting the proportion of 

minerals and glasses in the material being analyzed. 

Cumulative volume percentage plots of the grain-size distribution looking at the influence 

of changing the refractive index in 0.2 RI increments of the analog sediment sample show that the 

particle size most strongly influence by this parameter are those finer than 10 μm in diameter (Figs. 

4.29 and 4.30). The data for each of these plots and others in this section, found in Appendix 4, was 

recalculated from the original analysis of the each of the sample aliquots using Malvern Application 

6.0. Regardless of the SOP used, this behavior holds true for each sample aliquot analyzed. 

Common to each of the sample aliquots analyzed is a convergence of the grain-size distribution 

curves (Fig. 4.31 and Fig. 4.32) for values above 1.54 RI. For values below 1.54 RI there is 

significantly more fine material below 10 μm (Fig. 4.31 b,d,f and Fig. 4.32 b,d,f,h), and there is a 

decrease in the volume of particles in the peak region (Fig. 4.31 a,c,e and Fig. 4.32 a,c,e,g). This is 

further supported by an examination in variance of the cumulative frequency values for samples 

with an absorption coefficient of 0.1 AC (Tables 5.48 to 5.50). The results of this analysis show 

that the RI can be set anywhere from 1.54 – 1.62 without significantly affecting the grain-size 

distribution.  
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Cumulative volume percentage plots of the grain-size distribution looking at the influence 

of changing the absorption coefficient in 0.1 AC increments of the analogue sediment sample show 

that the particle size most strongly influence by this parameter when the AC is set at 0.0 (Fig. 4.33 

and Fig. 4.34). Plots of each sample aliquot run show that an AC of 0.0 gives significantly less fine 

material (i.e., <30 μm) and virtually no material below 2 μm). At and above AC values of 0.1 the 

grain-size distribution curves converge (Fig. 4.33 and Fig. 4.34). This indicates that the AC can be 

set anywhere from 0.1 – 1.0 without affecting the grain-size distribution. The results, as presented 

in Figures 4.33 and 4.34, clearly show that the initial assumption of using 1.544 and 0.008, based 

on the presence of clear glass, were close to the actual value of RI and AC for the analogue 

sediment.  

The data from laser partial size analysis are reported in frequency (volume percent), as 

shown in Figures 4.29 and 4.30. The data were converted to cumulative frequency (volume percent) 

to better graphically represent the quantity of material present in each aliquot tested. The frequency 

graphs show a slightly asymmetric monomodal distribution of the particles below 250 μm in 

diameter. The peak of the curve is slightly shifted to the right of the median value (0.5 d) indicating 

that there is an increased abundance of particles below the modal frequency. The peak of the curves 

typically occurs between 15 and 24 μm diameter (Table 4.51) indicating that the greatest abundance 

of particles occurs in that range. 

For values of Dv10, 10 % of the particle analyzed are smaller than between 1.844 and 3.032 

µm. For values of Dv50, 50% of the particles analyzed are smaller than between 10.64 and 20.118 

µm. For values of Dv90, 90% of the particles analyzed are smaller than between 31.796 and 80.463 

µm. These latter data fall well below the anticipated values from sieving of 250 µm. The volume 

weighted mean diameter (or arithmetic mean) is slightly higher than the median values reported at 

Dv50 (Table 4.51). This is common in samples that are slightly skewed to the right as the larger 
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particle sizes have a total weight greater than that of the finer size fractions. The volume weighted 

mean diameter ranges from 15.291 to 36.679 µm.  

The particle size analysis data for the analogue sediments passing through a 250 µm sieve 

at RI 1.54 and AC 0.1 can be found in Table 4.52. The plotted grain size distribution data in Figure 

4.35 were obtained using the parameters for laser particle size analysis as previously discussed. 

The weight frequency curve shows a monomodal peak with a slightly non-symmetrical distribution 

(i.e. slight positive skew), nearly identical to the pattern seen in the volume frequency curves. This 

data set was averaged and combined with the wet sieve size data to produce a recalculated grain 

size distribution (Table 4.53), a new weight frequency and cumulative frequency graph (Fig. 4.35) 

for the analogue sediments. The weight frequency graph is plotted in Figure 4.34a and shows a 

single peak with an irregularly shaped tail. The weight frequency curve indicates two distinct 

population of sediment sizes, with a peak in the silt sized range. This is also evident in the 

cumulative frequency curve (Fig. 4.35b) where there is a staggered tale in the region of 88-100%.  

The grain size analysis data for the analogue sediments was then processed using 

GRADISTAT (Blott and Pye, 2001). The grain size distribution of the unsieved sediment shows a 

slightly very fine gravelly, very fine sandy, coarse silt containing 4.3% gravel, 15.2% sand and 

80.5% mud (Table 4.55). The mud fraction is comprised of varying amounts of coarse to fine silt, 

with a minor clay component (Table 4.55). The < 250 μm sediment is classified as a coarse silt 

containing 8.8% sand and 91.2% mud sized grains. The mud fraction is comprised of coarse to fine 

silt with minor amounts of clay sized grains. Figure 4.36 showing sediment types after Folk (1954) 

plots the unsieved sediments in the silts sand field and the < 250 μm sediment at the boundary 

between silt and silty sand. This is consistent with the grain size analysis using GRADISTAT. 
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4.2.2 Specific Gravity  

The specific gravity of the analogue sediments was determined using a water pycnometer, 

as described in Section 3.4.2 of the previous chapter. The specific gravity of any sediment is 

reflected in its componentry. The specific gravity of most common minerals found in sediments 

fall within a range of 2.6 to 2.9 (Larson and Berman, 1934). The specific gravity of sandy sediment, 

which is mostly made of quartz, may be estimated to be about 2.65, whereas for clayey and silty 

soils, it may vary from 2.6 to 2.9 depending on the type of clay or micaceous minerals present 

(Larson and Berman, 1934). Soils containing organic matter and porous particles may have specific 

gravity values below 2.0, while soils having heavy substances may have values above 3.0.  

The results of the measurement for the sediments particle specific gravity (Gs) performed 

at the University of New Brunswick can be found in Table 4.57. Results show that the unsieved 

sediments have a Gs of 2.58, and the sieved (< 250 µm) have a Gs of 2.63. Specific Gravity 

measurements performed by the Department of Transportation and Infrastructure on the sieved (< 

250 µm) confirm a Gs of 2.63 (see Appendix 5).  

Photomicrography of the analogue sediment revealed that they were comprised of pumice, 

andesite, NIST and mafic glasses with some feldspar and quartz fragments (see previous section). 

Minor wood fragments were also observed in the > 250µm size fraction. The mineralogical 

componentry of the analogue sediment is consistent with the results of the specific gravity 

determination. 

4.2.3 Atterberg Limits and Undrained Shear Strength 

Attempts to define the liquid and plastic limits of the analogue sediment using the 

Cassagrande apparatus as described in Chapter 3, Section 3.2.3 were unsuccessful. The liquid limit 

determined using the Cassagrande apparatus could only be determined for sediment sieved to 425 
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μm. The < 250 μm sediment closed quickly (i.e., fewer than 25 blows) regardless of the water 

content, indicating that the sediment was non-plastic. The plastic limit could not be determined for 

either the < 425 µm or < 250 μm sediments by this method due to the non-plastic nature of the 

sediment. Table 4.58 reports the data for the liquid limit test of the < 425 µm sediment as shown in 

Figure 4.37a. The liquid limit of the < 425 µm sediment is 30.58 % water. 

The liquid limit for both of the sediment types can be found using the Swedish Fall Cone 

Method, as outlined in Chapter 3, Section 3.2.4. The Fall Cone Test on both the < 400 µm and < 

250 µm sieved sediment was preformed using the multiple point method. The points for each test 

were measured and an average penetration depth was obtained. The results of each successive water 

content are reported in Table 4.59, and the graph of moisture content versus penetration depth to 

determine the liquid limit can be seen in Figure 4.37b. Using this method, the liquid limit is found 

to be 32.60% and 30.94% for the < 400 µm and < 250 µm sieved sediment, respectively. The liquid 

limit for the < 400 µm and < 425 µm samples are within 5% of each other. The difference between 

these two values stems from the differences in the methods used to obtain them. 

From the Fall Cone Test it is possible to calculate the undrained shear strength (su) for each 

moisture content used (Tables 4.59 and 4.60). The method for calculating su was outlined in Chapter 

3, Section 3.2.4. The undrained shear strength is plotted as a function of the water content, as shown 

in Figure 4.38. The experimental data points were fitted with power-law trend lines with R-squared 

values falling between 0.91 and 0.99 (Table 4.61). The plot shows that at a water content of 

approximately 36% and above, the shear strength becomes independent of the sediment type. Based 

on Craig (2004) the consistency of the sediment water mixture is very soft.  
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4.2.4 Dry Density and Void Ratio 

The dry density and void ratio of the analogue sediments was determined for both of the 

analogue sediments (mixed sediments and <250 μm sized fraction), as described in Section 3.4.5. 

of the previous chapter. The results of the latter can be found in Appendix 5. 

The maximum void ratios were determined for both the unsieved and sieved (< 250 μm) 

sediments to evaluate minimum index dry density (ρdmin). by allowing a slurry to settle out in a 

graduated cylinder, as discussed in Chapter 3, Section 3.5.5. The data in Table 4.62 were needed 

to calculate these parameters. From these data the maximum void ratio (emax) for the unsieved 

sediment is 1.83 and for the < 250 μm sieved sediment is 1.98. The minimum index dry densities 

are 991 kg/m3 and 882 kg/m3, respectively. These low densities result from the fact that the grains 

are barely touching at the maximum void ratio. The moisture contents at the maximum void ratio 

are 70.90% for the unsieved sediment with a porosity of 0.646 and 76.70 % for the < 250 μm sieved 

sediment with a porosity of 0.664. 

The minimum void ratios were determined for each sediment to evaluate maximum dry 

index density (ρdmax), using the modified proctor test, as discussed in Chapter 3, Section 3.5.5. 

Figure 4.39 shows the curve of the dry density versus moisture content of both the unsieved and 

<250 μm sieved. The maximum dry index density occurs at the peak of the curve, or the optimal 

moisture content (OMC). The maximum dry index density, where the sediment has been compacted 

to its greatest density, is 1596 kg/m3 and 1570 kg/m3 for the unsieved and 250 μm sieved, with 

OMC of 22.2% and 20.0 % respectively. The minimum void ratio is calculated to be 0.6239 for the 

unsieved sediments and 0.6606 for the < 250 μm sieved sediments, with porosities of 0.382 and 

0.397, respectively. The data for the calculation of these parameters can be found in Tables 4.63 

and 4.64. 
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4.2.5 Dead Weight Consolidated Shear Strength 

Consolidated drained direct shear tests were performed on unsieved and < 250 μm sieved 

sediments. In this series of tests, drained shear strength values were measured under 53, 583, and 

1111 N vertical consolidation pressures corresponding to 16.70, 183.76 and 350.83 kPa, 

respectively. The initial moisture contents of the sediments were 23 and 24 %. The results are 

presented in Appendix 6 and in Figures 4.40 to 4.43. 

The effective failure envelopes for consolidated drained direct shear tests are shown in 

Figure 4.44. Values of drained friction angle for the unsieved sediment was found to be 36.86 

degrees, and for the < 250 μm sieved sample it was found to be 48.90 degrees (Fig. 4.44). The 

analogue sediments are cohesionless as indicated by the intercept of the failure slopes through the 

origin point. Graphs of the shear displacement as a function of time are shown in Figs. 4.40a, 4.41a, 

4.42a, 4.43a)., vertical displacement as a function of time in Figs. 4.40b, 4.41b, 4.42b, 4.43b), and 

horizontal load as a function of time in (Figs. 4.40c, 4.41c, 4.42c, 4.43c). Relations between drained 

shear strength and shear displacement for the analogue sediments are presented in Figures 4.40d to 

4.43d. 

4.3 Peperite Experiments 

A total of 31 experiments were conducted by pouring modified basaltic melts onto wet 

unconsolidated sediments. Initial experiments using mixed sandy and muddy sediments were 

exploratory in nature and were set up to test the effect of changing the undrained shear strength of 

the sediment on the peperitic textures produced. The incremental changes in undrained shear 

strength were made by adding increasing amounts of water (xw) to dried sediments changing both 

the water (R) and sediment (Rs) to melt ratios (see Chapter 2, Section 2.3.3). Two types of 

experiments were performed for each Rs value: – static and liquefaction experiments (see Chapter 

3, Section 3.1.2.2). The latter sets of experiments were conducted using a forced 50 Hz vibration 



Chapter 4 – Experimental Results and Analysis 

190 

 

in an attempt to induce vapour film collapse potentially leading to explosive textures. Additional 

experiments were conducted using < 250 μm sieved muds to examine the effect of rheological 

changes in the sediments in the production of peperitic textures. Further experiments were then 

performed with higher viscosity modified basaltic melts to look at the control of melt viscosity on 

texture.  

Major differences in the 2-D clast morphology and internal structure of preserved and 

sectioned experiments conducted using differing sediment types to produce peperitic textures have 

been found. There is also a very strong influence on the behavior of melt-wet sediment interactions 

when liquefaction is induced, as is there when different viscosity melts are used. Common to nearly 

all of the performed experiment is the production of globular or fluidal textures, a texture that is 

observed in the majority of basaltic melt – wet sediment interactions. The results of these 

experiments are described in detail below and are divided into sections based on the melt viscosity 

and sediment type. 

4.3.1 Low viscosity melts and unsieved sediments  

Unsieved sediment experiments were conducted using a modified basaltic melt containing 

15% Spectromelt ® A10 by weight at 1100°C. The percentage of water present within each mud 

was changed incrementally from xw 30 to 37 % resulting in experimental runs with R values of 1, 

1.2 and 1.4, respectively (Table 4.68). Pour rates for these experiments ranged between 25.8 and 

31.1 cm/s, with an average pour velocity of 27.0 cm/s. Upon examination of the slabs cut from 

preserved samples it is evident that increasing water affects the degree of hydrodynamic mixing of 

the melts and unconsolidated sediments. Generally, the samples go from having a single large lobe 

of melt with a trapped vapour bubble to exhibiting multiple lobed and contorted melt clasts with 

broken, sediment filled bubbles as the ratio of water to melt increases. A complete description of 
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each sample type can be found in Table 4.69, and photographs of the slabs are in Figures 4.45 

through 4.51. 

In experiment HB85_MxRs3.3 (Table 4.69), a vapour bubble formed at the surface of the 

static wet sediments while the melt was being poured and the melt along with the vapour bubble 

rapidly sunk through the wet sediments. When the same experimental conditions were repeated but 

induced liquefaction of the sediments were employed the melt stream plunged immediately into 

the wet sediments. Slabs of the preserved samples show that static or unliquefied experiments single 

clast or glob of melt, containing a small (<2 cm) trapped vapour bubble, at the bottom of the sample 

container (Fig. 4.45). There is a visible disturbance in sediments where melt entered the wet 

sediments and a thin layer of sediment directly underlying the sample itself. In the cut slabs from 

the induced liquefaction experiments multiple clasts comprised of thick glass bubble walls (0.2-0.5 

cm) some of which have complex fluidal geometries where the melt folded over (Fig. 4.46). 

Thinning of the bubble walls as water vapour is buoyantly pushed to the surface are preserved with 

some curviplanar broken shards of glass located inside of the sediment filled bubbles. 

Several runs were conducted for HB85_MxRs3.5 (Table 4.69). In the original experiment 

the video clearly shows very large bubbles of glass that rose up to the surface of the unliquefied 

sediments; as the mud boiled the sample pushed up to the top because the mud underneath 

compacted. The sample from this experiment was not correctly preserved and was repeated. The 

second experiment preformed using static muds produced a sample with complex textures. This 

sample contains several interconnected bubbles that are now broken, with the broken glass film 

incorporated into the muddy matrix filling in the largest bubble (Fig. 4.47). The most prominent 

feature in the experiment is where a bubble septa separates three coexisting bubbles. In all examples 

of these collapsed bubbles nearly 3/4 of the structure is preserved (Fig. 4.47); the broken surface 

representing the surface where glass deformation was the highest. A third experiment was 



Chapter 4 – Experimental Results and Analysis 

192 

 

performed under induced liquefaction; the video of this experiment does not show large bubble 

growth on the surface of the mud as some other experiments do, though there is a small amount of 

melt that pushes back up to the surface. Slabs of this experimental run show multiple blocky clasts 

with some minor globular clasts (Fig. 4.48). There are blocky clasts present that exhibit jig-saw fit 

textures, though this sample partially incompletely preserved. 

Runs performed using experimental parameters HB85_MxRs3.8 (Table 4.69) were 

conducted using both static and induced liquefaction. The static experiment video shows the 

formation and breakage of several large bubbles while turbulent boiling occurs. Slabs of the 

preserved experiment display complex multiple clasts comprised of non-spherical bubbles with 0.5 

cm thick bubble walls. A large lobe of glass penetrates down to the bottom of the samples that 

contains no bubbles and there is a neck connecting this with the upper bubbly area (Fig. 4.49). The 

induced liquefaction experiment also formed a large bubble above the surface of the sediment but 

not until much later in the experiment, the bubble subsequently that shattered and sunk beneath the 

surface. In cut slabs of this experiment multiple clasts containing non-spherical bubbles are present 

(Fig. 4.50). There are some complex branching forms seen but generally this sample shows bulbous 

textures due to the formation of multiple vapour filled bubbles. 

A single experiment was conducted for HB85_MxRs5.2 (Table 4.69) in static sediment. 

Though the Rs is higher in this run as the ratio of wet sediments to melt is higher (i.e., more wet 

sediments were used than melt), the overall percentage of water is lower than in the previous 

experiments (i.e., this experiment has xw 23% water where as other experiments had 30-37% water). 

A large bubble was observed growing on the surface of the muds as in other experiments but the 

melt visibly remains near the surface for longer and the boiling is not as energetic as in other 

experiments. Cut slabs of this experiment reveal multiple globular clasts, which are likely 

interconnected in 3-D. A large trapped vapour bubble is seen in the main melt body with little to 
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no sediment ingestion (Fig. 4.51). Lobes of melt penetrate down to the base of the sample and 

minor sediment containing angular glass fragment can be found where the lower margin of the 

vapour bubble is broken. 

4.3.2 Low viscosity melts and sieved sediments  

Sieved 250 μm mud experiments were conducted using a modified basaltic melt containing 

15% Spectromelt ® A10 by weight at 1100°C. The sediments were sieved to a mud sized fraction 

(250 μm and below) to ascertain the effect change in sediment rheology on texture generation. The 

percentage of water present within each mud was changed incrementally from xw 26 to 39 % 

resulting in experimental runs with R values of 0.8, 1.2, 1.3 and 1.5, respectively. Pour rates for 

these experiments ranged between 25.8 and 31.1 cm/s, with an average pour velocity of 27.0 cm/s. 

Examination of the slabs cut show that the degree of hydrodynamic mixing of the melts and 

unconsolidated sediments is much lower than in mixed volcaniclastic sediments. Generally, the 

samples show a single large glob of melt compared to the multiple globular clasts the multiple 

lobed and contorted melt clasts formed in unsieved sediments. Additionally, the formation of 

bubbles does occur but they are often less complex and unbroken. A complete description of each 

sample type can be found in Table 4.70, and photographs of the slabs are in Figures 4.52 through 

4.60. 

Both static and induced liquefaction experiments were conducted for experiment 

HB85_SvRs3.2 (Table 4.71). In the static experiment melt was poured on the surface and remained 

there without sinking down into the mud. Boiling of the surface water was observed in the 

production of steam but there was no visible oscillation in the mud surface. Slabs of the preserved 

samples show that static or unliquefied experiments under these conditions resulted in a single sheet 

of melt approximately 1 cm thick with minor undulations at the melt-sediment interface (Fig. 4.52). 

In the cut slabs from the induced liquefaction experiments a single lobe of melt burrowed down 
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into sediments with a visible neck connecting the melt to the point of entry in the sample container 

(Fig. 4.53). There are also no vapour bubbles present in either of these samples. 

In experiment HB85_SvRs3.5 (Table 4.71) on static wet sediments, melt rested on the 

surface and slowly sank down as the experiment progressed. The single clast or glob of melt 

produced during this experiment has an oblate morphology and there is a visible disturbance where 

melt entered the wet sediments. This sample contains both a small vapour bubble (0.5 cm) and a 

sediment filled broken bubble on the margin of the sample (Fig. 4.54). Induced liquefaction using 

the same experimental set up produced a single clast or glob of melt that sunk to the bottom of the 

sample container (Fig. 4.55). There is a thin layer of sediment directly underlying the melt clast 

itself. 

Several runs were conducted for HB85_SvRs3.7 (Table 4.71). The experiment with melt 

being poured into static mud produced an interconnected clast or glob of melt that sunk to the 

bottom of the sample container. The sample has a large (up to 5 cm in diameter) sediment and 

vapour filled bubble (Fig. 4.56). There is a thin layer of sediment directly underlying the sample 

itself. Some broken shards of bubble walls are present in the sediment matrix. The experimental 

run using induced liquefaction produced a complex texture with multiple broken bubbles and septa 

that have a flaser-like appearance (Fig. 4.57). Both the intact and broken bubbles exhibit stretching 

deformation of the bubble walls and in some cases contortion of outer bubble wall. 

Runs preformed using experimental parameters HB85_SvRs3.8 (Table 4.71) were 

conducted using both static and induced liquefaction. Two experiments were performed using static 

sediment conditions. Cut slabs of the first static experiment show multiple clasts or globs of melt 

that sank to the bottom of the sample container, with the clast being underlain by a thin layer of 

sediment. There is a change in morphology from vapour bubble trapped inside the melt to a broken 

sediment filled bubble with cuspate bubble wall shards resting both inside and outside of the broken 
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bubble (Fig 4.58). The second static experiment displays a large convoluted mass of globular 

peperite containing broken bubbles filled with sediment and vapour bubbles at the top of the 

sample, partially above the sediment – air interface (Fig. 4.59). There is a large lobe of melt with a 

vapour bubble at the bottom of the sample container. The glass margins of this lobe are 0.25-1 cm 

thick. This sample shows some evidence of flaser texture. The induced liquefaction experiment has 

a large mass of globuar peperite containing broken bubbles filled with sediment and minor vapour 

bubbles (Fig. 4.60). Multiple bubbles appear to have formed and broke, minor angular broken 

shards appear this sample.  

4.3.3 Moderate viscosity melts and sieved sediments  

A second set of sieved 250 μm sediment experiments were conducted using a modified 

basaltic melt containing only 10% Spectromelt ® A10 by weight, producing a more viscous melt 

at 1100°C. By increasing the viscosity of the melt, I can examine the effect changing rheological 

properties of the melt will have on texture generation. Pour rates for these experiments ranged 

between 11.4 and 17.1 cm/s, with an average pour velocity of 14.4 cm/s. As in previous 

experimental runs the water content of each mud was changed incrementally from 33 to 36 % 

resulting in experimental runs with R values of 1.2 and 1.3, respectively. Generally, the samples 

show a single large glob of melt, where bubbles are present they are intact without any sediment 

infiltration. A complete description of each sample type can be found in Table 4.72, and 

photographs of the slabs are in Figures 4.61 through 4.65. 

Only static experiments were conducted for experiment HB90_SvRs3.5 (Table 4.73). In 

the initial static experiment melt was poured on to wet sediment that had 2-3 mm of standing water 

resulting in the melt immediately burrowing down into the sediment. Cut slabs reveal a single clast 

or glob of melt with a thin layer of sediment directly underlying the melt (Fig. 4.61). This body of 

melt appears to be detached from the melt that has burrowed down at the surface. There is a small 
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(0.5 cm) vapour bubble in center of the sample. In the second experiment the melt was poured onto 

static sediment and after pouring was completed the sample was subjected to induced liquefaction. 

The melt remained on the surface of the sediments without sinking down, and though boiling of 

the surface water was observed in the production of steam only minor oscillations in the mud 

surface occurred. Slabs of the preserved samples show a single body of melt partially burrowed 

into sediments with jigsaw fit fragments at the margins (Fig. 4.62). The angular pieces of melt range 

in size from 0.25 – 1 cm. The lower surface of the melt indicates that there was some minor 

burrowing into the sediments where the melt was the thickest.  

Runs performed using experimental parameters HB90_SvRs3.7 (Table 4.73) were 

conducted using both static and induced liquefaction. The cut slabs from the static experiment 

shows a large clast or glob of melt that sunk to the bottom of the sample container (Fig. 4.63). This 

body of melt contains a very large (2-4 cm) vapour bubble in the center of the sample with 0.5-1.5 

cm thick glass walls. A second clast is present at the top of the sample and it appears to have 

separated from the main clast as remnants of the detachment can be seen in the upper surface of the 

main clast (Fig. 4.63 e, f). This upper clast has a lobate shape in some sections but transitions into 

a sediment filled bubble midway through the sample (Fig. 4.63 c, d). A duplicate experiment was 

performed and has a similar morphology (i.e., sunken globular clasts with vapour bubble and 

sediment filled bubbles) but contains less melt overall (Fig. 4.64). In the induced liquefaction 

experiment a large clast or glob of melt (6-7 cm) sunk to the bottom of the sample container (Fig 

4.65). This clast contains a large 2-4 cm vapour bubble in the center of the sample with the glass 

walls that are 0.5-1.5 cm thick. There are some other globular clasts present and they generally are 

smaller and mostly are devoid of bubbles. There is also a jigsaw-fit broken bubble that is sediment 

filled that can be observed (Fig. 4.65 h). 



Chapter 4 – Experimental Results and Analysis 

197 

 

4.3.4 High viscosity melts and sieved sediments  

Experiments were conducted using a higher viscosity melt by using modified basaltic melt 

containing 10% Spectromelt ® A10 by weight at 1050°C. These higher viscosity experiments were 

conducted to ascertain the effect change in melt rheology has on texture generation. Pour rates for 

these experiments ranged between 8.9 and 12.0 cm/s, with an average pour velocity of 10.5 cm/s. 

The percentage of water present within each mud was changed incrementally from 33 to 39 % 

resulting in R values of 1.2, 1.3 and 1.5, respectively. Examination of the cut slabs shows that the 

degree of hydrodynamic mixing of the melts and unconsolidated sediments is much lower than in 

experiments using lower viscosity melts. Generally, the melt remained as lobes without the 

formation of vapour bubbles. A complete description of each sample type can be found in Table 

4.74, and photographs of the slabs are in Figures 4.66 through 4.72. 

Several runs were conducted for HB90_SvRs3.5 (Table 4.75). The two experimental runs 

using static conditions produced morphologically similar samples. In the first run of experiments 

(Fig. 4.66) there a single clast or glob of melt remained on the surface of the sediment as it was 

poured. The melt itself burrowed approximately 2 cm down into the sediment. There are some 

small vapour bubbles (0.2-0.5 cm) present in the glass. The second experiment shows similar 

features but burrowed down approximately 4 cm into the sediment (Fig. 4.67). There is some 

sediment infilling on top of the melt in an area where vapour bubble formation occurred related to 

spatter. This sample contains a larger volume of melt than the previous experiment. In the cut slabs 

from the induced liquefaction experiments a single lobe of melt with small vapour bubbles that 

burrowed down into sediments with a visible disturbance in the sediment surface at the point of 

entry (Fig. 4.68).  

In experiment HB90_SvRs3.7 (Table 4.75) on static wet sediments, slabbed sections reveal 

that almost all of the melt remained on the surface with some fingers of melt burrowing down into 
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the unconsolidated sediment (Fig. 4.69). This experiment produced multiple closely packed lobes 

and sediment filled bubbles. The complex texture seen in this experiment suggests that bubble 

growth at the surface occurring as the melt was poured led to the formation of bulbous structures. 

Induced liquefaction using the same experimental set up produced multiple tongue-like clast of 

melt that sank to the bottom of the sample container (Fig. 4.70). The clasts are suspended in the 

sediments and are typically curviplanar with some showing interconnectivity between cut slabs. 

Runs performed using experimental parameters HB90_MxRs3.8 (Table 4.75) were 

conducted using both static and induced liquefaction. Examination of both the cut slabs from the 

static and liquefaction experiments show that an insufficient volume of melt was used (Photoplate 

Fig. 4.71 and 4.72). Both samples contain fragmented angular to microglobular melt (< 0.5 cm 

bodies). 

4.3.5 Moderate viscosity melts with sands and sieved sediments  

Peperitic drop experiments were conducted using layered sands and sieved volcaniclastic 

muds were used in differing configuratios with a modified basaltic melt containing 15% 

Spectromelt ® A10 by weight at 1100°C. The percentage of water present within each mud was 

kept constant at 30% and the sands were water saturated. It is not possible to calculate the R values 

for these experiments as the mass of the water in the sandy layers was not measured but Rs values 

were kept at 3.3 as the total mass of wet sediments was 700 g. The sand used in these experiments 

were typical playground type sand consisting of approximately 90% angular silica by weight and 

have a grain size of greater than 250 μm. Pour rates for these experiments ranged between 11.4 and 

17.1 cm/s, with an average pour velocity of 14.4 cm/s. There were two sediment configuratios 

chosen for these experiments – those with an upper layer of mud and those with an upper layer of 

sand. The purpose of doing this was to examine the effect layered sediments have on peperitic 

texture development. An additional experiment was done using sand saturated with water as 
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peperites are sometimes observed in sandy substrates. Unlike other experiments the wet sediments 

were kept in static conditions only. A complete description of each sample type can be found in 

Table 4.76, and photographs of the slabs are in Figures 4.73 through 4.75. 

The first experiment, HB90_MSRs3.3 (Table 4.76), was set up so that there was a mud 

layer at the up of the sample in the layered wet sediments. Upon pouring the melt onto the upper 

mud layer there was rapid boiling of the pore water. This caused fluidization and liquefaction of 

the sediments allowing the melt to sink into the substrate. Slabbing of the preserved sample reveals 

that there is a large single lobe of melt that is connected to the upper surface with a neck of glass. 

The melt glob contains a large vapour bubble that is devoid of sediment though there is a very thin 

opening to the mud. There is a visible disturbance in the muddy sediments where the melt entered. 

The sand layers in Figure 4.73 a-e are highly disturbed and generally well mixed into the mud 

forming uniform mixed sediment. The lower most sand layer is intact in all of the photos. As the 

melt lobe becomes progressively smaller, starting in Figure 4.73 f, sand layer higher up start to 

appear. Some of the original silt and sand layering is preserved close to the margin of the melt lobe 

(i.e, within 1 cm), with the portions closet to the melt being contorted. The layered silt and sand 

left intact at the base of the sample as the abundance of melt decreases to almost none. 

The second layered sediment experiment to be conducted, HB90_SMRs3.3 (Table 4.76), 

had a thick layer of sand as the uppermost layer. The melt was poured and it remained on the surface 

of the sediment. There are some very minor undulations at the melt-sediment contact (Fig. 4.74). 

Pore water boiled and buoyantly rose though the melt producing large bubbles that successively 

broke with visible bubble septa and bubble wall shards at the top of sample. 

The third experiment, HB90_SRs3.3 (Table 4.76), was a sand only experiment. When the 

melt was poured, there was vigorous boiling of the water producing multiple thin walled glass 



Chapter 4 – Experimental Results and Analysis 

200 

 

bubbles that shattered while new smaller bubbles grew inside the larger ones. There are many 

shards of bubble wall fragments in the upper layer of the sand (Fig. 4.75). Minor sand was ejected 

with the bubbles and can be seen at the base of the large vapour bubbles. The main body of melt is 

comprised of a single mass with undulating lower melt surface at the interface with the wet 

sediments. 

4.4 Silicate Melt Injection Laboratory Experiments 

The SMILE experiment produced successful runs in air, water and wet sediments. Many 

technical issues arose during the experiments that had to be overcome in order for the next phase 

to proceed. The section below outlines the results of the successful experiments and outlines the 

challenges faced with the SMILE apparatus during each phase.  

4.4.1 SMILE in Air 

Two SMILE experiments were conducted in air using HB95 at 1200°C. The modified 

basaltic melt was produced by powdering the basalt in a swing mill and adding 5% by weight 

Spectromelt A10®. This mixture was directly melted in the SMILE apparatus. The diameter of the 

injection tube was larger than outlined in Chapter 3, section 3.1.2. The injection tube was comprised 

of a Rene 41 alloy tube with a 2 cm inner diameter cemented into a ceramic flange. This injection 

tube was fitted into the lid of the SMILE vessel and allowed for ejection of the melt into a low-

pressure tank.  

The first SMILE experiment into air was conducted at 2 bars (0.2 MPa). allowed for an 

ejection speed of 0.34 m/s. The video shows the melt being pushed through the injection tube into 

the neck of the vessel (Figure 4.76 a, b). A large bubble of gas bursts through the melt causing 

spatter (Fig. 4.76 c) and creating Pele’s hair (Fig. 4.76 d). 
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The second SMILE experiment into air was conducted at 10 bars (1.0 MPa). This allowed 

for an ejection speed of 3.12 m/s. The video shows the melt being pushed rapidly expelled through 

the injection tube (Fig. 4.77). The melt stream is fragmented into small bodies which resulted in 

the production of Pele’s Tears (Fig. 4.77 b,c) and a large amount of Pele’s Hair (Fig. 4.76 d-f). 

When the SMILE apparatus was taken apart it was observed that extensive foaming of the 

basaltic material mixed with Spectromelt had occurred. The foaming of the melt was either caused 

by expansion of gas pockets in the original powder or liberation of O2 in the oxygen-poor 

environment.  

4.4.2 SMILE in Water 

A single SMILE experiment was conducted in water using HB90 at 1200°C. Melt for this 

experiment was prepared in advance producing a melt in a nickel crucible in a furnace containing 

argon gas. This allowed the melt to foam under controlled conditions. The melt was chilled by 

pouring on to a steel cooling plate. Chips of the pre-foamed HB90 glass were used in SMILE for 

this experiment. The melt was ejected through a 0.5 cm injection tube at a rate of 1.24 m/s. These 

experiments could not be directly observed as they were enclosed in the fragmentation vessel, 

although an audible bang was heard when the 30 bar (3.0 MPa) rupture disk broke. This was 

followed by a whooshing sound for a fraction of a second and several seconds of sloshing.  

The majority (~ 80%) of the particles produced during this experiment were > 2 mm in 

size, with angular and equant shapes (Figure 4.78 a). The surfaces of the particles are smooth and 

glassy with the highly-fractured terminations. SEM examination of the fine fraction (< 0.25 mm) 

shows a variety of interesting features (Figures 4.78 and 4.79) including hackle marks extending 

from smooth surfaces (Fig 4.78 e, f, surface stretching (Fig 4.79 a, b) and fine flakes (Fig. 4.79 c-

f). The results of this experiment were published in Mastin et al. (2009). 
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In conducting this experiment, the base of the autoclave became extremely hot where the 

furnace connects to the heat controller system. One of the thermocouples stopped working during 

the experiment and both furnace windings were run from the same thermocouple. When the 

apparatus was taken apart it was evident that the solder used to connect the thermocouple had 

melted causing a wire to detach. To rectify this problem the crucible was shortened and additional 

insulation was added to protect the soldering. 

4.4.3 SMILE in Wet Sediments 

A multitude of problems were encountered with the SMILE rig following the successful 

experiment in water. The most common cause of experimental failure was overheating and melting 

of the Molybdenum or Kanthal wire used as the furnace winding. The temperature during furnace 

failure was so high that the aluminum oxide furnace tube, thermocouple shielding and platinum 

wires were often found to be melted indicating temperatures in excess of 2000°C. This indicated 

that a type of thermite reaction was occurring. 

The aluminum oxide muffle tube was replaced by a muffle tube poured from zircon potting 

cement (Sauriesen®) The furnaces were wound and sealed and fired in a furnace at 900°C for 12 

hours. Testing of this furnace system in SMILE also led to thermite reactions. Other types of potting 

cements were also tested but the furnace muffle tubes constructed from these materials were not 

durable and often resulted in the furnace winding touching and short circuiting. 

Many iterations of this experiment were conducted but gas leaks from the upper and lower 

lids via the power connections or gas supply rings meant that ejection of the melt stream was not 

achieved. Even though the furnace had remained stable for many hours of heating, when the system 

was cooled down, regardless of how slowly, the result was a non-functioning furnace. 



Chapter 4 – Experimental Results and Analysis 

203 

 

The problem with the leaks from the base was solved by adding sealing cones to the power 

and thermocouple connecters. When the vessel was pressurized, the sealing cones pushed down 

into the base preventing any gas from escaping in this manner. However, this new configuration 

led to problems with the soldered connections over heating and disconnecting. The base of the 

SMILE apparatus had to be redesigned to include a cooling system and screw in connectors for the 

furnace and thermocouples. 

Each experimental failure happened for a different reason. They did not happen in the 

sequence described above. Often, I would have a properly running furnace but not have an air tight 

sealed system and the subsequent experiment would fail because of a thermite reaction. In the end, 

the notes on each experiment were reviewed and it was seen that the most successful attempt at 

using SMILE was when it was run in water.  

The same type of aluminum oxide furnace muffle, potting cement and a molybdenum 

winding were used in setting up the SMILE experiment for peperite as was for the SMILE 

experiment in water. The new pressure sealing cones were used, new Teflon seal fins were 

machined, and no old parts were utilized. The furnace ran according to the pre-programed 

temperature ramps and HB90 modified basaltic glass chip were loaded into the furnace. The furnace 

was kept at a constant temperature of 1100°C for 6 hours.  

The SMILE apparatus was attached to the low-pressure tank containing the unconsolidated 

sediment column, along with the gas supply rings and a 30 bar (3.0 MPa) copper rupture disk. The 

SMILE apparatus was over pressured using argon gas in steps of 10 bars to ensure that the disk did 

not rupture prematurely. At 30 bars a loud “bang” was heard and then a loud crash. The three 

furnaces were shut down and the sliding metal plate that prevents water and sediments from running 

into the hot crucible was shut. The crashing sound the was heard was caused by the upper sandy 
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portion of sediment column being forcefully ripped apart from the lower muddy section. The 

successful peperite sample was recovered from the low-pressure tank (Fig 4.80) and was brought 

back to UNB for preservation and sectioning.  

There were problems with the preservation of the peperite sample from SMILE. Most of 

the sample remained intact. However, the epoxy potting resin used to preserve this sample was not 

of sufficiently low viscosity to penetrate the entire sample. Figure 4.81 shows the serial section of 

the lower 6-7 cm of the sample from this experiment, and Figure 4.82 shows close-up photographs 

of each section. Between 40 and 60% of the sample was lost. It is uncertain how much of this was 

sedimentary material and how much was modified basaltic melt. Nonetheless, the preserved part 

of the sample shows some exceptional results. The textures presented in the paragraphs below are 

found in the silty mixed sediment and with sand. Though the preservation of the sample is poor, it 

is evident the light coloured sand has mixed with the unsieved silty sediments. The areas of the 

figures comprised of the sediment types are clearly labeled SL for silty unsieved sediments and SD 

for sand. The areas of mixing between sandy and silty material are labeled SD/SL. 

Serial sections a, b and c of Figure 4.81 show a large mass of basaltic melt. The melt has a 

globular to ragged texture with several sediment filled broken bubbles. A large vapour bubble can 

be seen in the center of the melt in sections a and b, and is partially shown in section c just off 

center. Angular millimeter-sized broken shards are present and are best observed in close-up photos 

(Figure 4.82a, b). These shards are 1-3 mm in sized and occur near the margins of broken bubble 

sepia. Fine scale globular margins are also observed in Figure 4.82 b, c and ragged texture is best 

seen in Figure 4.82 c, d. Sections d to f of Figures 4.81 and 4.82 show very poor preservation. The 

modified basaltic melt that remains is tongue-like and there is sediment trapped within the 

contortions. There is a jig-saw fit clast in Figure 4.82d with millimeter-size angular fragments along 

its outer margin.  
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The middle 6-7 cm of the peperite sample, as seen in Figures 4.83 and 4.84. still has 

preservation problems. Sections a, b and c are most affected by this, while there is little loss of the 

sample in sections d to f. Globular tongue-like to ragged textures can be seen in Figure 4.83a, and 

a close-up in Figure 4.84 shows the ragged textures to be fine micro-globular texture resembling a 

firework. Figures 4.83 b to f show globular clasts with vapour bubbles and sediment filled broken 

bubble. Fine scale ragged texture observed in the center most clast of section b, most easily 

observed in the close-up as seen Figure 4.84. This section appears to show multiple interconnected 

bubbles filled with sediments connected with broken septa. Sections c and d of Figure 4.84 shows 

ragged texture on the margin of the melt containing a large unfilled vapour bubble. This vapour 

bubble contains minor sand along its margin. The clast in lower right-hand quadrant of Figure 4.84d 

shows complex ragged geometry with sediment infilled broken bubbles. e-f) Irregularly shaped 

ragged clasts with large, sediment-filled broken bubble. The margins of the broken bubble are 

coated with fine silty material while the bulk of it is sand. This clast also contains multiple vapour 

bubbles. 

Cut slabs from the upper 6-7 cm of the peperite sample from SMILE are predominately 

comprised of sand. Approximately 10 to 15% of the sample contains modified basaltic melt and 

unsieved silty sediments, as seen in Figure 4.85. Globular clasts with partially sand filled bubbles 

can be observed in Figure 4.86, with silty sediment trapped between fingers of melt containing a 

vapour bubble. Angular broken clasts with jig-saw fit texture are shown in the center field of Figure 

4.86a. Fine ragged texture showing broken bubble margins on the clast margin with mixed sandy 

and silty sediments in sections b and c of Figure 4.86. The melt shown in sections e and f have 

multiple millimeter sized pods of ingested sediment. 

Fine scale textures were also observed with a reflected light dissecting microscope. Figure 

4.87 shows the textures of unsieved silt and the silty-sand mixture. Photographs a to c show fine 
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globular clasts and ragged texture between 1 and 3 millimeters in size. There are fine contortions 

between sediment and melt, in addition to the presence of cuspate glass shards along the margins 

(Fig 4.86 a-c). Figure 4.87d shows the smooth surface of a globular tongue of melt. Flaser-like 

clasts from broken bubble wall shards and smooth surface of a bubble wall with a large vapour 

bubble are shown in photographs e and f, respectively. 

Reflected light dissecting microscope photographs were also taken of fine-scale textures 

with sand as shown in Figure 4.88. Photograph a shows relativelty smooth millimeter scale globular 

to ragged texture, where are photograph b has smooth boundaries at melt-sand interface. Figures 

4.88c to f show millimeter scale globular to ragged texture. Photograph d shows a thin bubble wall 

connecting two melt regions can be observed and photograph has cuspate broken bubble walls. 

4.5 Comparison with Mafic Peperites at Passamaquoddy Bay  

To gauge the success of the peperite experiments conducted in the laboratory setting, it is 

essential to compare them with samples found in nature. The samples used for the comparison of 

mafic peperites come from the Passamaquoddy Bay area, near St. Andrew’s, New Brunswick. The 

geologic setting and overview of previous work by Daad and Van Wagoner (2002) can be found in 

Chapter 2, Section 2.4 of this thesis.  

In the Passamaquoddy Bay area, globular peperites are the dominant textural type observed 

in association with mafic lava flows, in addition to both mixed block and globular peperite and 

coarse to fine blocky peperite. The geometry of the peperites varies from lobes extending into the 

sediments to angular fragments sitting in a sedimentary matrix. This is consistent with the literature 

review on peperites (see Chapter 2, Section 2.2), in which dominant magma type observed with 

globular peperitic textures is mafic. The peperites produced in the experiments revealed 3 textural 
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groups: globular, blocky and ragged. The predominant textural type observed in the experiments 

was globular peperite. 

The peperites in the Passamoquoddy area near the Digdeguash River (Figure 2.11) are 

pillow-like to angular, with the pepertic zone being 2-14 m in width. The globular peperite clasts 

make up 30-70% of the rock with clasts ranging in size from 2 cm to 0.5 m in size. Altered margins 

are commonly observed in the pillowed peperite margins (Fig. 2.13 a, b), and close up of these 

margin may show ragged textures (Fig. 2.14 c,d) or jigsaw fit brecciation (Fig. 2.12). In some areas, 

the peperitic textures are predominantly blocky with clasts ranging in size from 2 mm to 10 cm. In 

blocky areas, the mafic clasts comprise 70-90% of the rock, with minor sedimentary infilling.  

Field photos from the Passamaquoddy area show complex clast morphologies (Fig. 2.13 to 

2.14) similar to the globular peperites with convoluted and ragged textures produced in the low 

viscosity (HB85 at 1100°C, 8.79 Pa∙s) peperite drop experiments in the unsieved sediments 

(slightly gravelling, very fine sandy, coarse silts). There are differences in the morphologies in the 

experimental peperites based on the degree of saturation, with those sediments closest to saturation 

or pre-liquefied, showing the most complex textures. This suggests that the mafic lavas that 

produced the peperites at Passamaquoddy Bay were very low viscosity and that the sediments were 

close to saturation (or potentially oversaturated) with high void ratios (i.e., e > 1).  

Daad and Van Wagoner, (2002) also describe numerous lava flows in the volcano 

sedimentary sequence with undulatory contacts. These basaltic lava flows range in thickness from 

1-12 m. The undulatory contacts with wet sediments have also been observed at the margin of mafic 

dykes by Befus et al. (2009). The presence of an undulatory contact signifies that the sediment 

either has a low void ratio (i.e., high compaction, low porosity) or were water undersaturated. In 

the static peperite experiments, low viscosity melts (HB85 at 1100°C, 8.79 Pa∙s) produced a layer 
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of glass with minor undulations at the melt sediment interface for < 250 μm sediments with a wc/LL 

ratio of 1.5 and a Sr of 0.71 (Fig. 4.52). Undulatory contacts are also observed in peperite 

experiments performed with sandy substrates. There were two types of sandy experiments 

conducted, one with alternating layers of sand and mud (Fig. 4.74), and one with sand only (Fig. 

4.75). Both experiments show undulatory contacts with broken bubbles on the surface of the glass, 

though the sand only experiment (Fig. 4.75) shows a much greater amount of bubble generation.  

The viscosity of the melt also plays a role in the wavelength and amplitude of the 

undulation produced. For higher viscosity melts, localized liquefaction of the sediments produced 

a centralized depression or restricted burrowing of the melt related to the point of first impact of 

the melt stream. Specifically, in experiment with < 250 μm sediments with a wc/LL ratio of 2.1 and 

a Sr of 0.99, the effect of increasing the viscosity is particularly evident. In the low viscosity 

experiments (HB85 at 1100°C, 8.79 Pa∙s), the melt shows small undulations but was observed to 

progressively sink down into a hollow before becoming completely engulfed in the sediments (Fig. 

4.54). As the viscosity increases, the high viscosity melts (HB90 1050°C, 37.23 Pa∙s) show that the 

degree of near surface burrowing increases but compete failure of the sediments is not reached (Fig. 

4.66 and 4.67). Though this case is small scale it shows that higher viscosity melts have a harder 

time liquefying sediments that are near saturation, whereas sediments that are over saturated easily 

liquefy. 

Another important factor to consider is the how far a melt can sink into the sediments 

(depth of penetration) or the thickness of the peperites in the Passamaquoddy Bay volcanic 

sequence. The depth of penetration of the peperites is likely a reflection of the interplay between 

the viscosity of the melts, and saturation of the sediments at a particular void ratio. Sediments with 

higher void ratios can liquefy more easily than those with low void ratios because the stress they 

must over come is lower. Melts with higher viscosity are less likely to produce intricate textures 
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because the movement of the melt itself is impeded and higher levels of saturation are required to 

induce liquefaction because high viscosity melts are frequently at lower temperatures. In cases 

where the melt is injected into sediments, such as with dyke penetration, the thickness of the 

peperite zone would be affected by the same parameters discussed above. 

The width of the mafic pepertic zones in the Passamaquoddy Bay area range from 2-14 m. 

These widths are consistent with the widths reported in the peperite literature for block and globular 

peperites. However, in most cases the width of the peperite zone remains unreported, as does the 

thickness of the lava flows involved in the interactions. Compounding this is the uncertainty in the 

original sediment types, their porosity, grain skeleton, etc. Most often in the peperite literature, the 

sedimentary rocks reported only state the rock name. Without a full analysis of the sedimentary 

rock it is difficult to estimate what the void ratio may have been and to make connections between 

the textures produced and the original state of the unconsolidated sediments. Additionally, knowing 

the specific mineralogy of the particles forming the grain skeleton would help as it would provide 

insight into the plasticity of the sediments.  

4.6 Summary 

The goal of this chapter was to present the results and analysis of the experiments 

performed to produced peperitic textures. The data provides the means to further develop a new 

theory on the controls of peperite formation by combining the understanding of the physical 

properties of the analogue melt and sedimentary materials used in these experiments with the 

resulting textures produced in these experiments.   
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4.8 Tables 

 

Table 4.1 – Microprobe analysis of modified basaltic melts used in hydromagmatic and peperite experiments. Data is measured in weight percent oxide. 

Li2B4O7 represents the difference between the total measure composition and 100%, representing the weight percentage Spectromelt A10® used in each 

sample. 

