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Abstract 

Particles can modify the thermodynamic behaviour of ice in response to 

insolation. Ice with surface particles is defined as ‘debris-covered’ or ‘dirty’ ice, 

depending on whether a continuous or discontinuous layer is present, 

respectively. The behaviour of dirty ice has not been extensively researched, 

although these ice conditions are common. Improving our understanding of 

discontinuous particle-ice interaction can aid forecasting of ice changes in a 

warming world. 

 

Laboratory experiments were designed to address knowledge gaps in the 

behaviour of: (1) particle properties (thermal conductivity, albedo, density, and 

diameter) on influencing particle-ice interaction using control particles, such as 

plastics (e.g. polystyrene) and metals (e.g. brass and chrome steel); (2) 

volcanic particles (e.g. basaltic scoria and rhyolitic pumice) in dirty ice 

conditions; and (3) microplastic particles (e.g. polyethylene and polypropylene) 

in dirty ice conditions. Particle-ice interaction under analogue insolation (80 W 

LED) was studied in conditions analogous to the supraglacial and englacial 

environment, at scales ranging from individual particles to a scattering of 

particles, all with a diameter <12 mm. Experiments were conducted in a freezer 

(-6°C – +7°C) on optically transparent ice blocks (50-80 mm). 

 

Results demonstrated that dirty ice conditions are significant for glacier ablation, 

with a range of particle-ice behaviours observed: (1) sinking particles created 

melt channels within ice; (2) floating particles created surface meltwater ponds 

with surface tension effects facilitating particle redistribution processes; (3) 

particles utilised pre-existing internal ice structures (e.g. vein networks) as 

ablation pathways; and (4) volcanic particle fragmentation. These were 
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controlled by the thermal state of ice, and particle properties. The englacial 

environment was additionally found to be significant for ablation. The laboratory 

behaviour of volcanic and microplastic particles compared well with behaviours 

estimated through systematic investigation of particle properties, suggesting 

that the fate of particles within ice can be mapped through assessment of 

particle properties.  
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1. Introduction  

The cryosphere is used as an indicator of climate change due to the sensitivity 

of ice to climate fluctuations (Vincent et al., 2004; Racoviteanu et al., 2021). 

Although the cryosphere contains any component of nature that retains a frozen 

state of water (Vaughan et al., 2013), this study has a glacial focus. Glaciers 

are defined as flowing ice that has originated from an accumulation and 

compaction of snowfall (Cuffey and Paterson, 2010). These can be categorised 

according to size and location (Table 1.1).  

 

Table 1.1. Primary classification of glacier types mentioned in this thesis. 1(Benn and Evans, 

2014) and 2(NSIDC, 2020a). 

 

 

1.1. The impacts of the cryosphere on life and society 

Many communities are reliant on glaciers (Marzeion et al., 2014; Carenzo et al., 

2016) due to glacial influence on hydrological cycles, sea level rise, ocean 

circulation, natural hazards, soil erosion, and biodiversity, amongst others (Lau 

et al., 2010). Therefore, it is critical to monitor glacier wastage to understand the 

past, predict future patterns, and implement appropriate mitigation for future 

changes (Dyurgerov and Meier, 2005).  

 

1.1.1. Freshwater supply 

Approximately 69% of global freshwater is stored in glaciers and ice sheets 

(Abram et al., 2019) and, consequently, many populations are reliant on glacial 

meltwater to supply rivers downstream (Kaser et al., 2010; Thayyen and 

Gergan, 2010). For example, the Himalayan glaciers provide water to 

approximately 800 million people in areas that are vulnerable to water 
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shortages. Therefore, glaciers can be viewed as a ‘protection against drought’ 

(Pritchard, 2019). 

 

With a growing global population, and thus a growing demand for freshwater, 

the reliability of freshwater supply is vital (Schewe et al., 2014). However, with 

the shrinkage of glaciers it is expected that the volume of glacial runoff will 

decline following continued ice mass loss (Abram et al., 2019). Not only might 

this impact freshwater availability, but it may indirectly impact hydropower, crop 

yields and irrigation, and food security (Immerzeel et al., 2010). 

 

1.1.2.  Sea level rise 

Contemporary contributors to a rising sea level involve cryosphere ice loss and 

thermal expansion of oceans. However, recent examination suggests that 

cryosphere contributions dominate (Oppenheimer et al., 2019). It has been 

suggested that melting of ice in Greenland and Antarctica has the potential to 

raise sea level by 6-7 m and 60 m, respectively (Van Den Broeke et al., 2008; 

Shukla et al., 2017). Other glaciers (outside of Antarctica and Greenland) have 

the potential to raise sea level by approximately 0.5 m (Oppenheimer et al., 

2019).  

 

The rate of ice melt and meltwater input to the oceans has accelerated in 

response to increases in global surface temperatures (Dyurgerov and Meier, 

2005; Shukla et al., 2017; Allen et al., 2018; Golledge et al., 2019). This trend 

has been predicted to continue increasing (Church et al., 2013; Oppenheimer et 

al., 2019), with additional complexities likely to exacerbate this, e.g. marine ice 

sheet instability, and polar amplification processes (Beer et al., 2020).  

 

Coastal areas are typically densely populated regions, and it is expected that 

the number of people living in low elevation regions (i.e. <10 m above sea level) 

will increase from 680 million to one billion by 2050 (Neumann et al., 2015; 

Shukla et al., 2017; IPCC, 2019). Therefore, many populations are exposed to 

the consequences of sea level rise. These include: an increased occurrence of 

rare extreme events (e.g. storm surges), permanent submergence of land, 
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damage to property, loss/change in coastal ecosystems, coastal erosion, 

changes to soil salinity, etc. (Oppenheimer et al., 2019). 

 

1.1.3. Ocean circulation 

Glaciers are an important contributor to freshwater exchange with the ocean, 

influencing ocean salinity, density stratification and circulation (Lehman and 

Keigwin, 1992; Dyurgerov and Meier, 2005; Abram et al., 2019). This can 

impact ocean ecosystems and circulation patterns on a local and global scale 

(Lehman and Keigwin, 1992). For example, climate variabilities in the 

Quaternary period have been correlated to changes in ocean circulation, 

triggered by the increased input of freshwater into oceans (Knutti et al., 2004). 

Therefore, many of these ocean circulation systems (e.g. Atlantic meridional 

overturning circulation) are recognised as tipping points in the Earth’s climate 

system (Abram et al., 2019).  

 

1.1.4. Natural hazards   

The melting of glaciers and ice sheets can cause hazardous events (e.g. 

rockslides, floods, avalanches, etc.). These can be divided into two categories: 

(a) direct hazards occurring from the direct action of ice/snow, such as 

avalanches and glacial outburst floods; and (b) indirect hazards, i.e. those 

arising because of a glacial feature, such as rockslides or water resource issues 

(Richardson and Reynolds, 2000). Many of these glacial hazards (e.g. 

avalanches and flood events) are predicted to increase with a warming climate 

(Abram et al., 2019) and slope failure is now commonly observed in deglaciated 

mountain valleys (Cossart et al., 2008). 

 

1.1.5. Biological systems 

The cryosphere can influence biological systems, e.g. by changing ecosystems 

through forced migration of species, modifying the chemistry of lakes, and loss 

of habitat. As ecosystems are so interconnected (like many aspects of the 

Earth’s system), one change in a population can trigger multiple adaptive 

responses within the ecosystem (Abram et al., 2019).  



 4 

1.2. Ablation of ice 

Glaciers cover approximately 10% of the current land surface (IPCC, 2019) and 

can be categorised as being in a state of negative or positive mass balance. A 

negative mass balance occurs when ablation (removal of ice) exceeds 

accumulation (an increase in ice volume) leading to glacier retreat. Conversely, 

a state of positive mass balance occurs when accumulation exceeds ablation, 

resulting in glacier growth (Benn and Evans, 2014). Global monitoring suggests 

that most glaciers (particularly mountain glaciers) are experiencing a negative 

mass balance across both hemispheres (e.g. Solomina et al., 2008; Vaughan et 

al., 2013) resulting in a global trend of glacial retreat (IPCC, 2019; Xie et al., 

2020). Additionally, glaciers can be classified according to the thermal regime of 

the ice. This is within three categories: warm, polythermal, and cold thermal 

regimes, which are based on the internal ice temperature profile (Zhang et al., 

2013). Warm (temperate) thermal regimes are when ice temperatures are 

fluctuating around pressure melting point (PMP), whilst cold (polar) thermal 

regimes are when internal temperatures are below PMP and so have no liquid 

water content. Polythermal refers to ice with a complex combination of these 

temperature states (Irvine-Fynne et al., 2011; Hambrey and Glasser, 2012). 

 

1.2.1. Mechanisms of ablation 

The context of this study is ice in an ablation environment. The three 

mechanisms for ablation are melting, sublimation and physical erosion (Table 

1.2). However, this study will focus on ablation through melting and sublimation.  

 

1.2.1.1. Melting, evaporation and runoff 

Energy coupled into ice can raise ice temperatures to PMP (i.e. sensible heat) 

and cause melting (i.e. latent heat of fusion). Evaporation and runoff can then 

occur, although evaporation requires additional energy (i.e. the latent heat of 

vaporisation) to induce a phase change from liquid to gas. A combination of 

melting and runoff is the lowest-energy and dominant means of ice loss on most 

land-terminating glaciers, particularly in a temperate thermal regime.  
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1.2.1.2. Sublimation 

Sublimation is the removal of ice directly into the gaseous phase (Stigter et al., 

2018). Therefore, this ‘skips’ the melting and evaporation component of the 

phase change system (Figure 1.1), with the energy requirement for sublimation 

approximately equalling that required for both melting and evaporation. 

Sublimation is possible at all temperatures, dominating in cold and dry 

environments where melting cannot occur (Taberlet and Plihon, 2021).  

 

Figure 1.1. Diagram showing energy input for the solid-gas, solid-liquid, liquid-gas, and vice 

versa, phase changes of water. 1Whelan and Hodgson (1989), 2Cuffey and Paterson (2010). 
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Table 1.2. Summary of ice ablation processes, where LT = land-terminating, WT = water terminating, HA = high altitude, PR = polar regions, IS = ice 

sheet, and MG = mountain glaciers (Parish and Bromwich, 1987; Benn and Evans, 2014; Cuffey and Paterson, 2010; Marshall, 2011).   
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1.2.2. Energy balance 

Ice ablation is determined by the energy balance at the ice surface (equation 

1.1) and occurs when the temperature of ice is at PMP (usually at 0C): 

Sin+ Sout + Lin + Lout + QS + QL + G – Q = 0.                              [1.1] 

Where:  

• Sin: incoming shortwave radiative flux, 

• Sout: outgoing/reflected shortwave radiative flux, 

• Lin: incoming longwave radiative flux, 

• Lout: outgoing longwave radiative flux, 

• Qs: sensible heat flux, 

• QL: latent heat flux, 

• G: subsurface heat flux, 

• Q: energy flux available for melt (Andreassen et al., 2008). 

Therefore, the energy flux available for melt (Q) is defined as the sum of each of 

the components of shortwave and longwave radiation, and the remaining heat 

fluxes (i.e. Q = Snet + Lnet + QS + QL + G). Shortwave radiation refers to all 

incoming solar radiation, whilst longwave radiation refers to re-radiated long 

wavelength energy, typically peaking at 11.3 m (Prentice et al., 2012).  

 

1.2.3. Albedo of snow and ice 

The surface albedo, defined as a dimensionless measurement of surface 

reflectiveness (NSIDC, 2020b), influences solar radiation absorption. This 

dictates the extent of energy exchange at an ice surface and so has a crucial 

influence on the surface mass balance (Box et al., 2012). The albedo differs 

between substrates (e.g. snow/firn/ice), and with the snow/ice condition (Table 

1.3). 
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Table 1.3. Albedo range for snow and ice (Benn and Evans, 2014; Cuffey and Paterson, 2010). 

 

Clean ice is transparent at the spectrum peak of solar radiation (i.e. visible light 

region) due to very weak absorption (see Chapter 3, Section 3.1.4 for an in-

depth consideration of ice-solar radiation interaction). However, the presence of 

bubbles in ice can increase the albedo due to scattering of light. Additionally, 

impurities on/within ice provide a surface for radiation absorption, modifying the 

surface albedo (Hadley and Kirchstetter, 2012). The heat absorbed by particles 

can be transferred to the ice, leading to increased ice melt due to the presence 

of energy that would otherwise not be available (Reznichenko et al., 2010); this 

concept is the basis for this study. 

 

Ice has a complex internal structure formed by veins at the triple junctions 

between ice grains. These can contain liquid water (Rempel, 2005), and are of 

particular importance when ice is close to melting as vein diameters widen with 

increasing temperature (Langham, 1974). Therefore, these can modify the 

thermodynamic behaviour of the ice and have been noted to act as conduits for 

material transport when the ice is near PMP (Nye, 1989). 

 

Snow has a high number of internal interfaces and is one of the most reflective 

natural surfaces on Earth (Hadley and Kirchstetter, 2012). This results in a 

weak absorption of solar radiation because radiation is reflected away, apparent 

most at visible and near-ultraviolet wavelengths (Doherty et al., 2010). In the 

same way as ice, impurities on/within the snow can modify the surface albedo; 

this is particularly apparent in the regions of the spectrum where absorption is 

low, e.g. the visible region. Most glaciers have a combination of snow and ice 

surfaces (in addition to impurities and debris cover), and so experience a high 

spatial albedo variation. This can result in a high spatial variation in ice ablation.  
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1.3. Debris-covered and dirty ice 

The presence of foreign particles (light absorbing particles, LAPs) can adjust 

the thermodynamic behaviour and optical properties of ice and snow, and is of 

particular importance when considering how glaciers respond to climate change 

(Nicholson and Benn, 2013; Carenzo et al., 2016; Dragosics et al., 2016). 

Glaciers with extensive cover of debris are termed ‘debris-covered ice’, whereas 

glaciers that are partially covered in debris are termed ‘dirty ice’ (Fyffe et al., 

2020). Currently, 44% of glaciers >2 km2 are debris-covered (Herreid and 

Pellicciotti, 2020), and the relative influence of debris-covered and dirty ice is 

predicted to increase with a global trend of retreating glaciers, in addition to an 

increase in mechanisms for particle presence on/within ice (Scherler et al., 

2018; Herreid and Pellicciotti, 2020). This is due to increased atmospheric 

particle loading, which is directly correlated with particle deposition onto ice 

surfaces (Barrie, 1985), re-exposure of buried particles during ice melt, and 

instability of rock on valley sides as glaciers retreat (Reid and Brock, 2010; Reid 

et al., 2012; Zhen and Shiyin, 2012).  

 

Surface particles can strongly influence ablation patterns because particles 

absorb electromagnetic radiation in the visible region (Benn et al., 2012). 

However, the amount of energy transferred into the ice is dependent on a 

variety of factors, including the thickness of the debris layer and the particle 

properties (Richardson and Brook, 2010).  

 

1.3.1. Properties of light absorbing particles 

This section will describe the physical properties of particles on/within ice that 

can absorb solar radiation (i.e. Light Absorbing Particles, LAPs). The properties 

and distribution of the particles ultimately determine the behaviour of particle-ice 

interaction and the influence on ice ablation. 

 

1.3.1.1. Debris thickness  

Ice ablation can be either hindered or enhanced depending on debris cover 

thickness (Juen et al., 2014). The threshold at which this behaviour shifts is 

known as the ‘critical thickness’, representing a scenario where the ablation rate 
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of debris-covered or dirty ice is equal to that of clean ice, i.e. the thickness of 

debris that has no influence on ice ablation (Kayastha et al., 2000). Ablation is 

enhanced below the critical thickness and hindered above it. The thickness at 

which maximum ablation occurs relative to clean ice is termed the ‘effective 

thickness’ (Brook and Paine, 2011).  

 

Thick debris layers can insulate the underlying ice because the debris acts as a 

protective barrier to heat transfer (Juen et al., 2014), consequently reducing 

conduction of heat from solar radiation absorption to the underlying ice (Reid et 

al., 2012). Conversely, thin layers of debris, or a scattering of particles (i.e. dirty 

ice conditions), result in an increased absorption of solar radiation due to strong 

absorption by the particles in the visible range. This energy is transferred to the 

underlying ice and increases ablation rates. Therefore, dirty ice has a higher 

ablation rate than thick layers of debris-covered ice, and clean ice (Fyffe et al., 

2020). Single particles on an ice surface can aggregate together to form a 

particle cluster (e.g. such as those in cryoconite holes, Section 1.3.2.4), further 

adding complexity to the ice ablation process in the presence of surface 

material. This study will focus on the behaviour of dirty ice. 

 

1.3.1.2.  Particle thermal conductivity 

The presence of particles allows conduction of heat energy to the ice surface, 

although this will vary between particle type (Fyffe et al., 2020). Conduction of 

heat is predominantly controlled by the particle’s thermal conductivity; particles 

with a low thermal conductivity will be inefficient conductors of heat to the 

underlying ice and will insulate the ice at a lower thickness than those with 

higher thermal conductivities (i.e. the critical thickness for thermally insulating 

particles would be lower than that for thermally conductive particles).  

 

1.3.1.3. Particle albedo 

The particle albedo influences particle-ice interaction as this dictates the extent 

of solar radiation that can be absorbed by the particle. Particles with a low 

albedo will absorb a greater amount of solar radiation compared to those with a 
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high albedo, and so can transfer a greater amount of energy to the underlying 

ice.  

 

1.3.1.4.  Particle density 

The particle density determines whether a particle will be buoyant in meltwater 

generated (Hobbs, 2014), and if a particle can be redistributed across an ice 

surface by aeolian transport (Folco et al., 2002). This latter point is particularly 

important as wind may redistribute a continuous layer of debris into a dispersed 

scattering of particles, which may modify the ice response to the surface 

particles.  

 

1.3.1.5. Particle diameter 

A variety of grain sizes and particle morphologies are experienced within debris 

on an ice surface (Juen et al., 2013; Fyffe et al., 2020). The direct impact of 

particle diameter on the ability to melt ice is not yet fully understood; however, it 

is assumed that a larger particle would decrease ice ablation relative to a 

smaller particle. This is because of the known reduction of ablation with 

increasing debris thickness, and, in many instances, particle diameter has been 

used as a proxy for particle thickness (Fyffe et al., 2020). There are additional 

complexities associated with irregular particle morphology, meaning that a 

singular particle rarely has a uniform diameter.  

 

1.3.2. Common light absorbing particles 

Particles can be transported extensive distances from their source location to 

then settle on ice surfaces via wet or dry deposition, i.e. the removal of particles 

from the atmosphere through precipitation, or interaction of particles with the ice 

surface, respectively (Barrie, 1985). This can lead to a variety of surface 

particles in glacial environments (Doherty et al., 2013; Tedesco et al., 2016), 

which can modify the albedo of the ice system. However, the extent and 

behaviour of solar radiation absorption differs between particles (see 

supplementary Table 9.1 in Appendix 1). The most common types of LAPs that 

have relevance to this study are carbonaceous aerosols (e.g. containing 
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carbon) such as black carbon and brown carbon, dust particles, cryoconite, rock 

debris, volcanic particles, meteorites, and microplastic particles. 

 

1.3.2.1. Black carbon  

Black carbon (BC) particles are some of the most effective LAPs due to strong 

absorption of solar radiation, particularly at 0.4-0.7 m in the visible 

wavelengths (Wang et al., 2014; Shen et al., 2017; Wu et al., 2020). This is 

responsible for the dark colour of BC particles. Therefore, a very small amount 

of BC can have a significant impact on ice bodies, e.g. concentrations of 10-100 

parts per billion (ppb) can decrease the ice albedo by 1-5%. This has been 

observed in many instances, e.g. the darkening of Greenland (Tedesco et al., 

2016). Additionally, 1 ng g-1 of BC has the same impact on albedo as 100 ng g-1 

of dust (Section 1.3.2.3.) at a wavelength of 0.5 m (Dumont et al., 2014).  

 

1.3.2.2. Brown carbon 

Brown carbon (BrC) has been considered a scattering (i.e. with reflective 

properties), rather than an absorbing particle, in many climate models (Wu et 

al., 2016). However, recent studies have demonstrated that the absorbing effect 

from BrC is greater than previously thought (Kirchstetter et al., 2004; Alexander 

et al., 2008; Doherty et al., 2010; Chung et al., 2012; Wu et al., 2020). For 

example, Doherty et al. (2010) found that BrC was responsible for 

approximately 40% of absorption in visible and UV wavelengths on the surface 

of Arctic snow. Globally, it has been noted that BrC particles are responsible for 

20% of the total absorption by carbonaceous LAPs at visible wavelengths (Wu 

et al., 2020). Additionally, emerging research suggests that BrC is capable of 

absorbing in the mid- to long-visible region of the solar spectrum (Saleh, 2020).  

 

1.3.2.3.  Dust particles 

Dust particles have a range of definitions within the literature (e.g. mineral 

particles, soil-derived particles, etc.), but are largely defined as particles with 

sizes of order micrometres. For the purpose of this thesis, the term ‘dust’ will be 

applied to only mineral-derived particles of this size (with feldspar and quartz 

dominating), and so non-mineral dust particles (e.g. black carbon particles) are 
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excluded from this category (Bowen and Vincent, 2021). Dust particles have 

varying compositions, reflecting their source conditions. This range of material 

can absorb across the electromagnetic spectrum (Dentener et al., 1996; 

Formenti, 2003), although predominantly in the visible region (Bergstrom et al., 

2007; Mahowald et al., 2014). Although dust is not considered to have such a 

strong influence on albedo as other LAPs (e.g. BC), high concentrations of dust 

have been observed on the Greenland ice sheet, with values up to 500 ng g-1 

observed in Northern Greenland (Dumont et al., 2014). The small nature of dust 

particles facilitates aeolian transportation and deposition of particles, and so 

contamination on glacier surfaces is global (Mahowald et al., 2013; Du et al., 

2017). Dust contamination on a glacier surface is a particular issue in the 

Himalayan region as Asia is a significant natural and anthropogenic dust source 

(Svensson et al., 2018). 

 

1.3.2.4. Cryoconite 

Glaciers can support life in the subglacial and supraglacial environments (Stibal 

et al., 2006; Anesio et al., 2017). Life on glaciers is typically in the form of 

microbial activity, which can be found in many environments, such as within ice 

vein networks, on the surface, within meltwater lakes, etc. (Anesio et al., 2017). 

When dust particles on a glacier surface aggregate together to form larger units, 

microenvironments that contain nutrients are created, allowing microorganisms 

to grow and reproduce (Zarsky et al., 2013; Schepanski, 2018). These sediment 

deposits, containing microbial activity that form on the ice surface, are called 

cryoconite deposits and can absorb solar radiation. This results in sediments 

melting the ice and, due to their dense nature, they move downwards to create 

a vertical cylindrical hole that is termed a cryoconite hole (Takeuchi et al., 

2018). Therefore, cryoconite holes are features formed through differential 

melting of ice due to the presence of surface particles (Bagshaw et al., 2007).  

 

1.3.2.5. Rock debris 

This is a broad category that describes sedimentary, igneous, or metamorphic 

rock debris that is on a glacier surface. This differs from dust particles primarily 

due to larger particle sizes and non-aeolian transport mechanisms of 
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deposition. Instead, rock debris is typically entrained onto a glacier surface by 

several mechanisms, e.g. mass influx from valley sides, debris slumping, etc.  

This is typically associated with erosional processes, and consequently, the 

development of thick debris cover. Therefore, insulation effects are expected 

(Hewitt, 2005; Huo et al., 2021). 

 

1.3.2.6.  Volcanic material 

Volcanic eruptions can impact glaciers in several ways, depending on the 

location of the ice, volcanic particle distribution, and eruption style and 

magnitude. The material deposited on a glacier could be from a variety of 

sources, for example: volcanic airfall, pyroclastic density currents, lahars, lava 

flows, edifice collapses, etc. The products of the different depositional 

processes are starkly different, resulting in a range of thermal and optical 

particle properties and varied deposit thicknesses. Therefore, both ablation and 

preservation effects may occur following deposition of volcanic material (Barr et 

al., 2018).  

 

1.3.2.7. Meteorites 

Ice sheets are high interest areas for meteorite collection due to processes that 

can result in the concentration of meteorites. For example, Antarctica is of 

particular interest to scientists interested in meteorites due to the large surface 

area and presence of meteorite stranding zones, in which upward flowing ice 

concentrates meteorites, through englacial transportation, on stable ice 

surfaces (Graham and Annexstad, 1989; Harvey, 2003; Evatt et al., 2016). 

Additionally, low weathering rates preserve the meteorites in the cold, dry 

climate (Folco et al., 2002). It has been discounted that the high numbers of 

meteorites found in these regions are from a single meteorite fall due to the 

variation in meteorite composition and type (Nagata, 1978). With relevance to 

this study, meteorites are capable of absorbing solar radiation and transferring 

heat into the ice to cause ice melt, in the same way as other LAPs. 
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1.3.2.8. Microplastics 

The properties of microplastic particles (e.g. polymer types, shapes, sizes, 

colour, etc.) have ranges of values that lead to different potential behaviours 

within the environment. By definition, microplastic particles are < 5 mm in 

diameter; therefore, it is not surprising that recent research has demonstrated 

the capability of aeolian transport to deposit microplastics within the cryosphere 

in remote areas, e.g. high mountain regions (Allen et al., 2019; Ambrosini et al., 

2019; Bergmann et al., 2019; Cabrera et al., 2020), the Arctic (Morgana et al., 

2018; Kanhai et al., 2020; Stefánsson et al., 2021) and sediments in Antarctica 

(Munari et al., 2017). However, the behaviour of microplastic particles once 

within the cryosphere is not yet fully understood. 

 

1.4. Aim 

This research aims to investigate the influence of single particles and a 

scattering of particles on ice ablation. 

 

1.5. Objectives 

This study investigates particle-ice interaction by focussing on achieving the 

following objectives: 

1. To monitor and take time-lapse images of the behaviour of particle-

ice interaction in controlled experiment settings, to develop 

understanding of the role of particle properties (e.g. particle albedo, 

thermal conductivity, density, and diameter) in influencing particle-

induced ice melt, 

2. To monitor and take time-lapse images of the behaviour of volcanic 

material on and within ice in controlled experiment settings, 

3. To monitor and take time-lapse images of the behaviour of 

microplastic particles on and within ice in controlled experiment 

settings, 

4. To use these findings to hypothesise processes involved in dirty ice 

conditions, 
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5. To use these findings to hypothesise processes for volcanic and 

microplastic particles in naturally occurring cryospheric environments 

on Earth. 
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2. A review of debris-covered and dirty ice science 

This chapter reviews research that has investigated debris-covered or dirty ice, 

as defined in Chapter 1. Literature was obtained via a key-term driven search 

strategy (i.e. utilising terms such as “debris-covered ice”, “dirty ice”, 

“supraglacial debris”, “ice ablation”, etc.), and collating references within key 

papers. The approaches taken in these studies included fieldwork techniques, 

laboratory experiments, modelling and remote sensing methods, or a 

combination of these. For ease of review, Chapter 2 is organised into fieldwork, 

laboratory, and modelling research approaches, with remote sensing methods 

omitted as they were outside the scope of this study. Research approaches are 

then further categorised into the common themes identified in the reviewed 

studies.  

 

2.1. Fieldwork approaches 

The presence of irregular melting, dirt cones and ‘glacier tables’ (i.e. ice 

pedestals overlain by rock) on ice systems initially raised the question if debris 

on an ice surface can modify the thermodynamic behaviour of ice (Swithinbank, 

1950). These observations prompted fieldwork-based research into debris-

covered and dirty ice, and one of the pioneering experimental studies 

conducted by Östrem (1959) identified multiple responses of ice to surface 

particles (e.g. enhanced versus reduced melting). This catalysed a series of 

field-based projects focussed on developing an understanding of the cause of 

these various responses (Table 9.2, Appendix 2). Results demonstrated high 

levels of variability, reflecting the degree of variability experienced within the 

natural system. This was observed between glaciers and between different 

points on the same glacier.  

 

The purpose of field research has varied greatly; this has ranged from 

assessing the behaviour of debris characteristics (e.g. thickness, particle type, 

etc.) and the role on ice ablation (e.g. Östrem, 1959; Juen et al., 2013; Möller et 

al., 2018), to defining the spectral absorption of aerosols (Meloni et al., 2006) 

(Bergstrom et al., 2007) and ice (Askebjer et al., 1997) to aid understanding of 

aerosol and ice absorption of solar radiation. These studies have provided 
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background information on the behaviour of particle-ice interaction – useful as 

context-setting for future work and development of subsequent fieldwork and 

laboratory experiments. Fieldwork research has also gathered information to 

validate and develop modelling techniques (e.g. Brock et al., 2007; Brandt et al., 

2011; Juen et al., 2014), and remote sensing techniques (e.g. Mihalcea et al., 

2008), allowing future trends of ice behaviour to be predicted (e.g. Keegan et 

al., 2014) and observed. Many field experiments have investigated a ‘debris-

covered ice’ system, rather than a dirty ice system. A range of particle types 

have been examined; for example, volcanic material (e.g. Brock et al., 2007), 

rock debris (e.g. Östrem, 1959), microplastics (e.g. Bergmann et al., 2019), and 

meteorites (e.g. Folco et al., 2002). 

 

Fieldwork has been utilised to reconstruct long-term trends from measurements 

of particle concentrations from ice-cores, snow-pits, or glacial varves (e.g. Ram 

and Gayley, 1991; Takeuchi et al., 2011; Keegan et al., 2014; Du et al., 2017; 

Meyer et al., 2017; Muschitiello et al., 2017). These measurements can be used 

as a proxy for reconstruction of atmospheric particle concentrations such as 

black carbon, dust, etc. (Ming et al., 2008). The long-term climatic response of 

debris-covered glaciers has also been assessed through fieldwork observations 

(e.g. Sakai et al., 2002; Vincent et al., 2004; Boggild et al., 2010; Benn et al., 

2012).  

 

2.1.1. Debris thickness 

A significant number of fieldwork studies investigated the role of debris 

thickness on ablation rates by measuring changes in ablation on natural and 

artificial plots of debris. These included a variety of particle characteristics and 

layer thicknesses and the deduction of effective and critical thicknesses (e.g. 

Östrem, 1959; Fujii, 1977; Driedger, 1981; Brock et al., 2007; Juen et al., 2013; 

Hobbs, 2014; Möller et al., 2018). The vertical surface lowering (relative to a 

fixed point) over a measurement period was typically measured using ablation 

stakes (Östrem, 1959; Mattson et al., 1993; Brook and Paine, 2011), vertical 

strings (Nakawo and Young, 1981), ropes (Bazhev, 1975), or a terrestrial laser 

scanner (Nield et al., 2013). These measurements generated values for critical 

and effective thicknesses of different debris in varying locations (Figure 2.1).  
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Figure 2.1. Stacked bar graph highlighting the variability of effective and critical thickness (cm) 

from reviewed field studies, separated into debris type.  

 

Östrem (1959) pioneered the ablation monitoring technique and generated what 

is known as the ‘Östrem curve’. This method has subsequently been replicated 

in other studies at a variety of locations (Figure 2.2). All studies exhibited a 

similar shaped curve, where it was noted that ablation under thin layers of 

debris was enhanced, whilst ablation under thick layers of debris was hindered. 

The thickness of debris layers explored in the reviewed studies varied; 

generally, continuous layers were considered, with few studies studying dirty ice 

conditions (e.g. Fyffe et al., 2020). The broad category of debris investigated 

also differed, to include volcanic (e.g. Driedger, 1981; Kirkbride and Dugmore, 

2003; Brock et al., 2007; Hobbs, 2014; Möller et al., 2018, etc.), and non-

volcanic material. The non-volcanic rock debris was further categorised 

according to clast size, e.g. dust (Adhikary et al., 2000), sand (Fujii, 1977; 

Higuchi and Nagoshi, 1977; Nakawo and Young, 1981), and larger rock debris 

such as scree (Kayastha et al., 2000; Brook and Paine, 2011; Juen et al., 

2013). These studies have highlighted that the effective thickness depended on 

debris properties (e.g. thermal conductivity, albedo, etc) and, therefore, debris 

type.  
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Figure 2.2. The relationship between the mean daily ablation rate (cm day-1) and the thickness 

of debris cover (cm) at various locations. Smoothed curves from data points taken from (a) 

Mattson et al. (1993); (b) Khan (1989); (c) data points from Richardson and Brook (2010); (d) 

Loomis, 1970 and (e) Östrem (1959), reprinted from ‘Ablation of debris-covered ice: some 

effects of the 25 September 2007 Mt Ruapehu eruption’, Richardson, J. M., and Brook, M. S., 

Journal of the Royal Society of New Zealand, © copyright [2010], reprinted by permission of 

Informa UK Limited, trading as Taylor & Taylor & Francis Group, http://www.tandfonline.com. 

Results from fieldwork experiments suggest that a balance exists between the 

increased absorption of solar (particularly, shortwave) radiation, facilitated by 

the presence of particles, and the conduction of heat through the particle layer 

(Driedger, 1981). Increased absorption of solar radiation would, theoretically, 

result in enhanced melting; however, if conduction of heat through a particle 

layer was inefficient, then melting would be reduced as the overlying layer 

would act as an insulator. These processes are determined by thermal 

conductivity and albedo of the particle layer, suggesting that these properties 

dominate control on particle-induced ablation (Kayastha et al., 2000). This 

balance results in the generation of effective and critical thicknesses. In the 

instances where ablation begins to decline, the conduction of heat through a 

debris layer is sufficiently slow to mitigate the initial effect of increased solar 

radiation absorption. Fieldwork results have demonstrated that the ablation rate 

decreases exponentially with increasing debris thickness above the critical 

thickness. 

http://www.tandfonline.com/
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A common issue with many of these studies was that although a general curve 

of ablation was defined, the areas of maximum ablation, i.e. the effective 

thickness, typically had to be estimated (Östrem, 1959; Mattson et al., 1993). 

This was because this occurred under thin layers or, in some instances, when a 

continuous layer had not yet been established (Brock et al., 2007). This was not 

the focus of many studies, and meltwater erosion of the ice surface or 

redistribution of surface particles hindered measurement of thin layers in 

instances where it was considered (Hobbs, 2014; Fyffe et al., 2020). Although 

the reviewed literature provides an invaluable insight into the behaviour of 

debris with varying thicknesses of different debris type, it does not demonstrate 

the importance of single particle properties and may have inaccuracies 

associated with error and techniques used in the natural system when 

considering dirty ice conditions due to the area of maximum ablation being 

estimated in most cases.  

 

The dynamic nature of glacier systems adds complexities and uncertainty to 

field measurements, as it is common for debris thicknesses to change during 

experimental periods (Khan, 1989). In some instances, storm events destroyed 

the experimental area prior to results being recorded (Hobbs, 2014). 

Additionally, many field experiments were restricted to short time periods (e.g. 

<17 days) with irregular monitoring. Möller et al. (2018) introduced an 

automated measurement system that enabled a continuous insight into the 

behaviour of tephra-ice interaction over longer timescales (e.g. throughout the 

entire ablation period). Additionally, a camera was utilised within the 

experimental set-up to capture the response of ice to a tephra layer, although 

this stopped working shortly after the measurement period began. However, the 

benefits of using such a system to enable regular measurements can be 

recognised despite technical failure in the field.  

 

2.1.1.1. Fieldwork studies investigating the substrate underlying debris 

A smaller number of field studies have investigated the role of the substrate 

underlying the debris in influencing surface particle behaviour. Results suggest 

that snow surfaces are more susceptible to ablation than an ice surface as full 
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insulation effects occur at higher debris thicknesses for snow than for ice 

(Hobbs, 2014). This was observed in a near-direct comparison between Möller 

et al. (2016) and Möller et al. (2018), where it was noted that tephra of the same 

thickness on a snow surface was not contributing to full insulation effects 

expected for ice. It has been proposed that the porous properties of snow/firn 

facilitated these findings, as meltwater produced on snow/firn penetrated 

through the porous layer, whilst that produced on ice remained on the surface 

(Bazhev, 1975; Hobbs, 2014). Therefore, evaporation of surface meltwater 

removed heat from the ice surface and reduced the amount of energy available 

for melt (Bazhev, 1975). Variability was observed within each theme of 

substrate, likely due to the particle properties.  

 

2.1.2. Particle thermal conductivity 

There has been limited fieldwork research into systematically assessing the 

effect of particle thermal conductivity on particle-ice relationships, despite the 

general agreement that debris-ice interaction is a balance between albedo and 

thermal conductivity processes. However, it is accepted that particles with a 

lower thermal conductivity readily insulate the underlying substrate at smaller 

thicknesses that particles with a high thermal conductivity. For example, Brock 

et al. (2007) found that volcanic particles provided more effective insulation than 

sedimentary rock debris for an equivalent thickness due to lower thermal 

conductivity values. However, this suggested that the thermal conductivity 

property became negligible when considering a discontinuous (i.e. dirty ice) or 

thin layers environment because ablation under these conditions was greatly 

enhanced relative to the debris-covered ice environment despite a low thermal 

conductivity. However, this effect has not been assessed with non-volcanic 

particles.  

 

Fieldwork has also been in the form of campaigns searching for buried 

meteorites in Antarctica and Greenland (Delisle et al., 1993; Folco et al., 2002; 

Haack et al., 2007). The premise of this fieldwork is that thermally conductive 

iron-based meteorites can sink into the ice due to high meteorite-induced ice 

ablation rates and high meteorite densities. Fewer iron-based meteorites have 

been found in the field than expected; this has been suggested to be due to the 
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rate of downwards movement of meteorites exceeding that of upwelling ice and 

ablation of the ice surface, as described in Chapter 1 (Harvey, 2003; Evatt et 

al., 2016), representing a significant meteorite loss mechanism. Fieldwork has 

predominantly involved the search and collection of meteorites, although 

several field experiments have been conducted by Folco et al. (2002). The 

typical field procedure is through transect sampling once a region of meteorite 

concentration has been identified, e.g. using satellite imagery (Harvey, 2003), 

and so field techniques are typically coupled with remote sensing techniques 

(Folco et al., 2002). 

 

2.1.3. Microplastics in the cryosphere 

Fieldwork has facilitated the discovery of microplastic particles in remote 

regions (Bergmann et al., 2019). However, this is an emerging field of research 

and current studies have focused on quantifying the amount and types of 

microplastics found (Ambrosini et al., 2019). The direct effect of microplastic 

contamination is not yet fully understood. However, the annual waste production 

of microplastics is estimated to increase to 3.4 billion metric tonnes (from 0.38 

billion metric tonnes in 2015) in the next 30 years (Obbard, 2018; Bergmann et 

al., 2019), and so the issue of microplastics as ice polluters is expected to 

increase. 

 

2.1.4. Summary of fieldwork studies 

A review of the literature has demonstrated a comprehensive investigation into 

the effect of debris thickness on ice ablation using field techniques. This sets a 

general trend of increased ablation under thin, or discontinuous, layers of 

debris, and reduced ablation under thick, continuous layers. Despite this, the 

effective and critical thicknesses varied: a synthesis of results suggested that 

rock debris (e.g. produced from erosion/weathering processes) typically has 

effective and critical thicknesses at 1-2 cm and 3-4 cm, respectively, whilst dust 

and volcanic particles experienced this at thicknesses <0.3 cm and <2.5 cm, 

respectively. Values from Richardson and Brook (2010) have been excluded 

from the typical values for volcanic particles due to outlier values, although this 

reflects the large variability observed in results from studies focusing on 
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volcanic material (e.g. Figure 2.1). The range experienced within volcanic 

material was likely due to the wide range of particle properties and spatial 

distribution of particle thicknesses, in addition to external processes, for 

example, geothermal heat flow, as suggested by Richardson and Brook (2010). 

Although this variability has been investigated through the portfolio of published 

papers, most studies were restricted to a single type of volcanic horizon 

deposited from a specific volcanic eruption. A comprehensive, direct 

comparison of a variety of volcanic particles under the same meteorological 

conditions has not been conducted.  

 

The literature is inclined towards research in glaciated regions with a highly 

evolved debris cover (e.g. usually associated with thick and continuous layers); 

however, this only represents approximately 12.9% of global debris-covered 

surface area (Herreid and Pellicciotti, 2020). There is a noted lack of 

observations of thin or discontinuous layers of particles, and associated 

uncertainty with our understanding (e.g. some work was destroyed or omitted 

due to particle distributions changing). Brock et al. (2007) stated that the 

effective and critical thickness values were observed prior to a continuous layer 

forming (i.e. in a dirty ice state). However, investigation into the behaviour of 

dirty ice was limited, evidencing a knowledge gap. Results from field studies 

have indicated that dirty ice conditions are those where ablation would be 

highest, and is most crucial when considering the effect of increased glacial 

mass loss (e.g. Fyffe et al., 2020). This state is also common in the natural 

system due to differences in clast size and reorganisation by meltwater (Fyffe et 

al., 2020). Adhikary et al. (2000) additionally recognised that glaciers classified 

as ‘clean’ still contained small surface particles (e.g. dust particles) that 

modified ablation patterns. This concept has become increasingly relevant with 

the discovery of microplastic particles within the cryosphere (Zhang et al., 

2021). Therefore, understanding the behaviour of this common state of ice is 

crucial in understanding ice responses to climate change.  

 

The thermal properties of a debris layer have been systematically considered in 

multiple field studies (Juen et al., 2013; Dragosics et al., 2016), although this is 

to a lesser extent than studies investigating debris thicknesses. It has been 
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accepted that the albedo and thermal conductivity of the debris are key controls 

on particle-induced ice melt (e.g. Kayastha et al., 2000), although additional 

complexities involved in factors that dictate the thermal properties of debris 

cannot be ignored. It is likely that an individual glacier will not only experience 

debris layers with differing thicknesses, but also debris with different lithologies 

and grain sizes. Indeed, Juen et al. (2013) demonstrated that the latter are likely 

contributors to ice melt (in addition to porosity and moisture content). Ultimately, 

there are many contributors to the thermal and optical properties of a surface 

particle. Although these have been discussed in fieldwork studies, there has 

been little work on systematically assessing the role of each property in 

influencing particle-induced ice melt.  

 

2.2. Laboratory approaches 

Variability in fieldwork results highlight the complexity of the natural world and 

the uncertainty associated with our understanding of processes involved in 

debris-covered and dirty ice. Laboratory experiments can enable investigation 

into the mechanisms involved under controlled conditions. However, there has 

been limited laboratory-based work in this research area (Reznichenko et al., 

2010; Hadley and Kirchstetter, 2012; Hobbs, 2014; Dragosics et al., 2016; Evatt 

et al., 2016; Hénot et al., 2021; Taberlet and Plihon, 2021). In these studies, 

volcanic particles (Hobbs, 2014; Dragosics et al., 2016), synthetic particles 

(Hobbs, 2014), meteorites (Evatt et al., 2016), black carbon (Hadley and 

Kirchstetter, 2012), and analogous ‘glacier tables’ (Hénot et al., 2021) and ‘zen 

stones’ (Taberlet and Plihon, 2021) have been studied. While these have 

formed the basis of each study, additional themes were also assessed, for 

example, the impact of diurnal cycles, rainfall, particle permeability, thermal 

conductivity, density, etc. (Appendix 3). Primarily, the purpose of this published 

research was to isolate the physical processes from in-field conditions, to 

evaluate the mechanisms behind processes investigated. 

 

2.2.1. Debris thickness 

Reznichenko et al. (2010) and Dragosics et al. (2016) investigated the influence 

of surface particle thickness on ice ablation rates within the laboratory. 
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Dragosics et al. (2016) investigated volcanic particles, whilst Reznichenko et al. 

(2010) focused on sedimentary rock-avalanche debris and sand. These studies 

demonstrated the same trend as observed in the field, i.e. enhanced ablation 

under relatively thin layers and reduced ablation under relatively thick layers.  

 

Reznichenko et al. (2010) and Dragosics et al. (2016) noted that variation in 

melt rates under different debris thicknesses was only apparent at the 

experiment start (e.g. initial ice melt was faster under thin layers) and that melt 

rates were comparable once a steady-state conduction was reached. These 

findings suggested that, under continuous radiation, thick debris cover (e.g. >5 

cm) initially prevents ablation until an equilibrium is reached (approximately 60 

hours into the experiment for a 13 cm layer, Reznichenko et al., 2010); after 

this, the thickness of debris did not appear to influence melting. However, it was 

noted that the total ablation was different between layer thicknesses due to the 

differences in melt onset (e.g. a greater surface lowering was associated with a 

1 cm debris layer and bare ice relative to thicknesses > 5 cm).  

 

Dragosics et al. (2016) conducted an outdoor study on the building roof to 

compared to controlled conditions and to allow natural solar input to be 

investigated. This used the same debris thicknesses as in laboratory 

experiments (e.g. negligible, 1 mm, 3 mm, and 9-13 mm with a grain size of 0.5 

mm) but with the addition of volcanic ash with a grain size of 0.09 mm. These 

results noted that the overall behaviour of ice responding to volcanic material 

was the same for outdoor and indoor experiments (supplementary information 

in Appendix 3).  

 

2.2.2. Diurnal cycles 

The effect of diurnal radiation cycles on particle-induced ice melt was 

investigated by Reznichenko et al. (2010). This involved the placement of 

varying debris thicknesses on an ice surface and alternating exposure to 

radiation and a cooling environment (using a freezer) for equal time periods to 

simulate diurnal cycles. Results suggested that a steady-state conduction 

system could not be achieved in the thicker layers of debris (e.g. <5 cm); ice 

melt rates were lower relative to steady-state (i.e. continuous radiation) 
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conditions over the same duration. Results from these experiments 

demonstrated that debris-covered ice ablation rates can vary with the nature of 

diurnal cycling. This key finding was correlated with published values of critical 

thickness, and it was determined that a relationship existed between latitude 

and critical thicknesses in the Northern Hemisphere. This showed a decreasing 

critical thickness value with increasing latitude and elevation, suggested to be 

due to a decreasing amplitude of diurnal cycles (Reznichenko et al., 2010). 

Therefore, this suggested that debris-cover would have a greater effect on 

ablation in regions with strong diurnal cycles. It was noted that, although other 

complexities (e.g. debris type, meteorological conditions, surface roughness, 

etc.) may have also influenced the variability observed between field studies, 

the process of diurnal cycling cannot be ignored. This demonstrates the 

success of laboratory work in providing an insight into the complexities of 

processes that occur in particle-ice interaction. 

 

2.2.3. Rainfall and particle permeability 

The effect of rainfall was considered by Reznichenko et al. (2010) and was 

based on the principle that percolating water can alter the ice surface melt rate 

by modifying the heat flux within the debris layer through advection processes 

(Reznichenko et al., 2010). This work additionally considered the permeability of 

the debris layer as a flow route for rainwater and experiments were conducted 

within a diurnal cycle of radiation. Results demonstrated a higher melt rate with 

precipitation and permeable debris than in the experiments where precipitation 

was not considered (agreeing with conclusions from the Juen et al. (2013) and 

Möller et al. (2018) field experiments). However, debris with a low permeability 

did not demonstrate the same pattern; instead, the rate of advection of heat was 

low and so the additional effect of heat transfer by water was not observed. This 

was, in part, due to the diurnal cycling of radiation where saturating the dry 

debris took longer than the ablation period (12 hours). Refreezing processes 

were also observed within the debris during the cooling period (12 hours), 

contributing an additional ‘barrier’ to heat advection during the following ablation 

period (i.e. additional energy was required to melt the refrozen meltwater within 

the debris layer). The net effect of these processes resulted in no ablation 

occurring. 
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2.2.4. Particle properties 

2.2.4.1. Particle thermal conductivity 

Hobbs (2014) and Hénot et al. (2021) investigated the influence of particle 

thermal conductivity on ice ablation using single particles. Both studies directly 

compared particles with thermal conductivity values spanning two magnitudes 

(e.g. ball bearings and volcanic material in the Hobbs (2014) study, and plastics 

and volcanic material in the Hénot et al. (2021) study). These experiments 

suggested that thermal conductivity was the primary control on particle-induced 

ice ablation in a melting regime as thermally conductive particles were 

associated with higher melt rates.  