Composition Sample # SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 MnO Cr2O3 Total Li2B4O7 

HAW95 S4a 46.97 12.06 11.9 9.45 9.7 1.832 0.3783 2.1844 0.11 0.0868 94.67 5.33 

HAW95 S4b 47.02 12.05 11.78 9.43 9.75 1.8006 0.3709 2.1498 0.1643 0.0592 94.56 5.44 

HAW95 S4c 46.35 11.91 11.71 9.39 9.63 1.8631 0.3825 2.1997 0.1755 0.0878 93.71 6.29 

HAW95Dup S8a 46.77 12 12.17 9.42 9.79 1.8335 0.3478 2.1957 0.0806 0.0757 94.69 5.31 

HAW95Dup S8b 47.07 11.92 12.33 9.49 9.58 1.8564 0.3663 2.1613 0.1765 0.0739 95.02 4.98 

HAW95Dup S8c 46.99 12.07 12.14 9.43 9.67 1.8557 0.3549 2.1766 0.1749 0.0836 94.95 5.05 

HAW92.5 S5a 46.16 11.89 11.59 9.37 9.69 1.8365 0.3799 2.177 0.1096 0.0843 93.29 6.71 

HAW92.5 S5b 46.13 11.86 11.66 9.22 9.66 1.9083 0.3772 2.1414 0.1719 0.0977 93.24 6.76 

HAW92.5 S5c 46.25 11.82 11.83 9.24 9.58 1.9517 0.3656 2.1574 0.097 0.0782 93.37 6.63 

HAW90 S1a 43.78 11.21 11.27 8.94 9.15 1.7607 0.363 2.0124 0.1129 0.0713 88.67 11.33 

HAW90 S1b 43.39 11.24 11.47 8.82 9.23 1.7145 0.3656 2.0563 0.1098 0.0716 88.47 11.53 

HAW90 S1c 43.64 11.2 11.16 8.84 9.15 1.736 0.3585 2.1023 0.1366 0.0835 88.41 11.59 

HAW90IR S6a 44.75 11.51 11.23 8.82 9.4 1.8123 0.3473 2.0182 0.0847 0.0574 90.02 9.98 

HAW90IR S6b 43.78 11.3 11 8.67 9.31 1.7866 0.3472 2.0671 0.0777 0.0468 88.4 11.6 

HAW90IR S6c 44.67 11.55 10.96 8.46 9.51 1.868 0.3809 2.1053 0.1486 0.0226 89.68 10.32 

HAW85 S2a 42.25 10.77 10.36 8.43 8.67 1.5945 0.3052 1.9575 0.0759 0.0736 84.48 15.52 

HAW85 S2b 34.72 9.65 10.31 8.01 8.55 1.592 0.3014 1.7912 0.1766 0.0743 75.19 24.81 

HAW85 S2b 42.24 10.81 10.39 8.49 8.72 1.6415 0.2818 1.9572 0.1164 0.0751 84.72 15.28 

HAW85 S2c 42.35 10.82 10.4 8.45 8.74 1.6803 0.2986 1.9296 0.1457 0.0594 84.88 15.12 
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Table 4.2 - Microprobe analysis of Kīlauean basalt used as the base of the modified melt for hydromagmatic and peperite experiments. 

Composition Sample # SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 MnO Cr2O3 Total 

HAW100 S7a 49.91 12.81 12.52 9.97 10.38 1.9384 0.4023 2.333 0.0794 0.1047 100.45 

HAW100 S7b 49.74 12.68 12.34 9.96 10.44 1.9147 0.3873 2.3515 0.1781 0.0891 100.09 

HAW100 S7c 49.81 12.77 12.83 10.02 10.44 1.9808 0.4088 2.3256 0.1223 0.0956 100.80 

 Average 49.82 12.75 12.56 9.99 10.42 1.9446 0.3995 2.3367 0.1266 0.096467 100.45 

 Normalized 49.60 12.70 12.51 9.94 10.37 1.9360 0.3977 2.3263 0.1260 0.0960 100.00 
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Table 4.3 - Normalized values for modified basaltic melts used in hydromagmatic and peperite experiments. Data is given in weight percent oxide. Relative 

errors are calculated for the average value of each oxide analyzed. 

Composition Sample # SiO2* Al2O3* FeO* MgO* CaO* Na2O* K2O* TiO2* MnO* 

(DL 0.08%) 

Cr2O3* 

(DL 0.03%) 

Total* 

HAW95 S4a 49.61 12.74 12.57 9.98 10.25 1.9351 0.3996 2.3074 0.1162 0.0917 100.00 

HAW95 S4b 49.73 12.74 12.46 9.97 10.31 1.9042 0.3922 2.2735 0.1738 0.0626 100.00 

HAW95 S4c 49.46 12.71 12.50 10.02 10.28 1.9882 0.4082 2.3473 0.1873 0.0937 100.00 

HAW95Dup S8a 49.39 12.67 12.85 9.95 10.34 1.9363 0.3673 2.3188 0.0851 0.0799 100.00 

HAW95 Dup S8b 49.54 12.54 12.98 9.99 10.08 1.9537 0.3855 2.2746 0.1858 0.0778 100.00 

HAW95 Dup S8c 49.49 12.71 12.79 9.93 10.18 1.9544 0.3738 2.2924 0.1842 0.0880 100.00 

HAW92.5 S5a 49.48 12.75 12.42 10.04 10.39 1.9686 0.4072 2.3336 0.1175 0.0904 100.00 

HAW92.5 S5b 49.47 12.72 12.51 9.89 10.36 2.0467 0.4045 2.2967 0.1844 0.1048 100.00 

HAW92.5 S5c 49.53 12.66 12.67 9.90 10.26 2.0903 0.3916 2.3106 0.1039 0.0838 100.00 

HAW90 S1a 49.37 12.64 12.71 10.08 10.32 1.9857 0.4094 2.2695 0.1273 0.0804 100.00 

HAW90 S1b 49.04 12.70 12.96 9.97 10.43 1.9379 0.4132 2.3243 0.1241 0.0809 100.00 

HAW90 S1c 49.36 12.67 12.62 10.00 10.35 1.9636 0.4055 2.3779 0.1545 0.0944 100.00 

HAW90IR S6a 49.71 12.79 12.48 9.80 10.44 2.0132 0.3858 2.2419 0.0941 0.0638 100.00 

HAW90IR S6b 49.52 12.78 12.44 9.81 10.53 2.0210 0.3928 2.3383 0.0879 0.0529 100.00 

HAW90IR S6c 49.81 12.88 12.22 9.43 10.60 2.0830 0.4247 2.3476 0.1657 0.0252 100.00 

HAW85 S2a 50.01 12.75 12.26 9.98 10.26 1.8874 0.3613 2.3171 0.0898 0.0871 100.00 

HAW85 S2b 46.18 12.83 13.71 10.65 11.37 2.1173 0.4009 2.3822 0.2349 0.0988 100.00 

HAW85 S2b 49.86 12.76 12.26 10.02 10.29 1.9376 0.3326 2.3102 0.1374 0.0886 100.00 

HAW85 S2c 49.89 12.75 12.25 9.96 10.30 1.9796 0.3518 2.2733 0.1717 0.0700 100.00  
AVG 49.28 12.76 12.59 9.97 10.49 1.9926 0.3878 2.3182 0.1387 0.0742 100.00 

 Error % 0.65 -0.46 -0.68 -0.31 -1.12 -2.93 2.49 0.35 -10.08 22.71  
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Table 4.4 – Comparison of an unknown composition of modified basaltic melt with samples of HAW90. Data is given in weight percent oxide. 

Composition Sample # SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 MnO Cr2O3 Li2B4O7 Calc Total 

UK S3a 44.37 11.73 11.15 7.8 9.71 1.8489 0.3883 2.1468 0.1231 0.0277 10.71 89.29 

UK S3b 44.91 11.79 10.92 7.86 9.65 1.8257 0.384 2.1504 0.1188 0.0296 10.37 89.63 

UK S3c 45.44 11.92 11.06 7.82 9.61 1.8195 0.3912 2.1893 0.1689 0.0272 9.55 90.45 

HAW90 S1a 43.78 11.21 11.27 8.94 9.15 1.7607 0.363 2.0124 0.1129 0.0713 11.33 88.67 

HAW90 S1b 43.39 11.24 11.47 8.82 9.23 1.7145 0.3656 2.0563 0.1098 0.0716 11.53 88.47 

HAW90 S1c 43.64 11.2 11.16 8.84 9.15 1.736 0.3585 2.1023 0.1366 0.0835 11.59 88.41 

HAW90IR S6a 44.75 11.51 11.23 8.82 9.4 1.8123 0.3473 2.0182 0.0847 0.0574 9.98 90.02 

HAW90IR S6b 43.78 11.3 11 8.67 9.31 1.7866 0.3472 2.0671 0.0777 0.0468 11.6 88.4 

HAW90IR S6c 44.67 11.55 10.96 8.46 9.51 1.868 0.3809 2.1053 0.1486 0.0226 10.32 89.68 

 
Table 4.5 - Li2B4O7 calculated and expected values, and percent error 

calculated for duplicate samples of HB95. 

Composition Sample # 
Li2B4O7 

Calculated 

Li2B4O7 

Expected 
% Error 

HAW95 S4a 5.33 5.00 -6.60 

HAW95 S4b 5.44 5.00 -8.80 

HAW95 S4c 6.29 5.00 -25.80 

HAW95Dup S8a 5.31 5.00 -6.20 

HAW95Dup S8b 4.98 5.00 0.40 

HAW95Dup S8c 5.05 5.00 -1.00 

 Average 5.4 5.00 -8.00 

 

 

 

 

 

Table 4.6 - Li2B4O7 calculated and expected values, and percent error 

calculated for duplicate samples of HB90. 

Composition Sample # Li2B4O7 

Calculated 

Li2B4O7 

Expected 

Error 

UK S1a 11.33 10.00 -13.30 

UK S1b 11.53 10.00 -15.30 

UK S1c 11.59 10.00 -15.90 

HAW90 S6a 9.98 10.00 0.20 

HAW90 S6b 11.6 10.00 -16.00 

HAW90 S6c 10.32 10.00 -3.20 

HAW90IR S3a 10.71 10.00 -7.10 

HAW90IR S3b 10.37 10.00 -3.70 

HAW90IR S3c 9.55 10.00 4.50  
Average 10.78 10.00 -7.76 
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Table 4.7 - Calculated compositional values for HAW97.5. Data is given in weight percent oxide 

Composition SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 MnO Cr2O3 Li2B4O7 Total 

HAW97.5 48.3585 12.38 12.19 9.69 10.11 1.89 0.39 2.27 0.12 0.09 2.50 97.50 
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Table 4.8 – Experimental data from viscosity measurements including pendulum speed, temperature 

and step time for continuous runs. τ = ηs/G∞ Maxwell relationship for a RMP of 20 the tourque %* 

0.1366 = ηPa*s. For a RPM of 10 the (torque% * 0.25) + 0.71 = ηPa*s.  

Sample Speed 

[RPM] 

T  

[°C] 

Step Time 

[min] 

Torque  

[%] 

 
Avg η 

(Pa∙s) 

Log η 

(Pa∙s) 

 
T 

[K] 

104/T 

[K] 

HB100 20.00 1400.00 15.00 18.85 
 

2.58 0.41 
 

1672.15 5.98  
20.00 1375.00 45.00 23.59 

 
3.22 0.51 

 
1647.15 6.07  

20.00 1350.00 45.00 30.11 
 

4.11 0.61 
 

1622.15 6.16  
20.00 1325.00 45.00 38.90 

 
5.32 0.73 

 
1597.15 6.26            

HB97.5 20.00 1400.00 60.00 15.29 
 

2.09 0.32 
 

1672.15 5.98  
20.00 1375.00 60.00 18.74 

 
2.56 0.41 

 
1647.15 6.07  

20.00 1350.00 60.00 23.45 
 

3.20 0.51 
 

1622.15 6.16  
20.00 1325.00 60.00 29.74 

 
4.06 0.61 

 
1597.15 6.26  

20.00 1300.00 60.00 38.28 
 

5.23 0.72 
 

1572.15 6.36  
20.00 1275.00 60.00 50.07 

 
6.84 0.84 

 
1547.15 6.46  

20.00 1250.00 60.00 66.68 
 

9.11 0.96 
 

1522.15 6.57  
20.00 1225.00 60.00 83.78 

 
12.41 1.09 

 
1497.15 6.68            

HB95 20.00 1400.00 30.00 12.18 
 

1.66 0.22 
 

1672.15 5.98  
20.00 1375.00 45.00 14.74 

 
2.01 0.30 

 
1647.15 6.07  

20.00 1350.00 45.00 18.17 
 

2.48 0.40 
 

1622.15 6.16  
20.00 1325.00 45.00 22.72 

 
3.11 0.49 

 
1597.15 6.26  

20.00 1300.00 45.00 28.82 
 

3.94 0.60 
 

1572.15 6.36  
20.00 1275.00 45.00 37.09 

 
5.07 0.71 

 
1547.15 6.46  

20.00 1250.00 45.00 48.75 
 

6.66 0.82 
 

1522.15 6.57  
20.00 1225.00 45.00 64.82 

 
8.86 0.95 

 
1497.15 6.68  

20.00 1200.00 45.00 87.69 
 

11.99 1.08 
 

1472.15 6.79 
           

HB90 20.00 1400.00 60.00 7.66 
 

1.05 0.02 
 

1672.15 5.98  
20.00 1375.00 60.00 9.02 

 
1.23 0.09 

 
1647.15 6.07  

20.00 1350.00 60.00 10.89 
 

1.49 0.17 
 

1622.15 6.16  
20.00 1325.00 60.00 13.30 

 
1.82 0.26 

 
1597.15 6.26  

20.00 1300.00 60.00 16.44 
 

2.25 0.35 
 

1572.15 6.36  
20.00 1275.00 60.00 20.54 

 
2.81 0.45 

 
1547.15 6.46  

20.00 1250.00 60.00 26.04 
 

3.56 0.55 
 

1522.15 6.57  
20.00 1225.00 60.00 33.60 

 
4.59 0.66 

 
1497.15 6.68  

20.00 1200.00 60.00 44.08 
 

6.02 0.78 
 

1472.15 6.79  
20.00 1175.00 60.00 58.65 

 
8.01 0.90 

 
1447.15 6.91  

20.00 1150.00 60.00 79.29 
 

10.83 1.03 
 

1422.15 7.03  
10.00 1125.00 60.00 55.54 

 
14.68 1.17 

 
1397.15 7.16  

10.00 1100.00 60.00 83.01 
 

21.58 1.33 
 

1372.15 7.29            

HB85 20.00 1250.00 45.00 14.03 
 

1.92 0.28 
 

1522.15 6.57  
20.00 1225.00 45.00 17.26 

 
2.36 0.37 

 
1497.15 6.68  

20.00 1200.00 45.00 21.60 
 

2.95 0.47 
 

1472.15 6.79  
20.00 1175.00 45.00 27.49 

 
3.75 0.57 

 
1447.15 6.91  

20.00 1150.00 45.00 35.51 
 

4.86 0.69 
 

1422.15 7.03  
20.00 1125.00 45.00 46.81 

 
6.40 0.81 

 
1397.15 7.16  

20.00 1100.00 45.00 62.96 
 

8.60 0.93 
 

1372.15 7.29  
20.00 1075.00 45.00 86.56 

 
11.82 1.07 

 
1347.15 7.42  

10.00 1050.00 45.00 61.40 
 

16.15 1.21 
 

1322.15 7.56 
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Table 4.9 – Experimental high temperature viscosity measurements (log Pa∙s) of natural and modified basaltic melts.  

T (°C) HB 100 HB 97.5 HB 95 HB 90 HB 85 

1050     16.15 

1075     11.82 

1100    21.58 8.60 

1125    14.68 6.40 

1150    10.83 4.86 

1175    8.01 3.75 

1200   11.99 6.02 2.95 

1225  12.41 8.86 4.59 2.36 

1250  9.11 6.66 3.56 1.92 

1275  6.84 5.07 2.81  

1300  5.23 3.94 2.25  

1325 5.32 4.06 3.11 1.82  

1350 4.11 3.20 2.48 1.49  

1375 3.22 2.56 2.01 1.23  

1400 2.58 2.09 1.66 1.05  

 

 
Table 4.10 – Viscosity data for dilithium tetraborate (Li2B4O7 ) melt from Anzai et al. (1993). 

T[°C] 1,100 1,075 1,050 1,025 1,000 975 950 925 900 875 850 

Avg η 0.07027 0.08054 0.09297 0.11541 0.13397 0.16599 0.20059 0.25255 0.31039 0.39458 0.507 

Log Avg η -1.15323 -1.09399 -1.03166 -0.93776 -0.87299 -0.77992 -0.69769 -0.59765 -0.50809 -0.40386 -0.29499 

T[K] 1,374.15 1,349.15 1,324.15 1,299.15 1,274.15 1,249.15 1,224.15 1,199.15 1,174.15 1,149.15 1,124.15 

104/T [K] 7.277226 7.412074 7.552014 7.697341 7.84837 8.005444 8.168934 8.33924 8.516799 8.702084 8.89561 
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Table 4.11 - Data set for the linear regression fit using the function log10 η = a + b × 104/T as calculated 

for the sample sets presented in Table 5.9 and Figure 5.3. 

Sample 
X 

From 
X To a Error a b Error b Chi2/doF R2 Eη 

HAW100 5.97 6.25 -6.38 0.0167 1.14 0.0279 
3.2706e-

05 
0.9988 218 

HAW97.5 5.97 6.67 -6.30 0.0781 1.10 0.0124 6.369e-05 0.9992 210 

HAW95 5.97 6.78 -6.15 0.0869 1.06 0.0136 0.00011 0.9988 202 

HAW90 5.97 7.27 -5.99 0.0976 1.00 0.0148 0.00047 0.9976 191 

HAW85 6.56 7.55 -5.91 0.0794 0.94 0.0112 0.00011 0.9989 180 

Li2B4O7 7.27 8.89 -5.05 0.0003 0.53 3.89e-05 6.602e-05 0.9992 102 

 
Table 4. 12 – Equations for the modified basaltic melts using the function log10 η = a + b × 104/T as 

calculated for the data plotted from Table 5.9 and Figure 5.3. 

Sample log10 η = a + b × 104/T Eq. No. 

HAW100 log10 η = -6.38 + 1.14 × 104/T (4.6) 

HAW97.5 log10 η = -6.30 + 1.10 × 104/T (4.7) 

HAW95 log10 η = -6.15 + 1.06 × 104/T (4.8) 

HAW90 log10 η = -5.99 + 1.00 × 104/T (4.9) 

HAW85 log10 η = -5.91 + 0.94 × 104/T (4.10) 

Li2B4O7 log10 η = -5.05 + 0.53 × 104/T (4.11) 

 
Table 4. 13 - Data set for the linear regression fit using the function log10 η = a + bx where x is the 

Li2B4O7 Content (%) as calculated for the sample sets resented in Table 5.9 and Figure 5.4. 

Isotherm 
X 

From 

X 

To 
a Error a b Error b Chi2/doF R2 

1200°C 5 15 1.38 0.00623 -0.061 0.000577 1.66e-05 0.9999 

1225°C 2.5 15 1.23 0.00221 -0.0577 0.000234 5.08e-06 0.9999 

1250°C 2.5 15 1.09 0.00221 -0.0543 0.000234 5.08e-06 0.9999 

1275°C 2.5 10 0.97 3.33e-17 -0.052 5.03e-18 7.39e-34 1 

1300°C 2.5 10 0.845 0.00327 -0.0494 0.000495 7.14e-06 0.9998 

1325°C 0 10 0.728 0.00226 -0.0469 0.000395 8.57e-06 0.9998 

1350°C 0 10 0.616 0.00593 -0.0442 0.000942 4.857e-05 0.9991 

1375°C 0 10 0.512 0.00227 -0.0421 0.000395 8.57e-06 0.9998 

1400°C 0 10 0.414 0.00346 -0.0392 0.000060 2.00e-05 0.9995 
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Table 4.14 – The data set for the polynomial regression fit for calculation of the glassy heat capacity (Cp
glass) of the modified basaltic glasses from the first 

heating cycle (NAT). The function Cp
glass = a + bT + c/T2 as calculated for the sample sets represented in Appendix 3 and Figures 5.8 to 5.11. 

Sample X From X To a Error b Error b c Error c R2 RMSD 

HAW100 322 1,010 957.40 2.072 0.2918 0.002212 -2.5118e+07 2.0505e+05 0.9975 4.84 

HAW97.5 322 854 756.33 3.721 0.4847 0.004431 -1.2447e+07 3.1933e+05 0.9967 5.72 

HAW95 322 850 767.13 4.754 0.5020 0.005739 -1.2179e+07 4.0058e+05 0.9952 6.89 

HAW90 322 780 766.99 3.439 0.5409 0.004337 -1.3789e+07 2.7286e+05 0.9983 4.08 

HAW85 322 780 850.66 5.568 0.4617 0.004632 -2.6743e+07 4.1171e+05 0.9967 6.62 

 
Table 4.15 – Equations for the glassy heat capacity (Cp

glass) of the modified basaltic glasses from the first heating cycle (NAT). The function Cp
glass = a + 

bT + c/T2 as calculated for the data plotted from Appendix 3 and Figures 5.8 to 5.11. 

Sample cpg = a + bT + c/T2 Eq. No. 

HAW100 Cp
glass =957.40 + 0.2918T – 2.5117x107/T2 (4.12) 

HAW97.5 Cp
glass =756.33 + 0.4847T – 1.2446x107/T2 (4.13) 

HAW95 Cp
glass =767.13 + 0.5020T – 1.2179 x107/T2 (4.14) 

HAW90 Cp
glass =766.99 + 0.5409T – 1.3789 x107/T2 (4.15) 

HAW85 Cp
glass =850.66 + 0.4617T – 2.674 x107/T2 (4.16) 

 
Table 4.16 – The data set for the polynomial regression fit for calculation of the glassy heat capacity (Cp

glass) of the modified basaltic glasses from the 

second heating cycle (10_10). The function cp
glass = a + bT + c/T2 as calculated for the sample sets represented in Appendix 3 and Figures 5.8 to 5.11. 

Sample 
X 

From 
X To A Error a b Error b c Error c R2 RMSD 

HAW100 322 1,010 1040.36 2.5773 0.13053 0.002752 -3.1848e+07 2.5507e+05 0.9958 6.02 

HAW97.5 322 880 811.22 2.8501 0.42753 0.003329 -1.6178e+07 2.5099e+05 0.9978 4.74 

HAW95 322 850 829.35 2.4271 0.42978 0.002900 -1.7019e+07 2.0754e+05 0.9986 3.68 

HAW90 322 780 854.72 2.5607 0.43678 0.003228 -2.0519e+07 2.0312e+05 0.9990 3.04 

HAW85 322 780 863.96 5.8389 0.43767 0.007411 -2.6569e+07 4.5949e+05 0.9964 6.67 
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Table 4.17 - Equations for the glassy heat capacity (Cp
glass) of the modified basaltic glasses from the 

second heating cycle (10_10). The function Cp
glass = a + bT + c/T2 as calculated for the data plotted from 

Appendix 3 and Figures 5.8 to 5.11. 

Sample cpg = a + bT + c/T2 Eq. No. 

HAW100 Cp
glass =1040.36 + 0.13053T – 3.18487 x107/T2 (4.17) 

HAW97.5 Cp
glass =811.22 + 0.42753T – 1.61782 x107/T2 (4.18) 

HAW95 Cp
glass =829.35 + 0.42978T – 1.70196x107/T2 (4.19) 

HAW90 Cp
glass = 854.72 + 0.43767T – 2.0519 x107/T2  (4.20) 

HAW85 Cp
glass =863.96 + 0.43767T – 2.65696 x107/T2 (4.21) 

 

Table 4.18 – The data set for the linear regression fit for calculation of the transition glass temperature 

(Ta and Tb) for the modified basaltic glasses from the first heating cycle (NAT). The function cp
onset = a 

+ bTg
onset as calculated for the sample sets represented in Appendix 3 and Figures 5.8 to 5.11. 

Sample 
X 

From 
X To A Error a b Error b R2 RMSD 

HAW97.5 902 916 -9422 133 11.95 0.1453 0.9962 6.20 

HAW95 891 907 -13040 397 16.24 0.4428 0.9911 6.67 

HAW90 841 871 -9746 75 13.28 0.0886 0.9987 4.41 

HAW85 831 846 -19662 167 25.49 0.1994 0.9991 3.67 

 
Table 4.19 – Equations for the transition glass temperature (Ta and Tb) for the modified basaltic glasses 

from the first heating cycle (NAT). The function Cp
onset = a + bT as calculated for the data plotted from 

Appendix 3 and Figures 5.8 to 5.11. 

Sample Cp
onset = a + bTg

onset  Eq. No. 

HAW97.5 Cp
onset =-9422 + 11.95Tg

onset (4.22) 

HAW95 Cp
onset =-13040 + 16.24Tg

onset (4.23) 

HAW90 Cp
onset =-9746+ 13.28Tg

onset (4.24) 

HAW85 Cp
onset =-19662 + 25.49Tg

onset (4.25) 
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Table 4.20 – The data set for the linear regression fit for calculation of the transition glass temperature 

(Ta and Tb) for the modified basaltic glasses from the second heating cycle (10_10). The function Cp
onset 

= a + bTg
onset as calculated for the sample sets represented in Appendix 3 and Figures 5.8 to 5.11. 

Sample 
X 

From 
X To a Error a b Error b R2 

RMSD 

HAW97.5 906 929 -14210 294.59 17.17 0.3217 0.9909 13.75 

HAW95 884 904 -17527 225.56 21.33 0.2512 0.9980 3.79 

HAW90 849 870 -14850 282.81 19.82 0.3303 0.9914 16.44 

HAW85 831 846 -20130 199.78 26.05 0.2382 0.9986 4.39 

 
Table 4.21 – Equations for the transition glass temperature (Ta and Tb) for the modified basaltic glasses 

from the second heating cycle (10_10). The function cp
onset = a + bTg

onset as calculated for the data 

plotted from Appendix 3 and Figures 5.8 to 5.11. 

Sample Cp
onset = a + bTg

onset  Eq. No. 

HAW97.5 Cp
onset =-14210 + 17.17Tg

onset (4.26) 

HAW95 Cp
onset =-17527 + 21.33Tg

onset (4.27) 

HAW90 Cp
onset =-14850 + 19.82Tg

onset (4.28) 

HAW85 Cp
onset =-21264 + 27.48Tg

onset (4.29) 

 
Table 4.22 – The heat capacity of the glass (cp

glass) at Tg and the liquid heat capacity (Cp
lqui) recorded 

from the modified basaltic glasses with NAT/10 and 10/10 degree heating and cooling cycle. The liquid 

heat capacity was not recorded for Sample HB100 due to technical problems. 

 NAT/10 10/10 

Sample Cp
glass 

(J/kgK) 

Cp
liqu 

(J/kgK) 

ΔCp
Config

 

(J/kgK) 

Cp
glass 

(J/kgK) 

Cp
liqu 

(J/kgK) 

ΔCp
Config

 

 (J/kgK) 

HB100 1145 NA NA 1100 NA NA 

HB97.5 1170 1570 400 1170 1570 400 

HB95 1193 1615 422 1194 1615 421 

HB90 1192 1710 518 1190 1710 516 

HB85 1188 1757 569 1182 1757 575 

 
Table 4.23 – The data set for the linear regression fit for calculation of the transition glass temperature 

(Tb) for modified basaltic glasses from the first heating cycle (NAT). The function Cp
peak = a + bT as 

calculated for the sample sets resented in Appendix 3 and Figures 5.8 to 5.11. 

Sample 
X 

From 
X To A Error a b Error b R2 RMSD 

HAW97.5 936 951 8184 193.01 -6.93 0.2045 0.9876 3.77 

HAW95 913 926 4960 251.98 -3.56 0.2739 0.9338 4.13 

HAW90 878 891 7479 155.41 -6.45 0.17567 0.9911 2.64 

HAW85 856 865 13494 441.55 -13.53 0.51304 0.9886 4.66 
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Table 4.24 – Equations for the transition glass temperature (Tb) for modified basaltic glasses from the 

first heating cycle (NAT). The function Cp
peak = a + bT as calculated for the sample sets resented in 

Appendix 3 and Figures 5.8 to 5.11. 

Sample Cp
peak = a + bT Eq. No. 

HAW97.5 Cp
peak = 8148 – 6.93T (4.30) 

HAW95 Cp
peak = 4960 – 3.56T (4.31) 

HAW90 Cp
peak = 7479 – 6.45T (4.32) 

HAW85 Cp
peak = 13494 – 13.53T (4.33) 

 
Table 4.25 – The data set for the linear regression fit for calculation of the transition glass temperature 

(Tb) for modified basaltic glasses from the second heating cycle (10_10). The function Cp
peak = a + b/T 

as calculated for the sample sets resented in Appendix 3 and Figures 5.8 to 5.11. 

Sample 
X 

From 
X To A Error a B Error b R2 RMSD 

HAW97.5 936 951 11799 237.66 -10.71 0.2518 0.9923 4.64 

HAW95 913 926 9539 237.56 -8.48 0.2583 0.9870 3.89 

HAW90 878 891 10624 251.79 -9.95 0.2846 0.9903 4.29 

HAW85 856 866 13737 497.9 -13.79 0.5728 0.9844 6.06 

 
Table 4.26 – Equations for the transition glass temperature (Tb) for modified basaltic glasses from the 

second heating cycle (10_10). The function Cp
peak = a + b/T as calculated for the sample sets resented 

in Appendix 3 and Figures 5.8 to 5.11. 

Sample Cp
peak = a + bT Eq. No. 

HAW97.5 Cp
peak = 11799 – 10.71T (4.34) 

HAW95 Cp
peak = 9539 – 8.48T (4.35) 

HAW90 Cp
peak = 10624 – 9.95T (4.36) 

HAW85 Cp
peak = 13737 – 13.79T (4.37) 

 
Table 4.27 – The Ta, Tb, Tg

Cal and Tg
Max recorded from the modified basaltic glasses with first (NAT/10) 

and second (10/10) heating and cooling cycle. 

 NAT/10 10/10 

Sample Tg
a (K) Tg

b(K) Tg
Cal(K) Tg

max(K) Tg
a (K) Tg

b(K) Tg
Cal(K) Tg

max(K) 

HB97.5 886 932 909 932 897 932 915 933 

HB95 876 909 892 913 877 907 892 909 

HB90 823 873 848 876 836 874 855 875 

HB85 818 850 834 852 820 850 835 853 
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Table 4.28 – The data set for the equation of the isotherms on the graph using linear function Cp = a + 

bX. 

Isotherm 
X 

From 
X To a Error a b Error b R2 RMSD 

350K 0 15.3 822.99 4.22 3.97 0.4812 0.9160 5.99 

450K 0 15.3 928.55 6.41 3.81 0.7312 0.9007 9.11 

550K 0 15.3 991.83 7.61 5.29 0.8677 0.9255 10.81 

650K 0 15.3 1034.58 8.58 7.11 0.9783 0.9462 12.18 

750K 0 15.3 1084.03 5.93 9.02 0.6765 0.9668 8.42 

 
Table 4.29 – Equations for the isotherms of heat capacity measurement on modified basaltic melts. 

Isotherm Cp = a + bX  Eq. No. 

350K Cp = 822.99 + 3.97X (4.38) 

450K Cp = 928.55 + 3.81X (4.39) 

550K Cp = 991.83 + 5.29X (4.40) 

650K Cp = 1034.58 + 7.11X (4.41) 

750K Cp = 1084.03 + 9.02X (4.42) 

 
Table 4.30 – Calculated heat capacities for HB100 using Cp = Σ Cpi∙xi.at 1400°C 

Average Data  Normalized Data 

Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 
 Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 

SiO2 49.82 1331 663.10  SiO2 49.60 1331 660.17 

Al2O3 12.75 1545 197.04  Al2O3 12.70 1545 196.17 

FeO 12.56 1100 138.20  FeO 12.51 1100 137.59 

MgO 9.98 2424 242.00  MgO 9.94 2424 240.93 

CaO 10.42 1781 185.58  CaO 10.37 1781 184.76 

Na2O 1.94 1651 32.11  Na2O 1.94 1651 31.96 

K2O 0.40 1030 4.11  K2O 0.40 1030 4.10 

TiO2 2.34 1392 32.53  TiO2 2.33 1392 32.38 

MnO 0.13 179 0.23  MnO 0.13 179 0.23 

Cr2O3 0.10 835 0.81  Cr2O3 0.10 835 0.80 

Li2B4O7  2797 0.00  Li2B4O7  2797 0.00 

Total 100.44 Calculated 1495.70  Total 100.00 Calculated 1489.09 

 

 

  



 Chapter 4 – Experimental Results and Analysis 

 

225 

 

Table 4.31 – Calculated heat capacities for HB97.5 using Cp = Σ Cpi∙xi .at 1400°C. 

Average Data  Normalized Data 

Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 
 Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 

SiO2 48.36 1331 643.65  SiO2 49.60 1331 660.17 

Al2O3 12.38 1545 191.26  Al2O3 12.70 1545 196.17 

FeO 12.19 1100 134.14  FeO 12.51 1100 137.59 

MgO 9.69 2424 234.90  MgO 9.94 2424 240.93 

CaO 10.11 1781 180.14  CaO 10.37 1781 184.76 

Na2O 1.89 1651 31.16  Na2O 1.94 1651 31.96 

K2O 0.39 1030 3.99  K2O 0.40 1030 4.10 

TiO2 2.27 1392 31.57  TiO2 2.33 1392 32.38 

MnO 0.12 179 0.22  MnO 0.13 179 0.23 

Cr2O3 0.09 835 0.78  Cr2O3 0.10 835 0.80 

Li2B4O7 2.50 2797 69.93  Li2B4O7  2797 0.00 

Total 100.44 Calculated 1495.70  Total 100.00 Calculated 1489.09 

  Measured 1570      

  Error 3.17%      

 
Table 4.32 – Calculated heat capacities for HB95 using Cp = Σ Cpi∙xi .at 1400°C. 

Average Data  Normalized Data 

Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 
 Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 

SiO2 46.86 1331.00 623.73  SiO2 49.54 1331.00 659.33 

Al2O3 12.00 1545.00 185.43  Al2O3 12.69 1545.00 196.01 

FeO 12.01 1100.00 132.06  FeO 12.69 1100.00 139.59 

MgO 9.44 2424.00 228.70  MgO 9.97 2424.00 241.76 

CaO 9.69 1781.00 172.52  CaO 10.24 1781.00 182.37 

Na2O 1.84 1651.00 30.38  Na2O 1.95 1651.00 32.12 

K2O 0.37 1030.00 3.78  K2O 0.39 1030.00 3.99 

TiO2 2.18 1392.00 30.32  TiO2 2.30 1392.00 32.05 

MnO 0.15 179.00 0.26  MnO 0.16 179.00 0.28 

Cr2O3 0.08 835.00 0.65  Cr2O3 0.08 835.00 0.69 

Li2B4O7 5.40 2797.00 151.04  Li2B4O7  2797.00 0.00 

Total 100.00 Calculated 1558.86  Total 100.00 Calculated 1488.19 

  Measured 1615.00      

  Error 3.60%      
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Table 4.33 – Calculated heat capacities for HB90 using Cp = Σ Cpi∙xi .at 1400°C. 

Average Data  Normalized Data 

Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 
 Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 

SiO2 44.30 1331.00 589.68 
 SiO2 49.65 1331.00 660.90 

Al2O3 11.49 1545.00 177.59 
 Al2O3 12.88 1545.00 199.04 

FeO 11.14 1100.00 122.49 
 FeO 12.48 1100.00 137.29 

MgO 8.45 2424.00 204.77 
 MgO 9.47 2424.00 229.51 

CaO 9.41 1781.00 167.65 
 CaO 10.55 1781.00 187.90 

Na2O 1.80 1651.00 29.67 
 Na2O 2.01 1651.00 33.25 

K2O 0.37 1030.00 3.81 
 K2O 0.41 1030.00 4.27 

TiO2 2.09 1392.00 29.15 
 TiO2 2.35 1392.00 32.67 

MnO 0.12 179.00 0.22 
 MnO 0.13 179.00 0.24 

Cr2O3 0.05 835.00 0.41 
 Cr2O3 0.05 835.00 0.46 

Li2B4O7 10.78 2797.00 301.52 
 Li2B4O7  2797.00 0.00 

Total 100.00 Calculated 1626.95 
 Total 100.00 Calculated 1485.51 

  Measured 1730      

  Error 6.33%      

 
Table 4.34 – Calculated heat capacities for HB85 using Cp = Σ Cpi∙xi .at 1400°C. 

Average Data  Normalized Data 

Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 
 Oxide wt % 

Specific 

Heat (J/kg 

K) 

Cpi Xi     

(J/kg K) 

SiO2 42.28 1331.00 562.75  SiO2 49.92 1331.00 664.45 

Al2O3 10.80 1545.00 166.86  Al2O3 12.75 1545.00 197.01 

FeO 10.38 1100.00 114.22  FeO 12.26 1100.00 134.86 

MgO 8.46 2424.00 204.99  MgO 9.98 2424.00 242.04 

CaO 8.71 1781.00 155.13  CaO 10.28 1781.00 183.16 

Na2O 1.64 1651.00 27.06  Na2O 1.93 1651.00 31.95 

K2O 0.30 1030.00 3.04  K2O 0.35 1030.00 3.59 

TiO2 1.95 1392.00 27.12  TiO2 2.30 1392.00 32.02 

MnO 0.11 179.00 0.20  MnO 0.13 179.00 0.24 

Cr2O3 0.07 835.00 0.58  Cr2O3 0.08 835.00 0.68 

Li2B4O7 15.31 2797.00 428.22  Li2B4O7  2797.00 0.00 

Total 100.00 Calculated 1690.15  Total 100 Calculated 1489.99 

  Measured 1757      

  Error 3.96%      
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Table 4.35 – Density data for Spectromelt™ from Anzai et al. (1993) and density for modified basaltic 

melts measured using the double bob Archimedean method (kg/m3). 

T (°C) T (K) Li2B4O7 HB100 HB97.5 HB95 HB90 HB85 deviation 

1336 1609 1,779.64 2,884.37 2,859.58 2,834.79 2,785.21 2,735.63 0.2% 

1411 1684 1,749.10 2,875.86 2,850.43 2,825.11 2,774.25 2,723.50 0.2% 

1509 1782 1,708.43 2,862.03 2,835.86 2,809.79 2,757.55 2,705.31 0.4% 

1609 1882 1,669.03 2,840.75 2,814.05 2,787.34 2,734.04 2,680.63 2.7% 

 
Table 4.36 - The data set for the linear regression of the density measurement of modified basaltic melt 

using the function ρ = b + aT. 

Sample a Error a b Error b R2 RMSD 

HB100 -0.1589 0.001573 3142 27.40 0.9807 3.23 

HB97.5 -0.1659 0.001522 3128 26.52 0.9834 3.12 

HB95 -0.1730 0.001507 3115 26.63 0.9850 3.09 

HB90 -0.1866 0.001411 3087 24.59 0.9886 2.90 

HB85 -0.2007 0.001346 3060 23.45 0.9919 2.76 

 
Table 4.37 – Equations for the relationship between density and temperature. 

Sample ρ = b + aT  Eq. No. 

HB100 ρ = 3142 – 0.1589T (4.43) 

HB97.5 ρ = 3128 – 0.1659T (4.44) 

HB95 ρ = 3115 – 0.1730T (4.45) 

HB90 ρ = 3087 – 0.1866T (4.46) 

HB85 ρ = 3060 – 0.2007T (4.47) 

 
Table 4.38 -Density data calculated using molar fraction, partial molar volume, thermal expansivity 

and compressibility after Lange and Carmichael (1990). 

T (K) Li2B4O7 HB100 HB97.5 HB95 HB90 HB85 

1609 1,779.64 2916.39 2892.67 2869.24 2811.83 2767.13 

1684 1,749.10 2888.66 2865.12 2841.82 2785.11 2740.70 

1782 1,708.43 2853.89 2830.58 2807.44 2751.60 2707.56 

1882 1,669.03 2820.02 2796.93 2773.94 2718.94 2675.25 

 
Table 4.39 – Error between measured and calculated densities. 

T (K) ρcalc HB100 ρcalc HB97.5 ρcalc HB95 ρcalc HB90 ρcalc HB85 

1609 -1.10% -1.14% -1.20% -0.95% -1.14% 

1684 -0.44% -0.51% -0.59% -0.39% -0.63% 

1782 0.29% 0.19% 0.08% 0.22% -0.08% 

1882 0.74% 0.61% 0.48% 0.56% 0.20% 
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Table 4.40 – The data set for the equation of the isotherms on the graph using linear function ρ = b + 

aX. 

Isotherm a Error a b Error b R2 RMSD 

1609K -9.5873 0.2284 2885 2.01 0.9966 2.84 

1684K -9.8209 0.2338 2876 2.05 0.9983 2.91 

1782K -10.1002 0.2414 2862 2.12 0.9982 3.00 

1882K -10.3192 0.2468 2841 2.16 0.9982 3.07 

 
Table 4.41 – Equations for the isotherms of heat capacity measurement on modified basaltic melts. 

Isotherm ρ = b + aX  Eq. No. 

1609K ρ = 2885 – 9.5873X (4.48) 

1684K ρ = 2876 – 9.8209X (4.49) 

1782K ρ = 2862 – 10.1002X (4.50) 

1882K ρ = 2841 – 10.3192X (4.51) 

 
Table 4.42 – Surface tension measurements for modified basaltic melts. 

Sample T (°C) T (K) γ (mN/m) 

HB 100 1410 1683 367.39 

HB 100 1602 1875 371.36 

HB 97.5 1262 1535 338.48 

HB 97.5 1410 1683 345.38 

HB 97.5 1602 1875 355.43 

HB95 1261 1534 325.57 

HB95 1409 1682 333.99 

HB95 1602 1875 346.89 

HB 90 1262 1535 306.13 

HB 90 1409 1682 317.46 

HB 85 1263 1536 288.32 

HB 85 1409 1682 297.50 

 
Table 4.43 – Results of the dry sieve analysis in weight, percent fraction and cumulative frequency. 

Φ Millimeters Microns Weight (g) 
Percent 

Fraction 

Cumulative 

Frequency 

< +2.5 <0.25 <250 423.82 76.28 76.28 

2 0.25 250 5.11 0.92 77.20 

1.5 0.355 355 4.44 0.80 78.00 

1 0.5 500 5.35 0.96 78.96 

0.5 0.71 710 16.55 2.98 81.94 

0 1 1000 27.19 4.89 86.83 

-0.5 1.4 1400 17.53 3.16 89.99 

-1 2 2000 15.7 2.83 92.81 

-1.5 2.8 2800 15.08 2.71 95.53 

-2 4 4000 9.64 1.73 97.26 

-2.5 5.6 5600 15.21 2.74 100.00 

      

Total   555.62 100.00  
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Table 4.44 – Results of the wet sieve analysis in weight, percent fraction and cumulative frequency. 

Φ Millimeters Microns Weight (g) 
Percent 

Fraction 

Cumulative 

Frequency 

< +2.0 0.25 <250 596.62 88.10 88.10 

2 0.25 250 9.09 1.34 89.45 

1.5 0.355 355 8.17 1.21 90.65 

1 0.5 500 8.73 1.29 91.94 

0.5 0.71 710 7.95 1.17 93.12 

0 1 1000 8.82 1.30 94.42 

-0.5 1.4 1400 8.62 1.27 95.69 

-1 2 2000 7.46 1.10 96.79 

-1.5 2.8 2800 7.76 1.15 97.94 

-2 4 4000 3.96 0.58 98.52 

-2.5 5.6 5600 10 1.48 100.00 

Total     677.18 100.00   
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Table 4.45 – Standard operating protocol (SOP) and analytical results of particle size analysis for the NIST 9μm mean diameter polymer microsphere  

(Duke Standards ™). Table shows the average particle diameter at 10% (0.1 d), 50% (0.5 d) and 90% (0.9 d) of the analyzed sample aliquot. The mean 

volume weighted percent is also reported. 

Sample 

Name: 
Measured: Material: Dispersant: 

Dispersant 

RI: 

Pump 

Speed: 
Ultrasound: Material RI 

Dispersant 

RI: 

Standard 02/13/15 
9 μm polymer 

microsphere 

Distilled water 

with surfactant 
1.33 2000 RPM ON 1.58 1.33 

Test Run 1 2 3 4 5 6 7 8 9 10 Average 

0.1 d (μm)  6.079 6.079 6.077 6.077 6.077 6.077 6.077 6.077 6.077 6.077 6.078 

0.5 d (μm) 8.772 8.771 8.77 8.77 8.77 8.77 8.771 8.772 8.772 8.772 8.771 

0.9 d (μm) 12.533 12.532 12.53 12.531 12.531 12.532 12.534 12.534 12.535 12.534 12.533 

VMD (μm) 9.091 9.09 9.089 9.089 9.089 9.089 9.09 9.09 9.091 9.091 9.09 
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Table 4.46 – Expected results for the quality audit standard QAS3001 (Malvern Instruments Ltd) for 

10% (0.1 d), 50% (0.5 d) and 90% (0.9 d) of the analyzed sample aliquot. Results should fall within 2% 

on 0.5 d and 3% on 0.1 d and 0.9 d. 

 

Hydro S 0.1 d 0.5 d 0.9 d 

Lower Limit 36.80 59.57 83.66 

Median Values 37.94 60.18 89.00 

Upper Limit 39.07 61.41 91.67 

 
Table 4.47 – Standard operating protocol (SOP) and analytical results of particle size analysis for 

quality audit standard QAS3001 (Malvern Instruments Ltd). Table shows the average particle 

diameter at 10% (0.1 d), 50% (0.5 d) and 90% (0.9 d) of the analyzed sample aliquot. 

 

Sample Name: Measured: Analyzed: Material: Dispersant: 

QAS3001 02/13/15 02/13/15 glass microspheres 
Distilled water with 

surfactant 

Dispersant RI: Pump Speed: Ultrasound: Material RI 

1.33 3000 RPM OFF 1.52 

Test Run 1 2 3 Average 

d (0.1) 38.361 36.995 38.343 37.896 

d (0.5) 60.277 60.173 60.224 60.226 

d (0.9) 93.459 96.398 93.325 94.361 

VMD (μm) 63.595 63.969 63.527 63.697 

 
Table 4.48 – Variance in cumulative volume percent of changing the refractive index of analogue 

sedimentary material on samples with constant absorption (A=0.1) at 2 μm 

Sample 1.48-1.62 1.52-1.62 1.54-1.62 

ANPS-1 6.1764 2.6448 1.5232 

ANPS-2 5.1193 1.8405 1.0023 

ANPS-3 1.5518 1.3094 1.1222 

ANPS-4 5.5969 2.6044 1.6644 

ANPS-5 4.8487 1.4357 0.3481 

ANPS-6 1.8330 1.9545 1.2333 

ANPS-7 4.6742 1.5627 0.5856 

Average 4.2572 1.9074 1.0684 
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Table 4.49 - Variance in cumulative volume percent of changing the refractive index of analogue 

sedimentary material on samples with constant absorption (A=0.1) at 10 μm 

Sample 1.48-1.62 1.52-1.62 1.54-1.62 

ANPS-1 3.8069 1.5366 0.8394 

ANPS-2 3.3923 1.2528 0.7373 

ANPS-3 0.1458 0.843 0.9213 

ANPS-4 4.2356 1.9351 1.2329 

ANPS-5 3.6153 1.1999 0.4529 

ANPS-6 0.2869 1.5424 0.9878 

ANPS-7 3.2315 1.0173 0.3452 

Average 2.6735 1.3324 0.7881 

 
Table 4.50 - Variance in cumulative volume percent of changing the refractive index of analogue 

sedimentary material on samples with constant absorption (A=0.1) at peak volume 

Sample 1.48-1.62 1.52-1.62 1.54-1.62 

ANPS-1 2.9227 1.2952 0.7903 

ANPS-2 2.976 1.384 0.9159 

ANPS-3 1.3618 0.8571 0.6145 

ANPS-4 3.5683 1.6455 1.054 

ANPS-5 3.7668 1.8461 1.2478 

ANPS-6 1.5786 0.935 0.6209 

ANPS-7 2.9809 1.2064 0.6663 

Average 2.7364 1.3099 0.8442 

 
Table 4.51 – The particle size distribution statistics from analogue sediment samples analyzed using 

the Mastersizer 2000. Sample values were calculated for samples with a RI of 1.54 and AC of 0.1.  

Sample 

Name: 
ANPS-1 ANPS-2 ANPS-3 ANPS-4 ANPS-5 ANPS-6 ANPS-7 

Dv10 (μm)  1.844 1.942 3.032 2.254 1.999 2.854 2.132 

Dv50 (μm) 10.647 10.752 20.118 14.943 12.62 18.612 12.685 

Dv90 (μm) 31.796 36.38 80.463 88.06 56.306 71.098 48.864 

VMD (μm) 15.291 17.045 36.679 33.738 24.155 30.81 21.535 

Mode  15.022 15.022 23.809 15.022 15.022 23.809 16.855 



 

 

2
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Table 4.52 – Standard operating protocol (SOP) and analytical results of particle size analysis for the analogue sediment reported for Phi divisions of 

grain size. Table shows the average particle diameter at 10% (Dv10), 50% (Dv50) and 90% (Dv90) of the analyzed sample aliquot. All sample analysis 

were recalculated for the RI 1.54 and AC 0.1, values determined using the method of Horwell (2007). The average seven analysis were calculated.  