 

Hénot et al. (2021) investigated the role of thermal conductivity in the formation 

of glacial tables: these are columns of ice underlying particles formed by 

differential ice melt rates. Single cylinders were used to simulate the formation 

of glacier tables and it was noted that the thermal conductivity of the cylinder 

heavily dictated the behaviour of glacial table formation. It was noted that 

melting of surrounding ice needed to exceed melting from surface particles for a 

glacial table to form, and this was not likely to occur when considering thermally 

conductive particles due to high ablation rates of ice underneath the particle 

(Hénot et al. (2021).  

 

Unlike the Hadley and Kirchstetter (2012), Hobbs (2014), Dragosics et al (2016) 

and Hénot et al. (2021) studies, Evatt et al. (2016) investigated embedded 

particles within ice. This was to represent meteorites in Antarctic ice and to 

investigate the difference between the amount of stony and iron meteorites 

found due to a noticeable lack of iron-based meteorites identified in fieldwork, 

such as Folco et al. (2002). The experiments were based on the premises that: 

(1) the thermal conductivities of meteorites dictate the behaviour of ice ablation; 

and (2) iron-based meteorites have a higher thermal conductivity than stony 

meteorites (Opeil et al., 2010). It was hypothesised by Evatt et al. (2016) that 

differences in meteorite thermal conductivities would enable iron-based 

meteorites to sink into the ice, whilst stony meteorites remain on the surface. 

Experimental work confirmed this hypothesis and demonstrated that the 

downwards movement of thermally conductive particles was sufficient to offset 
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upwelling processes that occur in the natural system, e.g. from glacial flow. 

Although this was a pioneering experiment that confirmed previous hypotheses 

of meteorite loss mechanisms, experimental work was limited to assessing the 

behaviour of only two particles (one stony and one iron-based meteorite) in four 

experiments. These experiments were limited to three-hour periods and insights 

were restricted to this time frame. It would be useful to systematically consider 

the thermal conductivity of particles in future experiments to develop these key 

findings. 

 

2.2.4.2. Particle albedo 

Hadley and Kirchstetter (2012) investigated the influence of black carbon and 

snow grain size on the albedo of snow. Investigation into the effect of snow 

grain growth was based on the principle that snow grains melt and fuse together 

with increasing amounts of absorbed solar radiation (e.g. due to the presence of 

black carbon particles), in turn, causing snow grains to grow much faster than in 

a ‘normal’ scenario. This is known to reduce the albedo of snow further as solar 

radiation can penetrate deeper (Flanner and Zender, 2006; Dang et al., 2015). 

Hadley and Kirchstetter (2012) isolated the effects of snow grain size and black 

carbon concentration from those resulting from complex, external factors (such 

as interactions of solar radiation with underlying surface, vegetation cover, etc.), 

as it was noted that black carbon influence is typically masked as a result. 

Results from this series of experiments demonstrated that black carbon reduces 

snow albedo; this was experienced to a greater extent in the visible wavelength 

region and within snow with larger snow grain sizes (described in detail in 

Appendix 3). The relationship between albedo and snow-grain sizes 

demonstrated the capability of a positive feedback that would be useful to 

consider in climate models. However, Hadley and Kirchstetter (2012) only 

considered snow albedo changes and did not assess the resulting melt rates.  

 

Hobbs (2014) considered the role of albedo on ice ablation and utilised single 

particles to investigate the influence of particle albedo, removing additional 

processes that may interfere (e.g. particle-particle interaction). The melt rates of 

black and white ball bearings were compared: the particle with the lower albedo 

(i.e. black ball bearing) resulted in a higher rate of ablation and the shortest time 
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to initiate melting. This agreed with the fundamental theories suggested within 

the literature. However, Hobbs (2014) additionally demonstrated that the role of 

albedo was less than the role of thermal conductivity in influencing ablation. 

This was observed by increased ice ablation by a white ball bearing with a high 

thermal conductivity, relative to a black volcanic particle with a low thermal 

conductivity, despite a higher albedo. These experiments demonstrated that 

isolating particles from one-another was a useful technique when aiming to 

provide a deeper insight into the relative influence of specific particle properties.  

 

2.2.4.3. Particle density 

Hobbs (2014) hypothesised that particle density would have an influence on 

particle-induced ice ablation due to differences in heat transfer between a 

particle floating in meltwater and one in direct contact with ice. This 

demonstrated a possible correlation, where the particles with higher densities 

were associated with a greater volume of meltwater produced. However, it was 

suggested that this correlation was likely a result of higher thermal conductivity 

values that are typically associated with higher density particles. Additionally, it 

was noted that porous lower density particles floated in meltwater and became 

saturated with time, resulting in a density increase until the particles were no 

longer buoyant. These results were not from a systematic assessment of 

density, rather, a secondary result that was observed when investigating the 

behaviour of porous volcanic material. 

 

2.2.5. Sublimation 

Hobbs (2014) and Taberlet and Plihon (2021) investigated the influence of 

surface particles on sublimation and features that form from differential rates of 

ice sublimation, e.g. ice pedestals. Unlike Hénot et al. (2021), Hobbs (2014) and 

Taberlet and Plihon (2021) assessed the formation of ice pedestals from 

sublimation processes, rather than glacial table formation from melting 

processes. Hobbs (2014) investigated single and layers of particles, whilst 

Taberlet and Plihon (2021) assessed single metal plates to mimic zen stone 

formation (a stone balanced on an underlying ice pedestal).  
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Results from both studies demonstrated the ability of single particles to prevent 

sublimation processes underneath a particle to form ice pedestals. Experiments 

by Hobbs (2014) also indicated that layers of particles can inhibit sublimation, in 

addition to hindering melt (as demonstrated in Dragosics et al., 2016). It was 

noted, by both Hobbs (2014) and Taberlet and Plihon (2021), that thermal 

conductivity did not appear to have an impact on sublimation conditions. 

Taberlet and Plihon (2021) drew this conclusion due to minimal differences 

between the behaviour of ice pedestal formation associated with two different 

materials (copper and aluminium), despite a large increase of thermal 

conductivity of the copper compared to the aluminium. However, the metal disks 

used by Taberlet and Plihon (2021) were polished to increase the reflectivity of 

the material and to prevent absorption of infrared radiation. Therefore, the 

property of thermal conductivity was not investigated in full because the 

experiments removed additional complexities of particle-induced melting of the 

underlying ice, which are observed in the natural system.  

 

2.2.6. Summary of laboratory studies 

Laboratory experiments have facilitated insight into the behaviour of specific 

particle properties (e.g. layer thickness, thermal conductivity, and albedo), whilst 

removing complexities of the natural system. These have helped develop many 

hypotheses for processes observed in the natural environment; for example, 

Reznichenko et al. (2010) demonstrated the importance of permeability and 

diurnal cycles in particle-induced ice melt and correlated variability observed in 

the fieldwork with these findings, and Evatt et al. (2016) confirmed the 

processes associated with iron-meteorite loss. These laboratory experiments 

highlighted the complexity of processes within debris-covered and dirty ice 

systems and exposed the need for further work to identify and understand these 

processes. It is evident that the number of studies using laboratory approaches 

is limited compared to the number of fieldwork studies. Additionally, these 

typically tried to mimic solar radiation in a laboratory setting, ultimately leading 

to additional complexities from background ice melt. As Hadley and Kirchstetter 

(2012) identified, the effect of particle-ice interaction may be masked by 

background ice absorption of infrared radiation.  
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Although Hobbs (2014) conducted a detailed assessment of particle thermal 

conductivity and albedo, investigation into the influence of particle density on ice 

ablation was to a much lesser extent. Additionally, the particles investigated 

initially had a low density (allowing an insight into low density particle behaviour) 

but, due to the nature of the particle (e.g. high porosity), these became 

saturated with water and so the density increased with experiment duration. 

Although this is relevant to many natural particles (e.g. volcanic particles), it did 

not allow a systematic and comprehensive assessment of density in the same 

way as thermal conductivity and albedo was considered. As fieldwork studies 

have identified the presence of microplastics within ice systems, it is crucial to 

develop these findings by Hobbs (2014) to accurately describe how a non-

porous low density particle may behave in ice. This applies to laboratory and 

fieldwork settings and is an evident gap in the literature.  

 

Although secondary results demonstrate that finer grained particles are 

susceptible to redistribution processes on an ice surface (e.g. Dragosics et al., 

2016), there has been no systematic laboratory investigation into the role of 

particle diameter on particle-induced ice ablation. Fieldwork by Juen et al. 

(2014) demonstrated the possibility of grain sizes having a control on ice 

ablation, and so it would be useful to consider particle diameter in a controlled 

setting to assess the role in influencing particle behaviour.  

 

Finally, as indicated by both fieldwork and laboratory work, the impact of 

volcanic particles on ablation of ice varies greatly (Moller et al., 2018). However, 

there have been only a small number of controlled laboratory studies 

investigating the ablation constraints of ice in the presence of volcanic particles. 

This is predominantly restricted to an investigation of the supraglacial 

environment. There is, therefore, substantial scope for development of this work 

to further understanding of supraglacial and englacial volcanic material.  

 

2.3. Modelling approaches 

Modelling methods have been used to study debris-covered and dirty ice 

(Appendix 4) and can help predict future patterns of ice in response to a 

changing climate (e.g. Hall and Fagre, 2003; Benn et al., 2012; Tedesco et al., 
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2016). The emphasis of modelling approaches in the literature is on clean or 

debris-covered ice (e.g. continuous layers of debris), with a focus on developing 

models to study thick debris layers (e.g. > 65 cm, Reid and Brock, 2010). These 

typically rely on simplified energy-balance equations (e.g. debris energy-

balance models, DEB), or assumptions of melting through degree-day methods 

(i.e. temperature index) or enhanced temperature-index models. It is common 

for modelling methods to be used in conjunction with fieldwork studies for 

validation, or remote sensing applications to gather information, such as the 

debris surface temperature and the type of surface cover (e.g. Reid and Brock, 

2020; Fyffe et al., 2014). This is of particular importance when considering 

inaccessible regions (Racoviteanu et al., 2021).  

 

Pre-existing energy-balance models (EBM) of debris-covered ice assume 

decreasing ablation with increasing debris thickness, and rarely consider the 

maximum ablation (e.g. the effective thickness) observed under thin, or 

discontinuous, layers (i.e. the peak of the Östrem curve, Nicholson et al., 2021). 

This remains a difficult segment to accurately model as this is typically 

associated with a discontinuous layer of particles (Fyffe et al., 2020). For 

example, Möller et al. (2016) found that models had an increased accuracy with 

increased debris thickness. Although recent studies have begun to incorporate 

dirty ice state (Fyffe et al., 2014), comparisons with modelled outputs and field 

observations are limited and modelling ablation in dirty ice conditions remains in 

its infancy (Fyffe et al., 2020).  

 

2.3.1.1. Energy balance equations   

Many of the modelling approaches used to consider debris-covered and dirty 

ice are based on energy balance equations described by Nakawo and Young 

(1982). Although the extent of input parameters varies between approaches, 

these predominantly rely on information about particle properties.  
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As typical with DEB models, the ablation (a) for each ice/snow state at each 

modelled time step can be calculated from different sources of surface energy: 

 

        a =  
∆t

ρwLf
[(1 − αi)S ↓ +L + H + LE + P]             [2.1] 

 

Where Δt: model time step, ρw: water density, Lf: latent heat of fusion of water, 

αi: albedo of clean/dirty ice or snow, S↓: incoming shortwave radiation, L: net 

longwave radiation, H: sensible heat transfer, LE: latent heat transfer, and P: 

heat transfer due to precipitation (Reid and Brock, 2010; Fyffe et al., 2014). This 

is comparable to the equations used in Bozhinsky et al. (1986), Evatt et al. 

(2015) and Nicholson and Benn (2006): 

 

At the top of the debris surface: 

QD =  QSH +  QS +  QL             [2.2a] 

At the debris-ice interface: 

     QD =  QF +  QV              [2.2b] 

 

These equations incorporate the following energy fluxes (Evatt et al., 2015): 

 

• Shortwave energy flux (QS): incoming shortwave radiation 

(dependent on the albedo of the debris), 

• Longwave energy flux (QL): re-emission of radiation from the 

debris (dependent on the thermal emissivity of the debris), 

• Sensible heat flux (QSH): transfer of heat across the surface from 

the air into the debris layer (dependent on the temperature 

gradient within the debris), 

• Heat flux due to evaporation at the ice surface (QV), 

• Latent heat of fusion (QF), 

• Heat flux within the debris layer (QD). 

 

2.3.2. Modelling dirty ice conditions 

The need to improve models based on DEB parameters to assess dirty ice was 

evident by their overestimation of melt when considering thick layers, and 



 35 

underestimation of melt when considering thin layers, with errors highest when 

considering thin layers (Mattson et al., 1993). As many EBMs do not consider 

discontinuous layers, even when estimating ice melt beneath a thin layer 

(Nicholson and Benn, 2006), the typical modelling approach is not applicable 

when considering dirty ice ablation (Fyffe et al., 2020).  

 

Fyffe et al. (2014) successfully used a combination of modelling techniques to 

assess the ablation over a glacier surface whilst taking into consideration 

differences in surface condition (i.e. debris-covered, dirty, and clean ice). This 

allowed models to run with higher accuracy in instances where debris cover 

was very thin (0.01 m) and likely very patchy; a reality that has not been 

considered in standard DEB models (e.g. Reid and Brock, 2010). This was 

based on the same fundamental energy balance equations (Section 2.3.1.1) 

and found that melt rate under debris was sensitive to modifications to the 

albedo and debris thermal conductivity input parameters. It was noted that the 

development focus for models that consider glaciers with different surface cover 

should be on better understanding and replicating ablation across the bare ice 

to the effective thickness region of the Östrem curve (Fyffe et al., 2014).  

 

However, dirty ice conditions are associated with several complexities that are 

not considered in models. For example, the formation of ‘weathering crusts’, i.e. 

fragmented ice surfaces that form during ablation processes (Cooper et al., 

2018), may lead to ice melt overestimation in modelled outputs (Brock et al., 

2007), as it was observed that modelled melt closely matched field observations 

in conditions where high wind speeds removed the weathering crust. These 

features are commonly associated with dirty ice conditions, and so are a source 

of modelling error if not considered.  

 

2.3.3. Common assumptions used in modelling of debris-covered and 

dirty ice 

Common assumptions associated with modelling debris-covered or dirty ice 

systems are noted below: 

• a continuous debris layer (this is most applicable to DEB models and, 

therefore, these models do not consider dirty ice conditions), 
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• heat conduction is the dominant heat transfer mechanism through the 

debris, 

• a steady temperature profile within each calculation layer within the 

debris, 

• snow/ice surfaces are at 0°C, 

• debris properties are temporally and spatially constant throughout the 

modelled period, 

• energy input from precipitation and condensation is neglected, 

• meltwater leaves the debris immediately after being generated (without 

pooling) and has no impact on energy exchange processes (e.g. 

refreezing), 

• conduction of heat within the ice is omitted.  

 

2.3.4. Summary of modelling studies 

Studies that model ablation under debris cover typically overlook ablation under 

thin or discontinuous layers (Nicholson et al., 2021), with only a small number of 

modelling approaches to investigate dirty ice published (e.g. Fyffe et al., 2014). 

However, fundamental models used in these studies are based on simplistic 

assumptions that, although allowing a general pattern to be modelled, greatly 

reduce the accuracy of model outputs. Additionally, the conditions represented 

by these assumptions are rarely observed in nature. Conducting a detailed 

investigation into the evolution of particle properties during particle-ice 

interaction should help inform input parameters in dirty ice modelling.   

 

2.4. Justification of research plan 

A review of the literature demonstrated that the laboratory approach for 

investigating debris-covered and dirty ice is heavily unexplored. However, this 

methodology is crucial in understanding the detail of the physical processes 

associated with dirty ice conditions and particle-ice interaction. Additionally, 

information gathered from experiments could feed forward into improving 

modelling of dirty ice.  
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One of the purposes of the literature review was to identify experimental areas 

for further investigation in the context of the broader literature. The three 

primary themes were as follows (as defined in Chapter 1): 

 

1. The role of particle properties in influencing particle-ice interaction, 

2. The behaviour of volcanic particles within ice, 

3. The behaviour of microplastic particles within ice. 

 

It is evident that fieldwork, modelling, and remote sensing approaches are 

weighted towards an investigation into evolved debris-covered ice, rather than 

dirty ice. This has led to the accumulation of uncertainties in models when 

considering dirty ice, and a lack of precision when determining the effective 

thickness of debris layers within the natural system. It would be useful to 

consider the ablation under dirty ice conditions in a controlled setting to further 

aid our understanding of these complex systems. This may provide 

understanding of how these areas on Earth will respond to future climate 

change.  

 

Building on a knowledge gap identified by Juen et al. (2013), this thesis aims to 

provide an insight into the thermal properties of a variety of debris types. 

Conducting this in a laboratory environment has the benefit of reducing 

complexities involved. The success of using laboratory techniques has been 

demonstrated within this literature review, although there is substantial scope 

for further development due to the small number of these studies. Using 

automated techniques (e.g. time-lapse photography) such as in Möller et al. 

(2018) and Evatt et al. (2016) would enable a thorough insight into particle-ice 

interaction. Although Möller et al. (2018) benefited from using an automated 

method, results included complexities with conducting work in the natural 

system and only assessed the behaviour of volcanic particles. This was also a 

limitation of Evatt et al. (2016), where only meteorite particles were considered. 

It would be valuable to combine the benefits of laboratory experiments and 

automated techniques to build a comprehensive understanding of the behaviour 

of a variety of particle properties and types, to help inform future research. This 

is the first theme of this thesis work. Laboratory experiments will predominantly 
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involve single particles on or within an ice system, although an array of single 

particles and scattering of particles will also be investigated. This combination of 

particle configuration will allow an isolated assessment of particle-ice 

interaction, before building up to a representation of the natural system with a 

scattering of particles. 

 

As identified by field studies, the thermal and optical properties of volcanic 

material vary considerably between glaciers, and across individual glaciers. The 

second theme of this study will investigate the behaviour of single volcanic 

particles and a scattering of volcanic particles, with the removal of additional 

complexities such as background ice melt. This will allow direct comparisons 

between results from this theme and the first theme of the thesis (i.e. particle 

properties) to help understand the dominant particle properties involved in 

volcanic particle-ice interaction. This will allow for the application of knowledge 

obtained from the particle properties theme to natural scenarios.  

 

Finally, it is evident that there is a gap in knowledge as to how microplastic 

particles interact with ice. Multiple fieldwork campaigns have confirmed the 

presence of these particles in remote regions, and so it is crucial to gain an 

understanding of the behaviour of the particles once within the system. 

Therefore, the final theme of this study will investigate microplastic particle-ice 

interaction. This may inform the development of field studies and investigation 

of microplastic particles within the natural system. The combination of these 

three themes will enable the proposed experiments to provide insight into some 

features and processes observed in the natural system.  
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3. Methods 

A review of the literature demonstrated a gap in knowledge of dirty ice and 

microplastic contamination in the cryosphere. In fact, it was noted that ice 

considered ‘clean’ is likely dirty in reality (e.g. Adhikary et al., 2000). Therefore, 

a series of laboratory experiments were conducted to investigate the role of 

particles on influencing ice ablation in conditions comparable to dirty ice. This 

addressed the lack of laboratory research techniques identified in the literature. 

Insights from Chapter 2 informed the basis for the experimental design 

conducted in this study (e.g. bubble-free ice, time-lapse imagery, infrared-free 

illumination, etc.). Initial experiments involved single particles in a series of 

control experiments to isolate particle-ice interaction and to explore fundamental 

particle properties (e.g. thermal conductivity, albedo, density, and diameter, 

Chapter 4). These techniques were developed to investigate a variety of surface 

particle distributions and an assessment of particle types (e.g. volcanic and 

microplastic particles, Chapters 5 and 6, respectively). Idealised ‘optically 

transparent’ (i.e. bubble-free) ice blocks were created, and particles were 

placed on the ice surface or embedded within the ice. These were illuminated 

with an 80 watt (W) white Light-Emitting Diode (LED), and time-lapse 

photography captured the ice response to particle-heating every five minutes. 

Rates of particle movement were deduced from time-lapse images and 

calculated by measuring the distance moved relative to a fixed point. In 

addition, in-person visual observations were made, and standard photography 

carried out.  

 

The experiments were not an analogue system because real particles were 

used on the surface of real ice. However, some differences to the natural 

system (i.e. optically transparent ice, infrared-free illumination, and absence of 

diurnal cycles) were applied to reduce complexities and to allow fundamental 

properties to be isolated and examined in detail. Although many variables were 

broadly controlled (e.g. particle properties, illumination), the accuracy of control 

required for some variables exceeded what was possible in the laboratory 

environment (e.g. ice temperatures). However, these serendipitous experiments 

provided insight into many processes that may have otherwise not been found 
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in a fully controlled system and allowed a wide range of behaviours to be 

observed. 

 

3.1. Method development 

This section describes the development of the experimental approach: both the 

characteristics of the ice used (i.e. optically transparent or opaque) and the type 

of artificial radiation source were investigated through a literature review and 

series of control experiments (Appendix 5 and 6). The control experiments were 

carried out in a chest freezer, and the full experimental setup is described and 

illustrated in Section 3.2. 

 

3.1.1. Creation of optically transparent ice  

Optically transparent ice blocks were used in most experiments to allow 

particle-ice interaction to be investigated in a less complex setting than the 

natural system. This isolated particle behaviours from external complexities and 

allowed the role of particle properties in influencing particle-ice interaction to be 

assessed. Additionally, the use of optically transparent ice enabled cross-

sectional time-lapse photography to capture the response of the ice and 

particles to a radiation source without any obstructions (e.g. bubbles) that would 

have otherwise reduced image quality (Section 3.2.3).  

 

Liquid water has a unique thermodynamic behaviour in how the density 

responds to falling temperatures (Tanaka, 1998). It follows the general rule of 

thermal contraction, whereby the density increases with decreasing 

temperature, but this reaches its maximum value at a temperature of 4°C 

(Tanaka et al., 2001; Meng et al., 2015; Okajima et al., 2018). At temperatures 

below this, density decreases with decreasing temperatures: this concept is 

known as the ‘maximum density anomaly’. Consequently, water typically forms 

a frozen top layer in natural systems due to cold water rising, causing top-down 

freezing (Figure 3.1). However, this natural way of freezing traps air bubbles 

from the atmosphere within ice. Therefore, natural ice typically contains 

impurities and bubbles causing the ice to become opaque as light is refracted, 
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reflected, and scattered at interfaces where refractive index changes (Carte, 

1961). 

 

Figure 3.1. Diagrams showing (a) the stable thermal structure within water and (b) the 

maximum density anomaly reprinted from International Journal of Heat and Mass Transfer, vol. 

49, Cawley, M. F., McGlynn, D., and Mooney, P. A., ‘Measurement of the temperature of 

density maximum of water solutions using a convective flow technique’, pg. 1764, Copyright 

(2006), with permission from Elsevier. 

A series of method development experiments were conducted to consider the 

appropriate technique to create optically transparent ice (experiments M1-M16, 

Appendix 5). Containers used in initial method development experiments were 

cylindrical with a diameter and depth of approximately 215 mm and 95 mm, 

respectively. However, these produced optically distorted cross-sectional 

images when viewed perpendicular to the cylinder axis and so were replaced 

with cuboid containers that measured 200x200x100 mm (Figure 3.2). The 

containers were placed in an upright freezer operating at temperatures between 

-10C and -20C and left for a 7-10-day period (and so was a time-consuming 

process). Minor modifications throughout the freezing period were made to 

increase the freezing speed once sufficient ice had formed, such as placing a 

gap in the roof insulation (Figure 3.2b).  
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A variety of techniques were utilised in the method development experiments 

(Table 9.5, Appendix 5). These demonstrated that three approaches were best 

used in combination: the use of side insulation to engineer a lateral thermal 

gradient and encourage freezing in a horizontal direction, top insulation to limit 

top-down cooling, and a magnetic stirrer to, (1) disrupt the thermal stratification 

and prevent top-down freezing, (2) provide warmth in the region of the stirrer to 

limit freezing, and (3) prevent gas bubbles settling on the water-ice interface 

and being incorporated into the vein network within the ice. Deionised water 

was used in the method development experiments to reduce the number of 

impurities within the water, although this was later modified to tap water after 

comparisons confirmed no significant differences between deionised or tap 

water ice. The experiments indicated that foam insulation was most efficient as 

top insulation (compared to wool or bubble wrap) as it created ice with minimal 

air bubbles (aside from in the proximity of the magnetic stirrer). Bubble wrap 

was sufficient as side insulation and was placed on one side of the container to 

encourage impurities and trapped gases to concentrate at one end of the ice 

block. This was placed on the side containing the magnetic stirrer so that this 

region froze last, allowing the magnetic stirrer to be in use for much of the 

freezing process.  
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Figure 3.2. Cross-sectional diagram indicating the final experimental set-up for creating 

optically transparent ice, where (a) indicates initial placement into the freezer and (b) shows 

modification to the set-up once freezing had begun.  

3.1.2. Creation of ice containing embedded particles 

Optically transparent ice blocks containing embedded particles were required 

for five experiments in Chapters 4 and 5 (P17a, P17b, Mp6, M13, and M18). 

Particles used in these experiments had a lower density than water; therefore, 

to ensure that these froze within the ice (rather than at the ice surface), the 

freezing process was split into two stages. Both stages utilised the same 

techniques of a magnetic stirrer with side and top insulation, within an upright 

freezer. The first stage involved pouring a depth of approximately 25 mm of tap 

water into a cuboid container that contained the particles that were to be 
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embedded. A magnetic stirrer was used as standard procedure to disrupt the 

thermal stratification, but this was on a low setting (i.e. a stir setting of four-five 

out of a maximum setting of ten) to disrupt the smaller volume of water. 

Therefore, the particles were frozen into the top surface of this small volume of 

water. When this was nearly fully frozen (except for around the magnetic 

stirrer), additional water was poured into the container to fill to the appropriate 

level (i.e. 50-80 mm depth); this marked the start of the second stage of 

freezing. Water was cooled to near freezing point prior to pouring so that it did 

not melt the ice. The remainder of the freezing process followed the same steps 

as for creating optically transparent ice. 

 

3.1.3. Creation of opaque ice  

Opaque (i.e. bubble-rich) ice blocks were used in three experiments (P48, 

Mp17, Mp19) as a control. These were created by placing a cuboid container 

filled with tap water in an upright freezer operating at temperatures between -10 

and -20°C with no control of freezing and the water left unstirred. This created 

an opaque ice block with a fractured surface. Bubbles concentrated in the 

centre of the ice block, with an optically transparent perimeter (except for 

vertical trails of air bubbles). These were inferred to be bubbles trapped in the 

vein network of the ice.  

 

3.1.4. Artificial radiation source 

A crucial step in the experimental design process was the selection of a suitable 

artificial radiation source. This was first assessed through determining the 

electromagnetic spectrum of solar radiation and understanding how the 

absorption spectrum of water differs between each state.   

 

3.1.4.1. Solar radiation spectrum 

Solar radiation transfers heat to the Earth and is emitted in the form of 

electromagnetic energy (Cuffey and Paterson, 2010). This is across 0.2-4 m 

wavelengths (Figure 3.3) and covers the ultraviolet, visible, and infrared regions 

(Benn and Evans, 2014; Tawfik et al., 2018). However, approximately half of the 
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energy is concentrated in the visible band at wavelengths of 0.4-0.7 m 

(Cubash et al., 2013). 

 

Figure 3.3. The wavelength (m) and wavenumber (cm-1) of each region in the electromagnetic 

spectrum (adapted from Liou, 2002).  

Solar radiation can be absorbed and reflected/scattered by molecules and 

clouds in Earth’s atmosphere before it reaches the Earth’s surface (Prentice et 

al., 2012), resulting in a depletion of radiation (Iqbal, 1983). Scattering 

processes are independent of wavelength, whilst absorption is selective. Areas 

in which electromagnetic radiation is absorbed by the atmosphere are termed 

‘absorption bands’, whilst areas that are transparent to radiation are known as 

‘atmospheric windows’ (Trenberth, 2014). Atmospheric windows and absorption 

bands for H2O, CO2, O2 and O3 are highlighted in Figure 3.4. There is a wide 

range of water vapour absorption bands (due to the complex molecular 

structure of water), consequently resulting in a strong contribution to the 

greenhouse effect.  
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Figure 3.4. Solar irradiance (W m-2 m-1) curve for the top of the atmosphere and Earth’s 

surface with a solar zenith angle of 60 and a spectral resolution of 50 cm-1. This indicates 

absorption and scattering regions (not including aerosol or cloud interaction). Absorption bands 

are highlighted in grey, whilst atmospheric windows are white regions under the curve (adapted 

from Liou, 2002). Reprinted from Introduction to Atmospheric Radiation (2nd Ed), Liou, K. N., 

Absorption and Scattering of Solar Radiation in the Atmosphere, pg. 86, Copyright (2002), with 

permission from Elsevier.  

3.1.4.2. Water absorption spectra 

Unlike many other tri-atomic molecules (e.g. CO2), water molecules exhibit a 

bent, triangular structure (Figure 3.5, Liou et al., 2002; Maurellis and Tennyson, 

2003; Finney, 2015). This feature adds complexity to the mechanisms by which 

water molecules absorb and re-emit electromagnetic energy. 

 

 

Figure 3.5. Structure of a water molecule. Circles represent hydrogen and oxygen atoms, and 

black lines represent the covalent bonds between them. +/- symbols indicate electric charge.   
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A water molecule has three vibrational modes and three rotational modes and 

can either rotate or vibrate in a ‘stretch’ or ‘bend’ movement (Figure 3.6, Liou, 

2002). These modes enable energy changes to occur, and the unique structure 

of the molecule allows for extensive movement. This results in absorption of 

electromagnetic radiation over a broad range of wavelengths (from ultraviolet to 

far infrared). Unlike molecules with linear structures, such as carbon dioxide 

(CO2), water can additionally stretch in an asymmetric manner, adding further 

complexity to the absorbance spectrum.   

 

 

 

 

Figure 3.6. Modes of vibrational (a-c) and rotational (d-f) movement of a liquid water molecule. 

Red and grey circles denote oxygen and hydrogen atoms respectively. Four modes are 

highlighted: (a) symmetrical stretching; (b) asymmetrical stretching; (c) bending; and (d-f) 

oscillating. Drawn by author with information taken from Liou (2002) and Maurellis and 

Tennyson (2003). 
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Water on Earth exists naturally in three different states: gas (water vapour),  

solid (ice), and liquid (water). As such, the wavelengths of solar radiation 

absorbed by water will depend on the state (Figure 3.7). 

 

 
 

Figure 3.7.The infrared absorption spectrum for gaseous, solid, and liquid water (Chaplin, 

2022). 

(a) Gaseous water (water vapour) 

Water vapour is a greenhouse gas (Schneider et al., 2010) and the largest 

absorber of solar radiation in the Earth’s atmosphere (Myhre et al., 2013; 

Tennyson et al., 2014). These molecules absorb approximately 70% of 

incoming solar energy, with the strongest absorption bands in the infrared 

region (Maurellis and Tennyson, 2003). The vibrational modes (i.e. Figure 3.5 a-

c) are responsible for absorption in the near- and mid-infrared regions, whilst 

the rotational modes (i.e. Figure 3.5 d-f) are responsible for absorption in the 

far-infrared and microwave regions (Liou, 2002). 

 

(b) Solid water (ice) 

The absorption spectrum of optically transparent ice has been well-documented 

(Eisenberg and Kauzmann, 1969; Askebjer et al., 1997; He and Price, 1998; 

Warren, 1982; Warren et al., 2006; Warren and Brandt, 2008). Although there 

are small discrepancies between published values in the visible region of the 

spectrum, the overall trends are as follows: 

• Strong absorption in the ultraviolet region (<1.7 m). 
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• Weak absorption in the visible region. Minimum values have been 

estimated between 0.3-0.5 m, with suggested values of 0.47m 

(Grenfell and Perovich, 1981), 0.39 m (Warren et al., 2006), 0.39-0.47 

m (Warren, 1982; Warren and Brandt, 2008), 0.41-0.45 m (He and 

Price, 1998), and 0.3-0.4 m (Askebjer et al., 1997). 

• Moderate absorption in the near-infrared (1-3 m). This increases 

exponentially from the minimum at approximately 0.4 m to a peak at 3.1 

m (Askebjer et al., 1997). The strong absorption at 3.1 m is thought to 

be a result of the O-H stretching mode (Eisenberg and Kauzmann, 1969; 

Askebjer et al., 1997). 

• Strong absorption in the infrared region (3-150 m). Rotational 

absorption is responsible for this.  

• Weak absorption in the microwave region (>1 cm). 

 

(c) Liquid water (water) 

Liquid and solid water have a comparable absorption spectrum (Warren et al., 

2006), where absorption is strong in the infrared region (although shifted to 

slightly lower wavelengths compared to solid), and weak in the visible region 

(Eisenberg and Kauzmann, 1969). Infrared absorption is particularly prominent 

at the 2.8, 4.7, 6.1, 14.2 and 51.8 m wavelengths. The minimum absorption is 

also in the visible region near the ultraviolet boundary (Warren et al., 2006). The 

wavelength of this absorption minimum is debated; Warren et al. (2006) 

suggested a wavelength of 0.39 m whilst Pope and Fry (1997) have suggested 

a wavelength of 0.42 m.  

 

3.1.4.3. Determining the artificial radiation source 

Although there are many types of illumination, in practice, no source can 

perfectly replicate the range of wavelengths of the ground-level solar spectrum. 

The Sun acts as a blackbody radiator at a temperature of 5777 K (calculated 

from the Stefan-Boltzmann equation, Iqbal, 1983; Tawfik et al., 2018), and few 

light sources can reach these higher colour temperatures. Ground level 

radiation is at its highest intensity (~1500 W m-2 µm-1) in the visible wavelengths 
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(Figure 3.4 and Figure 3.8), although there is still a noticeable amount of energy 

in the near-infrared region. Therefore, to replicate natural ground-level solar 

radiation, there are several requirements: (1) illumination would need to be 

heated to 5777 K and exhibit a blackbody pattern; (2) filtering of the near-

infrared region would be required to mimic the wavelength bands that are 

absorbed by water vapour and other atmospheric gases; and (3) illumination 

would have to cover 0.3-2.5 µm wavelengths, extending over three 

electromagnetic regions. Combining these three requirements is difficult. 

Therefore, to isolate the behaviour of particle-ice interaction to allow a detailed 

assessment of the micro-processes involved, it was decided to utilise the visible 

wavelengths of the solar spectra in experiments. These correlate with the peak 

of ground-level solar radiation and do not interact with optically transparent ice 

(Grenfell and Perovich, 1981; Warren et al., 2006).  

 

Figure 3.8. Relative absorption of natural sunlight across the visible wavelengths, measured by 

a PG100N UPRtek handheld spectrometer held directly in the beam of illumination. 

In the initial stages of method development, (i.e. experiments M17-M27, 

Appendix 6), a Philips halogen bulb was investigated. This was used in 

combination with a water filter to remove infrared radiation (as water vapour 

does in the atmosphere). Control experiments demonstrated that the entire ice 

block melted without the use of a water filter due to radiation-ice interaction 

(Figure 3.9). However, subsequent experiments experienced bulk ice melt even 
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with use of the water filter as ice-radiation interaction was not entirely removed 

(likely from the water filter warming with continued infrared radiation absorption 

and re-radiating energy into melting ice). Additionally, there was limited particle-

ice interaction when an 8 mm chrome steel particle was placed on the ice 

surface (experiment M24). Interpretation of the results suggested that the 

halogen bulb illumination may not have been interacting sufficiently with the 

particle (due to a low power density) to initiate particle-induced ice melt. 

Consequently, alternative radiation sources were investigated.  

 

Figure 3.9. Relative absorption of a halogen bulb used in method development experiments, 

measured by a PG100N UPRtek handheld spectrometer held directly in the beam of 

illumination. 

The use of a water filter to remove excess infrared radiation from the halogen 

bulb resulted in predominantly visible radiation interacting with the particle 

(although this was missing radiation in the blue wavelength range, and it had a 

low power density). A complicated set-up was required to generate an 

appropriate radiation spectrum (i.e. predominantly visible radiation) using the 

halogen bulb, and so the use of a Light-Emitting Diode (LED) was investigated. 

This would supply radiation across the entire visible wavelengths with a higher 

power density than the halogen bulb and without the need for a water filter to 

remove infrared radiation. Experiments M29-M31 with a LED successfully 
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demonstrated that particle-induced ice melt could occur without independent ice 

melt.  

 

Method development experiments demonstrated that an 80-watt white LED was 

the most suitable source of radiation. This matched peak wavelength bands 

emitted from solar energy (i.e. the visible wavelengths, Figure 3.10) and did not 

interact with the optically transparent ice. Therefore, the illumination spectrum 

had a different distribution to the natural system but allowed isolation of the 

particle heating effect by interacting with the particle and being unable to 

interact with the ice (as the spectrum was within the transmission window for 

ice). The LED was additionally combined with an equinox Gobo projector to 

generate a focused light beam approximately 1 m from the ice block. This 

produced a power density approaching typical solar values (32,000 to 98,000 

lux): the LED specification states 8000 lux at 2 m, and so the illumination for the 

experiments was estimated at approximately 32,000 lux, and the power density 

at approximately 300 W m-2, comparable to natural sunlight (NASA, 2009). 

 

Figure 3.10. Relative absorption of the 80 W white LED radiation source used in laboratory 

experiments, measured by a PG100N UPRtek handheld spectrometer held directly in the beam 

of illumination.



 53 

The method development experiments met the following key design criteria: 

 

• Optically transparent ice would be created to reduce ice-radiation 

interaction and to allow cross-sectional imaging through the ice as a 

method of data collection, 

• The chosen illumination would not be absorbed by the optically 

transparent ice or water to cause direct heating but would be absorbed 

by the particles.  

 

3.2. Experimental set-up 

Experiments were conducted within a closed chest freezer operating at 

temperatures between -6 and +7°C (although typically within the -2 to +1°C 

temperature range), using ice blocks approximately 200x200x50-80 mm in size 

(Figure 3.11, Figure 3.12). A variety of particle distributions were used (e.g. 

single particles, direct comparison of single particles, particle arrays, scattering 

of particles, and embedded particles). 

 

Figure 3.11. Schematic diagram showing the final experimental set-up.  
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Figure 3.12. Photograph of final experimental set-up.  

3.2.1. Preventing sublimation 

Early experiments in the method development phase (i.e. M24-M26) suggested 

that sublimation cooling could lower the ice surface temperature relative to the 

rest of the ice, consequently restricting the effects of heat coupling from the 

particle into the underlying ice. This was sufficient to stabilize ice above an 

ambient environmental temperature of 0°C and to ‘armour’ the ice surface 

against melting. This was observed through the formation of ice pedestals 

under surface particles as the particle prevented water molecules directly 

underneath escaping from the ice surface (i.e. experiment M24). Consequently, 

a glass cover was placed over the ice container to simulate a high humidity 

environment and to minimise water molecule escape and the sublimation 

cooling effect. This left a gap of approximately 50 mm between the cover and 

ice surface. 
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3.2.2. Temperature measurements 

To monitor the temperature of the experimental system, temperature data were 

recorded manually from a ThermoPro indoor humidity and temperature monitor 

(model number: TP-55) within the freezer, and an RS Pro data logger 

thermometer (RS-1316) and thermocouple (type K) at the base of the ice 

(between the base of the container and the top of the plastic stand that 

supported the ice, Figure 3.13). These two approaches were used to determine 

the approximate temperature of the freezer and a proxy temperature of the ice 

block, respectively. This was used in combination with an observational system 

described in Section 3.7 to provide an assessment of the thermal environment 

of the ice. Of particular interest was the thermal environment of the ice near the 

particle. 

 

Figure 3.13. Cross-sectional diagram indicating the positioning of the thermocouple when 

measuring proxy-ice temperatures.  

The ThermoPro temperature monitor had a temperature resolution and 

accuracy of 0.1C and +/-1C, respectively, and a relative humidity resolution 

and accuracy of 1% and +/-2-3%, respectively. The monitor updated 

measurements every ten seconds, and so all data were representative of the 

freezer at the given time of measurement. Relative humidity measurements 

were also noted from the monitor, although analysis focused on temperature 

data because an artificial high humidity environment was created directly above 

the ice in most experiments (Section 3.2.4). 
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The RS Pro data logger thermometer had a resolution and accuracy of 0.1C 

and +/- 0.05% + 0.5C, respectively. Measurements were taken at random 

points in the early experiments but taken systematically at approximately 30-

minute intervals (when possible) in later experiments. The thermocouple was 

used as a proxy for ice temperature due to inaccuracy of data if placed within 

the ice itself (e.g. exposure to radiation resulting in incorrect values). This would 

have also created an additional object that may have interfered with the 

particles (e.g. re-emission of radiation from the thermocouple itself) if 

embedded within the ice. There were additional logistical difficulties in 

embedding the thermocouple into the ice due to the complex method of creating 

optically transparent ice. 

 

Continuous logging of temperature was also taken over a single 22-hour period 

to assess the freezer temperature cycle. This was measured using the RS Pro 

data logger thermometer and measurements were taken at intervals of 20 

seconds (Figure 3.14). This confirmed that freezer temperatures behaved in a 

cyclic nature, with two ongoing cycles. The first cycle operated on a relatively 

short timescale of approximately 30 minutes, where a total of 63 cycles 

occurred over the 22-hour period (averaging at 2-3 per hour). This involved a 

change in temperature of approximately 0.1-0.15°C and likely correlated with 

operation of the freezer pump. The second cycle operated over a relatively long 

timescale of 4.5-6 hours, where a total of four cycles occurred over the 22-hour 

period. Both cycles were identified in the temperature data regardless of data 

manipulation techniques (e.g. data were averaged over every 1 minute, every 5 

minutes and every ten minutes), although the cause of these cycles was not 

fully understood. 
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Figure 3.14. Continuous temperature data logger measurements of the proxy-ice temperature 

over a 22-hour period from experiment P49 (Chapter 4). The moving average was measured 

over 15 points (representing 5 minutes) and was used to elucidate the key cycles within the 

measurement period. (a) highlights the ‘short’ cycle, (b) indicates the ‘long’ cycle. 

3.2.3. Placement of particles on the ice surface 

Particles were placed on the ice surface in the centre of the radiation beam 

(approximately 79 cm2). The area chosen for each experiment was limited to a 

specific sector of the ice to permit multiple uses of an individual block (each 

used for approximately four experiments). Particle placement differed 

depending on the planned distribution of particles. The standard approach was 

placement at room temperature and in the centre focus of the radiation beam.  

 

3.2.3.1. Single particles 

To ensure the particle was placed in the centre of radiation, a white piece of 

paper with a 10 mm hole in the centre was used to define the area of radiation 

and to cast a shadow on the central focus point. This central point was marked 

as an indentation on the ice surface using a metal screwdriver, and particles 

were placed on the central mark at room temperature to prevent rolling on the 

ice surface and away from the centre focus of the radiation. There was one 

exception to this (experiment P49) where the particle was pre-cooled prior 

placement.  
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3.2.3.2. Multiple single particles 

Multiple single particles were used to directly compare results from individual 

particles, but to avoid particle-particle interaction. Placement depended on the 

particle diameter and thermal conductivity as this related to the thermal sphere 

of influence of each particle (and so informed the separation distance). 

Experiments of this type typically investigated thermally conductive particles, 

and so a minimum of one particle diameter (from edge-to-edge) was measured 

between particles. This was to prevent particles (or the hydrological systems 

created by the particles) interacting with one another, although this was not 

always achieved. Close placement near the centre of the radiation beam 

(marked on the ice surface) ensured equal distribution of radiation with a high-

power density. 

 

3.2.3.3. Array of particles 

Particle arrays were used in experiments that investigated the behaviour of a 

group of particles. These experiments are presented in Chapter 4 and 

investigated the role of particle diameter on particle-ice interaction (i.e. 

experiments P36, P38, P39, P40, P42, P43). Multiple array formations were 

used (e.g. triangle, square, and diamond) although ‘diamond’ was preferred as 

it allowed particles to experience an equal distribution of a high-power density 

radiation and to be imaged clearly in time-lapse images with limited particle 

overlap. Array configurations varied with 3x3 mm, 5x3 mm, 4x3 mm, 9x3 mm, 

and 16x3 mm particle arrays investigated. These were placed in a flat 

formation, so the vertical dimension of the array was the same diameter as the 

individual particle (i.e. 3 mm) prior to clustering. The centre focus of radiation 

was marked on the ice surface and particles were placed around this in the 

same way as single particles (Section 3.2.2.1).   

 

3.2.3.4. Scattering of particles 

This involved a random distribution of particles on the ice surface and was 

utilised most in the ‘microplastics’ experiments (i.e. Mp15-17, and Mp19 in 

Chapter 6), and two volcanic particle experiments in Chapter 5 (i.e. V33, V34). 

Particles were typically a small (<2 mm) size and so a sieve was used to scatter 
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the particles randomly on the ice surface. Any larger particles investigated in 

this configuration (e.g. 2-3 mm) were placed on the ice surface by hand. The 

central focus of radiation was marked as an indentation on the ice surface prior 

to particle scattering to ensure that all particles were in the beam focus. 

However, it was acknowledged that particles may not all experience an equal 

power-density of the radiation due to random scattering.  

 

3.2.3.5. Embedded particles 

Particle placement of embedded particles was not directly controlled as this 

relied on the freezing behaviour of the ice. However, to ensure that the 

embedded particle was at the centre of radiation, a piece of paper with a 10 mm 

hole in the centre was used to identify the central focus of radiation. The 

position of the ice and radiation source were adjusted to place the particle 

under this point.  

 

3.2.4. Time-lapse imagery 

Time-lapse images were taken through a periscope system every five minutes 

using a Canon (EOS 50D) camera to capture the response of embedded 

particles and ice to radiation (Figure 3.11). This allowed calculation of particle 

velocities and was used in combination with in-person observations and 

photography. 

 

3.3. Particles 

Synthetic and natural particles were used in laboratory experiments to 

investigate three themes: particle properties, volcanic particles, and microplastic 

particles. The relevant physical properties and their magnitudes that most 

influence ice ablation were determined from the literature, and the albedo was 

calculated with reference to a known albedo (e.g. white paper) by measuring 

the relative reflectance of each particle in a photograph taken in the same 

conditions using ImageJ. The documented density values of the particles were 

compared with test experiments where the particles behaviour in a beaker of 

water at 0°C was noted. The observed behaviours (i.e. sinking or floating) 
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confirmed the relative density of particles cited in the literature and Table 3.2, 

Table 3.4, and Table 3.6. 

 

3.3.1. Particle properties (Chapter 4) 

Five synthetic materials were chosen to investigate the properties of particle 

thermal conductivity, albedo, density, and diameter (Table 3.1). Aside from 

experiments that investigated the role of particle albedo, all particles were 

painted black with matte Black 2.0™ paint to minimise the particle albedo, 

increase the time efficiency of experiments, and provide calibration. Each 

property was further categorised for clarification (Table 3.2).  

 

Table 3.1. The particle properties of the synthetic materials used in experiments, and the ratio 

relative to water density (1000 kg m-3) and ice thermal conductivity (2.1 W m-1 K-1).  

 

Table 3.2.Categorisation of particle properties. 

 

3.3.2. Volcanic particles (Chapter 5) 

Three types of volcanic particles were used in experiments in Chapter 5 (Table 

3.3, Table 3.4). These initially involved cemented ash clusters from the 2010 
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Eyjafjallajökull, Iceland, summit eruption (trachyandesitic in composition, 58-

60% SiO2). Disintegration of clusters was observed and, whilst providing 

serendipitous observations, were not suitable for use when assessing the 

behaviour of single particles. Therefore, pumice from the May 18 (1980) Plinian 

pumice fall eruption at Mount St. Helens, USA, and scoria from Volcán Sollipulli, 

Chile, were used in subsequent experiments. The Mount St. Helens pumice 

was used as intermediate albedo (IA) volcanic material. This was highly 

vesicular, light in colour and rhyolitic in composition (James, 1998). The Chile 

scoria was used as low albedo (LA) volcanic material. This was dark in colour 

and basaltic-andesitic in composition (Hobbs, 2014). The particle diameters 

varied between experiments but were similar to those used in the ‘diameter’ 

subsection in Chapter 4 (i.e. 1.5 mm, 3 mm, 6 mm, and 12 mm) to allow 

comparisons. Particles <1 mm in diameter were used when multiple particles in 

a scattering configuration were investigated (as described in Section 3.2.3.4). 

 

Table 3.3.The particle properties of dry volcanic material used in experiments, and the ratio 

relative to water density (1000 kg m-3) and ice thermal conductivity (2.1 W m-1 K-1). 1Hobbs 

(2014) and 2Klug and Cashman (1996).  

 

Table 3.4. Categorisation of dry volcanic particle properties. 
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3.3.3. Microplastic particles (Chapter 6) 

Polypropylene and polyethylene particles were used to investigate the 

behaviour of microplastic particles with ice (Table 3.5, Table 3.6). These had 

varied morphologies, e.g. spherical polypropylene particles, and polyethylene 

particles with irregular morphologies. All particles had a low albedo to increase 

the efficiency of particle-ice interaction, and any particles that were not 

previously black were painted with matte Black 2.0™ paint. The plastics used 

were split into three categories for ease of comparison: ‘small’ plastics (<1 mm), 

‘medium’ plastics (1-4 mm) and ‘large’ plastics (>4 mm). These fit within the 

overarching category of ‘microplastics’ as they were smaller than 5 mm in 

diameter (Evangeliou et al., 2020).  

 

Table 3.5. The particle properties of plastic material used in experiments, and the ratio relative 

to water density (1000 kg m-3) and ice thermal conductivity (2.1 W m-1 K-1).1Patti and Acierno 

(2020). 

 

Table 3.6. Categorisation of microplastic particle properties. 

 

 

3.4. Experimental process 

An experimental checklist was used to ensure consistency between 

experiments (Appendix 7). This comprised a list of guidelines and noted proxy 

ice temperature, freezer temperature and relative humidity at the beginning of 

experiments (Figure 3.15), with subsequent readings taken throughout. 
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Experiments ended following no changes for approximately 24 hours as 

standard experimental practice, unless time constraints prevented this. 

 

 

Figure 3.15. The experimental procedure. 

3.5. Data analysis 

3.5.1. Extraction of data from time-lapse images 

Qualitative and quantitative data were extracted from time-lapse images. 

Automated photography occurred every five minutes to allow assessment of 

particle movement through the ice. This, in combination with in-person 

observations, noted key features that formed due to particle-ice interaction (e.g. 

melt pathway morphology, drainage events, formation of basal meltwater 

ponds, etc.). A typical experiment generated 800-1000 images, and these were 

analysed in chronological order. The particle movement within each image was 

measured relative to a fixed point (this varied from experiment to experiment) to 

allow calculation of the distance moved by a particle. Measurements were taken 

from the particle base to the ice surface (Figure 3.16) and had a precision to 1 

mm. Scaling of the images was determined from the known particle width and 

was applied to the distance moved measured in the image, to convert to 

distance moved in the laboratory. Analysis predominantly focused on vertical 

distanced moved, although lateral deviations were also considered.  
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Figure 3.16. Example of extraction of vertical distance moved by a particle.  

Photographs of the processes observed were a key tool for interpretation of 

experimental results. These are documented throughout the thesis and have a 

standard format with the number of hours from experiment start, time and date, 

and a scale bar included for clarity. 

 

3.5.2. Calculation of particle velocity data 

Calculation of the particle velocity through the ice was a key contribution for 

interpreting results as it was used as a proxy for ice melt rate. Four variations of 

particle velocity were calculated to aid interpretation: (1) from a conceptual melt 

model (theoretical data based on particle properties), (2) the overall velocity 

from time-lapse images (manipulated data from observations), (3) the 

incremental velocity from time-lapse images (observed data), and (4) the 

‘smoothed’ moving average velocity from the incremental velocity (manipulated 

data from observations). 
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3.5.2.1. Particle velocity from conceptual melt model 

A conceptual model of ice melt was created to inform the hypothesis of many 

experiments and predict the velocity of a moving particle through the ice 

(equation 3.4). This included the following assumptions: 

 

1. The ice was at pressure melting point (PMP). 

2. All heat that coupled into the particle was coupled into the ice to cause 

ice melt. 

3. There was no ice-radiation interaction. 

 

The model involved an input power density (Lpd [watts m-2]), assumed to have 

no ice interaction as optically transparent ice does not absorb wavelengths 

within the visible spectrum. Adding a particle into the system required 

consideration of an absorption surface; this was the area that was 

perpendicular to the direction of light (i.e. the projected area of the particle, Ap 

[m2]). The amount of power that could be absorbed into the particle would 

depend on the particle albedo (). Therefore, energy that could be absorbed 

into ice would be equal to 1-. The power that could be coupled into a given 

particle (Wp [watts]) is defined as: 

 

Wp = LpdAp(1 − α)     [3.1] 

 

It was assumed that all heat absorbed by the particle would be coupled into the 

ice. This would result in ice melt and would allow the particle to move 

downwards through the ice (
dx

dt
), if sufficiently dense. This would allow 

calculation of the volume melt rate of ice (m3 s-1, equation 3.2): 

 

volume melt rate of ice =
dx

dt
 Ap   [3.2] 

 

Considering the latent heat of fusion (Lf J m-3) gives: 

 

Wp = Lf
dx

dt
Ap     [3.3] 
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Combining equations 3.1 and 3.3 suggested that the particle diameter would 

not have an impact on particle-induced ice melt rate, and that the particle-ice 

interaction would only be dependent on the radiation power input and particle 

albedo.  

 

dx

dt 
=  

Lpd(1−)

Lf
      [3.4] 

 

Where: 
dx

dt
 = particle velocity (m s-1), Lpd = lamp power density (~300 W m-2),  = 

albedo of particle, Lf = latent heat of fusion of ice (3.06 x 108 J m-3). When  = 0 

(black particle) the predicted particle melting velocity is approximately 1 m s-1. 

 

3.5.2.2. Particle velocity from time-lapse images 

To calculate an overall mean particle velocity, the total distance of particle 

movement was divided by movement duration. However, this did not consider 

velocity variations during particle movement. Therefore, this was used in 

combination with other velocity calculations to aid interpretation of processes. 

 

Point-by-point velocity (termed ‘incremental velocity’) was calculated at each 

timestep using the standard velocity equation. Particle velocity values were 

plotted for each particle to visually investigate how the velocity of a particle 

varied with time and to allow comparisons between particles. The velocity data 

were then smoothed to reduce noise from the dataset (from a lack of precision 

in the extraction of distance-moved data described in Section 3.5.1). This was 

termed the ‘smoothed velocity’ and was reached by calculating a moving 

average over a standard of 18 data points, although this differed in experiments 

with uncharacteristically small or large datasets, i.e. 30 data points were used in 

experiments P10 and P15 (Chapter 4). The data were then plotted onto a 

summary graph to enable trends to be identified. Therefore, graphs did not 

include the final nine (or 15, in the case of experiments P10 and P15) smoothed 

velocity values due to ‘zero’ data points. 
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3.6. Experimental implementation issues 

3.6.1. Unclear images 

3.6.1.1. Bubbles  

In many instances, gas bubbles within the ice restricted the view of particles in 

the time-lapse images and prevented extraction of ‘distance moved’ data. 

Bubbles were particularly prevalent near the ice surface and impacted the view 

of the smallest particles to a greatest extent. This issue further demonstrated 

the need for optically transparent ice.  

 

3.6.1.2. Condensation  

Condensation of water vapour onto the chest freezer glass surface obscured 

the view in the periscope system in several experiments and typically covered 

the entire frame of images. To reduce this issue, a silicon seal was created and 

a film of liquid water was placed within the seal to allow imaging through the 

water (Figure 3.17). This did not appear to produce any optical distortion effects 

in the time-lapse images. 

 

Figure 3.17. Photograph of the silicon seal to reduce condensation effects. 

3.6.2. Paint 

Paint leaked off particles into meltwater when particles were not painted with 

sufficient drying time prior to the experiment start. Although this was useful in 

indicating drainage patterns and meltwater movement, it may have influenced 
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the behaviour of particles by modifying the particle albedo. Additionally, it was 

noted that there were issues with guaranteeing that all particles were painted 

with the same thickness of paint to ensure that the thermal conductivity values 

were not affected. This was a particular issue with the smaller particles (e.g. 1.5 

mm) due to difficulties in handling the small sizes.  

 

3.7. Thermal environment of ice in proximity to particles 

The thermal environment of the ice close to particles emerged as a crucial 

component of the experimental design. The ice was defined as being within one 

of two environments: unstable, where illuminated ice melted independently of 

particle-ice interaction, or stable, where ice remained indefinitely in a solid state. 

Many experiments demonstrated the sensitivity of particles to the thermal 

environment and so, for ease of experimental set-up and discussion, four 

thermal environments were defined and investigated across a thermal range 

(Figure 3.18). These were not categorised with definitive boundaries, except for 

in the cases of ‘unstable’ and ‘stable (cold)’. Instead, the thermal environment 

was identified across a range of behaviours (termed the ‘thermal range’ 

hereinafter). These environments dictated the extent of ice that was pushed into 

the ‘unstable’ state by particle-ice interaction.  

 

The thermal environments were described where a ‘positive shift’ indicated ice 

temperatures moving closer to an ‘unstable’ environment, whilst a ‘negative 

shift’ indicated temperatures moving towards the stable (cold) end state. The 

ideal thermal environment for particles was when the ice was stable as a solid 

and all heat transfer coupled into melting, i.e. exactly at PMP as this was a 

common assumption used in modelling techniques. However, this was not 

feasible for most experiments as ice block creation was a resource-expensive 

process and conducting experiments at PMP would destroy each ice block after 

a single experiment. Therefore, many experiments were conducted within the 

stable (warm) or stable (cool) areas of the thermal range of the ice to enable 

particle-induced ice melt without total ice block destruction. The understanding 

of the various thermal environments developed as experiments progressed; 

however, these are defined here for clarity.  
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Figure 3.18. The definition of the thermal environments of the ice in proximity to the particles 

across the thermal range experienced in laboratory experiments.  

Determining the thermal environment was largely dependent on observations of 

the ice (Figure 3.19). Observations were used in conjunction with temperature 

data to: (1) interpret the outcomes of the experiments; and (2) inform whether 

modification of the freezer temperature was required during an experiment. If 

the latter was the case, then the environment was categorised as ‘variable’. 

This category would also apply to an experiment where a natural shift across 

the thermal range was observed.  

 

Figure 3.19. Cross-sectional schematic indicating the observational criteria for determining the 

thermal environment in the proximity of a particle.  
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4. An experimental investigation of particle properties to 

determine the physical processes involved in particle-ice 

interaction 

This suite of 49 experiments assessed the role of particle thermal conductivity, 

albedo, density, and diameter on influencing the behaviour of particle-ice 

interaction. Experiments predominantly involved single particles illuminated by a 

light emitting diode (LED) radiation source, although 11 experiments assessed 

a direct comparison between particles and six experiments assessed an array 

of particles (as described in Chapter 3). Experiment results are described in a 

systematic and individual manner, in chronological order of experiment code. 

Repeat experiments are described as a synthesis of findings to allow 

comparisons to be drawn. The average freezer and proxy ice temperatures for 

each experiment are recorded in Table 9.7, Appendix 8.  

 

4.1. Thermal conductivity 

Experiments P1b-P9 and P48-P49 investigated the behaviour of thermally 

conductive chrome steel and brass particles within ice (Figure 4.1, Table 4,1). 

All particles had a low albedo and diameters in the range 6-8 mm. 

 

 

Figure 4.1. The thermal environment of particles in experiments investigating the role of particle 

thermal conductivity in particle-ice interaction. Experiment position has been derived from 

interpretation of observations, as described in Chapter 3, Section 3.7. 
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Table 4.1. A summary of experiments investigating the role of particle thermal conductivity in 

particle-induced ice melt, highlighting the types of particles used and associated thermal 

environments as defined in Chapter 3.  

 

 

4.1.1. P1: a thermally conductive chrome steel particle 

Experiment P1 assessed particle-ice interaction involving a thermally 

conductive chrome steel particle with a high density, low albedo, and 8 mm 

diameter. This was separated into two experiments, P1a and P1b, due to 

external factors influencing particle-ice interaction.  

 

P1a began as an open system with ice exposed to freezer conditions (e.g. the 

freezer relative humidity). Aside from the initial 20 minutes of the experiment, 

there was limited particle-ice interaction. It was observed that the particle sat on 

a ‘peak’ of higher topography approximately 48 hours after surface placement. 

This was indicative of a sublimation environment, where water molecules were 

removed from the solid ice surface directly to the vapour phase, resulting in a 

surface lowering. This process used latent heat to convert mass from the solid 

phase to the vapour phase, removing heat from the system and cooling the ice 

surface (Figure 4.2).  
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Figure 4.2.  Cross-sectional diagram indicating the role of sublimation and surface cooling in 

preventing ice melt. Values of latent heat of sublimation taken from Cuffey and Paterson (2010).  

A glass cover was placed over the container to offset sublimation cooling 

processes, marking the start of experiment P1b. The hypothesis for experiment 

P1b is shown in Figure 4.3. 

 

Figure 4.3. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P1b. 

4.1.1.1. Results and interpretation 

P1a showed that sublimation cooling could hinder particle-ice interaction. 

Therefore, experiment P1b operated within a closed system to induce an 

increased relative humidity environment (Figure 4.4). This trapped sublimated 
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water molecules within the local area, causing deposition back onto the ice 

surface.  

 

Figure 4.4. Cross-sectional diagram indicating the influence of a closed system on sublimation 

and deposition in experiment P1b.   

Offsetting sublimation processes allowed the particle to directly transfer heat 

into the underlying ice to raise the temperature to PMP, causing ice melt. This 

confirmed the interpretations that sublimation cooling prevented ice melt in 

experiment P1a as particle-induced ice melt was initiated approximately ten 

minutes after the cover was placed on the ice container in experiment P1b. 

Following this, downwards movement of the particle in meltwater was observed, 

resulting in particle descent to reach the ice base within 23 hours (Figure 4.5). 

This supported the hypothesis and was a result of the high particle density 

(relative to meltwater). A full particle submergence was observed within two 

hours, interpreted to remove heat loss mechanisms to the atmosphere and to 

drive convection in the melt pathway. All energy absorbed was available to melt 

the ice, resulting in ice melt and downwards movement to the base at a mean 

particle velocity of 7.19 x 10-7 m s-1. An initial high velocity (e.g. 5.0 x 10-6 m s-1 

measured for the first data point) suggested that initial movement was 

associated with the effects of temperature differences between particle and ice 

as it was placed on the ice surface at room temperature.  
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Figure 4.5. Vertical distance moved and velocity of an 8 mm chrome steel particle in 

experiment P1b.  

4.1.1.2. Melt pathway 

Once the particle was embedded within the ice, meltwater with a teardrop 

morphology developed directly above the particle (representing the melt 

pathway, Figure 4.6) and followed particle movement. The meltwater formed as 

heat was conducted through the particle to the ice at the particle base, causing 

ice melt. This process represents the direct heat transfer pathway, controlled by 

the particle thermal conductivity. The high density of the particle allowed the 

particle to move downwards into meltwater produced, causing the particle to sit 

at the base of the meltwater. In addition to this direct heat transfer mechanism, 

the warm meltwater moved downwards around the particle to the particle base 

(meltwater convection) and continued to contribute to ice melt (due to the 

inverse density-temperature relationship of water below 4°C, described in 

Chapter 3). This represents the indirect heat transfer pathway. Therefore, two 

heat transfer mechanisms controlled the rate of ice melt, and both were in the 

vicinity of the melt pathway base. The downwards movement of warm water 

(and upwards movement of cold water) created the teardrop morphology; the 

colder water (although still above zero degrees) at the top was close to freezing 

temperatures and so began to refreeze away from the particle sphere of 

influence (i.e. the immediate region of ice melt, in the form of both direct and 
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indirect heating mechanisms). The development of a teardrop morphology of 

meltwater suggested that the ice was in a stable (cool) thermal environment, 

whereby ice melt was a result of particle-ice interaction only and an entire 

closure of the melt pathway was observed (Section 3.7, Chapter 3).   

 

Steady changes in the melt pathway size and morphology were observed 

throughout the experiment. The melt pathway reduced in height over a two-hour 

period to extend a maximum height of 2 mm above the particle. This decreasing 

volume meltwater was associated with a change in the angle of particle 

movement (from an almost vertical trajectory to an angled trajectory). The 

modification to trajectory orientation may have been controlled by the ice 

structure (e.g. the vein network). Changes in the meltwater extent and 

orientation of particle movement were suggested to be due to two processes: 

(1) subtle temperature changes encouraging a higher refreezing rate, and (2) 

meltwater entering the vein network allowing the particle to follow the vein 

trajectory. These observations suggested that, although within a stable (cool) 

thermal environment, it was likely that the P1b particle was close to the stable 

(cold) boundary.  

 

The melt pathway increased in size to form another teardrop melt pathway as 

the particle continued to move downwards through the ice, likely reflecting 

subtle changes in temperature (Figure 4.6). 
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Figure 4.6. Images showing the fluctuation in melt pathway morphology at two stages (5 and 14 

hours) in experiment P1b. (a) observational line diagram, (b) photograph and (c) interpretation 

of the features. 

4.1.1.3. Basal meltwater pond 

The particle could no longer melt downwards when reaching the ice base and 

so heat transfer remained in the local environment. This created a basal 

meltwater pond that facilitated lateral particle movement that continued to melt 

the basal ice. Lateral movement was suggested to be due to a combination of 

heterogeneous convection systems within the basal meltwater pond, and 

freezer vibrations pushing the particle along the ice base as it was perfectly 

spherical with a smooth surface (i.e. low friction). Particle heat transfer was able 

to melt ice approximately 2 mm away from the particle top; this was likely 

because of heating by conduction at the particle base and convection moving 

warm water to the container base. Therefore, expansion of basal meltwater was 

predominantly horizontal with little vertical expansion, with a maximum width of 

approximately 17 mm. This indicated that the sphere of influence of a 

conductive and high-density particle was small and on the sub-10 mm scale in a 
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stable (cool) thermal environment as heating was predominantly at the particle 

base.  

 

4.1.1.4. Summary 

Surface cooling from sublimation processes hindered particle-ice interaction in 

experiment P1a. However, a glass cover prevented sublimation in experiment 

P1b, and the particle was able to efficiently melt the ice. The particle moved 

downwards to the ice base with a mean particle velocity of 7.19 x 10-7 m s-1 

(agreeing with the hypothesised outcome). However, refreezing processes and 

interaction with the vein network modified the morphology of the melt pathway 

and created an inclined particle trajectory. A closed melt pathway was indicative 

of a stable (cool) thermal environment. Additionally, a basal meltwater pond 

with a dome-shaped morphology formed when the particle remained at the ice 

base. It appeared as if this had a heating influence of approximately 2 mm from 

the particle top, suggesting a small sphere of influence for a high density and 

thermally conductive particle in a cool environment. It would be useful to assess 

this in repeat experiments and to inform understanding of the influence of the 

vein network on sinking particles.  

 

Experiment P2 was separated into two experiments in the same way as 

experiment P1 (i.e. P2a and P2b); however, cold temperatures (e.g. a minimum 

of -5.9°C, Table 9.7, Appendix 8) prevented particle-ice interaction in 

experiment P2a, rather than sublimation cooling as observed in experiment 

P1a. Experiment P2b followed from experiment P2a after a freezer temperature 

adjustment. Condensation on the freezer surface obscured time-lapse images 

and so results relied on in-person observations. As such, the particle velocity 

could not be accurately calculated. However, experiment P2b confirmed key 

results from experiment P1b: namely, that a particle with a high thermal 

conductivity and high density could melt the ice sufficiently to melt downwards 

to the ice base. In the case of P2b this occurred within 21 hours. However, the 

melt pathway morphology differed due to drainage events of meltwater (likely 

into the vein network), and refreezing/redeposition processes, ultimately 

dependent on the ice temperature and particle thermal environment. This 

resulted in the formation of a narrow (approximately 2-3 mm wide) drained melt 



 78 

pathway that extended towards the ice surface, contrasting to the teardrop 

morphology observed in experiment P1b. However, although this was open at 

the ice surface, refreezing or vapour deposition processes occurred as the melt 

pathway diameter was smaller than the particle diameter. However, the unclear 

time-lapse images could not determine if narrowing processes occurred prior to, 

or after, drainage, and so it could not be determined whether refreezing or 

deposition processes were occurring. Similar to experiment P1b, the melt 

pathway was inclined suggesting particle intersection with the vein network. 

Additionally, a larger basal meltwater pond than expected developed (although 

precise measurements could not be made), demonstrating the capability of a 

thermally conductive particle with a high density to generate a significant 

volume of meltwater even away from the direct heating zone. This contrasted 

with results from experiment P1b, although this was likely a result of differences 

in the thermal environment as the P2b particle experienced a stable (warm) 

thermal environment. Repeat experiments to determine particle velocities and 

assess the meltwater extent and possible drainage events in detail would be 

useful. 

 

4.1.2. P3: a thermally conductive brass particle 

Experiment P3 investigated the behaviour of a 6 mm black brass particle within 

ice, placed on the same ice block as that used in P2b. The particle had a high 

thermal conductivity, high density, and low albedo. The hypothesis for 

experiment P3 is shown in Figure 4.7. 
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Figure 4.7. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P3. 

4.1.2.1. Results and interpretation 

Exposure issues with the time-lapse camera limited time-lapse image quality 

and so results relied on in-person observations. The P3 particle immediately 

transferred heat into the ice to increase the ice temperature to PMP, causing ice 

melt. This resulted in a downwards particle movement in meltwater with a mean 

particle velocity of 2.35 x 10-6 m s-1 to reach the ice base within eight hours.  

 

4.1.2.2. Melt pathway 

The melt pathway width initially approximated the particle diameter 

(approximately 6 mm); this was indicative of conduction-driven ice melt as 

increased convection-driven ice melt would likely result in a widened melt 

pathway. Additionally, the presence of a strongly reflective region above the 

particle was identified approximately five hours after the experiment start. This 

was interpreted as gas space due to large differences in refractive indices 

between gas and water (i.e. 1.30 and 1.00, respectively) and was indicative of 

draining meltwater. This continued to drain as the particle moved downwards 

through the ice to create a gas-filled channel within the ice. Similar to 

experiment P2b, the melt pathway narrowed at the top to a minimum of 

approximately 2 mm. In-person observations noted that this narrowed prior to 

drainage, suggesting refreezing conditions. Although the melt pathway 
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remained open at the ice surface, this was due to drainage processes removing 

meltwater and preventing full refreezing of the melt pathway. Therefore, it was 

deduced that the P3 particle experienced a stable (cool) thermal environment.  

 

A similar drainage process was also observed in experiment P2b, conducted on 

the same ice block. Therefore, it was interpreted that the drainage process 

relied on the internal structure of the ice block (e.g. the vein network) and the 

possibility of spaces for the water to drain into (e.g. between the ice block and 

container, or from a leak in the plastic container).  

 

4.1.2.3. Basal meltwater pond 

The P3 particle melted the basal ice and moved laterally within the ice. 

However, movement was not within meltwater; instead, the particle melted ice 

through direct heat transfer between the particle and the ice with minimal 

meltwater (likely a result of active drainage processes). This created a gas-filled 

channel along the ice base (in addition to the gas-filled melt pathway extending 

vertically through the ice, Figure 4.8).  
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Figure 4.8. Images showing lateral movement of the P3 particle when on the ice base within a 

drained melt pathway. (a) observational line diagram, (b) photograph and (c) interpretation of 

the features. 
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The particle remained stationary for approximately eight hours after reaching 

the ice base. Heat transfer from the stationary particle created a basal 

meltwater pond that had a width and height of approximately 10 mm and 8 mm, 

respectively. This was dome-shaped in morphology and had similar dimensions 

to the basal meltwater pond in experiment P1b, suggesting this morphology 

was typical of a thermally conductive particle within a stable (cool) thermal 

environment. 

 

The P2b particle was also on the ice base from the previous experiment and 

absorbed incoming radiation. Consequently, the P2b particle transferred heat 

into the surrounding ice to create a basal meltwater pond whilst the P3 particle 

was descending through the ice. P2b particle movement within the basal 

meltwater pond caused lateral ice melt (a process also observed in experiment 

P1b). The P2b basal meltwater pond eventually combined with melt from the P3 

particle to form a larger volume of basal melt (approximately 120 mm in width 

and 12 mm in height), topped by the P2b and P3 open melt pathways. This 

resulted in meltwater filling the gas-filled melt pathway previously made by 

lateral movement of the P3 particle along the ice base. The connected basal 

meltwater pond was larger than that seen in experiments P1b and P2b and was 

likely a result of combined heating effects from two particles (Figure 4.9). This 

demonstrated the capability of multiple particles to form a hydrological 

connection. 
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Figure 4.9.  Cross-sectional photograph of the dome-shaped basal meltwater pond created by 

the P3 particle and the combined area of melt from the P2b and P3 particles.   

To confirm that the presence of meltwater was a result of particle-ice 

interaction, the illumination was turned off and the experimental system was left 

for 24 hours. Observations demonstrated that all meltwater had refrozen in this 

period, confirming that meltwater generated was through melting of ice from 

particle heat transfer and that the ice was in a stable solid state.  

 

4.1.2.4. Summary 

Results from experiment P3 compared well with the hypothesised outcomes 

(i.e. downwards movement of the particle to reach the ice base and create a 

basal meltwater pond with a refreezing melt pathway). This experiment also 

provided an insight into the hydrological connections that form between 

particles, resulting in a greater extent of ice melt. This aided the method 

development process and showed the need to shield particles from previous 

experiments from illumination in future experiments when single particles were 

investigated. Additionally, experiment P3 provided insights into drainage events, 

confirming that these events were likely controlled by the ice structure itself. 

 

This experiment type was repeated a further four times (experiments P4, P5, 

P6, and P7) to confirm findings. These demonstrated a variability in results, 

likely representing the complexities associated with particle-ice interaction and 
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the importance of thermal environment as a control on particle behaviour (Table 

4.2). Other complexities were also present, e.g. P4 exhibited a staggered 

progression of ice melt, whilst experiments P6 and P7 experienced significant 

drainage events that modified the internal structure of the ice systems. 

Experiment P5 demonstrated steady downwards movement with refreezing 

events. It was noted that refreezing of the melt pathway created gas bubbles 

within the ice along the particle trajectory, indicating the ‘fossil’ melt pathway 

and modifying the optical properties of the ice.   
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Table 4.2. Summary of key features observed in experiments P4, P5, P6, and P7.  

Experiment Duration of 
downwards 
movement 
(hours) 

Particle 
velocity 
(m s-1) 

Melt pathway morphology Basal meltwater pond Thermal environment 

Width (mm) Height (mm) 

P4 68-140  
- 

Teardrop. Photographs unclear due to 
camera focusing issues.  

8 9  Stable (cool) 

P5 17 1.03 x 10-6  Teardrop, along an inclined trajectory 
(lateral movement by approximately 3 
mm). 

8 8 Stable (cool). Equilibrium 
system established with 
ice (i.e. a stable volume of 
meltwater).  

P6 12 1.87 x 10-6  Open at ice surface and partially 
drained when particle reached the ice 
base. 

75 
 

10 Stable (warm) 

P7 18 1.32 x 10-6 Closed at ice surface and partially 
drained. Photographs unclear due to 
high number of bubbles within ice.  

16 (total of 90 
if considering 
accumulation 
of drained 
meltwater). 

8 Stable (cool) 
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The staggered motion in experiment P4 was likely a result of the particle 

nearing the boundary of the stable (cold) thermal environment. Subtle 

differences in the temperature caused an environment shift (e.g. from stable 

(cool) to stable (cold), and vice versa), causing a shift in motion or static 

behaviour. Observations indicated that stalled phases were longer than particle 

movement phases (e.g. an average of 14 hours compared to 3 hours). There 

did not appear to be any correlation with diurnal cycles as movement phases 

were observed in both day and night periods. 

 

Experiment P6 provided an insight into drainage and melt initialisation 

processes. This demonstrated fluctuations in particle velocity where the velocity 

was slower than 1 x 10-6 m s-1 for the first 2.5 hours of the experiment and 

increased throughout the experiment. The slower particle velocity during the 

first 2.5 hours was associated with the top surface of the particle being exposed 

at the ice surface. The particle velocity increased after the particle moved to a 

depth below 6 mm into the ice (and, therefore, was fully submerged). This was 

interpreted to be a result of removing heat loss mechanisms to the atmosphere, 

allowing all absorbed energy to be available for transfer to the ice.  

 

Experiments P6 and P7 demonstrated the complex nature of drainage events. 

Downwards movement of the P6 particle to reach the ice base coincided with 

the development of a strongly reflective region within the time-lapse images. It 

was interpreted that this was from strong differences in refractive indices of ice 

and gas caused by a gas-filled melt pathway. The evolution from water-filled to 

a gas-filled pathway was due to drainage events, facilitated by the P6 particle 

melting the basal ice and providing a pathway for drainage to spaces between 

ice and container. Drainage in experiment P7 differed as drainage occurred 

during particle descent, prior to the particle melting a drainage route at the 

base. This could suggest that drainage of meltwater in this case was through 

the vein network within the ice. Ultimately, P6 and P7 indicated that the 

drainage events were complex as multiple processes were observed (Figure 

4.10).  
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Figure 4.10. Images showing the melt pathway development over six periods in experiment P6. 

(a) observational line diagram, (b) photograph and (c) interpretation of the features. 
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4.1.3. P8: two thermally conductive brass particles 

Experiment P8 directly compared behaviours of two (described below as 

particle 1 and particle 2) 6 mm brass particles. Previous experiments indicated 

the importance of ice structure in influencing particle-ice behaviour, and so 

experiment P8 was conducted to assess how the background ice structure may 

influence the behaviour of identical particles within the same ice system. These 

were placed on the ice surface sufficiently far apart to prevent particle-particle 

interaction but with an equal focus of illumination. The hypothesis for 

experiment P8 is shown in Figure 4.11. 

 

Figure 4.11. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P8. 

4.1.3.1. Results and interpretation 

Condensation on the freezer surface prevented clear time-lapse images in hour 

6-27 (with an exception from hour 23-25). Therefore, the detail of downwards 

particle movement relied on in-person observations. This indicated that the 

particles immediately melted the ice after surface placement and became fully 

submerged within meltwater within 1.5 hours (Figure 4.12). Although it was 

hypothesised that both particles would melt the ice at an equal rate, differences 

between their particle-ice interactions were observed. Similar initial patterns 

were observed until the particle 2 velocity increased relative to particle 1 after 
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hour five. This was a result of particle 1 remaining stationary near the ice 

surface for approximately three hours. Additionally, it was noted that both 

particles experienced lateral movement within the ice (e.g. particle 1 moved 

approximately 7 mm, whilst particle 2 moved approximately 3 mm). This 

suggested that the particles intercepted the vein network within the ice. 

 

Figure 4.12. Graph showing the vertical distance moved by two 6 mm brass particles in 

experiment P8. Condensation on the freezer surface prevented continuous data extraction.  

4.1.3.2. Melt pathway 

Both melt pathways started to refreeze within three hours, creating a melt 

pathway with a teardrop morphology. This suggested that both particles 

experienced a stable (cool) thermal environment, and allowed for the 

development of bubbles within the ice indicating the ‘fossil’ melt pathway near 

the ice surface. However, a change in the particle 1 melt pathway morphology 

was noted after hour 25, indicative of a positive shift along the thermal range 

into a stable (warm) environment (Figure 4.13). This may have facilitated a 

higher particle 1 velocity in the last hour of the experiment. 
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Figure 4.13. Images of teardrop melt pathway morphology and positive shift across the thermal 

range in experiment P8. (a) observational line diagram, (b) photograph and (c) interpretation of 

the features. 

4.1.3.3. Basal meltwater pond 

Particle 2 created a hemispherical basal meltwater pond (similar in morphology 

to previous experiments with particles in the stable (cool) thermal environment, 

e.g. P4 and P5) as particle 1 continued to move downwards through the ice 

(Figure 4.14). This allowed particle 1 to drop downwards by 5 mm into 

meltwater to reach the ice base.  
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Figure 4.14. Images of basal meltwater pond and growing melt pathway. (a) observational line 

diagram, (b) photograph and (c) interpretation of the features. 

4.1.3.4. Summary 

Results from experiment P8 indicated a difference between the downwards 

movement of the two particles, despite being of the same composition and 

exhibiting the same fundamental behaviours (e.g. sinking in meltwater). Unclear 

time-lapse images prevented thorough assessment of particle movement, but 

broad insights demonstrated that both particles moved laterally as they 

descended through the ice. This was indicative of the particles utilising the vein 

network within the ice. However, the difference between particle results was 

attributed to particle 1 stalling at the ice surface (almost fully submerged) for 

three hours. It is likely that the particles were experiencing a thermal 

environment close to the stable (cold) boundary in the first 25 hours of the 

experiment. The particles were especially sensitive to subtle changes in 

temperature in this region of the thermal range. Particle sensitives to subtle 

shifts along the thermal environment range will be investigated in future 

experiments.  
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Experiment P9 was conducted as a repeat of experiment P8 due to unexpected 

results. Similar to experiment P8, the particles experienced a variable thermal 

environment. However, this was a negative shift from a stable (warm) thermal 

environment into a stable (cold) thermal environment and occurred when 

particle 2 was on the ice base and particle 1 was approximately 5 mm above 

the ice base. The shift across the thermal range was identified by the change 

from melt pathways that extended upwards to the ice surface with no indication 

of refreezing processes, to entirely refrozen melt pathways and the absence of 

meltwater surrounding the particles; this also caused particle 1 to stall within the 

ice prior to reaching the base (Figure 4.15). However, despite this shift in 

thermal environment, it was evident that there was a difference between the 

behaviour of the two particles. This was particularly clear after the first two 

hours where, prior to this, both particles moved downwards with relatively equal 

particle velocities. However, after this, particle 2 moved downwards through the 

ice at a higher particle velocity than particle 1. The increase in particle 2 velocity 

relative to particle 1 was associated with an inclined melt pathway (with a total 

lateral movement of approximately 9 mm), suggesting that particle 2 intercepted 

the vein network within the ice. This may have facilitated a higher particle 

velocity as the vein network would be more active in the stable (warm) thermal 

environment.  
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Figure 4.15. Images indicating the shift from stable (warm) to stable (cool) in experiment P9, 

identified by open melt pathways and refreezing melt pathways, respectively. (a) observational 

line diagram, (b) photograph and (c) interpretation of the features. 

Experiments P8 and P9 suggested that the particle thermal environment may 

be a key control on particle-induced ice melt. There were differences between 

the two particle velocities in both experiments that were suggested to be due to 

stalled particle movement in experiment P8 (likely due to the position on the 

thermal range), and the internal structure of the ice (identified by an angled 

trajectory associated with a faster particle) in experiment P9. The angled 
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trajectory has been identified in previous experiments as a feature of particles 

utilising veins within ice to facilitate downwards movement. However, this may 

not have facilitated faster particle movement in experiment P8 as the ice was 

cooler and the vein network was likely less prominent.  

 

4.1.4. P48: a thermally conductive brass particle within opaque ice 

This experiment was conducted as a control experiment where a 6 mm brass 

particle was placed on the ice surface of an opaque (i.e. bubble-rich) ice block. 

This was to assess if the presence of bubbles within ice had an influence on 

particle-ice interaction. The hypothesis for experiment P48 is shown in Figure 

4.16. 

 

Figure 4.16. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P48. 

4.1.4.1. Results and interpretation 

Initialisation of particle-ice interaction was similar to previous experiments, 

where an immediate downwards movement of the particle was observed. This 

caused downwards particle movement with a velocity of 1.75 x 10-6 m s-1 to 

reach the ice base within nine hours (Figure 4.17). However, the velocity 

appeared to decrease momentarily as the particle became fully submerged, 

although it is important to note the difficulties of obtaining values of particle 

movement from imaging opaque ice.  
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Figure 4.17. Vertical distance moved and velocity of a 6 mm brass particle in experiment P48.  

4.1.4.2. Melt pathway 

The melt pathway had a similar width to the particle diameter (i.e. approximately 

6 mm) and was open at the ice surface throughout the experiment (Figure 

4.18). Therefore, no refreezing was observed, and it was deduced that the P48 

particle experienced a stable (warm) thermal environment. Bubbles within the 

ice limited the clarity of time-lapse images and so detailed analysis of the melt 

pathway could not be conducted. 

 

 

Figure 4.18. Plan-view photograph of the P48 open melt pathway at the ice surface. 
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4.1.4.3. Basal meltwater pond 

The P48 particle continued to transfer heat into melting the ice when on the ice 

base to create a basal meltwater pond (width and height of approximately 25 

mm and 8 mm, respectively). Lateral particle movement by approximately 21 

mm was observed, indicating heat transfer between the particle and basal ice. 

This suggested that the particle was able to absorb incoming radiation, despite 

being overlain by opaque ice with a high number of interfaces. In addition to the 

basal meltwater pond formed by the P48 particle, there was a shallow 

(approximately 3 mm) basal meltwater pond that extended across the entire 

base of the ice block. This formed prior to the particle reaching the ice base by 

meltwater draining through the ice, likely facilitated by many gas spaces within 

the ice. 

 

4.1.4.4. Summary 

A particle velocity of 1.75 x 10-6 m s-1 was comparable with many of the 

experiments in this experimental series, and similar features were observed 

(e.g. a melt pathway with the same width as the particle diameter and 

development of a basal meltwater pond). Therefore, results suggested that the 

influence of opaque ice on particle-induced ice melt was relatively low. 

 

4.1.5. P49: a cooled thermally conductive brass particle 

Experiment P49 was conducted as a control experiment to assess the 

behaviour of a cooled particle when placed on the ice surface. This differed 

from previous experiments where particles were at room temperature during 

placement, as the P49 particle was placed within the chest freezer (operating at 

temperatures -0.2 to 0.0°C) approximately three hours prior to surface 

placement. The removal of the effect from initial heating by a room temperature 

particle allowed the initialisation of melting to be assessed. The hypothesis for 

experiment P49 is shown in Figure 4.19. 



 97 

 

Figure 4.19. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P49. 

4.1.5.1. Results and interpretation 

The P49 particle moved downwards into the ice immediately and was fully 

submerged approximately 40 minutes after surface placement. The particle 

moved with a velocity of 2.07 x 10-6 m s-1 to reach the ice base within 6.5 hours 

(Figure 4.20). Therefore, there did not appear to be any lag associated with 

particle placement when the particle was cold.  

 

Figure 4.20. Vertical distance moved and velocity of a 6 mm brass particle in experiment P49.  
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4.1.5.2. Melt pathway 

As in all previous experiments, the melt pathway had a similar width to the 

particle diameter. Fluctuations in water level within the melt pathway occurred 

throughout the experiment, representing a balance between drainage and 

particle-induced ice melt.  

 

4.1.5.3. Basal meltwater pond  

The particle continued to melt the ice after reaching the ice base to create a 

basal meltwater pond (Figure 4.21). This had a similar morphology to that 

observed in experiment P6, although the basal meltwater pond in experiment 

P49 was entirely water-filled.  

 

Figure 4.21. Images of the melt pathway and basal meltwater pond associated with the P49 

particle. (a) observational line diagram, (b) photograph and (c) interpretation of the features. 

4.1.5.4. Summary 

This experiment provided an insight into the initialisation of particle-induced ice 

melt and determined that there was a negligible difference between a cooled 

particle and a particle placed on at room temperature. This exhibited many of 

the same features as observed in other experiments with particles within the 
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stable (warm) thermal environment (e.g. an open melt pathway, drainage 

events, and the development of a basal meltwater pond). 

 

4.2. Albedo 

This set of experiments investigated the role of particle albedo on particle-ice 

interaction (Figure 4.22, Table 4.3). Low albedo (LA), intermediate albedo (IA) 

and high albedo (HA) particles were assessed. These were matte black, 

unpainted, and white, respectively. All particles were 6 mm in diameter and 

brass spheres to allow the property of albedo to be investigated in isolation, 

except for experiment P10 where an 8 mm chrome steel, HA unpainted, particle 

was used.  

  

Figure 4.22. The thermal environment of particles in experiments investigating the role of 

particle albedo in influencing particle-ice interaction. Experiment position has been derived from 

interpretation of observations, as described in Chapter 3, Section 3.7. 

 

Table 4.3. A summary of experiments investigating the role of particle albedo in particle-induced 

ice melt, highlighting the types of particles used and the associated thermal environments as 

defined in Chapter 3.  
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4.2.1. P10: a high albedo chrome steel particle 

Experiment P10 assessed the behaviour of a high albedo (0.57) 8 mm chrome 

steel particle when placed on an ice surface. The hypothesis for experiment 

P10 is shown in Figure 4.23. 

 

Figure 4.23. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P10. 

4.2.1.1. Results and interpretation 

The time-lapse images indicated that the particle melted the ice to move 

downwards to a depth of approximately 13 mm over a 43-hour period with a 

mean velocity of 8.46 x 10-8 m s-1 (Figure 4.24). After this period, no movement 

was observed for the remainder of the experiment (23 hours). Initial melting 

from temperature differences between the particle and the ice contributed to 

approximately 2 mm of particle movement, and all subsequent melting was 

attributed to heat transfer between particle and ice. However, the particle 

remained stationary at a depth of ~2 mm for approximately six hours before 

active ice melt began, likely representing the initialisation of particle-induced ice 

melt as the particle-ice system thermally equilibrated. 
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Figure 4.24. Vertical distance moved and velocity of the high albedo chrome steel particle in 

experiment P10.  

Analysis of time-lapse images indicated that the particle moved downwards 

through the ice in a staggered manner, where alternating periods of stationary 

behaviour and active melt were observed. This behaviour was like that 

observed in experiment P4, although there appeared to be a reduced difference 

between the duration of each phase (e.g. active melt lasted approximately 6 

hours on average, whilst stationary behaviour lasted approximately 9 hours on 

average).  

 

4.2.1.2. Melt pathway 

A small volume of meltwater was present during experiment P10, although this 

was only associated with periods of active melt (i.e. particle movement). 

Downwards particle movement and sustained ice melt during active melt 

phases created a melt pathway with a teardrop morphology, indicative of a 

stable (cool) thermal environment. The absence of meltwater during stationary 

phases was suggestive of a stable (cold) thermal environment. Therefore, the 

particle bordered the stable (cold) and stable (cool) thermal environment. This 

was likely the cause of the lower particle velocity observed than that 

hypothesised from the simple melt model, as this did not consider deviations 

from the PMP. Similar to interpretation in experiment P4, this could suggest that 
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the staggered behaviour was a result of subtle changes in the thermal 

environment. As the absorbing surface had a high albedo, less energy would be 

available for heat exchange with the ice system due to a high reflection of 

incoming radiation. Therefore, a lower rate of energy would be transferred into 

the ice; this would be insufficient to raise the ice temperature to PMP before 

conduction of energy from the region through the ice along a temperature 

gradient. However, subtle changes in the ice temperature would allow 

temperatures to be raised to PMP in some instances (i.e. in the ‘active melt’ 

phases). 

 

4.2.1.3. Summary 

Experiment P10 demonstrated that a particle with an albedo greater than 0.5 

was capable of transferring sufficient energy into the ice to cause ice melt. 

However, there were several contrasts with the hypothesised outcome: (1) a 

lower particle velocity of 8.46 x 10-8 m s-1 was observed, and (2) the particle 

moved downwards in a staggered manner. These were suggested to be due to 

the particle bordering the stable (cool) and stable (cold) region of the thermal 

range. Direct comparisons of particles with different albedos will be assessed in 

subsequent experiments. 

 

4.2.2. P11b: a comparison of a low albedo, intermediate albedo, and high 

albedo brass particle  

Experiment P11b progressed from experiment P11a, where a low albedo (LA, 

0.12) brass particle experienced a stable (cold) thermal environment, 

consequently limiting particle-ice interaction (aside from initial movement from 

temperature differences). It was deduced that cold freezer temperatures (and 

the need for the freezer to be defrosted) were responsible for the stable (cold) 

thermal environment, rather than particle properties hindering ice melt. The 

freezer was turned off, and an intermediate albedo (IA, 0.50) and high albedo 

(HA, 0.60) brass particles were placed on the same ice block as that used in 

P11a; this marked the start of experiment P11b. 
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Experiment P11b directly assessed the role of particle albedo on influencing 

ice-melt on a melting ice block (i.e. one at PMP and unstable in the solid state). 

The IA and HA particles were placed close to one another (with an 8 mm 

distance between each particle) to allow the same radiation input. However, the 

LA particle was already submerged in the ice at the start of P11b due to 15 mm 

of movement in experiment P11a. As identified in previous experiments (e.g. 

P1, P2, P3, etc.), particles of this type have a small sphere of influence 

(typically one particle diameter), and so could be placed at this distance without 

incurring measurable particle-particle interaction (i.e. thermal or physical) or 

hydrological connections forming during downwards movement. The hypothesis 

for experiment P11b is shown in Figure 4.25. 

 

 

Figure 4.25. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P11b conducted on an unstable ice block.   

4.2.2.1. Ice surface lowering 

The ice surface remained stable in the first hour of the experiment, representing 

the lag time before the ice responded to the increasing freezer temperatures 

(Figure 4.26). Following this, a 2 mm and 5 mm surface lowering was observed 

during LA and IA particle movement, respectively, and a total lowering by 14 

mm was observed throughout the experiment. This suggested that independent 
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ice melt in response to warming temperatures occurred during particle 

movement. Therefore, it was deduced that the particles and ice were in an 

unstable thermal environment for much of the experiment. However, the 

presence of an undulating surface during LA and IA particle movement 

confirmed a solid ice surface during particle descent; if this had melted, then it 

would be expected that the surface would be level. It is important to note that 

the containers were not fully waterproof (due to the water expanding as it froze 

and putting strain on the edges of the container). Therefore, some surface 

lowering may have been a result of water loss from the container. However, the 

ice had melted in its entirety by the end of the experiment (e.g. 26 hours).  