Sample Name: ANPS-1 ANPS-2 ANPS-3 ANPS-4 ANPS-5 ANPS-6 ANPS-7 AVERAGE 

Material RI 1.54 1.54 1.54 1.54 1.54 1.54 1.54 1.54 

Absorption 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Ultrasound OFF ON OFF OFF ON OFF ON N/A 

Pump Speed 900 RPM 900 RPM 900 RPM 2000 RPM 2000 RPM 2000 RPM 2000 RPM N/A 

Dv10 1.844 1.942 3.032 2.254 1.961 2.854 2.132 2.288429 

Dv50 10.647 10.752 20.118 14.943 12.509 18.612 12.685 14.32371 

Dv90 31.796 36.38 80.463 88.06 54.047 71.098 48.864 58.67257 

Phi Microns Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative 

12.25 0.2 0 0 0 0 0 0 0 0 

12 0.24 0 0 0 0 0 0 0 0 

11.75 0.29 0 0 0 0 0 0 0 0 

11.5 0.35 0.034636 0.012622 0 0.038816 0.056997 0 0.04083 0.026272 

11.25 0.41 0.312108 0.268094 0.204935 0.280005 0.352635 0.276278 0.307002 0.285865 

11 0.49 0.841425 0.767439 0.594299 0.722764 0.878843 0.73427 0.794746 0.761969 

10.75 0.58 1.624135 1.506177 1.125411 1.366829 1.637633 1.350889 1.495999 1.443868 

10.5 0.69 2.596584 2.418645 1.744811 2.156345 2.566124 2.049952 2.341242 2.267672 

10.25 0.82 3.77917 3.520835 2.445595 3.101739 3.679331 2.825556 3.335511 3.241105 

10 0.98 5.077688 4.7255 3.166786 4.120643 4.881279 3.604363 4.394321 4.281511 

9.75 1.16 6.650772 6.185544 4.000164 5.330364 6.308804 4.482525 5.651854 5.515718 

9.5 1.38 8.524498 7.935711 4.969764 6.744574 7.974225 5.484109 7.143044 6.967989 

9.25 1.64 11.1228 10.39342 6.313793 8.677415 10.24037 6.856624 9.235679 8.977157 

9 2 13.22973 12.41773 7.421422 10.23461 12.0569 7.984852 10.97004 10.61647 

8.75 2.3 16.51417 15.63872 9.204167 12.66683 14.87785 9.806681 13.76119 13.20994 

8.5 2.8 19.48021 18.62347 10.89275 14.88855 17.43693 11.54388 16.38729 15.60758 

8.25 3.3 22.67399 21.91791 12.80948 17.32639 20.22438 13.52965 19.32891 18.25867 

8 3.9 26.02985 25.44803 14.93034 19.94764 23.1973 15.73941 22.51961 21.11603 

7.75 4.6 29.98314 29.63885 17.53584 23.10516 26.74721 18.46303 26.33394 24.54388 

7.5 5.5 34.52395 34.40149 20.59903 26.78498 30.8483 21.66758 30.66641 28.49882 

7.25 6.6 39.29015 39.26687 23.82553 30.65532 35.12948 25.04169 35.06114 32.61002 

7 7.8 45.04936 44.93555 27.70161 35.29253 40.22665 29.09658 40.12968 37.49028 

6.75 9.3 51.25696 50.82176 31.87044 40.21897 45.61344 33.46824 45.34609 42.65656 

6.5 11 58.30254 57.30341 36.66971 45.72709 51.61174 38.52495 51.07361 48.45901 
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Phi Microns Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative 

6.25 13.1 65.63048 63.92698 41.8757 51.39957 57.77099 44.04463 56.97177 54.51716 

6 15.6 72.87074 70.47373 47.44143 57.01898 63.86171 49.97832 62.93581 60.65439 

5.75 18.6 79.40436 76.50828 53.10832 62.21428 69.48413 56.02965 68.6634 66.48749 

5.5 22.1 85.08289 81.98209 58.9217 66.99979 74.64307 62.20336 74.18854 72.00306 

5.25 26.3 89.64434 86.6649 64.70334 71.28572 79.21145 68.25004 79.33003 77.01283 

5 31.3 93.04562 90.43826 70.27393 75.0937 83.16652 73.92401 83.93632 81.41119 

4.75 37.2 95.45448 93.34023 75.54141 78.55524 86.59418 79.09365 87.95356 85.21896 

4.5 44.2 97.10132 95.47878 80.43774 81.79968 89.57647 83.68563 91.36132 88.49156 

4.25 52.6 98.16551 96.95222 84.76829 84.80497 92.06993 87.55515 94.07642 91.19893 

4 62.5 98.82437 97.94064 88.50186 87.57625 94.08815 90.74967 96.15068 93.40452 

3.75 74.3 99.19049 98.59328 91.58245 90.05082 95.62802 93.312 97.63265 95.14138 

3.5 88.4 99.35741 99.0298 93.95977 92.15389 96.73166 95.28797 98.59182 96.44462 

3.25 105 99.44057 99.34599 95.72178 93.94511 97.54217 96.81083 99.16009 97.42379 

3 125 99.52624 99.58844 96.96222 95.52415 98.20866 97.9831 99.43423 98.17529 

2.75 150 99.64557 99.74573 97.67984 96.77466 98.75386 98.75542 99.52313 98.69688 

2.5 177 99.81252 99.83947 98.15231 97.91815 99.28253 99.30483 99.56682 99.12523 

2.25 210 99.95372 99.87766 98.49133 98.8885 99.72735 99.6333 99.60534 99.45389 

2 250 100 99.89114 98.79467 99.58377 99.95136 99.78709 99.66712 99.66788 

1.75 297 100 99.90283 99.13789 99.93285 100 99.89926 99.76739 99.80574 

1.5 354 100 99.91867 99.499 100 100 99.96891 99.8889 99.8965 

1.25 420 100 99.94115 99.83636 100 100 100 99.98984 99.96676 

1 500 100 99.9669 100 100 100 100 100 99.99527 

0.75 595 100 99.98996 100 100 100 100 100 99.99857 

0.5 710 100 100 100 100 100 100 100 100 

0.25 840 100 100 100 100 100 100 100 100 

0 1000 100 100 100 100 100 100 100 100 

-0.25 1190 100 100 100 100 100 100 100 100 

-0.5 1410 100 100 100 100 100 100 100 100 

-0.75 1680 100 100 100 100 100 100 100 100 
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Table 4.53 – Grain size distribution calculated in weight and weight percent from average particle size 

analysis data (Table 4.52) using a percentage by volume to percentage by weight conversion 

(http://www.handymath.com/cgi-bin/dnstyvolwt.cgi?submit=Entry).  

Phi Millimetres Microns Weight 
Wt. 

% 

Cumulative 

Wt. % 

11.5 0.00035 0.35 1.252902 0.21 0.21 

11.25 0.00041 0.41 1.551212 0.26 0.47 

11 0.00049 0.49 2.804114 0.47 0.94 

10.75 0.00058 0.58 4.057016 0.68 1.62 

10.5 0.00069 0.69 4.892284 0.82 2.44 

10.25 0.00082 0.82 5.787214 0.97 3.41 

10 0.00098 0.98 6.204848 1.04 4.45 

9.75 0.00116 1.16 7.338426 1.23 5.68 

9.5 0.00138 1.38 8.65099 1.45 7.13 

9.25 0.00164 1.64 11.9324 2 9.13 

9 0.0020 2.0 9.724906 1.63 10.76 

8.75 0.0023 2.3 15.3928 2.58 13.34 

8.5 0.0028 2.8 14.25922 2.39 15.73 

8.25 0.0033 3.3 16.88435 2.83 18.56 

8 0.0039 3.9 17.00367 2.85 21.41 

7.75 0.0046 4.6 20.4044 3.42 24.83 

7.5 0.0055 5.5 23.50683 3.94 28.77 

7.25 0.0066 6.6 24.46142 4.1 32.87 

7 0.0078 7.8 28.99573 4.86 37.73 

6.75 0.0093 9.3 30.72593 5.15 42.88 

6.5 0.0110 11.0 34.48464 5.78 48.66 

6.25 0.0131 13.1 36.03585 6.04 54.7 

6 0.0156 15.6 36.51314 6.12 60.82 

5.75 0.0186 18.6 34.66362 5.81 66.63 

5.5 0.0221 22.1 32.8141 5.5 72.13 

5.25 0.0263 26.3 29.77134 4.99 77.12 

5 0.0313 31.3 26.13196 4.38 81.5 

4.75 0.0372 37.2 22.6119 3.79 85.29 

4.5 0.0442 44.2 19.44981 3.26 88.55 

4.25 0.0526 52.6 16.10874 2.7 91.25 

4 0.06250 62.5 13.12564 2.2 93.45 

3.75 0.0743 74.3 10.32153 1.73 95.18 

3.5 0.0884 88.4 7.75606 1.3 96.48 

3.25 0.1051 105 5.846876 0.98 97.46 

3 0.1250 125 4.47465 0.75 98.21 

2.75 0.1487 149 3.102424 0.52 98.73 

2.5 0.1768 177 2.565466 0.43 99.16 

2.25 0.2102 210 1.968846 0.33 99.49 

2 0.2500 250 1.252902 0.21 99.7 

1.75 0.2973 297 0.775606 0.13 99.83 

1.5 0.3536 354 0.536958 0.09 99.92 

1.25 0.4204 420 0.417634 0.07 99.99 

1 0.5000 500 0.178986 0.03 100.02 

0.75 0.5946 595 0 0 100.02 

0.5 0.7071 707 0 0 100.02 

Total   596.73 100.02  

  

http://www.handymath.com/cgi-bin/dnstyvolwt.cgi?submit=Entry
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Table 4.54 – Recalculated grain size distribution for the weight, percent fraction and cumulative 

frequency (retained) of the analogue sediment sample. 

Phi Millimetres Microns Weight 
Wt. 

% 

Cumulative 

Wt. % 

12.25 0.00020 0.2 0 0.00 0.00 

12 0.00024 0.24 0 0.00 0.00 
11.75 0.00029 0.29 0 0.00 0.00 

11.5 0.00035 0.35 1.25 0.18 0.18 

11.25 0.00041 0.41 1.55 0.23 0.41 

11 0.00049 0.49 2.8 0.41 0.83 

10.75 0.00058 0.58 4.06 0.60 1.43 

10.5 0.00069 0.69 4.89 0.72 2.15 
10.25 0.00082 0.82 5.79 0.86 3.00 

10 0.00098 0.98 6.2 0.92 3.92 

9.75 0.00116 1.16 7.34 1.08 5.00 

9.5 0.00138 1.38 8.65 1.28 6.28 

9.25 0.00164 1.64 11.93 1.76 8.04 
9 0.0020 2 9.72 1.44 9.48 

8.75 0.0023 2.3 15.39 2.27 11.75 

8.5 0.0028 2.8 14.26 2.11 13.86 

8.25 0.0033 3.3 16.88 2.49 16.35 

8 0.0039 3.9 17 2.51 18.86 

7.75 0.0046 4.6 20.4 3.01 21.87 
7.5 0.0055 5.5 23.51 3.47 25.34 

7.25 0.0066 6.6 24.46 3.61 28.96 

7 0.0078 7.8 29 4.28 33.24 

6.75 0.0093 9.3 30.73 4.54 37.78 

6.5 0.0110 11 34.48 5.09 42.87 

6.25 0.0131 13.1 36.04 5.32 48.19 
6 0.0156 15.6 36.51 5.39 53.58 

5.75 0.0186 18.6 34.66 5.12 58.70 

5.5 0.0221 22.1 32.81 4.85 63.54 

5.25 0.0263 26.3 29.77 4.40 67.94 

5 0.0313 31.3 26.13 3.86 71.80 

4.75 0.0372 37.2 22.61 3.34 75.14 
4.5 0.0442 44.2 19.45 2.87 78.01 

4.25 0.0526 52.6 16.11 2.38 80.39 

4 0.06250 62.5 13.13 1.94 82.33 

3.75 0.0743 74.3 10.32 1.52 83.85 

3.5 0.0884 88.4 7.76 1.15 85.00 
3.25 0.1051 105 5.85 0.86 85.86 

3 0.1250 125 4.47 0.66 86.52 

2.75 0.1487 150 3.1 0.46 86.98 

2.5 0.1768 177 2.57 0.38 87.36 

2.25 0.2102 210 1.97 0.29 87.65 

2 0.2500 250 10.34 1.53 89.34 
1.5 0.3536 354 8.71 1.29 90.62 

1 0.5000 500 8.91 1.32 91.94 

0.5 0.7071 710 7.95 1.17 93.12 

0 1.0000 1000 8.82 1.30 94.42 

-0.5 1.4142 1410 8.62 1.27 95.70 

-1 2.0000 2000 7.46 1.10 96.80 
-1.5 2.8284 2828 7.76 1.15 97.95 

-2 4.0000 4000 3.96 0.58 98.54 

-2.5 5.6569 5657 10 1.48 100.01 

Total   677.18 100.1 100.1 
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Table 4.55 – Gradistat Statistics for unsieved analogue sediments. 

Type: 
Unimodal, Very Poorly 

Sorted 
 Textural Group: Slightly Gravelly Sandy Mud 

Name: Slightly Very Fine Gravelly Very Fine Sandy Coarse Silt 
 

 μm  φ  Grain Size Distribution 

Mode 1: 17.10 5.875  Gravel: 
4.3

% 
 Coarse 

Sand: 
2.5% 

Mode 2:    Sand: 
15.2

% 
 Medium 

Sand: 
2.8% 

Mode 3:    Mud: 
80.5

% 
 Fine Sand: 1.8% 

D10: 2.403 1.237     V. Fine 

Sand: 
5.5% 

D50: 16.51 5.920  V. Coarse 

Gravel: 

0.0

% 
 V. Coarse 

Silt: 
12.5% 

D90: 424.2 8.701  Coarse Gravel: 
0.0

% 
 Coarse 

Silt: 
19.7% 

(D90 / D10): 176.6 7.033  Medium 

Gravel: 

0.0

% 
 Medium 

Silt: 
19.3% 

(D90 - D10): 421.8 7.464  Fine Gravel: 
2.1

% 
 Fine Silt: 12.6% 

(D75 / D25): 6.741 1.609  V. Fine 

Gravel: 

2.3

% 
 V. Fine 

Silt: 
8.6% 

(D75 - D25): 37.14 2.753  V. Coarse 

Sand: 

2.6

% 
 Clay: 7.8% 

 

 Method of Moments Folk and Ward Method  

 Arithm

etic 

Geometr

ic 
Logarithmic Geometric 

Logarith

mic 
Description 

 μm μm φ μm φ  

Mean (𝒙): 180.4 18.82 5.584 17.72 5.818 Coarse Silt 

Sorting 

(σ): 
613.0 6.398 2.715 6.435 2.686 

Very Poorly 

Sorted 

Skewness 

(Sk): 
5.018 0.792 -0.793 0.184 -0.184 

Coarse 

Skewed 

Kurtosis 

(K): 
30.68 3.767 3.582 1.523 1.523 

Very 

Leptokurtic 
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Table 4.56 – Gradistat Statistics for < 250 μm analogue sediments. 

Type: Unimodal, Poorly Sorted  Textural Group: Mud 

Name: Coarse Silt 
 

 μm  φ  Grain Size Distribution 

Mode 1: 17.10 5.875  Gravel: 0.0%  Coarse 

Sand: 
0.2% 

Mode 2:    Sand: 8.8%  Medium 

Sand: 
0.3% 

Mode 3:    Mud: 
91.2

% 
 Fine Sand: 2.0% 

D10: 2.155 4.114     V. Fine 

Sand: 
6.2% 

D50: 13.62 6.198  V. Coarse 

Gravel: 
0.0%  V. Coarse 

Silt: 
12.5% 

D90: 57.77 8.858  Coarse Gravel: 0.0%  Coarse Silt: 14.2% 

(D90 / D10): 26.80 2.153  Medium 

Gravel: 
0.0%  Medium 

Silt: 
22.3% 

(D90 - D10): 55.62 4.744  Fine Gravel: 0.0%  Fine Silt: 21.8% 

(D75 / D25): 5.245 1.469 
 V. Fine Gravel: 0.0%  V. Fine Silt: 14.3% 

(D75 - D25): 23.54 2.391 
 V. Coarse Sand: 0.0%  Clay: 9.7% 

 

 
 Method of Moments Folk and Ward Method  

 Arithme

tic 

Geometr

ic 
Logarithmic Geometric 

Logarithm

ic 
Description 

 μm μm φ μm φ  

Mean (𝒙): 26.34 12.36 6.338 12.40 6.334 
Medium 

Silt 

Sorting (σ): 50.27 3.548 1.827 3.570 1.836 
Poorly 

Sorted 

Skewness 

(Sk): 
10.04 -0.207 0.207 -0.119 0.119 

Fine 

Skewed 

Kurtosis 

(K): 
167.4 2.965 2.965 1.048 1.048 Mesokurtic 

 
  



 

 

 

 

2
3

9
 

Table 4.57 – Summary of specific gravity test results for unsieved and sieved (< 250 µm) analogue 

sediments. 

Name Symbol ANPS ANPS < 250 µm 

Temperature  °C 21.4 21.4 

Weight of Pan wp (g) 253.23 402.7 

Weight of Pan + 

Sediments 
wps (g) 353.57 457.55 

Weight of Flask wb (g) 185.02 158.25 

Weight of Flask 

+ Water 
wbw (g) 684.12 657.35 

Weight of Flask 

+ Water + 

Sediments 

wbws (g) 743.90 690.87 

Dry Weight of 

Pan + Sediments 
wp+s (g) 352.06 456.84 

Dry Weight of 

Sediments 
ws (g) 98.83 54.14 

Specific Gravity Gs 2.58 2.63 

 
Table 4.58 – Summary of the results from the liquid limit test using the Cassagrande Apparatus for 

analogue sediments sieved to 425 µm as outline in ASTM D4318. 

ANPS 

< 425 µm 
A B C D 

Pan # MT-04 MT-13 MT-12 MT-03 

Weight of Pan 50.72 50.7 50.75 51.17 

Weight of Pan + 

Sediment Sample 63.42 63.78 63.86 62.09 

Weight of Sample 

Sediments 12.7 13.08 13.11 10.92 

Weight of Pan + 

Dry Sediment 

Sample 60.28 60.6 60.85 59.73 

Weight of Dry 

Sediments 9.56 9.9 10.1 8.56 

Moisture Content 32.85 32.12 29.80 27.57 

# of Blows 18 23 26 33 
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Table 4.59 - Summary of the results from the liquid limit test using the Fall Cone Test for analogue 

sediments sieved to 400 µm as outlined in CAN/BNQ 2501-092/2014. 

ANPS 

< 400 µm 

 
A B C D 

Pan #  MT-11 MT-01 MT-04 MT-08 

Weight of Pan (g) 50.32 50.19 50.66 50.2 

Weight of Pan + 

Sediment Sample 

(g) 

89.73 82.15 87.23 85.89 

Weight of Sample 

Sediments 

(g) 

39.41 31.96 36.57 35.69 

Weight of Pan + 

Dry Sediment 

Sample 

(g) 

80.16 74.35 78.19 77.01 

Weight of Dry 

Sediments 

(g) 

29.84 24.16 27.53 26.81 

Moisture Content % 32.07 32.28 32.84 33.12 

Depth  (mm) 8.05 8.90 10.93 11.98 

Shear Strength (kPa) 2.6332 2.1542 1.4296 1.1899 

 
Table 4.60 – Summary of the results from the liquid limit test using the Fall Cone Test for analogue 

sediments sieved to 250 µm as outlined in CAN/BNQ 2501-092/2014. 

ANPS 

< 250 µm 
 A B C D E 

Pan #  MT-11 MT-01 MT-04 MT-08 MT-08 

Weight of Pan (g) 50.6 50.79 50.68 50.62 50.94 

Weight of Pan + 

Sediment Sample 
(g) 

86.68 85.64 85.53 87.9 90.59 

Weight of Sample 

Sediments 
(g) 

36.08 34.85 34.85 37.28 39.65 

Weight of Pan + 

Dry Sediment 

Sample 

(g) 

78.28 77.46 77.32 79.06 81.07 

Weight of Dry 

Sediments 
(g) 

27.68 26.67 26.64 28.44 30.13 

Moisture Content % 30.35 30.67 30.82 31.08 31.60 

Depth (mm) 7.15 7.90 10.00 10.98 13.00 

Shear Strength (kPa) 3.3378 2.7341 1.7063 1.4166 1.0097 
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Table 4.61 – The data set for the power law fit y= y0+a*exp(-x) as calculated for the relationship between 

the undrained shear strength (Su) and moisture content using Figure 4.38. 

Sample a Error a y0 R2 RMSE 

< 400 μm 2.321507280e+14 1.05486392998+13 0.001 0.9298 0.1755 

< 250 μm 4.992485739e+13 2.6742832963e+12 0.001 0.9253 0.2638 

 
Table 4.62 – Data from the graduated cylinder settling test the determination of the minimum index 

dry density and the maximum void ratio. 

Trial No.  < 250 μm Unsieved  

Mass of Graduated 

Cylinder 
(g) 683.80 611.84 

Mass of Water and 

Graduated Cylinder 
(g) 1681.61 1611.75 

Mass of Water to 1L 

Mark 
(g) 997.81 999.91 

Mass of Water, 

Sediments and 

Graduated Cylinder 

(g) 1726.73 1726.98 

Volume of Sediments 

Settled for 5 days 
(g) 80 206 

Mass of Pan (g) 256.06 255.16 

Mass of Pan and Dry 

Sediments 
(g) 326.69 442.88 

Mass of Dry 

Sediments (g) 70.63 187.72 

ρdmin (kg/m3) 882 911 

emax  1.98 1.83 

 
Table 4.63 – Data from the soil - moisture density compaction test using standard effort after ASTM 

D 1557 unsieved sediments.  

Mass of Mold:     4.061 kg Volume of Mold: 0.000943 m3 

Trial No.  1 2 3 4 5 

Pan # MT-10 MT-01 MT-10 MT-12 MT-07 

Mass of Sample and 

Mold 
(kg) 5.777 5.820 5.858 5.905 5.875 

Wet Density (kg/m3) 1817 1863 1903 1953 1921 

Mass of Wet Sample 

and Pan 
(g) 255.11 138.19 150.51 120.4 135.27 

Mass of Dry Sample 

and Pan 
(g) 221.83 123.14 133.13 107.6 118.93 

Mass of Pan (g) 50.51 50.76 50.4 50.79 50.65 

Moisture % 19.43 20.79 21.01 22.53 23.93 

Dry Density (kg/m3) 1521.79 1541.94 1572.74 1593.61 1550.43 

100% Saturation 

Moisture 
 26.3 25.5 24.2 23.4 25.1 
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Table 4.64 – Data from the soil - moisture density compaction test using standard effort after ASTM 

D 1557 for < 250 μm sieved sediments.  

Mass of Mold:     4.266 kg Volume of Mold: 0.000940 m3 

Trial No.  1 2 3 4 5 6 

Pan # 41 50 72 70 4 63 

Mass of Sample and 

Mold 
(kg) 5.841 5.902 5.973 6.041 6.020 6.008 

Wet Density (kg/m3) 1675.5 1740.4 1816.0 1888.3 1866.0 1853.2 

Mass of Wet Sample 

and Pan 
(g) 306.1 322.1 235.5 213.9 283.2 281.3 

Mass of Dry Sample 

and Pan 
(g) 272.9 284.2 205.4 184.1 240.7 233.4 

Mass of Pan (g) 53.9 54.8 38.1 38.1 52.5 40.9 

Moisture % 15.2 16.5 18.0 20.4 22.6 24.9 

Dry Density (kg/m3) 1455 1494 1539 1568 1522 1484 

100% Saturation 

Moisture 
 29.3 27.5 25.6 24.4 26.3 28 

 
Table 4.65 – Failure values for consolidated drained direct shear tests.  

Sediment 

Type 

Initial 

Water 

Content 

53 N 583 N 1111 N 

τmax  

(kPa) 

σ 

(kPa) 

τmax  

(kPa) 

σ 

(kPa) 

τmax  

(kPa) 

σ 

(kPa) 

Unsieved 23 11.18 17.94 142.57 195.23 277.31 378.98 

Unsieved 24 8.97 18.25 151.18 197.05 283.98 380.14 

250 μm 23 11.63 17.58 272.09 209.46 417.34 375.76 

250 μm 24 8.48 17.94 281.41 200.46 415.71 387.48 

 
Table 4.66 – Regression of line of best for the data point in Figure 5.44. The data is modeled for the 

Mohr-Coulomb failure criteria using the equation  tan c where c = 0 for non-plastic 

sediments. 

Sample 

Type 
tan Error R2 RMSE  

Unsieved 0.74987 0.013839 0.9926 9.28 36.86 

250 μm 1.14727 0.051180 0.9712 31.32 48.92 

 
Table 4.67 – Equations for Mohr-Coulomb failure criteria using the equation  tan c where 

c = 0 for non-plastic sediments as shown in Figure 5.44.  

Sample 

Type 
 tan c  Eq. No. 

MX 86.36tan   (4.52) 

250 μm 92.48tan   (4.53) 
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Table 4.68 – Experimental parameters for peperite drop experiments using low viscosity melts and unsieved sediments. Rs is the ratio of the sediment to 

the melt, Xw is the ratio of water to the mass ratio of water saturated sediments and R=Xw*Rs (see Chapter 2).  

 
Experimental 

Parameters 

HAW85_MxRs3.3B HAW85_MxRs3.5B HAW85_MxRs3.8B HAW85_MxRs5.2 

Rs 3.3 3.5 3.8 5.2 

Xw 0.30 0.33 0.37 0.23 

R 1.0 1.2 1.4 1.2 

RLL 1.2 1.3 1.5 0.9 

Sediments     

Dried Mud (g) 700 700 710 1200 

Water (g) 300 350 420 350 

Total (g) 1000 1050 1130 1550 

Bulk Density of Wet 

Sediments  

ρbulk (g/cm3) 

1.75 1.69 1.63 1.90 

Melts     

Temperature 1100 °C 1100 °C 1100 °C 1100 °C 

Crushed Rock (g) 255 255 255 255 

Li2B4O7 (g) 45 45 45 45 

Total Weight (g) 300 300 300 300 

% Melt Modifier 15.00 15.00 15.00 15.00 
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Table 4.69 – Textural description of peperite drop experiments conducted using a low viscosity melts (modified basalt with 15% Spectromelt ® A10) and 

mixed volcaniclastic sands and muds. Columns highlighted in grey are experiments conducted using an induced liquefaction with a 50 Hz vibration.  

 

EXPERIMENT HAW85_MxRs3.3 HAW85_MxRs3.5 HAW85_MxRs3.8 HAW85_MxRs5.2 

TEMPERATURE 1100 °C 1100 °C 1100 °C 1100 °C 

Rs (Ratio = M seds / 

M magma) 3.3 3.5 3.8 5.2 

R (Ratio = xm*Rs) 
1.0 1.2 1.4 1.2 

INDUCED 

LIQUIFACTION No Yes No Yes No Yes No 

CLAST 

MORPHOLOGY 

(globular, blocky, 

mixed,  ragged, 

etc.) 

globular globular to apophysing globular to ragged or 

flaser, with some 

blocky clasts 

blocky to globular, 

minor jigsaw fit 

textures 

globular globular globular to apophysing 

CLAST SIZE 4-5 cm with some 
smaller 0.5-1.5 cm  

0.5 -1  cm wide and 1-
6 cm long  

0.5-5 cm 1-3 cm 3-5 cm 3-5 cm 2-10 cm 

2-D 

MORPHOLOGY 

(irregular, inter-

connected, fold-

like, pod, lobe, 

fingers, apophyses, 

sheet, feeder 

conduit) 

lobe-like irregular to fold-like 
contorted bubbles 

irregular to bulbous 
forms 

elongated blocks to 
fold-like clasts 

irregular to bulbous 
forms with off 

shooting  large lobe 

irregular to bulbous 
forms with many 

vapour bubbles 

irregular to bulbous 
with long fingers 

intruding into 

sediments 

INTERNAL 

STRUCTURE 

(single clast, 

multiple clasts, 

sediment filled 

bubbles, vapour 

bubbles) 

Single clast, large 

trapped vapour 

bubble, visible 

disturbance in 
sediments where melt 

entered the wet 

sediments.  

Multiple clasts. Several 

vapour bubbles, some 

sediment filled with 

proximal bubble wall 
shards 

Multiple clasts with 

sediment filled broken 

bubbles 

Multiple clasts. 

More blocky than 

globular.  

Multiple clasts 

containing non-

spherical bubbles 

with 0.5 cm thick 
bubble walls. 

Multiple clasts 

containing non-

spherical bubbles.  

Multiple clasts. Likely 

interconnected in 3-D. 

trapped vapour bubbles 

with little to no 
sediment ingestion 
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Table 4.70 – Experimental parameters for peperite drop experiments using low viscosity melts and 

sieved 250 μm muds. 

 
Experimental Parameters HAW85_SvRs3

.2B 

HAW85_SvRs3

.5B 

HAW85_SvRs3

.7B 

HAW85_Sv3.

8B 

Rs* 3.2 3.5 3.7 3.8 

Xw* 0.26 0.33 0.36 0.39 

R* 0.8 1.2 1.3 1.5 

RLL 1.1 1.4 1.5 1.7 

Sediments 
    

Dried Mud (g) 700 700 700 700 

Water (g) 250 350 400 450 

Total (g) 950 1050 1100 1150 

Bulk Density of Wet 

Sediments  

ρbulk (g/cm3) 

1.84 1.70 1.65 1.61 

Melts 
    

Temperature 1100 °C 1100 °C 1100 °C 1100 °C 

Crushed Rock (g) 255 255 255 255 

Spectromelt A10 ® (g) 45 45 45 45 

Total Weight (g) 300 300 300 300 

% Melt Modifier 15.00 15.00 15.00 15.00 
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Table 4.71  – Textural description of peperite drop experiments conducted using a low viscosity melts (modified basalt with 15% Spectromelt ® A10) and 

250μm volcanic muds. Columns highlighted in grey are experiments conducted using an induced liquefaction with a 50 Hz vibration.  

 

EXPERIMENT HAW85_SvRs3.2 HAW85_SvRs3.5 HAW85_SvRs3.7 HAW85_SvRs3.8 

TEMPERATURE 

OF MELT 1100 °C 1100 °C 1100 °C 1100 °C 

Rs (Ratio = M 

seds / M magma) 3.2 3.5 3.8 5.2 

R (Ratio = 

xm*Rs) 0.8 1.2 1.3 1.5 

INDUCED 

LIQUIFACTION No Yes No Yes No Yes No Yes 

CLAST 

MORPHOLOGY 

(globular, blocky, 

mixed,  ragged, 

etc.) 

none globular globular globular globular globular with 
minor ragged or 

flaser 

globular, minor 
flaser 

globular 

CLAST SIZE n/a 4-6 cm 6-7 cm 6-7 cm 4-6 cm 4-5 cm 2-8 cm 0.5 - 6 cm 

2-D 

MORPHOLOGY 

(irregular, inter-

connected, fold-

like, pod, lobe, 

fingers, 

apophyses, sheet, 

feeder conduit) 

sheet-like lobe-like oblate oblate lobe-like or 

tongue like 

irregular to fold-

like contorted 
bubbles 

lobe-like or 

tongue-like 

lobe-like with 

irregular shaped 
bubbles 

INTERNAL 

STRUCTURE 

(single clast, 

multiple clasts, 

sediment filled 

bubbles, vapour 

bubbles) 

n/a Single clast Single clast, visible 

disturbance in 

sediments where 
melt entered the wet 

sediments. Sediment 

filled broken bubble 

Single clast Interconnected 

clast with a large 

sediment and 
vapour bubble. 

Single clast with 

vapour bubble. 

Multiple clasts 

with sediment 

filled broken 
bubbles and 

vapour bubble. 

Multiple clasts 

with sediment 

filled broken 
bubbles and 

vapour bubble. 
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Table 4.72 – Experimental parameters for peperite drop experiments using moderate viscosity melts 

and sieved 250 um muds. 

 
Experimental 

Parameters 
HAW90_SvRs3.5 HAW90_SvRs3.7C 

Rs* 3.5 3.7 

Xw* 0.33 0.36 

R* 1.2 1.3 

RLL 1.4 1.5 

Sediments   

Dried Mud 700 700 

Water 350 400 

Total 1050 1100 

Bulk Density of Wet 

Sediments  

ρbulk (g/cm3) 

1.70 1.65 

Melts   

Temperature 1100 °C 1100 °C 

Crushed Rock (g) 270 270 

Spectromelt A10 ® (g) 30 30 

Total Weight (g) 300 300 

% Melt Modifier 10.00 10.00 
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Table 4.73 – Textural description of peperite drop experiments conducted using a moderate viscosity 

melts (modified basalt with 15% Spectromelt ® A10) and 250μm volcanic muds. Columns highlighted 

in grey are experiments conducted using an induced liquefaction with a 50 Hz vibration. 

 

EXPERIMENT HAW90_SvRs3.5 HAW90_SvRs3.7 

TEMPERATURE 

OF MELT 1100 °C 1100 °C 

Rs (Ratio = M seds / 

M magma) 3.5 3.7 

R (Ratio = xm*Rs) 
1.2 1.3 

INDUCED 

LIQUIFACTION 

No. 
There was a 2mm layer 

of standing water 

added. 

None initially; was turned 

on after pouring was 
complete. 

No Yes 

CLAST 

MORPHOLOGY 

(globular, blocky, 

mixed,  ragged, 

etc.) 

globular sheet-like globular globular 

CLAST SIZE 4-5 cm 6-7 cm, 0.25-0.5 cm 4-5 cm 6-7 cm 

2-D 

MORPHOLOGY 

(irregular, inter-

connected, fold-

like, pod, lobe, 

fingers, apophyses, 

sheet, feeder 

conduit) 

lobe-like oblate with jigsaw texture lobe-like lobe-like or tongue like 

INTERNAL 

STRUCTURE 

(single clast, 

multiple clasts, 

sediment filled 

bubbles, vapour 

bubbles) 

Single clast,  visible 

disturbance in 
sediments where melt 

entered the wet 

sediments.  

Single mass partially 

burrowed into sediments 
with jigsaw fit fragments. 

Multiple clasts with 

vapour bubble. 

Multiple clasts with 

vapour bubble. 
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Table 4.74 - Experimental parameters for peperite drop experiments using high viscosity melts and 

sieved 250 um muds. 

 
Experimental 

Parameters 

HAW90_SvRs3.5B HAW90_SvRs3.7B HAW90_SvRs3.8B 

Rs* 3.5 3.7 3.8 

Xw* 0.33 0.36 0.39 

R* 1.2 1.3 1.5 

RLL 1.4 1.5 1.7 

Sediments    

Dried Mud (g) 700 700 700 

Water (g) 350 400 450 

Total (g) 1050 1100 1150 

Bulk Density of Wet 

Sediments  

ρbulk (g/cm3) 

1.70 1.65 1.61 

Melts    

Temperature 1050 °C 1050 °C 1050 °C 

Crushed Rock (g) 270 270 270 

Spectromelt A10 ® 

(g) 
30 30 30 

Total Weight (g) 300 300 300 

% Melt Modifier 10.00 10.00 10.00 
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Table 4.75 – Textural description of peperite drop experiments conducted using a high viscosity melts (modified basalt with 15% Spectromelt ® A10) and 

250μm volcanic muds. Columns highlighted in grey are experiments conducted using an induced liquefaction with a 50 Hz vibration.  

 

EXPERIMENT HAW90_MxRs3.5 HAW90_MxRs3.7 HAW90_MxRs3.8 

TEMPERATURE 

OF MELT 1050 °C 1050 °C 1050 °C 

Rs (Ratio = M seds / 

M magma) 3.5 3.7 3.8 

R (Ratio = xm*Rs) 1.2 

 
1.3 1.4 

INDUCED 

LIQUIFACTION No Yes No Yes No Yes 

CLAST 

MORPHOLOGY 

(globular, blocky, 

mixed, ragged, etc.) 

globular globular globular globular globular globular with angular 

breaks 

CLAST SIZE 6-7 cm 6-7 cm 0.5-2 cm 1-3 cm 0.25-1 cm 0.5-3 cm 

2-D 

MORPHOLOGY 

(irregular, inter-

connected, fold-

like, pod, lobe, 

fingers, apophyses, 

sheet, feeder 

conduit) 

lobe-like lobe-like irregular to bulbous 

forms off-shooting from 

central mass  

lobe-like or tongue-

like 

micro-globular lobe-like or tongue like 

INTERNAL 

STRUCTURE 

(single clast, 

multiple clasts, 

sediment filled 

bubbles, vapour 

bubbles) 

minor vapour bubbles single clast multiple closely packed 
lobes with sediment filled 

bubbles  

multiple clasts multiple clasts that 
are sediment 

supported with single 

large 1 cm tongue of 

melt 

multiple clasts 
showing jigsaw fit 
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Table 4.76 - Experimental parameters for peperite drop experiments using moderate viscosity melts and 

layered sediments or sands. 

 
Experimental 

Parameters 

HAW90_MSRs3.3 HAW90_SMRs3.3 HAW90_SRs3.3 

Rs* 3.3 3.3 N/A 

Xw* 0.30 0.30 N/A 

R* 1.0 1.0 N/A 

RLL 1.3 1.3 1.3 

Sediments    

Dried Mud (g) 700 700 700 

Water (g) 300 300 300 

Total (g) 1000 1000 1000 

Bulk Density of Wet 

Sediments  

ρbulk (g/cm3) 

1.75 1.75 N/A 

Melts    

Temperature 1100 °C 1100 °C 1100 °C 

Crushed Rock (g) 270 270 270 

Spectromelt A10 ® (g) 30 30 30 

Total Weight (g) 300 300 300 

% Melt Modifier 10.00 10.00 10.00 
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Table 4.77 – Textural description of peperite drop experiments conducted using a moderate viscosity melts 

(modified basalt with 15% Spectromelt ® A10) and layers of 250μm volcanic muds with sand layers, or pure 

sand.  

 

EXPERIMENT HAW90_MSRs3.3 HAW90_SMRs3.3 HAW90_SRs3.3 

TEMPERATURE 

OF MELT 1100 °C 1100 °C 1100 °C 

Rs (Ratio = M seds / 

M magma) 3.3 3.3 3.3 

R (Ratio = xm*Rs) 
1.0 1.0 1.0 

Sediment Type volcanic mud (sieved to 
250μm) layered with 

sand 

sand layered with 
volcanic mud (sieved to 

250μm) 

sand only 

INDUCED 

LIQUIFACTION No No No 

CLAST 

MORPHOLOGY 

(globular, blocky, 

mixed,  ragged, 

etc.) 

globular none Globular 

CLAST SIZE 3-6 cm n/a 4-5 cm 

2-D 

MORPHOLOGY 

(irregular, inter-

connected, fold-

like, pod, lobe, 

fingers, apophyses, 

sheet, feeder 

conduit) 

lobe-like sheet-like sheet-like with 
burrowing 

INTERNAL 

STRUCTURE 

(single clast, 

multiple clasts, 

sediment filled 

bubbles, vapour 

bubbles) 

Single clast, visible 

disturbance in sediments 
where melt entered the 

wet sediments, attached 

neck. 

n/a Single mass with 

undulated surface melt 
and wet sediments 

interacted.  



Chapter 4 – Experimental Results and Analysis 

 

253 

 

4.9 Figures 

 
Figure 4.1 – Profiles showing the change in viscosity over time. The stepwise changes in viscosity 

represent a manual temperature drop of 25 °C. These graphs show that the melts were in temperature 

equilibrium for up to an hour so that an average viscosity could be taken from the data. 
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Figure 4.2- A compilation of the change in viscosity over temperature for modified basaltic melts and 

Li2B4O7 from Anzai et al (1993). 

 
Figure 4.3 - A compilation of the change in log viscosity over reciprocal temperature for modified 

basaltic melts and Li2B4O7 from Anzai et al. (1993). 
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Figure 4.4 – The isothermal variation as a function of Li2B4O7. (a.) Viscosity with increasing percentage 

of Li2B4O7. (b.) Log viscosity with increasing percentage of Li2B4O7. 

 
Figure 4.5 – The variation of heat capacity as a function of temperature upon reheating at 10 K/min 

samples previously cooled from 50 to 100 K above the glass transition to room temperature at 10 K/min 

for each composition of modified basaltic melt using Spectromelt A10 ®. This figure includes a sample 

of basaltic melt (WP21) with a natural/10 K/min cooling/heating cycle. 
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Figure 4.6 - The variation of heat capacity as a function of temperature for a 10/10 K/min cooling 

/heating cycle for each composition of modified basaltic melt using Li2B4O7.  

 

 
Figure 4.7 – Results of the Maier-Kelly fit on the DSC heat capacity curves for sample HB100, natural 

Hawaiian Basalt, showing the Cp
glass values. (a) Natural cooling/10K heating curve (b) 10/10K curve. 
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Figure 4.8 - Results of the Maier-Kelly fit on the DSC heat capacity curves for sample HB97.5, showing 

the Cp
glass, Cp

liquid, Tg
onset and Tg

max values. (a) Natural cooling/10K heating curve (b) 10/10K curve. 

 

 
Figure 4.9 - Results of the Maier-Kelly fit on the DSC heat capacity curves for sample HB95, showing 

the Cp
glass, Cp

liquid, Tg
onset and Tg

max values. (a) Natural cooling/10K heating curve (b) 10/10K curve. 

 

 
Figure 4.10 - Results of the Maier-Kelly fit on the DSC heat capacity curves for sample HB90, showing 

the Cp
glass, Cp

liquid, Tg
onset and Tg

max values. (a) Natural cooling/10K heating curve (b) 10/10K curve. 
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Figure 4.11 - Results of the Maier-Kelly fit on the DSC heat capacity curves for sample HB85, showing 

the Cp
glass, Cp

liquid, Tg
onset and Tg

max values. (a) Natural cooling/10K heating curve (b) 10/10K curve. 

 

 
Figure 4.12 – Graph showing relationship between Tg

cal and Li2B4O7 content (%).   
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Figure 4.13 – The effect of Li2B4O7 on the melt fragility using an Angell Plot. (a) Graph of Log η vs 

Tg/T with the fields of strong and fragile melts in bold. The lines for the pure silica (SiO2), Lime -

Corundum-Silica (CaO-Al2O3-2SiO2) and pseudo-binary alkali (Na2O-2SiO2) systems are also shown. 

(b) Closeup of data showing trend with change in Li2B4O7 content. 

 
Figure 4.14 – The isothermal variation of the glass heat capacity (Cp) for modified basaltic melts 

containing Li2B4O7. 
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Figure 4.15 – Density (ρ) measurement of modified basaltic melts and Li2B4O7 data from Anzai et al. 

(1993) as a function of temperature (T). 

 
Figure 4.16 – Comparison between HB100 densities measured at high temperature and calculated 

densities using the mole fraction and partial molar volume of oxide components.  
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Figure 4.17 – Comparison between HB97.5densities measured at high temperature and calculated 

densities using the mole fraction and partial molar volume of oxide components.  

 
Figure 4.18 – Comparison between HB90 densities measured at high temperature and calculated 

densities using the mole fraction and partial molar volume of oxide components.  
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Figure 4.19 – Comparison between HB90 densities measured at high temperature and calculated 

densities using the mole fraction and partial molar volume of oxide components.  

.  
Figure 4.20 - Comparison between HB85 densities measured at high temperature and calculated 

densities using the mole fraction and partial molar volume of oxide components.  
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Figure 4.21 – Isothermal variation in density versus Li2B4O7 content. 

 
Figure 4.22 – Measured surface tension (γ) for the modified basaltic melts as a function of temperature 

(T). 
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Figure 4.23 – Surface Tension of modified basaltic melts and Li2B4O7 data from Anzai et al. (1993). 
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Figure 4.24 – Photographs of the analogue sediments from dry sieving. Each photo denotes the phi size 

fraction. This photo plate shows phi sizes -2.5 to 0. Specific weight of each size fraction can be found 

in Table 5.43. 
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Figure 4.25 – Photographs of the analogue sediments from dry sieving. Each photo denotes the phi size 

fraction. This photo plate shows phi sizes +0.5 to <+2.5. Specific weight of each size fraction can be 

found in Table 5.43. 
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-  
Figure 4.26 – Photomicrographs taken of the analogue sedimentary material. a., b. 6.4X magnification 

of dissecting microscope, c., d. 50X magnification in transmitted light, e., f., 100X magnification in 

reflected light, g., h. 200X magnification in transmitted light. 
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Figure 4.27 – Graph of the distribution of the NIST 9μm mean diameter polymer microsphere (Duke 

Standards™). 
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Figure 4.28 - Graph of the distribution of quality audit standard QAS3001 (Malvern Instruments Ltd). 

  



Chapter 4 – Experimental Results and Analysis 

 

270 

 

 
Figure 4.29 – Results of the laser particle size analysis for samples of the analogue sediments run at 

900 RPM. Graphs are arranged in pairs showing the frequency and cumulative frequency for each 

sample aliquot analyzed. Samples ANPS-1 and ANPS-3 were run with no ultrasound, and samples 

ANPS-2 was run with the ultrasound on at 100%. 
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Figure 4.30 – Results of the laser particle size analysis for samples of the analogue sediments run at 

2000 RPM. Graphs are arranged in pairs showing the frequency and cumulative frequency for each 

sample aliquot analyzed. Samples ANPS-4 and ANPS-6 were run with the ultrasound on at 100%, and 

samples ANPS-2 was run with no ultrasound on.  
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Figure 4.31 – Results of the laser particle size analysis for samples of the analogue sediments run at 

900 RPM. Graphs are arranged in pairs showing the cumulative frequency and an expanded region of 

the graph from 0.1 to 30 μm for each sample aliquot analyzed. Samples ANPS-1 and ANPS-3 were run 

with no ultrasound, and samples ANPS-2 was run with the ultrasound on at 100%. 
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Figure 4.32 – Results of the laser particle size analysis for samples of the analogue sediments run at 

2000 RPM. Graphs are arranged in pairs showing the cumulative frequency and an expanded region 

of the graph from 0.1 to 30 μm for each sample aliquot analyzed. Samples ANPS-4 and ANPS-6 were 

run with the ultrasound on at 100%, and samples ANPS-5 and ANPS-7 were run with no ultrasound 

on.  
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Figure 4.33 – Results of the laser particle size analysis for samples of the analogue sediments run at 

900 RPM. Graphs are arranged in pairs showing the cumulative frequency at various RI for constant 

AC and at constant RI for varying AC for each sample aliquot analyzed. Samples ANPS-1 and ANPS-

3 were run with no ultrasound, and samples ANPS-2 was run with the ultrasound on at 100%. 
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Figure 4.34 – Results of the laser particle size analysis for samples of the analogue sediments run at 

2000 RPM. Graphs are arranged in pairs showing the cumulative frequency at various RI for constant 

AC and at constant RI for varying AC for each sample aliquot analyzed. Samples ANPS-4 and ANPS-

6 were run with the ultrasound on at 100%, and samples ANPS-5 and ANPS-7 were run with no 

ultrasound on.  
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Figure 4.35 – Grain size distribution for the analogue sediments for RI 1.54 and AC 0.1 a. Weight 

percent vs. particle size for < 250 µm; b. Cumulative frequency for < 250 µm; c. Weight percent vs. 

particle size from recalculated grain size distribution; d. Cumulative frequency from recalculated 

grain size distribution. 
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Figure 4.36 – Standard description of sediment type according to percent particle size contributions 

(after  Folk, 1954). 
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Figure 4.37 – Liquid Limit using multiple methods a) Graph of Moisture Content vs # of blows for 

Liquid Limit as determined using the Cassagrande Apparatus. Redline shows the linear regression of 

the data set, green line shows intersection at liquid limit where x = 25. b) Graph of Moisture Content 

vs # of blows for Liquid Limit as determined using the Fall Cone Test. Green line shows intersection 

at liquid limit where x = 10.

 

 
Figure 4.38 – Variation in undrain shear strength with water content for < 400 µm and < 250 µm sieved 

sediments. 
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Figure 4.39 – Plot of the dry density versus the soil moisture content plotted using the zero voids line 

equation found in Chapter 4, Section 4.5.5. 
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Figure 4.40 – Results of drained shear strength tests for unsieved analogue sediments at 23 % moisture. 

(a) Shear displacement vs time. (b) Vertical displacement vs time. (c) Horizontal Load vs time. (d) 

Shear stress vs shear displacement. 
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Figure 4.41 – Results of drained shear strength tests for unsieved analogue sediments at 24 % moisture. 

(a) Shear displacement vs time. (b) Vertical displacement vs time. (c) Horizontal Load vs time. (d) 

Shear stress vs shear displacement. 
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Figure 4.42 – Results of drained shear strength tests for < 250 μm  analogue sediments at 23 % 

moisture. (a) Shear displacement vs time. (b) Vertical displacement vs time. (c) Horizontal Load vs 

time. (d) Shear stress vs shear displacement. 
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Figure 4.43 – Results of drained shear strength tests for < 250 μm  analogue sediments at 24 % 

moisture. (a) Shear displacement vs time. (b) Vertical displacement vs time. (c) Horizontal Load vs 

time. (d) Shear stress vs shear displacement. 
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Figure 4.44 – Mohr-Coulomb failure criteria for unsieved and <250 μm analogue sediments used in 

peperite experiments.  
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Figure 4.45 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

unsieved sediments containing 30 % water (ρbulk = 1.75). The sample shows a large lobe-like clast with 

a trapped vapour bubble. See Table 4.68 for experimental parameters. 
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Figure 4.46 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and liquefied 

unsieved sediments containing 30 % water (ρbulk = 1.75). The sample shows multiple globular to 

apopphysing clasts with several large vapour bubbles. Sample shows sediment filled broken bubbles 

with visible shards of glass. See Table 4.68 for experimental parameters. 
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Figure 4.47 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

unsieved sediments containing 33 % water (ρbulk = 1.69). The sample shows a globular to ragged clasts 

with sediment infilled broken bubbles and some minor blocky shard. See Table 4.68 for experimental 

parameters. 
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Figure 4.48 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and liquefied 

unsieved sediments containing 33 % water (ρbulk = 1.69). The sample shows elongated and folded blocky 

clasts, as well as globular clasts and fine cuspate shard. See Table 4.68 for experimental parameters. 
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Figure 4.49 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

unsieved sediments containing 37 % water (ρbulk = 1.63). The sample shows irregular to bulbous forms 

with off shooting large lobe. Sample contains complex geometry of multiple sediment infilled vapour 

bubbles. See Table 4.68 for experimental parameters. 
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Figure 4.50 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and liquefied 

unsieved sediments containing 37 % water (ρbulk = 1.63). The sample shows multiple globular clasts 

containing non-spherical vapour bubbles.  See Table 4.68 for experimental parameters. 
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Figure 4.51 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

unsieved sediments containing 23 % water (ρbulk = 1.75). This sample shows irregular to bulbous long 

fingers intruding into the sediments. See Table 4.68 for experimental parameters.  

  



Chapter 4 – Experimental Results and Analysis 

 

298 

 

 



Chapter 4 – Experimental Results and Analysis 

 

299 

 

 
Figure 4.52 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

sediments sieved to 250 μm containing 26 % water (ρbulk = 1.84). The sample shows the melt did not 

penetrate into the sediments. See Table 4.70 for experimental parameters. 
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Figure 4.53 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and liquefied 

sediments sieved to 250 μm containing 26 % water (ρbulk = 1.84). The sample shows a single lobe-like 

clast penetrating the sediments. See Table 4.70 for experimental parameters. 
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Figure 4.54 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

sediments sieved to 250 μm containing 33 % water (ρbulk = 1.70). The sample shows a large clast with 

vapour bubble and a sediment filled broken bubble.  See Table 4.70 for experimental parameters. 
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Figure 4.55 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and liquefied 

sediments sieved to 250 μm containing 33 % water (ρbulk = 1.70). The sample shows a single lobe-like 

clast penetrating the sediments. See Table 4.70 for experimental parameters. 
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Figure 4.56 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

sediments sieved to 250 μm containing 36 % water (ρbulk = 1.65). The sample shows large 

interconnected clasts with a sediment filled broken bubbles and a vapour bubble.  See Table 4.70 for 

experimental parameters. 
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Figure 4.57 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and liquefied 

sediments sieved to 250 μm containing 36 % water (ρbulk = 1.65). The sample shows a large, irregular 

to fold-like clast with a partially sediment filled vapour bubble. See Table 4.70 for experimental 

parameters.  
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Figure 4.58 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

sediments sieved to 250 μm containing 39 % water (ρbulk = 1.61). The sample shows lobe- and tongue-

like clasts with sediment filled broken bubbles and a vapour bubble. See Table 4.70 for experimental 

parameters. 
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Figure 4.59 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and static 

sediments sieved to 250 μm containing 39 % water (ρbulk = 1.61). The sample shows lobe- and tongue-

like clasts with sediment filled broken bubbles and a vapour bubble. See Table 4.70 for experimental 

parameters.  
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Figure 4.60 – Cut slabs of peperite from experiment with low viscosity melts (3.01 Pa∙s) and liquefied 

sediments sieved to 250 μm containing 39 % water (ρbulk = 1.61). The sample shows a large, lobe-like 

clast with irregularly shaped sediment filled and a vapour bubble. See Table 4.70 for experimental 

parameters. 
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Figure 4.61 – Cut slabs of peperite from experiment with moderate viscosity melts (19.74 Pa∙s) and 

static sediments sieved to 250 μm containing 33 % water (ρbulk = 1.70) with a thin layer of standing 

water. The sample shows a lobe-like clast with visible disturbance in the surface where the melt entered 

the sediments. See Table 4.72 for experimental parameters.  
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Figure 4.62 – Cut slabs of peperite from experiment with moderate viscosity melts (19.74 Pa∙s) and 

static sediments sieved to 250 μm containing 33 % water (ρbulk = 1.70). The melt was poured and then 

was liquefaction was induced. The sample shows a single mass with a protrusion at the base and a 

jigsaw fit texture. See Table 4.72 for experimental parameters.  
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Figure 4.63 – Cut slabs of peperite from experiment with moderate viscosity melts (19.74 Pa∙s) and 

static sediments sieved to 250 μm containing 36 % water (ρbulk = 1.65). The sample shows multiple 

lobe-like clasts with a vapour bubble. See Table 4.72 for experimental parameters. 
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Figure 4.64 – Cut slabs of peperite from experiment with moderate viscosity melts (19.74 Pa∙s) and 

liquefied sediments sieved to 250 μm containing 36 % water (ρbulk = 1.65). The sample shows multiple 

lobe-like clasts with a vapour bubble, and a broken sediment filled bubble. See Table 4.72 for 

experimental parameters. 
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Figure 4.65 – Cut slabs of peperite from experiment with moderate viscosity melts (19.74 Pa∙s) and 

liquefied sediments sieved to 250 μm containing 36 % water (ρbulk = 1.65). The sample shows multiple 

lobe-like clasts with a vapour bubble, and a broken sediment filled bubble. See Table 4.72 for 

experimental parameters. 
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Figure 4.66 – Cut slabs of peperite from experiment with high viscosity melts (37.23 Pa∙s) and static 

sediments sieved to 250 μm containing 33 % water (ρbulk = 1.70). The sample shows a near surface 

flat to globular lobe with minor vapour bubbles. See Table 4.74 for experimental parameters. 
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Figure 4.67 – Cut slabs of peperite from experiment with high viscosity melts (37.23 Pa∙s) and static 

sediments sieved to 250 μm containing 33 % water (ρbulk = 1.70). The sample shows a near surface 

lobe that penetrates half the depth of the sample, contains minor vapour bubbles. See Table 4.74 for 

experimental parameters. 
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Figure 4.68 – Cut slabs of peperite from experiment with high viscosity melts (37.23 Pa∙s) and liquefied 

sediments sieved to 250 μm containing 33 % water (ρbulk = 1.70). The sample shows a single globular 

clast with sediment disruption to the surface. See Table 4.74 for experimental parameters. 
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Figure 4.69 – Cut slabs of peperite from experiment with high viscosity melts (37.23 Pa∙s) and static 

sediments sieved to 250 μm containing 36 % water (ρbulk = 1.65). The sample shows irregular to 

bulbous forms off shooting from a central mass. See Table 4.74 for experimental parameters. 
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Figure 4.70 – Cut slabs of peperite from experiment with high viscosity melts (37.23 Pa∙s) and liquefied 

sediments sieved to 250 μm containing 36 % water (ρbulk = 1.65). The sample shows multiple tongue 

like clast penetrating deep into the sample. See Table 4.74 for experimental parameters. 
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Figure 4.71 – Cut slabs of peperite from experiment with high viscosity melts (37.23 Pa∙s) and static 

sediments sieved to 250 μm containing 39 % water (ρbulk = 1.61). The sample shows micro-globular, 

sediment supported clasts with a larger melt tongue. See Table 4.74 for experimental parameters. 
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Figure 4.72 – Cut slabs of peperite from experiment with high viscosity melts (37.23 Pa∙s) and liquefied 

sediments sieved to 250 μm containing 39 % water (ρbulk = 1.61). The sample shows multiple globular, 

jig-saw fit clasts that are sediment supported. See Table 4.74 for experimental parameters. 
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Figure 4.73 – Cut slabs of peperite from experiment with moderate viscosity melts (19.74 Pa∙s) and 

static sediments. The sediments are layers of silt and sand with silt being the upper layer. The silts are 

sieved to 250 μm and contain 33 % water (ρbulk = 1.75) and the sands are water saturated. The sample 

shows visible disturbance of the sand and mud layers with a large globular lobe of melt. See Table 4.76 

for experimental parameters. 
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Figure 4.74 – Cut slabs of peperite from experiment with moderate viscosity melts (19.74 Pa∙s) and 

static sediments. The sediments are layers of silt and sand with sand being the upper layer. The silts 

are sieved to 250 μm and contain 33 % water (ρbulk = 1.75) and the sands are water saturated. The 

sample shows a single sheet-like layer of melt with minor undulation in the sand surface. The upper 

melt surface shows multiple broken vapour bubbles. See Table 4.76 for experimental parameters. 
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Figure 4.75 – Cut slabs of peperite from experiment with moderate viscosity melts (19.74 Pa∙s) and 

static water saturated sand. The sample shows large globular lobe of melt with multiple broken 

sediment filled bubbles, as well as vapour bubbles. See Table 4.76 for experimental parameters. 

  



Chapter 4 – Experimental Results and Analysis 

 

348 

 

 
Figure 4.76 – Test of SMILE in air. This test used argon gas pressurized to 10 bars prior to ejection.  
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Figure 4.77  – Test of SMILE in air. This test used argon gas pressurized to 30 bars prior to ejection.  
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Figure 4.78 – Results of SMILE experiment in standing water column. a) Photograph of cenitmeter- 

to millimeter-sized fragments and flakes. b) Scanning electron micrographs showing flakes and debris 

on the surface of a wrinkled clast surface. c-d) Overview of fragment morphology showing that clasts 

are typically angular or blocky shards and flakes. e) Close-up of hackle marks on the surface of a clast. 

The spacing of the hackle marks is closest to the smooth fluidal surface, likely where the fracture was 

initiated. f) Another close-up of hackle marks showing how the fractures are interconnected.  
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Figure 4.79 – Results of SMILE experiment in standing water column. a-b) Scanning electron 

micrographs showing micron-sized flakes adhering to the stretched surface of angular clast. c) Fluidal 

surface of a clast with small adhering flakes. d) Small flakes adhering on an irregular surface. Hackle 

marks are visible on right-hand edge. e) Irregular surface with stretch banding and detached flakes. 

f) Wrinkled clast showing fine, partially detached flaked on folded surface. 
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Figure 4.80 – Photograph of the first successful experiment in wet, unconsolidated sediments. Shows 

the modified basaltic melt protruding just above the sediments.   
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Figure 4.81 – Cut slabs from the bottom 6 to 7 cm of the peperite sample from SMILE. Each sample 

pair represents approximately 1.1 cm of the sample. Preservation problems with the sediment in the 

bottom of the sample container caused part of the sample to be destroyed. a) The first serial section 

shows largest mass of basaltic melt. The melt has a globular to ragged texture with several sediments 

filled broken bubbles. A large vapour bubble can be seen in the center of this section. Angular 

millimeter-sized broken shards are present in (a). along the lower left-hand margin of the melt. b) 

Globular fragments are present in the matching section of (b). Angular fragments present inside 

sediment filled broken bubbles. The melt is visibly vesiculated. c). Similar to (a) and (b) showing 

globular to ragger clasts with partially sediment filled bubbles. d-f) These sections show very poor 

preservation. The modified basaltic melt that remains is tongue-like and there are sediments trapped 

within the contortions.  There is a jig-saw fit clast in (d) with millimeter-size angular fragments along 

its outer margin. BM – modified basaltic melt, SD – sand, SL – silt and UP unpreserved sediments. 
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Figure 4.82 – Close-ups of interesting textures from the bottom 6 to 7 cm of the peperite sample from 

SMILE. The sample numbers match those in Fig. 4.81. a) Angular millimeter-sized broken shards of 

a bubble wall. Small ingested blebs of sediment are also present. b) Complex geometry produced by 

formation and collapse of bubbles on melt margin. c). Fine scale ragged texture and jig-saw fit textures. 

d-f) These sections show very poor preservation. The modified basaltic melt that remains is tongue-

like and there are sediments trapped within the contortions.  There is a jig-saw fit clast in (d) with 

millimeter-size angular fragments along its outer margin. BM – modified basaltic melt, SD – sand, SL 

– silt and UP unpreserved sediments. 
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Figure 4.83 – Cut slabs from the middle 6 to 7 cm of the peperite sample from SMILE. Each sample 

pair represents approximately 1.1 cm of the sample. a) Poor preservation of sample like in previous 

figure. Globular tongue-like to ragged textures. b) Globular clasts with vapour bubble and sediment 

filled broken bubble. Fine scale ragged texture observed in the center most clast. c)Globular to ragged 

texture with large vapour bubble trapped in melt. This vapour bubble contains minor sand along its 

margin. Clast in lower right-hand quadrant shows controlled geometry with sediment infilled broken 

bubbles. d) Globular to ragged textures with large vapour bubble. e-f) Irregularly shaped ragged clasts 

with large, sediment-filled broken bubble. The margins of the broken bubble are coated with fine silty 

material while the bulk of it is sand. This clast also contains multiple vapour bubbles.   
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Figure 4.84 – Close-ups of interesting textures from the middle 6 to 7 cm of the peperite sample from 

SMILE. The sample numbers match those in Fig. 4.83. a) Fine micro-globular texture. Could be 

possible trapped vapour explosion. b) Ragged texture of clast containing multiple irregularly broken 

bubbles filled with sediments. c-d) Finely ragged texture on margin of smooth globular clast containing 

large vapour bubble. e-f) Irregularly shaped ragged clasts with large, sediment-filled broken bubble. 

The margins of the broken bubble are coated with fine silty material while the bulk of it is sand. This 

clast also contains multiple vapour bubbles and sediment filled bubbles. 
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Figure 4.85 – Cut slabs from the upper 6-7 of the peperite sample from SMILE. Each sample pair 

represents approximately 1.1 cm of the sample. a-b) Globular clasts with multiple sand filled bubbles. 

Silty sediment trapped between fingers of melt containing the vapour bubble. c-d) Globular and ragged 

clast showing broken bubble margins. e-f) Ragged clast with multiple pods of ingested sediment. 
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Figure 4.86 – Close-ups of interesting textures from the upper 6 to 7 cm of the peperite sample from 

SMILE. The sample numbers match those in Fig. 4.85. a) Angular broken clasts with jig-saw fit 

texture. b) Fine ragged to texture on the clast margin. c-d) Center of clast shows ragged to flaser texture 

and sediment ingestion. e-f) Ragged clast show millimeter sized pods of ingested sediment. 
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Figure 4.87 – Reflected light photographs of fine-scale textures with fine silt. a) Fine globular clast near 

larger clast showing ragged texture. b) Ragged texture showing fine contortions between sediment and 

melt. c) Globular to ragged texture showing cuspate glass shards. d) Globular tongue of melt. e) Flaser-

like clasts from broken bubble wall shards. f) Smooth surface of a bubble wall with a large vapour 

bubble. 



Chapter 4 – Experimental Results and Analysis 

 

366 

 

Figure 4.88 – Reflected light photographs of fine-scale textures with sand. a) Fine scale globular to 

ragged texture. b) Smooth boundaries at melt sediment interface. c) Angular clast in center field. The 

main melt body shows irregular ragged texture. d) Fine bubble wall connecting the melt regions with 

globular to ragged textures. e) Fine scale globular texture at margins of sand. f) Fine scale globular 

clast with ragged texture and broken bubble walls. 
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CHAPTER 5 - SCALING 

5.1 Overview 

Scaling or similarity can be defined as the transformation of experimental results to the 

original process. By attempting to scale I can gain more information about the process I am 

studying. In the case of the experiments presented in this thesis, the scaling of the rheological 

properties of melts used in the generation of peperites to those of natural basaltic melts are of 

interest.  

Merle (2015) writes that “...the scaling of experiments is one of the main criticisms 

addressed by skeptics toward this scientific approach.” Authors such as Barenblatt (1996) suggest 

the skepticism for scaled experiments stems from the fact that few people understand the content 

and true capacity of dimensional analysis. Rather, scaled experiments were referred to as 

“...untrustworthy and unfounded, even mystical…”(Barenblatt, 1996). However, the principles of 

scaling are quite simple and, well scaled experiments provide useful insights into the physical 

process being studied.  

The concept of similarity or scaling is attributed to the proportional conservation of 

variables such as length, velocity, mass, and force between the experimental set up and a natural 

volcanic system. Achieving similarity in models allows us to have a real sense of the results and 

make useful interpretations. To have similarity in experimental volcanology it is essential to select 

the best analogue material – either on the is scalable to the system or one that mimics the behaviour 

of the volcanic system in question such that the experimental processes exhibit a similar mode of 

behaviour.  
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The goal of this chapter is to present a case for the addition of Spectromelt A10®, a di-

lithum tetraborate flux, to natural basaltic melts. As discussed in Chapter 3, Spectromelt A10® is 

an effective viscosity lowering tool.  It allows experiments to be conducted at high temperatures 

within the range of geologically relevant viscosities for a relatively affordable cost. In the moderate 

size experiments conducted in this thesis, the addition of small amounts Spectromelt A10® allowed 

fairly large volumes of melts in the temperature range of 1100 to 1200 ° C to be produced. This 

was ideal since it then allowed the rapid production of melt in durable, low cost nickel crucibles 

operating within the constraints of our laboratory furnaces. The addition of this fluxing agent also 

had the benefit of melting both olivine and plagioclase in the desired temperature range, as it would 

normally require higher temperatures or longer times for complete melting.  

In addition, this chapter will examine the properties of analogue melts used by other 

researchers for peperite experiments. Previous experiments investigating the generation of peperitic 

textures employed the use of unconsolidated sand as their substrate, and a thermite melt and sand 

mixture as a melt analogue (Wohletz, 2002). Other experiments used superheated basaltic melts to 

examine the effects of using a dirty coolant on the potential for explosive fuel-coolant event 

(Schipper et al., 2011). These melts will be compared with basaltic melts to obtain scaling 

parameters to better understand how these melts differ from the natural system. 

5.2 Scaling Parameters for Experiments 

The primary rational behind the design and delivery of a new set of experiments to examine 

peperite formation was that previous experimental attempts employed the use of magma analogue 

materials that do not scale to the natural system. Specifically, the rheological, thermodynamic and 

chemical properties of other analog magma materials vary greatly from basaltic melts. Early 

experiments produced hydroclasts using molten thermite (Wohletz, 1980; Wohletz and McQueen, 

1981; Wohletz and Sheridan, 1982; Wohletz, 1983), a magma analogue material with an enthalpy 
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~ 3 times that of a natural silicate melt. While more recent experiments employ the use of remelted 

volcanic rocks (Zimanowski et al., 1986; Zimanowski et al., 1991; Zimanowski et al., 1997; 

Büttner et al., 2002), they often are conducted at temperatures significantly higher than the 

geologically relevant range. These higher temperatures, above the liquidus temperature, were 

selected to assure the melts do not show any viscous effects of unmelted crystals. Remelted 

volcanic rocks are widely thought to be the best possible analogue material. However, to produce 

a melt the rocks were superheated and this additional energy would have contributed to the overall 

energy available for heat transfer (see Chapter 6, Factors involved in the modelling of magma-wet 

sediment interactions). 

The analogue material selected for our experiments and its preparation has been discussed 

previously, but comprises a mixture of remelted Kilauean basalt and Spectromelt A10®. A 

characterization of the rheological and thermophysical properties of the modified natural melt was 

conducted so a robust evaluation of the similarity and scaling conditions in hydroclast and peperite 

experiments could be conducted. These data can then be compared with the natural melt and to 

previously used magma analogue materials to ascertain the appropriateness of using modified 

basaltic melts as magma analogue materials.  

To link the quantitative aspects of these experiments with a volcanic system a dimensional 

analysis must be conducted. By employing the use of dimensionless numbers I can better 

understand how close I am to approximating a volcanic system in our experiments. The simplest 

approach to ascertaining the use of remelted Kilauean basalt and Spectromelt A10® as a magma 

analogue is to look at the scaling ratios of the rheological properties. Specifically, the scaling ratios 

of dynamic viscosity (Δη = ηa/ηm), kinematic viscosity (Δμ = (ηa* ρm)/(ρa* ηm)), density (Δρ = ρa/ρm), 

surface tension (Δγ = γa/γm) and heat capacity (Δcp = cpa/cpm), where the subscript a and m represent 

the analogue material and melt, respectively.  
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Magma can flow turbulently and break apart dependent on variables such as velocity (U). 

length (L) or diameter (d), density (ρ), dynamic viscosity (η), gravitational acceleration (g), 

pressure difference (ΔP). To gauge how the magma analogue material will behave underflow and 

breakup conditions a series of dimensionless numbers that quantify flow and breakup were 

examined and compared to the natural basaltic melt. The dimensionless numbers that will be used 

include the following: Reynolds number (Re), Webber number (We) and Ohnesorge number (Oh). 

In fluid mechanics, the Reynolds number (Re) is a dimensionless number that measures the 

ratio of inertial resistance to viscous resistance for a flowing fluid. The Reynolds number can be 

defined by the following equation: 

𝑅𝑒 =
𝜌𝑈𝑑

𝜂
 (5.1) 

 

where ρ is the density of the fluid (kg/m3), U is the mean velocity of the fluid (m/s), d is the diameter 

of the melt stream and η is the viscosity of the melt (Pa∙s or kg/m∙s). For geologically relevant 

materials, the Reynolds number is laminar when Re < 500, transitional 500 < Re < 2000, and 

turbulent for Re > 2000.  

The Weber number (We) is a dimensionless number that is useful in analysing fluid flows 

where there is an interface between two different fluids. Typically, when liquid flows through a gas 

(or other liquid) the inertial or aerodynamic forces (Fa) acting on it cause it to deform and will 

cause dispersion of the liquid into finer particles. How the deformation occurs is related to the 

cohesive forces (Fk), specifically the surface or interfacial tension. The Weber number can be 

thought of as a measure of the relative importance of the fluid's inertia compared to its surface 

tension: 
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𝑊𝑒 =
8F𝑎

𝑐𝑤𝐹𝑘

=
𝜌𝑈2𝑑

𝛾
 (5.2) 

 

where cw is the coefficient of drag on the liquid, ρ is the density of the liquid or sediments (kg/m3), 

U is the mean velocity of the liquid (m/s), d is the diameter of the diameter of the melt stream and 

γ is the surface tension of the melt (N/m).  

The Ohnesorge number (Oh) is a dimensionless number the describes the tendency for a 

drop to stay together or break apart by relating the viscous forces (η) to the inertial (ρ,d) and surface 

tension forces (γ). It is defined as: 

𝑂ℎ =
𝜂

√𝜌𝑑𝛾
=

√𝑊𝑒

𝑅𝑒
  (5.3) 

 

where We is the Weber Number and Re is the Reynolds number. In the geologically relevant range, 

where viscosity play a role the large Ohnesorge numbers indicate a greater influence of the viscosity 

(Mastin, 2007). 

The interactions occurring during a magma-wet sediment interaction to produce peperitic 

textures as seen in nature are more complex than the set of parameters listed above. The 

temperatures of interaction and heat transfer rates, governed by the density (ρ), heat capacity (c), 

thermal conductivity (κ) and mass (m) of both the fuel and coolant play an integral role in the 

formation of peperitic textures. These parameters also key in defining the time scale of interaction, 

the ability for the melt to deform and break apart, as well as the potential for an explosive 

interaction. Especially important to these interactions are the Grashof number (Gr), Prandtl number 

(Pr), and Rayleigh Number (Ra). 
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The Grashof number (Gr) is a dimensionless number that approximates the ratio of the 

buoyant to viscous forces acting on a fluid. In the case of the materials in this thesis, the coolant is 

considered to be the fluid and the melt is treated as a solid. If I consider the geometry between the 

melt and coolant to be a flat surface then I can model the Grashof number as a vertical flat plate: 

𝐺𝑟 =
𝑔𝛽(𝑇𝑠 − 𝑇∞)𝐿3

𝜇2
  

(5.4) 

 

where g is the acceleration due to gravity, β is the coefficient of thermal expansion (m3/mol∙K), Ts 

is the surface temperature, T∞ is the bulk temperature, L is the vertical length and μ is the kinematic 

viscosity. If the melt geometry is taken to be that of a cylinder in the coolant fluid than the flow of 

the fluid around the melt as a heat source can be approximated by the Grashof number for a pipe: 

𝐺𝑟 =
g𝛽(𝑇𝑠 − 𝑇∞)𝑑3

𝜇2
  (5.5) 

 

where d is the diameter of the pipe. This number can be used to predict if the boundary layer is 

turbulent or laminar. If the Grashof number is less than 109 than the flow in the fluid is laminar, but 

if it is greater than this number the flow in the fluid is turbulent.  

The Prandtl number (Pr) is a dimensionless number; the ratio of kinematic viscosity to 

thermal diffusivity. It is defined as: 

𝑃𝑟 =
𝑣

𝛼
=

𝐶𝑝𝜂

𝑘
  (5.6) 

 



Chapter 5 - Scaling 

373 

 

where v is the kinematic viscosity, α is the thermal diffusivity, Cp is the heat capacity, η is the 

dynamic viscosity and k is the thermal conductivity. The Prandtl number indicates whether thermal 

diffusive processes (Pr < <1) or momentum processes are dominant (Pr >> 1). In heat transfer 

problems, the Prandtl number controls the relative thickness of the momentum and thermal 

boundary layers.   

The Rayleigh number (Ra) is a dimensionless number associated with buoyancy driven 

flow (i.e., free or natural convection). For free convection near a vertical wall, the Rayleigh number 

is defined as: 

𝑅𝑎 =
𝑔𝛽

𝑣𝛼
(𝑇𝑠 − 𝑇∞)𝑥3 = 𝐺𝑟𝑥𝑃𝑟  (5.7) 

 

where g is the acceleration due to gravity, β is the coefficient of thermal expansion (m3/mol∙K), Ts 

is the surface temperature, T∞ is the bulk temperature, v is the kinematic viscosity, and x is the 

distance from the leading edge of the high temperature material. This can also be calculated using 

the Grashof number at x (Grx) and the Prandtl number (Pr). When the Rayleigh number is below 

the critical value for that fluid, heat transfer is primarily in the form of conduction; when it exceeds 

the critical value, heat transfer is primarily in the form of convection. 

5.3 The Effect of Spectromelt on Basaltic Melt at 1473K 

The addition of Spectromelt A10® (Li2B4O7) has a significant effect on the physical 

properties of basaltic melts. The rheological properties measured include the viscosity (η), density 

(ρ) and surface tension (γ) of the melt. Direct Scanning Calorimetry (DSC) measurements were 

also performed to obtain the glass transition temperature (Tg) and the liquid heat capacity (Cp
liquid). 

The methods used to obtain this data can be found in Chapter 3, and the results are reported in 
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Chapter 4. The equations used to calculate each dimensionless number are discussed in Section 5.1 

of this chapter. The dimensionless numbers are presented in Tables 5.1 to 5.9. 

The physical property most affected by the addition of Li2B4O7 is viscosity. The dynamic 

viscosity values reported in Section 4.1.2 for both the natural basaltic melt and the modified basaltic 

melts are given in Table 5.1 at 1473K. As the concentration of Li2B4O7 increases there is a decrease 

in the viscosity of the melt. The dynamic viscosity ranges between 21.53 Pa∙s for HB100 to 2.95 

Pa∙s for HB85. The magnitude of decrease is best illustrated by plotting the ratio of viscosity 

(Δη=ηanalog/ηmagma) at 1473K against the percentage of Li2B4O7, as shown in Figure 5.1. The 

viscosity changes by nearly one order of magnitude at 1473K with the addition of 15% Li2B4O7., 

with the Δ η values ranging from 0.75 to 0.14 for HB97.5 to HB85, respectively (Table 5.1). The 

ratio of kinematic viscosity was also calculated for the modified basaltic melts and the numbers are 

nearly identical to the dynamic viscosity values (Tables 5.1). The changes in viscosity are 

consistent with the work of Hess et al. (1995) and Hess and Dingwell (1996). Their work showed 

that increasing the excess alkali metal content, in this case lithium, has been shown to cause a non-

linear decrease in viscosity, with small concentration of excess alkali having a greater effect than 

subsequent increments (Hess et al., 1995; Hess and Dingwell, 1996). However, the viscosity of the 

haplogranitic13 melts became increasingly non-Arrhenian in behaviour as the percentage of LiO2 

increases (Hess et al., 1995; Hess et al., 1996), whereas the addition of Spectromelt A10® to 

basaltic melts was less pronounced. The latter may be attributed to a phase change from Li2B4O7 to 

Li2O∙4B2O3 upon heating. 

The heat capacity (Cp) strongly varies with increasing Li2B4O7. At temperatures below the 

glass transition, the heat capacity curves for increasing amounts of Li2B4O7 shows an increase in 

                                                      
13 Haplogranite – A pure artificial mixture of Qz-Ab-Or commonly used by experimental petrologists to study 

granitic systems. 
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the heat capacity values (Fig. 4.14). The liquid heat capacity values are reported in Section 4.1.3 

and are give Table 5.1. The relationship between the ratio of liquid heat capacity (Δ Cp) and the 

Spectromelt A10® content are presented in Figure 5.1. The ratio of heat capacity increases with 

increasing Li2B4O7 content from 1.05 for HB97.5 to 1.26 for HB85 for Cp
liquid values of 1570 J/kg∙K 

to 1880 J/kg∙K, respectively. Since the values reported are for the liquid heat capacity, there is no 

change at lower temperatures as long as the composition remains in the molten state. This 

relationship of increasing heat capacity (Cp) was also observed by Toplis et al. (2001) with the 

addition of alkali oxides in haplogranitic melts. The addition of LiO2 in haplogranite also causes a 

migration of the peak region of the heat capacity curve (Figure 4.6). The liquid heat capacity 

undergoes this same pattern of increase with the ΔCp
Liquid for modified basaltic melts (Fig. 5.1). It 

is uncertain if there is an empirical relationship between the size of increase in the heat capacity 

and percentage of Spectromelt A10® added to the melt. The data that were measured HB95.7 must 

be disregarded since the sample was not included in the microprobe analysis. Using the calculated 

Cp
Liquid values for HB 100, sample HB95 shows an increase in Cp

Liquid of 1.56 % per weight percent 

Li2B4O7 added. HB 90 shows a slightly lower rate of increase at 1.54 % per weight percent Li2B4O7 

added but then the rate of increases to 1.72% per weight percent for HB85. This function appears 

to be non-linear but more data are required to estimate the liquid heat capacity as a function of 

Li2B4O7 content. 

Changes in melt fragility can be observed by examining the configurational heat capacity 

(Cp
config), with values being the smallest for highly polymerized systems like SiO2 (Navrotsky, 

1994). The configurational heat capacity (Cp
config) is difference between the liquid heat capacity 

(Cp
liquid) and the glassy heat capacity (Cp

glass) at Tg is largest for liquids that are the most “fragile”. 

For the modified basaltic melts, the fragility of the melt increases with increasing Li2B4O7 content 

(Table 4.22). This is consistent with the finding of Matsuda et al. (2008) who shows that lithium 

borate melts have an increasing fragility with increasing Li contents due to changes in the 



Chapter 5 - Scaling 

376 

 

coordination of boron . However, the fragility for the data for modified basaltic melts as shown in 

the Angell plot is within the error of the measurement (Fig. 4.13). This indicates there is some 

reordering of the structure during relation of the liquid. However, the extent of reordering as the 

amount of Li2B4O7 increases is negligible due to the changes in the viscosity. 

The parameters of density (ρ) and surface tension (γ) are much less sensitive to the addition 

of Li2B4O7 than the viscosity (η) and heat capacity (Cp). Both of these parameters show a linear 

dependence on composition (Figures 4.14 and 4.23). The measurement of density in the modified 

basaltic melts show a weak negative temperature dependence (Fig. 4.15) for all compositions along 

with a weak positive dependence on composition (Fig. 4.21). The ratio of the density (Δρ) for the 

modified basaltic melt to density of HB100 ranges from 0.99 for HB97.5 to 0.95 for HB85 at 1473K 

(Fig. 5.1, Table 5.1).  

The surface tension shows a weak positive dependence on temperature. The isothermal 

variation of surface tension was not plotted due to insufficient data, though surface tension 

decreases from 367.39 mN/m for HB100 to 297.50 mN/m for HB85 at 1683K. The ratio of surface 

tension (Δγ) shows a greater degree of variation with increasing Spectromelt A10® content with 

values of 0.92 for HB97.5 to 0.78 for HB85 at 1473K (Fig. 5.1, Table 5.1). Surface tension 

measurements for basaltic melts by Walker and Mullins (1981) have values of 350 to 370 mN/m 

showing a positive dependence on temperature consistent with the measurement presented in 

Chapter 4. Bagdassarov et al. (2000) measured the effect of adding 5 wt % Li2O to haplogranitic 

melt and showed the surface tension decreased, though the dependence on surface tension change 

from negative to positive.  

A series of dimensionless numbers were also used to examine the tendency for a fluid 

droplet to break. These dimensionless numbers are dependent on the fluid velocity (U). length (L) 
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or diameter (d), density (ρ), dynamic viscosity (η), gravitational acceleration (g), and pressure 

difference (ΔP). The equations used to calculate the Reynolds, Weber, and Ohnesorge Numbers 

can be found in Section 5.1 of this chapter. The ratio of these dimensionless numbers between the 

analogue melt and HB100 at 1473K and can be found in Table 5.1 and Figure 5.2. 

The Reynolds Number (Re) calculation uses the average melt diameter observed in the 

videos of peperite drop experiments and the terminal velocity of a sphere (Ut) falling through water 

or wet sediment for the velocity measurement14. For all melt compositions, the values are extremely 

low due to the small diameters and low velocities, indicating laminar flow and that viscous forces 

dominate. The Reynolds Number ranges between 0.2837 for HB100 to 1.8479 for HB85 at 1473K 

resulting in ΔRe ratios of 1.30 to 6.51 for HB97.5 to HB85, respectively (Table 5.1, Fig. 5.2).  

The Webber Number (We) was calculated for jets in water and in wet sediments using the 

bulk density of a sieved silt of 1700 kg/m3. For HB100 at 1473K the values are 4.1825 and 2.6482 

in water and sediment (Table 5.1), respectively. With the addition of Spectromelt A10® the Webber 

Number increase, resulting in values of 4.9389 for water and 2.9799 for sediment in HB85 at 1473K 

(Table 5.1). The ΔWe values for HB97.5 is 1.0695 and increases to 1.1808 for HB85 (Table 5.1, 

Fig. 5.2) in water, similar values were obtained for wet sediments.  

The Ohnesorge Numbers are calculated for the modified basaltic melt compositions and 

are presented in Table 5.1 along with the ΔOh ratios. The Ohnesorge Number shows a decrease in 

values with increasing Spectromelt A10® content, with HB100 values of 7.5033 and HB85 values 

                                                      

14 The terminal velocity was calculated using the equation 𝑼𝒕 = √
𝟒𝒅𝒈

𝟑𝑪𝒅
(

𝝆𝒎−𝝆𝒄

𝝆𝒄
), where d is the diameter, g is 

the acceleration due to gravity, Cd is the coefficient of drag, ρm is the density of the melt, and ρc is the 

density of the coolant. 
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of 1.1913 for 1473K (Table 5.1). The ΔOh decreases from 0.7880 for HB97.5 to 0.1588 for HB85 

(Fig. 5.2).  

The Grashof Jet Numbers, Prandtl Numbers and Rayleigh Numbers were also determined 

for the natural basaltic melts, as well as all compositions of modified basaltic melt using the 

equations given in Section 5.1 of this chapter. These numbers deal with the heat transfer regimes 

(i.e., conduction, radiation, convection) and the thickness of the thermal boundary layer. 

Comparison of these numbers to the natural basaltic melt gives us the scaling parameters for the 

heat transfer regimes. 

The Grashof Number increases with increasing Spectromelt A10® content from 

4.0604x10-6 for HB100 to 2.7686x10-5 for HB 85 at 1473K (Table 5.1). The ΔGr values range from 

1.3115 for HB97.5 to 6.814 for HB85 (Fig. 5.2). The Prandtl Number shows a decrease with the 

addition of Spectromelt A10®. The Prandtl Number is 1.2429x1011 for HB 100 and progressively 

decreases to 2.8014x1010 for HB85 (Table 5.1). The values of ΔPr for melts at 1473K decrease 

from 0.8427 to 0.2254 from HB97.5 to HB85, respectively (Fig. 5.2). The Rayleigh Numbers are 

calculated for the modified basaltic melt compositions as presented in Table 4.82 along with the 

ΔRa ratios. The Rayleigh Number show an increase in values with increasing Spectromelt A10® 

content, with HB100 values of 5.0408x105 and HB85 values of 7.7560x105 for 1473K (Table 5.1). 

The ΔRa increases from 1.1053 for HB97.5 to 1.5368 for HB85 (Fig. 5.2).  

5.3.1 The Scaling of Modified Melts used in Peperite and SMILE Experiments 

As discussed in the previous sections the property that was most sensitive to change in 

relation to increasing the Spectromelt A10® content is the viscosity (η). The viscosity (η) changed 

by nearly an order of magnitude in isothermal conditions with the addition of 15% Spectromelt 

A10® by weight (Table 5.1). The parameters of liquid heat capacity (Cp
liquid) -and surface tension 
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(γ) show a moderate degree of change (i.e., ~25%), whereas the parameter of density (ρ) shows 

only a small change (i.e., 5%) (Table 5.1). The parameters I was most concerned with for the 

experiments were viscosity and density.  Since there is little difference between the density of the 

melts with the addition of Spectromelt A10® the parameter of viscosity in the modified melts was 

closely matched to HB100.  

To evaluate the similarity and scaling conditions of the melts used in the peperite 

experiments, the modified basaltic melts HB90 at 1323K and 1373K, and HB85 at 1373K were 

compared with HB100 at various temperatures. The results of calculating the ratios of viscosity 

(Δη), heat capacity (ΔCp), density (Δρ), surface tension (Δγ) were calculated for each melt type 

used and are presented in Tables 5.3 to 5.5. The ratios of the dimensionless Reynolds (ΔRe), Weber 

(ΔWe), and Ohnesorge (ΔOh) Numbers are used to compare the properties of fluid flow and 

breakup compared with the natural basaltic melt. In addition, the ratios of the dimensionless 

Grashof (Gr), Prandtl (Pr)., and Rayleigh (Ra) Numbers were used to assess the changes in heat 

transfer from the natural basaltic melt. The data from these analyses are presented in Tables 5.6 to 

5.8. 

The highest viscosity melt used in the peperite drop experiments was HB90 at 1323K with 

a viscosity of 37.23 Pa∙s (see Chapter 4, Section 4.3). To find the temperature that has the best 

correlation with HB100 the temperature of the natural basaltic melt was incrementally adjusted and 

a recalculation of the parameters for each of the physical properties and dimensionless numbers 

was performed. The values for each of the properties used to calculate the scaling parameters for 

the modified basaltic melts and the scaling ratios can be found in Table 5.3. The melt HB 90 at 

1323K was found to most closely resembles HB100 at 1428K (Fig. 5.3). The ratio of viscosity (Δη) 

at this temperature is 0.99 indicating that this parameter has a high degree of correlation at this 

temperature (Fig. 5.3). This procedure was repeated for the moderate viscosity melt, HB90 at 
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1373K with a viscosity of 19.74 Pa∙s. This melt was used in both peperite drop experiments (see 

Chapter 4, Section 4.3) and SMILE (see Chapter 4, Section 4.4). The parameters used to calculate 

the scaling ratios can be found in Tables 5.4. The ratio of viscosity (Δη) for the modified melt at 

this temperature was 1.00 when compared to HB100 at 1480K (Table 5.3). The low viscosity 

modified basaltic melt HB85 at 1373K with a viscosity of 8.79 Pa∙s was used in numerous peperite 

drop experiments (see Chapter 4, Section 4.3).  This melt was found to most closely resemble 

HB100 at 1551K (Fig. 5.3) with a viscosity ratio (Δη) of 1.00 (Table 5.3).  

The same procedure above was repeated for the properties of density and surface tension. 

The value for the density of HB 90 at 1323K is 2841 kg/m3 and at 1373K is 2831 kg/m3, whereas 

at 1473K the density decreases to 2813 kg/m3. This represents a change in density of approximately 

1% over a temperature change of 150K; the same relationship between temperature and density is 

seen in all other modified melt compositions. The ratio of density (Δρ) for HB 90 at 1323K and 

1373K is 0.97 when compared with HB100 at 1428K and 1480K, respectively (Tables 5.3 and 5.4). 

The ratio of density (Δρ) for HB 85 at 1373K is 0.98 when compared with HB100 at 1551K (Table 

5.5). As the scaling of density shows, the change in density over this temperature range and the 

composition of the modified basaltic melt plays the controlling factor in decreasing the density, as 

seen in Tables 5.3 to 5.5. The same relationship is observed with the surface tension – a small 

dependence on temperature for a single composition. However, the surface tension shows a 

moderate to strong compositional dependence similar to the magnitude of change observed in the 

liquid heat capacity. The change in ratio of surface tension with increasing temperature is modest 

for a single composition; HB90 at both 1323K and 1373K has a surface tension of 0.29 N/m, and 

at 1473K 0.30 N/m, a change of about 4%. However, the scaling ratio for surface tension (Δγ) for 

HB 90 at 1323K and 1373K is between 0.80 and 0.81 when compared with HB100 at 1428K and 

1480K, respectively (Tables 5.3 and 5.4). The ratio of density (Δγ) for HB 85 at 1373K is 0.76 

when compared with HB100 at 1551K (Table 5.5). Though these difference in physical properties 
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are significant when compared with HB100, they could be considered minor and essentially within 

the range of natural silicate melts in the basaltic compositional range. 

The scaling of the hydrodynamic parameters (i.e., ΔRe, ΔWe, ΔOh) for all melt types 

relative to HB100 can be seen in Figure 5.8. For consistency Figure 5.8a shows the modified 

basaltic melts at 1473K relative to HB100 at 1473K. For the high viscosity melt HB90 at 1323K 

the ratio of the Reynolds number (ΔRe) is 0.97, the Weber number (ΔWe) in wet sediments is 1.17, 

and the Ohnesorge number (ΔOh) is 1.12 (Fig. 5.8b). At 1373K, HB90 has a ratio of the Reynolds 

number (ΔRe) is 0.96, the Weber number (ΔWe) in wet sediments is 1.16, and the Ohnesorge 

number (ΔOh) is 1.19 (Fig. 5.8c). For the low viscosity melt HB80 at 1373K, the ratio of the 

Reynolds number (ΔRe) is 0.94, the Weber number (ΔWe) in wet sediments is 1.19, and the 

Ohnesorge number (ΔOh) is 1.16 (Fig. 5.8d). As shown in these cases, the scaling parameters is 

significantly larger than it was for the majority of the rheological scaling parameters. This is due to 

the fact that both the Weber (Eq. 5.2) and Ohnesorge (Eq. 5.3) numbers are calculated using surface 

tension. As noted above the surface tension of the melts decreases with increasing Spectromelt 

A10® contents by approximately 20% for the HB90 and HB85 melts. Since surface tension is 

found in the denominator of both the calculations for the Weber and Ohnesorge numbers an 

increase of nearly 20% should be expected. 

The scaling of the thermodynamic parameters (i.e., ΔGr, ΔPr, ΔRa) for all melt types 

relative to HB100 can be seen in Figure 5.8. For the high viscosity melt HB90 at 1323K the ratio 

of the Grashof number (ΔGr) is 0.88, the Prandtl number (ΔPr) in wet sediments is 1.38, and the 

Rayleigh number (ΔRa) is 1.22 compared to HB100 at 1428K (Fig. 5.8b). At 1373K, HB90 has a 

ratio of the Grashof number (ΔGr) is 0.84, the Prandtl number (ΔPr) in wet sediments is 1.44, and 

the Rayleigh number (ΔRa) is 1.22 compared to HB100 at 1480K (Fig. 5.8c). For the low viscosity 

melt HB85 at 1373K, the ratio of the Grashof number (ΔGr) is 0.84, the Prandtl number (ΔPr) in 
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wet sediments is 1.60, and the Rayleigh number (ΔRa) is 1.35 compared to HB100 at 1551K (Fig. 

5.8d). Again, these scaling ratios are significantly larger than the rheological scaling ratios. This is 

due to the parameters that are involved in the calculations of the Grashof (Eq. 5.5), Prandtl (Eq. 

5.6) and Rayleigh (Eq. 5.7) numbers. Specifically, the Grashof number is sensitive to the values of 

the interface temperature (Ti)15 calculated using the thermal diffusivity (i.e., α = k/(Cp∙ρ)) reliant on 

the values of density (ρ) and heat capacity (Cp) values, and both the Prandtl and Rayleigh numbers 

are sensitive to the values of heat capacity (Cp).  

Both the hydrodynamic and thermodynamic scaling ratios of the modified melt types at 

1473K with HB100 at 1473K show variation of up to one order of magnitude (Fig. 5.8a). When the 

temperature of the natural basaltic melt is altered to best match the ratio of viscosity that correlation 

for the hydrodynamic and thermodynamic scaling ratios fall close to that of HB100. However, the 

hydrodynamic scaling can vary by as much as 20% (Δ = 0.20) and the thermodynamic scaling can 

vary by as much as 60% (Δ = 0.60) (Fig. 5.8 b-d) in peperite drop experiments. The variation in the 

hydrodynamic scaling values stems from the variation in the surface tension values of the modified 

melts. The thermodynamic scaling values result from the variation in the liquid heat capacity 

(Cp
liquid) and the estimated variations in thermal conductivity with increasing Li2B4O7 content. The 

rheological scaling ratios (i.e., Δη, Δρ, Δγ) show a much higher degree of conformity compared to 

the hydrodynamic and thermodynamic scaling ratios (Fig 5.7). The correlation of the rheological 

scaling ratios is within 4 % (Δ = 0.04) when modified basaltic melts are compared to HB100. 

                                                      
15 The interface temperature can be calculated using the equation of Carslaw, H.S. and Jaeger, J.C., 1959. 

Conduction of Heat in Solids. Oxford, Clarendon Press, 526 pp.  
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The scaling ratios of the modified melts used in the SMILE can be found in Tables 5.9 and 

5.10. Table 5.9 shows the rheological (i.e., Δη, Δρ, Δγ) and the thermodynamic parameters (i.e., 

Cp
liquid) of the three types of experiments performed in the SMILE apparatus. These experiments, 

preformed in air, water or wet sediments are compared to HB100 at the temperatures showing the 

highest degree of correlation with viscosity. Two of the SMILE tests were performed at 1473K 

using HB95 in air. A single test was performed using HB90 in water at 1473K, and the final test in 

wet sediments was done at 1373K using HB90. As expected the physical properties and scaling 

ratios remain identical to those found for the peperite drop experiments for the same composition 

melts. The exit pressures of the SMILE range between 2 and 5 bars for tests performed in air, and 

30 bars for experiments performed in water and wet sediments. The change in pressure results in a 

change in exit velocities (Table 5.9) compared with the terminal fall velocities used for peperite 

drop experiments (see Tables 4.83 to 4.85), affecting the hydrodynamic scaling parameters.  

The hydrodynamic scaling ratios were calculated using the medium in which the 

experiment was conducted (i.e., air, water and in wet sediments using the bulk density of a sieved 

silt of 1700 kg/m3). For SMILE performed in air the ratio of the Reynolds number (ΔRe) is 0.92, 

the Weber number (ΔWe) is 1.05, and the Ohnesorge number (ΔOh) is 1.11 (Fig. 5.8b). SMILE 

performed in water has a ratio of the Reynolds number (ΔRe) is 0.96, the Weber number (ΔWe) is 

1.19, and the Ohnesorge number (ΔOh) is 1.12 (Fig. 5.8c). For the experiment performed in a wet-

sediment column the ratio of the Reynolds number (ΔRe) is 0.91, the Weber number (ΔWe) in wet 

sediments is 1.16, and the Ohnesorge number (ΔOh) is 1.16 (Fig. 5.8d).  

The scaling of the thermodynamic parameters (i.e., ΔGr, ΔPr, ΔRa) was also calculated for 

the SMILE tests. For SMILE performed in air the ratio of the Grashof number (ΔGr) is 0.91, the 

Prandtl number (ΔPr) in wet sediments is 1.21, and the Rayleigh number (ΔRa) is 1.10 (Fig. 5.8b). 

SMILE in water has a ratio of the Grashof number (ΔGr) is 0.87, the Prandtl number (ΔPr) in wet 
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sediments is 1.41, and the Rayleigh number (ΔRa) is 1.23 (Fig. 5.8c). For peperite experiments 

using SMILE, the ratio of the Grashof number (ΔGr) is 0.96, the Prandtl number (ΔPr) in wet 

sediments is 1.28, and the Rayleigh number (ΔRa) is 1.23 (Fig. 5.8d).  

SMILE experiments were conducted in water and wet-sediments using HB90, the same 

composition melt as the moderate viscosity peperite drop experiments. The value of the rheological 

scaling (i.e., Δη, Δρ, Δγ) are identical for both types of experiments (Table 5.9). The hydrodynamic 

and thermodynamic scaling ratios for the SMILE tests have similar values those tests performed in 

wet-sediment (Table 5.10), but the ratio of Weber number changes greatly depending on the 

ejection speed (Table 5.10). The differences in ejection speed also account for the minor variation 

in the hydrodynamic and thermodynamic scaling ratios. 

5.4 Comparison with Other Experiments 

Outside of the experiments conducted in this thesis there have been few attempts to recreate 

peperitic textures in the lab. The biggest challenge faced in mimicking these textures are the number 

of variables present in the natural environment. In addition, the types of melts used in peperite 

experiments and the scaling of these experiments also may produce unforeseen errors. This section 

is divided into two topics: the peperite experiments of Wohletz (2002) and the dirty coolant 

experiments of Schipper et al. (2011). 

5.4.1 Peperite Experiments by Wohletz 

The earliest experiments on peperite formation by Wohletz (2002) used molten thermite in 

wet sands. These experiments were predominately explosive in nature, with Hawaiian fountaining 

and Strombolian bursts lasting several seconds, ejecting fine pyroclasts up to 5 m in the air. The 

results of these experiments are described in Chapter 2, Section 2.3.2. Generally speaking, most of 

these experiments produce fragments due to hydromagmatic activity. Only one type of experiment 
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was successful in producing a peperitic dyke below the thermite assembly. This injection of 

thermite below the vessel produced what are thought to be phreatic explosions, as indicated by 

cratering in the sediments near the dyke margin. Additionally, it is difficult to determine the degree 

of mixing between sand and thermite from the photos provided, though Wohletz (2002) describes 

the textures as intimately mixed thermite and sand grains with 65-70% sand by volume. The 

photographs presented by Wohletz (2002) do not show cross-sectional views through the dyke, nor 

were the specimens preserved in situ. 

Scaling was performed on the mixed thermite and sand melts of Wohletz (2002) and the 

natural basaltic melt HB100 (Tables 5.11 and 5.12). The most notable difference between these 

two compositions is that the viscosity Wohletz’s (2002) melt is much lower (Fig. 5.9). For a pure 

thermite melt the viscosity is nearly 5 orders of magnitude lower than HB100 at 1473K (Fig. 5.9). 