 

Figure 4.26. The change in the ice surface level as the ice melted during experiment P11b, 

transitioning from a solid-water phase to a liquid-water phase. 

4.2.2.2. Results and interpretation 

The LA and IA particles immediately melted the ice and moved downwards to 

reach the ice base within four and eight hours, respectively (Figure 4.27). 

Average particle velocities were calculated at 3.63 x 10-6 m s-1 and 2.32 x 10-6 

m s-1, respectively. The smoothed velocity indicated that the LA particle 

movement was split into two main phases: an increasing velocity until 

approximately hour two (from 2.69 x 10-6 m s-1 to 4.07 x 10-6 m s-1), and a 

second phase where the velocity plateaued at approximately 3.90 x 10-6 m s-1. 

The first phase may reflect the particle coming into equilibrium with the ice 

system. Additionally, the IA particle velocity was consistently slower than the LA 

particle, indicating differences in heat transfer behaviour for LA and IA particles. 
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This compared well with the hypothesis that the partially reflective IA particle 

surface would not absorb as much incoming radiation as the LA particle. 

However, the IA particle velocity is much higher than that calculated from the 

simple melt model (and this is the case for both particles). This is likely due to 

the complexities that were not considered in the simple melt model, e.g. the 

interaction with the ice structure.  

 

Analysis of the incremental velocity suggested that the initial velocity of the IA 

particle was lower than that of the LA particle in the first hour of the experiment 

(i.e. 1.92 x 10-6 m s-1 compared to 2.31 x 10-6 m s-1, respectively). This was 

likely a result of convective heat loss to the atmosphere experienced by the IA 

particle, whereas all heat absorbed by the LA particle would have transferred 

into the ice as it began submerged by 15 mm in the ice following from 

experiment P11a. It is expected that these differences in initial particle velocity 

would have been even greater if both particles experienced the same conditions 

as it was likely that surface placement of the IA particle at room temperature 

influenced the initial movement of the IA particle. However, these findings 

provided a useful insight into the process of surface versus embedded particle 

initialisation of melt. 

 

The HA particle remained at the ice surface until ice melted independently in 

response to increasing temperatures and moved to the container base when full 

melting had occurred. Therefore, all three particles were at the container base 

within 26 hours (i.e. by the end of the recorded time-lapse imagery period). The 

time at which the HA particle reached the ice base could not be identified due to 

unclear images, although behaviour in the first 19 hours of the experiment 

showed minimal movement from particle-induced melt. Therefore, it was 

proposed that the HA particle moved with the surface lowering from melting ice 

and dropped into meltwater produced to the base of the container.  
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Figure 4.27. Vertical distance moved by a low and intermediate albedo 6 mm brass particle and 

the ice surface lowering. The intermediate albedo particle does not start at ‘0 m’ due to initial 

temperature differences between the particles and the ice resulting in immediate melting prior to 

time-lapse imaging. The low albedo particle started submerged within the ice because it was 

used in experiment P11a. Data could not be retrieved for the high albedo particle from the time-

lapse images due to a restricted view of the top of the ice block. 

4.2.2.3. Melt pathway 

The LA and IA particle melt pathways were visible for the first two hours of the 

experiment (Figure 4.28). However, melt was obscured by condensation as 

freezer temperatures increased, although intermittent removal of condensation 

revealed that the LA melt pathway extended upwards to the LA starting position 

for the duration of particle movement (suggesting that the ice had not melted in 

its entirety during LA particle movement). This suggested that the particle was 

melting the ice through particle-induced melt, agreeing with the hypothesis.  
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Figure 4.28. Cross-sectional images of the low albedo (LA) and intermediate albedo (IA) melt 

pathways in experiment P11b. (a) observational line diagram, (b) photograph and (c) 

interpretation of the features. 

4.2.2.4. Summary 

This experiment demonstrated how particles behaved in ice in a variable 

thermal environment, with a positive shift from a stable (warm) to an unstable 

environment. Results indicated that particle behaviour differed depending on 

the particle’s albedo and compared well with the hypothesis that the HA particle 

would be incapable of moving downwards to the ice base from particle-induced 
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ice melt alone. Ultimately, bulk melting of ice dictated the positioning of the 

particles, as the HA particle eventually dropped to the container base when the 

ice melted (combined interpretation from this experiment and P10 suggested 

that it is likely that this would have otherwise remained near the ice surface). 

The presence of melt pathways created by the LA and IA particles suggested 

that particle-induced ice melt occurred prior to full independent ice melt. 

However, both had higher particle velocities than predicted by the simple melt 

model. It would be useful to compare the behaviour of different particle albedos 

in stable thermal environments.  

 

Experiments P12b and P13 were conducted as repeat experiments and used 

the same particles as in experiment P11b. P12b followed on from experiment 

P12a, in which the HA, IA, and LA particles experienced a stable (cold) thermal 

environment and limited particle ice interaction. Experiments P12b and P13 

were within a stable ice system, although the thermal environment between 

experiments (e.g. a variable thermal environment in experiment P12b, with a 

negative shift across the range from stable (warm) to stable (cold) from in-

person intervention, and a stable (warm) thermal environment in experiment 

P13). However, particle movement in experiment P12b corresponded with 

particles experiencing a stable (warm) thermal environment, and so particle 

velocities compared well with experiment P13 (Table 4.4).  

 

Table 4.4.Comparison of distance moved, particle velocity, and duration of particle movement 

for the LA, IA, and HA particles in experiments P12b and P13.  

Experiment Distance moved 
(mm) 

Particle velocity  
(m s-1) 

Duration of particle 
movement 

P12b 

LA 64 (ice base) 2.29 x 10-6 7 hours, 45 minutes 

IA 64 (ice base) 1.94 x 10-6 9 hours, 10 minutes 

HA 44 2.39 x 10-7 51 hours 

P13 

LA 74 (ice base) 1.68 x 10-6 12 hours, 15 minutes 

IA 

Phase 
one 

65.5 1.46 x 10-6 12 hours, 30 minutes 

Phase 
two 

0 0  40 hours, 55 minutes 

Phase 
three 

8.5 4.72 x 10-6 30 minutes 

Overall 74 (ice base) 3.81 x 10-7 53 hours, 55 minutes 

HA Exposed at ice 
surface 

- - 
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The meltwater created in experiments P12b and P13 exhibited comparable 

morphologies, with melt pathways open at the ice surface during particle 

movement. Similar to previous experiments involving thermally conductive 

particles, the pathways had a width that did not exceed the particle diameter, 

indicating a conduction-driven melt process. Modification to melt systems 

because of particle-particle interaction was also observed in both experiments, 

where combination of two basal meltwater ponds (created by the LA and IA 

particles) occurred in experiment P12b and drainage of meltwater into 

neighbouring melt pathways occurred within experiment P13.  

 

The combination of basal melt in experiment P12b to form a large basal melt 

pond was a result of the LA and IA ponds linking approximately three hours 

after both particles reached the ice base. This grew from continuous heat 

transfer driving meltwater convection and IA particle lateral movement on the 

ice base. However, in-person modification of freezer temperatures resulted in a 

negative shift across the thermal range into a stable (cold) environment, 

causing all melt to refreeze (Figure 4.29).  
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Figure 4.29. Cross-sectional images of refreezing meltwater in experiment P12b. (a) 

observational line diagram, (b) photograph and (c) interpretation of the features. 

In contrast with experiment P11b and P12b, experiment P13 demonstrated 

complexities associated with drainage processes, resulting in two phases of IA 

particle movement. In phase one, the LA and IA particles moved downwards 

through the ice with particle velocities of 1.68 x 10-6 m s-1 and 1.46 x 10-6 m s-1, 

respectively, comparing with results from experiment P12b (data from IA phase 

one in Table 4.4). However, the IA particle remained stationary at 0 m s-1 for 

approximately 41 hours (phase two in Table 4.4) when the LA particle reached 

the ice base. This stalled behaviour coincided with drainage of water from the 
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IA melt pathway into the LA melt pathway (Figure 4.30), indicating a 

hydrological connection between the two particles that was likely caused by the 

IA particle moving laterally by 6 mm during descent. The development of a LA 

basal meltwater pond allowed the stalled IA particle to drop into the meltwater 

to reach the ice base (phase three in Table 4.4). The staggered IA particle 

movement resulted in an overall IA particle velocity of 3.81 x 10-7 m s-1: an order 

of magnitude lower than the LA particle.  

 

The stalled behaviour of the IA particle was not observed in experiments where 

particles were unable to interact with one another (e.g. experiment P12b), 

suggesting that advection of heat with meltwater moving into the LA meltwater 

pond reduced particle movement, rather than the particle properties itself (an 

assessment of an IA particle with no particle interaction is described in 

experiment P14). This interpretation was confirmed by the growth of a basal 

meltwater pond around the IA particle when on the ice base, demonstrating 

active particle-induced ice melt. This could suggest that ice hydrology at the 

scale of the particle can override the influence of the physical properties of the 

particles.  
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Figure 4.30. Cross-sectional images of drainage of meltwater pathways in experiment P13 

across three time frames. (a) observational line diagram, (b) photograph and (c) interpretation of 

the features. 

The HA particles showed contrasting behaviours in experiments P12b and P13 

as particle movement was to a depth of 44 mm and 10 mm, respectively. It was 

deduced that the cause of this was differing thermal environments: particles in 

experiment P13 experienced a cooler thermal environment relative to 
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experiment P12b, although still within a stable (warm) environment. 

Additionally, drainage processes from the HA particle melt pathway into the IA 

particle melt pathway would have advected heat away from the particle system, 

in the same way as that observed by the IA particle.  

 

4.2.3. P14: an intermediate albedo brass particle 

Experiment P14 assessed the behaviour of an IA particle without any particle-

particle interaction (as seen in P13b). The particle was the same type as in 

previous experiments (i.e. spherical, brass and 6 mm in diameter) and was 

placed on the ice surface at room temperature. The hypothesis for experiment 

P14 is shown in Figure 4.31. 

 

Figure 4.31. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P14. 

4.2.3.1. Results and interpretation 

Two behavioural phases were identified in this experiment: the P14 (i) 

demonstrated limited particle movement aside from initial melting from 

temperature differences between the particle and ice (lasting 70 hours), 

whereas P14 (ii) indicated active melting and subsequent sinking of the IA 

particle to the ice base (within an eight-hour period).  
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4.2.3.1.1 P14 (i)  

The IA particle initially moved downwards into the ice by approximately 3 mm,  

due to temperature differences between the particle and ice from surface 

placement causing ice melt. However, the particle remained stationary for 70 

hours and did not appear to interact with the ice. Prior to the experiment, the ice 

block was within the freezer without a glass cover. This will have allowed 

sublimation and, consequently, sublimation cooling of the ice surface (e.g. 

similar to that observed in experiment P1a). It was acknowledged that this may 

have prevented initial ice melt. However, this would have been expected to 

diminish as the surface sublimation cooling effect stopped when the cover was 

placed over the container at the experiment start (due to an increase in relative 

humidity, as discussed in experiment P1a). Therefore, as the IA particle was on 

the ice surface 70 hours after initial particle placement, it was discounted that 

sublimation cooling prevented particle-ice interaction. Instead, this could 

suggest that partial absorption of incoming radiation, in addition to convective 

heat loss to the atmosphere, resulted in insufficient heat transfer into the ice 

preventing the ice temperature to be raised to PMP. It was inferred that the 

surface particle in P14 (i) experienced a stable (cold) thermal environment at 

these ice temperatures. This resulted in the particle remaining at the ice surface 

and refreezing of most meltwater produced from initial particle placement; this 

marked the end of P14 (i). 

 

4.2.3.1.2 P14 (ii)  

To assess if there was any meltwater present on the ice surface, the particle 

and surrounding area was physically examined and, on contact, the particle 

rotated (this was an artifact of in-person intervention). This allowed the 

absorbing top surface of the particle to come into direct contact with the 

underlying ice. It was noted that this resulted in the particle moving downwards 

into the ice to become fully submerged in meltwater; this marks hour ‘0’ on 

Figure 4.32 and the start of P14 (ii). It was likely that this was a result of the 

previous top particle surface interacting with the ice, allowing the warm 

absorbing surface to directly melt the ice. This caused continued ice melt and 

downwards movement, likely exacerbated by full submergence of the particle. 

This removed heat loss to the atmosphere and allowed all absorbed heat to 
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transfer into the surrounding meltwater to drive meltwater convection, further 

driving ice melt. Consequently, the IA particle melted the ice at a steady rate 

and moved downwards to the ice base within eight hours, with a mean particle 

velocity of 2.36 x 10-6 m s-1. This highlights the change in heat transfer 

mechanisms between surface and embedded particles.  

 

Figure 4.32. Vertical distance moved and velocity of the intermediate albedo brass particle in 

experiment P14 (ii).  

4.2.3.2. Melt pathway 

The P14 particle melt pathway had a similar width to the particle diameter but 

was limited to a length of approximately 25 mm due to refreezing processes 

(Figure 4.33). This suggested that the P14 particle experienced a stable (cool) 

thermal environment. 
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Figure 4.33. Cross-sectional images showing the refreezing of the IA melt pathway in 

experiment P14 (ii) across three time frames. (a) observational line diagram, (b) photograph and 

(c) interpretation of the features. 

4.2.3.3. Basal meltwater pond 

Condensation on the freezer surface prevented observation of the behaviour of 

the particle after reaching the ice base in time-lapse images. However, in-

person observations indicated that a basal meltwater pond was not present. 

This, in combination with a refreezing melt pathway and a lag in particle 

movement in the first phase of the experiment, confirmed the interpretation that 

the particle experienced a stable (cool) thermal environment during particle 

movement, and a stable (cold) thermal environment when on the ice surface 

and ice base.  
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4.2.3.4. Summary 

This experiment was split into two phases, whereby limited particle-ice 

interaction was observed for 70 hours until a physical disturbance to the particle 

resulted in active ice melt for eight hours. The active phase of the experiment, 

i.e. P14 (ii), showed the IA particle moving through the ice at a particle velocity 

of 2.40 x 10-6 m s-1, in line with values from previous experiments. Results from 

this experiment particularly highlighted differences in heat transfer mechanisms 

between a surface and embedded particle. 

 

The contrast between the stalled P14 (i) surface particle, and the moving P14 

(ii) embedded particle, indicated that the particle experienced differences in 

thermal environment when on the ice surface versus when embedded within the 

ice, i.e. stable (cold) and stable (cool), respectively. When on the ice surface, all 

heat absorbed by the particle (already limited by an IA surface) was not 

transferred into the ice due to convective heat loss to the atmosphere. 

Therefore, the rate of energy transferred into the ice did not equal the rate of 

heat conduction away from the region, and was not sufficient to raise ice 

temperatures to PMP. However, an artificial disturbance that rotated the particle 

triggered ice melt; once embedded within the ice, all heat absorbed was 

coupled into the ice. This was sufficient to bring ice temperatures to PMP and 

cause ice melt and downwards particle movement. As identified in experiment 

P12b, the behaviour of particle-induced ice melt is very sensitive. In this 

instance, this was limited by convective heat loss to the environment when 

placed on the ice surface. This was likely exacerbated by the partly reflective 

surface of the IA particle reducing absorption of incoming radiation. 

 

4.3. Density 

A set of eight experiments investigated the behaviour of a particle with a low 

density (defined as lower than water, e.g. polystyrene and polypropylene with a 

density of 960-1050 kg m-3 and 890-920 kg m-3, respectively) or intermediate 

density (defined as higher but close to the density of water, e.g. Delrin® with a 

density of 1400 kg m-3), with the aim of improving understanding of floating and 

submerged particle-interaction with ice (Figure 4.34, Table 4.5).  Particles had 

low albedo and diameters in the range 5-8 mm. Experiments have been written 
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up in order of higher thermal conductivity to lower thermal conductivity, although 

all particles had a lower thermal conductivity than ice. This approach was 

chosen as it progresses from the assessment of thermally conductive particles 

in all previous experiments (e.g. P1b-P14b). 

 

Figure 4.34. The thermal environment of particles in experiments investigating the role of 

particle density in influencing particle-ice interaction. Experiment position has been derived from 

interpretation of observations, as described in Chapter 3, Section 3.7. 

Table 4.5. A summary of the experiments investigating the role of particle density in particle-

induced ice melt, organised by particle thermal conductivity. This indicates the type of particles 

used and associated thermal environments as defined in Chapter 3. 

 

4.3.1. P18: an intermediate density Delrin® particle 

Experiment P18 investigated the behaviour of a Delrin® particle when placed 

on an ice surface. The particle had an intermediate density relative to water, a 

low albedo, low thermal conductivity relative to ice, and was 6 mm in diameter 

(Chapter 3, Section 3.3.1). The hypothesis for experiment P18 is shown in 

Figure 4.35. 
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Figure 4.35. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P18. 

4.3.1.1. Results and interpretation 

Analysis of time-lapse images indicated that the particle did not melt the ice 

during the first hour of the experiment, supporting the hypothesis that 

initialisation of ice melt would be slow due to a low thermal conductivity. 

However, freezer vibrations dislodged the periscope system and prevented 

time-lapse imaging of particle behaviour between 2-12, and 24-120 hours of the 

experiment. Therefore, initialisation of ice melt could not be identified in time-

lapse images, and particle velocity information was restricted to a 12-hour 

period (Figure 4.36). The particle moved downwards through the ice during this 

period with a mean particle velocity of 2.06 x 10-7 m s-1. There appeared to be 

little to no movement 21.5 hours after the experiment start and the particle 

reached a maximum depth of approximately 15 mm. The particle remained 

stationary for a period of 2.5 hours, suggesting refreezing processes exceeded 

melting processes, and then moved upwards within the ice by approximately 3 

mm (and so remained at a depth of approximately 13 mm). This, in combination 

with in-person observations showing the presence of gas bubbles below the 

melt pathway, confirmed that refreezing was occurring. However, further 

analysis of this behaviour could not be conducted due to a power cut moving 

the ice into an unstable state. This resulted in the particle moving to the ice 

base.   
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Figure 4.36. Vertical distance moved and velocity of a Delrin® particle in experiment P18 from 

hour 12 to hour 24.  

4.3.1.2. Melt pathway 

A surface meltwater pond developed and the intermediate density (i.e. higher 

than the density of water but close to the boundary) resulted in the particle 

sinking into the meltwater until fully submerged. Although the start of the 

experiment was not documented by time-lapse imaging, in-person observations 

indicated that ice melt occurred quickly, e.g. a widening of approximately 3 mm 

was observed over two hours. The melt pathway differed from that observed in 

experiments P1b-P14 as it had a width of approximately 13 mm (approximately 

double the particle diameter).  

 

The reduction in meltwater extent by refreezing processes to push the particle 

upwards would have been feasible due to the small density difference between 

the water and particle. Therefore, the upwards force from the liquid-solid state 

change exceeded the downwards force from density differences. This caused 

upwards movement of the particle within meltwater, rather than the particle 

becoming embedded in surrounding ice (as seen with particles with a high 

density, e.g. brass). The presence of bubbles observed at the base of a 

refreezing melt pathway (Figure 4.37) suggested that the particle experienced a 

stable (cool) thermal environment. However, a power cut occurred 96 hours into 

the experiment, and this increased the freezer temperature to a maximum of 
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11.1 °C whilst illumination ceased. This event temporarily shifted the ice into an 

unstable state, and so the thermal environment for the entire experiment was 

defined as ‘variable’. 

 

Figure 4.37. Cross-sectional images showing a narrowing of the top portion of the melt pathway 

and the presence of gas bubbles in experiment P18, with both indicating refreezing processes. 

(a) observational line diagram, (b) photograph and (c) interpretation of the features. 

A shift into an unstable thermal environment allowed the Delrin® particle to 

move downwards to the ice base within a period of no in-person observations or 

time-lapse imagery. However, 24 hours following the power cut (and 

consequently, approximately 120 hours into the experiment), it was noted that 

the particle sat at the ice base with a vertical melt pathway extending towards 

the ice surface (Figure 4.38). Therefore, the temporary shift into an unstable 

state did not cause the ice to melt in its entirety; rather, the increasing 

temperature of the ice allowed continued melt in the proximity of the particle 
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and offset refreezing processes that had been previously occurring whilst the 

particle was within a stable (cool) thermal environment. This facilitated 

downwards movement of the Delrin® particle to the ice base. This sequence of 

events was deduced due to the preservation of an open melt pathway within the 

ice (which would otherwise have been destroyed by full melting), and the 

expectation that refreezing features (e.g. an increase in ice opacity due to 

trapped air bubbles) would be present if the ice had melted entirely and refroze; 

this was not the case.  

 

Figure 4.38. Cross-sectional images indicating the basal position of the Delrin® particle at the 

base of a melt pathway following a shift into the unstable thermal environment in experiment 

P18. (a) observational line diagram, (b) photograph and (c) interpretation of the features. 
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4.3.1.3. Summary 

The Delrin® particle had a higher density than water, and so the particle moved 

downwards to create a melt pathway. The low thermal conductivity property of 

the particle enabled efficient heat transfer between the warm top surface of the 

particle and the overlying meltwater, driving strong convection systems that 

widened the melt pathway past the particle diameter. Therefore, ice melt was 

predominantly convection-driven, in contrast to previous experiments (identified 

by differences in melt pathway width e.g. P1b-P14, P48-P49). Additionally, a 

lack of particle-ice interaction was noted in the first hour of the experiment, 

supporting the hypothesis that a lower thermal conductivity would slow the rate 

of initial ice melt. However, a dislodgment of the experimental set-up restricted 

the view in time-lapse images and so this behaviour could not be analysed 

further. The observed processes confirmed that the particle thermal conductivity 

was a dominant melt-influencing property.  

 

External factors temporarily shifted the experiment across the thermal range 

into an unstable environment, resulting in a subsequent shift in particle 

behaviour. Although this demonstrated that the temperature of the ice ultimately 

dictates the behaviour of particle-ice interaction, it would be useful to assess the 

behaviour of particles within a stable environment for the duration of the 

experiment. Additionally, issues with time-lapse imagery prevented detailed 

analysis of particle behaviour. Therefore, this experiment was repeated in 

experiments P19, P20, and P21.  

 

Results from experiments P19, P20, and P21 contrasted with one another, 

indicating a range of behaviours associated with a particle of this type (Table 

4.6). Experiments P20 and P21 showed downwards movement of the Delrin® 

particle (with velocities of 6.44 x 10-7 m s-1, and 1.89 x 10-7 m s-1, respectively), 

comparing well with experiment P18. However, the P19 particle floated in 

meltwater, creating an elongated surface meltwater pond. The contrast in 

behaviour observed by the P19 particle was suggested to be due to surface 

tension effects, where the strong intermolecular forces (e.g. hydrogen bonding) 

between the water molecules at the surface of the meltwater pond held the 

intermediate density particle at the ice surface. This was facilitated by the close 
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density value of Delrin® to that of water, suggested as this process had not 

been observed with particles with a greater density, such as metal particles 

used in P1b-P14.
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Table 4.6. Key features observed in repeat experiments P19, P20, and P21. *Relative to previous experiments involving thermally conductive and high 

density particles.   

Experiment Particle velocity 
(m s-1) 

Initialisation of 
melting* 

Particle 
behaviour 

Type of meltwater 
produced 

Melt morphology Thermal 
environment 

P19 4.72 x 10-7 during 
first five hours 
(i.e. prior to 
floating 
behaviour). 

Slow, floating 
behaviour initiated 
at 3.5 hours 

 Floating Surface meltwater 
pond 

Width of 43 mm x 22 mm 
and depth of 24 mm. 

Stable (warm) 

P20 6.44 x 10-7  Could not be 
identified due to 
unclear time-lapse 
images. 

Downwards 
movement to 
ice base 

Melt pathway and 
basal meltwater 
pond. Partial 
drainage of melt 
pathway when 
particle reached ice 
base. 

Melt pathway had a width 
of approximately 15 mm. 
The basal meltwater pond 
had a width of 126 mm 
and height of 15 mm. 
 

Stable (warm) 

P21 1.89 x 10-7  Complex. Slow 
initial movement 
(initiated at 4.5 
hours). Fully 
submerged within 
124 hours.  

Downwards 
movement to 
ice base, 
staggered 
behaviour 

Melt pathway and 
basal meltwater 
pond 

Melt pathway morphology 
fluctuated throughout 
experiment. Maximum 
width of melt pathway was 
approximately 20 mm.   

Stable (cool) 
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Despite the floating behaviour of the P19 particle, the surface meltwater pond 

increased in depth and width throughout the experiment. Heat was likely 

transferred from the proximity of the particle to the pond base by the sinking 

action of the warmer (and, therefore, denser) meltwater. Therefore, this 

represented the effect of indirect melting from heating by meltwater convection 

and demonstrated the ability of a floating particle with a low thermal conductivity 

to efficiently melt the ice. It is likely that the exposure of the top particle surface 

to the atmosphere for the experiment duration also facilitated convective heat 

losses from the top particle surface to the nearby ice. It was noted that the 

morphology of the surface meltwater pond was dependent on lateral movement 

by the floating P19 particle (e.g. an initially circular meltwater pond developed 

into an elongated meltwater pond, Figure 4.39). Refreezing of all meltwater 

after the illumination was turned off confirmed that the ice was stable in a solid 

state and the P19 particle experienced a stable (warm) thermal environment.  

 

 

Figure 4.39. Comparison of the surface meltwater pond morphology development throughout a 

20 hour period in experiment P19. 

The downwards movement of the Delrin® particles in experiments P20 and P21 

created melt pathways with a diameter approximately double the particle 

diameter, agreeing with experiment P18 results. However, experiment P20 

additionally provided insights into the behaviour of drainage events, where the 

drainage of meltwater from particle-ice interaction resulted in the advection of 

heat to the ice base to create a basal meltwater pond before the P20 particle 

reached the ice base (Figure 4.40).  



 127 

 

Figure 4.40. Cross-sectional images showing the change in water level in the drained melt 

pathway within a five-hour period in experiment P20. (a) observational line diagram, (b) 

photograph and (c) interpretation of the features. 

Experiment P21 indicated the role of particle rotation and thermal environment 

on influencing particle-ice interaction and saw varying behaviours throughout 

the experiment. This was split into five phases (P21 (i)-(v), Figure 4.41 and 

Appendix 12) due to the expiry of the time-lapse camera battery. Periods 

between each phase ranged between 20 and 123 hours. The experiment lasted 

for approximately 529 hours (22 days). The final phase (P21 (v)) was the most 
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crucial in understanding active particle-ice interaction and downwards 

movement of a particle with a low thermal conductivity, whilst the first phases 

provided an insight into drainage events and thermal environment limitations 

due to limited downwards movement.  

 

Figure 4.41. Vertical distance moved by the Delrin® particle over the five phases in experiment 

P21.   

The staggered behaviour of the Delrin® particle in experiment P21 was likely a 

result of a combination of factors. Firstly, the particle bordered a stable (cold) 

and stable (cool) thermal environment for much of the experiment (identified by 

limited ice melt in phases (i-iv) and refreezing of the melt pathway in phase (v)). 

Similar to phase P14 (i) in experiment P14, the exposure of the top particle 

surface to the atmosphere in phases P21 (i-iv) reduced the heat available for 

ice melt, meaning that the ice temperature was rarely brought to PMP. 

Additionally, drainage events removed meltwater from the system, also 

removing a key driver of ice melt (i.e. meltwater convection) as direct ice melt 

was limited by a low particle thermal conductivity. This suggested that indirect 

melting through meltwater convection has a dominant role in particle-induced 

ice melt in the case of thermally insulating particles.  

 

Phase P21 (v) saw downwards particle movement with a particle velocity of 

1.89 x 10-7 m s-1, possibly a result of the particle becoming fully submerged and 

the removal of heat loss to the atmosphere. However, substantial movement 

was only triggered at hour 494, and this appeared to be associated with a 
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rotational movement of the particle (observed in the time-lapse images). This 

resulted in the absorbing hot top surface contacting the underlying ice, driving 

ice melt in the immediate period following particle rotation. This may have 

surpassed a threshold at which enough meltwater had been generated in the 

immediate area to drive sufficient meltwater convection processes to continue 

driving ice melt. It was, therefore, interpreted that the rotational movement 

acted as a trigger to start this feedback process. This may not have been seen 

in previous phases due to the exposure of the top surface to the atmosphere 

and subtle temperature fluctuations. Although it would be expected that an 

increased movement could be associated with freezer response to increased 

ambient temperatures during the day, it appeared as if stationary phases were 

associated with day periods, whilst downwards movement was initiated at night. 

 

To conclude, the downwards movement of the Delrin® particle in experiments 

P18, P20, and P21 indicated that the fundamental behaviour of a particle of this 

type was to sink in the meltwater produced. These experiments provided useful 

insights into the behaviour of an intermediate density particle, with P20 building 

knowledge of drainage events and P21 developing the nature of staggered 

particle movement and developing theory from experiment P14 about 

initialisation of ice melt. Additionally, experiment P19 demonstrated that surface 

tension processes could influence particle behaviour when a particle density is 

close to that of water. 

 

4.3.2. P22: a low density polypropylene particle  

This experiment investigated the behaviour of polypropylene particle interaction 

with ice. The particle had a low density, low thermal conductivity, low albedo, 

and a diameter of 5 mm. The hypothesis for experiment P22 is shown in Figure 

4.42. 
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Figure 4.42. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P22. 

4.3.2.1. Results and interpretation 

Clarity in time-lapse images was poor and so the extent of meltwater could not 

be determined, although key periods of movement were identified. Results 

relied predominantly on in-person observations and photographs. The 

production of meltwater from heat transfer from the P22 particle into the ice 

caused downwards movement of the particle during the first two hours of the 

experiment with a particle velocity of 8.18 x 10-7 m s-1. Downwards movement 

ended when floating behaviour occurred (agreeing with the hypothesised 

outcome). This was observed through lateral movement of the particle by 

approximately 4 mm. It was noted that the top surface of the P22 particle was 

exposed to the atmosphere throughout the experiment. 

 

Linear features surrounded the particle within the first ten minutes of the 

experiment. These extended radially from the particle and were interpreted to 

have formed by convective heat transfer from the warm top particle surface to 

heat the air and the nearby ice, bringing the ice to PMP to cause ice melt and 

form meltwater. The linear features grew to a maximum length of 5 mm and 

radiated from the outer extent of a developing meltwater pond (Figure 4.43) and 

combined to form a single meltwater pond within 24 hours. This had a circular 

and relatively symmetrical morphology in the first 48 hours of the experiment, 
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and the particle floated in the centre. However, lateral particle movement 

evolved the pond morphology from circular to elongate. A deepening of the 

surface meltwater pond was observed throughout the experiment (i.e. 13 mm at 

24 hours, 16 mm at 48 hours and 20 mm at 120 hours). The maximum pond 

dimensions were measured at approximately 48 mm in width and 20 mm in 

depth. 

 

Figure 4.43. Plan-view photographs showing the evolution (a-i) of a surface meltwater pond in 

experiment P22.  

4.3.2.2. Summary 

Experiment P22 demonstrated the ability of a low density particle to maintain a 

stable surface meltwater pond and actively transfer heat into the ice to cause 

ice melt. This, and the floating behaviour, compared well with the hypothesised 

outcome, although the suggested slow initialisation and limited ice melt was not 

observed. This indicated that heat transfer from the particle to the ice exceeded: 

(1) convective heat loss to the atmosphere, and (2) conduction of heat away 

from the particle proximity through the ice (i.e. two mechanisms that 

encouraged refreezing processes). Therefore, this could suggest that the P22 
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particle experienced a stable (warm) environment, as previous experiments 

indicated the sensitivity of surface particles to cooler temperatures (e.g. it is 

harder for surface particles to ‘offset’ refreezing mechanisms in cooler 

environments due to convective heat loss to the atmosphere).  

 

4.3.3. P15:  a low density polystyrene particle 

Experiment P15 investigated the behaviour of a polystyrene particle within an 

ice system. The particle had a low density relative to water (and lower than the 

polypropylene particle in experiment P22), low albedo, low thermal conductivity 

relative to ice, and a diameter of 8 mm. The experiment lasted approximately 

146 hours (although time-lapse imagery only captured the first 68 hours). The 

P15 particle was placed on the surface of the same ice block used in the P1b 

and P10 experiments, although it was offset from the particles to avoid particle-

particle interaction. The hypothesis for experiment P15 is shown in Figure 4.44. 

 

 

Figure 4.44. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P15. 

4.3.3.1. Results and interpretation 

Initial melting from temperature differences between the P15 particle and ice 

was observed, although the particle remained near the ice surface with limited 

melting for the experiment duration. Melting occurred in a cyclic nature of 

melting and refreezing, and this did not appear to be correlated with the day 

phase of diurnal cycles as melting phases often occurred during night. An active 
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melt stage, refreezing melt stage, and subsequent stationary behaviour within a 

stable ice system was defined as one cycle. Three of these cycles were 

observed: P15 (i), (ii), and (iii), typically occurring with an active melt stage 

spanning 5-20 hours and a refreezing stage lasting 0.5-9 hours. The particle 

floated in meltwater when a sufficient volume had been produced, although this 

was restricted to a seven hour period in P15 (ii). Lateral movement of 

approximately 2 mm was also observed throughout the experiment. 

 

4.3.3.2. Meltwater development 

Three cycles of meltwater production were identified (Table 4.7). In all cases, 

meltwater growth initially began in a horizontal direction before a vertical 

direction, although an increasing depth of the meltwater away from the particle 

base (i.e. producing a floating particle) was only observed in P15 (ii).  

 

Table 4.7. The duration of the three melting and freezing cycles in the time-lapse images and 

the maximum dimensions of the surface meltwater ponds for experiment P15. 

 

 

4.3.3.2.1 P15 (i) 

Melting began immediately after particle placement. The meltwater had a 

maximum diameter of approximately 11 mm when including the particle 

diameter, and did not develop vertically from the particle base, indicating that 

the particle was not floating during this period (Figure 4.45). Therefore, the 

density property had little influence on particle-ice interaction at this stage. The 

absence of meltwater at the particle base suggested that direct heat transfer 

through the particle was not sufficient to cause ice melt in this region, likely a 

result of the low thermal conductivity of the particle, agreeing with the 

hypothesis.  
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Figure 4.45. Cross-sectional images of meltwater development (left) and refreezing (right) in 

P15 (i). (a) observational line diagram, (b) photograph and (c) interpretation of the features. 

4.3.3.2.2 P15 (ii) 

P15 (ii) experienced the most active meltwater development, where a vertical 

and horizontal extension of the meltwater was observed (Figure 4.46). The 

meltwater pond initially had the same morphology as that observed in P15 (i) 

until a deepening was observed approximately 6.5 hours after melting resumed. 

Once meltwater was established at the edges of the particle, a convection 

system developed, encouraging further melting of the ice and a deepening of 

meltwater. Lateral particle movement was identified, indicating floating 

behaviour. Therefore, the particle density had an influence on the behaviour of 

particle-ice interaction in P15 (ii). Refreezing started 13 hours after melting 

began and meltwater had refrozen within approximately 11 hours. There was no 

obvious link with natural diurnal cycling (e.g. the freezer responding to ambient 

warming during the day) despite the 24 hour length of the melting/refreezing 
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cycle; in fact, the largest volume of meltwater was associated with night. 

Therefore, the longer timescale of refreezing when compared to P15 (i) was 

likely a result of subtle temperature differences within the ice system as 

previous experiments have indicated the sensitivity of particle-induced ice melt 

to temperature. 

 

Figure 4.46. Cross-sectional images of meltwater development (left) and refreezing (right) in 

P15 (ii). (a) observational line diagram, (b) photograph and (c) interpretation of the features. 

4.3.3.2.3 P15 (iii) 

P15 (iii) experienced the smallest change in meltwater volume as the meltwater 

pond had a maximum diameter of approximately 10 mm. Meltwater was not 

observed beneath the particle, and so floating could not occur. Therefore, the 

particle density did not influence the behaviour of particle-ice interaction. 

Refreezing began approximately 27 hours into P15 (iii) and lasted 

approximately one hour. It could not be determined whether the meltwater 

extent continued to fluctuate to the end of the experiment as changes were too 

minor to be identified on the time-lapse images. In-person observations showed 
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a 10-mm-diameter meltwater pond at the end of the experiment (Figure 4.47), 

and this had remained in this state for approximately 72 hours. This could 

suggest that an equilibrium had been established between melting and 

refreezing processes. The presence of meltwater suggested that particle-

induced ice melt was possible and it was deduced that the particle experienced 

a stable (cool) thermal environment. However, the lower volume of meltwater 

observed than in the previous two cycles suggested that this was cooler than in 

P15 (i) and (ii) and was likely on the boundary between the stable (cold) and 

stable (cool) thermal environment.  

 

Figure 4.47. Plan-view photograph of the low density polystyrene particle on the ice surface at 

the end of experiment P15.  

The melting/freezing cycling suggested that heat transfer from the particle to the 

ice was insufficient to maintain a stable meltwater pond for much of this 

experiment. It was suggested that a low particle thermal conductivity caused a 

hot particle top surface due to continued absorption of illumination and an 

inefficient thermal pathway, consequently increasing convective heat loss to the 

atmosphere. Although this process likely facilitated small volumes of melting at 

the particle edges, a stable (cool) thermal environment limited the extent of 

melt. This could suggest that subtle changes in freezer temperatures were 

responsible for fluctuations in melting and refreezing cycles. Although the 

particle density had little effect on this experiment due to limited floating, it may 

have prevented a ‘trigger’ event (e.g. as seem in experiment P21). For 

example, if the P15 particle had a high density, it would have likely become fully 

submerged within the ice during P15 (ii). This may have exacerbated ice melt 
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due to the removal of heat loss to the atmosphere and demonstrates the 

importance of both the thermal conductivity and density property of a surface 

particle. Therefore, this could suggest that particles with a relatively low thermal 

conductivity and density may be more sensitive to temperature changes within 

the environment, as this behaviour had not been observed to the same extent in 

the suite of experiments investigating thermally conductive particles. This will be 

investigated in future experiments.  

 

4.3.3.3. Removal of artificial humid environment 

Collection of the time-lapse images ended when no changes were observed for 

approximately 24 hours (approximately 68 hours after the experiment start), as 

per experimental practice.  However, the experiment continued running without 

the use of automated measurements for an additional 48 hours to ensure that 

all activity had stopped (thus lasting 116 hours). The cover was removed from 

the container to reduce the relative humidity and further assess the behaviour of 

the sublimation cooling and evaporation processes. Observations indicated that 

the particle was sitting in an empty hollow 168 hours after the cover was 

removed, suggesting that the meltwater had evaporated. This demonstrated 

that the evaporation rate was higher than the melting rate as the particle was 

still capable of transferring energy into the ice from the illumination. When the 

cover was placed back on the container, the P15 particle melted the ice to 

generate meltwater. This indicated that the external evaporation processes 

could override the particle-ice interaction.  

 

4.3.3.4. Summary 

Melting was limited in experiment P15 compared to experiments P1b- P14 and 

P18-P22. A low thermal conductivity prevented efficient conduction of heat 

through the particle and, therefore, limited direct particle-induced ice melt. 

Continued absorption of incoming radiation warmed the top surface of the 

particle and increased the convective heat loss to the atmosphere. Although 

this enabled some lateral development of meltwater, it prevented the particle 

from directly melting the ice. Meltwater rarely exceeded the particle depth, 
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prohibiting (1) floating of the P15 particle and (2) establishment of meltwater 

convection systems surrounding the lower half of the particle.  

 

It was likely that the cycles of melting and refreezing were controlled by a 

combination of the physical properties of the particle reducing the capability of 

inducing ice melt, and subtle shifts across the thermal range. It was deduced 

that the P15 particle experienced a stable (cool) thermal environment, although 

this was bordering the stable (cold) boundary. It would be useful to heat a 

surface particle from an oblique angle (e.g. P16, Table 9.9, Appendix 10) and 

an embedded particle (e.g. P17b) to further evaluate the role of heat loss to the 

ambient atmosphere.   

 

4.3.4. P17b: an embedded low density polystyrene particle 

This experiment was conducted to assess the behaviour of an 8 mm low 

density polystyrene particle that was initially embedded within ice. Experiment 

P17b progressed from experiment P17a after a temperature modification, as 

the P17a particle experienced a stable (cold) thermal environment and, 

therefore, limited particle-ice interaction. The hypothesis for experiment P17b is 

shown in Figure 4.48. 

 

Figure 4.48. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P17b. 



 139 

4.3.4.1. Results and interpretation 

The particle was initially embedded approximately 10 mm above the container 

base and started to melt the ice within 30 minutes. This moved upwards to the 

ice surface with a particle velocity of 2.20 x 10-6 m s-1 (Figure 4.49) within 

approximately 8.5 hours.  

 

Figure 4.49. Vertical distance moved and velocity of a polystyrene particle in experiment P17b 

to reach the ice surface.  

4.3.4.2. Melt pathway 

The production of meltwater facilitated an upward movement of the P17b 

particle due to its low density. Initial meltwater was observed approximately 0.5-

1 mm from the top surface of the particle, indicating that ice melt was caused by 

interaction with this surface. This supported the hypothesis and was a result of 

top surface warming from continued particle absorption of incoming radiation, 

enabling direct heat transfer to the overlying ice to bring the proximal ice to 

PMP (Figure 4.50). A gas bubble was attached to the particle base (identified 

as it followed particle movement) and container base in the initial phases of gas 

bubble development.  
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Figure 4.50. Cross-sectional images of the initial movement of the polystyrene particle and 

early development of a melt pathway in experiment P17b. (a) observational line diagram, (b) 

photograph and (c) interpretation of the features. 

The gas bubble increased in length as it moved with the particle to the ice 

surface. This reached a state of equilibrium approximately four hours into the 

experiment (when it was no longer touching the base of the ice container) and 

remained a constant width and length of approximately 8 mm (matching the 

particle diameter) and 28 mm, respectively, as it moved through the ice. This 

suggested that addition of gas was likely from between the ice and container 

base. The gas bubble was contained within a melt pathway that extended to the 

original particle position, although both were inclined due to the angled 

trajectory of particle movement (Figure 4.51). This became more prominent as 

the particle rose through the ice, likely a result of the particle utilising veins 

within ice.  
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Figure 4.51. Cross-sectional images indicating the development of the gas bubble beneath the 

polystyrene particle as it moved upwards through the ice in experiment P17b. (a) observational 

line diagram, (b) photograph and (c) interpretation of the features. 
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4.3.4.3. Movement of the particle within the gas bubble 

The particle remained at the top of the gas bubble as it rose through the ice, 

suggested to be held in place through surface tension forces between 

meltwater at the boundary of the particle-ice-gas interface. However, the 

particle fell through the gas bubble into the underlying melt pathway once the 

particle reached the ice surface (Figure 4.52), resulting in a decreasing length 

of the gas bubble as this was filled with meltwater from continued ice melt. It 

was noted that the particle moved laterally to ‘detach’ itself from the base of the 

gas region, now connected to the air above the ice, and continued to move 

upwards through the ice to extend the melt pathway width. The gas region was 

filled with meltwater within 14 hours (and, therefore, six hours after the particle 

dropped from the surface) to create a water-filled melt pathway that extended to 

the original particle position.  
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Figure 4.52. Cross-sectional images highlighting the downwards movement of the particle after 

reaching the ice surface in experiment P17b. (a) observational line diagram, (b) photograph and 

(c) interpretation of the features. 
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4.3.4.4. Surface meltwater pond 

The particle created a surface meltwater pond that was connected to the top of 

the melt pathway (Figure 4.53). Refreezing processes were not observed, 

indicating that the P17b particle experienced a stable (warm) thermal 

environment. The particle was not exposed at the meltwater surface and settled 

at the neutral point of buoyancy due to the close density value to water (960-

1050 kg m-3, Chapter 3). Therefore, all heat absorbed by the particle was fully 

transferred into the ice rather than experiencing heat loss to the atmosphere.  
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Figure 4.53. Cross-sectional images showing the development of an asymmetric melt pond in 

experiment P17b. (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. 
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4.3.4.5. Basal meltwater pond 

A basal meltwater pond developed during particle ascent. It was interpreted that 

the gas bubble within the melt pathway facilitated drainage of meltwater to the 

ice base in the early phases of particle-induced ice melt, allowing advection of 

heat through the system. This likely drained into a gap between the ice and 

container (the interpreted source of the gas bubble). Evidence for this was 

identified six hours into the experiment through the formation of air pockets and 

a layer of water at the base of the container, suggesting that the ice base was 

not in direct contact with the container base and consequently allowed a space 

for the meltwater to drain into. Continuous melting, drainage of meltwater, and 

expansion of the meltwater through a convection system resulted in the growth 

of a basal meltwater pond to reach a maximum width and height of 

approximately 180 mm and 20 mm, respectively. This indicated that heat 

transfer from the floating particle was sufficient to maintain both a surface and 

basal meltwater pond and indicating the importance of meltwater convection in 

enhancing a particle’s sphere of influence. 

 

4.3.4.6. Summary 

These results highlighted that low density particles could re-emerge at the ice 

surface if exposed to incoming radiation; this concept helped inform the 

experimental design of experiments carried out in the ‘microplastics’ theme 

(Chapter 6). Particle movement was at a velocity of 2.20 x 10-6 m s-1, comparing 

well with values from experiments involving thermally conductive and high 

density particles with a low albedo (e.g. P1-P9) in a stable (warm) thermal 

environment. Two heat transfer mechanisms were demonstrated as the main 

contributors to ice melt: direct conduction of heat from the top surface of the 

particle to the overlying ice/water and indirect meltwater convection, supporting 

the hypothesis. Possible advection of heat through drainage processes and 

meltwater convection enabled melting of ice away from the direct sphere of 

influence of the P17b particle.  

 

Differences in heat transfer mechanisms between a submerged particle and a 

surface particle were highlighted when comparing the behaviour of the P17b 

particle with the behaviour of particles in experiments P15-P16, and P18-P22. 
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The P17b particle was initially embedded within the ice, and so it was able to 

directly heat the overlying ice/water, whilst the particles from experiment P15, 

P16, and P18 experienced convective heat loss to the atmosphere as the top 

surface remained exposed to the atmosphere. More ice melt was associated 

with experiment P17b, suggesting that a low density and a thermally insulating 

particle has a higher capability of melting ice if embedded within the ice. 

However, it is likely that the observed differences in ice melt were also partially 

due to subtle differences in the thermal environment as in experiment P15, 

agreeing with the emerging theme that the movement of particles is sensitive to 

subtle changes in temperature.  

 

4.4. Diameter 

The P23b-P47 experiments investigated the role of particle diameter in 

influencing particle-ice interaction. These investigated: (1) single particles; (2) 

multiple single particles as a single experiment; and (3) particle arrays (Figure 

4.54, Table 4.8). Most particles were brass, although chrome steel was also 

assessed in two experiments, and had a low albedo, high thermal conductivity, 

and high density. Particle diameters were in the size range 1.5-12 mm. 

Experiments are described according to experimental code and particle 

diameter, with repeat experiments clustered for ease of comparison.  



 148 

 

Figure 4.54. The thermal environment of particles in experiments investigating the role of 

particle diameter in influencing particle-ice interaction. Experiment position has been derived 

from interpretation of observations, as described in Chapter 3, Section 3.7. 