The viscosity of the blocky particles and silicate coatings (Table 2.17) were calculated using the 

silicate melt viscosity calculator of Giordano et al. (2008) to be between 1 and 2 orders of 

magnitude lower than the HB100 at 1473K (Table 5.11). These values are also notably lower than 

was estimated by Wohletz et al. (1995) in his original quantification of the properties of 

thermite/sand mixtures. For example, the Giordano model returns viscosities of 0.66 to 2.11 Pa∙s, 

whereas the method of Bottinga and Weil reported by Wohletz was 102 Pa∙s. This latter viscosity 

estimate is said to also infer the viscosity based on the presence of crystallites (Wohletz et al., 

1995). There are also differences in the density, though these are not so large as to make a 

significant difference (Fig. 5.9 and Table 5.11). The surface tension values and thermal diffusivities 

of the blocky particles and silicate coatings were not reported in any of the works of Wohletz using 

thermite. These values are estimates (Table 5.11), and represent values that fall between thermite 

melt (Corradini, 1991) and the Hawaiian Basalt (as measured in this thesis), and are based on the 

degree of mixing between the iron in thermite and the silicate sand. 
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The peperite experiments conducted in this thesis did not produce any explosions, nor did 

they show Hawaiian fountaining, Strombolian bursts or Surtseyan explosive activity as was 

observed in the experiments of Wohletz (2002). The peperite experiments using induced 

liquefaction were conducted in an attempt to collapse the vapour films next to the melt to create an 

environment where an FCI is likely to occur. The method of collapsing the vapour film was 

employed by (Zimanowski et al., 1986) in water droplet entrapment experiments. It was thought 

that by conducting the experiment in pre-liquefied conditions that entrapment of water (and/or wet 

sediments) would occur and that with repeated vapour film collapse, an FCI would produce and 

explosion. At the least, it was hoped that this method would produce interesting peperitic textures.  

The results of the liquefaction induced peperite experiments show that no explosions from 

FCI have occurred. Rather, it is the interplay between the initial void ratio, degree of saturation of 

the sediments, the grain skeleton and the viscosity of the melt that determine the textures produced. 

From the experiments conducted with low viscosity melts (HB85 at 1100°C, 8.79 Pa∙s) and 

unsieved sediments, it is evident that in liquefaction experiments both water and wet sediment are 

entrapped in the melt (Fig. 4.46, 4.50). Compared to the static experiments conducted at the same 

conditions, pre-liquefied sediments have a higher degree of sediment entrapment than the static 

experiments. However, trapped water vapour is present in the static experiments, as evident from 

large vapour bubbles preserved in the slabs. With moderate and high viscosity melts in sieved 

sediments, similar textures are observed for the pre-liquefaction sediments. The main difference 

between the sieved and unsieved sediments is the difference the textural appearance of the static 

and liquefied experiments, not the grain size of the sediment. 

The textural results of the peperite experiments presented in this thesis are not enough to 

verify the difference in behaviour between peperites produced by Wohletz (2002). Namely, there 

are major differences in the sediment-melt mass ratio and the explosive behaviour of the 
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experiments due to the use of thermite as a magma analogue. The experiments conducted by 

Wohletz (2002) have wet sediment/magma mass ratio (Rs) values of between 0.48 and 2.5. Wohletz 

states that under these conditions (i.e., Rs < 1), explosive reactions are ideal because the heat 

provided from the magma can easily be converted to thermodynamic work. In cases where Rs > 1, 

the degree of explosivity decreases as heat can be convectively removed from melt/water interface 

for fully saturated sediments and quenching of the melt can occur (Wohletz, 2002). The peperite 

experiments conducted in the course of this study have Rs values of between 3.2 and 3.8. in 

experiments, significantly higher than those of Wohletz (2002). As predicted by Wohletz (2002) 

magma-wet sediment interactions with Rs> 3 are relatively passive as the steam formed may 

condense during expansion leaving the system due to convective heat transfer. However, the 

experiments done with saturated sand and the basaltic analogue have significantly less interaction 

surface than the other experiments resulting in a much lower Rs value. These experiments show 

extensive bubble formation and the ingestions of sands in the melts itself, but no explosive reactions 

are observed.  

In considering the factors that lead to explosive fuel coolant interaction, the geometry of 

the interaction between the melt and wet sediments plays a key role. The experiments performed 

by Wohletz (2002) have the thermite melt statically placed on top of the wet sediments (Fig. 7 from 

Wohletz 2002). The volume of melt that was allowed to interact with the wet sediments was 

consistent between experiments but more importantly the areas of contact was consistent for each 

of these experiments. Using this geometry water vapour buoyantly moves through the thermite melt 

and full contact between liquid water and the thermite melt may occur if the water vapour bubble 

collapses. It is thought by Wohletz (2002) that this full contact means the heat transfer between the 

melt and the water is greatly increased leading to a vapour explosion. With the peperite experiments 

conducted in this thesis it was observed that water vapour moved buoyantly through the melt. The 

presence of trapped vapour bubbles shows vapour movement. These textures are most often 
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observed in experiments done in sands where the void ratios are low and state of zero effective 

stress is not reached (i.e., liquefaction did not occur). The inhibition of sediment failure creates a 

scenario where the water vapour can buoyantly move through the melts producing bubbles (Fig. 

4.75) although explosive behaviour was not observed. However, trapped vapour bubbles were also 

observed below the sediment surface in experiments using low viscosity melt (HB85). 

Over the course of all of the experiments performed in this study there were no explosive 

events. This is distinctly different to the thermite experiments. Therefore, it was desirable to look 

specifically at the interactions occurring between thermite melts and water. As shown in Chapter 

2, Equation 2.1, fine grained magnetite combined with aluminum mixture converts magnetite to 

liquid iron as its oxygen is used to make aluminum oxide producing excess heat when a current is 

passed through it. The excess heat in these experiments is enough to melt the sand that was added 

to the mixture to increase the viscosity of the melt closer to that of basalt. However, the chemical 

analysis of the thermite melt particles show that the thermite melts are very heterogeneous. This is 

not surprising, as pure thermite melts show a complete separation of the Fe and Al2O3 phases (Wang 

et al., 1993).  

When dealing with thermite reactions, it is possible that hydrogen explosions are occurring. 

Both liquid Fe and Al may be present at the same time if the thermite is improperly mixed or 

incomplete reactions are occurring. It is well known that the oxidation of iron may occur in the 

presence of water by the chemical reaction: 

Fe + H2O → FeO + H2 + Heat (5.8) 

  

and similarly, pure Al may undergo the following reaction:  
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Al + 6H2O → 2Al(OH)3 + 3H2 + Heat (5.9) 

 

in cases where there is no oxidized surface on the Al. The temperature present during a thermite 

reaction (Eq. 2.1) is sufficiently high to cause the interaction of hydrogen gas produced from the 

oxidation of pure Fe or Al and oxygen in air: 

2H2 (g) + O2 (g)  → H2O (g) (5.10) 

 

leading to an exothermic explosion. This suggests that a hydrogen explosion is a viable mechanism 

occurring for thermite reactions in the presence of water or ice. These same reactions will not occur 

with silicate melts as the Fe and Al phases are not free.  

Regardless of the cause of the explosions observed using thermite as a magma analogue, 

the heterogeneities in the chemical analysis of Wohletz’s thermite-sand melts suggest that this is 

not a suitable analogue to study peperite formation. The scaling properties, especially the difference 

in the viscosity using an updated viscosity calculator show that there are major differences in the 

scaling (i.e., 1 to 2 orders of magnitude). This difference will greatly affect the melts ability to 

break apart, and increase the likelihood of a vapour explosion via FCI. The latter factor will be 

discussed in Chapter 6, Section 6.3 on Fluid Dynamics and Break Up in Viscous and Viscoelastic 

Fluids.  

5.4.2 Dirty Coolant Experiments by Schipper et al. 

The most recent set of experiments producing peperitic textures are those conducted by 

Schipper et al. (2011). These experiments sought to examine the effect of cooling on a magma by 
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adding sediment to water. Such “dirty” coolants are often found in submarine volcanic edifices 

(White, 1991; White, 1996) and the addition of a particle load to the pure water was thought likely 

to influence the cooling dynamics of an intrusion (Schipper et al., 2011). Though Schipper et al. 

(2011) was mainly concerned with producing hydroclasts by thermal granulation, they often 

observed that melt remained at the surface of the wet sediments and referred to this phenomenon 

as an undesired shoaling effect. A description of these experiments can be found in Chapter 2, 

Section 2.3.2.  

The “dirty” coolant experiments were conducted using the Billstein/Rhön basalt of 

Zimanowski et al. (2004). The chemical composition of the Billstein/Rhön basalt is slightly 

different from the Hawaiian basalt that was used in the peperite experiments of this thesis, in that 

it has a lower SiO2 content and slightly higher MgO, Na2O, and K2O. These changes in chemical 

composition are reflected in the mineralogy with the Billstein/Rhön basalt showing higher 

abundances of olivine and hornblende, whereas the Hawaiian Basalt contains plagioclase crystals. 

The differences in composition of the two basalts affects their viscosity. The viscosities 

measured by Schipper et al. (2011) using the method of Sonder et al. (2006) show that at 1473K 

there is a shear rate dependence. The viscosities range between ~300 Pa∙s for slow shear rates and 

20 Pa∙s for high shear rates. However, the techniques used to measure viscosity are not the standard 

techniques for viscosity measurement (See Chapter 3, Section 3.2.3). In the measurements of 

Hawaiian Basalt for this thesis, since the measurements were taken at 20 RPM the shear rate is 0.33 

s-1. From the data of Schipper et al. (2011) the viscosity of the Billstein/Rhön basalt at 1473K is 

approximately 100 Pa∙s, whereas the Hawaiian Basalt at this temperature has a measured viscosity 

of 23.53 Pa∙s. It is important to note the experiments of Schipper et al. (2011) were performed at a 

much higher temperature – 1613K. At this temperature, the viscosity of the Billstein/Rhön basalt 

would be 0.4 Pa∙s for a shear rate of 0.33 s-1. This value agrees with the viscosity value for the 
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Billstein/Rhön basalt if the whole rock chemistry is input into the viscosity model of Giordano et 

al. (2008). Scaling of viscosity (Δη=ηa/ηm) these two melts gives a value of 0.02, indicating the 

Billstein/Rhön basalt has a viscosity that is nearly two orders of magnitude lower than the Hawaiian 

Basalt at natural conditions (Fig. 5.9). The lowered viscosity of the melt increases the ability of the 

melt to break apart, affecting any pepertic textures produced. This concept will be discussed in 

Chapter 6, Section 6.3 on Fluid Dynamics and Break Up in Viscous and Viscoelastic Fluids.  

The sediment Schipper et al. (2011) uses in the “dirty” coolant experiments is 

predominately bentonite clay comprised of > 70% montmorillonite and ~ 5% illite. In these 

experiments Schipper et al. (2011) systematically increased the percentage of bentonite from pure 

water to 10, 20, and 30% bentonite respectively. In addition, pumice or glass beads were added to 

30% bentonite and water mixtures. The only information given on the sediment is the grain size, 

this also applies to the pumice and glass beads used in these experiments.  

It is difficult to compare the sediments used in the “dirty” coolant experiments without 

knowledge of the specific gravity (Gs), liquid limit (LL), plastic limit (PL), void ratio (emax, emin, 

eLL) or relative porosity. The Ca-Bentonite clay used in Schipper et al (2011), may be compared 

to other Ca-Bentonite clays to gain an understanding of their physical properties. Bentonite clays 

are highly susceptible to swelling and have a high liquid limit, though Ca-type bentonite is less 

susceptible than Na-type bentonite clays. From the research of Shirazi et al. (2010) the specific 

gravity of a Ca-type bentonite is 2.744, the liquid limit is 295 % and the plastic limit is 27 % . The 

values for the Atterberg limits of a Ca-type bentonite, may be even higher, with Wang et al.(2012), 

reporting liquid limit values as high as 520 % and plastic limit values of 42 %. These differences 

in the Atterberg limits reflect the compositional differences in accessory minerals present in the 

bentonite clay. Both Shirazi et al. (2010) and Wang et al.(2012) also report a change in void ratio 

with increases swelling pressure. As more water is added to the bentonite the water is absorbed by 
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the clay, occupying spaces in the interlayer of the mineral structure (Fig. 5.10). The void space 

decreases, as does the permeability of water in the bentonite (Fig. 5.11). 

As stated previously, the goal of the experiments was to induce the thermal granulation of 

the melt. What Schipper et al. (2011) found was that thermal granulation producing dense blocky 

fragments (Fig. 2.8) occurred in experiments with < 20 % suspended bentonite clay. At values of 

> 20 % bentonite, persistent shoaling of the melt was observed and vesiculated fluidal textures 

formed (Fig. 2.8). In experiments with > 40% sediments, using 30% bentonite and 15 to 30% 

pumice fragments or glass beads, dense balls of melt or continuous piles of melt formed (Fig. 2.8). 

The differences in the morphology between the experiments of Schipper et al. (2011) and 

those in this thesis are a reflection in the variability of the substrates used for testing. Bentonite clay 

when mixed with water causes swelling of the clay itself; this swelling of the clay decreases the 

void-space, the available water content and affects its permeability (Fig. 5.11). In experiments that 

involved pumice fragments and glass beads as the bentonite clay would expand in the pore space 

between this non-plastic material, changing its overall plasticity. These changes to the sediments 

prevent liquefaction from occurring, and as a consequence the melt remains at or near the surface 

of the sediments. As the melts used in the Schipper et al. (2011) experiments were not preserved in 

situ, it is difficult to infer what if any role strain softening of the clays played the formation of 

bulbous melt textures.  

The melt breakup potential is governed by a combination of sediment properties (i.e., void 

ratio, plasticity, permeability, degree of saturation). How a wet sediment behaves affects if a 

peperitic texture will be generated and the degree of hydrodymanic mingling that may be observed. 

The sediments used in the peperite experiments of this thesis were non-plastic and the water 

contained in the pore spaces would be freely able to move through the sediment skeleton. This 
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meant the sediments were freely liquefiable and melt was capable of penetrating through the surface 

of the sediments. On the other hand, highly plastic sediments like those using bentonite clays do 

not easily liquefy as the water present causes swelling of the clay minerals. 

5.5 Summary 

This chapter demonstrates that the addition of Spectromelt A10® to a natural basaltic melt 

is a viable tool that can be used in the investigation of melt behaviour. The scaling values of 

viscosity show the modified melts are excellent analogues for natural melts, and as presented here 

they much better than anything that has been used so far. Attention must be paid to the parameters 

being investigated as Spectromelt A10® has a marked effect on the values of heat capacity and 

surface tension affecting the scaling of the hydrodynamic and thermodynamic properties of the 

melt. Regardless of this, the scaling parameters show the modified basaltic melt used in this thesis 

are much better than anything that has been used so far. 
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5.7  Tables 

Table 5.1 – Scaling parameters for modified basaltic melts. The parameters are derived from the data on the thermophysical properties of modified 

basaltic melts presented in Section 5.1. The thermal conductivities are calculated using Fluegel (2007), consistent with Whittington et al. (2009). The 

scaling ratios are calculated relative to HB100 at 1473K.  

Melt Properties Units Symbol HB100 HB97.5 HB95 HB90 HB85 

Melt Temperature K Tm 1473 1473 1473 1473 1473 

Viscosity Pa∙s ηm 21.53 16.24 11.99 6.02 2.95 

Kinematic Viscosity m2/s μm 7.4041E-03 5.6294E-03 4.1918E-03 2.1404E-03 1.0670E-03 

Heat Capacity J/kg∙K Cp,m 1489 1570 1615 1730 1880 

Density kg/m3 ρm 2908 2884 2860 2813 2765 

Surface Tension N/m γm 0.36 0.34 0.32 0.30 0.28 

Thermal Conductivity W/m∙K km 1.12 1.10 1.11 1.05 1.03 

Thermal Diffusivity m2/s αm 3.0484E-07 2.4336E-07 2.3994E-07 2.1600E-07 1.9797E-07 

Ratios        

Viscosity 

(Δη = ηa/ηm) 
Pa∙s Δη 1.00 0.75 0.56 0.28 0.14 

Kinematic Viscosity 

(Δμ = (μa/μm) 
m2/s Δμ 1.00 0.76 0.57 0.29 0.14 

Heat Capacity 

(ΔCp = Cpa/Cpm) 
J/kg∙K ΔCp 1.00 1.05 1.08 1.16 1.26 

Density 

(Δρ = ρa/ρm) 
kg/m3 Δρ 1.00 0.99 0.98 0.97 0.95 

Surface Tension 

(Δγ = γa/γm) 
N/m Δγ 1.00 0.92 0.89 0.83 0.78 
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Table 5.2 – Values of dimensionless numbers used to compare the breakup potential of modified basaltic melts with HB100 at 1473K.  

Parameters Units Symbol HB100 HB97.5 HB95 HB90 HB85 

Melt Temperature K Tm 1473 1473 1473 1473 1473 

Coolant Temperature K Ts 295 295 295 295 295 

Interface Temperature K Ti 975 973 974 966 963 

Density of Water kg/m3 ρw 998 998 998 998 998 

Bulk Density of Wet Sediments kg/m3 ρbulk 1700 1700 1700 1700 1700 

Terminal Velocity of Sphere m/s Ut 0.2693 0.2666 0.2639 0.2584 0.2528 

Diameter of the Melt Stream m D 0.0078 0.0078 0.0078 0.0078 0.0078 

Dimensionless Numbers        

Reynold Number  Re 0.2837 0.3694 0.4910 0.9416 1.8479 

Weber Number in Water  Wew 4.1825 4.4733 4.6058 4.7865 4.9389 

Webber Number in Wet Sediments  Wes 2.6482 2.8114 2.8728 2.9379 2.9799 

Ohnesorge Number  Oh 7.5033 5.9125 4.4773 2.3414 1.1913 

Grasshof Number Jet  Gr 4.0604E-06 5.3253E-06 7.1604E-06 1.3864E-05 2.7686E-05 

Prantl Number  Pr 1.2429E+11 1.0475E+11 8.0703E+10 4.8215E+10 2.8014E+10 

Rayleigh Number  Ra 5.0468E+05 5.5780E+05 5.7787E+05 6.6847E+05 7.7560E+05 

Scaling Ratios        

Reynold Number (ΔRe = Rea/Rem)  ΔRe 1.0000 1.3022 1.7311 3.3194 6.5145 

Weber Number in Water (ΔWe = Wew,a/Wew,m)  ΔWew 1.0000 1.0695 1.1012 1.1444 1.1808 

Weber Number in Wet Sediments (ΔWe = Wes,a/Wes,m)  ΔWes 1.0000 1.0616 1.0848 1.1094 1.1253 

Ohnesorge Number (ΔOh = Ohs,a/Ohs,m)  ΔOh 1.0000 0.7880 0.5967 0.3120 0.1588 

Grasshof Number Jet (ΔGr = Grs,a/Grs,m)  ΔGr 1.0000 1.3115 1.7635 3.4145 6.8184 

Prantl Number (ΔPr = Prs,a/Prs,m)  ΔPr 1.0000 0.8427 0.6493 0.3879 0.2254 

Rayleigh Number (ΔRa = Ras,a/Ras,m)  ΔRa 1.0000 1.1053 1.1450 1.3245 1.5368 

 

C
h
ap

ter 5
 - S

calin
g
 

 



 

 

 

3
9
8
 

Table 5.3 – Scaling parameters for HB100 at 1428°C and modified basaltic melt at 1323K for high viscosity peperite drop experiments (HB90) and 

scaling ratios for each composition. The scaling ratios are calculated relative to HB100.  

Melt Properties Units Symbol Basalt Peperite 

Melt Type   HB100 HB97.5 HB95 HB90 HB85 

Coolant Medium   Wet Sediment Wet Sediment Wet Sediment Wet Sediment Wet Sediment 

Melt Temperature K Tm 1428 1323 1323 1323 1323 

Viscosity Pa∙s ηm 37.67 115.26 77.48 37.23 15.96 

Kinematic Viscosity m2/s μm 1.2921E-02 3.9619E-02 2.6844E-02 1.3109E-02 5.7090E-03 

Heat Capacity J/kg∙K Cp,m 1489 1570 1615 1730 1880 

Density kg/m3 ρm 2915 2909 2886 2841 2795 

Surface Tension N/m γm 0.36 0.34 0.32 0.29 0.27 

Thermal Conductivity W/m∙K km 1.12 1.10 1.11 1.05 1.03 

Thermal Diffusivity m2/s αm 2.5732E-07 2.4128E-07 2.3778E-07 2.1388E-07 1.9584E-07 

Scaling Ratios        

Viscosity 

(Δη = ηa/ηm) 
Pa∙s Δη 1.00 3.06 2.06 0.99 0.42 

Kinematic Viscosity 

(Δμ = (μa/μm) 
m2/s Δμ 1.00 3.07 2.08 1.01 0.44 

Heat Capacity 

(ΔCp = Cpa/Cpm) 
J/kg∙K ΔCp 1.00 1.05 1.08 1.16 1.26 

Density 

(Δρ = ρa/ρm) 
kg/m3 Δρ 1.00 1.00 0.99 0.97 0.96 

Surface Tension 

(Δγ = γa/γm) 
N/m Δγ 1.00 0.93 0.89 0.80 0.76 
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Table 5.4 – Scaling parameters for HB100 at 1480K and modified basaltic melt at 1373K for moderate viscosity peperite drop experiments (HB90) 

and scaling ratios for each composition. The scaling ratios are calculated relative to HB100.  

Melt Properties Units Symbol Basalt Peperite 

Melt Type   HB100 HB97.5 HB95 HB90 HB85 

Coolant Medium   Wet Sediment Wet Sediment Wet Sediment Wet Sediment Wet Sediment 

Melt Temperature K Tm 1480 1373 1373 1373 1373 

Viscosity Pa∙s ηm 19.80 57.18 39.49 19.74 8.79 

Kinematic Viscosity m2/s μm 6.8106E-03 1.9713E-02 1.3723E-02 6.9726E-03 3.1547E-03 

Heat Capacity J/kg∙K Cp,m 1489 1570 1615 1730 1880 

Density kg/m3 ρm 2907 2901 2878 2831 2785 

Surface Tension N/m γm 0.36 0.34 0.32 0.29 0.28 

Thermal Conductivity W/m∙K km 1.12 1.10 1.11 1.05 1.03 

Thermal Diffusivity m2/s αm 2.5805-07 2.4128E-07 2.3778E-07 2.1388E-07 1.9584E-07 

Scaling Ratios        

Viscosity 

(Δη = ηa/ηm) 
Pa∙s Δη 1.00 2.89 1.99 1.00 0.44 

Kinematic Viscosity 

(Δμ = (μa/μm) 
m2/s Δμ 1.00 2.89 2.02 1.02 0.46 

Heat Capacity 

(ΔCp = Cpa/Cpm) 
J/kg∙K ΔCp 1.00 1.05 1.08 1.16 1.26 

Density 

(Δρ = ρa/ρm) 
kg/m3 Δρ 1.00 1.00 0.99 0.97 0.96 

Surface Tension 

(Δγ = γa/γm) 
N/m Δγ 1.00 0.92 0.89 0.81 0.77 
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Table 5.5 – Scaling parameters for HB100 at 1551K and modified basaltic melt at 1373K for low viscosity peperite drop experiments (HB85) and 

scaling ratios for each composition. The scaling ratios are calculated relative to HB100.  

Melt Properties Units Symbol Basalt Peperite 

Melt Type   HB100 HB97.5 HB95 HB90 HB85 

Coolant Medium   
Wet 

Sediment 
Wet Sediment Wet Sediment Wet Sediment Wet Sediment 

Melt Temperature K Tm 1551 1373 1373 1373 1373 

Viscosity Pa∙s ηm 8.82 57.18 39.49 19.74 8.79 

Kinematic Viscosity m2/s μm 3.0457E-03 1.9713E-02 1.3723E-02 6.9726E-03 3.1547E-03 

Heat Capacity J/kg∙K Cp,m 1489 1570 1615 1730 1880 

Density kg/m3 ρm 2896 2901 2878 2831 2785 

Surface Tension N/m γm 0.36 0.34 0.32 0.29 0.27 

Thermal Conductivity W/m∙K km 1.12 1.10 1.11 1.05 1.03 

Thermal Diffusivity m2/s αm 2.5906E-07 2.4128E-07 2.3778E-07 2.1388E-07 1.9584E-07 

Scaling Ratios        

Viscosity 

(Δη = ηa/ηm) 
Pa∙s Δη 1.00 6.48 4.48 2.24 1.00 

Kinematic Viscosity 

(Δμ = (μa/μm) 
m2/s Δμ 1.00 6.47 4.51 2.29 1.04 

Heat Capacity 

(ΔCp = Cpa/Cpm) 
J/kg∙K ΔCp 1.00 1.05 1.08 1.16 1.26 

Density 

(Δρ = ρa/ρm) 
kg/m3 Δρ 1.00 1.00 0.99 0.98 0.96 

Surface Tension 

(Δγ = γa/γm) 
N/m Δγ 1.00 0.92 0.88 0.81 0.76 
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Table 5.6 – Values of dimensionless numbers used to assess breakup potential of HB100 at 1428K compared to HB90 at 1323K used in high viscosity 

peperite drop experiments.  

Parameters Units Symbol Basalt Peperite 

Melt Type   HB100 HB97.5 HB95 HB90 HB85 

Coolant Medium   
Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Melt Temperature K Tm 1428 1323 1323 1323 1323 

Coolant Temperature K Ts 295 295 295 295 295 

Interface Temperature K Ti 949 887 887 881 878 

Density of Coolant at 22 °C kg/m3 ρbulk 1700 1700 1700 1700 1700 

Terminal Velocity of Sphere in Water m/s Utw 0.4440 0.4413 0.4387 0.4333 0.4279 

Terminal Velocity of Sphere in Wet Sediments m/s Uts 0.2719 0.2694 0.2668 0.2616 0.2563 

Diameter of the Melt Stream m D 0.0078 0.0078 0.0078 0.0078 0.0078 

Dimensionless Numbers        

Reynold Number  Re 0.2668 0.0869 0.1275 0.2578 0.5847 

Weber Number in Water  Wew 4.2090 4.5324 4.6701 5.0544 5.1956 

Weber Number in Wet Sediments  Wes 2.6707 2.8705 2.9371 3.1320 3.1693 

Ohnesorge Number  Oh 13.1274 41.7909 28.8026 14.6950 6.5176 

Grasshof Number Jet  Gr 2.2378E-06 6.6031E-07 9.7574E-07 1.9756E-06 4.5156E-06 

Prantl Number  Pr 5.0215E+04 1.6420E+05 1.1289E+05 6.1290E+04 2.9152E+04 

Rayleigh Number  Ra 1.1237E-01 1.0843E-01 1.1016E-01 1.2109E-01 1.3164E-01 

Scaling Ratios        

Reynold Number (ΔRe = Rea/Rem)  ΔRe 1.00 0.33 0.48 0.97 2.19 

Weber Number in Water (ΔWe = Wew,a/Wew,m)  ΔWew 1.00 1.08 1.11 1.20 1.23 

Weber Number in Wet Sediments (ΔWe = Wes,a/Wes,m)  ΔWes 1.00 1.07 1.10 1.17 1.19 

Ohnesorge Number (ΔOh = Ohs,a/Ohs,m)  ΔOh 1.00 3.18 2.19 1.12 0.50 

Grasshof Number Jet (ΔGr = Grs,a/Grs,m)  ΔGr 1.00 0.30 0.44 0.88 2.02 

Prantl Number (ΔPr = Prs,a/Prs,m)  ΔPr 1.00 3.27 2.25 1.22 0.58 

Rayleigh Number (ΔRa = Ras,a/Ras,m)  ΔRa 1.00 0.96 0.98 1.08 1.17 
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Table 5.7 – Values of dimensionless numbers used to assess breakup potential of HB100 at 1480K compared to HB90 at 1373K used in moderate viscosity 

peperite drop experiments.  

Parameters Units Symbol Basalt Peperite 

Melt Type   HB100 HB97.5 HB95 HB90 HB85 

Coolant Medium   
Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Melt Temperature K Tm 1480 1373 1373 1373 1373 

Coolant Temperature K Ts 295 295 295 295 295 

Interface Temperature K Ti 975 966 966 966 909 

Density of Coolant at 22 °C kg/m3 ρbulk 1700 1700 1700 1700 1700 

Terminal Velocity of Sphere in Water m/s Ut 0.4411 0.4404 0.4377 0.4322 0.4267 

Terminal Velocity of Sphere in 

Wet Sediments 
m/s Uts 0.2691 0.2685 0.2659 0.2606 0.2552 

Diameter of the Melt Stream m D 0.0078 0.0078 0.0078 0.0078 0.0078 

Dimensionless Numbers        

Reynold Number  Re 0.5052 0.1742 0.2488 0.4835 1.0551 

Weber Number in Water  Wew 4.1784 4.5127 4.6487 4.9627 5.1081 

Weber Number in Wet Sediments  Wes 2.6447 2.8508 2.9156 3.0656 3.1047 

Ohnesorge Number  Oh 6.8991 20.7642 14.7025 7.7522 3.5748 

Grasshof Number Jet  Gr 4.4405E-06 1.3916E-06 2.0015E-06 3.8948E-06 8.5690E-06 

Prantl Number  Pr 2.6392E+04 8.1469E+04 5.7541E+04 3.2494E+04 1.6051E+04 

Rayleigh Number  Ra 1.1720E-01 1.1337E-01 1.1517E-01 1.2656E-01 1.3754E-01 

Scaling Ratios        

Reynold Number (ΔRe = Rea/Rem)  ΔRe 1.00 0.34 0.49 0.96 2.09 

Weber Number in Water (ΔWe = Wew,a/Wew,m)  ΔWew 1.00 1.08 1.11 1.19 1.22 

Weber Number in Wet Sediments (ΔWe = Wes,a/Wes,m)  ΔWes 1.00 1.08 1.10 1.16 1.17 

Ohnesorge Number (ΔOh = Ohs,a/Ohs,m)  ΔOh 1.00 3.01 2.13 1.12 0.52 

Grasshof Number Jet (ΔGr = Grs,a/Grs,m)  ΔGr 1.00 0.31 0.45 0.88 1.93 

Prantl Number (ΔPr = Prs,a/Prs,m)  ΔPr 1.00 3.09 2.18 1.23 0.61 

Rayleigh Number (ΔRa = Ras,a/Ras,m)  ΔRa 1.00 0.97 0.98 1.08 1.17 
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Table 5.8 – Values of dimensionless numbers used to assess breakup potential of HB100 at 1551K compared to HB85 at 1373K used in low viscosity 

peperite drop experiments.  

Parameters Units Symbol Basalt Peperite 

Melt Type   HB100 HB97.5 HB95 HB90 HB85 

Coolant Medium   
Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Wet 

Sediment 

Melt Temperature K Tm 1551 1373 1373 1373 1373 

Coolant Temperature K Ts 295 295 295 295 295 

Interface Temperature K Ti 1018 915 916 909 906 

Density of Coolant at 22 °C kg/m3 ρbulk 1700 1700 1700 1700 1700 

Terminal Velocity of Sphere in Water m/s Ut 0.4398 0.4404 0.4377 0.4322 0.4267 

Terminal Velocity of Sphere in 

Wet Sediments 
m/s Uts 0.2679 0.2685 0.2659 0.2606 0.2552 

Diameter of the Melt Stream m D 0.0078 0.0078 0.0078 0.0078 0.0078 

Dimensionless Numbers        

Reynold Number  Re 1.1263 0.1742 0.2488 0.4835 1.0551 

Weber Number in Water  Wew 4.1370 4.5127 4.6487 4.9627 5.1081 

Weber Number in Wet Sediments  Wes 2.6094 2.8508 2.9156 3.0656 3.1047 

Ohnesorge Number  Oh 3.0731 20.7642 14.7025 7.7522 3.5748 

Grasshof Number Jet  Gr 1.0525E-05 1.3916E-06 2.0015E-06 3.8948E-06 8.5690E-06 

Prantl Number  Pr 1.1757E+04 8.1469E+04 5.7541E+04 3.2494E+04 1.6051E+04 

Rayleigh Number  Ra 1.2373E-01 1.1337E-01 1.1517E-01 1.2656E-01 1.3754E-01 

Scaling Ratios        

Reynold Number (ΔRe = Rea/Rem)  ΔRe 1.00 0.15 0.22 0.43 0.94 

Weber Number in Water (ΔWe = Wew,a/Wew,m)  ΔWew 1.00 1.09 1.12 1.20 1.23 

Weber Number in Wet Sediments (ΔWe = Wes,a/Wes,m)  ΔWes 1.00 1.09 1.12 1.17 1.19 

Ohnesorge Number (ΔOh = Ohs,a/Ohs,m)  ΔOh 1.00 6.76 4.78 2.52 1.16 

Grasshof Number Jet (ΔGr = Grs,a/Grs,m)  ΔGr 1.00 0.13 0.19 0.37 0.81 

Prantl Number (ΔPr = Prs,a/Prs,m)  ΔPr 1.00 6.93 4.89 2.76 1.37 

Rayleigh Number (ΔRa = Ras,a/Ras,m)  ΔRa 1.00 0.92 0.93 1.02 1.11 
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Table 5.9 – Scaling parameters used in SMILE experiments and scaling ratios for each experiment type. The scaling ratios are calculated relative to 

HB100 under identical conditions. HB95 at 1473K corresponds to HB100 at 1528K, HB90 at 1473K corresponds to HB100 at 1583K, and HB90 at 1373K 

corresponds to HB100 at 1473K.  

Melt Properties Units Symbol SMILE 

Melt Type   HB95 HB95 HB90 HB90 

Coolant Medium   Air Air Water 
Wet 

Sediment 

Melt Temperature K Tm 1473 1473 1473 1373 

Viscosity Pa∙s ηm 11.77 11.77 6.31 19.74 

Kinematic Viscosity m2/s μm 
4.1144E-

03 

4.1144E-

03 

2.2450E-

03 

6.9726E-

03 

Heat Capacity J/kg∙K Cp,m 1730 1730 1730 1730 

Density kg/m3 ρm 2860 2860 2813 2831 

Surface Tension N/m γm 0.32 0.32 0.30 0.29 

Thermal Conductivity W/m∙K km 1.05 1.05 1.05 1.05 

Thermal Diffusivity M αm 
2.1600E-

07 

2.1600E-

07 

2.1600E-

07 

2.1458E-

07 

Scaling Ratios       

Viscosity 

(Δη = ηa/ηm) 
Pa∙s Δη 1.04 1.04 1.01 1.03 

Kinematic Viscosity 

(Δμ = (μa/μm) 
m2/s Δμ 1.05 1.05 1.03 1.06 

Heat Capacity 

(ΔCp = Cpa/Cpm) 
J/kg∙K ΔCp 1.08 1.08 1.16 1.16 

Density 

(Δρ = ρa/ρm) 
kg/m3 Δρ 0.99 0.99 0.97 0.97 

Surface Tension 

(Δγ = γa/γm) 
N/m Δγ 0.88 0.88 0.82 0.81 
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Table 5.10 – Values of dimensionless numbers used to assess breakup potential of modified basaltic melts used in hydrovolcanic, peperite drop and SMILE 

experiments. HB95 at 1473K corresponds to HB100 at 1528K, HB90 at 1473K corresponds to HB100 at 1583K, and HB90 at 1373K corresponds to HB100 

at 1473K.  

Parameters Units Symbol Smile 

Melt Type   HB95 HB95 HB90 HB90 

Coolant Medium   Air Air Water 
Wet 

Sediment 

Melt Temperature K Tm 1473 1473 1473 1373 

Coolant Temperature K Ts 295 295 295 295 

Interface Temperature K Ti 974 974 966 909 

Density of Coolant at 22 °C kg/m3 ρbulk 1.25 1.25 1000 1700 

Exit Pressure P  2 bars 5 bars 30 bars 30 bars 

Exit Velocity m/s Ut 0.0035 0.1989 1.1955 0.3824 

Diameter of the Melt Stream m D 0.0200 0.0050 0.0050 0.0050 

Dimensionless Numbers  Re     

Reynold Number  Wew 0.0016 0.2396 2.6554 0.2735 

Weber Number  Wes 9.3030E-08 7.5355E-04 2.9051E-02 3.0501E-03 

Ohnesorge Number  Oh 8.6787 5.4889 3.0673 9.6825 

Grasshof Number Jet  Gr 1.2298E-07 1.9216E-06 3.4819E-06 1.0259E-06 

Prantl Number  Pr 7.9213E+10 7.9213E+10 5.0570E+10 1.5915E+11 

Rayleigh Number  Ra 9.7417E+03 1.5221E+05 1.7608E+05 1.6328E+05 

Scaling Ratios       

Reynold Number (ΔRe = Rea/Rem)  ΔRe 0.9203 0.9203 0.9603 0.9122 

Weber Number in Water (ΔWe = Wew,a/Wew,m)  ΔWew 1.0570 1.0570 1.1965 1.1585 

Weber Number in Wet Sediments (ΔWe = Wes,a/Wes,m)  ΔWes 1.1096 1.1096 1.1236 1.1645 

Ohnesorge Number (ΔOh = Ohs,a/Ohs,m)  ΔOh 0.9089 0.9089 0.8726 0.8443 

Grasshof Number Jet (ΔGr = Grs,a/Grs,m)  ΔGr 1.2109 1.2109 1.4051 1.4441 

Prantl Number (ΔPr = Prs,a/Prs,m)  ΔPr 1.1006 1.1006 1.2261 0.4518 
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Table 5.11 – Comparison of experimental melts used in molten fuel coolant interaction studies. The values for corium, thermite and tin were taken from 

Corradini (1991). The values for Cerrotru alloy are from Siewert et al. (2002) and Sabirzyanov et al. (2008). The properties for the Al-Fe melts of Wohletz 

(2002) were calculated using Giordano et al. (2008) for viscosity, and the densities were calculated using the partial molar volumes and thermal expansion 

as described in Chapter 4, Section 4.3.5. The thermal conductivity for the Al-Fe Blocky Particle was estimated from the thermal conductivity of thermite, 

and for the silicate coating it was calculated using Fluegel (2007).  

Melt Properties Units Symbol Corium1 Thermite1 Tin1 Cerrotru2,3 

Al-Fe 

Blocky 

Particle4 

Al-Fe 

Silicate 

Coating4 

Composition   UO2/ZrO2/SS Fe/Al2O3 Sn Sn-58Bi 
Thermite 

and sand 

Thermite 

and sand 

Melt Temperature K Tm 2800 2800 1000 411 1373 1373 

Viscosity Pa∙s ηm 0.005 0.005 0.002 0.0015 2.11 0.66 

Kinematic Viscosity m2/s μm 6.5274E-07 1.3055E-06 2.8986E-07 1.7139E-07 4.7974E-04 2.1116E-04 

Heat Capacity J/kg∙K Cp,m 526 1060 240 155   

Density kg/m3 ρm 7660 3830 6900 8752 4398 3126 

Surface Tension N/m γm 1 1.25 0.5 0.319 1 0.5 

Thermal Conductivity W/m∙K km 8.5 16.5 33 19 10 1.1 

Thermal Diffusivity M αm 2.1096E-06 4.0642E-06 1.9928E-05 1.4006E-05 2.0136E-06 2.5085E-07 

Scaling Ratios         

Viscosity 

(Δη = ηa/ηm) 
Pa∙s Δη 0.00023 0.00023 0.00009 0.00007 0.10 0.03 

Kinematic Viscosity 

(Δμ = (μa/μm) 
m2/s Δμ 0.00009 0.00018 0.00004 0.00002 0.06 0.03 

Heat Capacity 

(ΔCp = Cpa/Cpm) 
J/kg∙K ΔCp 0.42 0.84 0.19 0.12 1.03 1.11 

Density 

(Δρ = ρa/ρm) 
kg/m3 Δρ 2.63 1.32 2.37 3.01 1.51 1.07 

Surface Tension 

(Δγ = γa/γm) 
N/m Δγ 2.75 3.44 1.38 0.88 2.75 1.38 

Thermal Diffusivity 

(Δα = αa/αB) 
m2/s Δα 6.92 13.33 65.37 45.95 6.61 0.82 
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Table 5.12 – Values of dimensionless numbers for experimental melts used in molten fuel coolant interaction 

studies. The values for the volumetric thermal expansion used to calculate the Grashof Number are from 

Ronchi et al. (2004) for corium and thermite, Sharafat and Ghoniem (2000) for Tin, and Siewert et al. (2002) 

for Cerrotru.  

Parameters 
Uni

ts 

Sym

bol 

Coriu

m 

Therm

ite 
Tin 

Cerrot

ru 

Al-Fe 

Blocky 

Particl

e 

Al-Fe 

Silicate 

Coatin

g 

Melt Temperature K Tm 2800 2800 1000 411 1373 1373 

Water Temperature K Tw 295 295 295 295 295 295 

Interface Temperature K Ti 2266 2394 876 383 1172 915 

Density of Water at 22 °C 
kg/

m3 
ρw 1000 1000 1000 1000 

1000 
1000 

Terminal Velocity of Sphere m/s Ut 0.6600 0.4302 0.6212 0.7120 0.4714 0.3728 

Diameter of the Melt Stream m d 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 

Dimensionless Numbers         

Reynold Number  Re 5055 1648 10715 20772 5 9 

Weber Number in Water  Wew 2.18 0.74 3.86 7.95 1.11 1.39 

Ohnesorge Number 
 Oh 

8.0792

E-04 

1.0220

E-03 

4.8154

E-04 

4.0147

E-04 

4.4994

E-01 

2.3611

E-01 

Grashof Number Jet 
 Gr 

3.8147

E-02 

2.8586

E-03 

2.3580

E-01 

8.4768

E-03 

3.2512

E-06 

3.4207

E-05 

Prantl Number 
 Pr 

1.2467

E+06 

1.3041

E+06 

2.4087

E+04 

1.6600

E+04 

1.3549

E+09 

3.6914

E+09 

Rayleigh Number 
 Ra 

4.7557

E+04 

3.7278

E+03 

5.6798

E+03 

1.4072

E+02 

4.4051

E+03 

1.2627

E+05 

Ratios         

Reynold Number (ΔRe = Rea/Rem)  ΔRe 17822 5809 37775 73228 17 31 

Weber Number in Water (ΔWe = 

Wew,a/Wew,m) 
 

ΔW

ew 1.40 0.48 2.48 5.10 0.71 0.89 

Weber Number in Wet Sediments 

(ΔWe = Wes,a/Wes,m) 
 ΔOh 

1.0768

E-04 

1.3620

E-04 

6.4178

E-05 

5.3506

E-05 

5.9966

E-02 

3.1467

E-02 

Ohnesorge Number (ΔOh = 

Ohs,a/Ohs,m) 
 ΔGr 

9395 704 58073 2088 0.80 8.42 

Grasshof Number Jet (ΔGr = 

Grs,a/Grs,m) 
 ΔPr 

1.4007

E-05 

1.4652

E-05 

2.7064

E-07 

1.8652

E-07 

1.5224

E-02 

4.1476

E-02 

Prantl Number (ΔPr = Prs,a/Prs,m)  ΔRa 0.1316 0.0103 0.0157 0.0004 0.0122 0.3494 
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5.8 Figures 

 
Figure 5.1 – Graphs showing the scaling ratios viscosity (Δη), heat capacity (ΔCp), density (Δρ) and 

surface tension (Δγ) versus Spectromelt A10® content for melts HB100 to HB85 at 1473K. 

 
Figure 5.2 – Graphs showing the fluid dynamic and thermal scaling ratios Reynold Number (ΔRe), 

Weber Number in sediments (ΔWes), Ohnesorge Number (ΔOh), Grashof Number (ΔGr), Prantl 

Number (ΔPr ), and Rayleigh Number (ΔRa) versus Spectromelt A10® content for melts HB100 to 

HB85 at 1473K. 
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Figure 5.3 – Scaling of the ratio of viscosity (Δη) versus the composition of the analog melt. The lines 

represent the scaling ratios for viscosity at various temperatures. This identifies the composition of the 

analogue melt with a viscosity that scales the closest to the viscosity of the unmodified basaltic melt 

(i.e., where Δη = 1). 

 

 

 
Figure 5.4 – The ratio of liquid heat capacity (ΔCp

Liquid) to Li2B4O7 content in modified basaltic melts.  

 



Chapter 5 - Scaling 

410 

 

 
Figure 5.5 – The ratio of density (Δρ) to Li2B4O7 content in modified basaltic melts. 

 
Figure 5.6 – The ratio of surface tension (Δγ) to Li2B4O7 content in modified basaltic melts. 
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Figure 5.7 – Graphs showing the scaling ratios viscosity (Δη), heat capacity (ΔCp), density (Δρ) and 

surface tension (Δγ) versus Spectromelt A10® content. a.) HB100 to HB85 at 1473K; b.) HB100 at 

1428K with modified melts at 1323K; c.) HB100 at 1473K with modified melts at 1373K; d.) HB100 at 

1548K with modified melts at 1373K. 
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Figure 5.8 – Graphs showing the scaling ratios Reynold Number (ΔRe), Weber Number in sediments 

(ΔWes), Ohnesorge Number (ΔOh), Grashof Number (ΔGr), Prantl Number (ΔPr ), and Rayleigh 

Number (ΔRa) versus Spectromelt A10® content. a.) HB100 to HB85 at 1473K; b.) HB100 at 1428K 

with modified melts at 1323K; c.) HB100 at 1473K with modified melts at 1373K; d.) HB100 at 1548K 

with modified melts at 1373K. 

 
Figure 5.9 – The scaling ratios of various other analogue materials versus HB100 at 1473K. 

 

 
Figure 5.10 – The structure of montmorillonite clay showing water in the interlayer causing swelling. 

(by Andreas Trepte, https://commons.wikimedia.org/w/index.php?curid=2356198, accessed on July 

13th, 2016). 

 

https://commons.wikimedia.org/w/index.php?curid=2356198
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Figure 5.11 – How the addition of swelling clays changes the void ratio and permeability of sediments. 

Copyright image can be found in Komine and Ogata (1996), Figure 2. 
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CHAPTER 6 - FACTORS INVOLVED IN THE 

MODELLING OF PEPERITE 
 

6.1 Overview 

In working towards developing a new model to understand the formation of peperitic 

textures it is essential that several important factors are examined. There are three areas of study 

that need to be presented to gain comprehensive understanding of the topic: sediment liquefaction, 

heat flow and boiling at the sediment interface, and the fluid dynamic breakup of viscous liquids. 

It is the combination of these factors working together that drive the formation of peperites and 

control the textures observed in the rock record.   

The ability for a sediment to undergo liquefaction is essential in driving the breakup of 

magma for the formation of peperitic textures as it is required for melt to sink through the sediment. 

By providing the reader with an understanding of the mechanisms of liquefaction, they can then 

better understand the criteria for the liquefaction susceptibility of unconsolidated sediments. This 

knowledge can then be used along with a thorough examination of the physical properties of the 

analogue sediments used in this thesis to address its liquefaction susceptibility. 

Moving forward from this point I can then critically look at boiling as a result of heat 

transfer and how boiling effects the liquefaction of sediments. Specifically, I can address how 

fluidization is hindered- by the formation of stable vapour films but the formation of the stable 

vapour film in and of itself helps drive the formation of peperite by providing the melt with 

insulation thus preventing cooling. Evidence for the kinetic energy needed to increase pore water 

pressure enabling liquefaction is provided using examples of recent work on Leidenfrost boiling. 

A simple model of heat transfer between a cooling melt and liquid water using the heat flow 
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modelling software Energy 2D shows how kinetic energy can be transferred from boiling fluids to 

stationary particles creating liquefaction is then presented.  

Finally, this chapter examines the importance of fluid dynamics and the breakup of 

immiscible liquids. This knowledge is then applied to a 2D numerical simulation of the mixing of 

immiscible fluids using the numerical modelling software openFoam® (Weller et al., 1998) to look 

at melt jet breakup (i.e., a stream of melt being poured into another liquid). From here I can discuss 

the effect of differences in density, surface tension and viscosity on primary and secondary breakup 

of fluids. The models use modified basaltic melts employed in the peperite experiments to look at 

jet breakup and then are extended to examine other melt types used in peperite experiments and 

FCI experiments. These numerical simulations help us better understand the differences between 

the formation of peperite and the plausibility of fuel-coolant interactions leading to peperite 

formation as suggest by Wohletz (2002). A second set of 2D numerical simulations are then 

designed to examine the Rayleigh-Taylor instabilities at planar melt-sediment interfaces. A 

comparison can then be drawn between fluid-fluid modelling and the formation of peperite.  

6.1 Liquefaction and the Liquefaction Susceptibility of Analogue Sediments 

Central to our understanding of peperite formation is the liquefaction of sediments. During 

liquefaction, a state of zero-effective stress is created and the density contrasts between the magma 

and the liquefied sediments cause the magma to penetrate the sediments. Factors affecting 

liquefaction include the grain size, character, strength and liquefaction potential of sediment. These 

factors are critical in understanding how sediments will behave when subjected to changes in 

pressure, shaking or a combination of the two. Since not all sediments are susceptible to 

liquefaction due to differing compositional components and strain histories, each must be reviewed 

to assess its potential for liquefaction. This section reviews the state of the art knowledge on 
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liquefaction, as well as assesses the liquefaction susceptibility of the analogue sediments used in 

the peperite experiments. 

6.1.1 Liquefaction and Liquefaction Potential 

Liquefaction of unconsolidated sediment has been of major concern to engineers since the 

1964 earthquake events in Alaska and Japan produced spectacular examples of liquefaction-

induced damage (Fig. 6.1). Liquefaction is the process by which a sediment loses shear strength, 

after being subjected to loading, and flows in a manner resembling a liquid until the shear stress 

reacting on the mass is as low as the reduced shear resistance (Sladen et al., 1985). This is similar 

to fluidization as discussed in Chapter 2, where by a granular material is converted from a solid 

state to a liquid state as liquid or gas is passed through it. The difference between the two is that 

liquefaction requires loading whereas fluidization requires fluid flow. Liquefaction may occur by 

static loading as in the case of buildings and roads, or as a result of harmonic waves produced by 

earthquakes, from blasting during construction or due to strong wave action near shore lines during 

storms and tsunamis (Holtz and William, 1981). 

Liquefaction results from the tendency for sediments to decrease in volume when subjected 

to shear stress. When loose, saturated sediments are sheared, consolidation of the sediments occurs 

as pore water is pushed out of the void space and grains become rearranged in a denser 

configuration (Fig. 6.2). If this occurs in sediments where drainage is impeded, then the pressure 

of the pore water increases with the shear load causing a transfer of stress from the grain skeleton 

to the pore water. The effective stress is a measure of the internal stress provided by the contribution 

of grain on grain interaction in the soil skeleton. Per Terzaghi’s principle the effective stress (σ’) is 

related to the total stress (σ) and the pore pressure (u) by the relationship: 

σ = σ′ + 𝑢 (6.1) 
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meaning that the total stress is equal to the sum of the effective stress and pore water pressure. 