Table 4.8. A summary of the experiments that investigated the role of particle diameter in 

particle-induced ice melt, indicating the particle diameters, particle configurations and thermal 

environments as defined in Chapter 3. 

Experiment Particle 
diameter (mm) 

Particle 
configuration 

Thermal environment 

P23a 6, 8 Comparison of 
multiple single 
particles 

Stable (cold) 

P23b 6, 8 Comparison of 
multiple single 
particles 

8 mm: stable (warm) 
6 mm: stable (cool) 

P24 6, 8 Comparison of 
multiple single 
particles 

8 mm: stable (warm) 
6 mm: stable (cool) 

P25a 12 Single particle Stable (cold) 

P25b 12 Single particle Stable (warm) 

P26a 12 Single particle Stable (cold) 

P26b 12 Single particle Stable (cool) 

P27 12 Single particle Stable (warm) 

P28 3 Single particle Variable: stable (warm) to stable (cold) 

P29 1.5 Single particle Variable: stable (cool) to stable (cold) 

P30 1.5 Single particle Variable: stable (cool) to stable (cold) 

P31 12 Single particle Stable (cool) 

P32 1.5 Single particle Variable: stable (cool) to stable (cold) 

P33 1.5 Single particle Variable: stable (cool) to stable (cold) 
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Experiment Particle 
diameter (mm) 

Particle 
configuration 

Thermal environment 

P34 3 Single particle Stable (cold) 

P35 12 Single particle Stable (cool) 

P36 3 x 3 array 1 x 2 triangle 
particle array (3) 

 

Variable: stable (cool) to stable (cold) 

P37 1.5, 3, 6, 12 Comparison of 
multiple single 
particles 

6 mm, 12 mm: stable (cool) 
1.5 mm, 3 mm: variable: stable (cool) 
to stable (cold) 

P38 3 x 3 array 1 x 2 triangle 
particle array (3) 

 

Variable: stable (cool) to stable (cold) 

P39 5 x 3 array 3 x 2 triangle 
particle array (5) 

 

Variable: stable (cool) to stable (cold) 

P40 4 x 3 array 2 x 2 square 
particle array (4) 

 

Variable: stable (cool) to stable (cold) 

P41 1.5, 3, 6, 12 Comparison of 
multiple single 
particles 

3 mm, 6 mm, 12 mm: stable (cool) 
1.5 mm: stable (cold) 

P42 9 x 3  3 x 3 square 
particle array (9) 

 

Variable: stable (cool) to stable (cold) 

P43 16 x 3 4 x 4 square 
particle array (16) 

 

Group 1: stable (cool) 
Group 2: variable, stable (cool) to 
stable (cold)  

P44 1.5, 3, 6, 12 Comparison of 
multiple single 
particles 

6 mm, 12 mm: variable: stable (warm) 
to stable (cool) 
1.5 mm, 3 mm: variable: stable (warm) 
to stable (cold) 

P45 3 Single particle Variable: stable (warm) to stable (cold) 

P46 1.5 Single particle Stable (warm) 

P47 1.5, 3, 6, 12  Comparison of 
multiple single 
particles 

Stable (warm) 

 

4.4.1. P23b: a comparison of 6 mm and 8 mm brass and chrome steel 

particles  

Experiment P23b directly compared the behaviour of a 6 mm brass particle with 

an 8 mm chrome steel particle. Although this experiment was conducted to 

assess the role of particle diameter on influencing particle-ice interaction, this 

also considered small differences in particle thermal conductivity. Therefore, 

this was a useful study of the differences in results between experiments P1b-

P2 and experiments P3-P9 in the ‘thermal conductivity’ experimental series. 
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Experiment P23b led on from experiment P23a following a freezer temperature 

adjustment, as particle P23a experienced a stable (cold) thermal environment 

and limited particle-ice interaction. Therefore, both particles were fully 

embedded within the ice at the experiment start. The hypothesis for experiment 

P23b is shown in Figure 4.55. 

 

 

 

Figure 4.55. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P23b.  

4.4.1.1. Results and interpretation 

The particles melted the ice immediately and moved downwards through the 

ice. Similar behaviours were noted until approximately four hours, when the 6 

mm particle increased in velocity (Figure 4.56) and the particle velocities for the 

6 mm and 8 mm particles were 1.69 x 10-6 m s-1 and 1.41 x 10-6 m s-1, 

respectively. This resulted in the 6 mm particle reaching the ice base 

approximately 2.5 hours prior to the 8 mm particle. Both particles experienced a 

velocity increase in the first three (6 mm) and five (8 mm) hours (defined as the 

‘adjustment period’) before stabilising for the remainder of the experiment, likely 

a result of the particle-ice system reaching a thermal equilibrium. The end of the 

adjustment period for the 8 mm particle was associated with a shift in behaviour 

between the two particles, possibly suggesting that the ‘equilibrium’ rate of 

particle-ice heat transfer was more efficient for the 6 mm particle than for the 8 

mm particle (as identified by the higher particle velocity).  
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Figure 4.56. Vertical distance moved by a 6 mm brass particle and 8 mm chrome steel particle 

in experiment P23b. 

4.4.1.2. Melt pathway 

The melt pathways had a width similar to the particle diameters, with the 

maximum diameter closest to the particle. Refreezing of meltwater occurred 

away from the particle heating influence during the experiment, identified by a 

narrowing of melt pathway diameter. This resulted in closure at the top of the 6 

mm particle melt pathway (with an approximate pathway length of 35 mm 

remaining liquid-filled), suggesting a stable (cool) thermal environment. 

However, the 8 mm particle melt pathway remained open at the ice surface 

throughout, although the top extent had narrowed by approximately 1 mm. If 

refreezing rates were equal, the 8 mm melt pathway should have experienced a 

narrowing to a diameter of 2 mm (reflecting the 6 mm diameter refreezing 

observed in the 6 mm melt pathway). As this was not observed, it was deduced 

that the difference between melt pathway morphologies was unlikely to be due 

to the different volume of meltwater, and another factor must have been 

involved.  

 

The differences in particle velocities and melt pathway morphologies were likely 

a result of two features: (1) the 8 mm particle had a longer thermal pathway due 

to a bigger particle diameter, and (2) the 8 mm chrome steel particle had a 

lower thermal conductivity than the 6 mm brass particle (Chapter 3). Both 
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features would have resulted in the 8 mm particle top surface warming up to a 

greater extent than the 6 mm particle, to drive stronger convection in the 8 mm 

particle melt pathway relative to the 6 mm particle melt pathway. Heat from 

meltwater convection would be used for either (1) indirect ice melt or (2) 

maintaining water in the liquid form (both would be more difficult in a stable 

(cool) environment, as identified in this experiment). Therefore, much of the 

convection energy was used to prevent refreezing in the case of the 8 mm 

particle in this thermal environment, and so energy was not going into driving 

indirect ice melt. This differed from the behaviour of the 6 mm particle, whereby 

a shorter thermal pathway and higher thermal conductivity induced a weaker 

convection system, resulting in refreezing of the melt pathway. Therefore, much 

of the convection system established could indirectly drive melting rather than 

maintaining water in liquid form. Ultimately, this saw the 8 mm particle 

experience less refreezing in the melt pathway, but also less melting through 

convection-driven processes, whilst the 6 mm particle experienced more 

refreezing in the melt pathway, but also more melting through convection-driven 

processes (identified by a higher particle velocity, used as a proxy for particle-

induced ice melt). Although both particles were also experiencing conduction-

driven ice melt at the particle base, the subtleties with complex allocation of 

energy transfer by convection systems in a stable (cool) thermal environment 

was responsible for the difference between the two particles. However, it was 

noted that this effect would be diminished with warming temperatures. 

 

4.4.1.3. Basal meltwater pond 

The particles reaching the ice base caused the melt pathways to drain, creating 

a gas-filled pathway (Figure 4.57). However, both particles continued to melt 

the proximal ice when on the ice base, to create small (<10 mm diameter) 

hemispherical basal meltwater ponds. Additionally, observations showed that 

the 6 mm and 8 mm particles moved laterally by approximately 60 mm and 8 

mm, respectively. The 8 mm particle did not move across the ice base to the 

same extent as the 6 mm particle and so did not create a channel; instead, it 

remained in a partially drained hemispherical basal meltwater pond near the 

base of the melt pathway.  
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Figure 4.57. Cross-sectional images of the drained melt pathways at the end of experiment 

P23b. (a) observational line diagram, (b) photograph and (c) interpretation of the features. 

4.4.1.4. Summary 

The 6 mm and 8 mm particles moved downwards through the ice at particle 

velocities of 1.69 x 10-6 m s-1 and 1.41 x 10 m-6 s-1, respectively. This velocity 

difference equated to a 2.5 hour difference in the time taken for particles to 

reach the ice base, and may suggest that particle diameter can influence 

particle-ice interaction. Subtleties with energy distribution by meltwater 

convection, indicated by differences between the melt pathway morphologies 
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(e.g. a closed 6 mm particle pathway and open 8 mm melt pathway), may have 

been a consequence of the differing particle properties, which also contributed 

to the inconsistencies in particle-ice behaviour due to the difference balance 

between heat transfer directed at maintaining liquid water or indirectly melting 

the ice.  

 

Results from a repeat experiment (P24) compared well with P23b results, 

where the 6 mm particle had a higher particle velocity than the 8 mm particle 

(2.96 x 10-6 m s-1 compared to 1.01 x 10-6 m s-1, respectively), despite a 

refreezing melt pathway. Although the difference in thermal conductivity 

between the two materials was considered minimal in the hypothesis, this likely 

had an influence on behaviour due to subtle differences in heat transfer 

mechanisms from a warmer top particles surface. Therefore, it would be useful 

for future experiments to isolate the role of particle diameter by using same 

material. Subsequent experiments investigated low albedo brass particles with 

differing diameters (e.g. 1.5 mm, 3 mm, 6 mm, and 12 mm).  

 

4.4.2. P25b: a 12 mm brass particle 

Experiment P25b assessed the behaviour of a 12 mm brass particle-ice 

interaction. This progressed from experiment P25a after an adjustment of 

freezer temperatures, and so the particle was at a depth of approximately 8 mm 

at the experiment start. The hypothesis for experiment P25b is shown in Figure 

4.58. 
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Figure 4.58. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P25b. 

4.4.2.1. Results and interpretation 

The 12 mm particle moved downwards with a particle velocity of 1.32 x 10-6 m  

s-1 to reach the ice base within approximately 12 hours (Figure 4.59). This 

followed a vertical trajectory through the ice with approximately 1 mm of lateral 

movement.  

 

Figure 4.59. Vertical distance moved and velocity of a 12 mm brass particle in experiment 

P25b.  
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4.4.2.2. Melt pathway 

The 12 mm particle moved downwards to create a melt pathway that extended 

upwards towards the initial position of the particle and had a width of 

approximately 12 mm. An area with a strong reflective boundary developed 

approximately four hours after particle movement began, shown by in-person 

observations as a gas space above the particle and suggested that partial 

drainage of the melt pathway occurred. It was inferred that these drainage 

events were possible due to the thermal state of the ice as the experiment was 

operating at warm temperatures and so it was likely that the vein network within 

the ice was liquid-filled. Drainage of water from the vein network into a drainage 

space (e.g. between ice and container) facilitated further drainage of meltwater 

from the melt pathway into the vein network and drainage space.  

 

4.4.2.3. Basal meltwater pond 

The particle continued to transfer heat to cause ice melt when at the ice base 

and created a basal meltwater pond. Lateral movement of the particle (from 

freezer vibrations or asymmetrical heating during meltwater convection) 

extended the basal meltwater pond (e.g. a maximum width and height of 

approximately 32 mm and 16 mm, respectively) and this was connected to a 

partially drained melt pathway.  

 

The radiation source was turned off and the ice block monitored to confirm if 

meltwater produced was a result of particle-ice interaction or if the ice was in an 

unstable environment. This showed the refreezing of all meltwater, suggesting 

that melt was caused by heat transfer between the particle and ice. This 

confirmed that the particle experienced a stable (warm) thermal environment.  

 

4.4.2.4. Summary 

Experiment P25b provided initial insights into the behaviour of a 12 mm 

thermally conductive particle and agree with results from experiments in the 

‘thermal conductivity’ series, with the particle velocity within the range for 6 mm 

particles (i.e. 1.32 x 10-6 m s-1). Drainage events (inferred to occur because of 

the presence of liquid-filled veins) did not appear to have an impact on the melt 

rate of the particle. The downwards movement of the 12 mm particle to the ice 



 157 

base following a freezer temperature adjustment in the P25b experiment also 

demonstrated that the lack of movement in the P25a experiment was caused by 

the ice being in a stable (cold) thermal environment.  

 

Five repeat experiments were conducted (experiment P26a, P26b, P27, P31 

and P35). Experiment P26a demonstrated contrasting results from experiment 

P25b, where the P26a particle experienced a stable (cold) thermal environment 

and particle-ice interaction was not observed. However, experiments P26b, 

P27, P31, and P35 indicated the same behaviour as P25b, i.e. heat transfer into 

the ice to cause ice melt and subsequent downwards movement to the ice 

base. However, these exhibited thermal environment-controlled features: 

experiment P27 was conducted within a stable (warm) thermal environment 

(and so had an open melt pathway, drainage events, and a relatively high 

particle velocity of 3.10 x 10-6 m s-1), whilst P26b, P31 and P35 were conducted 

within a stable (cool) thermal environment (and so had melt pathways with a 

teardrop morphology and a relatively low particle velocity of 7.05 x 10-7 m s-1, 

1.12 x 10-6 m s-1 and 8.73 x 10-7 m s-1, respectively). This allowed the 

calculation of a mean 12 mm brass particle velocity of 1.36 x 10-6 m s-1; this was 

higher than the modelled velocity (calculated from the simple melt model in 

Chapter 3, i.e. 8.63 x 10-7 m s-1), and lower than the mean for 6 mm brass 

particles (i.e. 1.84 x 10-6 m s-1).  

 

The extent of basal meltwater by a 12 mm particle experiencing a stable (cool) 

thermal environment was consistent with results from experiments operating in 

a stable (cool) thermal environment with 6-8 mm thermally conductive particles 

(e.g. P1b, P3, P5, P8, etc.) as these had a hemispherical morphology and 

extended approximately 2 mm above the particle (Figure 4.60). These 

experiments confirmed previous findings that demonstrated the relative 

importance of thermal environment on controlling particle-induced ice melt. 
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Figure 4.60. Photographs of the basal meltwater ponds in experiments (a) P26b, (b) P31, and 

(c) P35.  

The refreezing melt pathways retained consistent dimensions throughout 

particle movement (approximately 4 mm above particle P26b, approximately 11 

mm above particle P31, and approximately 7 mm above particle P35) and did 

not exceed a width greater than the particle diameter. This suggested that 

dynamic equilibrium between heat transfer from the particle and the ice was 

established in these experiments, and confirmed previous interpretations that a 

high thermal conductivity was associated with a narrow melt pathway.   

 

4.4.3. P28: a 3 mm brass particle 

Previous experiments had suggested that there may be a possible difference 

between behaviours of particles with different diameters. Therefore, experiment 

P28 was conducted to assess the behaviour of a smaller particle than 

previously used. This investigated a single 3 mm black brass particle placed on 

the ice surface. The hypothesis for experiment P28 is shown in Figure 4.61. 
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Figure 4.61. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P28. 

4.4.3.1. Results and interpretation 

The 3 mm particle moved downwards to a maximum depth of 46 mm with a 

mean particle velocity of 1.26 x 10-6 m s-1. Movement was within the first 11 

hours, until the particle remained stationary for the remainder of the experiment 

(approximately 43.5 hours, Figure 4.62). It was interpreted that downwards 

movement was caused by active particle-ice interaction, rather than exclusively 

the initial temperature differences of the particle and ice immediately after 

surface placement, due to the prolonged time of movement.  

 

Figure 4.62. Vertical distance moved and velocity of a 3 mm brass particle in experiment P28.  
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4.4.3.2. Melt pathway 

In the first six hours of the experiment, the particle created an inclined melt 

pathway that extended to the ice surface and had a width similar to the particle 

diameter (Figure 4.63). However, refreezing occurred, identified by a narrowing 

of the central segment of the melt pathway and consequent reduction in 

pathway length to create a teardrop melt pathway approximately 2 mm above 

the particle. The change in melt pathway morphology demonstrates the 

dynamic nature of the internal hydrological systems within ice. It was proposed 

that the thermal environment experienced by the 3 mm particle shifted from a 

stable (warm) environment to a stable (cold) environment, consequently stalling 

the particle within the ice system. At this point, heat transfer from the particle to 

the ice was not sufficient to cause ice melt and maintain a liquid-filled melt 

pathway. The stalled 3 mm particle will be investigated in subsequent 

experiments. 

 

Figure 4.63. Cross-sectional images of the inclined melt pathway in experiment P28. (a) 

observational line diagram, (b) photograph and (c) interpretation of the features. 
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4.4.3.3. Summary  

Experiment P28 demonstrated that a 3 mm particle could not melt the ice to 

move to a depth >46 mm. This did not support the hypothesised outcome, 

where it was expected that the 3 mm particle would melt to the ice base with a 

higher particle velocity than the 6 mm, 8 mm, and 12 mm particles. However, a 

negative shift across the thermal range (identified by a change in melt pathway 

morphology) occurred during this experiment, and so it could not be ruled out 

that 3 mm particle-ice interaction ceased due to a shift into a stable (cold) 

environment.  

 

To confirm interpretation of experiment P28, investigation into a 3 mm particle 

was repeated in two further experiments (P34 and P45). Both demonstrated 

that a 3 mm particle was unable to sufficiently melt the ice to move downwards 

to the ice base. Experiment P34 was conducted within a stable (cold) 

environment, where the particle moved downwards to a depth of approximately 

3.4 mm over a 45 minute period. This relatively short period suggested that 

movement was a result of initial temperature differences between the particle 

and ice. Conversely, the P45 particle initially experienced a stable (warm) 

thermal environment, allowing a 13 mm downwards movement with a particle 

velocity of 5.04 x 10-7 m s-1 over a seven hour period. However, similar to 

experiments P28 and P32, the P45 particle then stalled within the ice, 

suggesting a negative shift to the stable (cold) environment once the particle 

was embedded (Figure 4.64). Two control experiments using different particle 

diameters (e.g. 12 mm in P31 and P35) confirmed that the freezer system was 

in an environment that allowed particle-induced ice melt for experiments P28 

and P34. This confirmed that these findings were a result of the particle 

diameter and suggested that the thermal environment may be diameter-

dependent (e.g. it appeared as if smaller particles experienced stable (cold) 

thermal environments at warmer temperatures than larger particles). It would be 

useful to assess the behaviour of a smaller particle to determine if the same 

finding also applies.  
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Figure 4.64. Cross-sectional images showing refreezing processes in experiment P45 following 

a negative shift across the thermal range. (a) observational line diagram, (b) photograph and (c) 

interpretation of the features. 

4.4.4. P29: a 1.5 mm brass particle 

Results from experiments P28, P34 and P45 (3 mm particle) demonstrated a 

stalling behaviour once the particle became embedded within ice. The 

behaviour of a 1.5 mm particle was investigated to further assess this finding. 

This would confirm whether particles with a diameter less than 6 mm 

experienced reduced particle motion. The hypothesis for experiment P29 is 

shown in Figure 4.65. 
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Figure 4.65. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P29. 

4.4.4.1. Results and interpretation 

The particle moved downwards through the ice with a particle velocity of 1.59 x 

10-7 m s-1 to a depth of 19 mm within 33 hours. This could not be plotted in 

graphical format due to unclear time-lapse images. It was interpreted that 

downwards movement was caused by active particle-ice interaction, rather than 

exclusively the initial temperature difference of the particle and ice immediately 

after surface placement, due to the prolonged time of movement. In-person 

observations noted that the 1.5 mm particle moved with a refreezing melt 

pathway, suggesting that the experiment was conducted within the stable (cool) 

thermal environment. The stalled behaviour suggested a negative shift across 

the thermal range to a stable (cold) environment. 

 

4.4.4.2. Summary  

Experiment P29 demonstrated that a 1.5 mm particle, like a 3 mm particle, was 

unable to sufficiently melt the ice to reach the ice base. The particle velocity 

was also reduced (1.59 x 10-7 m s-1) compared to previous experiments. A 

control experiment (experiment P31) confirmed that the freezer temperatures 

were in an environment where particle-ice interaction was possible for a 12 mm 

particle. Therefore, a logical interpretation would be that the limited particle-
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induced ice melt in experiment P29 was due to the particle diameter. These 

findings reinforce the interpretation that the thermal environment was diameter-

dependent.   

 

Subsequently, an investigation into 1.5 mm particle-ice interaction was repeated 

four times in experiments P30, P32, P33 and P46. Experiments P30, P32, and 

P33 exhibited similar results to P29 as there was limited particle movement to 

depths of approximately 5 mm, 4 mm, and 1 mm, respectively. Experiment P32 

was conducted on a more transparent ice block (to assess the possibility that 

bubbles hindered 1.5 mm particle-induced ice melt) and confirmed that reduced 

particle-ice interaction was still observed even without the presence of bubbles. 

Experiment P33 investigated an unpainted particle to investigate if the thickness 

of the black paint may have reduced the thermal conductivity of the particle. 

This confirmed that reduced particle-ice interaction was still observed even 

without a paint layer. As previous experiments involving unpainted brass 

particles (IA) demonstrated their capability of efficient ice melting (e.g. P11b, 

P12b, etc.), this concluded that the black paint thickness was not controlling this 

observed behaviour. P31 established that the ice was in a thermal environment 

where particle-ice interaction could occur, and so results from P29, P30, P32 

and P33 were confirmed as being caused by the particle diameter.  

 

P46 contrasted with all other experiments of this type as the particle was able to 

melt downwards to the ice base; however, this also showed bulk melting of the 

ice and it was inferred that these results were due to the ice proximity to the 

unstable environment (Figure 4.66). At PMP, all heat transferred from the 1.5 

mm particle was coupled into melting. These findings suggest that, although 

ultimately controlled by the thermal environment, the heat transfer distribution 

from smaller particles (e.g. < 3 mm) differs from larger particles (e.g. > 6 mm), 

consequently reducing the ice melting rate. Additionally, this may indicate that 

the boundaries between stable (cold) and stable (cool) for smaller particles (e.g. 

1.5 mm and 3 mm) may be at higher temperatures than for larger particles (e.g. 

6 mm and 12 mm). Therefore, the thermal environment boundaries are 

diameter dependent. A similar finding was also observed in the ‘density’ series 

of experiments, and so it can be deduced that the thermal environment is 
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overall dependent on particle properties. A direct comparison of all particles of 

each diameter would be useful to assess the behaviour within the same thermal 

and hydrological system.  

 

Figure 4.66. Cross-sectional photograph of the basal meltwater experienced in experiment P46.  

4.4.5. P37: a comparison of 1.5 mm, 3 mm, 6 mm, and 12 mm brass 

particles 

Experiment P37 directly compared the behaviour of four black brass particles 

with the same physical properties, excluding diameter, on an ice surface. This 

comparison involved particles diameters used in previous single-particle 

experiments (e.g. 1.5 mm, 3 mm, 6 mm, and 12 mm), and allowed observations 

within similar thermal and hydrological systems. Particles were placed in a 

square array on the ice surface with a minimum distance of 7 mm between 

particles to avoid particle-particle interaction (Figure 4.67). The hypothesis for 

experiment P37 is shown in Figure 4.68. 
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Figure 4.67. Plan-view photograph of the particle configuration on the ice surface in experiment 

P37.  

 

Figure 4.68. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P37. 

4.4.5.1. Results and interpretation 

All particles melted the ice immediately after surface placement and, 

consequently, moved downwards into the ice immediately. The 12 mm and 6 

mm particles had a similar particle velocity during the initial stages of the 

experiment (i.e. 1.13 x 10-6 m s-1 and 1.07 x 10-6 m s-1, respectively), although 

the 6 mm particle velocity increased relative to the 12 mm particle after six 

hours. The relative increase resulted in the 6 mm particle reaching the ice base 

three hours faster the 12 mm particle, despite the 12 mm particle initially having 

a slightly higher velocity. The 1.5 mm and 3 mm particles did not melt the ice 
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sufficiently to reach the base of the ice; the 3 mm particle ceased moving at a 

depth of approximately 26 mm, whilst the 1.5 mm particle stalled at a depth of 

approximately 3 mm. Overall, the average particle velocities were calculated at 

9.03 x 10-7 m s-1, 1.06 x 10-6 m s-1, and 4.15 x 10-7 m s-1 for the 12 mm, 6 mm, 

and 3 mm particles, respectively (Figure 4.69). Data for the 1.5 mm particle 

movement were not collected due to a restricted view in the time-lapse images.  

 

Figure 4.69. Vertical distance moved by a 3 mm, 6 mm, and 12 mm brass particle in 

experiment P37.  

4.4.5.2. Melt pathway 

The 3 mm, 6 mm, and 12 mm particles generated melt pathways that had a 

width of the respective particle diameters, whereas melt associated with the 1.5 

mm particle had refrozen within the first five hours of the experiment. All melt 

pathways refroze during the experiment, although these were at different rates 

due to the differing diameters of the pathways. For example, the 12 mm particle 

melt pathway remained open to the ice surface for a minimum of five hours; at 

this point, all other melt pathways had completely refrozen at the surface 

(Figure 4.70). This demonstrated similar results to experiments P23b and P24, 

where the larger particle sustained an open melt pathway for a longer period 

than smaller particles. However, unlike experiment P23b, maintaining a melt 

pathway in a liquid form did not hinder the indirect component of melting 

through convection. This could be due to a higher thermal conductivity 

associated with a 12 mm brass particle, and subtle differences in the thermal 
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state of the ice. Experiments have demonstrated thus far that subtle changes in 

heat transfer mechanisms can significantly alter the behaviour of a particle.  

 

Figure 4.70. Cross-sectional images of the melt pathways within the ice in experiment P37. (a) 

observational line diagram, (b) photograph and (c) interpretation of the features. Note that (b) 

was taken at an oblique angle from the opposite view of (a) and (c).  

4.4.5.3. Basal meltwater pond 

Particles continued to transfer heat into melting the ice when at the ice base to 

create basal meltwater ponds (Figure 4.71). However, refreezing of melt 

pathways, in addition to the relatively small size of the basal meltwater ponds, 

suggested that the 6 mm and 12 mm particles experienced a stable (cool) 
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thermal environment for the experiment duration, whilst the 1.5 mm and 3 mm 

particles experienced a negative shift from stable (cool) to stable (cold).  

 

Figure 4.71. Cross-sectional images of the basal meltwater ponds in experiment P37. (a) 

observational line diagram, (b) photograph and (c) interpretation of the features. Note that (b) 

was taken at a 90° angle to (a) and (c) due to bubbles in the ice obscuring the view slightly.  

4.4.5.4. Summary  

This experiment indicated that the smallest particles (e.g. 1.5 mm) become 

trapped at the ice surface, the middle-sized particles (e.g. 3 mm) stall when 

embedded within ice, and the largest particles (e.g. 6 mm and 12 mm) melt the 

ice sufficiently to move downwards to the ice base. Results supported the 

hypothesised outcome and confirmed interpretation from previous experiments 

that smaller particles have a heat transfer distribution that causes substantially 
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reduced ice melt relative to the larger particles. The working hypothesis and 

implications of this will be discussed in Chapter 7. Results also concluded that 

the smaller particles were more sensitive to temperature, and the boundary of 

stable (cold) and stable (cool) may be operating at higher temperatures relative 

to that of the larger particles.  

 

This experiment was repeated in three instances in experiments P41, P44, and 

P47), although the results were contrasting. Experiment P41 showed that the 3 

mm, 6 mm, and 12 mm particles moved down to the ice base whilst the 1.5 mm 

stalled at a depth of approximately 3 mm. It was observed that the 3 mm, 6 mm, 

and 12 mm particles moved downwards through the ice within the same melt 

pathway, and so it was inferred that a hydrological connection between these 

particles enabled the 3 mm particle to be ‘dragged’ to the ice base (Figure 

4.72). Therefore, direct comparisons between P41 and other experiments of 

this type were difficult. It was concluded that the 6 mm and 12 mm particles 

were operating within a stable (cool) environment (identified by a refreezing 

melt pathway), whilst the 1.5 mm particle was unable to melt the ice over a 

sustained period and was likely in the stable (cold) environment. The thermal 

environment of the 3 mm particle could not be deduced as this was masked by 

features from the 6 mm and 12 mm particle-ice interaction.  
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Figure 4.72. Cross-sectional images of the movement by the 3 mm, 6 mm, and 12 mm particles 

within the ice (left) and the 3 mm, 6 mm, and 12 mm on the ice base (right) in experiment P41. 

(a) observational line diagram, (b) photograph and (c) interpretation of the features. 

The results of experiments P44 and P47 contrasted with those of experiments 

P37 and P41 as all particles moved downwards to the ice base. Experiment 

P44 showed that particles were within a stable (warm) environment in the first 

half of the experiment (identified by melt pathways extending upwards to the ice 

surface with no refreezing processes observed). However, a staggered 

negative shift across the thermal range was observed, where the thermal 

environment experienced by the 1.5 mm, 3 mm, 6 mm, and 12 mm particles 
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evolved into a stable (cool) environment 4 hours, 6.5 hours, 10.5 hours, and 

10.5 hours into the experiment, respectively. The 1.5 mm and 3 mm particles 

then further shifted into a stable (cold) environment when sat on the ice base 

(identified by a complete refreezing of meltwater). The 6 mm and 12 mm 

particles remained within a stable (cool) environment for the remainder of the 

experiment. This confirmed previous interpretations that the thermal 

environment is diameter dependent and provided an insight into the behaviours 

of particles when shifting across multiple thermal environments.  

 

Unlike P44, experiment P47 bordered a stable (warm) and unstable 

environment, as particle melt pathways remained open at the ice surface and 

bulk melting of the ice was observed (e.g. drainage channels forming on the ice 

surface). Therefore, it was assumed that the ice was close to PMP, and that 

most, if not all, heat transferred from each particle was coupled into melting the 

ice. This explains the differences in results between experiment P47 and 

experiments involving 3 mm and 1.5 mm particles.  

 

Although experiments P37, P41, P44, and P47 exhibited slightly different 

results, these spanned a range of thermal environments, demonstrating a 

positive shift across the range from experiment P37 to P47. This highlighted the 

complexities associated with particle-induced ice melt and the thermal range, 

but also demonstrated the overarching finding that the stable (cold) 

environment is experienced by smaller particles (e.g. < 3 mm) at higher 

temperatures when compared to larger particles (e.g. > 3 mm).  

 

4.4.6. P36: a 3x3 mm array of brass particles 

The following series of experiments investigated an array of 3 mm brass 

particles to study the point at which single particles began acting as a singular, 

larger unit. Experiment P36 investigated a 3x3 mm triangular particle array. All 

particles were placed directly next to one another and so the horizontal 

dimensions were approximately 6-7 mm (Figure 4.73). The hypothesis for 

experiment P36 is shown in Figure 4.74. 
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Figure 4.73. Photograph of the surface configuration of the particle array in experiment P36. 

 

Figure 4.74. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment P36. 

4.4.6.1. Results and interpretation 

The particles immediately transferred heat into the ice to cause ice melt after 

surface placement. These moved downwards in the melt produced over 

approximately 18 hours before movement ceased at a depth of 6 mm. 

Downwards motion was with a mean particle velocity of 9.16 x 10-8 m s-1 (Figure 

4.75), which was significantly lower than that measured in previous 

experiments. The velocity remained relatively constant (at approximately 3.3 x 

10-7 m s-1) until hour 1.5 when the velocity began to fluctuate, eventually 

resulting in a prolonged stationary period (e.g. hours 6-16). Small-scale 

changes to the particle velocity from hour 1.5 appeared ‘stepped’ due to visual 

estimates with a 0.1 mm level of precision and the five-minute interval between 
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observations; this indicates that the particle movements were <0.1 mm in these 

instances and were minimal.  

 

Figure 4.75. Vertical distance moved and velocity of the 3x3 mm brass particle array in 

experiment P36. Data plotted up to hour 20, although the experiment was running for 120 

hours. There was no discernible change between hour 20-120.   

4.4.6.2. Melt pathway 

The three particles immediately created a small (<1 mm) meltwater pond that 

enabled downwards movement into the ice. By approximately 1.5 hours into the 

experiment, all particles were fully submerged and had created a single melt 

pathway that did not extend past the particle array diameter; this demonstrated 

that although multiple particles were involved, the same fundamental behaviour 

of meltwater generation was observed. Additionally, it was noted that the 

change in particle velocity was observed after the particles had become fully 

submerged. This indicated that the difference between heat transfer 

mechanisms by surface particles compared to embedded particles was a likely 

driver in modifying the behaviour of particle-ice interaction. This suggests that 

the thermal environment diameter-dependency is applicable once a particle has 

become embedded within the ice. All meltwater had refrozen by hour 18, 

associated with no further downwards movement of the particle group, 

indicating a shift into a stable (cold) thermal environment. 
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4.4.6.3. Summary  

Experiment P36 demonstrated that a 3x3 mm particle array did not act as a 

larger unit and exhibited the same behaviour as a widespread distribution of 

single 3 mm particles as downwards movement ceased at a depth of 

approximately 6 mm. These results did not support the hypothesised outcome, 

where it was expected that the three particles would act as a group and exhibit 

similar behaviours as that by a thermally conductive 6 mm particle. 

 

A variety of particle arrays were investigated in subsequent experiments (P38, 

P39, P40, P42, and P43, Table 4.9). There did not appear to be a notable 

difference between the particle movement of a 9x3 mm array of particles 

compared to a 3x3 mm array of particles (e.g. P38-P42) as the larger 

configuration moved to the same depth as a 3x3 mm particle array over the 

same period. This further confirms interpretation that the particles were acting 

as single units.  

 

Table 4.9. Behaviour of the P38, P39, P40, P42, and P43 particle arrays. 

 

Experiment P41 (directly comparing particles of all diameters, see Section 6.4) 

was conducted following experiment P40 to also determine whether the ice 

temperature was in an environment that allowed particle-induced ice melt. The 

results from this experiment showed that freezer temperatures allowed particle-

induced ice melt and the larger particles could move downwards to the ice 

base. Previous conclusions demonstrating that the thermal environment was 

diameter dependent also applied to this experiment, and reinforced 

interpretation that particles in experiments P36-P40 were not acting as a larger 

unit, as this would have seen them moving downwards to the ice base as in the 

same way as the 6 mm and 12 mm particles in experiment P41.  
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Experiment P43 contrasted with all experiments of this type as the original array 

of particles separated into two groups (group 1 and group 2), and group 1 

melted the ice sufficiently to move to the ice base. Initial movement into the ice 

was in the same configuration as the surface placement and as individual 

particles (Figure 4.76). 

 

Figure 4.76. Plan-view photograph of initial movement of particles in experiment P43.  

The particles clustered together in the vertical dimensions approximately 2 

hours after the experiment start (e.g. Figure 4.78). These moved to a depth of 

approximately 40.2 mm with a mean particle velocity of 8.93 x 10-7 m s-1 and 

remained stationary for approximately seven hours (Figure 4.77). The particle 

array then split into two discrete groups: group 1 (approximately ten particles) 

continued to move to the ice base, whilst group 2 (approximately six particles) 

remained stalled within the ice. This second stage of movement by group 1 was 

with a mean velocity of 7.48 x 10-7 m s-1 (i.e. similar to the first stage of 

movement) to reach the ice base approximately 22.5 hours after the experiment 

start. The basal cluster of particles remained on the ice base and continued to 

actively transfer heat into the ice whilst group 2 remained stalled in the ice. The 

overall mean particle velocity calculated for group 1 (accounting for both active 

particle movement and stalled periods) was 5.92 x 10-7 m s-1. 
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Figure 4.77. Vertical distance moved and velocity of the 16x3 mm brass particle array in 

experiment P43. Particle velocity was calculated from data from group 1. Although multiple 

particles were involved, the vertical distance moved was measured from the base of the same 

particle throughout the experiment to ensure consistency. The particles acted as a single group 

for most of the experiment and so it was assumed that the overall pattern of particle movement 

was applicable to all particles. 

It was deduced that group 1 was sufficiently large to be within a stable (cool) 

environment, where the particles clustered together to act as a single, larger 

unit, enabling them to melt ice in conditions where their individual sizes would 

otherwise not allow. This was comprised of a minimum of 10 particles (precise 

numbers could not be identified due to clarity issues in the images). However, 

group 2 experienced a negative shift across the thermal range from a stable 

(cool) to a stable (cold) environment once the original particle array split.  

 

The melt pathway width did not exceed the particle array dimensions, indicating 

a stable (cool) thermal environment. Refreezing processes were observed by 

hour four (identified by a narrowing less than the particle array diameter), until 

closure at the ice surface at hour six (Figure 4.78 and 4.79).  
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Figure 4.78. Cross-sectional images of the clustering of the particles and refrozen melt pathway 

at the ice surface in experiment P43. (a) observational line diagram, (b) photograph and (c) 

interpretation of the features. 
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Figure 4.79. Cross-sectional images of the separation of the two groups of particle clusters in 

experiment P43. Photograph taken at a 90° angle to the time-lapse camera. (a) observational 

line diagram, (b) photograph and (c) interpretation of the features. 

4.5. Conclusions 

Chapter 4 provided a unique insight into how particle properties can influence 

particle behaviour within an ice system. This also aided understanding of many 

subtleties associated with particle-induced ice melt. For example, the difference 

in relative importance between heat transfer mechanisms of a surface and 

embedded particle, the way in which particle properties (related to diameter and 

albedo) can result in sorting of particles within ice, and how the properties of a 
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particle can increase the particle sensitivity to external factors, such as thermal 

environment and surface tension.  

 

4.5.1. Thermal conductivity 

The particle thermal conductivity had a key control on the initialisation of melt 

and dictated the dominant type of heat transfer mechanism involved. For 

example, direct melting by heat conduction through the particle versus indirect 

melting driven by convection currents in meltwater. Typically, particles with a 

lower thermal conductivity were associated with stronger convection-driven 

indirect melting (as identified by melt pathway’s exceeding the particle 

diameter).  

 

Differences in behaviour between a particle on the ice surface and a particle 

embedded in the ice was noted. These two configurations experienced different 

heat transfer mechanisms, with the removal of convective heat losses from a 

particle absorbing surface to the atmosphere once it became submerged in 

meltwater, predominantly controlled by the particle thermal conductivity. For 

example, a particle with a relatively low thermal conductivity would experience 

stronger convective heat loss from the top particle surface due to less efficient 

conduction of energy through the particle, leading to a warming top surface. 

This was particularly crucial when the particle was experiencing other melt-

limiting properties, e.g. partial reflection from the top surface of a particle with 

an intermediate or high albedo (as observed in experiment P14), or a long 

thermal pathway reducing the rate of conduction to the ice. 

 

4.5.2. Albedo 

The particle albedo dictated the rate of particle-induced ice melt by determining 

the absorption of energy. For example, a low albedo particle had a higher 

particle velocity (used as a proxy for the rate of ice melt) than a high albedo 

particle due to a higher rate of energy transfer into the ice as the low albedo 

surface absorbed a greater proportion of incoming energy. However, the 

particle velocities for the low and intermediate albedos were comparable with 

an average magnitude of x 10-6 m s-1. Experiments also suggested that high 
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albedo particles could transfer energy into the ice, despite a predominantly 

reflective particle surface. Therefore, it was deduced that unless a particle was 

a perfect reflector (i.e. it had an albedo of 1), it could generate some melt; this 

was more achievable with ice at temperatures close to PMP (i.e. a stable 

(warm) thermal environment). Initialisation of melt could lead to more extensive 

indirect melting driven by meltwater convection (as discussed above), possibly 

allowing for the amplification of melting processes once past the melt 

initialisation stage. Results also demonstrated that the effect of particle albedo 

could be attenuated by other factors (e.g. ice microstructure and small-scale ice 

hydrology, as observed in experiment P13).  

 

4.5.3. Density 

The particle density did not appear to directly impact the capability of a particle 

to melt the ice (although, a low density is typically associated with a low thermal 

conductivity in nature which, in of itself, is a key control on ice melt). Instead, 

this dictated the fundamental behaviour of the particle (i.e. if it would sink or 

float). Particles with a higher density than water typically sank in the meltwater 

produced and moved to the ice base, whilst particles with a density lower than 

water became buoyant when sufficient meltwater was produced. Additionally, a 

particle with an intermediate density (i.e. close to that of water) was susceptible 

to retention at the water surface by surface tension effects, and therefore, 

experienced both behavioural modes. Finally, relatively low density particles 

embedded within ice could melt the ice to move upwards to reach the ice 

surface (e.g. as observed in experiment P17b). It is important to note that the 

role of particle density did not have an impact until sufficient meltwater had 

been produced to initiate either buoyant or non-buoyant behaviour; this property 

is not considered in the melt initialisation process. Ultimately, the density of a 

particle dictated if a particle became submerged or remained at the ice surface; 

this is crucial in determining the extent of particle-induced melting.  

 

4.5.4. Diameter 

Surprisingly, the particle diameter had an influence on the behaviour of particle-

ice interaction. This did not support the simplified melt model described in 
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Chapter 3 (Section 3.5.2.1) and reflected the complexity of processes 

associated with particle-ice interaction on an individual particle scale. 

Experiments investigating widely dispersed single particles indicated that larger 

particles (e.g. > 6 mm) transferred heat into melting the ice sufficiently to move 

downwards to the ice base, whereas the smaller particles (e.g. < 3 mm) could 

not, unless within a thermal environment close to PMP. However, the difference 

in particle behaviour appeared to be strongest after full submergence of the 

particle (and was associated with the removal of convective heat losses to the 

atmosphere). This noted that smaller particles experienced stable (cold) thermal 

environments at higher temperatures than larger particles; for example, a 

particle smaller than 3 mm would be within a stable (cold) environment (and so 

unable to melt the ice), whilst a particle larger than 6 mm would be within a 

stable (cool) or (warm) environment (and so able to melt the ice) at the same 

temperature. This suggested that the thermal environment in the proximity of 

the particle had a diameter dependency in the case of thermally conductive 

particles (discussed in detail in Chapter 7). This indicated that particles have a 

sensitivity to temperature that varies with diameter. Experiments investigating 

particle arrays provided insights into the particle clustering within a melt 

pathway and associated behavioural changes when clusters of particles split 

from one another. 
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5. An experimental investigation into the behaviour of volcanic 

particles within the cryosphere 

The V1-V34 experimental series in Chapter 5 investigated the behaviour of 

volcanic particles on the ice surface and moving through the ice system (Table 

5.1, Figure 5.1). As Chapter 4 demonstrated that particle impact on ice 

depended on particle properties, experiments in Chapter 5 were designed so 

that the albedo, density, and diameter of volcanic material differed between 

experiments to better understand the role of these properties. Single particles, a 

cluster of particles, and a scattering of particles were investigated, with particle 

diameters approximately in the range 1.5-12 mm (allowing comparisons with 

control experiments described in Chapter 4). Particle diameters described in 

Chapter 5 are approximate values due to the irregular surface morphologies, 

although particles were roughly spherical. Clusters of cemented ash particles 

(hereafter referred to as cemented ash clusters) of trachyandesitic composition, 

and single particles of basaltic-andesitic scoria and rhyolitic pumice were used. 

Experiments are described according to particle composition, diameter (6 mm, 

12 mm, 3 mm, and 1.5 mm) and the nature of experimental progression, in 

chronological order of experiment code. Repeat experiments are grouped for 

ease of comparison. Surface meltwater is described by the horizontal extent on 

the ice surface (i.e. width and length), and depth within the ice. This is further 

split into two features: a proximal meltwater pond (i.e. the deeper zone of 

meltwater near a particle), and a shallow surface meltwater pond (i.e. a larger 

extent of shallow melt on the ice surface). The average freezer and proxy ice 

temperatures for each experiment are recorded in Table 9.13, Appendix 14. 
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Figure 5.1. Associated thermal environment of particles in experiments investigating the 

behaviour of volcanic particle-ice interaction. Experiment position has been derived from 

interpretation of observations, as described in Chapter 3, Section 3.7. 

Table 5.1. (continued overleaf) A summary of experiments investigating the behaviour of 

volcanic particle-ice interaction, indicating the particle composition, diameter and associated 

thermal environments as defined in Chapter 3. 

Experiment Particle composition 
Particle 
diameter 
(mm) 

Thermal 
environment 

V1 Trachyandesitic cemented ash 
(Eyjafjallajökull, Iceland) 

6 Stable (warm) 

V2 Trachyandesitic cemented ash 
(Eyjafjallajökull, Iceland) 

12 Stable (warm) 

V3 Trachyandesitic cemented ash 
(Eyjafjallajökull, Iceland) 

3 Stable (cool) 

V4 Trachyandesitic cemented ash 
(Eyjafjallajökull, Iceland) 

6 Stable (warm) 

V5 Trachyandesitic cemented ash 
(Eyjafjallajökull, Iceland) 

12 Stable (warm) 

V6b Trachyandesitic cemented ash 
(Eyjafjallajökull, Iceland) 

12 Stable (cool) 

V7 Trachyandesitic cemented ash 
(Eyjafjallajökull, Iceland) 

6 Stable (cool) 

V9 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

6 Stable (cool) 

V10 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

6 Stable (warm) 

V11 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

12 Stable (warm) 

V12 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

12 Stable (cool) 

V13 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

6 Variable 

V14 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

6 Stable (warm) 

V15 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

3 Stable (warm) 



 185 

Experiment Particle composition 
Particle 
diameter 
(mm) 

Thermal 
environment 

V16 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

3 Stable (cool) 

V17 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

3 Stable (warm) 

V18 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

1.5 Stable (warm) 

V19 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

3 Stable (cool) 

V20 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

1.5 Stable (warm) 

V21 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

1.5 Stable (warm) 

V22 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

6 Stable (warm) 

V23 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

12 Stable (warm) 

V24 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

12 Stable (warm) 

V25 Rhyolitic pumice (Mount St. Helens, USA) 6 Stable (warm) 

V26 Rhyolitic pumice (Mount St. Helens, USA) 3 Stable (warm) 

V27 Rhyolitic pumice (Mount St. Helens, USA) 12 Stable (warm) 

V28 Rhyolitic pumice (Mount St. Helens, USA) 1.5 Stable (warm) 

V29 Rhyolitic pumice (Mount St. Helens, USA) 3 Stable (warm) 

V30 Rhyolitic pumice (Mount St. Helens, USA) 6 Stable (warm) 

V31 Rhyolitic pumice (Mount St. Helens, USA) 12 Stable (warm) 

V32 Rhyolitic pumice (Mount St. Helens, USA) 1.5 Stable (warm) 

V33 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

Scattering Stable (warm) 

V34 Basaltic-andesitic scoria (Volcán Sollipulli, 
Chile) 

Scattering Stable (warm) 
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5.1. V1: a 6 mm cemented ash cluster  

This experiment was conducted to assess the role of relatively low albedo 

(Chapter 3, Section 3.3.2) Eyjafjallajökull cemented ash clusters on influencing 

ice ablation when placed on an ice surface. The cemented cluster was 

approximately 6 mm in diameter (6x7 mm) and roughly spherical (Figure 5.2). 

The hypothesis for experiment V1 is shown in Figure 5.3. 

 

 

Figure 5.2. Plan-view photograph of the 6 mm V1 cemented ash cluster.  

 

Figure 5.3. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V1.  
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5.1.1. Results and interpretation 

The cemented ash cluster immediately transferred heat to melt ice after surface 

placement (Figure 5.4). The dense nature (2500 kg m-3, Chapter 3) of the 

cluster relative to water caused downwards movement in meltwater produced 

with a mean particle velocity of 1.13 x 10-6 m s-1 to reach the ice base within 16 

hours. A shift in orientation of the cemented ash cluster was observed during 

downwards movement approximately 13 hours into the experiment, associated 

with an increase in the smoothed velocity. Partial rotation of the cluster possibly 

facilitated a short-term increase in particle velocity because a rotation would 

place the absorbing top surface in contact with another area of ice/meltwater to 

encourage fast ice melt.  

 

Figure 5.4. Vertical distance moved and velocity of a 6 mm Eyjafjallajökull cemented ash 

cluster in experiment V1.  

5.1.2. Melt pathway 

In contrast to results using highly conductive particles (e.g. brass and chrome 

steel), the cemented ash cluster created a melt pathway that had a width of 

approximately double the cluster diameter with a rounded base (Figure 5.5). 

This was likely due to a strong convection system attributed to a low particle 

thermal conductivity, as described when considering low density particles in 

Chapter 4. A rounded melt pathway base larger than the diameter of the cluster 

reinforced interpretation of strong convection systems within the meltwater. 
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Observations indicated that the cluster experienced a stable (warm) 

environment as refreezing processes were slow and the melt pathway remained 

open at the ice surface. Floating fine-grained material, likely lost mechanically 

from the particle surface when placed on the ice surface, was present at the top 

of the melt pathway, and contributed to ice melt at the ice surface. It was 

interpreted that the small particle sizes allowed surface tension effects to retain 

particles at the ice surface (as observed in experiment P19, Chapter 4).  

 

Figure 5.5. Cross-sectional images indicating the morphology of the V1 melt pathway. (a) 

observational line diagram, (b) photograph and (c) interpretation of the features. 

Refreezing of meltwater started within the central segment of the melt pathway, 

and only occurred when the cluster was on the ice base. The morphology of the 

refreezing process appeared similar to results from experiments using control 

particles in Chapter 4 and suggested that the central segment of the melt 
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pathway was the coldest. This region was sufficiently far from: (1) direct heat 

transfer from the cemented ash cluster, (2) heating from convection systems, 

and (3) heat transfer from warmer ambient air temperatures above the ice, and 

so refreezing processes could occur. Refreezing processes did not occur near 

the cemented ash cluster itself, suggesting that the cluster had a vertical 

volume of influence that reached approximately 10 mm (measured from the top 

extent of the cluster). The central segment of the melt pathway was fully frozen 

by hour 44. 

 

5.1.3. Basal meltwater pond 

The V1 cluster continued to transfer heat into the basal ice to form a basal 

meltwater pond. This reached a maximum diameter of 43 mm and height of 18 

mm (Figure 5.6). This was approximately hemispherical in shape and was 

connected to the refreezing melt pathway. In contrast to many of the synthetic 

particle experiments, there was no apparent lateral movement of the V1 cluster 

when on the ice base, likely due to the difference in morphology (e.g. an 

irregular sphere compared to a perfect sphere). Therefore, the morphology and 

dimensions of the basal meltwater pond likely represented the sphere of heat 

influence, from direct heat transfer from the volcanic material itself, and strong 

convection systems within the meltwater.  
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Figure 5.6. Cross-sectional images showing the basal meltwater pond and melt pathway in 

experiment V1. (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. 

5.1.4. Summary 

Key characteristics of cemented ash-ice interaction were similar to those 

observed within experiments presented in Chapter 4 (e.g. downwards 

movement, creation of a melt pathway and a basal meltwater pond, refreezing 

processes, etc.), although some components differed (e.g. the melt pathway 

extended past the particle diameter).  

 

This experiment was repeated in a further two experiments (V4 and V7). V4 

compared well with results from experiment V1 as the V4 cemented ash cluster 

melted the ice and moved to the ice base with a mean particle velocity of 2.71 x 

10-6 m s-1. This created a melt pathway approximately double the diameter of 

the cluster, a basal meltwater pond, and a surface meltwater pond (Figure 5.7). 

Similar to V1, the V4 cluster rotated within the melt pathway during downwards 

movement, although the V4 cluster maintained an open melt pathway with 

minimal refreezing.  
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Figure 5.7. Cross-sectional images indicating the development of a melt pathway with an 

irregular morphology and a basal and surface meltwater pond in experiment V4. (a) 

observational line diagram, (b) photograph and (c) interpretation of the features. 

Unlike V1 and V4, the cluster in experiment V7 disintegrated into smaller 

particle clusters, and did not represent the behaviour of a single 6 mm cluster. 

Disintegration occurred approximately 38 hours into the experiment; prior to 

this, cemented ash cluster-induced ice melt was relatively low and downwards 

movement was restricted to approximately 11 mm. It was likely that the cluster 
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became fully water-saturated within this period, and experienced refreezing 

processes due to a cold thermal environment. This could suggest that 

disintegration was a result of freeze-thaw processes arising from refreezing 

meltwater that had percolated through the cluster at the cluster base (Figure 

5.8). The cluster split into two discrete groups that were well established by 74 

hours into the experiment (37 hours after initial cluster disintegration). This split 

may have occurred earlier, but expiry of the time-lapse camera battery resulted 

in a ten-hour gap in the time-lapse images.  

 

 

Figure 5.8. Cross-sectional images showing the initial disintegration of the V7 cluster. (a) 

observational line diagram, (b) photograph and (c) interpretation of the features. 

The ice melt rate increased after the V7 cluster disintegration, and the clusters 

moved downwards through the ice as two units (Figure 5.9). Differential ice melt 

was observed, dependent on cluster size: the smaller cluster (approximately 3 

mm thickness) moved downwards through the ice with a higher mean particle 

velocity of 2.01 x 10-7 m s-1, compared to 1.92 x 10-7 m s-1 for the larger cluster 
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(with a thickness of approximately 6 mm). Post-disintegration velocities (i.e. 

calculated after separation of each cluster group) were 6.92 x 10-7 m s-1, and 

5.87 x 10-7 m s-1 for each cluster group, respectively. The increase in particle 

velocities after cluster disintegration may be due to the input of a greater 

particle absorbing surface area and, therefore, a greater heat transfer rate from 

the cluster to the ice. This would also drive stronger convection systems, 

previously identified as a key driver of ice melt.  

 

Figure 5.9. Cross-sectional images showing the progression of downwards movement by the 

disintegrated cemented ash clusters over two time frames in experiment V7. (a) observational 

line diagram, (b) photograph and (c) interpretation of the features. 
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Refreezing processes modified the cluster position within the ice in several 

instances. For example, an upwards movement of approximately 2 mm was 

observed whilst the V7 cluster was acting as a single 6 mm cemented ash 

cluster; this was associated with a refreezing of meltwater ‘pushing’ the cluster 

upwards in the ice and lasted approximately six hours. This was also observed 

after disintegration, where smaller clusters of volcanic material had moved 

downwards away from the initial V7 cluster, but refreezing processes pushed 

the clusters back upwards to the V7 cluster position. Additionally, refreezing 

processes occurred during downwards cluster movement, creating teardrop 

melt pathway morphologies. Therefore, it was interpreted that both clusters of 

ash particles were in a stable (cool) thermal environment. The lower particle 

velocities compared to previous experiments using 6 mm cemented ash 

clusters were likely associated with the clusters experiencing a cooler thermal 

environment, and complexities associated with the disintegration process.  

 

5.2. V2: a 12 mm cemented ash cluster  

Experiment V2 investigated the behaviour of a 12 mm Eyjafjallajökull cemented 

ash cluster. This was approximately 12x11 mm in size (Figure 5.10). The 

hypothesis for experiment V2 is shown in Figure 5.11. 

 

Figure 5.10. Plan-view photograph of the 12 mm V2 cemented ash cluster.  
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Figure 5.11. Schematic cross-sectional view of hypothesised cemented ash-ice interaction in 

experiment V2. 

5.2.1. Results and interpretation 

Ice melt occurred immediately after cemented ash cluster placement, causing 

downwards movement through the ice to reach the ice base within 23 hours 

(Figure 5.12). The cluster moved with a mean velocity of 7.57 x 10-7 m s-1.  

 

 

Figure 5.12. Vertical distance moved and velocity of a 12 mm Eyjafjallajökull cemented ash 

cluster in experiment V2.  
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5.2.2. Melt pathway 

Comparable to experiments involving 6 mm cemented ash clusters (V1, V4, and 

V7), the V2 melt pathway was approximately double the cluster diameter (e.g. 

26 mm). This strongly supported the hypothesis. The melt pathway was inclined 

with an observed 6 mm lateral movement by the V2 cluster, likely caused by the 

cluster intercepting vein structures within ice. Although irregular heating from 

the irregular surface morphology was also suggested as a mechanism for 

inclined downwards movement, previous experiments involving perfectly 

spherical particles also demonstrated an inclined melt pathway, suggesting that 

particle trajectory is controlled by the ice structure (alongside gravity).  

 

There was no apparent refreezing of the melt pathway, suggesting that the 

cemented ash cluster was within a stable (warm) environment. Despite 

significant ice melt, it was determined that the V2 cluster experienced a stable 

(warm) rather than unstable environment because the cemented ash cluster at 

the ice base from experiment V1 (since disintegrated) was under the 

illumination also; this was initially embedded within solid ice at the start of 

experiment V2, suggesting that the ice was in a stable state. After the 

illumination was turned on, the disintegrated V1 cluster resumed melting the ice 

and created a basal meltwater pond. Although unintentional, the presence of 

the V1 cluster under the illumination acted as a control and demonstrated the 

ice was in a stable state where, if heat transfer from the volcanic material was 

removed, it would remain solid.  

 

5.2.3. Surface meltwater pond 

A scattering of fine-grained (<0.1 mm) volcanic particles were observed on the 

ice surface; these melted the ice with floating and sinking behaviours noted. It 

was inferred that the particles were introduced onto the ice surface from the V2 

cluster surface during surface placement. Additionally, it was possible that 

particles were removed from the V2 cluster into the water column of the melt 

pathway. The melt pathways for the downwards moving fine-grained ash 

particles could not be identified in the time-lapse images due to their small 

sizes, although in-person observations noted that these created individual 

micro-melt pathways and contributed to internal ice melt. Some particles 
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remained floating in a surface meltwater pond and contributed to ice melt at the 

surface. This provided an initial insight into the behaviour of a scattering of 

volcanic material (later explored in experiments V33 and V34) and the fine 

grained particles were a probable contributor to the increased volume of ice 

melt with experiment V2 (compared to other experiments with particles in the 

stable (warm) thermal environment).  

 

5.2.4. Basal meltwater pond 

The V2 cluster continued to melt basal ice to create a basal meltwater pond 

(Figure 5.13). The basal meltwater pond grew until it combined with another 

growing basal meltwater pond (produced by the disintegrated V1 cluster) 

approximately five hours after the V2 cluster reached the ice base (and 27 

hours after the experiment start).  

 

Figure 5.13. Cross-sectional images of a basal and surface meltwater pond in experiment V2.  

(a) observational line diagram, (b) photograph and (c) interpretation of the features. 
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5.2.5. Summary 

Experiment V2 results confirmed the hypothesis that a 12 mm cemented ash 

cluster would melt downwards to the ice base. This was at a lower velocity than 

for the 6 mm clusters, suggesting a similar pattern to that observed in the 

‘diameter’ series of experiments (i.e. a 6 mm particle is most efficient at 

inducing ice melt). Additionally, results showed that a scattering of fine-grained 

volcanic material (on the surface and within the melt pathway) resulted in an 

increased volume of meltwater produced in multiple regions (on the ice base 

and ice surface). Therefore, experiment V2 provided an insight into the 

complexities of ice interaction with numerous volcanic particles with a range of 

sizes – a likely representation of volcanic material within the natural system. 

This was repeated in experiments V5 and V6 to confirm findings.  

 

Results from experiment V5 were comparable to those of V2 and demonstrated 

downwards movement with a velocity of 9.06 x 10-7 m s-1. Additionally, basal 

and surface meltwater ponds were created with widths of 104 mm and 210 mm, 

and depths of 26 mm and 15 mm, respectively. Significant ice melt and no signs 

of refreezing indicated that the V5 cluster was within a stable (warm) 

environment.  

 

Contrastingly, experiment V6 did not show a similar behaviour to V2 and V5. 

This, instead, was split into two experiments (e.g. V6a and V6b). The cemented 

ash cluster remained within the ice with little particle-ice interaction for 

approximately 145 hours in experiment V6a. Therefore, experiment V6b 

followed on from an increase in freezer temperatures. Results from experiment 

V6b closely compared with experiment V7, where a disintegration of the 12 mm 

cluster was observed four hours after the experiment start, followed by 

subsequent downwards movement to the ice base within approximately 36 

hours. The nature of the disintegration reinforced interpretation from experiment 

V7 that freeze-thaw processes from refreezing meltwater within the cluster 

caused the disintegration of the cemented ash cluster, as the V6b cluster 

experienced multiple refreezing events during experiment V6a (Figure 5.14).  
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Figure 5.14. Plan-view photograph of refreezing in experiment V6a. 

The disintegrated clusters moved downwards as a single unit until 

approximately 27.5 hours, when the smaller disintegrated clusters 

(approximately 6 mm) moved laterally away from the group to form two discrete 

groupings. This showed that the smaller cluster of finer-grained (<0.1 mm) 

disintegrated volcanic material moved downwards through the ice at a higher 

rate than the initial, since fragmented, V6b cluster (i.e. an overall mean particle 

velocity of approximately 5.21 x 10-7 m s-1 compared to 4.46 x 10-7 m s-1, 

respectively). This compared well with behaviour observed in experiment V7. 

The melt pathway fully refroze in the central segment, suggesting that the V6b 

cluster experienced a stable (cool) thermal environment.  

 

Despite the contrast in behaviour from disintegration of volcanic material, 

experiment V2, V5, and V6b indicated that a 12 mm cemented ash cluster 

induced a lower rate of ice melt (a mean velocity of 7.03 x 10-7 m s-1) compared 

to a 6 mm cluster (a mean velocity of 1.40 x 10-6 m s-1). This appeared to follow 

the findings from the diameter series of experiments and suggested that particle 

diameter has an influence on particle-induced ice melt.  

 

5.3. V3: a 3 mm cemented ash cluster  

To further explore the role of particle diameter on volcanic particle-ice 

interaction, the behaviour of a 3 mm Eyjafjallajökull cemented ash cluster was 
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assessed in experiment V3. This was approximately 3x2.5 mm in size (Figure 

5.15). The hypothesis for experiment V3 is shown in Figure 5.16. 

 

Figure 5.15. Plan-view photograph of the 3 mm V3 cemented ash cluster.  

 

Figure 5.16. Schematic cross-sectional view of the hypothesised cemented ash-ice interaction 

in experiment V3. 

5.3.1. Results and interpretation 

The V3 cluster melted the ice surface immediately, resulting in the immediate 

downwards movement through the ice with a mean particle velocity of 1.01 x 

10-6 m s-1 (Figure 5.17). This resulted in the V3 cluster reaching the ice base 

within 23 hours of the experiment start.  
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Figure 5.17. Vertical distance moved and velocity of a 3 mm Eyjafjallajökull cemented ash 

cluster in experiment V3.  

5.3.2. Melt pathway 

The melt pathway was approximately 7 mm wide, confirming the interpretation 

that volcanic particles generate a melt pathway that exceeds the cluster 

diameter (contrasting with results of thermally conductive particles in Chapter 

4). Refreezing started approximately 14 hours after cluster placement and was 

fully closed at the ice surface at hour 17. This created a melt pathway with a 

teardrop morphology with a length of approximately 30 mm during cluster 

movement. Therefore, it was interpreted that the V3 cluster was in a stable 

(cool) thermal environment.  

 

5.3.3. Surface meltwater pond 

A surface meltwater pond developed despite the melt pathway fully refreezing. 

This was dish-shaped in morphology and had a width of approximately 150 mm 

and a maximum depth of approximately 9 mm (averaging at 3 mm). Although 

this segment of the ice did not receive heat transfer from the V3 cluster, the 

presence of a scattering of floating fine-grained (<0.1 mm) particles that had 

been removed from the V3 cemented ash cluster was observed (in the same 

way as in previous experiments involving cemented ash clusters). These small 

particles enabled heat transfer at the ice surface and caused ice melt to create 

a surface meltwater pond. This supports interpretation in previous experiments 
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(e.g. V4 and V2) that the development of a surface meltwater pond was likely 

due to the presence of surface particles, rather than the ice being in an unstable 

state.  

 

5.3.4. Basal meltwater pond 

The V3 cluster continued to transfer heat into the basal ice to create a basal 

meltwater pond. This was approximately 10 mm in width and 7 mm in height,  

smaller than those observed in previous experiments and agreeing with the 

interpretation that the cluster experienced a stable (cool) environment.  

 

5.3.5. Summary  

The 3 mm cemented ash cluster supported the hypothesis that the thermally 

insulating cluster could sufficiently melt ice to move downwards to the ice base. 

Downwards movement was comparable with 6 mm clusters (i.e. x 10-6 m s-1), 

contrasting with the finding that the reduced ice melt was associated with 

smaller particles in Chapter 4. Therefore, the findings of a diameter-

dependency of the thermal environment and rate of ice melt may not be 

applicable to thermally insulating particles. However, this could not be stated 

with confidence at this stage due to the limited number of experiments 

conducted; this will be assessed in subsequent experimental work.  

 

Complexities associated with disintegration of clusters may be more 

comparable to the particle arrays (e.g. experiments assessing particle diameter, 

Chapter 4), rather than single particles. Although results from experiments V1-

V7 unintentionally provided an insight into the behaviour of a group of volcanic 

particles, the nature of these clusters added complexities into the series of 

experiments and added uncertainty to results. The purpose of experimental 

work in Chapter 5 was to systematically assess volcanic material with specific 

properties and so it was determined that single particles, rather than cemented 

clusters, would be used in the subsequent volcanic particle investigation to 

allow a more focussed assessment. Therefore, there were no repeat 

experiments assessing a 3 mm cemented ash cluster. 
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5.4. V9: a 6 mm basaltic-andesitic scoria particle 

Basaltic-andesitic scoria particles from Volcán Sollipulli (Chile) were used to 

assess the influence of a low albedo volcanic particle on ice ablation. The V9 

particle had a relatively low albedo, high density, low thermal conductivity 

(relative to ice), and a diameter of approximately 6 mm (Figure 5.18). The 

hypothesis for experiment V9 is shown in Figure 5.19. 

 

Figure 5.18. Plan-view photograph of the 6 mm V9 scoria particle.  

 

Figure 5.19. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V9. 

5.4.1. Results and interpretation 

The particle immediately transferred heat into melting the ice after surface 

placement, causing downwards movement of the dense particle through the ice. 

However, condensation on the freezer glass surface prevented clear time-lapse 

images after hour 7. After this, results relied on in-person observations. The 
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mean particle velocity prior to this was calculated at 6.70 x 10-7 m s-1 (Figure 

5.20). 

 

Figure 5.20.  Vertical distance moved and velocity of a 6 mm scoria particle in experiment V9.  

5.4.2. Melt pathway 

Similar to the cemented ash clusters, the V9 scoria particle created a melt 

pathway that had a diameter approximately double the particle (i.e. 

approximately 14 mm). Condensation obscuring the view in time-lapse images 

prevented detailed analysis of the melt pathway, although in-person 

observations revealed that this experienced refreezing processes. Similar to 

experiment V1, this refroze fully in the central segment of the melt pathway. 

Refreezing of meltwater when sufficiently far from the particle sphere of 

influence suggested that the particle was within a stable (cool) thermal 

environment.  

 

5.4.3. Surface meltwater pond 

A surface meltwater pond developed despite a refreezing melt pathway. This 

was observed in previous experiments (e.g. V3, V4, etc.), and was likely due to 

the presence of fine-grained (<0.1 mm) scoria particles that were unable to sink 

due to surface tension effects transferring heat into melting the ice surface. The 

presence of these particles was confirmed by in-person observations and 

demonstrated that intact volcanic material was capable of shedding finer-
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grained fragments to the ice system in the same way as cemented ash clusters, 

contrasting with the hypothesis.  

 

5.4.4. Basal meltwater pond 

In-person observations demonstrated that the particle continued to transfer heat 

into the base of the ice to create a basal meltwater pond (Figure 5.21). This had 

a width and height of approximately 60 mm and 28 mm, respectively. All 

meltwater refroze after the illumination was turned off, indicating that the ice 

was in a stable environment and all meltwater was a result of particle-induced 

ice melt. 

 

Figure 5.21. Cross-sectional photographs of refreezing melt pathway, surface meltwater pond, 

and the V9 particle submerged within a basal meltwater pond over a five hour period in 

experiment V9, where (a) is showing an open melt pathway, and (b) is showing a closed melt 

pathway. 

5.4.5. Summary 

Results from experiment V9 demonstrated similar key features to results from 

the 6 mm cemented ash clusters, for example: (1) a melt pathway extending 

past the margin of the particle, (2) a surface meltwater pond due to the 

presence of fine-grained volcanic material floating in meltwater, and (3) a basal 

meltwater pond as the particle melted the basal ice.  
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This experiment was repeated a further four times (V10, V13, V14, and V22), 

showing downwards movement of particles to the ice base with mean velocities 

of 8.71 x 10-7 m s-1, 4.15 x 10-7 m s-1, 9.15 x 10-7 m s-1, and 1.06 x 10-6 m s-1, 

respectively. The thermal environment experienced by the particle differed from 

experiment to experiment, causing the variation of mean particle velocities. 

However, these experiments allowed the calculation of a mean particle velocity 

of 7.86 x 10-7 m s-1 for the 6 mm scoria particles; this compared relatively well 

with the modelled particle velocity calculated using the simple melt model in 

Chapter 3 (i.e. 8.43 x 10-7 m s-1). Similar features were observed in repeat 

experiments: (1) melt pathways with a diameter of approximately double the 

particle diameter (i.e. approximately 15 mm) and (2) surface meltwater ponds 

developed in all instances from heat transfer by floating fine-grained material 

(e.g. 150 x 80 mm width, and 5 mm depth in experiment V10). However, results 

from experiments V13, V14, and V22 demonstrated some additional variability.  

 

In contrast to experiments V9 and V10, experiment V13 was conducted within a 

variable thermal environment. An initial downwards movement was observed 

until the particle stalled at a depth of approximately 10 mm for a period of 

approximately 19 hours, with refreezing processes observed (e.g. a reduction in 

melt width by approximately 2 mm). Despite this, the V13 particle maintained a 

meltwater pond that surrounded the particle throughout the stalled period. 

However, this was limited in size and only extended approximately 1 mm from 

the particle extent. This suggested that all heat that was transferred into ice was 

maintaining the small meltwater pond in a liquid form. The particle was unable 

to further melt the ice to create a larger meltwater pond, or move downwards in 

the ice, as the ice was conducting heat away sufficiently fast to prevent further 

ice melt. This suggested that the V13 particle had reached an equilibrium within 

a stable (cool) thermal environment. This was not a stable (cold) thermal 

environment, as the presence of meltwater was indicative of active particle-ice 

interaction. An in-person modification of the freezer temperature increased the 

ambient temperatures and the V13 particle was able to sufficiently melt 

downwards to the ice base. Therefore, the particle experienced a positive shift 

across the thermal range to allow ice melt. In this environment, the V13 particle 



 207 

created a melt pathway with the same morphology as that observed in 

experiment V9 and V10.  

 

Experiments V14 and V22 were conducted further along the thermal range in a 

stable (warm) thermal environment (Figure 5.1), identified by a significant 

volume of meltwater and drainage channels on the ice surface. The presence of 

fine-grained volcanic particles floating in surface meltwater was interpreted as 

an important contributor to the higher volume of meltwater in both V14 and V22 

(as seen in experiments V9, V10, and V13). In both instances, it was deduced 

that the ice was not unstable as the meltwater started to refreeze when the 

illumination was turned off (and, therefore, when heat transfer from the V14/V22 

particles and fine-grained surface particles to the ice was removed). This 

indicated that meltwater was a result of particle-ice interaction rather than an 

unstable ice system. However, the ice refroze over a long period (i.e. 

approximately 24 hours in both instances), suggesting that the particles were 

experiencing a stable (warm) environment, close to the unstable boundary, in 

both experiments. This allowed both the V14 and V22 particles to move 

downwards with a higher mean particle velocity than the V9, V10, and V13 

particles, despite being the same composition with the same properties.  

 

5.5. V11: a 12 mm basaltic-andesitic scoria particle 

V11 investigated the behaviour of a 12 mm scoria particle placed on the ice 

surface (Figure 5.22). The hypothesis for experiment V11 is shown in Figure 

5.23. 

 

Figure 5.22. Plan-view photograph of the 12 mm V11 scoria particle, also indicating fine-

grained material that was lost from the particle surface. 
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Figure 5.23. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V11. 

5.5.1. Results and interpretation 

The V11 particle melted the ice and moved downwards with a particle velocity 

of 5.77 x 10-7 m s-1 to reached the ice base within 29 hours (Figure 5.24). It was 

noted that a smaller fragment (approximately 1 mm in diameter) was present 

below the particle after hour 11. This was not directly below as the smaller 

fragment was also illuminated, facilitating downwards movement of the 1 mm 

particle until movement of the V11 particle resulted in the smaller fragment no 

longer receiving illumination. This demonstrated the capability of the scoria 

particles to shed fragments on the mm-scale, and that these smaller particles 

could move downwards through the ice.  
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Figure 5.24. Vertical distance moved and velocity of a 12 mm scoria particle in experiment V11.  

5.5.2. Melt pathway 

The melt pathway had a width approximately double the particle diameter 

(approximately 25 mm) and was thus comparable with results from previous 

volcanic particle experiments. It was rounded and extended from the particle at 

the base of the melt pathway, suggesting that the particle was efficiently driving 

convection within the melt pathway. This interpretation was based on the 

process of warm meltwater extending the area of melt past the conduction-

driven direct melting (typically represented by a narrow melt pathway and base, 

frequently observed with metal particles in Chapter 4) at the base of the melt 

pathway. This could suggest that the convection system, in addition to the 

presence of smaller fragments of the particle within the melt pathway, 

contributed to the width of the melt pathway. Whilst the melt pathway was open 

at the surface throughout particle movement, it began refreezing after the 

particle reached the ice base. This refreezing process was commonly observed 

with the volcanic material. However, the melt pathway did not fully refreeze, and 

measured approximately 20 mm in width at the end of the experiment. These 

processes indicated that the V11 particle experienced a stable (warm) thermal 

environment as the melt pathway remained open throughout the experiment.  
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5.5.3. Surface meltwater pond 

Similar to previous experiments involving volcanic material, the development of 

a surface meltwater pond was observed throughout the experiment. This 

reached maximum dimensions of 60x50 mm in width, and 1-2 mm in depth.  

This was likely due to the loss of fine-grained volcanic particles from the scoria 

particle providing additional absorbing surfaces into the ice system.  

 

5.5.4. Basal meltwater pond 

A basal meltwater pond developed throughout the experiment during 

downwards particle movement from a particle in a previous experiment. This 

allowed the particle to drop down into the basal melt (e.g. over the last 2 mm of 

particle movement). Once on the ice base, the V11 particle created a basal 

meltwater pond that reached a maximum dimension of approximately 50 mm 

wide and 25 mm high.  

 

5.5.5. Summary 

Experiment V11 demonstrated many of the common features observed within 

the volcanic experimental series: for example, effective convection in meltwater 

widening the melt pathway to approximately double the particle diameter; the 

development of a basal meltwater pond; the development of a surface 

meltwater pond; and refreezing processes within the melt pathway when 

sufficiently far from the particle. Although a downwards particle velocity of 6.26 

x 10-7 m s-1 was lower than the average value of 8.17 x 10-7 m s-1 for the 6 mm 

scoria particles, it fits within the range of velocities.  

 

This experiment was repeated three times to confirm observations and particle 

velocities (V12, V23, and V24). These generally compared well with one 

another; an exception to this was experiment V12 due to drainage events and 

slower particle movement as the particle experienced a stable (cool) thermal 

environment (e.g. 1.68 x 10-7 m s-1). Experiments V23 and V24 were 

comparable with particle velocities of 1.06 x 10-6 m s-1 and 1.52 x 10-6 m s-1, 

respectively; this was likely due to the V23 and V24 particles operating within a 

stable (warm) thermal environment, as no refreezing processes were observed. 
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All repeat experiments developed a surface meltwater pond due to the 

presence of surface fine-grained scoria particles (although experiment V12 lost 

surface meltwater due to drainage events). These results, in combination with 

experiment V11, suggested a mean particle velocity of 1.21 x 10-6 m s-1 for 12 

mm scoria particles; this was a higher value than the 6 mm mean particle 

velocity, suggesting possible differences between the behaviour of volcanic 

particle with different diameters. However, it is important to consider the 

differing thermal environments experienced by the particles in these 

experiments, and, therefore, that experiments may not be directly comparable. 

The calculated 12 mm mean particle velocity was also higher than the modelled 

calculation using the simple melt model in Chapter 3. 

 

Experiment V12 provided an insight into the influence of particle velocity on 

melt pathway morphology and into the behaviour of drainage events. A slower 

particle velocity and refreezing melt pathway suggested that, unlike 

experiments V23 and V24, the V12 particle was in a stable (cool) thermal 

environment. This was closer to the stable (cold) boundary than in experiment 

V11, identified by a greater volume of refreezing and lower rate of particle 

movement. These processes, in combination with an efficient convection 

system, resulted in the melt pathway becoming almost spherical (Figure 5.25). 

This contrasted with long, wide pathways with vertical walls seen in previous 

experiments, and indicated the role of particle velocity in influencing the 

morphology of meltwater produced.  
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Figure 5.25. Cross-sectional mages of a roughly spherical melt pathway observed in 

experiment V12. (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. 

As the particle velocity increased during the experiment, the melt pathway 

extended to a teardrop morphology. This further confirmed the role of particle 

velocity in influencing the morphology of a melt pathway (i.e. a slower particle 

would create a circular area of melt, whilst a faster moving particle would create 

an elongated teardrop melt pathway).  

 

A partial drainage event occurred approximately 96.5 hours into the experiment 

(Figure 5.26). However, the water level within the partially drained melt pathway 

rose after the initial event by approximately 2 mm. This suggested that particle-

induced ice melt was still occurring, or drainage from surface melt created from 

the fine-grained surface particles had also occurred. The latter was probable, as 

observations noted a hollow on the ice surface and subsequent removal of 

water from the ice surface. The gas space above the particle reflected incoming 
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radiation (observed by a bright spot in the image and the particle being much 

darker in colour), likely also contributing to the end of particle movement as less 

energy would be absorbed by the particle.  

 

Figure 5.26. Cross-sectional images showing the development of a drained melt pathway in 

experiment V12. (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. 

Experiment V24 showed the addition of multiple downwards moving absorbing 

particles into the ice system (Figure 5.27). This was noted by the presence of a 

smaller (e.g. approximately 2 mm x 0.5 mm) particle beneath the particle that 

moved downwards to the ice base within 10.5 hours and with a particle velocity 

of 6.46 x 10-7 m s-1.  
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Figure 5.27. Photograph of multiple absorbing particles within the ice in experiment V24.  

The multiple downwards moving absorbing particles within the ice was first 

noted approximately 2.5 hours after the experiment start. This created an 

individual melt pathway during descent through the ice (Figure 5.28). This was 

subsequently noted a second time with a particle approximately 0.5 mm in 

diameter. However, it could not be determined if these were clusters of fine-

grained material that was introduced into the ice system beneath the particle 

(and, therefore, did not experience surface tension retaining the particles at the 

ice surface), or solid fragments of the scoria particle broken off due to freeze-

thaw action (as discussed with the cemented ash clusters, e.g. experiment V6 

and V7). This will be investigated in subsequent experiments. 
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Figure 5.28. Images of the multiple particles and melt pathways observed in experiment V24. 

(a) observational line diagram, (b) photograph and (c) interpretation of the features. 

5.6. V15: a 3 mm basaltic-andesitic scoria particle 

To further assess the role of particle diameter on volcanic particle-ice 

interaction, a 3 mm scoria particle was investigated (Figure 5.29). This had the 

same composition as the 6 mm and 12 mm particles (e.g. V9 onwards), and so, 

the particle properties were comparable. The hypothesis for experiment V15 is 

shown in Figure 5.30. 
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Figure 5.29. Plan-view photograph of the 3 mm V15 scoria particle.  

 

Figure 5.30. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V15. 

5.6.1. Results and interpretation 

An immediate downwards movement was observed by the 3 mm particle. This 

moved through the ice with a particle velocity of 1.01 x 10-6 m s-1 and reached 

the base of the ice within 18 hours (Figure 5.31). The particle dropped into a 

basal meltwater pond created by a previous particle (V12) that was 

approximately 4 mm in height; this facilitated a high velocity at the end of 

particle movement that was not indicative of the rate of 3 mm particle-induced 

ice melt.  
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Figure 5.31. Vertical distance moved and velocity of a 3 mm scoria particle in experiment V15. 

5.6.2. Melt pathway 

The 3 mm particle created a melt pathway that extended from the particle and 

was approximately 8 mm in width. This width was maintained throughout the 

duration of the experiment, and so it was deduced that the particle was within a 

stable (warm) thermal environment due to the lack of refreezing processes and 

a sustained open melt pathway. The melt pathway morphology was comparable 

to those from larger scoria particles within a stable (warm) thermal environment.  

 

5.6.3. Surface meltwater pond 

Similar to results from previous experiments involving volcanic material, a 

surface meltwater pond developed during experiment V15, caused by heat 

transfer from floating fine-grained surface material. The meltwater pond was 

extensive and had a horizontal extent of approximately 170x120 mm, and an 

average depth of approximately 7 mm. The illumination was turned off at the 

experiment end and the meltwater monitored to confirm that the ice was stable; 

full refreezing of meltwater indicated that the V15 particle experienced a stable 

(warm) thermal environment.   
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5.6.4. Basal meltwater pond 

The particle created a basal meltwater pond once at the ice base. This reached 

a maximum width of 147 mm and height of 10 mm. As the horizontal extent of 

the V15 basal meltwater was large, meltwater interacted with particles from 

previous experiments that were not under the illumination source (e.g. V12). 

Therefore, convection systems within the basal meltwater pond extended the 

pond to form hydrological connections with other particles. Although a small 

volume of meltwater was already present on the ice base from a previous 

experiment (facilitating the rapid velocity at the end of V15 particle movement), 

much of the water in the basal meltwater pond was a result of V15 particle-

induced ice melt. This was identified by enlargement of the basal meltwater 

pond once the V15 particle reached the ice base.  

 

5.6.5. Summary 

Experiment V15 was largely consistent with the behaviours observed by the 6 

mm and 12 mm scoria particles. However, results suggested a higher rate of 

movement of a 3 mm particle (e.g. 1.01 x 10-6 m s-1) compared to a 6 mm or 12 

mm particle, although confirmation is needed with repeat experiments. Aside 

from a higher particle velocity, the same key features were observed. This 

additionally indicated that a 3 mm scoria particle in a stable (warm) 

environment, could generate an extensive volume of melt, as demonstrated by 

the large basal and surface meltwater ponds.  

 

Three experimental repeats (V16, V17, and V19) were conducted to confirm the 

behaviour observed in experiment V15. Results matched well with one another, 

although technical issues in experiment V16 prevented a full documentation of 

the experiment. All experiments created a surface and basal meltwater pond, 

and a meltwater pathway that had a width extending past the particle margins 

(even in instances of refreezing). Particle velocities were calculated as 6.30 x 

10-7 m s-1 in V16 (although issues with the illumination source were noted), 1.20 

x 10-6 m s-1 in V17, and 1.31 x 10-6 m s-1 in V19. Therefore, the mean particle 

velocity for a 3 mm scoria particle was calculated at 1.04 x 10-6 m s-1; this was 

faster than mean values for the 6 mm and 12 mm scoria particles, confirming 
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initial findings from experiments investigating cemented ash clusters. 

Additionally, this was faster than the modelled velocity (i.e. 8.43 x 10-7 m s-1). 

 

V16 demonstrated a slower particle velocity relative to other experiments of this 

type. Although a freezer temperature decrease after V15 may have shifted the 

V16 particle into a stable (cool)/stable (cold) thermal environment, it was noted 

that illumination in experiment V16 stopped functioning, with a decrease in 

illumination prior to this. An identical replacement illumination source was used 

in experiment V17 with no freezer temperature adjustment, and this showed a 

higher velocity of the 3 mm particle within this experiment, comparing well with 

other experiments of this type. Therefore, the lower rate of movement in V16 

was attributed to illumination issues. The lower illumination output in experiment 

V16 caused a lower heat absorption by the particle and, therefore, a lower heat 

transfer rate into the ice. This caused refreezing and the development of a 

teardrop melt pathway with a similar morphology to that observed in the initial 

stages of experiment V12, as the low rate of downwards particle movement 

created an almost spherical melt pathway. This confirmed the interpretation that 

the morphology of a melt pathway is also dictated by the particle velocity. This 

has only been observed in the volcanic series of experiments (i.e. those with a 

relatively low thermal conductivity and high density). 

   

Experiments V17 and V19 were comparable with rapid particle movement and 

the development of extensive surface and basal meltwater ponds. However, 

these also demonstrated contrasting behaviour, as experiment V17 

experienced cyclic drainage events and experiment V19 experienced refreezing 

processes. It was interpreted that the V17 particle was within a stable (warm) 

thermal environment whilst the V19 particle was within a stable (cool) thermal 

environment (although close to the stable (warm) boundary due to very slow 

refreezing processes and high particle velocities). Refreezing events in 

experiment V19 occurred when the particle reached the ice base and began in 

the central segment of the melt pathway (agreeing with the general behaviour 

observed by volcanic material). It was likely that this was due to strong 

convection within the melt pathway preventing refreezing until convection 

systems drove the development of a basal meltwater pond (Figure 5.32).  



 220 

 

Figure 5.32. Cross-sectional photograph of the basal and surface meltwater, joined by a 

refreezing melt pathway, in experiment V19.  

5.7. V18: a 1.5 mm basaltic-andesitic scoria particle 

A 1.5 mm scoria particle was investigated to further assess the role of particle 

diameter on the behaviour of volcanic material (Figure 5.33). This particle 

diameter had not been considered in previous volcanic experiments (e.g. 

cemented ash clusters). The hypothesis for experiment V18 is shown in Figure 

5.34. 

 

Figure 5.33. Plan-view photograph of the 1.5 mm V18 scoria particle. 
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Figure 5.34. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V18. 

5.7.1. Results and interpretation 

In contrast to previous experiments, the 1.5 mm scoria particle did not move 

downwards through the ice. Instead, the V18 particle floated in meltwater, 

resulting in a fluctuation in the particles vertical position in the ice (to a 

maximum depth of approximately 7 mm) as the particle was retained at a 

fluctuating meltwater surface level with periodic drainage events (Figure 5.35). 

However, fluctuations of meltwater level stabilised after nine hours, and the 

particle floated in meltwater at the original ice surface for the remainder of the 

experiment.  
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Figure 5.35. Cross-sectional images showing the fluctuation in the particle position in 

experiment V18. (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. 

The initial surface meltwater pond was elongated in morphology. It was 

observed that the early development of the surface meltwater pond aligned with 

the orientation of drainage channels on the ice surface (Figure 5.36). Thus, this 

could suggest that the surface pond geometry was caused by ice preferentially 

melting along ‘weaker’ regions of ice, i.e. those already containing meltwater, 

for example, the vein network or drainage channels on the ice surface.  
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Figure 5.36. Photograph of the early development of the surface meltwater pond in experiment 

V18.  

Floating particles (controlled by surface tension effects) created an extensive 

surface meltwater pond with an approximate length of 175 mm, width of 80 mm, 

and mean depth of 5 mm. This extended downwards to a maximum depth of 

approximately 7 mm (reflecting the initial downwards movement of the particle 

in the first nine hours). The particle moved laterally across the ice surface 

during the experiment as it floated in the surface meltwater pond. This 

appeared circular in motion (and this was also seen in the movement of the 

smaller fragments of scoria floating in the surface meltwater pond). Surface 

motion was likely caused by convection within the meltwater and enabled the 

development of an extensive area of melt. No refreezing processes were 

evident, and it was deduced that the V18 particle experienced a stable (warm) 

thermal environment. 

 

5.7.2. Summary 

The behaviour observed in experiment V18 did not support the hypothesised 

behaviour of downwards movement. Instead, the 1.5 mm particle floated in 

meltwater produced. This was interpreted to be a result of surface tension 

effects, rather than a low density, as control experiments demonstrated that a 

1.5 mm scoria particle had a higher density than water. It would be useful to 

assess if the floating behaviour is observed in repeat experiments. Therefore, a 

further two experiments were conducted (V20 and V21). Although these both 

demonstrated the floating behaviour of a 1.5 mm particle, all three experiments 
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contrasted with each other, demonstrating the number of complex processes 

involved in volcanic particle-ice interaction.  

 

Experiment V20 did not experience a lowering of the particle within the ice; 

instead, this floated in a surface meltwater pond throughout the experiment 

(after enough melt was produced). However, this showed comparable 

behaviour to experiment V18, where an elongated meltwater pond developed in 

the initial phases of the experiment. Lateral motion was observed to a greater 

extent in experiment V20 compared to experiment V18, causing the early 

development of an irregular shaped surface meltwater pond (Figure 5.37). This 

eventually evolved into a large region of surface melt (spanning a length of 150 

mm and width of 110 mm, with an average depth of 2 mm). The maximum 

depth of meltwater was 7 mm, directly below the particle. Lateral movement of 

the V20 particle to an area of ice no longer under illumination approximately 7 

hours into the experiment occurred. The presence of fine-grained fragments 

floating in surface meltwater pond maintained the meltwater in liquid form 

during this time as these remained under the focus of illumination. Although the 

result of experimental artefacts, this demonstrated the capability of fine-grained 

material in contributing to ice melt, despite the focal particle (e.g. V20) being 

unintentionally removed from the influence of illumination.  
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Figure 5.37. Plan-view images of the early development of a surface meltwater pond in 

experiment V20 and the impact of lateral motion on meltwater morphology. (a) observational 

line diagram, (b) photograph and (c) interpretation of the features. 

In the same way as experiment V18, Experiment V21 experienced a fluctuation 

of particle depth. However, this was to a much greater extent than experiment 

V18 as an overall downwards particle movement by approximately 42 mm was 

observed (Figure 5.38).  
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Figure 5.38. Cross-sectional diagram showing the suggested theory behind the process of 

periodic particle lowering.  

Drainage events modified the internal ice structure and created a drained melt 

pathway (Figure 5.39). This had the same morphology to the meltwater and 

convection system previously created by the 1.5 mm particle. The vein network 

within the ice itself were also visible by-eye, suggesting that the ice was 

bordering the stable/unstable boundary. Additionally, previous experiments 

(Chapter 4) demonstrated that hydrological connections with the vein network 

formed more readily in warmer temperatures.  
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Figure 5.39. Cross-sectional images of drained melt pathway formed in experiment V21. (a) 

observational line diagram, (b) photograph and (c) interpretation of the features. 

The floating behaviour of the 1.5 mm particles indicated that surface tension 

effects can dominate with a small particle with small density differences 

between the particle and water. Although the particle velocity (used as a proxy 

for ice melting rate) could not be calculated for a 1.5 mm particle, extensive 

areas of surface melt demonstrated that a particle of this size could efficiently 

melt the ice. These results contrasted with the behaviour observed with the 

synthetic material, where a thermally conductive 1.5 mm particle ‘stalled’ within 

the ice system once fully submerged.  
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This series of experiments demonstrated the complexities associated with 

small, volcanic particles and the role of surface tension in preventing 

downwards movement, retaining particles at the surface when they otherwise 

would have become embedded within the ice. This experiment broadened the 

features associated with particle-induced ice melt, to include a large volume of 

surface melt, and a complex morphology of a drained melt pathway. 

 

5.8. V25: a 6 mm rhyolitic pumice particle 

To assess the role of particle albedo and density on volcanic particle-ice 

interaction, the following series of experiments investigated the behaviour of 

rhyolitic pumice particles from Mount St. Helens (USA). These had an 

intermediate albedo and a high porosity (Chapter 3). To allow direct 

comparison, the same diameters as that assessed using the low albedo scoria 

particles were used. Experiment V25 investigated the behaviour of a 6 mm 

rhyolitic pumice particle (Figure 5.40). The hypothesis for experiment V25 is 

shown in Figure 5.41. 

 

Figure 5.40. Plan-view photograph of the 6 mm V25 pumice particle. 
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Figure 5.41. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V25. 

5.8.1. Results and interpretation 

The 6 mm pumice particle floated in meltwater produced, contrasting to 

behaviours of a 6 mm scoria particle. This was due to the higher porosity (and, 

therefore, lower density) of the V25 pumice particle. However, this generated a 

large volume of melt, comparable to that generated by low albedo particles, in 

the form of a shallow surface meltwater pond and deep area of meltwater below 

the particle (hereafter referred to as the ‘proximal surface meltwater pond’).  

 

An unexpected feature observed in experiment V25 was the presence of a 

small pumice fragment (approximately 0.5-1 mm) broken from the 6 mm 

particle. In-person observations confirmed that the fragment was from the V25 

particle. This was first observed approximately 6.5 hours into the experiment 

after the V25 particle started to float in meltwater, and it was noted that this 

moved downwards through the ice with a particle velocity of 7.66 x 10-7 m s-1 to 

reach the ice base. This created a small-scale melt pathway within the ice 

(Figure 5.42). The downwards movement of the smaller fragment did not follow 

the hypothesised outcome of the pumice particle floating in meltwater. The 

mechanism for downwards movement was unclear; it could not be determined if 

the melt pathway was draining as the particle and melt pathway were small and 
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so detail could not be extracted from time-lapse images. However, there were 

no other drainage processes observed during particle descent.  

 

Figure 5.42. Cross-sectional images of the proximal surface meltwater pond and the melt 

pathway associated with a downwards moving smaller fragment of pumice in experiment V25. 

Convection systems are simplified. (a) observational line diagram, (b) photograph and (c) 

interpretation of the features. 

5.8.2. Proximal surface meltwater pond 

The proximal surface meltwater pond had a width of approximately 42 mm and 

a depth of approximately 25 mm. This represented the particle’s sphere of 

influence, likely extended by indirect convection melting and confirmed the 
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importance of meltwater convection in ice melt. Lateral particle movement 

extended the proximal surface meltwater pond; growing ceased when particle 

movement stopped. The implication was that, at this stage, the meltwater had 

reached an equilibrium with the particle heat transfer. No refreezing processes 

of melt were observed and so it was deduced that the V25 particle experienced 

a stable (warm) thermal environment.  

 

5.8.3. Shallow surface meltwater pond 

In the same way as in previous experiments involving volcanic material, fine-

grained (<0.1 mm) particles were observed floating in the meltwater. These 

created a shallow surface meltwater pond with a horizontal extent of 

approximately 135x105 mm. The pond had a depth of approximately 1 mm at 

the furthest extent, and an average depth of approximately 5-6 mm. It was 

deduced that the scattering of fine-grained surface particles were responsible 

for the shallow surface meltwater pond, whilst the larger V25 particle was 

responsible for the deeper proximal meltwater pond.   