Liquefaction occurs when the decrease in effective stress is larger than the static stress or ambient 

stress resulting in large scale deformations (Seed and Idriss, 1982a). In this case the water pressure 

is carrying the entire normal stress, and the shear stress induces flow in the manner of a viscous 

fluid (Lakeland et al., 2014).  

The criteria for liquefaction susceptibility considers historical, depositional environment, 

and compositional characteristics. Field studies at post-earthquake liquefaction sites have shown 

that liquefaction often recurs in the same location due to the unchanged sediment and ground water 

conditions (Youd, 1984). Ambraseys and Menu (1988) completed a review of post-earthquake 

liquefaction from historical sites and determined that there is an empirical relationship between the 

earthquake magnitude and the maximum potential distance of the liquefaction site from the 

epicenter (Fig. 6.3). 

The geological environment plays an important role in liquefaction susceptibility, as does 

the hydrological environment and age of the sedimentary deposit (Youd and Hoose, 1977; Youd, 

1991). Specific environments that produce sedimentary deposits of uniform grain size and deposit 

them in a loose state include fluvial deposits, colluvial and aeolian deposits, alluvial-fan, alluvial 

plain, beach, terrace, playa and estuarine deposits (Kramer, 1996). For cases where the deposits are 

subaerial and dry, such as man-made, alluvial or aeolian deposits, they may become water saturated 

due to a high-water table in the area influencing the liquefaction susceptibility. Both the depth and 

the age of the sedimentary deposit have a significant effect, as the majority of recent liquefaction 

event being observed in deposits of Holocene age or construction fills (Seed et al., 1985; Boulanger 

and Idriss, 2007). With increasing depth, unconsolidated sediments become more compacted and 
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decrease in porosity. Older deposits typically have undergone both compaction and partial to 

complete cementation and because of this are less susceptible to deformation via liquefaction.  

The characteristics of the sedimentary deposits play a significant role in the liquefaction 

susceptibility. Notably, the particle size, shape, and grading reflect the formation history of the 

grains (i.e., weathering, transportation, depositional environment) and are all influenced by the 

mineralogical composition (Cho et al., 2006). These properties in combination with the strain 

history and the degree of lithification affect the porosity and permeability of the sediment structure 

controlling how the sediments behave as pore pressures increase (Das and Ramana, 2011) leading 

to sediment failure or liquefaction.  

Liquefaction primarily occurs in medium- to fine-grained saturated cohesionless sediments 

(Das and Ramana, 2011), as more cohesive sediments have a tendency to undergo strain softening 

(Thakur et al., 2014). Studies show that both clean16 sands (Martin et al., 1975; Seed and Idriss, 

1982b) and fine silts (Ishihara, 1984; Ishihara, 1985) easily undergo liquefaction. This includes 

very sandy silt to silt with or without the presence of clay (Lade and Yamamuro, 1997; 

Thevanayagam et al., 1997; Polito, 1999; Sharafi and Baziar, 2010; Belkhatir et al., 2011; Belkhatir 

et al., 2012). It is important to note that sandy silts and silty sands maybe be even more liquefiable 

than clean sands alone (Belkhatir et al., 2014).  

The work of Boulanger and Idriss (2006) shows that both sediments with clay-like 

behaviour and those with sand-like behaviour can easily undergo liquefaction. Contrary to older 

liquefaction susceptibility guidelines, it is not the amount of clay-size grains that controls the 

liquefaction behaviour; rather, it is the specific clay mineralogy and abundance of each type of clay 

                                                      
16 Clean sand – A sediment comprised of at least 25% very coarse, coarse and medium sand varying in size 

from 2.0 to 0.25 mm, less than 50% fine or very fine sand ranging in size between 0.25 and 0.05 mm, and no 

more than 10 % of particles smaller than 0.05 mm.  
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mineral (Bray and Sancio, 2006). This is important because not all wet sediment-magma interaction 

will result in peperitic textures, nor will liquefaction always occur to the same degree.  

The best indicator for the liquefaction susceptibility of a sediment is the plasticity index 

(PI) – defined as the difference between the liquid limit and the plastic limit. (These concepts are 

covered in Chapter 3). Also important to the assessment of liquefaction susceptibility is the ratio 

of the water content to the liquid limit (Fig. 6.5). As such, the following criteria for liquefaction 

susceptibility should be used as a guideline: 

• PI < 12 and wc/LL >0.85 Susceptible to liquefaction: These sediments are 

considered “sand-like” and evaluated using the procedures for sands and non-

plastic silts as outlined in Boulanger and Idriss (2014; 2016).  

• 12 ≤ PI ≤ 18-20 and wc/LL >0.80 Potentially Susceptible to Deformation: These 

sediments are considered “clay-like” and may undergo significant deformation 

under loading and cyclic shear. Further laboratory testing using triaxial testing 

should be conducted to examine the extent of cyclic softening (Boulanger and 

Idriss, 2006; Boulanger and Idriss, 2007). 

• PI > 18-20 Not Susceptible to Liquefaction: Testing not recommended as multiple 

studies show that materials of this high plasticity index don’t liquefy, though they 

may undergo strain softening.  

It is not inevitable that a sediment that meets all the preceding criteria for liquefaction 

susceptibility will undergo liquefaction. The initial state of the sediment also plays a role in 

liquefaction susceptibility namely, the stress (i.e., confining pressure) and density characteristics 

of the sediments prior to large strain events. Specific to this is the critical void ratio, which takes 

into account whether a sediment will undergo contraction or dilation in response to strain based on 
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its porosity. The critical void ratio (ec) then corresponds to the constant density at the point of 

constant shear resistance. Loose sediments contract during shearing, whereas dense sediments 

initially contract and then become dilative (Fig 6.5). The contractive behaviour of a sediment is 

controlled by grain skeleton. In the loose sediments, grain rearrangement occurs causing a decrease 

in volume and may not develop any peak stress above the critical state.  In dense sediments, the 

grain skeleton contracts until granular interlock occurs preventing any further contraction. For 

shearing to continue after this point, the soil must dilate as the grains move over each other until 

peak strength is reached.  At very large strains the two types of sediments approach the same density 

and continues to shear with constant shear resistance.  

Per the peperite literature review, nearly all types of clastic sediments (e.g., sands, silts, 

silty muds, clays, and tuff or volcaniclastic sediments) were documented to interact with magmas. 

The majority of these sediment types are likely non-plastic, though the specific clay mineralogy is 

not mentioned even in cases where clay sized sediments have been identified. For non-plastic 

saturated silts, the behaviour under cyclic loading and nature of generation and buildup of pore-

pressure should be expected to be about the same as that for clean sands (i.e., pore water pressures 

increase until a zero-effective stress point is reach leading to failure). However, if a small fraction 

of highly plastic material is added to a non-plastic silt, high pore water pressures can be reached 

because the clay reduces the hydraulic conductivity (Guo and Prakash, 1999) by decreasing the 

permeability. Additionally, the cohesion of the sediment will increase with increasing clay fraction 

(for certain clay minerals), which may lead to an increase in the shear resistance (Guo and Prakash, 

1999). The interplay of these two factors determines whether the shear resistance of silt-clay 

mixtures increases or decreases compared to that of the pure silts, affecting its liquefaction 

susceptibility. 
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Non-plastic silts have been widely studied for their liquefaction potential. The liquefaction 

resistance of sediments has been found to both increase (Chang et al., 1982; Amini and Qi, 2000) 

and decrease followed by an increase (Kuerbis et al., 1988; Finn et al., 1994; Koester, 1994; Polito 

and Martin Ii, 2001) with increasing silt content (Fig. 6.6). Karim and Alma (2014) conducted 

extensive experiments using constant dry density with varying wet densities to resolve the 

conflicting conclusions about the effect of fines content on liquefaction behaviour. The increase of 

fine content allows the sands to pass from a sand dominated sediment skeleton to a silt dominated 

skeleton. The point at which this transition occurs is called the limiting fines content (LFC), 

occurring where there are enough fines that the sand grains lose contact with each other (Fig. 6.7).  

The Karim and Alma (2014) study found that there is an increase in the rate of excess pore 

pressure with the initial increase in silt content; once the LFC content of the sediment is reached 

there is a decrease in the rate of excess pore pressure (Fig. 6.8). The change in excess pore pressure 

generation corresponds to a permeability decrease occurring until the silt content reached the LFC 

after which the permeability becomes constant with the silt content (Karim and Alam, 2014). 

Importantly they discovered that the number of loading cycles requited to initiate liquefaction 

decreases to the LFC then increases (Fig. 6.9). This means the liquefaction susceptibility of the 

sample increases with its proximity to the LFC. Again, these relationships are connected to the 

change in the matrix from sand controlled to silt controlled behaviour.  

The limiting fines content can be calculated using the method presented in Hazirbaba 

(2005): 

LFC =
𝑤𝑓

𝑤𝑠 + 𝑤𝑓

=
𝐺𝑠𝑓𝑒𝑓

𝐺𝑠𝑓𝑒𝑠 + 𝐺𝑠𝑠(1 + 𝑒𝑓)
 (6.2) 
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where wf is the weight of the fine fraction and ws is the weight of the sand fraction, Gsf = specific 

gravity of the fines; Gss = specific gravity of the sand; ef = void ratio of the fines; and es = maximum 

index void ratio of the sand. 

Liquefaction may also occur in partially water-saturated sediments. Numerous laboratory 

test results indicate that the liquefaction resistance of sands increases with a decreasing degree of 

water-saturation (Ishihara et al., 2001; 2004; Yang, 2002; Yang et al., 2004; Atigh and Byrne, 2004; 

Bouferra et al., 2007). Additionally, the role of grain sizes and drag forces during the liquefaction 

process must be considered. In order for the sustained contraction of the grain skeleton to occur, 

the gravitational and overburden forces on the particle must be balanced by the drag forces of the 

water so that the grains are able to travel downward (Lakeland et al., 2014). This occurs at a slower 

terminal velocity while the water is pressurized and travels upwards towards the surface. 

Further, there is a distinct relationship between the grains size and permeability of the 

sediments. For larger grains the rate of settling is faster with the most rapid settling occurring in 

high permeability sediments as pore water pressure is able to quickly dissipate (Lakeland et al., 

2014). In the case of uniform size silt particles, even if all particle contact is lost, settlement will be 

extremely slow and particles will not move far from their initial positions during loading owing to 

high drag forces relative to gravitational settlement (Lakeland et al., 2014). This implies that time 

scale of liquefaction decreases with increasing grain size.  

A final compelling topic that should be addressed is the topic of densification and limit of 

liquefaction. The experimental studies of Sumer et al. (2006) consider liquefaction as part of a 

sequence of sediment behaviour beginning with the build-up of pore pressure resulting in 

liquefaction, followed by the densification of the sediment bed. Under regular ocean waves, the 

liquefaction front in a homogenous bed cannot propagate downward indefinitely and has to stop at 

a certain depth where shear deformations are no longer large enough to cause liquefaction (Xu, 
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2012). As a result, compaction begins from the bottom of the liquefied zone with the compaction 

front moving upwards until it reaches the surface of the sediment (Miyamoto et al., 2004). 

The rate of sediment densification under regular ocean waves is usually considered to take 

place at a much slower rate than liquefaction (Zen and Yamazaki, 1990; Miyamoto et al., 2004). It 

is the reasonable to assume that different temporal scales exist for the liquefaction and densification 

processes. This was used by Miyamoto et al. (2004) to identify a solidification front and develop a 

model to predict its upward propagation. However, Cho (2004) shows that when sediment is subject 

to the action of a random wave time series, the liquefaction is mainly affected by large waves in 

the time series. In between the large ocean waves the sediment bed can experience densification as 

the pore pressure within the bed may have time to dissipate. In general, neither the liquefaction 

front nor the densification front will maintain a one-way movement (up or down). As a result, the 

time scales for the liquefaction and densification processes may not be easily separated as in the 

regular wave situation (Xu, 2012).  

6.1.2 Liquefaction Susceptibility of Analogue Sediment and Effect on Peperitic 

Texture Formation 
 

As liquefaction is a required mechanism for melt to sink through a wet sediment (i.e., the 

zero-effective stress state allows the two different density fluids to act as immiscible fluids), it is 

important to look at the liquefaction susceptibility of the sediments used in peperite experiment. 

The grain size analysis of the unsieved analogue sediments using GRADISTAT (Blott and Pye, 

2001) indicates that they are a very fine gravelly, very fine sandy, coarse silt and the < 250 μm 

analogue sediments are a coarse silt (Table 4.55). Microscopy of the silts revealed that they are 

comprised largely of subangular to subrounded pumice, scoria and andesite fragments with minor 

amounts of NIST glass. Woody particles were observed in the unseived fraction. This is consistent 
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with the specific gravity of the analogue sediments, with the unseived sediments having an Gs of 

2.58 and the < 250 μm analogue sediments having a Gs of 2.63. These values also fall within the 

expected range for sandy silts and volcaniclastic sediments. 

The testing of the Atterberg limits shows that the analogue sediments are non-plastic and 

their liquid limits fall between ~31 and 33%. The liquefaction criteria of Seed et al. (2003) indicate 

that this sediment is highly liquefiable (Fig. 6.10). This is in agreement with the liquefaction criteria 

outlined by (Bray and Sancio, 2006) in which any sediment with a PI < 7 and having a wc/LL > 0.8 

are liquefiable. However, the wc/LL of the wet sediments used in peperite experiments is much 

greater than this and failure is not observed in all cases. In fact, low viscosity (HB85 at 1100C; 8.79 

Pa∙s) static peperite experiments in the < 250 μm sieved sediments with wc/LL of 1.2 (Table 6.1) 

show the melt did not penetrate the surface, rather minor deformations occur at the surface of the 

sediments (Fig. 4.52) For experiments with wc/LL of 1.6 the melt remained at the surface for several 

seconds (Fig. 4.54) before liquefaction failure began. However, for the unsieved sediments, low 

viscosity (HB85 at 1100C; 8.79 Pa∙s) static peperite experiments show complete failure at wc/LL 

contents as low as 1.3 (Table 6.1). 

The results of the peperite experiments show that the wc/LL ratio is not what controls the 

liquefaction of sediments. The liquid limit is a construct used by engineers to examine the moisture 

content at which the sediment behaves as a viscous fluid. In non-plastic sediments, the method used 

to measure the LL, whether it be the percussion cup method or the fall cone method, causes the 

liquefaction of the sediments themselves because of the force used to close the gap in the sediments 

or penetrate them (Sridharan and Nagaraj, 1999). As the force is involved in determining the liquid 

limit for sediments, it is also important to consider that the water content at the liquid limit does 

not represent the saturation of a sediment.  

To examine the saturation of the analogue sediments used in peperite experiments I must 

determine the porosity and the void ratio of the sediments. The wet sediments that were used in 
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peperite experiments were prepared using the same remolding method as used to determine the 

liquid limit. Therefore, the porosity and void ratio of the sediments used in peperite experiments 

should be nearly identical to the porosity and void ratio of the sediments at the liquid limit. It is 

recognized that for some of the water contents the void ratios are likely higher than the void ratio 

at the liquid limit as the water contents are higher but since the void ratios were not measured for 

each experiment I am using this as a reference point. 

The porosity (nLL) of a sediment at its liquid limit can be calculated using the method of 

Wetzel (1990): 

nLL =
100(0.0378LL + 0.43)

(0.0378LL + 1.43)
 (6.3) 

 

derived from an extensive set of marine sedimentary data. From this equation, the porosity at the 

LL as determined in Chapter 4 can be calculated and the water content at saturation can be 

calculated. For the unsieved sediments the porosity is 0.6243 with a saturated water content of 

64.40%, for the <250 μm sieved sediments the porosity is 0.6153 with a saturated water content of 

60.82%. 

From the values for the porosity, the void ratio at the liquid limit (eLL) can be calculated 

using the relationship: 

𝑒𝐿𝐿 =
n𝑠

(1 − n𝑠)
 (6.4) 

 

and the degree of saturation (Sr) of the sediment being examined using the equation:  

𝑆𝑟 =
(w𝑐 ∗ G𝑠)

𝑒𝐿𝐿

 (6.5) 



Chapter 6 – Factors Involved in the Modelling of Peperite 

426 

 

 

where wc is the water content of the sediment and Gs is the specific gravity. The calculations of the 

porosity and void ratio at the liquid limit, show that the unsieved sediments have both a higher 

porosity and void ratio than the < 250 μm sieved sediments (Table 6.1). The degree of saturation 

was calculated for each water content the peperite experiments were conducted at (Table 6.1) 

relative to the void ratio at the liquid limit. The Sr values for the low viscosity (HB85 at 1100C; 

8.79 Pa∙s) static peperite experiments in the unsieved sediments with wc/LL of 1.3 is 0.66 where 

are the < 250 μm sieved sediments with wc/LL of 1.2 is 0.59. This suggests that a Sr of greater than 

0.60 is required to initiate liquefaction, but this number is not fixed as low viscosity (HB85 at 

1100C; 8.79 Pa∙s) static peperite experiments in < 250 μm sieved sediments with wc/LL of 1.6 and 

a Sr of 0.82 show that magma stays at the surface for several seconds before liquefaction occurred 

(Fig. 4.54).  

With the moderate (HB90 at 1100°C, 19.74 Pa∙s) and high (HB90 1050°C, 37.23 Pa∙s) 

viscosity melts in < 250 μm sediments, the static experiments show that it is more difficult to induce 

the liquefaction of the sediments than with the lower viscosity melts (HB85 1100°C, 8.79 Pa∙s). 

Static experiments that have a wc/LL of 1.6 and a Sr of 0.82 (Fig. 4.62) show that the melt remained 

on the surface to produce a uniform layer with liquefaction occurring only at the point where the 

melt first contacts the sediments. When liquefaction was induced part way through the test, by 

applying a 50 to 60 Hz oscillation, the entire melt layer sunk through the sediments without further 

deformation of the melt occurring. This experiment was then repeated and a thin layer of water was 

added to the top of the sediments. Results of this experiment show that with a small volume of 

water added to the surface of the sediments they become readily liquefiable (Fig. 4.61). For the 

same wc/LL and Sr, a higher viscosity melt (HB90 37.23 Pa∙s) also remains near the surface 

partially burrowing in the region where the melt was first poured (Fig. 4.66). However, the greater 
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the volume of melt used in the experiments, the deeper the melt is able to burrow into the sediments 

from the surface (Fig. 4.67).  

Aside from the difference in void ratio and the degree of saturation, the effect of changes 

to the abundance of sand and silt must be considered. The limiting fines content (LFC) can be 

calculated if it is assumed that the specific gravity (Gss) and void ratio (es) of the sand fraction are 

similar to the values of the Karim and Alma (2014) study, the LFC is 37. 36%. The fines content 

of both the unsieved and the <250 μm sieved sediments used in peperite experiments are well above 

the LFC. This indicates that the rate of increase in the pore pressure will be far less than at its 

maximum near the LFC.  

Regardless of the LFC value, peperite experiments show that the unsieved sediments are 

more easily liquefiable that the sieved sediments as the latter contains a higher content of non-

plastic silt. Supporting this is the textural change in the low viscosity melt between the unsieved 

(80.5% silt size or finer) and the < 250 um sieved (91.2% silt size or finer) sediments. The textures 

of the peperites produced using the unsieved sediments show more hydrodynamic mixing and a 

greater degree of flaser textures and bubble formation (Figs. 4.46, 4.47). The addition of 10% more 

silt size in the < 250 μm sediments leads to the production of globular textures but without flaser 

and bubble production (Figs. 4.53, 4.55). 

Two other topics briefly addressed in this thesis were the undrained shear strength and the 

shear strength of drained sediments. The undrained shear strength of the sediments would become 

important in cases where there is not enough available water to create liquefaction. In these cases, 

where the water content is much less than the liquid limit the degree of deformation of the sediments 

is limited and magma breakup will not occur, though undulations at the interface of the magma and 

sediments may occur. Though the bulk density of the partially dry sediments may be lower than 
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that of wet sediment the frictional grain on grain forces prevent the sediment from losing cohesion. 

At these very low water contents, the drained shear strength better reflects the conditions for 

sediment failure. In this scenario, in the pressure of the intruding or overlying magma must provide 

enough pressure to induce failure in a brittle manner, and would not produce peperite. 

6.2 Heat Flow and Boiling in Magma – Wet Sediment Intrusions  

It is well known that when a heat source interacts with water that heat is transferred to the 

water and boiling can occur. By this process water vapour is formed in bubbles and they can 

buoyantly rise and break through that water surface because of their lower density. The boiling 

point, also referred to as the temperature of saturation, is 100°C for water under atmospheric 

conditions. Less well known to the average reader is the greater the differential in temperature 

between the heat source and water, the formation of the bubbles and the rate at which they form 

changes. This is known as the boiling regime.  

Within the boiling regime there are several different types of boiling first observed by 

Nukiyama (1934). They are natural convection, sub-cooled nucleate boiling, nucleate boiling, 

transition boiling and film boiling regimes (Bejan, 2013). The boiling curve shows the change in 

heat flux (q) related to the increase in temperature above the temperature of saturation (Ts) or 

superheat (Fig. 6.11). 

The first boiling regime is natural convection located below point A on the boiling curve 

(Fig. 6.11), representing the onset of nucleate boiling. In the natural convection regime heat is 

transferred from a heat source to the fluid without the formation of bubbles at approximately 1-4 

degrees above the saturation temperature for water (Bejan, 2013). The liquid near the heat source 

becomes just slightly superheated and free convection may occur resulting in evaporation at the 

interface between the water and air (Fig. 6.12a). The second regime is sub-cooled nucleate boiling 



Chapter 6 – Factors Involved in the Modelling of Peperite 

429 

 

(Fig. 6.11). This regime occurs when heat transfer between the heat source and the water is high 

enough to form bubbles as the superheat overcome the surface tension the liquid (Fig. 6.12b) at 

nucleation sites (Bejan, 2013). At the inflection point B, the nucleate boiling regime begins, 

occurring at approximately 12 degrees above the saturation temperature (Bejan, 2013). In the 

nucleate boiling regime, the number of bubbles forming increases and the bubbles begin to interact 

with each other forming slugs and columns (Fig. 6.12c). During this phase turbulence is created by 

the formation and collapse of bubbles increasing the rate of heat transfer (Bejan, 2013). Heat flux 

increases in this region until the point of maximum heat flux C is reached, occurring approximately 

30 degrees above the saturation temperature of water (Bejan, 2013).  

When critical point C is reached, a significant amount of vapour is formed at the interface 

between the heat source and the liquid water. The heat flux then decreases because a large portion 

of the interface between the heat source and the water is covered in vapour film (Fig. 6.12d). This 

regime is known as the transition boiling regime. As the increasing number of nucleation sites 

merge, a semi-continuous film forms over part of the heater surface leading to decreased contact 

between the heater and the saturated liquid (Bejan, 2013). These vapour films are relatively 

unstable and spontaneously detach from the heater surface leading to increased heat transfer and 

allowing for nucleate boiling to resume until another vapour film forms. As a consequence, there 

are rapid temperature fluctuations in this regime. The vapour film present in this regime acts as an 

insulator given that the thermal conductivity of vapour (e.g., 0.016 w/m∙K) is much lower than that 

of the liquid (e.g., 0.599 W/m∙K). As the amount of vapour covering the heat source interface 

increases, the heat flux decreases until it reached a minimum value, as observed at point D on the 

boiling curve (Fig. 6.11)  

At approximately 320 degrees above the saturation temperature of water, the Leidenfrost 

temperature occurs (Bejan, 2013). This corresponds to the point of minimum heat flux (point D) 
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on the boiling curve (Fig. 6.11), marking the region of separation between the transition boiling 

regime and the film boiling regime. The film boiling regime is characterized by the formation of a 

stable vapour film (Fig. 6.12e), which acts as an effective insulator between the heat source and the 

liquid water (Bejan, 2013). The formation of vapour occurs at the liquid-vapour interface, instead 

of directly on the heater surface.  

In considering the case of magma water interactions, when a basaltic magma in the 

temperature range between 1373 and 1473K in placed in water. The temperature at the interface at 

the time of contact can be calculated using the equation of Carslaw and Jaeger (1959):  

𝑇𝑖 =

𝑇𝑚 (
𝜅𝑚

√𝛼𝑚

) + 𝑇𝑤 (
𝜅𝑤

√𝛼𝑤

)

(
𝜅𝑚

√𝛼𝑚

) + (
𝜅𝑤

√𝛼𝑤

)

 (6.6) 

 

where α is the thermal diffusivity and κ is the thermal conductivity, and the subscripts m and w 

represent magma and water. The thermal conductivity was measured to be 1.03 W/m∙K (see 

Chapter 4, Section 4.1.3) and the thermal diffusivity is calculated to be 2.56 × 10-7 m2/s using the 

equations provided in Chapter 3, Section 3.2.7. These are similar to values obtained from basaltic 

glass at high temperature using laser flash analysis (Whittington et al., 2000). Given this equation, 

the interface temperature range would be between 917 and 975K. This range of temperature as 

highlighted on the boiling curve (Fig. 6.11) indicates that a stable vapour film should be present. 

The production of a stable vapour film influences the rate of heat transfer from the melt to 

the coolant. In cases where a stable vapour film is formed at the interface there will be a sharp 

decreases in the rate of heat transfer due to a marked change in the thermal conductivity of the 

vapour film compared to water . The thermal conductivity of water at 293K is 0.599 W/m∙K, and 
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water vapour at 398K is 0.02479 W/m∙K (at atmospheric pressure). The thermal conductivity 

values for water vapour are close to that of air (0.03 W/m∙K) in the same temperature range. This 

is important to the development of peperite because the formation of this protective vapour film 

helps the melt at the interface remain at a temperature in at or near the glass transition temperature, 

as only a thin glass rind at the magma – sediment interface would form.  

In the peperite experiments, modified basalt melt (HB 85) was poured at 1373K, the 

thermal conductivity was measured to be 1.03 W/m∙K and the thermal diffusivity is calculated to 

be 1.96 × 10-7 m2/s, slightly lower than the values of the unmodified basaltic melt but similar to the 

values for basaltic glass using laser flash analysis at this temperature range (Whittington et al., 

2000). The temperature at the interface (Ti) using these parameters is 906K, also well above the 

saturation temperature and critical point of water. These values predict that stable vapour film 

boiling will be established as the value of Ti is greater than the spontaneous nucleation temperature 

of water (TSN = 453 K).  

Quenching a material is not quite the same process as boiling because the heat flux 

provided to the system is instantaneous. As discussed in the previous paragraph, the interface 

temperature (Ti) dictates the boiling regime that the basaltic melt enters the system at. The surface 

of the melt will cool as heat is conductively passed out of the melt into the vapour to maintain the 

vapour film at temperatures above the Leidenfrost point, subsequently passing to the liquid by 

radiative heat transfer producing bubbles. Heat transfer continues between the vapour film - liquid 

contact until the Leidenfrost point, where there is not enough energy to sustain the vapour film 

(Frerichs and Luebben, 2011). Below this point the vapour film cannot be maintained and surface-

liquid contact is reestablished increasing the rate of heat transfer between the melt and the liquid. 

It is well known that when this occurs the vapour film rapidly collapses (Berthoud, 2000) and 

explosive nucleate boiling occurs by the near instantaneous formation of a large volume of vapour 
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bubbles (Fig. 6.13). It is less well known, the formation of a stable vapour film has significant effect 

on the behaviour of a solid falling through a liquid. Work by Vakarelski et al. (2011) shows that 

terminal velocity of a steel sphere falling through a liquid has a lower velocity for unheated spheres 

than those heated to temperatures above TL (Fig. 6.14) as a consequence of drag reduction due to 

the flow separation between the falling sphere and the liquid and the effect of the vapour film 

modifying the wake of the falling sphere.  

If I examine the boiling curve (Fig. 6.11), the Leidenfrost point occurs at 320 degrees above 

the saturation temperature of water. However, this temperature is not fixed, rather it corresponds to 

the Leidenfrost temperature for the specific heat source element used in the experiment to obtain 

the boiling curve. The minimum temperature required to maintain a stable vapour films changes 

depending on the composition of the heat source. For example, the Leidenfrost temperature for a 

4.5 mm water droplet has been reported to be 250°C for a copper heating surface and 222°C for 

brass (Borishansky, 1953). Additionally, the Leidenfrost temperature may be affected by the speed 

of impact of the water droplet. Moghul (2013) reported Leidenfrost temperatures with a 5 mm water 

droplet as high as 400°C and 450°C for copper and brass, respectively. As this example shows, 

identifying the Leidenfrost temperature is not simple. The variation in the temperature is due to its 

dependence on parameters such as pressure, mass of the liquid, impact velocity, liquid subcooling, 

heated surface thermal properties (i.e., conductivity, thermal diffusivity), and surface roughness 

(Bernardin et al., 1996). 

The heat flux curve will look similar to the boiling curve used in the example above but 

there should be some minor differences because of the variation in the thermal properties of the 

heat source used in the experiments versus those of a basaltic magma. It is important to note that 

the temperatures reported for the excess temperature (Te) will not be exactly the same temperatures 

for magma-water interactions but they provide us will a general idea of what these values should 
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look like. Additionally, the reduction of drag on the surface of the melt falling through a liquid or 

liquefied material will play an important role in peperite formation. 

6.3 Modelling Heat Flow in Magma – Wet Sediment Interactions  

Important to understanding the dynamics of magma – wet sediment interactions are the 

transfer of heat between the two materials. In the temperature ranges that should be considered both 

materials are deformable fluids, with the latter containing significant amount of water that can 

undergo a phase change. Unfortunately, there are few programs freely available to the average earth 

scientist (or volcanologist) that allow for the modelling of heat transfer between mediums. Those 

that do exist are only capable of modelling heat transfer between solids or a solid and air. Ideally, 

for the concepts presented in this thesis the treatment of heat transfer would need to deal with not 

only evaporative phase change and radiative heat transfer across the stable vapour film, it would 

also need to account for particle movement and melt jet17 deformation (or immiscible fluid 

breakup). The capability of a numerical model that could capture this topic in and of itself would 

require a whole other thesis to be written. Since this author has only just started learning the nuances 

of modelling and computational fluid dynamics, largely relying on applying existing numerical 

simulations by other authors, it was decided that the pre-existing heat transfer programs would be 

employed to look at the cooling rates of magma without considering phase change. There are two 

different programs considered to accomplish this goal: Heat by KWare and Energy2D. 

Heat3D by KWare was developed by Wohletz (2008). This program quantifies heat flow 

in and around magma bodies in order to better understand cooling times of the bodies and they 

affect geothermal gradients in volcanic areas. Though it does have the ability to set convective heat 

transfer in the pore space of sedimentary rocks it is unable to visualize the convection. The program 

also cannot account for the radiative heat transfer in the presence of a vapour film. However, it 

                                                      
17 A melt jet refers to a thin stream of melt being poured into another fluid (e.g., air, water, etc). 
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does provide an idea of the rate of cooling of magma in water or sediments will undergo providing 

us with some insight into the time scale it would take to cool the melt and the length of time a 

vapour film might be stable for. Unfortunately, though the program can handle the thermodynamic 

properties of water, it cannot handle the extremely low thermal conductivity of steam as the addition 

of a thin vapour film was attempted (i.e., a steam layer is radiative and not conductive). Therefore, 

it is not currently possible to set the model to include a thin layer with the thermal properties 

of water vapour to see the effect that it has on slowing down heat transfer.  

Energy2D was developed by Xie (2012) and is an interactive, visual multiphysics 

simulation that models all three modes of heat transfer – conduction, convection and radiation. It 

also is capable of coupling heat transfer with particle dynamics for small scale simulations. The 

computational physics involved with this program can be found on the Energy2D website 

(http://energy.concord.org/energy2d). One of the major advantages this simulator has is the ability 

to model heat transfer with convection providing an idea of the velocity of the currents and the 

effect that it has on hear transfer in thin melt streams. In addition, it can model the cooling of the 

magma at small time steps, whereas Heat 3D dictates the minimum time step allowed. 

Unfortunately, convective modelling cannot be done on sills due to the small time steps used in the 

calculations – this makes the time to calculate the decreasing temperatures extremely long. 

Unfortunately, the program is not capable of recording the data of these extremely long cooling 

intervals, nor does it have the capability of data storage. Like Heat3D, this program is also not 

capable for generating a steam phase. Nonetheless, it is important that I note the difference in the 

modelling of convection in the sediments as a whole and comparing that to convective heat transfer 

in water containing sediment particles. This provides us with in idea of how heat is transferred 

when water saturated sediments interact with magma. 

There are several configurations that are of interest to be modelled in magma-wet sediment 

interactions. First, running a 2D heat transfer simulation in Heat3D of a thin melt stream pouring 
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into water using two different diameters (10 mm and 5 mm) can be run in the same simulation 

conserving time in the computational domain. These simulations are then followed by a treatment 

of a thin melt streams interacting with wet silt. The difference in the time scales of cooling for the 

various scenarios can then be compared providing us with an idea of how much time was available 

for the interaction between the melt streams and the wet sediments in the peperite experiments 

conducted in the lab. This can then be repeated using Energy2D to look at convection on the fluid 

and subsequently particles can be added to mimic densely compacted and loosely compacted sand 

grains. The thermodynamic properties used for the basaltic magma, water and wet silts used for 

these simulations can be found in Table 6.2. 

It is then necessary to consider the geometry of a sill or lava flow into wet sediments. For 

these models, multiple thickness of sill or lava flows were considered (e.g., 2.5 m, 5 m, and 10 m). 

The thicknesses chosen for these models are coincident with the sill and flow thicknesses reported 

in the peperite literature (Tables 2.1 – 2.13). The 2D numerical models can be run in both Heat3D 

and Energy2D with convection. Again, the purpose of these models is to gain an idea of the time it 

would take to cool the sill or lava flow.   

6.3.1 Analysis of Melt Stream and Wet Sediments 

Using HEAT3D, 2D numerical simulations of a 5 mm and 10 mm melt stream conductively 

cooled in water (Fig. 6.15) and wet silts (Fig. 6.16) were analyzed. If I consider a both a 5 mm and 

10 mm melt stream cooling in water, the outer surface reaches a temperature 1050°C (161 Pa∙s) at 

2.165 s (Table 6.3). Not surprisingly, the cooling of the interior happens much more rapidly for a 

thinner jet than a thicker jet, with a temperature 1050°C (161 Pa∙s) at being reached at around 17 s 

for a 5 mm stream and 66 s for a 10 mm stream (Table 6.3). A similar relationship is found for the 

melt stream to reach the transition glass temperature on both the exterior and interior surfaces. For 

the exterior surface, Tg (646°C) was reached at ~94 s for the 5 mm stream and ~404 s for the 10 

mm stream (Table 6.3). Tg (646°C) was reached on the interior surface of the 5 mm melt stream at 
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~104 s and the 10 mm melt stream reached this temperature at ~455 s. Changing the model from 

conductive to convective had no impact on the timing using HEAT3D. 

Repeating this simulation in welt silts, shows that conductive cooling is much more 

effective than in water (Table 6.4). Cooling of the exterior surface of the 5 mm and 10 mm melt 

streams takes 1.24 second to reach a temperature of 1050°C (161 Pa∙s). As noted above, the cooling 

of the interior happens much more rapidly with the thinner melt stream, where a temperature 

1050°C (161 Pa∙s) at being reached at~13 s for a 5 mm stream and ~51 s for a 10 mm stream (Table 

6.4). For the exterior surface, Tg (646°C) was reached at ~38 s for the 5 mm stream and ~142 s for 

the 10 mm stream (Table 6.4). Tg (646°C) was reached on the interior surface of the 5 mm melt 

stream at ~49 s and the 10 mm melt stream reached this temperature at ~199 s.  

The same model parameters used in Heat2D by KWare were duplicated in E2D. The 

modelling was preformed water with (Fig. 6.17) and without convection (Fig. 6.18), as well as in 

wet sediments with and without convection. Modelling using this program shows a large difference 

in the time it takes to cool the both the surface and the interior of a melt stream (Tables 6.3 and 

6.4). Generally speaking, Heat 2D shows longer time scales than E2D, and convective modelling 

shows somewhat faster timescales of cooling that conductive cooling, though not as drastic as the 

difference between Heat2D and E2D conductive models.  

More importantly, the difference between modelling using these two similar programs is 

the ability of the latter to allow for the input of particles and tracking particle motion while cooling 

occurs. Using E2D, particles of 1 mm in diameter with the physical properties of quartz were added 

to water, along with a 10 mm melt stream at 1200°C, with simulations being run for approximately 

0.5 seconds. Two different configurations for particles packing were used – tightly packed and 

loosely packed. Using the tightly packed particle configuration both the conductive (Fig. 6.19) and 
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convective (Fig 6.20) modelling of the fluid shows minor movement of the particles, due to the 

limited amount of space due the particles to move and repack. Little movement is seen prior to the 

water reaching temperatures above 100 C, after this point small movements of the sediments can 

be tracked. These movements occur as heat is being transferred between the particles that are in 

contact with each other and subsequently to the pore water. In the loosely packed particle 

configuration modelling using conductive heat transfer to the water shows minor movement of the 

particles over the first few fractions of a second, with movement increasing as heat is transferred 

between the individual particles and then into the water (Fig. 6.21). Convective modelling shows a 

similar relationship. However, the increase in temperature of the water happens faster than it did 

with the conductive model (Fig. 6.22). In addition, the decreased abundance of particles in the 

loosely packed model allows more space for particle movement to occur, resulting in a 

reconfiguration of the particles. 

Additional heat flow modelling was also performed for thermite melt streams (Corradini, 

1991) and basaltic melt streams using the properties of  Schipper et al. (2011) using E2D. The 

thermite stream show rapid cooling times, both internally and externally down to a temperature of 

1538°C (1811K), corresponding to the solidification point of molten iron. The fastest cooling times 

for this simulation were found in the convective cooling model using E2D, and the slowest ones 

resulted from simulations using a conductive cooling model in E2D (Table 6.5).  

6.3.2 Analysis of Modelling Sills and Wet Sediments 

Using HEAT3D, 2D numerical simulations of a 2.5 m (Fig. 6.23), 5 m (Fig. 6.24) and 10 

m (Fig. 6.25) sill conductively cooled in wet silts were analyzed. The thickness off the sill does not 

affect the time the outer surface of the sill takes to reach a temperature of 1050°C (161 Pa∙s). In all 

cases a temperature of 1050°C (161 Pa∙s) is reached at around 3.44 hrs (Table 6.6). However, the 

thickness of the sill does affect the time that the inner surface reaches a temperature of 1050°C (161 
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Pa∙s), and both the outer and inner surfaces will reach Tg (646°C). Table 6.6 shows that the cooling 

of the interior of the sill happens much more rapidly in thin sills than with a thicker sill. For a 2.5 

m sill an interior temperature of 1050°C (161 Pa∙s) is reached in ~38 days, for a 5 m sill it is reached 

in ~ 152 days, and for a 10 m sill it is reached in ~ 533 days (Table 6.6). The exterior of the 2.5 m 

sill reaches Tg (646°C) in ~97 days, for a 5 m sill it is reached in ~ 380 days, and the time frame 

was not determined for a 10 m sill, though it is assumed to be much greater than 533 days (Table 

6.6). Tg (646°C) for the interior of the 2.5 m sill is reached in ~145 days (Table 6.6). The time frame 

for reaching the interior Tg (646°C) was not determined for either the 5 m or 10 m sill; for the 5 m 

sill it assumed to be at > 380 days. Changing the model from conductive to convective had no 

impact on the timing using HEAT3D. 

A 2D conductive cooling model of the sills was also conducted using E2D. These 

simulations show the thickness of the sill effects the time it takes to cool both the exterior and 

interior surfaces to a temperature of 1050°C (161 Pa∙s) and Tg (646°C). For a 2.5 m sill an exterior 

temperature of 1050°C (161 Pa∙s) is reached in 5.56 hours, for a 5 m sill it is reached in 12.5 hours, 

and for a 10 m sill it is reached in 22.22 hours (Table 6.6). The interior of a 2.5 m sill reaches a 

temperature of 1050°C (161 Pa∙s) ~ 14 days, for a 5 m sill it is reached in ~ 55 days, and for a 10 

m sill it is reached in ~249 days (Table 6.6). The exterior of the 2.5 m sill reaches Tg (646°C) in ~8 

days, for a 5 m sill it is reached in ~ 20 days, and for a 10 m sill it is reached in ~37 days (Table 

6.6). Tg (646°C) for the interior of the 2.5 m sill is reached in ~59 days, for a 5 m sill it is reached 

in ~ 221 days, and for a 10 m sill it is reached in ~990 days (Table 6.6). Convective modelling of 

the sills was not possible due to the small times steps required by the E2D model.  

6.3.3 Comments on Cooling Time of Melt Jets and Sills 
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The cooling simulations of the 5 mm and 10 mm melt jets show that the cooling times are 

relatively rapid with cooling to Tg (646°C) occurring in less than a minute for convective heat 

transfer. This suggest the melt jets will stay deformable for a small window of time. However, these 

models are not capable of modelling the effect of the production of a stable vapour film. This is 

important as radiative heat transfer across a stable vapour film slows down the rate of heat transfer 

significantly, prolonging the amount of time the melt jet is capable of being deformable or can 

undergo liquid breakup.  

Modelling using E2D of fine sediment particles in water when heat by a melt jet show that 

heat is transferred between the individual particles that are touching each other. The particles then 

transfer the heat into the water, rapidly increasing its temperature. The presence of an insulating 

vapour film would substantially slow the process of heat transfer to the water and sediment 

particles. In the particle simulations, it is also evident that the particle abundance and void space 

has a significant effect on the sediments ability to liquefy, as particles that are densely pack have 

little space to move. On the other hand, loosely packed particles with excess pore space, have lots 

of room to move and reconfigure, allowing sediments to be easily liquefied by fluids moving 

through the pore structure. This would likely be further enhanced by oscillation in the stable vapour 

film or collapse thereof, as presented in the introduction to Section 6.2. 

The modelling of sills or lava flows using a 2D numerical simulation in Heat3D and E2D 

shows the interior remains fluid for long periods of time when cooling in a wet sediment (Table 

6.6, Figs. 6.23-6.25). These cooling times would be significantly faster if it was possible to model 

the simulations using convective cooling. However, the insulating effect of a stable vapour file 

would in turn increase that amount of time the sill remains readily deformable. For the case of a 

2.5 meters of basalt within a pile of wet sediments takes between approximately 3 and 6 hours for 

the outer surface of the melt to cool to 1050K. At this temperature, the viscosity of the basalt would 
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be about 161 Pa∙s. This viscosity means that the rate of flow is extremely slow but still deformable, 

equivalent to that of tomato paste or peanut butter (http://www.cstsales.com/viscosity.html). The 

outer surface continues to cool inward but does not reach a temperature of 1050°C (161 Pa∙s) for 

several days (Table 6.6). Figures 6.23 to 6.25 shows that the contact area of the wet silts and cooling 

sills with margin temperatures slightly above Tg (646°C) are above the Leidenfrost temperature. In 

addition, only a small portion (on the scale of several centimeters) of the sill itself has dropped to 

temperatures below 1050°C (161 Pa∙s) indicating that the bulk interior portion of the sill is at or 

near its injection temperature. The implication of this is especially relevant in thicker flows where 

the exteriors remain at very high temperatures for tens of hours and interiors may remain fluid for 

long time periods (i.e., up to hundreds of days) (Table 6.6).  

6.4 Fluid Dynamics and Break Up in Viscous and Viscoelastic Liquids 

To better understand what happens during peperite formation the reader needs to 

understand how a fluid undergoes breakup. The breakup of falling viscous and viscoelastic fluids 

is a widely-studied topic (Reitz and Bracco, 1986; Lin and Reitz, 1998; Liu, 2000; Marmottant and 

Villermaux, 2004; Clasen et al., 2006; Eggers and Villermaux, 2008). It has applications in a 

variety of different disciplines including medical diagnostics, agricultural irrigation, inkjet printing 

and even nuclear reactor melt down (Bürger et al., 1995). One of the most commonly observed 

liquid breakup phenomena is of water running from a faucet (Fig. 6.26). As liquid falls in a uniform 

stream surface perturbations may develop that can lead to breakup due to the interaction between 

the velocity and the rheological properties of the fluids (i.e., viscosity, density and surface tension 

contrasts).  
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Jet18 breakup was first studied by Plateau (1873) and Lord Rayleigh (1878), it occurs when 

a lighter fluid accelerates into a denser fluid; small perturbations caused by surface tension effects 

may grow along the interface between the two fluids. If these perturbations continue to grow, small 

bodies of the denser fluid will fall into the lower density fluid. The length that the jet is stable for 

and the size of the droplet produced at breakup depend on the velocity of the jet, the diameter of 

the orifice, and the growth rate and wavelength of the disturbance. For a complete overview of the 

physics of liquid jets and the equations governing the break of jets, please consult Eggers and 

Villermaux (2008). 

There are 4 regimes of liquid jet breakup: Rayleigh, laminar-turbulent transition (first-

wind), turbulent (second-wind), and jet atomization (Fig. 6.27). These regimes were defined based 

on the experimental work of (Chieger and Reitz, 1996; Lin, 1996; Lin and Reitz, 1998). The 

separation between the different regimes depends on the jet velocity (Bower et al., 1988). Based 

on the viscosity of basaltic magmas at their intrusion temperature and the maximum velocities 

observed in numerical modelling of fluid-fluid mixing (see section 6.3.1) fluid break is restricted 

mainly to Rayleigh regime. 

At slow speeds, even before Rayleigh breakup occurs, I must consider a dripping liquid or 

droplet formation. At very low flow velocities, large drops of uniform size may form. The droplet 

formation at perimeter of an orifice or nozzle forms a hanging or pendant drop under the action of 

gravity (Fig. 6.28). The droplet will stay stationary until the gravitational forces are larger than the 

surface tension forces of the dripping liquid itself. The size and shape of the droplet is governed by 

the competition between the surface tension forces of the falling fluid and gravitational forces 

affecting the droplet velocity. In addition, the wettability of the liquid on the orifice surface and the 

                                                      
18 A jet is a steam of matter having a column like shape. Jets occur on the scale of the universe as well as on 

the subatomic length scale. 
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size of the orifice also play a role in the droplet size. An overview liquid droplet formation can be 

found in Eggers (2005a) and Eggers (2005b). 

Also important to the breakup of fluid droplets is secondary deformation and breakup. Like 

the formation and detachment of fluid droplets, secondary deformation and breakup is governed by 

the parameters of velocity, surface tension and droplet diameter. The behaviour of low viscosity 

liquids and breakup based on the Weber number19 has been well studied (Joseph et al., 1999 and 

references therein). Figure 6.29 shows the five regimes of breakup based on the Weber number: 

vibrational breakup, bag breakup, bag and stamen breakup, sheet stripping, and catastrophic 

breakup. Generally speaking, when the deforming force increases because of a higher velocity, the 

breakup of a drops occurs more easily. Likewise, high surface or interfacial tension counteracts this 

process.  

As viscosity of a falling fluid increases one must consider the how viscous effects in the 

liquid counteract the inertial and surface tension forces in secondary droplet breakup. This can be 

accomplished by looking at the Ohnesorge number4
,
 which relates the viscous forces to the inertial 

and surface tension forces (Ohnesorge, 1936). Figure 6.30 shows the breakup regimes of fluids 

relative to the Oh and Re. At low Reynolds numbers droplets break up in a manner consistent with 

the observations of Rayleigh (Lord Rayleigh, 1879), forming large, uniform size drops (Ohnesorge, 

1936). At intermediate values of the Reynolds number, perturbations appear and increase until 

vibrational breakup occurs as the result of air friction (Ohnesorge, 1936). A range of droplet sized 

may be produced related to the viscosity of the droplet, its diameter, surface tension forces and 

velocity. At high Reynolds numbers, atomization occurs resulting in the complete disruption of the 

                                                      
19 Weber and Ohnesorge numbers are defined in Chapter 5, Section 5.1  
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droplet. The Ohnesorge number can be related to the Weber number as seen in Figure 6.31. This 

figure shows that progressively larger disturbances (i.e. larger We) are required for the onset of 

breakup as Oh increased, because viscous forces in the liquid tend to inhibit drop deformation 

(which is the first step in the breakup process) at large Oh (Hsiang and Faet, 1992). 

Now that secondary droplet breakup has been addressed, I can return to the examination of 

the primary jet breakup regime. To transition to the Rayleigh regime from dripping, the flow rate 

(or velocity) of the liquid must be large enough to disrupt the equilibrium between the surface 

tension and gravitational forces acting on the liquid (Liu, 2000). When this occurs, liquid will flow 

out of the orifice or nozzle and a continuous liquid jet is formed. The lower critical velocity for jet 

formation occurs at Weber number values > 4 (van Hoeve et al., 2010) as observed in water jets. 

The values of Weber number changes depending on if the jet is moving through a gas or a liquid 

(Table 6.7), but low Weber numbers are expected for all low viscosity fluids with Ohnesorge 

numbers << 1 (Javadi et al., 2013).  

Figure 6.28 shows that jets are inherently unstable and these perturbations arise from the 

flow of the jet itself. When the perturbations are large enough the development and growth of 

asymmetric varicose waves on the jet surface leads to capillary pinching.  This gives rise to the 

droplets generated by the jet to minimize its surface energy (van Hoeve et al., 2010). Typically, in 

the Rayleigh regime the droplet diameters are greater than the diameter of the jet because of the 

dominance of surface tension forces. Aerodynamic forces can be neglected in this regime because 

of the low velocity of the jet. This regime is best described by Rayleigh’s theory (Lord Rayleigh, 

1879) with significant inputs from the analysis of Weber (1931). The experimental conformation 

of Reitz and Bracco (1986) shows that the continuous jet length is linearly proportional to jet 

velocity and the diameters of the drops formed are nearly uniform in size and larger than that of the 

undisturbed jet. 
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Interestingly, thin fluid jets of high viscosity (i.e., Oh>> 1) do not show droplet breakup 

when they deform under their own weight (Fig. 6.32). Rather than break up, like low viscosity 

fluids in the Rayleigh regime, they show axial deformation and thinning, forming long tails of 

extremely thin liquid material (Fig. 6.32). Figure 6.33 shows thinning of a jet of viscous silicon oil 

as the jet leave the orifice and reduced in diameter as it falls under gravity. Normally, a liquid jet 

of constant radius falling vertically under gravity reaches a critical value causing the jet to lose its 

cylindrical shape and decomposes into a stream of droplets (Fig. 6.32). This phenomenon occurs 

primarily as a result of surface tension. However, in viscous jets the break up length is much longer 

as it is less affected by surface perturbations due to its higher viscosity. This is especially true where 

the jet diameters are fine, as can be observed with honey falling from a capillary nozzle attaining 

jet lengths as great as 10 meters (Javadi et al., 2013). An example of this kind of behaviour is the 

formation of Pele’s hair, with single strands reported to have diameters of 0.5 mm and lengths of 

up to 2 m.  