 

5.8.4. Summary 

Experiment V25 indicated that a pumice particle exhibited a different behaviour 

to cemented ash clusters and scoria particles (aside from the 1.5 mm scoria 

particles). This was due to a high porosity and low density, suggesting that the 

porosity and density of particles are a key control on the behaviour of particle-

ice interaction. A large volume of meltwater was produced despite an 

intermediate albedo and low thermal conductivity, contradicting initial 

predictions of the behaviour of a particle of this type. Results also indicated 

further complexities associated with fragmentation of volcanic material, and this 

will be investigated in detail in further experiments.  

 

To confirm the behaviour of a pumice particle, this experiment was repeated in 

experiment V30. These results were largely consistent with one another, as the 

6 mm pumice particle efficiently melted the ice and floated in meltwater 

produced. The floating V30 particle created a proximal surface meltwater pond 

with a width and depth of approximately 27 mm and 13 mm, respectively, whilst 
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floating fine-grained particles created a shallow surface meltwater pond 

approximately 130x70 mm wide, and an average depth of 1-2 mm. Interestingly, 

a small pumice fragment with a hemispherical morphology was observed in 

experiment V30 in the same way as V25, first observed approximately 8.5 

hours into the experiment (Figure 5.43). This had a similar size (approximately 

0.5-1 mm) and morphology and moved downwards through the ice with a mean 

particle velocity of 2.35 x 10-7 m s-1, confirming the behaviour of the pumice 

fragment in experiment V25. Time-lapse imagery ended before this reached the 

ice base. Pumice fragmentation was likely a result of similar processes 

observed during experiment V6b and V7, where freeze-thaw of percolating 

meltwater within pumice pore spaces fractured the V25/V30 particles to create 

smaller pumice fragments.  

 

Figure 5.43. Cross-sectional images of the proximal meltwater pond and a small fragment of 

pumice moving downwards through the ice in experiment V30. Convection systems are 

simplified. (a) observational line diagram, (b) photograph and (c) interpretation of the features. 

5.9. V27: a 12 mm rhyolitic pumice particle 

A 12 mm rhyolitic pumice particle was investigated in experiment V27 to assess 

the role of particle diameter on influencing the behaviour of a low density and 
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intermediate albedo volcanic particle (Figure 5.44). The hypothesis for 

experiment V27 is shown in Figure 5.45. 

 

Figure 5.44. Plan-view photograph of the 12 mm V27 pumice particle.  

 

Figure 5.45. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V27. 

5.9.1. Results and interpretation 

Heat transfer from particle to ice caused ice melt immediately after particle 

placement, causing an observed downwards movement of the V27 particle until 

it reached its point of buoyancy and started to float. This was approximately six 

hours into the experiment and was identified by the meltwater extent exceeding 

the particle base, and a rotation of the particle as it began floating. The particle 

floated in meltwater throughout the experiment to create a proximal and shallow 

surface meltwater pond, in the same way as V25 and V30.  
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Two pumice fragments (approximately 1x2 mm, and <0.5 mm) were observed 

in the same way as experiments V25 and V30 (Figure 5.46). This suggested 

that the fragmentation of a pumice particle and subsequent downwards 

movement of a pumice fragment was a common process associated with 

pumice-ice interaction. This additionally demonstrated the ability of pumices to 

experience multiple fragmentation events. Fragments were first observed 

approximately 8.5 hours into the experiment at the base of the proximal 

meltwater pond. Continued downwards movement of the 2 mm and <0.5 mm 

pumice fragments with particle velocities of 6.52 x 10-7 m s-1 and 5.55 x 10-7 m 

s-1, respectively, formed two melt pathways within the ice. Downwards 

movement periodically eased when the larger pumice particle (12 mm) moved 

within the surface meltwater pond to shield the fragments from illumination. 

Downwards movement resumed when the 12 mm particle moved laterally and 

re-exposed the pumice fragments to illumination.  

 

Figure 5.46. Cross-sectional photograph of pumice particle within a proximal surface meltwater 

pond and a downwards moving pumice fragment in experiment V27.  
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5.9.2. Proximal surface meltwater pond 

Similar to previous experiments involving pumice, a proximal surface meltwater 

pond developed. This had a maximum width of approximately 45 mm and a 

maximum depth of 29 mm. The pond reached greater depths than that 

observed by a 6 mm particle (i.e. 25 mm and 15 mm in experiments V25 and 

V30, respectively), likely due to the larger diameter of the 12 mm particle. The 

width of the proximal meltwater pond was also larger than that created by a 6 

mm particle (i.e. 42 mm and 27 mm in experiments V25 and V30, respectively). 

It was determined that lateral movement of the particle was a key control on the 

pond width, although particle diameter likely had a role in the same way as 

controlling pond depth.  

 

5.9.3. Shallow surface meltwater pond 

Fine-grained (<0.1 mm) particles were observed floating in the surface 

meltwater. This, in addition to heat transfer from the 12 mm V27 particle, 

created a shallow meltwater pond that extended across the ice surface. This 

was approximately 130x120 mm wide and 1.5 mm in depth, and was 

predominantly maintained by the fine-grained floating particles. Additionally, 

melt was observed at the front of the ice block due to a surface ice gradient and 

spanned the near entirety of the ice block (approximately 195 mm), with a depth 

of approximately 2 mm.  

 

Although a similar size, the 0.5 mm pumice fragment described in Section 5.8.2 

demonstrated contrasting behaviour to the floating fine-grained particles lost 

from the particle surface. The saturation of the particles fragmenting from the 

larger pumice at the particle base was likely responsible for the increase in 

density and subsequent downwards movement. Although it is likely that the 

floating fine-grained particles experienced this process also, surface tension 

effects at the water surface prevented downwards movement of these particles.  

 

5.9.4. Summary 

Overall, these results demonstrated that a 12 mm pumice particle exhibited a 

similar behaviour to a 6 mm pumice particle. A deeper proximal meltwater pond 
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was associated with a 12 mm particle due to its larger size and, therefore, its 

larger sphere of influence.  

 

Results from a repeat experiment (V31) were consistent with this behaviour. 

Initiation of floating behaviour occurred later in the experiment (i.e. at 9.5 hours 

compared to 6 hours in V27), but progression of the experiment remained the 

same (with a proximal surface pond that had maximum dimensions of 50 mm 

width and 35 mm depth, in addition to a shallower (1 mm) surface meltwater 

pond that extended 95x80 mm horizontally across the ice block). This confirmed 

a key interpretation, i.e. that the larger (6 mm and 12 mm) particles created a 

deeper (proximal) meltwater pond, whilst the scattering of finer (<0.1 mm) 

material created a shallow meltwater pond with a greater horizontal extent. 

Additionally, it appeared that the larger (12 mm) particle created a deeper and 

greater extent of a proximal meltwater pond compared to the smaller (6 mm) 

particle.  

 

In the same way as all other pumice experiments, two small fragments 

(approximately 2x1 mm, and 1x1 mm) separated from the main melt region and 

moved downwards through the ice. Despite the varying diameters, the small 

pumice fragments exhibited the same behaviour, where a downwards 

movement to reach the ice base was observed. The larger fragment moved 

downwards with a mean particle velocity of 5.69 x 10-7 m s-1, whilst the smaller 

fragment moved downwards with a lower mean particle velocity of 4.13 x 10-7 m 

s-1 and did not move to the ice base prior to the experiment ending (although 

movement was continuous throughout). 

 

5.10. V26: a 3 mm rhyolitic pumice particle 

V26 investigated the behaviour of a 3 mm pumice particle with an intermediate 

albedo (Figure 5.47). The hypothesis for experiment V26 is shown in Figure 

5.48. 
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Figure 5.47. Plan-view photograph of the 3 mm V26 pumice particle.  

 

Figure 5.48. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V26. 

5.10.1. Results and interpretation 

The 3 mm V26 pumice particle floated in meltwater produced, first identified 

after five hours, and confirmed the hypothesised outcome. Extensive particle 

rotation was observed within the meltwater pond throughout the first seven 

hours of the experiment. Despite this, the particle predominantly remained in 

the same location within the surface meltwater throughout the experiment.  

 

Similar to all experiments involving pumice particles, a 0.5 mm pumice fragment 

moved downwards to the ice base with a mean particle velocity of 3.94 x 10-7 m 

s-1. This was first observed at the base of the surface melt pond approximately 

15 hours into the experiment. Downwards movement was along an inclined 

trajectory, indicating vein network interception. 
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5.10.2. Proximal surface meltwater pond 

The proximal meltwater pond reached a maximum width of approximately 23 

mm and depth of 15 mm. This was smaller than previous experiments involving 

6- and 12-mm particles, confirming previous findings that a smaller particle had 

a smaller sphere of influence relative to a larger (e.g. 12 mm) particle (although 

this was proportional to the particle size). No refreezing processes were 

observed and so it was deduced that the V26 particle was within a stable 

(warm) thermal environment.  

 

5.10.3. Shallow surface meltwater pond 

A shallow (approximately 6 mm), horizontally extensive (e.g. approximately 

150x110 mm) meltwater pond was identified. This behaviour closely matched 

other pumices and was likely facilitated by the presence of fine-grained (<0.1 

mm) material (Figure 5.49).  

 

Figure 5.49. Cross-sectional images indicating the proximal and shallow surface meltwater 

ponds in experiment V26. (a) observational line diagram, (b) photograph and (c) interpretation 

of the features. 
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5.10.4. Summary 

Experiment V26 followed the same pattern of behaviour as that proposed in the 

hypothesis and observed in previous results. This also reinforced previous 

findings that a pumice particle sphere of influence is dependent on the particle 

size as a smaller volume of melt was created in the proximal pond relative to 6 

mm and 12 mm pumice particles. However, the shallow surface pond was 

deeper than expected (e.g. 6 mm rather than 1-2 mm). This may have been due 

to slightly warmer temperatures than that experienced in previous experiments 

as Chapter 4 demonstrated the sensitivity of particle-ice interaction to subtle 

changes in temperatures, or a larger number of surface particles associated 

with extensive lateral movement. 

 

Results from a repeat experiment (V29) compared well with results from V26. 

Dimensions of the proximal surface meltwater pond were comparable, with a 

maximum width and depth measured at 20 mm and 11 mm, respectively. 

However, the V29 particle did not create a large shallow surface meltwater 

pond as observed in previous experiments. Instead, a hollow within the ice 

created in a previous experiment filled entirely with water. Therefore, it was 

possible that surface melt that exceeded the proximal meltwater pond region 

drained along topographic gradients into the hollow, preventing the creation of a 

large shallow pond as in previous experiments. However, once this was entirely 

water-filled, surface meltwater extended outwards from the hollow to create a 

shallow surface meltwater pond with a width and depth of approximately 65x80 

mm and 1 mm, respectively. Therefore, the development and morphology of the 

shallow meltwater pond differed from previous experiments. This demonstrates 

how the surface morphology of the ice surface can control the development of 

surface meltwater ponds.  

 

Similar to all previous pumice experiments, a smaller fragment (approximately 

0.5 mm) with a hemispherical morphology separated from the main pumice 

particle and melted downwards through the ice. The particle velocity (4.29 x 10-7 

m s-1) of the smaller fragment was comparable to experiment V26 (3.94 x 10-7 

m s-1).  
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5.11. V28: a 1.5 mm rhyolitic pumice particle 

Experiment V28 investigated a 1.5 mm pumice particle to assess the behaviour 

of small intermediate albedo volcanic particles within an ice system (Figure 

5.50). The hypothesis for experiment V28 is shown in Figure 5.51. 

 

Figure 5.50. Plan-view photograph of the 1.5 mm V28 pumice particle.  

 

Figure 5.51. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V28. 

5.11.1. Results and interpretation 

The particle appeared to immediately move around on the ice surface, 

indicating the presence of surface meltwater immediately after particle 

placement. This was confirmed by in-person observations. A floating behaviour 

was retained throughout the experiment, contrasting with the hypothesised 

behaviour. This could suggest that the pumice particle was held at the 

meltwater surface by surface tension effects, in the same way as the fine-
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grained material in previous experiments. Unlike all other pumice experiments, 

experiment V28 did not show pumice fragmentation. However, this is not to say 

this did not occur; rather, it was not visible in the time-lapse images.  

 

5.11.2. Proximal surface meltwater pond 

The angle of time-lapse imagery prevented determination of the presence of a 

proximal surface meltwater pond. Therefore, results from this experiment were 

limited and relied predominantly on in-person observations and photographs. 

These noted that the 1.5 mm pumice particle did not create a proximal 

meltwater pond. Lateral movement of the V28 particle across the surface 

meltwater pond resulted in the particle moving to an area that did not receive 

illumination (in the same way as observed in experiment V20). This may have 

prevented the development of a proximal meltwater pond.  

 

5.11.3. Shallow surface meltwater pond 

An extensive surface meltwater pond was created with a width of approximately 

95 mm, and a depth of approximately 3 mm. This contained the floating V28 

particle and fine-grained (<0.1 mm) particles. However, lateral movement of the 

V28 particle to an region of no-illumination occurred six hours into the 

experiment, and the particle did not move into a region of illumination for the 

remainder of the experiment (i.e. 19 hours). However, surface meltwater was 

maintained during this period suggesting that the fine-grained particles were 

actively transferring sufficient heat into the ice and confirmed previous 

interpretations that fine-grained particles were responsible for the shallow 

surface meltwater pond. It was deduced that the V28 particle was within a 

stable (warm) thermal environment. 

 

5.11.4. Summary 

Results from the V28 experiment did not support the hypothesised outcome, 

where it was expected the 1.5 mm pumice particle would melt downwards 

through the ice. In fact, the particle demonstrated buoyant behaviour, consistent 

with results from previous experiments. However, although this generated a 

large volume of melt, a proximal deeper meltwater pond was not observed. This 
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contrasted with previous results, although it was determined that this was due 

to the particle moving out of the illumination focus, rather than the particle’s 

behaviour.  

 

This was repeated in experiment V32, confirming that a 1.5 mm pumice particle 

placed on the ice surface would float in meltwater, rather than sinking 

downwards through the ice as predicted in the hypothesis. Floating behaviour 

was first observed approximately 11 hours after the experiment start. This 

behaviour demonstrated the effect of surface tension in retaining a particle at 

the meltwater surface, despite a small size and likely full saturation of the V32 

particle. Fragmentation of the pumice was also observed, where two < 0.5 mm 

fragments moved down through the ice; these were first identified in the time-

lapse images approximately 11.5 hours into the experiment.  

 

Unlike in experiment V28, a proximal surface meltwater pond developed in 

experiment V32. This grew to a maximum width and depth of 3 mm and 4 mm, 

respectively, and confirmed findings that smaller floating particles were 

associated with smaller proximal meltwater ponds. The volume of surface 

meltwater in experiment V32 also contrasted with experiment V28 and was 

limited to the proximal surface meltwater pond (Figure 5.52). This was 

suggested to be due to limited migration of the V32 particle across the 

meltwater surface, in addition to a drainage event occurring approximately 20 

hours into the experiment. This draining resulted in a 4 mm lowering of the 

particle, similar to behaviour observed experiment V21.  
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Figure 5.52. Plan-view photograph of proximal surface meltwater pond in experiment V32.  

5.12. V33: a scattering of basaltic-andesitic scoria particles 

This experiment assessed the behaviour of a 0.5 g scattering of surface 

volcanic particles (equivalent to the weight of a single 12 mm particle of the 

same composition). Particle diameters ranged from <1-3 mm (Figure 5.53). This 

experiment also considered particle-particle interaction, which has had limited 

focus in previous experiments. Basaltic-andesitic scoria particles were chosen 

for time-efficiency as these demonstrated the most efficient heat transfer. 

Smaller particles were sieved onto the ice surface using a 1 mm sieve, whilst 

particles with a diameter exceeding 1 mm were placed on the surface by hand. 

The hypothesis for experiment V33 is shown in Figure 5.54. 
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Figure 5.53. Plan-view photographs of the scoria particles used in experiment V33, where (a) is 

within a beaker and (b) is scattered on the ice surface. 

 

Figure 5.54. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V33. 

5.12.1. Results and interpretation 

As expected, there were a variety of behaviours observed (Figure 5.55). These 

fell into the following categories: 

(1) Downwards movement as individual particles, 

(2) Downwards movement as particle groups, 

(3) Particles floating in the surface meltwater pond, 

(4) Particles settling on the meltwater pond base at the water-ice interface. 
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Each of these behaviour modes had been observed in previous experiments, 

aside from particles settling on the base of the meltwater pond at the water-ice 

interface. These four behaviours resulted in the formation of many melt 

pathways within the ice, an extensive region of surface melt with multiple 

proximal surface meltwater ponds (as defined as a deeper pond near a cluster 

of particles), and a basal meltwater pond.  

 

Figure 5.55. Cross-sectional images of the key features and behavioural modes associated 

with experiment V33. (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. Note the presence of a basal meltwater pond, as demonstrated in Figures 5.58 and 

5.61. 

Surface ice melted immediately, resulting in a significant change to the ice 

system within the first hour. This saw initiation of all behavioural modes, and an 

approximately 10 mm surface lowering of the ice surface. This was interpreted 

to be a result of the high rate of ice melt. In many instances, particles clustered 

together to form particle groups: the larger particles formed clusters that moved 

downwards through the ice as a unit (similar to the particle array series of 

experiments in Chapter 4 and cemented ash clusters, e.g. V1-V7 in Chapter 5), 

whilst the smaller particles (e.g. <1 mm) clustered to form a layering of finer 
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particles either floating on the surface meltwater pond or remaining at the 

proximal meltwater pond base. Individual particle movement was also 

observed. This diverse behaviour of particles resulted in a variety of particle 

velocities that melted downwards through the ice (Table 5.2, Figure 5.56). In-

person observations and time-lapse images indicated that clusters of varying 

diameters containing fine-grained (e.g. <0.1 mm) material moved downwards 

through the ice at higher particle velocities than large (e.g. >1 mm) individual 

particles. This was likely due to the flat morphology of the particle clusters 

relative to individual particles (also observed in experiments V6b and V7). 

 

Table 5.2. Particle velocities associated with different particle configurations, where ‘cluster’ is 

referring to an accumulation of fine-grained volcanic particles.  

 

Particle 

configuration 

Code and approximate 

size (mm) 

Particle velocity 

(m s-1) 

Average (m s-1) 

Single particle 

 

a, 0.1 x 0.1 1.16 x 10-6 1.25 x 10-6 

b, 0.3 x 1 1.86 x 10-6 

c, 3 x 3.5 1.16 x 10-6 

d, 2.5 x 4 7.94 x 10-7 

Cluster of particles 

(<0.1 mm) 

e, 1 x 10 1.96 x 10-6 1.61 x 10-6 

f, 0.5 x 4 1.49 x 10-6 

g, 0.5 x 4.5 1.37 x 10-6 

 

 

Figure 5.56. Cross-sectional photograph indicating the seven particle configurations described 

in Table 5.2. Note that a high number of melt pathways has distorted the images in front of 

particles (c) and (d).  
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5.12.2. Melt pathway 

Larger particles (>1 mm) melted downwards through the ice as single particles, 

whilst a cluster of fine-grained material accumulated to move down through the 

ice as a unit. A similar process was observed in experiments V6b and V7, 

although the mechanism of clustering differed: for example, fine-grained scoria 

particles clustered while on the ice surface due to surface tension effects of the 

meltwater in experiment V33, whilst experiments V6b and V7 initiated with 

cemented ash clusters that disintegrated to form smaller clusters. Therefore, 

many melt pathways (too numerous to determine from the images) formed 

within the ice (Figure 5.57). Many of these were similar sizes to the clusters of 

particles; however, the pathways were much wider in instances where there 

was a large accumulation of fine-grained material. For example, cluster ‘e’ on 

Figure 5.54 created a melt pathway from the base of the surface meltwater 

pond; therefore, when this reached the ice base, the surface and base were 

connected by a wide area of melt (approximately 50 mm across). Many melt 

pathways were vertical in orientation, although the clustered particles formed a 

concave upward morphology at the melt pathway base. All melt pathways 

remained open at the ice surface, with no refreezing processes observed. This 

suggested that the particles were within a stable (warm) thermal environment. 

No drainage processes were observed.  

 

Figure 5.57. Cross-sectional photograph of the melt pathway system that developed within the 

ice.  
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5.12.3. Proximal surface meltwater pond 

Multiple proximal surface meltwater ponds developed during experiment V33 

(Figure 5.58). These varied in dimensions (i.e. 12-80 mm wide and 5-24 mm 

deep, measured at the end of the experiment). All surface meltwater ponds 

developed immediately and reached an ‘equilibrium’ within approximately 14 

hours (identified by a stable pond system with no further growth). The 

combination of individual ponds formed a larger meltwater pond; therefore, the 

number of proximal meltwater ponds decreased throughout the experiment (i.e. 

from >10 to approximately five). The largest of the ponds (i.e. 80 mm wide and 

24 mm deep) was associated with a settling of scattered fine-grained material 

on the base of the pond, in addition to multiple large (approximately 3 mm) 

particles. The presence of fine-grained material on the base of the surface pond 

at the water-ice interface contributed to heat transfer processes and ice melt 

and was likely responsible for the larger pond dimensions relative to previous 

experiments.  

 

Figure 5.58. Cross-sectional images showing the multiple proximal surface meltwater ponds in 

experiment V33. (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. 
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5.12.4. Shallow surface meltwater pond 

Initial ice melting created a ‘scarred’ ice surface, where fine-grained particles 

clustered to form accumulated areas of melt (Figure 5.59). Many of these 

combined to create larger regions of surface melt throughout the experiment. 

‘Micro’ melt ponds also formed in instances where individual fine-grained 

particles remained isolated from the main melting region, contributing to a rough 

and irregular ice surface. Additionally, it was noted that some fine-grained 

material drained along surface gradients of the ice block to accumulate at the 

edge of the ice block in areas of low topography. This demonstrated the ease of 

redistribution of fine-grained floating material (e.g. reliant on gradient effects 

with no wind processes involved).  

 

Figure 5.59. Plan-view photographs indicating the development of surface meltwater ponds 

over four time frames (a-d) in experiment V33. 

Accumulation of surface melt and the development of large melt pathways and 

a large basal meltwater pond created a central region of melt that extended 

throughout the entire depth of the ice block (Figure 5.60). This was roughly 

circular in plan-view with a width of approximately 60-95 mm. 
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Figure 5.60. Plan-view photograph of central area of melt that extended throughout the depth of 

the ice block in experiment V33. 

5.12.5. Basal meltwater pond 

Many particles moved downwards to the ice base to create a large basal 

meltwater pond that facilitated rapid downwards movement of sinking particles 

(Figure 5.61). This grew throughout the experiment and so did not reach an 

equilibrium with the ice within the 20-hour time-frame. Maximum dimension 

were measured at approximately 75 mm wide and 18 mm high, measured at 

the front of the ice block. The development of a surface meltwater pond and 

large melt pathway meant that much of this basal meltwater pond was 

connected to the surface.  
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Figure 5.61. Cross-sectional images of basal meltwater pond. (a) observational line diagram, 

(b) photograph and (c) interpretation of the features. Note that the photograph was taken at an 

angle, so 3D distortion of the image has occurred (a) and (c). 

5.12.6. Summary 

Experiment V33 provided an insight into the behaviour of multiple volcanic 

particles within an ice system in a stable (warm) thermal environment. This 

demonstrated a mixed range of behaviours and tied together behaviours 

observed throughout the experimental series (i.e. V1-V32). This demonstrated 

the likelihood of a variety of behaviours occurring within a natural system. Many 
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features observed in experiment V33 had also been observed in previous 

experiments (e.g. a melt pathway connected to the ice surface and a basal 

meltwater pond). Although all particles demonstrated the capability of melting 

the ice, results suggested that clusters of fine-grained (<1 mm) material were 

the most efficient particles at inducing ice melt. In the case of single particles, 

the fine-grained material (<1 mm) experienced the higher particle velocities 

relative to the larger, single (approximately 3 mm) particles.  

 

5.13. V34: a scattering of basaltic-andesitic scoria particles within opaque 

ice 

Similar to experiment V33, this experiment assessed the behaviour of a 0.5 g 

scattering of volcanic material on an ice surface (Figure 5.62). This was 

conducted on an opaque ice block to also assess the influence of bubbles on 

particle-ice interaction. The hypothesis for experiment V34 is shown in Figure 

5.63. 

 

Figure 5.62. Plan-view photographs of the scoria particles used in experiment V34, where (a) is 

within a beaker and (b) is scattered on the ice surface. 
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Figure 5.63. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment V34. 

5.13.1. Results and interpretation 

Using opaque ice led to issues with time-lapse image clarity (hence, the 

justification of using optically transparent ice in experimental design). General 

patterns could be identified in time-lapse images (e.g. downwards movement of 

particles, drainage events, etc.), although results predominantly relied on in-

person observations and photography. All observations demonstrated wide-

spread ice melt immediately after particle placement.  

 

A range of behaviours was observed (consistent with results from experiment 

V33): for example, downwards moving particles to create multiple melt 

pathways within the ice, floating fine-grained (<0.1 mm) particles in a cluster 

and accumulated area of melt, single floating fine-grained particles creating 

micro-scale melt ponds, and floating single large (>1 mm) particles. However, it 

could not be determined if a scattering of fine-grained particles settled on the 

surface pond base at the water-ice interface in the same way as experiment 

V33 due to the presence of bubbles obscuring the cross-sectional view. Many 

particles moved downwards to reach the ice base; these were of all sizes and 

suggested that the presence of bubbles within the ice did not prevent 

downwards motion. The configuration of the first particles to reach the ice base 
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was a cluster of fine-grained particles (agreeing with results from experiment 

V33) and occurred within nine hours. This moved downwards to the ice base 

with a particle velocity of 2.38 x 10-6 m s-1 (higher than the highest velocity in 

experiment V33). Additional particle velocities could not be calculated due to 

image clarity issues.  

 

5.13.2. Melt pathway 

Downwards movement of many particles created multiple melt pathways within 

the ice in the same way as in experiment V33. Particles ranged from single 

large (3 mm) particles and clusters of fine-grained particles. It was evident that 

the clusters of fine-grained material were most efficient at melting downwards 

through the ice. Many melt pathways exhibited drainage features (identified by 

a gas bubble and meniscus indicating the gas/water interface), possibly 

facilitated by bubbles within the ice (although it was also noted that the 

container holding the ice was leaking).  

 

5.13.3. Proximal surface meltwater pond 

The presence of proximal surface meltwater ponds could not be identified in 

time-lapse images due to clarity issues. However, in-person observations noted 

the development of multiple proximal meltwater ponds in regions away from the 

central area of melt (described below). These were typically associated with a 

large (>1 mm) floating particle and floating fine-grained (<1 mm) particles 

(Figure 5.64).  
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Figure 5.64. Plan-view photograph of individual proximal surface meltwater ponds associated 

with floating particles and the scarred surface in experiment V34.  

Similar to experiment V33, wide melt pathways and a basal meltwater pond 

caused the central region of melt to extend down the entirety of the ice block. 

In-person observations showed a similar structure as observed in experiment 

V33, with a width of approximately 70x60 mm.  A cluster of fine-grained 

particles at the base of the ice were responsible for the downwards extent of the 

melt. 

 

5.13.4. Shallow surface meltwater pond 

The development of surface meltwater occurred on the same timescale and 

produced the same features as observed in experiment V33. The surface 

meltwater produced a ‘scarred’ ice surface with areas of accumulated melt, 

‘micro’ surface melt ponds, central areas of melt, and redistribution of surface 

particles across surface gradients. The similarity in ice surface texture in both 

experiments indicated that bubbles within the ice had little influence on the 

surface meltwater development. In experiment V34 the most substantial 

changes occurred within the first three hours of the experiment (Figure 5.65), 

where small regions of melt accumulated to create a central surface meltwater 

pond. These utilised already-present weaknesses within the ice (e.g. fractures 

on the ice surface) as areas of accumulation. However, a drainage event four 
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hours into the experiment lowered the central area of surface meltwater (Figure 

5.65e), and resulted in a concentration of floating particles in a hollow on the ice 

surface, although these remained floating in the meltwater. The presence of 

fine-grained particles in the regions away from the central area of melt created 

small surface melt ponds. 

 

Figure 5.65. Plan-view photographs showing the development of surface meltwater over nine 

time frames (a-i) in experiment V34. 

5.13.5. Basal meltwater pond 

The presence of a basal meltwater pond could not be confirmed by time-lapse 

images due to clarity issues. However, in-person observations noted that 

surface meltwater extended downwards to the ice base. Therefore, it can be 
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interpreted that downwards moving particles created a basal meltwater pond 

which combined with many of melt pathways within the ice to create the central 

area of melt. Results from experiment V33 informed this interpretation as many 

of the processes involved in experiment V34 occurred in a similar manner to 

experiment V33.  

 

5.13.6. Summary 

Many processes observed with an optically transparent ice system (i.e. in 

experiment V33) also occurred with an opaque ice system (experiment V34). 

Although this could not be imaged in the same detail as in previous 

experiments, in-person observations noted the presence of a variety of 

behavioural modes. These created similar features to those observed in 

previous experiments (e.g. surface meltwater, melt pathways within ice, a basal 

meltwater pond). However, drainage events occurred within this experiment, 

allowing the development of hollows on the ice surface. Many of the downwards 

moving particles were within a partially drained melt pathway, and the central 

surface meltwater pond experienced a surface lowering that concentrated fine-

grained floating particles in the central segment of the ice block. The 

widespread drainage event was likely due to the nature of the bubbly ice, with 

plenty of air space for water to drain into. However, it was also noted that water 

was leaking from the plastic container, contributing to the drainage of water 

within the ice. 

 

5.14. Conclusions 

Experimental work in Chapter 5 demonstrated that volcanic particles can 

effectively melt ice, despite having traditionally viewed ‘melt-limiting properties’ 

(e.g. a low thermal conductivity, high albedo in the case of pumice particles, 

etc.). Results (1) provided an insight into the relationship between thermally 

insulating particles and meltwater convection, (2) further developed 

interpretation from Chapter 4 on the role of the ice structure on influencing 

particle-ice interaction, and (3) demonstrated the possibility of particle 

fragmentation and/or loss of fine-grained material from a particle surface and 

the impact of these two processes on particle-ice interaction. 
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5.14.1. Convection 

Volcanic particles were associated with a melt pathway that exceeded the 

particle diameter. This was typically double the particle diameter and was 

indicative of strong convection systems within the melt pathway. It is likely that 

this was driven by a warmed particle top surface (associated with a low thermal 

conductivity). This process resulted in a near-spherical melt pathway 

morphology in the case of slow moving particles (e.g. experiment V12).  

 

These findings were consistent with results from experiments using thermally 

insulating control particles (e.g. Delrin®) and contrasted with results from 

experiments using thermally conductive control particles (e.g. metal particles) in 

Chapter 4. Ultimately, this demonstrated two key points: (1) the larger extent of 

melting associated with volcanic particles through meltwater convection, and (2) 

meltwater convection was the dominant heat transfer mechanism during 

volcanic particle-ice interaction.  

 

5.14.2. Ice structure 

Results of Chapter 5 confirmed those of Chapter 4, in which the vein network 

influenced the angle of downwards particle trajectory and rate of particle 

movement. Experimental work in Chapter 5 developed these findings and 

indicated that the vein network also controlled the melt pathway morphology, 

predominantly through facilitating drainage events (e.g. as observed in 

experiment V21). This additionally allowed melt-limiting processes to occur 

sometimes; for example, advection of heat away from the particle-ice interaction 

via draining meltwater (as observed in experiment V12).  

 

5.14.3. Particle loss and fragmentation 

The loss of fine-grained material from a particle surface was observed in almost 

all experiments involving volcanic material. These fine-grained particles floated 

in meltwater and remained at the ice surface whilst, in some cases, the original 

particle moved downwards through the ice. The fine-grained material acted as 

absorbers of incoming radiation in the same way as the single particle and 
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transferred energy into the ice, increasing the volume of melt. Therefore, this 

process facilitated multiple focal points of ice melt and allowed for the 

development of a surface meltwater pond away from the proximity of the 

original particle. It was likely that the fine-grained material was also introduced 

into the melt pathway column of meltwater, encouraging a widening of this 

region.  

 

Interestingly, experimental work also indicated the likelihood of particle 

fragmentation once within the ice system. This differed from that described 

above; instead, it was observed that particles fragmented at the particle base. 

This was the case for all material investigated in this experimental series, 

although this occurred most with the pumice particles (e.g. experiments V25-

V32). This was likely a result of the high porosity associated with the pumice 

particles, facilitating a pathway for percolating meltwater and saturation of the 

particle. Freeze-thaw mechanisms were suggested as the responsible process 

for particle fragmentation, reinforced by refreezing processes observed when 

analysing the disintegration of cemented ash clusters. Working hypotheses for 

this are discussed in detail in Chapter 7.  
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6. An experimental investigation into the behaviour of 

microplastic particles within the cryosphere 

Microplastic particles are accumulating within the cryosphere (Zhang et al., 

2021) and so understanding the behaviour of these particles on and within ice is 

important. This microplastics study investigated surface and embedded single 

particles and a scattering of surface particles (Mp1-Mp19). Polypropylene and 

polyethylene particles were used, and these had low relative albedo and 

thermal conductivity (Chapter 3). Polypropylene had a low density (i.e. floating 

behaviour) and polyethylene had an intermediate density, where test 

experiments showed mixed behaviours of floating and sinking particles within a 

beaker of water at 0°C. Three categories based on particle diameter were 

investigated: (1) large: 4-5 mm, (2) medium: 1-4 mm, and (3) small: <1 mm. 

Experiments were described individually according to these diameter categories 

for ease of discussion, in chronological order of experiment code, and repeat 

experiments were subsequently grouped to allow comparisons to be drawn. 

Surface meltwater is described by the horizontal extent on the ice surface (i.e. 

width and length), and depth within the ice. This is further split into two features: 

a proximal meltwater pond (i.e. the deeper zone of meltwater near a particle), 

and a shallow surface meltwater pond (i.e. a larger extent of shallow melt on the 

ice surface). The thermal environment was difficult to distinguish in many 

experiments in Chapter 6 as particles typically remained stationary and so has 

not been included as rigorously during the interpretation of processes. The 

average freezer and proxy ice temperatures for each experiment are recorded 

in Appendix 16. 

 

Table 6.1. A summary of experiments investigating the behaviour of microplastic particle-ice 

interaction, indicating the particle composition, diameter and associated thermal environments 

as defined in Chapter 3. 

Experiment 
code 

Particle composition Placement 
Diameter and 
category (mm) 

Mp1 Polyethylene Single, surface <1 (small) 

Mp2 Polyethylene Single, surface 5 (large) 

Mp3 Polypropylene Single, surface 5 (large) 

Mp4 Polypropylene Single, surface 5 (large) 

Mp5 Polypropylene Single, surface 5 (large) 

Mp6 Polyethylene Multiple, embedded 4-5 (large) 

Mp7 Polyethylene Single, surface <1 (small) 
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Experiment 
code 

Particle composition Placement 
Diameter and 
category (mm) 

Mp8 Polyethylene Single, surface 1.5 (medium) 

Mp9 Polyethylene Single, surface 5 (large) 

Mp10 Polyethylene Single, surface <1 (small) 

Mp11 Polypropylene Single, surface 5 (large) 

Mp12 Polyethylene Single, surface 1.5 (medium) 

Mp13 Polyethylene Multiple, embedded 1-4 (medium) 

Mp14 Polyethylene Single, surface 4.5 (large) 

Mp15 Polyethylene Scattering, surface <1 (small) 

Mp16 Polyethylene Scattering, surface <0.5 (small) 

Mp17 Polyethylene Scattering, surface <1 (small) 

Mp18 Polyethylene and 
polypropylene 

Multiple, embedded 1-5 (medium and 
large) 

Mp19 Polyethylene Scattering, surface <1 (small) 

 

6.1. Mp1: a small polyethylene surface particle  

Mp1 investigated a ‘small’ 1 mm microplastic particle to assess the behaviour of 

microplastic particle-ice interaction. This was roughly spherical and black in 

colour (Figure 6.1), with an intermediate density (i.e. close to the value of water, 

Chapter 3). The hypothesis for experiment Mp1 is shown in Figure 6.2. 

 

Figure 6.1. Plan-view photograph of the 1 mm Mp1 polyethylene particle.  
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Figure 6.2. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment Mp1.  

6.1.1. Results and interpretation 

The Mp1 particle melted the ice after surface placement and floated when 

sufficient meltwater had been produced, agreeing with the hypothesised 

outcome. Floating behaviour was identified by the meltwater pond extending 

from the particle base within the first hour of the experiment. This resulted in 

lateral particle movement by approximately 5 mm as it floated in the surface 

meltwater pond. It was determined that the Mp1 particle experienced a stable 

(warm) thermal environment, although it was likely that this was close to the 

stable (cool) thermal environment as ice melt was observed throughout the 

experiment with no refreezing processes noted, although melt extent was 

limited relative to results from the density series of experiments (Chapter 4). 

The limited meltwater was determined to be a combination of a slightly cooler 

stable (warm) thermal environment, and drainage events.   

 

6.1.2. Surface meltwater 

Initial ice melt created a circular meltwater pond, although lateral particle 

movement elongated the surface meltwater during the first nine hours. This was 

caused by the particle being ‘pinned’ to the pond edge, likely a result of surface 

tension effects. There were no signs of refreezing in the region remote from the 
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particle. The surface meltwater evolved into an almost symmetrical area of melt 

when lateral movement of the particle ceased (Figure 6.3, although the extent 

of meltwater was limited compared to results from previous experiments (e.g. 

the density series in Chapter 4). The cause of limited meltwater will be 

investigated in future experiments (e.g. possible drainage into the vein 

network). 

 

 

Figure 6.3. Cross-sectional images showing the development of a surface melt pond in 

experiment Mp1. (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. 

6.1.3. Summary 

Experiment Mp1 was consistent with results from many of the low density 

experiments in Chapter 4, where the particle was buoyant in meltwater 

produced. Despite a low thermal conductivity, efficient heat transfer (due to a 

low albedo surface and short thermal pathway) resulted in particle-induced ice 

melt throughout the entire experiment. This formed a circular meltwater pond 

initially, although migration of the particle on the ice surface created an 

elongated pond and demonstrated the capability of low density particles in 
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modifying the morphology of surface melt by redistribution processes. Melt was 

restricted to the immediate proximity to the particle (approximately 1 mm from 

the particle extent), suggesting that this was the sphere of influence in this 

thermal environment.  

 

Mp7 and Mp10 nominally duplicate Mp1 and both showed that a small 

polyethylene particle floated in the meltwater produced, although the extent of 

melt differed between each experiment. The melt extent in experiment Mp7 

compared well with that observed in Mp1 (e.g. <5 mm), although this was likely 

due to extensive drainage processes. Results in experiment Mp10 contrasted 

with both Mp1 and Mp7 as the particle created an extensive meltwater pond 

(approximately 160 mm width, extending inwards by 60 mm with a depth of 1-2 

mm). Extensive drainage processes and surface meltwater observed in 

experiments Mp7 and Mp10 were indicative of the ice being at, or very close to, 

PMP.   

 

Drainage in experiment Mp7 was to a much greater extent than in experiment 

Mp1 and resulted in a downwards movement of the Mp7 particle to a depth of 

approximately 9 mm (compared to approximately 1 mm in experiment Mp1). 

This was a result of the particle moving with the periodically lowering meltwater 

surface (e.g. similar to that observed in experiment V21) during drainage 

events. This supported previous results from control experiments in Chapter 4 

that drainage events were intermittent. In contrast with experiment V21, there 

was a period of upward movement of the meltwater pond (and, therefore, 

particle). It was identified in these instances, particle-induced ice melt exceeded 

the rate of meltwater drainage.  

 

The diameter of the drained melt pathway varied with depth, where larger 

widths (e.g. approximately 5 mm) represented longer periods of stationary 

behaviour allowing the particle to melt the proximal ice and widen the melt 

pathway, whilst smaller widths (e.g. approximately 3 mm) represented shorter 

time periods of stationary behaviour (this was consistent with results from 

experiment V21). It was deduced that the ice was at PMP in experiment Mp7 
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due to the fragmentation of the ice surface from the wide, water-filled vein 

network (Figure 6.4). This likely facilitated the extensive drainage processes.  

 

Figure 6.4. Cross-sectional photograph of drained surface meltwater pond and the vein network 

in experiment Mp7.  

6.2. Mp8: a medium polyethylene surface particle 

Experiment Mp8 investigated a medium-sized (approximately 1.5 mm) 

microplastic (Figure 6.5). Therefore, this considered the role of particle diameter 

on microplastic-ice interaction. The hypothesis for experiment Mp8 is shown in 

Figure 6.6. 

 

Figure 6.5. Plan-view photograph of the 1.5 mm Mp8 polyethylene particle. 
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Figure 6.6. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment Mp8.  

6.2.1. Results and interpretation 

Particle-induced ice melt started within the first 30 minutes of the experiment, 

resulting in the formation of a circular surface meltwater pond. The Mp8 particle 

floated in the surface meltwater, with drainage events lowering the meltwater 

level.  

 

6.2.2. Surface meltwater 

Heat transfer into the ice created a circular surface meltwater pond, agreeing 

with the hypothesised outcome. This had a greater meltwater depth relative to 

previous experiments, likely due to drainage events (Figure 6.7). This was a 

similar process as that observed in Mp7, although this was to be expected as 

experiment Mp8 was conducted on the same ice block as Mp7; therefore, it 

experienced the same hydrological systems within the ice (e.g. the vein 

network). The meltwater pond was narrower at the bottom (approximately 3 

mm), suggesting that the particle did not remain at the base of the drained melt 

pond for long. Instead, continued ice melt and drainage of surface melt into the 
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hollow resulted in an upwards movement of meltwater level and, subsequently, 

the particle to the ice surface.  

 

Figure 6.7. Images showing surface melting morphology in experiment Mp8, with a plan-view 

(left) and cross-sectional view (right). (a) observational line diagram, (b) photograph and (c) 

interpretation of the features. 

A particle from a previous experiment (Mp7) was present within a drained 

channel on the ice surface at the start of the Mp8 experiment. The drained Mp7 

melt pathway filled with water throughout the experiment duration, despite not 

being subjected to illumination. It was deduced that this was caused by surface 

meltwater drainage into the Mp7 drained channel, likely from Mp8 particle-

induced ice melt. The presence of drainage channels and coarse vein network 

within the ice suggested that experiment Mp8 was conducted close to the 
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unstable thermal environment; however, this was not at PMP as the ice was 

stable in the solid state before the illumination was turned on. Therefore,  

melting was a result of: (1) particle-ice heat transfer, and (2) heat from vapour 

deposition onto the ice surface creating small-scale melt processes on the ice 

surface due to the proximity to PMP. 

 

6.2.3. Summary 

Results from experiment Mp8 compared well with those using smaller 

microplastic particles. Although the melt pond reached a greater depth, this was 

not simply a result of particle-induced ice melt as drainage processes were 

involved. Therefore, many of the hypothesised processes could not be 

confirmed (e.g. if a larger plastic particle was associated with a greater extent of 

ice melt).  

 

This experiment was repeated in experiment Mp12. This was conducted on a 

different ice block to Mp8 and so did not experience the same hydrological 

conditions. Despite this, a very similar process occurred (i.e. a lowering of 

surface meltwater resulted in a downwards movement of approximately 17 mm 

by the floating particle into the ice). However, the morphology of the melt 

pathway was more comparable to experiment V21 than Mp7 and Mp8 as no re-

filling events occurred; instead, the particle periodically moved downwards as it 

remained floating in the meltwater, creating an undulating morphology (as 

described in Chapter 5). It was noted that the container was leaking meltwater, 

and this facilitated drainage events.  

 

6.3. Mp2: a large polyethylene surface particle 

Mp2 investigated the behaviour of a large (approximately 5x2 mm) microplastic 

particle (Figure 6.8). This had an angular and thin (<1 mm) morphology. The 

hypothesis for experiment Mp2 is shown in Figure 6.9. 
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Figure 6.8. Plan-view photograph of the 5 mm Mp2 microplastic particle. 

 

 

Figure 6.9. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment Mp2.  

6.3.1. Results and interpretation 

Similar to all previous microplastic experiments, ice melt began immediately 

after particle placement to create a meltwater pond. The Mp2 particle floated in 

meltwater, first observed within 25 minutes of the experiment start. The rapid 

initiation of floating behaviour may have been a result of the thin particle 

morphology (i.e. <1 mm), allowing fast heat conduction through the particle’s 
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short thermal pathway to the underlying ice. Similar to previous experiments 

(e.g. Mp1), the floating behaviour facilitated lateral movement of the Mp2 

particle by approximately 55 mm within 17 hours and created a channel of 

meltwater. However, this movement caused the particle to move to a region 

with no illumination. Lateral movement ceased when this occurred, and 

resumed when the cover was removed (thus, exposing the Mp2 particle to the 

illumination). This indicated that the particle heating effect was the driver of 

lateral movement across the ice surface by melting the proximal ice and driving 

convection. 

 

The surface meltwater pond initially matched the morphology and size of the 

particle in the early development of surface melt (indicating conduction-driven 

melting). This evolved into a spherical meltwater pond extending approximately 

1-2 mm from the particle extent (indicating convection-driven melting), until 

lateral movement of the particle created an elongated meltwater pond with a 

maximum dimension of approximately 65 mm in length, 20 mm in width and 1 

mm in depth. However, there was also a deeper area of melt near the particle 

itself (approximately 3-4 mm depth). This was comparable to meltwater 

observed in experiment Mp1, although to a greater extent.  

 

6.3.2. Summary 

Experiment Mp2 demonstrated the role of particle heating in lateral migration of 

a low density particle across an ice surface. This moved laterally by 

approximately 55 mm until it was no longer able to absorb radiation, removing 

the particle heating effect. When absorption resumed (due to removal of a cover 

above the particle), lateral movement also resumed to cause a 65 mm migration 

across the ice surface. This had an influence on the morphology of the surface 

meltwater.  

 

This experiment was repeated in two future experiments (Mp9 and Mp14). 

These both demonstrated the same buoyant behaviour as observed in previous 

experiments. However, both experiments were associated with a greater 

volume of ice melt compared to experiments investigating smaller particles, 

suggesting a relationship between microplastic size category and area of ice 
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melt. For example, the Mp9 and Mp14 particles created a meltwater pond with a 

width and depth of 30 mm and 27 mm, and 23 mm and 18 mm, respectively 

(although Mp9 also experienced drainage processes).  

 

Experiment Mp9 and Mp14 showed a similar developmental progression of 

surface meltwater, where initial meltwater had a similar morphology to that of 

the particle (in this case, broadly triangular) until evolution into a circular melt 

pond was observed. These results indicated that the initial melt morphology 

was controlled by conduction of heat from the particle into the ice system as the 

particle surface was in contact with the ice. However, meltwater convection 

became the dominant heat transfer mechanism once conduction ceased as 

soon as the particle surface was no longer in contact with the ice (i.e. floating 

behaviour), favouring a circular melt morphology. Additionally, the migration of 

low density particles across an ice surface has been a common process in 

previous experiments; this was also observed in experiments Mp9 and Mp14 

where lateral movements of approximately 30 mm and 25 mm, respectively, 

created elongated areas of surface melt (Figure 6.10). Lateral movement in 

Mp14 was rapid, with the particle moving to a new location on the ice block 

within each time-lapse image (e.g. within a five minute period) in the first three 

hours of the experiment.  
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Figure 6.10. Cross-sectional images of elongated melt ponds in experiment Mp9 (left) and 

Mp14 (right). (a) observational line diagram, (b) photograph and (c) interpretation of the 

features. 