Another facet of liquid breakup occurring on a larger scale than those considered in jet 

breakup is the formation of Rayleigh-Taylor instabilities (Fig. 6.34) at the interface of two 

immiscible fluids (Lord Rayleigh, 1878; Taylor, 1950). When two fluids of different densities (ρ1, 

ρ2) are superimposed over or accelerated towards one another, the heavier fluid (ρ1) is observed to 

push down into the lighter fluid (ρ2) in a gravitational configuration (Fig. 6.35). Rayleigh-Taylor 

instabilities occur where the pressure gradient and the density gradient at the interface of the two 

fluids oppose one another, such that ∇p ⋅∇ρ < 0 (Chandrasekhar 1961).  

Rayleigh-Taylor instabilities are commonly observed in interstellar clouds (Spitoni et al., 

2008), supernovae (Spitoni et al., 2008; Boffetta et al., 2009) and oil-trapping salt domes (Zaleski 

and Julien, 1992), but are typically hard to record because of their transient nature and fast transition 

to mixing and turbulence (with the exception of salt domes) (Dzwinel and Yuen, 2001). This type 
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of instability also plays an important role in the mixing that results from other natural mixing 

processes where density surfaces are overturned, e.g. Kelvin–Helmholtz20 instability and breaking 

internal gravity waves (Turner, 1973). The formation of Rayleigh-Taylor instabilities have been 

investigated theoretically (Schmeling, 1987a; Schmeling, 1987b; Mikaelian, 1989; Mikaelian, 

1996; Dimonte and Schneider, 2000), experimentally (Read, 1984; Voropayev et al., 1992) and by 

computer simulations employing computational fluid dynamics techniques (Youngs, 1984; 

Berzigiyarov and Sultanov, 2001; Singh et al., 2006; Wang et al., 2016).  

As they evolve, Rayleigh-Taylor instabilities go through three stages of growth. In the 

earliest stage, a linear instability caused by a perturbation shows exponential growth with time 

(Sharp, 1984; Huba, 1996; Dimonte et al., 2005; Wilkinson and Jacobs, 2007). This progresses to 

a stage where the non-linear instability dominates as the amplitude of the perturbations grow and 

bubble and spike21 structures form (Fig. 6.35). The bubble forms where the light fluids penetrate 

the heavy fluid, whereas a spike is a part of the heavy fluid pushing down into the lighter fluid. In 

this stage, the bubble penetrating upwards has a constant velocity (Sohn, 2004; Cao and Chow, 

2005; Hazak et al., 2010). Finally, self-similar turbulent mixing takes place as a result of shearing 

(Kraft et al., 2005) and the ordered fluid motion is broken (Layzer, 1955; Youngs, 1984; Poujade 

and Peybernes, 2010), but the dynamic evolution of the bubble continues. In the case of miscible 

fluids, where mixing and dilution of the density contrast plays a role there can be a deceleration in 

the development and growth of Rayleigh-Taylor instabilities (Dzwinel and Yuen, 2001).  

                                                      
20 Kelvin-Helmholtz instabilities are often not observed in viscous liquids due to the liquids dampening effect on the 

shear velocity. They are often observed as fractal swirls at margins of Rayleigh-Taylor instabilities 

 
21 Bubbles are often referred to as plumes and spikes may also be referred to as fingers in the Rayleigh-Taylor 

literature. 
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The most important factor in the formation of a Rayleigh-Taylor instability is density 

disparity between the two fluids as it determines the rate of growth of the instability. The governing 

parameter of the buoyancy-driven Rayleigh-Taylor instability is the Atwood number: 

𝐴𝑡 =
(𝜌1 − 𝜌2)

(𝜌1 + 𝜌2)
 (6.7) 

 

where ρ1 and ρ2 are the densities of the heavy and light fluids, respectively. Given this equation, an 

Atwood number of 1 corresponds to infinite density difference and that of 0 corresponds to no 

density difference. As the Atwood number decreases, the number of Rayleigh-Taylor instabilities 

increase, though their rate of growth decreases. In addition, at low Atwood numbers, bubble and 

spike growth occurs at a similar rate resulting in the formation of a symmetric mixing layer, 

whereas at high Atwood numbers (At > 0.1), their growth rate is differential resulting in asymmetric 

mixing (Banerjee 2006). 

Other factors that influence the development of Rayleigh-Taylor instabilities include the 

surface tension, viscosity, and compressibility of the fluids involved. They are also affected by the 

converging geometry, three-dimensional effects, the time dependence of the driving acceleration, 

shock waves, and variety of forms of heterogeneities (Dzwinel and Yuen, 2001). For geologically 

relevant materials, the effect of viscosity on the formation of Rayleigh-Taylor instabilities is key. 

Michioka and Sumita (2005) show that the growth rate of the instability increases with decreasing 

viscosity (Fig. 6.36). This occurs because of the decrease in the Reynolds number for higher 

viscosity fluids. 
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6.4.1 Modeling Fluid Breakup in Magma – Wet Sediment Intrusions Using openFoam® 

Modelling the breakup of two immiscible liquids is important in understanding how 

globular peperites form. To do this I should examine jet breakup of magma falling through air, 

water and wet sediment. Finally, I will examine breakup along a larger interface between magma 

and wet sediments. In addition, I will look at the breakup of various materials (i.e., water, corium, 

thermite, other magma types used for experiments) in air, water and wet sediment to compare their 

degree of breakup to that of magma. This data can then be compared to both the peperite 

experiments of this thesis and experiments by other researchers that studied magmatic breakup. 

This will be followed by a comparison between breakup simulations and globular peperite found 

in nature  

To accomplish these goals, the computational fluid dynamics (CFD) program openFoam® 

was used. This software uses open source C++ libraries, and contains numerous solvers for a variety 

of CFD problems including complex fluid flows involving chemical reactions, turbulence and heat 

transfer, acoustics, solid mechanics and electromagnetics. The advantage of using openFoam® is 

that new solvers or modifications to existing solvers or libraries can be constructed by the user to 

meet their needs. In addition, extensive tutorials, training guides and forums are available online 

assisting new users in the use of this software. 

To simulate the breakup of two immiscible fluids the interFoam solver in openFoam® was 

used. This solver uses a Euler-Euler two phase volume of fluid (VOF) model to simulate 

incompressible flow between two immiscible fluids. The VOF solver uses an interface capture 

approach developed by Rusche (2002) and later implemented into the openFoam® by Weller 

(2008). Using the VOF method, the transport equation for an indicator function, representing the 

volume fraction of one phase, is solved simultaneously with the continuity and momentum 
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equations (i.e., the Naiver-Stokes equations using the PISO22 algorithm). These equations take into 

account the velocity, phase fraction, deviatoric viscous stress and strain, as well as density, pressure 

and body force per unit mass of the fluid. Additionally, either Reynolds-Averaged Stress (RAS) or 

Large Eddy Simulation (LES) turbulence formulations may be used, or turbulent flow may be 

neglected altogether. The numerical solution procedure was developed by Weller (2005) and all 

details pertaining to the equations used for this simulation can be found in his report. 

Briefly, the VOF method was developed by Hirt and Nichols (1981) and is a free surface 

numerical modelling technique used to track fluid-fluid interfaces that do not physically mix. It can 

be used for tracking two or more fluids by introducing an additional variable for each phase. In 

each cell the volume fraction of the two phases is determined by a transport equation. Rather than 

have a sharply defined interface between the two fluids, the interface occupies a volume around the 

region where this sharp interface should exist. The value of the phase fraction can be anywhere 

between 0 and 1 (Fig. 6.37). Other physical properties are calculated as a weighted average based 

on the phase fraction value. Using this method, the simulation can produce coarse resolution if the 

cell size is large and high resolution where the cell size of the mesh is very fine. 

The performance of the interFoam solver was assessed by Deshpande et al. (2012). In their 

work, they have performed a thorough investigation of the solver performance using a variety of 

verification and validation test cases including (i) verification tests for pure advection (kinematics), 

(ii) dynamics in the high Weber number limit and (iii) dynamics of surface tension-dominated 

flows. They found that interFoam was able to capture the physics extremely well even with modest 

levels of grid resolution. This was exemplified in the test cases corresponding to a 2D Rayleigh 

breakup of a laminar jet and capillary retraction of a liquid jet. Pringuey (2012) found that the 

                                                      
22 PISO (pressure implicit with splitting operator) is a pressure-velocity calculation procedure for the Naiver Stokes 

equations developed originally for non-iterative computation of unsteady compressible flow, but it has been 

adapted successfully to steady-state problems. 
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interFoam solver accurately captures the physics of large eddy simulation in the primary liquid-

sheet breakup with relevance to fuel injection in aero-engine combustors, illustrating the potential 

of this numerical approach. The code has also been verified by Zhainakov and Kurbanaliev (2013) 

for dam break problem involving multiple fluids by checking it with experimental data. 

An easy approach to the validation of the interFoam interface capture codes is to simulate 

a Rayleigh-Taylor instability. As presented in Thakre et al. (2013), a simulation of an instability 

between the fluids of water and diesel (Fig. 6.38) is similar to the observations in literature 

(Rudman, 1997; Guermond and Quartapelle, 2000). In this case, the initial growth forms a spike 

going downwards near the side wall and starts rolling up which finally becomes more distorted 

(non-linear growth of interfaces). Numerical studies using the Lattice Boltzmann scheme to 

simulate Rayleigh-Taylor (R-T) instability produce similar results (He et al., 1999; Mehravaran 

and Hannani, 2008). Thus, the interFoam model is capable of simulating the behaviour of interface 

between immiscible fluids making it ideal for the simulation of peperite formation.  

In the modelling that was performed for this thesis, it is assumed that the interfacial surface 

tension between the high temperature melt and the coolants is close to that of the melt and air since 

I expect a stable vapour film to develop over the melt surface. Given this assumption, the mixing 

of two immiscible fluids can be explored using the interFoam solver in openFoam®. Heat and mass 

transfer are not considered in the interFoam model of fluid breakup, and the droplet or jet is 

isothermal. There currently is not a freely available solver in openFoam® that combines heat flow, 

phase change and fluid flow. Though there are researchers in the field of Nuclear Science and 

Engineering that have made major advances in the understanding of jet breakup and steam 

explosions with the development of the MC3D code (Meignen et al., 2014). However, this code is 

not available at present for adaptation to the modelling for this thesis. 
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6.1.2.1 2D Analysis of Molten Jets 
 

Investigating the breakup of liquid jets provides insight into fine scale break up of molten 

jets, mimicking potential breakup of pouring melt into wet sediments. Using interFoam a 2D 

numerical analysis of melt jet breakup (or lack thereof) can be performed. The present analysis 

includes the patterns of jet formation and breakup between a basalt (using the melt HB100) and air, 

water or wet sediments. The simulations are then extended to look at the formation of jets in wet 

sediments using the modified basaltic melts HB90 and HB85. In addition, the breakup of molten 

jets in water using other fuels (i.e., corium23, thermite, etc) with different density, viscosity and 

surface tension parameters are examined. Variations in the speed of the falling jet and secondary 

droplet breakup are also considered. This is the first known attempt to use numerical simulations 

to look at the formation of peperites from falling jets. 

To model jet breakup in openFoam®, a two-dimensional case was chosen by assuming that 

the geometry had an infinite length in the z-direction. The domain consists of two regions: an inlet 

chamber and a container, the dimension of which can be found in Figure 6.39. The mesh grid for 

the simulation consisted of blocks that are 2.5 mm by 2.0 mm wide. The physical properties of the 

melts and coolants can be found in Table 6.8 and 6.9 respectively. Additional parameters important 

to melt jet breakup, such as the Atwood, Reynolds, Weber and Ohnesorge numbers can be found 

in Table 6.10. 

Initially, the bottle is filled with a coolant and the inlet chamber is filled with the melt. At 

time zero, the melt will move to fill the chamber. The inlet velocity of the melt can be set. The 

velocity was set to 0.1 m/s, a velocity just below the pore rates observed in the peperite experiments. 

                                                      
23 Corium is the by-product of a nuclear reactor melt down. It is a lava-like mixture of nuclear fuel fission 

products, control rods, structural materials like cement and steel from the affected parts of the reactor. 
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The time to fill the chamber with ~ 85 mL of melt is approximately 2 seconds. This simulation was 

verified using water falling through air (Fig. 6.40). In this figure, you can see that over the course 

of 1 second and at a height of about 10 cm the water stream forms a droplet that beings to pinch off 

and subsequently detaches, splashing and spreading across the base of the container. 

The simulations of the basaltic melt (HB100) falling into air are shown in Fig. 6.41 (HB100 

at 0.1m/s in air), with the entire simulation taking approximately 5 seconds. Shortly after initiation, 

the melt jet slightly expands due to surface tension effects of the melt and is approximately 2x the 

inlet diameter (Fig. 6.41, Frame 1, 2/3 of a seconds). As time progresses, the melt plume remains 

the same size and begins to fall toward the base veering to the right (Fig. 6.41, Frame 5, 2 seconds). 

Eventually it makes contact with the coolant container wall and base (Fig. 6.41, Frame 6, 2 1/3 

seconds). No jet breakup is observed, though some minor threads and balls are found to form as 

the inlet supply is terminated (Fig. 6.41, Frame 9, 2 2/3 seconds).  

The same simulation in water shows a greater expansion of the melt jet head, to 

approximately 3X the inlet diameter with a greater amount of melt spreading across the inlet surface 

due to surface tension effect combined with slowing of the melt jet (Fig. 6.42, Frame 1, 2/3 of a 

second). The slowing of the jet is due to the increase in the viscosity and density of water compared 

to air. However, if thermal conditions are considered the melt jet likely will look more similar to 

the air simulation as a stable vapour film will form over the melt surface.  

Simulating the falling of basaltic melt (HB100) into wet silts with the rheological properties 

of the analogue unsieved sediments at 62% porosity (Table 6.11) are found in Figure 6.43. 

Compared two the previous two simulations the melt jet head reaches widths much larger than the 

inlet, being 4 to 8X the width of the inlet diameter during the first four seconds of the simulation. 



Chapter 6 – Factors Involved in the Modelling of Peperite 

452 

 

The melt jet detaches at just over 2 seconds (Fig. 6.43, Frame 7). After this point the plume head 

continues to widen before hitting the coolant container base and spreading across the base. 

Another set of numerical simulations were conducted using the modified basaltic melts and 

analogue unsieved sediments at 62% porosity (Table 6.11). This allows for comparison of the 

numerical simulations with the peperite experiments conducted in the laboratory and the HB100 

simulations. As expected, the simulation using HB90 at 1373° (Table. 6.10) looks nearly identical 

to that of HB 100 at 1473K given the similarities in the viscosity. However, the simulation shows 

that earlier formation of buds and arms in the melt plume (Fig. 6.44, Frame 9, 3 1/3 second). The 

arms become progressively more stretched with time (Fig. 6.44, Frame 12, 4 seconds). These minor 

differences in the melt jet morphology are caused by differences in the surface tension parameters 

as Spectromelt™ lowers the surface tension and possibly due to differences in the kinematic 

viscosity (Table 6.10). When the viscosity of HB90 is increased by decreasing the temperature to 

1323K, the melt jet shows a greater degree of capillary thinning as it detaches from the orifice, and 

the time it takes to fall through the wet silts also increases (Fig. 6.45). 

The simulation of HB85 (Table 6.10) and analogue unsieved sediments at 62% porosity 

can be seen in Figure 6.46. This simulation does not show the formation of a symmetrical plume 

head. Rather, like the simulation of HB100 performed in air, this simulation shows the melt jet 

falling toward the base veering to the right (Fig. 6.46, Frame 4, 1 1/3 seconds). Eventually it makes 

contact with the coolant container wall and base. From this point there is swirling of the melt in the 

container, effectively trapping small volumes of sediment inside it (Fig. 6.46, Frames 5 to 12, 2 to 

4 seconds). Some minor threads are found to form as the inlet supply is terminated and several balls 

are observed to detach from the main body of the melt once swirling begins. The fine scale fluid 

breakup that is observed, along with the intense mixing between melt and coolant (Fig. 6.46, 
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Frames 11 to 15, 4 to 5 1/3 seconds) result from both lower viscosity and surface tension of the 

HB85 melt.  

Next a series of melt compositions from other studies on peperites are used. The melt 

compositions of blocky thermite and silicate coating of Wohletz (2002), as well as the 

Billstein/Rhön basalt of Schipper et al. (2011) have been modelled. Jet deformation with the 

composition of the blocky thermite in water (Fig. 6.47) is much more extreme than was observed 

with basaltic melts. The melt jet diameter is thinner than the inlet orifice and jet thinning is observed 

before the plume head (Fig. 6.47, Frames 3 to 6, 4/15 to 7/15 seconds). The plume head widens 

rapidly producing long arms (Fig. 6.47, Frames 7 to 13, 8/15 to 14/15 seconds) with the arms 

collapsing back on the melt jet stream leading to varicose instabilities on the melt jet itself (Fig. 

6.47, Frames 14 to 15, 1 to 1 1/15 seconds). Importantly, the collapse of the jet arms leads to pockets 

of coolant being trapped inside the melt. The melt jet in the simulation using the silicate coating 

shows similar behaviour to the blocky thermite (Fig. 6.48). However, the formation of the arms 

from plume deformation widen as opposed to lengthen (Fig. 6.48, Frames 7 to11, 8/15 to 12/15 

seconds), as observed in natural melts. Upon contact with the base, breakup of centimeter size 

globules occurs and varicose instabilities in the melt jet lead to jet breakup (Fig. 6.48, Frames12-

15, 13/15 to 1 1/15 seconds). The Billstein/Rhön basalt of Schipper et al. (2011) in water higher 

degree of breakup than was observed with both the basaltic melts and those of Wohletz. The 

viscosity of the basaltic melt used by Schipper et al. (2011) nearly 2 orders of magnitude less than 

that of HB 100 and between a half order and an order of magnitude lower than Wohletz. As 

observed in the simulation the diameter of the melt jet is thinner than the inlet orifice than for the 

basaltic melts (Fig. 6.49, Frames 3 to 6, 4/15 to 7/15 seconds). Like the silicate coating of Wohletz, 

the formation of arms from plume deformation widen as opposed to lengthen (Fig. 6.49, Frames 7 

to11, 8/15 to 12/15 seconds). However, due to the very low viscosity of the Billstein/Rhön Basalt 
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at the high temperature Schipper’s experiments were conducted at, a greater degree of breakup and 

splashing is observed (Fig. 6.49, Frames12-15, 13/15 to 1 1/15 seconds). 

The differences in these simulations presented in the previous paragraph can be accounted 

for by changes in the kinematic viscosity (i.e., density and viscosity) and surface tension. The lower 

kinematic viscosity and lower surface tension melts have a greater ability to undergo jet breakup, 

being most greatly effected by the velocity of the falling or moving fluid. This means that unlike 

higher viscosity melts (i.e., basalts) they can undergo both primary jet break up and secondary fluid 

breakup forming bodies of progressively smaller size and may encompass all of the fluid break-up 

regimes. (i.e.: Rayleigh, laminar-turbulent transition (first-wind), turbulent (second-wind), and jet 

atomization). A good example of how kinematic viscosity and surface tension effect jet breakup in 

melt can be demonstrated with pure thermite and corium. Thermite shows jet breakup at a small jet 

length with globules forming of cm size or larger (Fig. 6.50). Corium shows pinching and breakup 

at a slightly longer jet length but the jet is significantly thinner. The globules produced during 

breakup are smaller than centimeter sized (Fig. 6.51). An examination of the simulations shows 

that at finer scale, breakup occurs with lower kinematic viscosity and surface tension (Table 6.10).  

6.1.2.2 2D Analysis of Magma-Sediment Interface Simulations 
 

Investigating the breakup of two immiscible fluids at a planar interface provides insight 

into how peperites form at magma wet sediment contacts. This task can be accomplished by using 

interFoam to simulate the breakup of two immiscible fluids in a 2D configuration. The present 

analysis includes the patterns and size of the breakup of basaltic melt (HB100) in wet sediments 

with 62% porosity. The simulations are extended to look at the effect of lowering the temperature 

of the melt on the formation of Rayleigh-Taylor instabilities and subsequent breakup of the basaltic 
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melt. This is the first known attempt to use numerical simulations to look at the formation of 

peperites as a result of Rayleigh-Taylor Instabilities. 

To model a Rayleigh-Taylor instability and subsequent breakup in openFoam®, a two-

dimensional case was chosen by assuming the geometry of the modelled block was 1 by 0.5 meters 

in size with an infinite length in the z-direction. The mesh grid for the simulation consisted of 

blocks that are 2.0 mm by 2.0 mm wide. A second set of simulations were then conducted using a 

10 by 5 meter with grid size 2 cm by 2 cm, to look at breakup on a larger scale. The domain in both 

simulations consists of two regions: an upper region filled with basaltic melt and a lower region 

containing a fluid with the properties of a water saturated sediment. These two block are separated 

by an imaginary film preventing the two fluid from coming into contact until the simulation is 

initiated. The basaltic melts were examined at two different temperatures – 1423 and 1473K, 

corresponding to the temperature of the moderate and high viscosity melts of the peperite 

experiments conducted in this thesis. The physical properties of the basaltic melt and cool sediment 

can be found in Table 6.10 and 6.11 respectively. Additional parameters important to melt breakup, 

such as the Atwood are included in Table 6.12. 

The development of Rayleigh-Taylor instabilities in the small-scale models (1 by 0.5 m) 

show the formation of bubble and plume structures within the first 2 seconds of the simulation 

(Figs. 6.52 to 6.55). The instability itself, is generated within 0.2 seconds. These simulations show 

the effect of increasing viscosity on the formation of spike and bubble structures, producing wider 

structures and little to no formation and pinching of arms as seen in low viscosity melt jet 

simulations. The delay in the growth these features can be observed as viscosity increases. 

However, even though there is a delay, there little difference in the size of the globular bodies that 

form. The bodies themselves are centimeter to decimeter sized. The velocity profiles of these 

simulations indicate that melt is moving at a rate of 0.3 to 1 m/s. 
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In the large simulations of the development of Rayleigh-Taylor instabilities there is a delay 

in the timing of the instability generation. The instability is first evident at 2 seconds (Fig. 6.56 to 

6.59) and progresses to bubble and plume structures by 3 seconds. In these simulations, the increase 

in viscosity also has an impact, with delayed formation of surface instabilities in the center of the 

interface and delayed detachment of the melt bodies. However, the time scales of break apart in 

these simulations are still very small with deformation and breakup occurring in the 3 to 5 second 

range. Again, in these simulations, the melt bodies are centimeter to decimeter sized. The velocity 

profiles of these simulations indicate that melt is moving at a rate of 1 to 3 m/s. 

6.4.2 Comparison of Fluid-Fluid Modelling to Peperite Experiments and the Passamoquoddy 

Bay Mafic Peperites 

The formation of peperite is complex as it is an interplay of vapour phase expansion, 

sediment liquefaction and the fluid dynamic breakup of lava. All of the models presented in the 

previous section on the mixing and breakup of immiscible fluids were isothermal. Though these 

conditions do not perfectly simulate the interactions present between the expansion of a vapour 

phase and the liquefaction of sediments they do provide a unique insight into the mingling and 

breakup of magma as controlled by buoyancy driven gradients. This is especially relevant since the 

numerical simulations fluid-fluid mixing presented above show that the time scale of formation of 

peperitic textures occurs in seconds to minutes, effectively making the cooling of the melt irrelevant 

as on this time scale it is reasonable to assume that I am dealing with an isothermal melt.  

One of the major differences between the experiments and the simulations is the presence 

of sediments below the melt body. In the simulations of HB 100 and HB 90 melt jets there is no 

sediment trapped in the space beneath the melt. In these simulations, the melt jet widens and the 

plume head spreads as time. Following detachment, the plume head continues to widen eventually 

hitting the base and spreading across it. Though there are not many cases in the pepertite jet 
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experiments where the melt makes contact and spreads completely across the base of the container 

a case for the similarity of the numerical simulation to the experiments can be made. The single 

factor leading to the differences in morphology, where by the experiments show rounded globular 

peperite with a thin layer of sediments between the melt and the base (Fig. 4.61 to 4.65) is the 

compaction of sediments at the base of the container as a result of liquefaction. This is also 

supported by the work of numerous authors on fluid flow and grain motion, who show that sediment 

grain are mobile and descend during liquefaction leading to the densification of sediments at the 

limit of the liquefied zone (Zen and Yamazaki, 1990; Miyamoto et al., 2004). 

Another difference is that the melt body in the experiments does not spread across the entire 

base as shown in the simulations. This can be attributed to liquefaction being restricted to the area 

immediately adjacent to the melt and the liquefaction spreading for a certain distance. This 

observation is supported by the preservation of layered sand and mud in peperite experiments. In 

Figure 4.73, you can clearly see that the sand layers are not disturbed at the margins of the samples.  

When the simulations of the HB100 and HB90 melts are run to completion they accurately 

predict that the melt body does not break apart into smaller bodies. The shape of the melt bodies 

seen in the HB90 experiments occur because of the melts ability to stay together due to its high 

viscosity. Another similarity can be shown in the lower viscosity experiments. The simulations of 

HB85 show volumes of sediment inside the melt as vortices develop between the two fluids 

(Fig.6.46). This observation is consistent with the HB85 peperite experiments where there are 

multiple pods of sediments trapped inside the melt (Fig. 4.50). These experiments also show the 

formation of long thin melt arms off of a central melt body, corresponding to the deforming 

detached melt body as observed in the numerical simulation (Fig. 6.46).  
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Comparisons of the Rayleigh-Taylor mixing of immiscible fluids in planar configuration 

with peperite deposits found in nature show a striking similarity. All of the simulations of HB100 

melt in wet sediments show the formation of numerous spike and bubble structures. Break-up of 

the spikes and intermixing coolant bubbles create globular pods of melt in sediments with 

centimeter to decimeter size diameters (Figs. 6.52, 6.54, 6.56, 6.58). These simulations are 

consistent with observations of globular peperites seen in the Passamaquoddy Bay area (Figs. 2.15 

to 2.16) and those described by many other authors (Lorenz, 1984; Busby-Spera and White, 1987; 

Doyle, 2000). Globular peperite in the literature is described as centimeter- to decimeter-scale 

amoeboid, bulbous, tongue-like, or globular bodies surrounded by sediment. These globular bodies 

may be roughly equant and can be bound by finger-like projections or can be connected by fluidly 

shaped stems authors (Lorenz, 1984; Busby-Spera and White, 1987; Doyle, 2000). These features, 

as well as tendril and whip structures can all be observed in the 2D Rayleigh-Taylor simulation 

between basaltic melt and wet sediments (Figs. 6.52, 6.54, 6.56, 6.58). 

An important observation from the numerical simulations is the speed at which 

deformation and breakup of the melt occurs. In the melt jet experiments, widening and deformation 

of the melt jet head occurs with-in the first few seconds. In the planar configuration, Rayleigh-

Taylor simulations the formation of the instabilities and breakup develop with in the first 2 to 5 

seconds of the simulation. This rapid deformation and breakup of centimeter to decimeter sized 

magma bodies is unlike that which was observed in the melt jet simulations where the already cm 

size melt jets do not show breakup. The latter occurs because on this size scale breakup is 

constrained by their growth rate and velocity of movement. The deformation and breakup on these 

time scales and these sizes are consistent with the peperite forming before the outer melt is cooled 

enough to behave as a brittle solid.  
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6.4.3 Comments on Mechanisms of Breakup using Fluid-Fluid Modelling and mechanisms 

explored in other Experiments 

A variety of breakup mechanisms have been described that are postulated to result in 

peperite formation including hydrodynamic mingling and molten fuel-coolant interactions. The 

promotion of mingling and breakup of the melt in wet sediments has been attributed to density 

contrasts between the melt and wet sediments, and accompanying experiments have been 

conducted to examine this (Zimanowski and Büttner, 2002). Their research into this work was 

covered in Chapter 2, Section 2.3.2 on magma break-up. Though the scaling of these experiments 

was thought to be comparable to basaltic systems, the surface tension values of the contrasting 

fluids were very low as were the viscosities of the fluids (Table 2.14). As predicted by the Webber 

number, both primary and secondary breakup of the fluid can occur, as was observed in their 

experiments (Fig. 6.60). However, in comparison to a basaltic magma, the Ohnesorge numbers are 

much lower (i.e., Oh<<1) indicating that the fluids used in the experiments of Zimanowski and 

Büttner (2002) are surface tension dominated and are therefore much more likely to undergo 

primary and secondary breakup. From a breakup standpoint, the fluids in that study have properties 

much closer to corium and thermite melts (Fig. 6.60). If I examine the capillary number (Ca = 

μV/σ), those with high numbers tend to have viscous forces dominating whereas low numbers 

indicate surface tension forces dominate. For HB100 falling through air Ca = 922 and for corium 

melts falling through air Ca = 0.101, with water injected into silicon oil having a similar value. This 

is why there is formation of discrete small globules of corium or water in oil in the simulations 

whereas basalt tends to stay together and deform only at the margins. Additionally, it is important 

to point out that there is a significant difference in the Atwood numbers of these fluids not only 

between these two fluids but also compared to silicate melts. Since the Atwood number represents 

the density disparity between the two fluid as it determines the rate of growth of the instability. At 

low Atwood numbers, the growth rate of the instability decreases affecting the primary breakup of 

fluids because of the increasing similarity between the densities of the two fluids. This is important 
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as the Atwood numbers of the fluids used in Zimanowski and Büttner (2002) differ by an order of 

magnitude between Experiment A (At =0.0152) and Experiment B (At =0.1416). The experiments 

conducted with the lower Atwood numbers did not show breakup, rather they showed slug flow.  

A special subset of globular pererite is microglobular peperite defined as millimeter size 

bodies of melt or smaller. Though this has been described in the literature by Busby-Spera and 

White (1987), I did not observe breakup on this scale in our numerical simulations. Busby-Spera 

and White (1987) suggest that microglobular peperite represents a “frozen” sample of a fuel-coolant 

interaction between a magma and its host sediments. This hypothesis was supported by the work 

of Wohletz (2002), who used thermite melts mixed with sand interacting with wet sands. However, 

based on our analysis of melt jet breakup the formation of microglobular peperite with natural 

basaltic melts is only possible as very high melt emplacement velocities (Figs. 6.61 and 6.62). It is 

not likely that this could be produced directly by intrusion, unless the velocities are extremely high 

as the system is viscosity dominated and the capillary number remain high. An exception to this 

would be in within vent phreatic systems, where the melts are breaking apart as they travel through 

an unconsolidated, wet pyroclastic pile (White, 1990; White, 1991; Ort et al., 2000; Hooten and 

Ort, 2002; Martin and Németh, 2007). 

As demonstrated in Chapter 5 (Section 5.4), the melts used by Wohletz (2002) to produce 

peperite have very different physical properties than that of the basaltic melts used in this thesis 

(Tables 5.11 and 5.12). An examination of the Weber numbers indicates that primary and secondary 

breakup of these melts falling through water can occur in the range of geologically relevant speeds 

(Fig. 6.61). The melt jet simulations at low speed do not indicate any significant secondary droplet 

breakup (Fig. 6.47 and 6.48). However, when the speed is increased to 1 m/s the jet readily 

undergoes disintegration with droplet diameters formed on the range of 1-2 cm, and millimeter 

sized droplets are produce from the breakup of melt jets injected at velocities above 3 m/s (Fig. 
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6.61). The breakup conditions of the melt but this is fine enough to allow for the pre-conditioning 

of the melt prior to fragmentation. Hansson et al. (2009) demonstrated that melt droplets of molten 

metal undergo significant deformation prior to melt fragmentation, with deformation occurring 

during the first vapour film cycle suggesting that interfacial instabilities between the melt and the 

cooling play a role in melt droplet explosion. The was further supported by (Thakre et al., 2015) 

work on numerical simulations of molten tin droplets and jets.  

Melt jet fragmentation, modes of breakup and jet-breakup length has been well studied in 

the fields of Nuclear Engineering (Wang et al., 1989; Berg et al., 1994; Bürger et al., 1995; 

Nishimura et al., 1999; Bang et al., 2003). Studies on FCI suggest that fine scale breakup is essential 

to the generation of vapour explosions as the greater surface area of the fuel exposed rapidly 

increases the rate of heat transfer when an instability in the vapour film leads to its collapse 

(Berthoud, 2000 and references therein). However, very little advancement has been made in the 

understanding of the fragmentation process that leads to FCI because of the complexity of mixing 

of molten jets with water.  

A seminal study by Thakre et al. (2015) examines the hydrodynamic fragmentation of melt 

jets in the non-boiling regime. Thakre states that “…the rate of deformation of the droplet appears 

to be directly proportional to the relative velocity and inversely proportional to the droplet surface 

tension.” This indicates that hydrodynamic deformation is becomes more pronounced with either 

droplets having a high speed or those with lower surface tension. His numerical simulations show 

that leading edge breakup is dominate at low injection velocities, whereas at higher velocities 

stripping mechanisms play an essential role. Thakre used 2D and 3D numerical modelling to 

demonstrate that droplets of molten tin (U = 2.5m/s, d = 3 mm, ρ = 6600 kg/m2, μ = 0.0032 Pa∙s) 

in falling water may undergo significant deformation with increasing Weber number, as attributed 

to the effect of relative velocity (or velocity induced by a pressure pulse) and interface tension 
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between the two phases. More importantly, in 2D simulations the inclusion of a pressure pulse 

simulating the triggering of a steam explosion play a role in the magnitude of breakup effectively 

doubling the amount of deformation (Fig. 6.63 and 6.64). In 3D models, deformations with 

increasing Weber numbers show the progression from oblate to bowl shape to and subsequently 

catastrophic breakup greatly increasing the surface area of the droplets (Figs. 6.65 and 6.66). In 

addition, Thakre’s simulations show increasing viscosity at high Weber numbers decreases the 

deformation rate of the droplet.  

As presented earlier, there are inconsistencies in the melt produced in the experiments of 

Wohletz (2002). The suggested temperature of the thermite melt is likely much higher, approaching 

2800K. Thus, the viscosity of the melts used in his experiments were much lower than both the 

values that he reported and those used in the jet breakup simulations (Fig. 6.47 and 6.48). 

Simulation of thermite melts show that a high degree of breakup occurs even at low speeds (Fig. 

6.50). If I consider pure thermite melt then even at moderate speeds (i.e., 10 m/s) turbulent jet 

conditions would be present and the melts could easily undergo fine scale breakup. The calculated 

Reynolds numbers for a 10 mm jet of thermite a 10 m/s is 22,980. Under these conditions, explosive 

fuel-coolant interactions should occur as the Weber number is high and secondary multimode to 

shear breakup is predicted to occur. Consistent with the findings of Wohletz’s 2002 paper, this 

thermitic melt would undergo rapid breakup and heat transfer leading to explosively as the melt 

rapid collapse of the vapour film occurs at high speeds. However, based on the numerical 

simulations in this section and the numerous experiments conducted of pouring modified basaltic 

melt into wet sediments, the likelihood of an explosive event by this contact mechanism is low in 

the natural volcanic setting. 
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6.5 Summary 

The purpose of this chapter was to bring together the essential concepts for understanding 

the formation of peperite. The process of liquefaction and the liquefaction susceptibility of the 

analogue sediments used in the peperite experiments was addressed. The process of boiling, the 

importance of the Leidenfrost point, formation of a stable vapour film and explosive film collase 

were discussed. These concepts were then furthered by examining cooling models of melt jets and 

sills concluding that there is enough thermal energy being transferred at the interface to have stable 

film boiling for several second in the case of melt jets and several hours in the case of sills. More 

importantly, the 2D numerical modelling of fluid-fluid break up for sills shows that the melts in 

question can be regarded as isothermal as the time scale of breakup occurs on the order of seconds 

to minutes. The results of this chapter are further elaborated on in the proceeding chapter where a 

new model for the formation of peperites is presented.   
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6.7 Tables 

 
Table 6.1 – Properties of the unsieved and < 250 μm sieved analogue sediments used in peperite 

experiments including the water content (wc|) and degree of saturation (Sr) for each experiment 

Characteristic Sign Unit Unsieved Sediments < 250 μm Sieved Sediments 

Fines content  

(< 0.063mm) 
Fc %  80.5  91.2 

Particle Specific 

Gravity 
Gs   2.58  2.63 

Maximum Void 

Ratio 
emax   1.8312  1.9789 

Minimum Void 

Ratio 
emin   0.6239  0.6606 

          

Liquid Limit LL %  32.95  30.94 

Porosity at Liquid 

Limit 
nLL  

 62.43  61.53 

Void Ratio at 

Liquid Limit 
eLL  

 1.662  1.599 

          

Water Content of 

Experiment 
wc % 42.9 50.0 59.1 35.7 50.0 57.1 64.3 

Water Content to 

Liquid Limit Ratio 
wc/LL  

1.3 1.5 1.8 1.2 1.6 1.8 2.1 

Degree of 

Saturation 
Sr  

0.66 0.77 0.91 0.59 0.82 0.94 1.06 

 
Table 6.2– Parameters used in the cooling models of melt jets and sills using HB100. 

Melt Properties Units Symbol HB100 Water Steam Wet Silt 

Melt Temperature K Tm 1473 295 > 100 295 

Heat Capacity J/kg∙K Cp,m 1489 4186 2.01 2415 

Density kg/m3 ρm 2908 1000 0.6 1625 

Thermal Conductivity W/m∙K km 1.12 0.6 0.016 1.698 

Thermal Diffusivity m2/s αm 
3.0484E-

07 

1.433E-

07 

1.3267E-

07 

4.3265E-

07 
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Table 6.3 –Cooling times of HB100 melt stream in water using Heat3D and Energy2D. 

 

Melt Thickness 

Exterior 

1050°C 

Exterior  

Tg (646°C) 

Interior 

1050°C 

Interior  

Tg (646°C) 

Heat3D 

5 mm 1.24 s 38.342 s 12.997 s 49.433 s 

10 mm 1.24 s 142.442 s 51.069 s 198.884 s 

Energy2D 

5 mm 0.5 s 6.6 s 4.9 s 16.2 s 

10 mm 0.5 s 7.42 s 22.7 s 62.2 s 

Energy2D Convective 

5 mm 0.5 s 5 s 4.9 s 13.8 s 

10 mm 0.5 s 5.1 s 21.2 s 54.3 s 

 

Table 6.4 – Cooling times of HB100 melt stream in wet sediments using Heat3D and Energy2D. 

 

Melt Thickness 

Exterior 

1050°C 

Exterior  

Tg (646°C) 

Interior 

1050°C 

Interior  

Tg (646°C) 

Heat3D Conductive 

5 mm 2.165 s 94.268 s 16.598 s 104.371 s 

10 mm 2.165 s 404.676 s 66.484 s 455.373 s 

Energy2D Conductive 

5 mm 1.2765 s 38.4 s 30.7 s 96.1 s 

10 mm 1.2765 s 21.9 s 7.3 s 30.3 s 

Energy2D Convective 

5 mm 1.1 s 9.9 s  24.3 s 62.6 s 

10 mm 1.1 s 9 s  6.3 s 18 s 

 
Table 6.5 – Cooling times of thermite melt stream and basalt from Schipper (2011) melt stream in 

water using Energy2D. An exterior temperature of 1538ºC for thermite represents the solidification 

point of iron.  

 

Melt Thickness 

Exterior 

1538°C 

Interior 

1538°C 

Exterior 

1050°C 

Exterior  

Tg 

(646°C) 

Interior 

1050°C 

Interior  

Tg 

(646°C) 

Thermite Energy2D Schipper Basalt Energy2D 

5 mm 2.9 s 3.4 s 9.8 s 39.4 s 17.4 s  47.1 s 

10 mm 10.9 s 14.0 s 10.9 s 69.5 s 49.5 s 119.3 s 

Thermite Energy2D Convective Schipper Basalt Energy2D Convective 

5 mm 1.37 s 1.89 s 8.4 s 29.5 s 15.5 s 37.5 s 

10 mm 1.73 s 3.81 s 8.9 s 43.1 s 33.9 s 76.6 s 
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Table 6.6 – Cooling times for basaltic sills in wet sediments using Heat3D by KWare and E2D using a 

conductive cooling model. 

 

Sill Thickness 

Exterior 

1050°C 

Exterior  

Tg (646°C) 

Interior 

1050°C 

Interior  

Tg (646°C) 

Heat3D 

2.5 m 3.44 hrs ~97 days ~38 days ~145 days 

5.0 m 3.44 hrs ~380 days ~152 days > 380 days 

10.0 m 3.44 hrs   ~533 days   

Energy2D 

2.5 m 5.56 hrs ~8 days ~14 days ~59 days 

5.0 m 12.50 hrs ~20 days ~55 days ~221 days 

10.0 m 22.22 hrs ~37 days ~249 days ~990 days 

 
Table 6.7 - Classification of jet breakup regimes based on Weber number liquid (WeL) and gas (WeG) 

for low viscosity fluids (i.e., Oh<<1) (adapted from Reitz and Bracco (1986) and Birouk and Lekic 

(2009)). 

Breakup regime 
Drop Formation 

Mechanisms 
Reynolds Number Regime Transition 

Rayleigh Surface tension 
Laminar WeL > 8 

WeG > 0.4 

First-wind Induced 
Surface tension 

and air friction 

Laminar-Turbulent 

Transition 
0.4 < WeG < 13 

Second-wind Induced 

Air friction and 

opposition by 

surface tension 

Turbulent 13 < WeG < 40 

Atomization 
Multiple causes – 

unknown 

Turbulent 
 WeG ~> 40 

 
Table 6.8 – Rheological properties of basaltic melts and other fuels used in numerical jet breakup 

simulations. 1The values for corium, thermite and tin were taken from Corradini (1991). 2The 

properties for the Al-Fe melts of Wohletz (2002) are given in Table 5.8. 3The values for the 

Bilstein/Rhön melt are found in Schipper et al. (2011) and references therein.  

Fuel 
Temperature 

(K) 

Dynamic 

Viscosity  

η 

(Pa∙s) 

Kinematic 

Viscosity 

μ 

(m2/s) 

Density 

ρ 

(kg/m3) 

Surface 

Tension 

γ 

(N/m2) 

Hawaiian Basalt 1473 21.53 7.13E-03 3018 0.36305 

HB90 1373 19.74 6.97E-03 2831 0.293634 

HB85 1373 8.75 3.14E-03 2785 0.27806 

Corium1 2800 0.005 6.53E-07 7660 1 

Thermite1 2800 0.005 1.31E-06 3830 1.25 

Al-Fe Blocky2  1373 2.11 4.80E-04 4398 1 

Al-Fe Silicate 

Coating2 
1373 0.66 2.11E-04 3126 0.5 

Bilstein/Rhön 

Basalt3 
1613 0.3 1.09E-04 2753 0.37 
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Table 6.9 - Rheological properties of low density coolants used in numerical jet breakup simulations. 

Coolant 
Temperature 

(K) 

Dynamic 

Viscosity  

η 

(Pa∙s) 

Kinematic 

Viscosity 

μ 

(m2/s) 

Bulk 

Density 

ρ 

(kg/m3) 

Surface 

Tension 

γ 

(N/m2) 

Air 295 0.00002 1.48E-05 1.225 0.00002 

Water 295 0.001 1.00E-06 1000 0.001 

Saturated 

Wet Silt (62% 

porosity) 

295 0.015 9.23E-06 1625 0.015 

 
Table 6.10 – Table of dimensionless numbers important to the breakup of liquid jets for basaltic melts 

used in numerical simulations. See Table 5.20 for addition information. 

Fuel 

Coolant Atwood 

Number 

At 

Reynolds 

Number 

Re 

Weber  

Number 

We 

Ohnesorge  

Number 

Oh 

Hawaiian Basalt  

Air 0.9992 0.14 0.0003 6.5043 

Water 0.5022 0.14 0.2754 6.5043 

Saturated 

Wet Silt (62% 

porosity) 
0.3000 0.14 0.4476 6.5043 

HB90 at 1373K 

Saturated 

Wet Silt (62% 

porosity) 
0.2706 0.14 0.5534 6.8466 

HB90 at 1323K 

Saturated 

Wet Silt (62% 

porosity) 
0.2723 0.08 0.5608 12.9755 

HB85 

Saturated 

Wet Silt (62% 

porosity) 

0.2630 0.32 0.5844 3.1443 

Corium1 Water 0.7691 1532 0.1000 5.71E-04 

Thermite1 Water 0.5859 766 0.0800 7.23E-04 

Blocky Thermite2 Water 0.6295 2.08 0.1000 0.3182 

Silicate Coating2 Water 0.5153 4.74 0.2000 0.1669 

Bilstein/Rhön 

Basalt3 
Water 0.4671 9.18 0.2703 0.0940 
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Table 6.11 - Rheological properties of low density coolants used in numerical jet breakup simulations. 

Coolant 
Temperature 

(K) 

Dynamic 

Viscosity  

η 

(Pa∙s) 

Kinematic 

Viscosity 

μ 

(m2/s) 

Bulk 

Density 

ρ 

(kg/m3) 

Surface 

Tension 

γ 

(N/m2) 

Saturated 

Wet Silt (62% 

porosity) 

295 0.015 9.23E-06 1625 0.015 

Saturated 

Wet Silt (52% 

porosity) 

295 0.015 9.23E-06 1625 0.015 

Saturated 

Wet Silt (42% 

porosity) 

295 0.015 9.23E-06 1625 0.015 

 
Table 6.12 – Rheological properties of basaltic melts at various temperatures used in the Rayleigh-

Taylor instability simulations. 

Fuel 
Temperature 

(K) 

Dynamic 

Viscosity  

η 

(Pa∙s) 

Kinematic 

Viscosity 

μ 

(m2/s) 

Density 

ρ 

(kg/m3) 

Surface 

Tension 

γ 

(N/m2) 

Atwood 

Number 

At 

HB100 1473 21.53 7.13E-03 3018 0.36305 0.3000 

HB100 1423 40.17 1.32E-02 3039 0.36202 0.3032 

HB100 1373 78.43 2.56E-02 3062 0.36098 0.3066 

HB100 1323 161.07 5.22E-02 3085 0.35995 0.3100 
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6.8 Figures 

 

 
Figure 6.1 – Examples of liquefaction damage cause by earthquakes a.) 1964 Nigata, Japan, a 7.5 

magnitude earthquake triggered liquefaction that caused apartment buildings to topple. (Accessed 

June 9, 2016; http://www.ce.washington.edu/~liquefaction/selectpiclique/nigata64/tiltedbuilding.jpg) 

b.) 1964 Anchorage, Alaska, a 9.2 magnitude megathrust earthquake caused extensive damage due to 

to lateral spreading and disintegration of the ground (Accessed June 16, 2016; 

http://blogs.agu.org/tremblingearth/files/2011/03/goodfridaychaos.jpg). c.) Tokyo Earthquake, 2011. 

Manhole above ground surface in Urayasu, Japan, due to the liquefaction triggered by the 9.0 

magnitude earthquake. (Accessed on June 9, 2016; https://media.npr.org/assets/img/2011/04/06/japan-

liquefaction-manholes_wide-6f92b34a93ce11df59739dc940cac2525c197dc7.jpg?s=1400). d.) 2011 

Christchurch, New Zealand, a 6.3 magnitude earthquake triggered widespread liquefaction.  In this 

photo of a car is completely engulfed within sinkhole. (Photo by M Lincoln, accessed June 9th, 2016 

http://www.nzraw.co.nz/news/new-christchurch-earthquake-photos/)  

 

http://www.ce.washington.edu/~liquefaction/selectpiclique/nigata64/tiltedbuilding.jpg
http://blogs.agu.org/tremblingearth/files/2011/03/goodfridaychaos.jpg
https://media.npr.org/assets/img/2011/04/06/japan-liquefaction-manholes_wide-6f92b34a93ce11df59739dc940cac2525c197dc7.jpg?s=1400
https://media.npr.org/assets/img/2011/04/06/japan-liquefaction-manholes_wide-6f92b34a93ce11df59739dc940cac2525c197dc7.jpg?s=1400
http://www.nzraw.co.nz/news/new-christchurch-earthquake-photos/
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Figure 6.2- Diagram showing the loss of resistance in a sediment due to liquefaction.  Initially, water 

fills in the pore space between grains.  The friction between the grains holds the sediment together.  

During an earthquake event, water pore pressure increases and the water surroundings the grains 

eliminating all grain-grain contact.  This is where liquefaction begins in the sediment is capable of 

falling like a fluid.  As a consequence of liquefaction, the particles have mobility and the grain skeleton 

contracts into a new denser states resulting in the settlement of ground. 

 

 
Figure 6.3 – Graph showing the relationship between a limiting at the central distance of sites that 

which liquefaction has been observed and moment of magnitude four shallow earthquakes.  Deep 

earthquakes (focal that’s what got him out in and add on deck and read my sense is that lab metal does 

point > 50 km) have produced liquefaction at greater distances. Copyright image can be found in Jolly 

and Lonergan (2002). 
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Figure 6.4 – Direct shear test results in loose, medium and dense sands. Copyright image can be found 

in Das et al. (1996). 

 

 
Figure 6.5 – Graphical representation of the proposed liquefaction susceptibility criteria using the data 

from Bray and Sancio (2006).  The samples tested were isotropic silt, silty-sands and clays measured 

using cyclical triaxial testing. Copyright image can be found Bray and Sancio (2006).  
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Figure 6.6 – Results from previous studies on the effect of fines content (FC) on cyclic resistance for 

sand-silt mixtures at constant overall void ratio.  Copyright image can be found in Karim and Alma 

(2014), Figure 1.  

 

 
Figure 6. 7 – Diagram showing variation in sand-silt mixtures and the effect on pore space. Copyright 

image can be found in Karim and Alma (2014), Figure 4.  
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Figure 6. 8 – Graph showing response of pore pressure number of loading cycles for increasing non-

plastic silt contents. Copyright image can be found in Karim and Alma (2014), Figure 14. 

 

 
Figure 6. 9 – Number of loading cycles required to initiate liquefaction with increasing non-plastic silt 

content at constant dry density 1396.53 kg/m3 (13.7 kN/m3). Copyright image can be found in Karim 

and Alma (2014), Figure 8.  
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Figure 6. 10 – Plasticity chart using the criteria of Seed et al. (2003) to assess the liquefaction potential 

of soils. Zone A shows sediments susceptible to liquefaction, Zone B show sediments potentially 

susceptible to liquefaction and Zone C shows sediments not generally susceptible to liquefaction. The 

dashed line inside Zone A shows the location sediments highly susceptible to liquefaction. Sediment 

classification: C – clay, M - mud, O – organic, H – high plasticity, L – low plasticity. 

 

 
Figure 6.11 – Pool boiling curve for saturated water.  
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Figure 6.12 – Schematic drawings of boiling processes. a. Region I: Natural convection regime; b. 

Region II, A-B: Nucleate boiling regime, isolated bubbles; c. Region II, B-C: Nucleate boiling regime, 

column and slug flow; d. Region III: Transition boiling regime; e. Region IV: stable film boiling regime. 

 

 
Figure 6.13 – A hot stationary steel ball heated above the Leidenfrost point of FC72, a flourinated 

liquid with a boiling point of 56ºC. a. Stable vapour film formed outside steel ball, where the 

temperature of the sphere is greater than the Leidenfrost point (TS> TL, TL=130ºC). Ripples and 

bubbles are generated at the upper surface as vapour film forms and drains. b. Explosive release of 

bubbles occurs as the temperature of the steel ball drops below TL.  Copyright image can be found in 

Vakarelski et al. (2011), Figure 1.  

 

TS>TL TS<TL 
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Figure 6.14 – Free falling 20mm steel sphere experiments showing the effect of temperature of the steel 

ball on the drag co-effcient on the teminal velocity. a. Sphere falling at room temperature, terminal 

velocity of ~ 1.3 m/s. b. Sphere falling at 110ºC  where TS<TL and  TL=130ºC, reaches terminal velocity 

of 1.7 m/s. Sphere falling at 200ºC where TS>TL, reaches terminal velocity of 3.7m/s. Note that flow 

separation occur at different points base on temperature, thus increasing the drag on the sphere. 

Copyright image can be found in Vakarelski et al. (2011). 
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Figure 6.15 – 2D numerical simulation of 5 mm and 10 mm melt jets cooling in water using Heat3D by 

Kware. a. Setup of simulation with 5 mm and 10 mm jet at t = 0 s; b. Cooling of 5 mm and 10 mm jet 

external surface to 1050°C at t = 2.165 s; c. Cooling of 5 mm jet internal surface to 1050°C at ~17 s; d. 

Cooling of 10 mm jet mm jet internal surface to 1050°C at ~66 s; e. Cooling of 5 mm jet external surface 

to Tg (646°C) at ~94 s; f. Cooling of 5 mm jet internal surface to Tg (646°C) at ~104 s; g. Cooling of 10 

mm jet external surface to Tg (646°C) at ~405 s; h. Cooling of 10 mm jet internal surface to Tg (646°C) 

at ~455 s. 
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Figure 6.16– 2D numerical simulation of 5 mm and 10 mm melt jets cooling in water using Heat3D by 

Kware. a. Setup of simulation with 5 mm and 10 mm jet at t = 0 s; b. Cooling of 5 mm and 10 mm jet 

external surface to 1050°C at t = 1.24 s; c. Cooling of 5 mm jet internal surface to 1050°C at ~13 s; d. 

Cooling of 10 mm jet mm jet internal surface to 1050°C at ~51 s; e. Cooling of 5 mm jet external surface 

to Tg (646°C) at ~38 s; f. Cooling of 5 mm jet internal surface to Tg (646°C) at ~49 s; g. Cooling of 10 

mm jet external surface to Tg (646°C) at ~142 s; h. Cooling of 10 mm jet internal surface to Tg (646°C) 

at ~199 s. 
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Figure 6. 17 – Simulation of 10 mm and 5 mm melt jets in water or wet silt under cooling conductive 

conditions using E2D. 

 

 
Figure 6.18 – Simulation of 10 mm and 5 mm melt jets in water or wet silt under cooling convective 

conditions using E2D. 
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Figure 6.19 – Modelling of a 10 mm conductively cooling melt jet in a densely packed wet sediment 

using water and 1mm diameter quartz particles in E2D. a. Time = 0 seconds, b. Time = 9 seconds, c. 

Time = 18 seconds, d. Time = 27 seconds. 

 

 
Figure 6.20 – Modelling of a 10 mm convectively cooling melt jet in a densely packed wet sediment 

using water and 1mm diameter quartz particles in E2D. a. Time = 0 seconds, b. Time = 9 seconds, c. 

Time = 18 seconds, d. Time = 27 seconds. 
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Figure 6.21 – Modelling of a 10 mm conductively cooling melt jet in a loosely packed wet sediment 

using water and 1mm diameter quartz particles in E2D. a. Time = 0 seconds, b. Time = 9 seconds, c. 

Time = 18 seconds, d. Time = 27 seconds. 

 

 
Figure 6.22 – Modelling of a 10 mm convectively cooling melt jet in a loosely packed wet sediment 

using water and 1mm diameter quartz particles in E2D. a. Time = 0 seconds, b. Time = 9 seconds, c. 

Time = 18 seconds, d. Time = 27 seconds. 
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Figure 6.23 – 2D numerical simulation of a 2.5 m basaltic sill in wet sediments using Heat3D by Kware. 

The sill is centered at 10 m depth with margins of the sill between 8.75 and 11.25m. The area along the 

margins of the sill in light blue indicates the temperature of heating of the wet silt at the margins. Point 

taken near the margin of the sill indicate temperatures over 500°C, well above the Leidenfrost 

temperature for water. 

 

 
Figure 6.24 – 2D numerical simulation of a 5 m basaltic sill in wet sediments using Heat3D by Kware. 

The sill is centered at 10 m depth with margins of the sill between 7.5 and 12.5m. The area along the 

margins of the sill in light blue indicates the temperature of heating of the wet silt at the margins. Point 

taken near the margin of the sill indicate temperatures over 500°C, well above the Leidenfrost 

temperature for water.  
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Figure 6.25 – 2D numerical simulation of a 10 m basaltic sill in wet sediments using Heat3D by Kware. 

The sill is centered at 15 m depth with margins of the sill between 10 and 20m. The area along the 

margins of the sill in light blue indicates the temperature of heating of the wet silt at the margins. Point 

taken near the margin of the sill indicate temperatures over 500°C, well above the Leidenfrost 

temperature for water. 

  



Chapter 6 – Factors Involved in the Modelling of Peperite 

492 

 

 

  
Figure 6.26 – Photo of liquid breakup from a tap (http://www.dewarplumbers.ie/wp-

content/uploads/2014/04/tap-repair.jpg, accessed on October, 10, 2016). 

 
Figure 6.27 - Different mechanisms of droplet formation as a function of jet velocities (modified after 

Heinzen et al., 2004). 
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Figure 6.28 – Jet break-up in the dripping (a) Ralyeigh (c) and laminar-turbulent (e) regimes. 

Copyright image can be found in Kerst et al. (2000), Figure 12.  
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Figure 6.29– Secondary droplet breakup as a function of Weber number. Copyright image can be 

found in  Pilch and Erdmann (1987). 
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Figure 6.30 – Breakup regimes of fluids as proposed by Ohnesorge (1936)and Miesse (1955) in Lefebvre 

(1989). 

 
Figure 6.31 – Breakup regimes of fluids for log We versus log Oh as proposed by Hsiang and Faet 

(1992) showing geologically relevant viscosities and melt diameters. Copyright image can be found in 

Mastin (2007). 
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Figure 6.32 – Photo of the pouring of a low viscosity fluid (blue) and honey (yellow). The blue fluid 

undergoes Rayleigh breakup, whereas the honey undergoes capillary thinning 

(http://www.tuwien.ac.at/fileadmin/t/tuwien/fotos/pa/download/2012/06_2011/viskos.jpg, accessed on 

Nov, 10th, 2016). 
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Figure 6.33 – Thinning and coiling of silicon oil as it falls under gravity  

(http://web.mit.edu/nnf/research/phenomena/T41_thin_coiling.JPG, accessed on Nov, 10th, 2016).  
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Figure 6.34 – Rayleigh-Taylor instability fingers evident in the Crab Nebula (NASA, ESA, J. Hester 

and A. Loll (Arizona State University) from http://hubblesite.org/image/1823/news_release/2005-37, 

accessed on November 10th, 2016). 

 

 
Figure 6.35 – Idealized sketch of a Rayleigh-Taylor Instability showing that the high density fluid (ρ1) 

spikes down into the low density fluid (ρ2) as it bubbles up. Copyright image can be found in Andrews 

and Dalziel (2010), Figure 3.  

  

https://commons.wikimedia.org/wiki/NASA
https://commons.wikimedia.org/wiki/ESA
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Figure 6.36 - Viscosity dependence of the growth rate of RTI for glycerine and silicon oil solutions 

containing 50 μm glass beads. Circles and squares are data for glycerine solution and silicone oil, 

respectively. Solid lines are power law fit of the data with exponents of −1.20 for glycerine solution and 

−1.09 for silicone oil. Dotted and broken lines are the theoretical growth rates for glycerine solution 

and silicone oil, respectively, for 2 values of viscosity contrast (ε) shown. Copyright image can be found 

in Michioka and Sumita (2005), Figure 3. 
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Figure 6.37 – Configuration of phases using the VOF using a simple droplet of fluid in another fluid. 

Copyright image can be found in Thakre (2015), Figure 2.1. 

 

 
Figure 6.38 – Simulation of a Rayleigh-Taylor instability using interFoam. This diagram shows the 

mixing of diesel (red) in water (blue). Copyright image can be found in Thakre et al. (2013), Figure 1. 
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Figure 6.39 – Schematic diagram of the setup for pouring melt into air, water or wet sediments. This 

setup was used to create the mesh file for numerical simulations in openFoam. 
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Figure 6.40 – Jet breakup and deformation of water in air. Each panel represents a snapshot of the 

simulation taken at 1/15th of a second intervals. 

  



Chapter 6 – Factors Involved in the Modelling of Peperite 

503 

 

 
 
Figure 6.41 – Jet breakup and deformation of melt HB100 at 1473K in air. Each panel represents a 

snapshot of the simulation taken at 1/3rd of a second intervals. 
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Figure 6.42 – Jet breakup and deformation of melt HB100 at 1473K in water. Each panel represents a 

snapshot of the simulation taken at 1/3rd of a second intervals. 
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Figure 6.43 – Jet breakup and deformation of melt HB100 at 1473K in silts with 62% porosity. Each 

panel represents a snapshot of the simulation taken at 1/3rd of a second intervals. 
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Figure 6.44 – Jet breakup and deformation of melt HB90 at 1373K in silts with 62% porosity. Each 

panel represents a snapshot of the simulation taken at 1/3rd of a second intervals. 
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Figure 6.45 – Jet breakup and deformation of melt HB90 at 1323K in silts with 62% porosity. Each 

panel represents a snapshot of the simulation taken at 1/3rd of a second intervals. 
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Figure 6.46 – Jet breakup and deformation of melt HB85 at 1373K in silts with 62% porosity. Each 

panel represents a snapshot of the simulation taken at 1/3rd of a second intervals. 
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Figure 6.47 – Jet breakup and deformation of melt with composition of blocky particles from Wohletz 

(2002) at 1373K in water. Each panel represents a snapshot of the simulation taken at 1/15th of a second 

intervals. 



Chapter 6 – Factors Involved in the Modelling of Peperite 

510 

 

  
Figure 6.48 – Jet breakup and deformation of melt with composition of silicate coating from Wohletz 

(2002) at 1373K in water. Each panel represents a snapshot of the simulation taken at 1/15th of a second 

intervals. 
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Figure 6.49 - Jet breakup and deformation of melt with composition of Schipper at 1613K in water. 

Each panel represents a snapshot of the simulation taken at 1/15th of a second intervals. 
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Figure 6.50 - Jet breakup and deformation of melt with composition of thermite at 2800K in water. 

Each panel represents a snapshot of the simulation taken at 1/15th of a second intervals. 
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Figure 6.51 - Jet breakup and deformation of melt with composition of corium at 2800K in water. Each 

panel represents a snapshot of the simulation taken at 1/15th of a second intervals.   
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Figure 6.52 – Development of a Rayleigh-Taylor instability between HB 100 at 1473K (red) and silts 

with 62% porosity(blue). The size of the block represents 1.0 m wide by 0.5 meters tall, with the melt 

occupying the upper 0.25 m of the domain. Each panel represents a snapshot of the simulation taken 

at 0.2 second intervals. 
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Figure 6.53 – The velocity profile during the development of a Rayleigh-Taylor instability between HB 

100 at 1473K (coloured) and silts with 62% porosity(grey). The size of the block represents 1.0 m wide 

by 0.5 meters tall, with the melt occupying the upper 0.25 m of the domain. Each panel represents a 

snapshot of the simulation taken at 0.2 second intervals. The velocity range is from0 (dark blue) to 

1.455 m/s (red). 



Chapter 6 – Factors Involved in the Modelling of Peperite 

516 

 

 
Figure 6.54 – Development of a Rayleigh-Taylor instability between HB 100 at 1423K (red) and silts 

with 62% porosity(blue). The size of the block represents 1.0 m wide by 0.5 meters tall, with the melt 

occupying the upper 0.25 m of the domain. Each panel represents a snapshot of the simulation taken 

at 0.2 second intervals. 
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Figure 6.55 – The velocity profile during the development of a Rayleigh-Taylor instability between HB 

100 at 1423K (coloured) and silts with 62% porosity(grey). The size of the block represents 1.0 m wide 

by 0.5 meters tall, with the melt occupying the upper 0.25 m of the domain. Each panel represents a 

snapshot of the simulation taken at 0.2 second intervals. The velocity range is from0 (dark blue) to 

4.377 m/s (red). 
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Figure 6.56 – Development of a Rayleigh-Taylor instability between HB 100 at 1473K (red) and silts 

with 62% porosity(blue). The size of the block represents 10 m wide by 5 meters tall, with the melt 

occupying the upper 2.5 m of the domain. Each panel represents a snapshot of the simulation taken at 

30 second intervals with the first frame taken at 60 seconds.   
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Figure 6.57 – The velocity profile during the development of a Rayleigh-Taylor instability between HB 

100 at 1473K (coloured) and silts with 62% porosity(grey). The size of the block represents 10 m wide 

by 5 meters tall, with the melt occupying the upper 2.5 m of the domain. Each panel represents a 

snapshot of the simulation taken at 30 second intervals with the first frame taken at 60 seconds. The 

velocity range is from0 (dark blue) to 4.362 m/s (red). 
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Figure 6.58 – Development of a Rayleigh-Taylor instability between HB 100 at 1423K (red) and silts 

with 62% porosity(blue). The size of the block represents 10 m wide by 5 meters tall, with the melt 

occupying the upper 2.5 m of the domain. Each panel represents a snapshot of the simulation taken at 

30 second intervals with the first frame taken at 60 seconds. 
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Figure 6.59 – The velocity profile during the development of a Rayleigh-Taylor instability between HB 

100 at 1423K (coloured) and silts with 62% porosity(grey). The size of the block represents 10 m wide 

by 5 meters tall, with the melt occupying the upper 2.5 m of the domain. Each panel represents a 

snapshot of the simulation taken at 30 second intervals with the first frame taken at 60 seconds. The 

velocity range is from0 (dark blue) to 4.362 m/s (red). 
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Figure 6.60 – Graphs showing the variation of the Weber number relative to the Ohnesorge number 

for droplets of 5 mm diameter falling at increasing velocity. The values for water in oil are experiment 

series A and B from Zimanowski and Büttner (2002), with flow speeds report from 0.7 to 7.8 m/s. The 

values for corium, thermite and tin were taken from Corradini (1991). 
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Figure 6.61 – 

Graphs showing 

the variation of the 

Weber number 

relative to the 

Ohnesorge number 

for droplets of 

constant diameter 

falling through 

water at given 

velocities. a.) Melt 

droplets with 0.5 

cm diameter; b.) 

melt droplets with 

1.0 cm diameters; 

c.) melt droplets 

with 10.0 cm 

diameter. Data for 

the rheological 

parameters of the 

melts can be found 

in Tables 5.1 to 5.4. 
1The values for 

corium, thermite 

and tin were taken 

from Corradini 

(1991). 2The 

properties for the 

Al-Fe melts of 

Wohletz (2002) are 

given in Table 5.11. 
3The values for the 

Bilstein/Rhön melt 

are found in 

Schipper et al. 

(2011) and 

references therein.  
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Figure 6.62 – 

Graphs showing the 

variation of the 

Weber number 

relative to the 

Ohnesorge number 

for droplets of 

constant diameter 

falling through air at 

given velocities. Not 

the difference in the 

velocity required for 

melts to undergo 

secondary droplet 

breakup. a.) Melt 

droplets with 0.5 cm 

diameter; b.) melt 

droplets with 1.0 cm 

diameters; c.) melt 

droplets with 10.0 

cm diameter. Data 

for the rheological 

parameters of the 

melts can be found 

in Tables 5.1 to 5.4. 
1The values for 

corium, thermite and 

tin were taken from 

Corradini (1991). 
2The properties for 

the Al-Fe melts of 

Wohletz (2002) are 

given in Table 5.11. 
3The values for the 

Bilstein/Rhön melt 

are found in 

Schipper et al. 

(2011) and 

references therein. 
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Figure 6.63 – Breakup of tin droplet subject to 5 bar pressure pulse. Copyright image can be found in 

Thakre et al. (2013), Figure 14. 

 

 
Figure 6.64 – Breakup of tin droplet subject to 50bar pressure pulse. Copyright image can be found in 

Thakre et al. (2013), Figure 15. 
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Figure 6.65 – Deformation patterns of a droplet. a) t = 0 ms; b) t = 1.41 ms; c) t = 2.63 ms; d) t = 3 ms 

(P=10 bar; material: Tin; D = 3 mm). . Copyright image can be found in Thakre and Ma (2015), Figure 

11. 

 

 
Figure 6.66 – Deformation patterns of droplet. a) t = 0 ms; b) t = 0.56 ms; c) t = 0.67 ms; d) t = 0.78 ms; 

e) t = 0.89 ms; f) t = 1.0 ms; g) t = 1.13 ms; h) t = 1.39 ms (P = 50 bar; material: Tin; D = 3 mm). 

Copyright image can be found in Thakre and Ma (2015), Figure 12. 
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CHAPTER 7 - A NEW MODEL FOR PEPERITE 

FORMATION 
 

7.0 Overview 

The ultimate goal of this thesis is to propose a new, comprehensive model for the formation 

of peperites based on the discussion of the research already presented. Named the Vibrational-

Liquefaction Model, it is capable of providing the mechanism of increasing the pore water pressure 

creating conditions ideal for liquefaction. It is also capable of explaining why relatively small 

margins of peperites seen in some deposits while at the same time explaining peperites with 

relatively large margins. It relies on the observation gained from the numerical simulation of the 

mixing of immiscible fluids to explain the textures commonly seen in peperite deposits.  

7.1 The Vibrational-Liquefaction Model for Peperite Formation 

More important than any other model that could be used to explain peperite formation, is 

the vibrational-liquefaction model that will be proposed in this section. This model accounts for 

the effect that the vibrational energy of the vapour film oscillation and collapse has on transmitting 

mechanical energy to the surrounding sediments inevitably leading to liquefaction. Liquefaction of 

the sediments provides the magma with the space needed to behave in a ductile or brittle fashion 

producing peperite without the need of moving large volumes of sediment out of the immediate 

surrounding area.  

Previous work relating to the formation of peperites relies heavily on descriptive overviews 

to explain the mechanisms required for sediment fluidization and magma breakup. As discussed in 

Chapter 2 of this thesis, sediment fluidization by the vapourization of pore water is considered to 

be the main driving force in the promotion of mingling breakup of magma. The fluid pressure 

generated upon thermal vapourization by the expansion of the sediment pore waters is considered 
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to be the main mechanism for sediment to fluidization and resulting deformation leading to 

mingling (Kano, 2002). However, this mechanism requires movement of large volumes of fluid 

and sediment to create the complete destruction of sedimentary features and to account for the 

volume of melts emplaced in the sediments. More likely is the suggestion that the volume 

difference can be accounted for by thermal tamping24 (Francis, 1982; Walker and Francis, 1987). 

However, this mechanism cannot account for the complete destruction of sedimentary features, as 

thermal tamping causes the repacking and compaction of the sediments reducing their overall 

permeability.  

In the previous chapter the mechanism for liquefaction and the liquefaction susceptibility 

of sediments has been addressed, and densification at the limit of liquefaction has been reviewed 

(Chapter 6, Section 6.1). In adding to this discussion, the experiments produced in this thesis have 

been compared to previous authors work on peperite formation. The understanding how heat 

transfer affects the boiling regime, and the consequences of the formation of stable vapour films at 

high temperature are crucial to the understanding of how boiling affects sediment liquefaction. In 

addition, an examination of the effect of heat flow on particle motion along with the fluid dynamics 

of immiscible fluid mixing have been discussed. All of these features have been discussed as 

standalone principles and it is essential that these features be considered together to gain a 

comprehensive understanding of the formation of peperite. 

During contact between a magma and a wet, unconsolidated sediment the water in the pore 

space of the sediment becomes heated to a temperature greater than the saturation temperature (i.e., 

temperature for a corresponding saturation pressure at which liquid boils into its vapor phase or 

more simply put the boiling point). The water at the magma-wet sediment interface then either rises 

                                                      
24 Thermal tamping – the reduction in porosity as a result of repeated heating and condensation of vapour 

resulting in the grain rearrangement and compaction of the unconsolidated sediments. 
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in temperature by equilibrium processes or it is superheated to that surface temperature (Fauske, 

1973; Reid, 1976). For silicate melts, such as the modified basaltic melts used in the peperite drop 

experiments of this thesis, the surface heat flux is sufficiently high to superheat water and form a 

thermal boundary layer at the interface (Gaertner, 1965; Witte et al., 1970). As demonstrated in 

Chapter 6 (Section 6.2), the instantaneous temperature at the magma-water interface for a typical 

basalt in the 1100 to 1200 °C (1373 to 1473K) range in pure water at room temperature, the values 

of Ti are between 644 and 702°C (917 and 975K.) These temperatures are well above the saturation 

temperature and critical point of water. Additionally, cooling models (Fig. 6.23 to 6.25) show that 

on the exterior surface of sills with temperatures slightly above Tg (646°C) are capable of keeping 

the wet sediments at temperatures above the Leidenfrost point for long periods of time (i.e., several 

weeks to months depending on the thickness of the sill). Though, the margins are cooled to a 

relatively high viscosity over a period of several hours, the inward cooling of the melt to 1050°C 

(161 Pa∙s) takes several days (Table 6.6).  

The production of a stable vapour film at the melt-wet sediment interface will act to insulate 

the melt from the cooling effects of the sediments (see Section 6.2). This occurs because water 

vapour very has different thermal properties than liquid water. As shown by Makishi and Honda 

(2012), the vapour film stability requires a minimum heat flux from the melt surface. The thickness 

of the vapour film and the length of time the vapour film can be sustained for depend on the heat 

flux from the melt to the coolant. As demonstrated by the experiments of Schipper et al. (2013), 

the vapour film forming at the surface of submerged 50 micron thick melt film is very fine and lasts 

a fraction of a second. However, the volume of melt in the peperite experiments is much larger, 

with a melt stream diameter of 6 to 8 mm. Work by Furuya et al. (2002) on a 10 mm sphere of hot-

liquid in water, shows that the vapor film thickness increases monotonically with increasing hot-

liquid temperature and eventually becomes thicker than the hot-liquid radius (Fig. 7.1). His model 

assumes that the coolant liquid temperature is between 40 and 60°C and a condensation heat 
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transfer coefficient of 102 W/m2K25. Given this, it can be expected that a wider vapour film forms 

on melt stream than a 50 micron thick melt film, and even larger stable films should develop on 

basaltic flows. However, the temperatures of the coolants in our experiments and those found in 

pore waters of marine and lacustrine sediments are typically much lower than this. Regardless of 

the coolant temperature, given the high temperature of the melts a stable vapour film will form with 

increasing thickness related to the thickness of the melt itself. From experiments preformed outside 

of this thesis, vapour films of up to 1 mm have been observed. I would suggest in lava flows, the 

thickness of the vapour films would be up to or greater than 10 mm in thickness.  

Also important to vapour film stability and life span, is the difference between the coolant 

temperature (Tw) and the saturation temperature (Tsw), for water being the boiling point. From the 

experimental research of Dhir and Purohit (1978) on steel, copper and silver spheres falling though 

water,  the equation for the minimum melt surface temperature required to maintain a stable vapour 

film (Tv,min) is:  

𝑇𝑣,𝑚𝑖𝑛 = 101K + 8(𝑇𝑆𝐴𝑇 − 𝑇𝑊)  (7.1) 

 

Though these materials have slightly different heat transfer coefficients, the reported ranges of heat 

transfer coefficients at each subcooling temperature (TSAT-TW) overlap (Dhir and Purohit, 1978). 

                                                      
25 The time (t in s) needed to transfer heat (q in J) from the magma to the surrounding host sediments 

under stable vapour film boiling conditions can be calculated using the following equation: 

𝑞 = ∫ (
𝑑

2
) 𝜋𝑡𝛼𝑇 𝑑𝑇

𝑇2

𝑇1

 

where the heat transfer number (αT) is assumed to be 2.1 × 10-3 W/m2K for basaltic magmas in the range of 

1200-1400K (Fiedler et al., 1980). 
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Since the specific heat transfer coefficient for basalt is not known, I will assume that basaltic melts 

fall into this range allowing for the calculation of the minimum melt surface temperature required 

to maintain a stable vapour film when basalt interacts with water.  If I consider the temperature 

range of water from 277K (4°C) for ocean bottom water up to 295K (22°C) then the minimum melt 

surface temperature required to maintain a stable vapour film ranges between 725K (452°C) and 

879K (596°C). Below these melt surface temperatures, the melt is in direct contact with water and 

transition boiling take place, rapidly cooling the melt surface. Coincidentally, this temperature 

range is below the Tg (646°C) for HB100 (and most basaltic melts) indicating that sufficient heat 

transfer will be present to generate and collapse a stable vapour film. This is especially relevant for 

the production of blocky peperite as below the transition glass temperature glass may behave in a 

brittle manner. 

The key to the formation of peperite is the larger the volume of melt involved in the 

interaction the greater the time length of vapour film stability. As the volume of the melt increases, 

near constant heat flux rates should be reached. As heat is still being transported across the vapour 

film, though at a slower rate, bubbles will form on the vapour-coolant interface and will detach. At 

the same time, liquid accelerates toward the melt and the film thickness, total pressure, and heat 

flow rate from the sphere are oscillatory (Burmeister, 1978). The oscillatory motion of symmetric 

and asymmetric growth and collapse of a stable vapour film can generate frequencies of up to 2 

kHz and higher (Casal and Gouin, 1994). Stevens and Witte (1973)  have also observed frequencies 

of up to 2 kHz in the transition film boiling region on silver spheres with surface temperatures less 

than 623K (400°C). Board et al. (1971) experimentally investigated transient film boiling from a 

thin circular metal foil heated to temperatures of up to 450°C. They reported having observed an 

“oscillating vapor blanket”, with the frequency of the oscillation increasing linearly from 5 to 15 

kHz as the subcooling of the liquid was varied from 25 to 75 °C.  
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Depending on the frequency of oscillation of the vapour film as well as the amplitude and 

the vapour film thickness, there should be sufficient energy available to cause liquefaction in wet 

sediments. From the experiments of this thesis, I know that some sediments can be liquified with 

oscillations as low as 50-60Hz. When the interface between the magma and wet sediments drops 

to temperatures below the Leidenfrost temperature, kinetic energy from the high frequency 

continued growth and collapse of the vapour film will increase the pore water pressure in the 

sediments. This can be observed from the work of Vakarelski et al. (2011), where there is rapid 

formation and release of bubbles as the temperature drops below the Leidenfrost point (Fig. 6.13) 

As found by the experimental work of (Schipper et al., 2011), sediments act as an effective heat 

sink limiting the rate of heat transfer. This may in itself help contribute to driving the temperature 

of the melt down to the Leidenfrost temperature. McLean et al. (2016) suggests the thick flows or 

sill will cause prolonged liquefaction of the sediments as vapour can be present at the interface for 

extend periods of time. However, liquefaction can only stay in operation as long as there is 

sufficient pore water (i.e., > 80% saturation). Once the saturation of the sediments drops below this 

point liquefaction will cease. Simply put the vibrational energy of the oscillating vapour film and 

its collapse when fluids at the interface drop below the Leidenfrost temperature provide sufficient 

mechanical energy to cause the liquefaction of wet sediments near saturation. 

The melt breakup of during liquefaction was modelled in Section 6.3. By modelling the 

breakup of the magma in sediments by mixing of immiscible fluids using interFoam I can visualize 

the effect of melt break and the speed that this interaction will take place at once liquefaction is 

initiated. Our modelling showed that the deformation of the magma occurs rapidly (e.g., time scales 

of less than 30 seconds), making the process isothermal. This suggests that the brittle and ductile 

textures observed in peperite formation are controlled by the intimal temperatures of the melt at the 

time of interaction. The depth to which the liquefaction front can advance is dependent on the initial 

water content, degree of compaction and strain profile of the sediment. When liquefaction of the 
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sediments occurs in response to the vibrations produced at the melt sediment interface, the bulk 

density of the sediments will decrease. This means that immiscible mixing of the melt and liquefied 

sediments occurs more easily than in higher bulk density sediments. As the liquefaction of the 

sediments coincident with the mingling and pulling apart of globular peperitic bodies will continue 

as long as the sediments can be liquefied, though this often does not occur past several meters due 

to the sediments compacting by lithostatic pressure. Adding to the reduction liquefaction is that the 

water phase is progressively being driven off. In this latter case, the individual grains are settling 

out of suspension (Lakeland et al., 2014) and the shear strength of the sediment progressively 

increases as the grain form a new configuration. Once the water content in the sediments fall below 

the about 80% of saturation they are not as susceptible to liquefaction.  

The vibrational liquefaction model is an effective way to explain how peperites form. This 

model accounts for the effect that the vibrational energy of vapour film oscillation and collapse has 

on transferring mechanical energy to the surrounding sediments.  Inevitably, wet sediments 

susceptible to liquefaction will undergo failure if enough energy is transmitted. Liquefaction then 

provides the magma with the space needed to behave in a ductile or brittle fashion producing 

peperite without the need of moving large volumes of sediment out of the immediate surrounding 

area. A cartoon explaining the steps of how peperites can be seen in Figure 7.2. 
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7.3 Figures 

 

 
Figure 7.1 – Graph of the vapor film thickness versus the hot-liquid droplet radius from. Copyright 

image found in Furuya et al. (2002), Figure 4. 
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Figure 7.2 – A cartoon of peperite formation between a magma or lava and wet, consolidated 

sediments. In the first panel a vapour film forms upon contact between the two mediums. As the vapour 

film oscillates and the pore waters with in the sediments is heated, liquefaction begins. The thickness 

of liquefied sediments is controlled by the amount of thermal and mechanical energy being transmitted 

to the pore water. Density contrasts between the liquefied sediments and the magma or lava allow the 

melt form bubble and spike structures and immiscible mixing of the two mediums to occur. 
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CHAPTER 8 - CONCLUSIONS 
 

8.0 Overview 

The core aim of the present work is to study the interaction between magma and wet 

sediments and the processes influential to the formation of peperitic textures. From this work I am 

then able to look critically at the mechanisms responsible for the breakup of magma in wet 

sediments. The processes responsible for breakup and the knowledge gained from the experiments 

of this thesis were compared to the experiments conducted by other researchers. This work also 

included modelling of the system as two immiscible fluids providing further insight into the 

conditions required for breakup and mingling. Finally, a new model for the formation of peperite 

was proposed accounting for the conditions that lead to liquefaction and how that combined with 

the rheological properties of the magmas controls the textural outcome.  

8.1 Major Outcomes of this Thesis 

The major results of this thesis can be summarised in brief as follows: 

1) The addition of Li2B4O7 flux (Spectromelt ™) effectively lowers the melting point 

of specific minerals resulting in a readily pourable glass. The viscosity is the 

parameter most great affected by the addition of Li2B4O7. Other parameters 

affected by the addition of the Li2B4O7 flux include the density, heat capacity, Tg 

and surface tension. 

2) The scaling of the modified melts to natural basaltic melt shows that the addition 

of Spectromelt A10® to a natural basaltic melt is a viable tool that can be used in 

the investigation of melt behaviour. 

3) Liquefaction susceptibility and saturation of the sediments are the key parameters 

in wet sediment failure. 
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4) It is possible to produce peperitic textures in the laboratory and the degree of 

liquefaction of the sediments, as well as the viscosity of the melt controls the 

textural morphologies. 

5) The textural morphologies of globular peperites are well explained by immiscible 

fluid mixing models. 

6) The size of the bodies produced during immiscible fluid mixing is constrained by 

the fluid rheology, and are too large to make FCI pre-mixing viable. 

7) The energy provided by the oscillation of the vapour film, and more importantly 

the increase of the frequency of disturbance provided when the temperatures drop 

below the Leidenfrost temperature, allows for liquefaction. 

8) The new model on Vibrational Liquefaction provides the necessary framework to 

explain how sediment failure by soil liquefaction leads to the generation of 

peperitic textures. 

8.2 Future Directions 

Often in experimental petrology, experimentalist get so wrapped up in trying to get a novel 

apparatus to work that important details of the experiments themselves may be missed. In the case 

of this thesis, closer examination of the effect that consolidation, grain composition and structure, 

and pore water content have on the liquefaction of the sediments should have been considered while 

preforming experiments. Though in the end, successful experiments were conducted using the 

SMILE apparatus the naivety of my understanding of the complex interactions between magma 

and wet sediments led to the neglect of these important parameters. This doesn’t make the work 

presented in this thesis any less valid, rather it opens up new avenues for continued research in 

understanding under which conditions peperites will form. It is thus recommended that the 

following subjects in relation to peperite formation and liquefaction be looked at in detail: 
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• Better control on the void ratio and the degree of saturation of the sediment used 

in peperite experiments.  

• Examination of the affect of variations in the sand silt ratios of the sediments. 

Specifically, examining the range of void ratios from 0.6 through 1.0.  

• Additional experiments using constant temperature magma but variable void ratios 

and degrees of saturation from 0.6 to 1.4. 

• Employ the use of different coloured layers of glass beads or sands within a 

specific size range to gauge how much mixing happens and confirm the vibration 

liquefaction model. 

• Triaxial testing to look at the affect of cyclical loading on the sediment samples 

used in the peperite experiments 

• Shake table experiments to examine the affect of frequency on the pore water 

pressure, providing an idea of the frequency produced by vapour films. 

The final recommendation would be to build any new experiments to gather information 

on the role of pressure waves in liquefaction by using both pressure transducers and acoustic 

sensors. This will allow for a better understanding of the pressures and wave frequencies needed to 

induce liquefaction thereby allowing for peperitic textures to form. 

Additionally, I would recommend that more attention be paid to the documentation of the 

width of the intrusion, width of the peperite and width of the interaction zone. This information is 

key to understanding the dynamics between the magma and sediment and the zone of liquefaction 

in the sediments. Further, a case study should be done on the sediments involved in peperitic 

textures. This would require the sediments involved with peperitic textures being sampled and 

sectioned. The complete mineralogy should be documented, a grain size analysis on multiple 

samples should be completed, and these samples should be stained to reveal their potential porosity 
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after the liquefying event. This research would then help in the understanding of the character and 

physical properties of the sediments involved in production of peperitic textures.  

Outside of the formation of peperitic textures further numerical modelling and 

experimentation on MFCI should be conducted. As demonstrated in this thesis, melt jet breakup in 

viscous fluids does not occur at low velocities. Analysis of the Weber and Ohnesorge numbers 

suggest that viscous forces outweigh the surface tension forces putting constraints on both primary 

and secondary breakup even with increasing velocity. Secondary breakup may occur but only in 

very large size bodies. As premixes of melt in coolant preclude MFCI at these low speeds, high 

resolution numerical modelling of melt jet breakup should be conducted with increasing speed (and 

turbulence) to understand under which conditions premixes may form or if they are a result of 

granulation of the melt itself. The importance of geometry – namely, the affect of jets of melt falling 

through water versus the effect of jets of water impinging into melt should be examined. In addition, 

further investigation into the speed of the impinging water jets and speed of collapse of the vapour 

film should be considered. At velocities coincident with bubble cavitation (i.e., > 10’s m/s), 

impinging jets should effective breakup even in high viscosity fluids.



 

541 

 

APPENDIX 1 - ANALOG PEPERITE EXPERIMENTS 

A1.1 Lexan Injection System 

Phase 1 of building an experimental apparatus. This was not successful. This system was 

built to look at the effect of oscillations in the vapour film. Working with plastic proved extremely 

difficult and the temperatures did not get high enough without burning to cause boiling of the water 

in the substrate.  

Wax experiments are not comparable to peperite formation since wax can only be safely 

heated to 130 °C, as its flash point is 142 °C; these temperatures are too low to initiate FCI via 

equilibrium heat transfer. In addition, the density of wax is much lower than that of the sediment. 

Lexan, a polycarbonate plastic used in injection moulding, was selected as a magma 

analogue material since it is relatively harmless, cost effective and has the same viscosity as basaltic 

magmas (103 -104 Pa·s). The Lexan has been coloured purple, so that the textures it produces during 

interaction with the analogue substrate are easily observed. It is commonly used to make computer 

and electronics housings, water bottles, compact discs and plastic lenses.  

Lexan does not exhibit a sharp melting point but rather it softens over a wide temperature 

range. Softening begins at 154 ºC and the Lexan becomes molten at 310 – 330 ºC 

(tools.geplastics.com/resins/ProductGuides/PPO/Introduction.html). Lexan will degrade if kept at 

high temperatures for long periods; it is recommended that the temperature of the cylinder be 

reduced to 170 - 180°C and that the heater is left on so that the resin is not degradated from repeated 

heating and cooling (tools.geplastics.com/resins/ProductGuides/PPO/Introduction.html). The 

glass transition temperature of Lexan is between 140 – 150 °C (Liang and Gupta,2000). 
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The Lexan injection system underwent several iteratios before a suitable system was 

attained. The initial injections system was composed of a simple hollowed soft steel cylinder with 

a piston designed to extrude the magma analogue material through a ¼ inch nozzle. The piston was 

sealed with an o-ring made of high-temperature sealant. The injection system was tested using wax 

shavings and was heated a heat gun until the wax was melted. Extrusion was accomplished by 

moving the piston with a hydraulic press, which allowed for control of the extrusion rate.  

The design of this type of injection system for the production of peperite using analogue 

material was abandoned as the seal between the piston and vessel cylinder was difficult to maintain. 

When the piston was moved to extrude the molten material, a substantial amount of the molten 

material leaked on to the hydraulic press. As the design for the initial injection system failed, it was 

necessary to redesign an injection system that would not have problems with its seal. The piston 

and cylinder system design was scrapped.  

The second iteration of the Lexan injection system used a P464 permeability cylinder was 

refitted to our specifications. The vessel is composed of solid steel cylinder that is hollowed in the 

center leaving 1 inch thick walls and is mounted on a steel arm. An injection nozzle and gas input 

are located in the lid of the vessel. A thermocouple was inserted in the base of the vessel to monitor 

the temperature of the molten media and sealed with high temperature sealant. The thermocouple 

is a R-type platinum wire thermocouple with an Omega C9000 thermocouple temperature 

controlled connected to a 1000 W heat sleeve. The injection nozzle is simple in design, it consists 

of a connector (a brass hex reducing nipple) with ¼ inch diameter copper dip tube welded into the 

larger end, and ¼ inch diameter copper tube with a flare fitting mounted on the small end of the 

connector. A secondary heater, mounted at the base of the injection tube at the top of the vessel, is 

employed to prevent quenching of the resin. This secondary heater is used to initiate the injection 

of the resin at the desired time.  
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The solid Lexan granules were fed into the solid steel cylinder and flushed with Nitrogen 

gas to prevent plastic decomposition. The molten Lexan was then extruded from apparatus using 

Nitrogen gas at low pressures (1-8 bars). Initial tests of this system were performed in air, then 

water. Trial tests in air worked easily with little pressure needed for injections. However, testing in 

a water filled tank was relatively unsuccessful, as there were many problems with quenching of the 

Lexan. There were three major problems with the design of this system: 1) the temperature control 

system could not be calibrated to maintain a specific temperature range as the heater was external 

and the thermocouple was internal leading to a temperature overshoot causing the plastic 

degradation, 2) the diameter of the injection system was too small to extrude the molten Lexan due 

to frictional forces in the pipe during flow and 3) the gas pressures were too low to extrude the 

Lexan if there was any vessiculation. 

This injection system was then redesigned for a third iteration, replacing the Nitrogen gas 

injection system with the piston injection system from greater control over the injection force and 

speed. This injection system completely removes the Nitrogen gas input and the thermocouple is 

removed from the interior and replaced with an external thermocouple to remedy the systems 

temperature overshoot. The system is composed of the P464 permeability cylinder used in the 

second iteration. A 1 inch thick steel piston attached to a ½ inch acme screw forces the molten 

Lexan out of the vessel and into the extrusion tank. This iteration of the Lexan injection system 

increased the injection tube to a diameter of a ½ inch to prevent friction forces from preventing 

extrusion. The apparatus was attached to a steel plate that can be oriented in an upright direction to 

be filled with solid plastic pellets and in a horizontal position while extrusion takes place. This 

system failed when the piston became lodged in the cylinder due to plastic degradation and the base 

was not able to be detached. Therefore, a fourth iteration was produced.  
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The fourth iteration of the Lexan injection apparatus has a larger internal diameter and 

greater length than the previous design; the increase in interior volume of the apparatus allows 

multiple experimental runs. This system also omitted the Nitrogen gas influx and uses an external 

heater with and external thermocouple. The apparatus is mounted to a drill press arm to allow for 

ease of use of the apparatus in both vertical and horizontal orientations. The length of the injection 

tube was increased from the previous model due to changes in the apparatus set-up, requiring 

additional secondary heaters to be installed. There are still unresolved problems with quench, 

vesiculation and plastic degradation due to thermal controls during experimental runs which must 

be resolved prior to a successful run in unconsolidated, wet sediments can take place. 

For experimental runs two types of extrusion tanks were designed. The first desing 

consisted of Plexiglas® extrusion tanks that contain the unconsolidated sediments. The Plexiglas® 

tanks are 40x30x20 cm and were constructed using a square clamp and PL-700 (a tub and shower 

sealant). PL-700 was selected because of its durability and ease of use, attempts were made to 

construct tanks using silicon adhesive but the end product was not durable. A simple angle iron 

frame was constructed to house the Plexiglas® extrusion tank in the correct position above the 

Lexan injection system; this set-up was used for the second iteration of the Lexan injection system. 

This extrusion tank set-up was not feasible for long-term usage as it was rather difficult to 

reconstruct and the secondary heater caused melting of the tank base and grommet seal. Therefore, 

a more simple system consisting of a 20 cm diameter PVC tube with a removable steel base and 

direct connection to the injection system was constructed; this set-up was used for the third and 

fourth iteratios of the Lexan injection system.  

The building and running of these experiments was abandoned after returning from 

Germany. There were two reasons for this. Firstly, the molten plastic fumes were extremely acrid 

and the pressure buildup from the plastic smoke often led to the molten plastic spraying out earlier 
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than wanted. This led to severe burns on the writes hands when it went of unexpectedly. Secondly, 

after building SMILE and working with natural melts it was realized that the thermal conductivity 

of the Lexan melt was too low to drive any fuel coolant interactions.  

A1.2 Cerrotru Experiments 

 

These experiments were performed by melting Cerrotru® alloy (Bismuth-Tin Alloy 

8921K16, MacMaster-Carr, Cleveland, USA) in 250 mL glass beaker on a standard heating plate 

to a temperature of approximately 180°C. The Cerrotru® alloy has a melting point of 138°C takes 

about 1 hr to melt the reflow processing temperature of 180°C. For each experiment, approximately 

100 mL of molten Cerrotru® was poured onto of water saturated sand in a 400 mL glass beaker. 

The experiments were filmed using a standard 35 mm digital camera and photographs were taken 

of the results of each experimental run. These experiments were designed to look the behavior low 

viscosity - high thermal diffusivity melts during their interaction with wet sand. 

Early experimental designs focused on using analogue materials, such as wax and plastic 

resins, but after looking at the available energy and density contrasts it was decided that employing 

the use of a fuel as close to what there is in nature would yield the best results. Later experiments 

using Cerrotru alloy, provided us with insights into the dynamics of pool boiling and what role the 

transfer of kinetic energy plays in the deformation of the melts surface. Though these experiments 

themselves do not scale to volcanic system as seen in nature (as discussed in Chapter 5), they are 

none the less important to discuss. 

Cerrotru® alloy (Bismuth-Tin Alloy 8921K16, MacMaster-Carr, Cleveland, USA) is a 

eutectic alloy containing 58% bismuth and 42% tin by weight and is also referred to as Sn-58Bi. 

This alloy is used in a variety of manufacturing processes, such as injection molding, denture 
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production, prosthetic development, potting electronic components and low-temperature lead-free 

solder (http://www.csalloys.com/products-cerrotu-alloy.html). It has a relatively low melting 

temperature of 138°C and a relatively high rate of heat transfer compared to silicate melts. This 

alloy was chosen for primary experimentation as it has a low melting point and is safe to use in the 

laboratory setting. The complete list of physical properties of this alloy can be found in Table A1.1. 

Table A1. 1 – Table of the physical properties of Sn-58Bi from selected references. 

Properties Sn-58Bi Reference 

Liquidus T 138°C Siewert et al. (2002) 

Enthalpy 49.1 kJ/kg N5_Plus_Inc. (2012) 

Viscosity at 138°C 1.5 mPa s Singler et al. (2004) 

Density at 138°C 8.75 g/cm3 Sabirzyanov et al. (2008) 

Specific Heat at 120°C 0.155 J/gK N5_Plus_Inc. (2012) 

Surface Tension 0.319 N/m Siewert et al. (2002) 

Thermal Conductivity 19 J/ (m s K) Gu and Chan (2009) 

Thermal Expansion 17x10-6/°C N5_Plus_Inc. (2012) 

 

http://www.csalloys.com/products-cerrotu-alloy.html
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APPENDIX 2 - VISCOSITY MEASUREMENTS 

The viscosity measurement tables using the viscometer in the Experimental Geomaterial 

Characterisation Laboratory at Ludwig-Maximilians-Universität are too large to be reported in this 

appendix. Instead they have been included at the back of the thesis on a USB key or can be obtained 

by contacting the author directly by email at warna.downey@gmail.com. The excel file is named 

A2_Viscocity_Measurements.xls. 

APPENDIX 3 - DIFFERENTIAL SCANNING 

CALORIMETRY MEASUREMENTS 

The DSC measurement tables using the NETZSCH® DSC 404 Pegasus differential 

scanning calorimeter in the Experimental Geomaterial Characterisation Laboratory, Sektion 

Mineralogie, Petrologie, und Geochemie at Ludwig-Maximilians-Universität are too large to be 

reported in this appendix. Instead they have been included at the back of the thesis on a USB key 

or can be obtained by contacting the author directly by email at warna.downey@gmail.com. The 

excel file is named A3_DSC_Measurements.xls.  

APPENDIX 4 - LASER PARTICLE SIZE ANALYSIS DATA 

TABLES 

The tables reported in this appendix were generated using Malvern Application 5.60. The 

parameters used in the original measurements are listed at the top of each table. The refractive index 

(RI) and absorption (A) were change incrementally following the initial measurement and the data 

for each measurement was recalculated to better ascertain these parameters as these variables were 

unknown. These tables are too large to be reported in this appendix. Instead they have been included 

at the back of the thesis on a USB key or can be obtained by contacting the author directly by email 

at warna.downey@gmail.com.  The excel file is named A4_DSC_LPSA.  



Appendices 

548 

 

APPENDIX 5 - SOIL SAMPLE TEST REPORT FOR 

RELATIVE DENSITY AND VOID RATIO 

The tables reported in this appendix were produced by Peter Gaunce in the Soils Lab at the 

Department of Transportation and Infrastructure, Government of New Brunswick. . The modified 

compaction test procedures are outline in detail in ASTM 1557 (Standard Test Methods for 

Laboratory Compaction Characteristics of Soil Using Modified Effort). These tables are too large 

have been included at the back of the thesis on a USB key or can be obtained by contacting the 

author directly by email at warna.downey@gmail.com.  The excel file is named A5_Soil.xls  

 

APPENDIX 6 - DIRECT SHEAR DATA TABLES 

The tables reported in this appendix were generated using a dead weight direct-residual 

shear device by DGSI with a 4 channel digital output reader by Karol-Warner Co (Model 6574), 

conforming to ASTM D3080-04. The tables are too large to be reported in this appendix. Instead 

they have been included at the back of the thesis on a USB key or can be obtained by contacting 

the author directly by email at warna.downey@gmail.com. The excel file is named 

A6_DirectShear.xls.  
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