Similar to experiments Mp7, Mp8, and Mp12, drainage events occurred within 

experiment Mp9 and lowered the particle to a depth of approximately 17 mm 

into the ice. This remained floating in an asymmetrical meltwater pond 

throughout (Figure 6.11). Multiple drainage events resulted in a fluctuation in 

the depth of the Mp9 particle within the ice, and likely contributed to the 

asymmetrical morphology of the meltwater pond. However, a refilling of the 

partially drained channel resulted in the upwards movement of the Mp9 particle 
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to reach the ice surface and facilitated further lateral movement in the final 

stages of the experiment. This demonstrates the dynamic nature of microplastic 

particle-ice interaction. 

 

Figure 6.11. Cross-sectional photographs comparing a partially drained meltwater pond and re-

filled drained meltwater pond in experiment Mp9, with (a)-(b) denoting a three hour difference.  

6.4. Mp4: a large polypropylene surface particle 

Experiment Mp4 investigated the behaviour of a large (5 mm) polypropylene 

particle. In addition to considering subtle differences in density (e.g. 890-920 kg 

m3 compared to 910-940 kg m3 of polyethylene), the experiment also 

considered the effect of particle morphology as the polypropylene particles were 

perfectly spherical, whilst polyethylene particles ranged in morphology from 

roughly spherical to angular (e.g. Mp9). The hypothesis for experiment Mp4 is 

shown in Figure 6.12. 
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Figure 6.12. Schematic cross-sectional view of the hypothesised particle-ice interaction in 

experiment Mp4.  

6.4.1. Results and interpretation 

A surface meltwater pond formed immediately after surface placement. The 

initial morphology was spherical, matching the particle shape. This reached a 

maximum width and depth of approximately 7 mm and 4 mm, respectively 

(Figure 6.13). Therefore, the Mp4 particle did not generate sufficient meltwater 

to become fully submerged or buoyant. Although melting and refreezing 

processes settled into a state of equilibrium within four hours of the experiment 

start, drainage events after 32 hours caused a fluctuation of meltwater level 

(e.g. a lowering of approximately 2-3 mm). However, as the Mp4 polypropylene 

particle was not floating, this drainage event had little effect on the overall 

position of the particle within the ice.   
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Figure 6.13. Plan-view photographs of meltwater progression in experiment Mp4, with (a)-(c) 

denoting a 41 hour time difference.  

Limited production of meltwater relative to previous experiments (e.g. 

investigating polyethylene particles) was suggested to be a combination of 

factors: firstly, the particle in a previous experiment (Mp3) experienced a stable 

(cold) thermal environment due to low freezer temperatures. As Mp4 was 

conducted immediately after Mp3 without any freezer temperature modification, 

the reduced particle-ice interaction was likely a result of cold freezer 

temperatures (also recorded in the proxy ice temperatures), in addition to 

drainage processes in the latter stages of the experiment. Therefore, although 

the particle was transferring heat into the ice to cause ice melt, this was limited 

by conduction of energy away from the particle before the ice temperature could 

be raised to PMP by particle heat exchange. Secondly, the 5 mm polypropylene 

particle had a longer thermal pathway than a polyethylene particle (e.g. a width 

of approximately 1 mm). The longer thermal pathway may limit heat transfer to 

water and ice; instead, convective heat losses to the atmosphere drive heating 

of air. However, as melting could occur (albeit limited), it was deduced that the 

particle was within a stable (cool) thermal environment.  

 

6.4.2. Summary 

Experiment Mp4 did not provide detailed information of the behaviour of a large 

polypropylene particle interaction with ice as it was conducted within a stable 

(cool) thermal environment and showed limited particle-ice interaction. 

However, this indicated that a low density, low thermal conductivity, and low 

albedo spherical polypropylene particle was capable of melting ice despite melt-

limiting conditions (as defined in previous experiments, e.g. cold temperatures, 
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drainage processes). This also suggested a role of particle morphology, and 

consequently, the length of the thermal pathway, in dictating the extent of melt.  

 

Two repeat experiments were conducted to assess the behaviour of a large 

spherical microplastic as particle-ice interaction was limited in Mp4. Both repeat 

experiments (Mp5 and Mp11) experienced contrasting behaviour to Mp4; the 

Mp5 particle generated a large amount of meltwater (200x110 mm with a depth 

of approximately 19 mm), whilst Mp11 moved downwards into the ice through a 

lowering of meltwater by drainage events. Both experiments were complex and 

provided useful insights into the behaviour of low density particle-ice interaction 

and demonstrated that a 5 mm polypropylene particle was buoyant in the 

meltwater (i.e. floating behaviour began within one and two hours in experiment 

Mp5 and Mp11, respectively).  

 

Firstly, Mp5 demonstrated the capability of a particle with a low thermal 

conductivity, density, and albedo to efficiently melt ice. Similar to many volcanic 

particles, the Mp5 particle created a proximal surface meltwater pond and a 

shallow surface meltwater pond. The proximal meltwater pond morphology was 

dependent on lateral movement of the particle (Figure 6.14). A shallow (4-5 

mm) meltwater pond also extended across the entire ice surface (e.g. 200 mm). 
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Figure 6.14. Cross-sectional images showing the development of a proximal surface meltwater 

pond over three time frames in experiment Mp5. (a) observational line diagram, (b) photograph 

and (c) interpretation of the features. 

Experiment Mp5 also indicated the extent to which the advection of heat can 

trigger further ice melt. Melting was not restricted to the proximity of the particle 

as meltwater was observed across the ice surface, down the side of the ice 

block, and at the ice base (Figure 6.15). Bulk melting of ice due to an unstable 

thermal environment was discounted as other ice blocks stored within the 

freezer remained stable in the solid state, and so it was deduced that freezer 

temperatures allowed stable ice. Instead, the large volume of surface melt 

(created by air heating by the top surface of the particle) likely drained between 

the ice and container, resulting in the advection of heat along this trajectory to 

melt the proximal ice. This accumulated at the ice base, further driving ice melt 

to create a basal meltwater pond. Therefore, a forced convection system was 

established with the movement of warmer meltwater through gravity causing 

increased ice melt.  
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Figure 6.15. Cross-sectional photograph indicating melting associated with the advection of 

heat in experiment Mp5.  

A combination of extensive lateral movement and frequent drainage events 

resulted in a complex interaction between the low density particle and ice in 

experiment Mp11 (Figure 6.16). Lateral particle movement was observed during 

initial drainage processes, extending the width of the lowered meltwater pond. 

The continued production of meltwater indicated that the particle was actively 

transferring heat into the ice to cause ice melt throughout the experiment 

duration.  
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Figure 6.16. Plan-view images of irregular melt surface in a full and partially drained meltwater 

pond in experiment Mp11. (a) observational line diagram, (b) photograph and (c) interpretation 

of the features.  

Although small-scale drainage events were continuous throughout, a large-

scale drainage event occurred approximately 28 hours into the experiment, 

resulting in full drainage of meltwater within the meltwater pond. This lasted 

approximately nine hours and caused the particle to move downwards with the 

draining meltwater to a depth of approximately 38 mm. This large-scale 

drainage event was associated with a loss of meltwater from the ice container, 

and so it was no longer a closed system. The end of this drainage event was 

identified when downwards movement of the particle ceased and the 

development of a new meltwater pond at the base of the previously drained 

meltwater pond was observed. This grew to a maximum width and depth of 

approximately 19 mm and 25 mm, respectively; the addition of meltwater into 

the drained meltwater pond from particle-ice interaction allowed the particle to 

move upwards by approximately 16 mm as it floated in the meltwater produced 
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(Figure 6.17). This demonstrated that at this stage, the rate of ice melt 

exceeded the rate of drainage.  

 

 

Figure 6.17. Cross-sectional images showing the development of a new meltwater pond at the 

base of the drained meltwater pond in experiment Mp11.  (a) observational line diagram, (b) 

photograph and (c) interpretation of the features. 

A second large-scale drainage event occurred approximately 60 hours into the 

experiment. This lasted approximately three hours and cause the Mp11 particle 

to lower to a depth of approximately 40 mm within the ice. The particle 
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remained at this depth for the remainder of the experiment and continued to 

transfer heat into the ice system to create a meltwater pond at the base of the 

partially drained melt pathway.  

 

Icicles extruding from the leak point on the container were present; it is likely 

that these ‘plugged’ the container, and then were overwhelmed (Figure 6.18). 

The formation of these icicles from leaking meltwater also confirms that ice melt 

was caused by particle-ice interaction, as water refroze once sufficiently far 

from the particle-heat influence. It was deduced that the Mp11 particle 

experienced a stable (warm) thermal environment.  

 

Figure 6.18. Cross-sectional photograph of icicles extruding from the Mp11 ice block.  

Experiments Mp4, Mp5, and Mp11 demonstrated the complexity associated 

with low density particle-induced ice melt. Unlike those with a high density, 

refilling of meltwater within drained channels can result in the upwards 

migration of the low density particle (also observed in experiments Mp7, Mp8, 

and Mp9). Consistent with results from the polyethylene experiments, the 
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buoyant nature of polypropylene facilitated extensive and rapid lateral 

movement of a microplastic particle, consequently creating a complex network 

of melt channels on or within the ice.  

 

6.5. Mp6: embedded microplastic particles 

Experiment Mp6 investigated the behaviour of many large microplastics 

embedded within the ice (e.g. more than 30). These were polyethylene particles 

with diameters in the ‘large’ category. The hypothesis for experiment Mp6 is 

shown in Figure 6.19. 

 

Figure 6.19. Schematic cross-sectional view of the hypothesised particle-ice interaction for 

experiment Mp6.  

6.5.1. Results and interpretation 

Ice melt was first observed within 30 minutes of the experiment start. This was 

identified as spherical areas of meltwater surrounding particles within the ice. A 

mixture of behaviour was observed, where four polyethylene particles moved 

upwards through the ice, and others remained at the ice base. Therefore, the 

latter behaviour was dominant. Upwards moving particles had mean velocities 

of 3.71 x 10-7 m s-1, 5.06 x 10-7 m s-1, 6.34 x 10-7 m s-1 and 8.21 x 10-7 m s-1. In 

some instances, particles were able to move upwards through the ice, but an 
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expanding basal meltwater pond reached the base of the particle melt pathway 

and led to small drainage events and prevented further particle movement. 

Additionally, it was noted that one microplastic particle moved through the ice to 

reach the ice surface with a high mean velocity of 8.21 x 10-7 m s-1. This 

behaviour was a result of the particle moving 45 mm to the ice surface within a 

single time-lapse image frame (i.e. five minutes). The particle was 

approximately 4x3 mm in size, with a width of <1 mm (and was, therefore, very 

thin). It was likely that the particle intercepted the water-filled vein network to 

move upwards to the ice surface within the five-minute period.  

 

6.5.2. Melt pathway 

The presence of multiple upwards moving particles created multiple melt 

pathways. These initially encased the particle in a spherical area of melt and 

became elongated when the particle started moving upwards through the ice. 

Particle movement was typically along an inclined trajectory (thought to be a 

result of the irregular morphology of the particle causing irregular heating 

patterns and possible intersection with the vein network); therefore, the melt 

pathways were also inclined (Figure 6.20). The presence of multiple melt 

pathways within the ice facilitated rapid movement of particles when 

intercepting another melt pathway. For example, a microplastic moved upwards 

by approximately 26 mm within a time-lapse frame (i.e. five minutes) as it 

intercepted an open melt pathway. No refreezing of the melt pathways was 

evident and so it was deduced that the Mp6 particles experienced a stable 

(warm) thermal environment.  
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Figure 6.20. Cross-sectional photograph of inclined melt pathway in experiment Mp6. 

6.5.3. Surface meltwater pond 

Once at the ice surface, the microplastic particles continued to transfer heat into 

the ice to create a surface meltwater pond. This had the additional heating 

component by heating of the air from the particle top surface, likely extending 

the width of the surface meltwater. Lateral movement of the surface particles 

extended the surface meltwater width. Maximum dimensions reached across 

the full extent of the ice block (i.e. approximately 200 mm), inwards by 

approximately 130 mm, and had a maximum depth of approximately 14 mm.  

 

6.5.4. Basal meltwater pond 

Most particles did not move upwards through the ice block, suggesting that 

many previous floating particles were held at the surface by surface tension 

(facilitated by an ‘intermediate’ density close to the value of water). Instead, 

these transferred heat into the ice to induce melting and create individual melt 

ponds encasing the particles. These combined to form a basal meltwater pond 

within approximately five hours after the experiment start (Figure 6.21). This 

was connected to the surface meltwater pond at the left container edge 50 
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hours into the experiment. Approximately 8 mm of ice remained between the 

surface and basal meltwater pond; it was hypothesised that if the experiment 

had continued, the ice would have continued to melt until the entire area was 

melted. This demonstrated the strong particle-heating effect of multiple 

microplastic particles within a closed ice system.  

 

 

Figure 6.21. Cross-sectional images of the basal and surface meltwater pond in experiment 

Mp6. (a) observational line diagram, (b) photograph and (c) interpretation of the features. 

6.5.5. Summary 

Experiment Mp6 showed multiple microplastic behavioural modes that resulted 

in four microplastic particles moving to the ice surface to create a surface 

meltwater pond, and most microplastics remaining at the ice base to create a 

basal meltwater pond. The presence of multiple particles within the ice system 

resulted in a great extent of ice melt. This eventually resulted in the surface and 

basal meltwater ponds growing and nearly combining to form one large region 

of melt.  
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Two repeat experiments (Mp13 and Mp18) were conducted to confirm findings 

from experiment Mp6. These also assessed a range of microplastic sizes (e.g. 

spanning the medium and large categories). Similar to experiment Mp6, the 

dominant behaviour in both Mp13 and Mp18 was microplastics moving to the 

ice base and remaining in a basal meltwater pond. Mp13 saw two microplastics 

move up to the ice surface (with particle velocities of 1.90 x 10-7 m s-1 and 2.20 

x 10-7 m s-1), whilst Mp18 saw three microplastics move upwards through the 

ice (with particle velocities of 6.36 x 10-7 m s-1, 9.19 x 10-7 m s-1 and 2.00 x 10-6 

m s-1). A rapid movement occurring within a single time-lapse frame was also 

observed for both microplastics in experiment Mp13, where both particles 

moved 51 mm and 47 mm within five minutes. This rapid movement occurred 

on the same trajectory within the ice system; this could suggest that both 

microplastics intercepted the vein network within the ice.  

 

Similar to experiment Mp6, experiment Mp13 demonstrated that initial melt was 

spherical in morphology and encased individual particles (Figure 6.22). These 

eventually combined to form a large volume of basal melt. It was noted that 

some drainage processes had occurred as gas bubbles were present at the top 

of most melt regions. This may have prevented upwards movement of the 

particles as many of the particles were at the top of a basal meltwater pond (i.e. 

they were floating). Multiple basal meltwater ponds were identified in the 

following locations, although it was noted that all basal meltwater was 

connected, except for basal pond (1): 

(1) Extending across the entire horizontal extent of the ice block with a 

height of approximately 15 mm. This contained a cluster of microplastics. 

(2) On the left-hand side of the ice block, with a width of approximately 75 

mm and height of approximately 10 mm. This contained <10 microplastic 

particles.  

(3) On the right-hand side of the ice block, with a width of approximately 130 

mm and height of approximately 5 mm. Does not appear to contain any 

microplastic particles. 

(4) Central pond in the focus of the beam with many plastics within. 

Drainage appears to have occurred due to the presence of gas spaces at 

the top of the meltwater pond. Therefore, drainage processes likely 



 287 

prohibited upwards movement of some microplastic particles (in the 

same way as experiment Mp6). 

The upwards motion of microplastics created a surface meltwater pond once 

the particles reached the ice surface. This extended the entire horizontal extent 

of the ice block, inwards by approximately 10 mm, and had a depth of 

approximately 3 mm. This was likely due to heating of air by convective heat 

loss by the particle.  

 

Figure 6.22. Cross-sectional photograph of meltwater surrounding an embedded microplastic 

particle in experiment Mp13.  

Mp18 differed from Mp6 and Mp13 as two microplastic types were assessed: 

polyethylene and polypropylene. The polypropylene particle demonstrated rapid 

upwards movement (starting within one hour), as it melted the ice and floated in 

meltwater produced. This moved upwards with a particle velocity of 2.00 x 10-6 

m s-1 to reach the ice surface within six hours and created a melt pathway with 

a width similar to the particle diameter (e.g. 5-6 mm). No refreezing processes 

were observed and so it was deduced that the particle was operating within a 

stable (warm) thermal environment. A drainage event lowered the particle into 

the ice (Figure 6.23), although the particle melted upwards again to reach the 

ice surface within a further three hours . In addition to a proximal surface 

meltwater pond, a shallow surface meltwater pond formed with a width and 

depth of approximately 180 mm and 10 mm, respectively. The pond width was 

likely formed by heating of the air through convective heat losses to the 

atmosphere, facilitated by the stable (warm) thermal environment.  
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Figure 6.23. Cross-sectional images of the melt pathway and proximal surface meltwater pond 

associated with the polypropylene particle in experiment Mp18, where left is indicating drainage 

immediately after reaching the surface, and right is showing the development of surface 

meltwater with lateral movement. (a) observational line diagram, (b) photograph and (c) 

interpretation of the features. 

Multiple polyethylene microplastics also moved upwards through the ice. Similar 

to experiment P17b (Chapter 4), these had a partially drained melt pathway that 

followed the particle movement (Figure 6.24). Mean particle velocities were 

calculated at 6.36 x 10-7 m s-1 and 9.19 x 10-7 m s-1; however, only one of the 

polyethylene particles reached the ice surface, as the other ‘stalled’ in the ice 

within a gas space that encased the entire particle (with a similar morphology to 

the meltwater pockets observed in experiment Mp13). The experiment ended 



 289 

prior to this reaching the ice surface. This feature was observed in multiple 

instances where embedded microplastics, that initially moved upwards through 

the ice, were located at the base of a gas space formed by drainage processes. 

 

 

Figure 6.24. Cross-sectional photograph of polyethylene particles moving upwards through the 

ice in experiment Mp18. 

Experiments assessing the behaviour of embedded polyethylene particles 

demonstrated multiple behavioural modes. The buoyant behaviour (and, 

therefore, upwards motion of particles through the ice) facilitated the 

development of a surface meltwater pond, whilst the non-buoyant behaviour 

(and, therefore, particles settling on the base of the ice) created a basal 

meltwater pond in the three experiments. These two behavioural modes were a 

result of the intermediate polyethylene density (i.e. a close value to water). 

Although results of polypropylene material were limited to one experiment, a 

polypropylene particle had a dominant floating effect compared to the 

polyethylene particles, suggesting that subtle changes in density can have large 

impacts on the behaviour of microplastics within ice. Additionally, all 

experiments experienced drainage events that prohibited upwards motion. The 
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vein network likely facilitated these drainage events and, therefore, the 

hydrological state of the ice block had a control on the particle behaviour.  

 

6.6. Mp15: a scattering of small surface microplastics 

Experiment Mp15 investigated the behaviour of a scattering of small (<1 mm) 

microplastics on an ice surface (Figure 6.25). These were placed on the ice 

surface using a 1 mm sieve to achieve a random distribution of particles in the 

focus of the illumination beam. The hypothesis for experiment Mp15 is shown in 

Figure 6.26. 

 

Figure 6.25. Plan-view photograph of the small microplastic particles in experiment Mp15. 

 

Figure 6.26. Schematic cross-sectional view of the hypothesised particle-ice interaction for 

experiment Mp15.  
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6.6.1. Results and interpretation 

An immediate melting of the ice surface was observed, where several individual 

meltwater ponds formed. This scarred the ice surface in a similar way to 

experiments V33 and V34 (Chapter 5) and formed multiple channels. 

Microplastic particles accumulated in the channels of meltwater (e.g. low 

topography regions), which exaggerated ice melt. However, many microplastics 

also moved downwards to the ice base (although, still less numerous than 

those floating in surface melt, e.g. >10). This did not support the hypothesised 

outcome and results from previous experiments involving placement on the ice 

surface. A variety of downwards particle velocities were observed (Table 6.2, 

Figure 6.27).  

 

Table 6.2. The variability of microplastic particle velocities in experiment Mp15 with associated 

code in Figure 6.27.  

 

 

Figure 6.27. Cross-sectional photograph indicating the four microplastic particles described in 

Table 6.2.  
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6.6.2. Melt pathway 

Microplastic particle descent through the ice formed multiple melt pathways 

within the ice (approximately 2-3 mm in diameter). These were wider than the 

particle, suggesting convection-driven ice melt, similar to observations in 

Chapter 4 (Section 4.3), and Chapter 5. Vertical and angular morphologies 

were observed (Figure 6.28).  

 

 

Figure 6.28. Cross-sectional images of the varied morphology of multiple melt pathways within 

the ice in experiment Mp15. (a) observational line diagram, (b) photograph and (c) interpretation 

of the features. 
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6.6.3. Proximal surface meltwater pond 

Many microplastics transferred heat into melting the ice and floated in meltwater 

produced. These accumulated in surface meltwater to create a localised 

meltwater pond with a maximum depth of approximately 30 mm, although this 

was undulating due to the nature of combining multiple proximal meltwater 

ponds (Figure 6.29). Many of the microplastics clustered together in the 

meltwater, forming areas of a localised large absorption surface.  

 

Figure 6.29. Cross-sectional images of the proximal surface meltwater pond in experiment 

Mp15. 

6.6.4. Shallow surface meltwater pond 

Surface microplastics initially melted the ice to form individual meltwater ponds, 

resulting in the development of a ‘scarred’ ice surface, where localised channels 

of meltwater formed. In the addition to the formation of a deeper area of melt 

(i.e. the proximal surface meltwater pond), a larger region of surface melt 

developed when melt from individual microplastic particles combined. This 

reached approximately 115 mm across the ice block and approximately 70 mm 

inwards, with an average depth of approximately 1-2 mm.  

 

6.6.5. Basal meltwater pond 

Downwards movement of microplastics to the ice base formed a basal 

meltwater pond with a width of approximately 110 mm. This was undulating in 

nature (with a maximum height of approximately 6 mm and an average height 

of approximately 2 mm) and was connected to the surface meltwater by multiple 

melt pathways.  
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6.6.6. Summary 

Results from experiment Mp15 did not support the hypothesised outcome, as 

buoyant and non-buoyant behaviour was observed. Although downwards 

movement had been observed in previous experiments, this was limited to three 

experiments involving embedded particles. Mp15 involved surface placement of 

particles and so the downwards movement of microplastics in this experiment 

contradicted previous results. The floating of particles observed in previous 

experiments investigating polyethylene microplastics was likely facilitated by 

surface tension effects due to the close density value to water. This 

intermediate density facilitated complex particle-particle interaction observed in 

experiment Mp15 (e.g. multiple modes of behaviours).  

 

Experiment Mp16 was conducted as a repeat experiment to confirm results. 

However, particles were smaller than those investigated in experiment Mp15 

(e.g. <0.5 mm), although still within the ‘small’ category. Results from 

experiment Mp16 were consistent with Mp15 as multiple behavioural modes 

were identified, allowing the development of an extensive surface meltwater 

pond, multiple melt pathways, and a basal meltwater pond. These had similar 

morphologies to those observed in experiment Mp15 (e.g. an undulating 

surface meltwater pond due to the combination of many individual meltwater 

ponds). The downwards movement of many microplastic particles was 

observed with varying particle velocities (Table 6.3, Figure 6.30).  

 

Table 6.3. The variability of microplastic particle velocities in experiment Mp16 with associated 

code in Figure 6.30. 
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Figure 6.30. Cross-sectional photograph indicating the five microplastic particles described in 

Table 6.3.  

In contrast to experiment Mp15, a greater number of downwards moving 

particles were observed, resulting in the development of an extensive network 

of melt pathways within the ice (Figure 6.31). These were smaller in diameter 

than those observed in experiment Mp15, likely reflecting the smaller particle 

diameters used in experiment Mp16. This strongly supported previous findings 

that particle diameter is a key control on the morphology of melt. Varying 

particle trajectories were also observed: for example, particle (a) moved 

downwards along a vertical trajectory, whilst particle (b) alternated the direction 

of downwards movement in three instances. This indicated particle interaction 

with the vein network within the ice. Particle-particle interaction was also 

observed, as particle (c) intercepted the melt pathway created by particle (d), 

facilitating rapid downwards movement (e.g. 25 mm in an hour period).  
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Figure 6.31. Cross-sectional photograph of melt pathway network within the ice in experiment 

Mp16.  

6.7. Mp17: a scattering of small surface microplastics upon opaque ice 

Experiment Mp17 assessed the behaviour of a scattering of small (<1 mm) 

microplastics on an opaque ice surface (Figure 6.32) to investigate the role of 

bubbles within the ice on microplastic-ice interaction. The hypothesis for 

experiment Mp17 is shown in Figure 6.33. 

 

Figure 6.32. Plan-view photograph of the small microplastic particles in experiment Mp17. 
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Figure 6.33. Schematic cross-sectional view of the hypothesised particle-ice interaction for 

experiment Mp17.  

6.7.1. Results and interpretation 

Results were strongly consistent with experiments Mp15 and Mp16, where 

initial melt was in the form of individual surface meltwater ponds that eventually 

combined to create a larger area of melt. A combination of floating and sinking 

microplastic particles were observed, both of which started immediately after 

the illumination source was turned on. Lateral movement of the floating particles 

was observed throughout the experiment, resulting in the extension of surface 

meltwater. Additionally, a variety of particle velocities for downwards moving 

particles were calculated (Table 6.4, Figure 6.34), with values comparing well 

with results from experiments Mp15 and Mp16.  

 

Table 6.4. The variability of microplastic particle velocities in experiment Mp17 with associated 

code in Figure 6.34. 
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Figure 6.34. Cross-sectional photograph indicating the five microplastic particles described in 

Table 6.4. 

6.7.2. Melt pathway 

The downwards movement of microplastic particles created multiple melt 

pathways within the ice system. As observed in experiments Mp15 and Mp16, 

the pathways had a similar width to the particle diameters (approximately 1 

mm). These remained connected to surface melt for the experiment duration 

and so it was deduced that the particles experienced a stable (warm) thermal 

environment.   

 

6.7.3. Proximal surface meltwater pond 

Many floating microplastic particles clustered together, creating a deep area of 

melt. This was approximately 85 mm in width with a depth of approximately 23 

mm. The proximal surface meltwater pond had a similar morphology to that 

observed in experiment Mp15, where a central area of greater depth was 

surrounded by an undulating surface (representing the individual melt ponds 

that formed in the first hours of the experiment). Lateral movement of the cluster 

of microplastics extended the proximal surface meltwater pond, confirming that 

floating particles were responsible for the deeper melt.  

 

6.7.4. Shallow surface meltwater pond 

Individual melt ponds created a ‘scarred’ ice surface, consistent with results 

from experiments Mp15 and Mp16. This indicates that the presence of bubbles 
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within the ice did not have an influence on surface particle-ice interaction. 

Additionally, the particles initially arranged themselves in depressions and 

channels that formed on the ice surface. In some instances, this resulted in a 

linear feature of microplastic particles. A shallow area of surface meltwater 

developed alongside the proximal surface meltwater pond; this extended across 

the entirety of the ice block, inwards by approximately 90 mm, and had an 

average depth of approximately 2 mm (with the greatest depth of approximately 

6 mm observed at the left extent of the ice block).    

 

6.7.5. Basal meltwater pond 

A basal meltwater pond developed in experiment Mp17. However, unlike 

previous experiments, this had a height of approximately 3 mm and did not form 

because of particle-ice interaction at the ice base (although, this likely 

contributed to the meltwater volume). Instead, meltwater likely drained down to 

the ice base to create the basal meltwater pond (informed by previous results).   

 

6.7.6. Summary 

The behaviour of microplastic particles within experiment Mp17 compared well 

with experiments Mp15 and Mp16, despite the use of an opaque ice block. This 

saw multiple behavioural modes (e.g. floating particles and sinking particles), 

and the development of an extensive area of surface melt. In contrast with 

previous experiments, the basal meltwater pond was small and developed 

across the entire extent of the basal ice.  Although experiment Mp17 provided 

an insight into the behaviour of microplastics within an opaque ice system, the 

central focus of illumination (and, therefore, highest concentration of particles) 

was on the most transparent section of the ice. Therefore, it would be useful to 

conduct a repeat experiment on a more opaque ice block.  

 

A repeat experiment (Mp19) confirmed these findings. This was conducted on a 

more opaque ice block, but results were predominantly consistent with those 

from experiments Mp15, Mp16, and Mp17. This showed the development of a 

surface meltwater pond from floating particles, and the downwards movement 

of particles. As in all other experiments involving a scattering of multiple 
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particles, the surface meltwater from individual particle meltwater ponds initially 

scarred the ice surface. However, in other experiments this eventually 

combined to form large volumes of meltwater, whilst experiment Mp19 retained 

a scarred surface for the experiment duration (Figure 6.35). As cross-sectional 

imaging of the ice was challenging due to the opaque nature, only a small 

number of downwards moving particles were identified. These moved through 

the ice with particle velocities of 4.97 x 10-7 m s-1, 5.97 x 10-7 m s-1, and 6.39 x 

10-7 m s-1.  

 

Figure 6.35. Plan-view photograph of the surface meltwater and scarred surface in experiment 

Mp19. 

6.8. Conclusions 

Multiple behavioural modes were observed when investigating microplastic 

particle-ice interaction (i.e. floating and sinking behaviour), although floating 

was the dominant behaviour. This was attributed to low particle densities, as 

described in Chapter 4, and surface tension effects holding intermediate density 

particles (e.g. polyethylene) at the ice surface. A low particle density also 

facilitated an upwards movement of embedded particles (e.g. experiments Mp6 

and Mp13). A scarred ice surface was created in experiments with multiple 

microplastic particles, similar to those observed when investigating multiple 

volcanic particles in Chapter 5.  
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The floating behaviour of the microplastic particles facilitated the development 

of a surface meltwater pond. This varied in morphology and volume depending 

on the number of particles, the morphology of the particle, and the thermal 

environment. For example, a greater number of absorbing surfaces within the 

ice resulted in a greater volume of associated ice melt. Additionally, it was 

noted that elongate microplastic particles (e.g. approximately 1 mm wide, 

associated with the polyethylene particles) were faster at initiating ice melt, 

compared to spherical particles with a 5 mm diameter (e.g. polypropylene). 

Logically, a larger surface meltwater pond was associated with a warmer 

thermal environment; however, this was also typically associated with drainage 

events due to a wider vein network. 

 

The irregular surface meltwater pond morphology provided an insight into the 

heat transfer mechanisms that initiated melting. For example, the initial 

morphology of the meltwater pond typically matched the microplastic particle 

shape (suggesting conduction-driven melting). This developed into a circular 

morphology through the establishment of meltwater convection. However, 

lateral movement of particles within surface meltwater was common. This 

modified the surface meltwater morphology to create an elongated pond (e.g. 

experiments Mp9, Mp11, Mp14, etc.). This increased the meltwater volume in a 

stable (warm) thermal environment and indicated the likelihood of redistribution 

of particles on the ice surface. Additionally, a wider meltwater pond was 

associated with a scattering of microplastics due to accumulation of particles. 
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7. Discussion  

Experimental work presented in Chapters 4, 5, and 6 was designed to improve 

understanding of the physical processes associated with particle-ice interaction. 

Many micro-scale processes were observed through time-lapse imagery and in-

person analysis of the experimental system. Chapter 7 will highlight key findings 

from experimental work and provide discussion of the processes identified, 

comparing these processes to the natural system and literature. The three 

overarching themes that have formed the structure of the thesis (i.e. the role of 

particle properties, the behaviour of volcanic particles, and the behaviour of 

microplastic particles) will be briefly summarised (Figure 7.1). Limitations to 

experimental design and implications for results have been considered 

throughout the presentation of results and the subsequent discussion. 

 

 

Figure 7.1. Hierarchy of the themes investigated in the experimental Chapters 4, 5, and 6. The 

‘thermal conductivity’ theme was embedded throughout the thesis.  

Chapter 4 sought to determine the role of particle properties in influencing 

particle-ice interaction, predominantly on an individual particle scale. This 

described a series of control experiments that mapped the influence of particle 

thermal conductivity, albedo, density, and diameter on ice melt (Table 7.1) as a 

systematic review of these properties is lacking in the published literature. 

Chapter 4 revealed a range of complexities associated with particle-ice 

interaction and formed the basis of interpretation for Chapter 5 and Chapter 6 



 303 

(Figure 7.2). Therefore, many findings from Chapter 4 can be applied to specific 

particles within the natural system. 

 

Table 7.1. Summary of key findings for properties investigated experimentally in Chapter 4.  

Particle 
property 

Summary 

Thermal 
conductivity 

• Important in initialisation of melt as thermal conductivity dictates the 
strength of convective heat losses from the particle to the atmosphere.  

• Controls the heat transfer mechanism. For example, thermally conductive 
particles can directly melt underlying ice at the particle base, whilst 
thermally insulating particles can indirectly melt ice through convection of 
air or water (driven from the absorbing top particle surface).   

Albedo • Influences the rate of particle motion within ice (used as a proxy for ice 
melting rate). 

• Results compare well with results from Hobbs (2014) that lower albedo 
particles produce increased ice ablation relative to higher albedo particles. 
However, little differences between a low and intermediate albedo particle 
were observed; for example, average particle velocities had approximately 
4.0% difference between velocities (1.84 x 10-6 m s-1 and 1.76 x 10-6 m s-1 

for 0.12 and 0.50 albedo particles, respectively). However, the number of 
experiments using an intermediate albedo particle was limited to four 
within a stable (warm) thermal environment, likely contributing to a higher 
velocity than a low albedo particle used in experiments across a range of 
thermal environments. 

• A high albedo (0.60) brass particle had an average particle velocity 
approximately one order of magnitude slower than a low albedo (0.12) 
brass particle of the same size, e.g. ~10-7 m s-1 compared to ~10-6 m s-1, 
respectively. 

Density • Becomes important when sufficient volumes of meltwater have been 
produced to facilitate either floating or sinking behaviour. Therefore, 
important when considering changes in heat transfer mechanisms between 
a surface and embedded particle.  

• Can act as a particle sorting mechanism as a high density enables 
movement of particles into the ice, and a low density allows redistribution 
and runoff of particles when floating in meltwater. 

Diameter • Controls the thermal pathway length through a spherical particle and how 
heat is transferred into the ice.  

• Smaller particles are unable to melt the ice to the same extent as a larger 
particle at cooler temperatures, despite a shorter thermal pathway and 
efficient heat transfer. This is proposed to be due to larger particles 
retaining a convective component of heat transfer at lower temperatures. 
This effect is observed with thermally conductive particles as the effects of 
a long thermal pathway are masked with particles with a low thermal 
conductivity. 

• Has a control on the particle sphere of influence, i.e. larger particles are 
associated with a larger meltwater volume, although this is proportionate to 
the particle size. This compares well with suggestions by Bazhev (1975). 
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Figure 7.2. Flow diagram of some of the main the processes associated with particle-ice interaction for a particle initially placed on an ice surface, 

identified in experimental work.
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A systematic assessment of the ice-particle behaviour of illuminated volcanic 

particles on and within ice was conducted (Chapter 5) as few studies had 

systematically investigated this in a controlled environment (e.g. Hobbs, 2014; 

Dragosics et al., 2016, Chapter 2). Experimental results from Chapter 5 

supported existing knowledge in the literature as a wide range of behaviours 

and processes were noted, reflecting the variability of particle properties 

associated with volcanic material in the natural system (Möller et al., 2016). 

Experimental work improved understanding of micro-processes associated with 

volcanic particle-ice interaction. Some findings are noted here: 

(1) The melt pathway width exceeded the particle diameter, contrasting with 

results from thermally conductive particles (e.g. control metal particles 

used in Chapter 4). 

(2) Volcanic particles experienced loss of fine-grained material (e.g. <0.5 

mm) from the particle surface, introducing absorbing surfaces into the ice 

and facilitating an increased volume of melting. 

(3) Particle fragmentation at the particle base was observed with all volcanic 

particles following saturation. 

(4) Smaller volcanic particles (e.g. < 3 mm) were associated with higher 

particle velocities relative to larger particles (e.g. > 6 mm). This 

contrasted with results for thermally conductive particles. 

These experimental results demonstrate that volcanic particles can effectively 

melt ice in dirty ice conditions to float in surface meltwater ponds or melt 

downwards into the ice (e.g. particle velocities within the range of 7.03 x 10-7 – 

1.40 x 10-6 m s-1). This contrasts with literature considering thick debris-covered 

ice conditions, where volcanic particles are typically viewed as ‘insulating’ 

(Kirkbride and Dugmore, 2003) and there has been no mention of downwards 

moving particles. However, general results are consistent with the limited 

number of fieldwork studies considering dirty ice/snow conditions, e.g. Brock et 

al. (2007) observed a 97% increase in ablation under a discontinuous layer of 

volcanic material relative to bare snow. Additionally, research in this thesis 

suggests that effective ice melt is likely exacerbated by the fact that a single 

volcanic particle is rarely a ‘single’ particle (e.g. through the addition of fine-
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grained particles (< 0.5 mm) from the particle surface, and volcanic particle 

fragmentation within ice). 

 

Research into the behaviour of microplastic particles within the cryosphere is at 

an early stage, with much of the published literature focusing on quantifying 

volumes and types of microplastics found (e.g. Ambrosini et al., 2019; 

Bergmann et al., 2019; Cabrera et al., 2020; Kelly et al., 2020; Stefánsson et 

al., 2021; Zhang et al., 2021). As such, experimental work in Chapter 6 

provided new insights into microplastic-ice interaction. This work demonstrated 

the ability of embedded plastics to move upwards through ice to re-emerge at 

the ice surface, the likelihood of redistribution of particles on the ice surface, 

and the importance of surface tension in influencing particle behaviour. These 

processes are all important to consider when studying contamination of 

freshwater supply and movement of microplastics within the environment. 

 

7.1. The melting processes 

Laboratory experiments of particle-ice interaction provided an insight into the 

melting process via detailed observations. Results distinguished two key stages 

in particle-induced ice melt when considering dense particles: the initialisation 

of melt (i.e. surface behaviour) and melting within the englacial environment 

(i.e. sub-surface behaviour). The latter confirmed suggestions discussed by 

Evatt et al. (2016) where englacial warming due to solar absorption by buried 

particles was possible and evolves understanding of particle-induced ablation in 

dirty ice conditions (i.e. occurring on and within ice). 

 

7.1.1. Initialisation of particle-induced ice melt 

The initialisation of melting refers to the first stage in the melt process. This was 

largely dependent on: (1) the particle albedo, as this determined the amount of 

energy absorbed by the particle (for example, a high albedo (0.60) particle 

initiated melting within approximately 9 hours on average, whilst melting by a 

low albedo (0.12) particle was within the first five minutes), and (2) the particle 

thermal conductivity, as this dictated the extent of energy absorbed that could 

interact with the ice to cause ice melt. These findings were generally in 
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accordance with processes described in the literature (e.g. Kayastha et al., 

2000). However, the role of albedo was less important than hypothesised, as 

melt was induced by particles with low, intermediate, and high albedos (Chapter 

4 and Chapter 5), with only a 4.3% difference between average particle 

velocities of a LA (0.12) and IA (0.50) particle. Therefore, it was deduced that a 

particle would be capable of inducing ice melt unless it was a perfect reflector 

(i.e. an albedo of 1 and could not absorb any incoming solar radiation) or could 

not conduct heat sufficiently (a function of particle diameter and thermal 

conductivity). Although these findings agreed with the literature, additional 

complexities associated with particles moving into the ice were observed in 

experimental results. 

 

7.1.2. Melting in the supraglacial and englacial environment 

Aside from a limited number of experiments (Hobbs, 2014; Evatt et al., 2016; 

Hénot et al., 2021), the behaviour of embedded particles within ice (i.e. in the 

englacial environment) has not been investigated in the literature and is rarely 

considered an important environment for ablation. However, a key finding of 

experimental work in this thesis is an observed behavioural change once a 

particle became fully embedded within ice and submerged in meltwater (Table 

7.2) to increase the particle-induced ice melt rate. 

 

Once within the englacial environment, all heat absorbed by a particle is 

transferred into the ice, although the extent of subsequent ice melt is controlled 

by the thermal environment. In conditions that allow ice melt, experimental work 

showed that the englacial environment facilitates an increase in the rate of 

particle-ice interaction due to the removal of convective heat losses to the 

atmosphere (e.g. experiment P14 showed the IA brass particle velocity 

increased from 0 m s-1 for 70 hours to 2.36 x 10-6 m s-1 once convective heat 

losses to the atmosphere were removed, Chapter 4). As the particle density 

dictated if a particle would float (e.g. pumice, microplastics) or become 

submerged (e.g. scoria, iron-based meteorites) in meltwater following the 

initialisation of melt (Figure 7.2), it was noted that the particle density was a 

controlling property involved in this stage of the melting process, despite this 
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attracting little attention in the existing literature (e.g. with the exception of 

Hobbs, 2014).  

 

The ice surface, analogous to the supraglacial environment, was a ‘melt-

limiting’ environment relative to the englacial environment, particularly in the 

case with melt-limiting particle properties (e.g. low thermal conductivity and high 

albedo). For example, a surface particle may be unable to induce ice melt whilst 

a submerged particle of the same type may induce melting at the same 

temperatures within the same period. This process is exacerbated with cooler 

temperatures as more energy input is required to raise the proximal ice to 0°C 

to induce ice melt. The implication of this in the natural system is that it may be 

possible for particle-induced ice melt to occur within the photic zone of the 

englacial environment, to produce meltwater that causes ice mass loss through 

runoff, despite surface conditions suggesting little ice melt is possible. 

Therefore, the englacial environment must also be considered when predicting 

future changes to global ice mass and runoff patterns.
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Table 7.2. Summary of key processes associated with a combination of particle properties and the shift in behaviour from a surface particle to a 

submerged particle. 1Evatt et al. (2016), 2Labus and Labus (2018), and 3Opeil et al. (2012). 

Particle properties Example particle Supraglacial environment Englacial environment 

• High thermal 
conductivity  

• High density 

Iron and stony-iron meteorites1, 
igneous rocks, sedimentary rocks2, 
metamorphic rocks2, rocks with high 
quartz content (e.g. quartzite, 
sandstone)2 

Fast initialisation of melt through 
direct melting of ice. 

Weak convection of meltwater to create a narrow 
melt pathway that mimics the particle diameter. 

• Low thermal 
conductivity  

• High density 

Volcanic particles (e.g. wet scoria, wet 
pumice), typically fine-grained 
sedimentary rocks (e.g. claystone and 
siltstone)1, stony meteorites3 

 

Slow initialisation of melt due to 
strong convective heat losses to the 
atmosphere.  

Strong convection of meltwater to create a melt 
pathway approximately double the particle 
diameter. 

• Low thermal 
conductivity  

• Intermediate 
density 

Microplastics (e.g. Delrin®, 
polyethylene) 
Volcanic particles (depending on the 
vesicularity of particles) 

Susceptible to external influence, e.g. 
surface tension effects.  

Possibility of full submergence of the particle in 
meltwater dependent on surface tension effects. 
Strong convection of meltwater to create a melt 
pathway approximately double the particle 
diameter. 

• High thermal 
conductivity  

• Low density 

No suggested examples Production of a large surface 
meltwater pond. Floating particle and 
lateral movement can extend this. 

Possibility of the particle becoming fully 
embedded in the englacial environment following 
an accumulation season. This was not 
considered experimentally.  

• Low thermal 
conductivity  

• Low density 

Volcanic particles (e.g. dry pumice), 
microplastic particles (e.g. 
polypropylene, polystyrene, etc.) 

 

Ice melt to produce a surface 
meltwater pond. The extent of 
meltwater is dependent on the 
thermal regime and ice temperatures.  
Any runoff of meltwater will likely 
prevent further ice melt as melting is 
dependent on convection currents 
within the meltwater. 

Saturation of porous particles (e.g. pumice) 
leading to an increase in density and full 
submergence of the particle in meltwater. Strong 
convection of meltwater to create a melt pathway 
approximately double the particle diameter. 
 
Burial of low-density particles within ice from the 
accumulation season; this may lead to an 
upwards movement of low-density particles able 
to absorb incoming solar radiation during the 
ablation season. 
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The differences in behaviour associated with particles within a supraglacial and 

englacial environmental highlight simplifications and limitations of some 

assumptions involved in modelling debris-covered and dirty ice. For example, a 

common assumption is that particle properties are constant spatially and 

temporally during the modelled ice ablation period (e.g. Nakawo and Young, 

1981). However, experimental work in this study demonstrates that the relative 

impact of each property varies depending on the glacial environment. For 

example, thermal conductivity has an important role in the supraglacial 

environment, whilst particle density has an important role in determining 

movement to the englacial environment. Additionally, temporal changes to 

particle properties are likely: for example, saturation of pore spaces can lead to 

an increase in particle density (e.g. observed in Chapter 5) and particle thermal 

conductivity (Juen et al., 2013). Additionally, the movement of particles into the 

englacial system is not taken into consideration within ablation models, and the 

englacial environment has been shown to be crucial in particle-ice interaction.  

 

7.1.3. Thermal environment 

Much of the cryosphere exists within a sensitive threshold of temperatures, 

where the ice is close to the phase transition of melting, i.e. the pressure 

melting point, PMP (Colombo et al., 2019). Experiments in this thesis 

investigated the sensitivities of the thermal state of the ice in the proximity to 

foreign particles (defined in experimental work as the thermal environment, 

Figures 7.3 and 7.4). The thermal state ultimately controls the extent of ice that 

can be warmed into the unstable state in response to heat transfer from a 

particle into ice. The following key findings were noted.  

(1) At PMP, particle-induced ice melt occurs if there is illumination (e.g. solar 

radiation). 

(2) At cold temperatures, or with no illumination (analogous to night 

conditions), there is no particle-induced ice melt. 

(3) Between the PMP and cold states there is a stable equilibrium melt pond 

or melt pathway created by particle-induced ice melt with a volume that 

scales with temperature. For example, average basal meltwater extent 

was a factor of approximately 4 and 1.3 wider and higher, respectively, in 

a stable (warm) thermal environment compared to stable (cool) 
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environment. Additionally, average surface meltwater extent was a factor 

of approximately 3 and 2.6 wider and deeper, respectively, in a stable 

(warm) thermal environment compared to stable (cool) environment. 

Note that these comparisons are between particles of the same type and 

morphology. 

(4) Refreezing processes only occur with moving particles (e.g. teardrop 

morphology) between PMP and cold states, whilst stationary particles 

achieve an equilibrium with their surroundings (as above). 

(5) Drainage from melt ponds may modify the described thermal processes 

by the advection of water and energy (e.g. advection of heat through 

draining meltwater in experiment P13 reduced the IA particle velocity 

from 1.46 x 10-6 m s-1 to 0 m s-1). 

(6) The thermal environment experienced by particles is partly dependent on 

particle properties. 

 

The implications of diurnal cycles on the findings discussed above are that in 

the natural environment, fluctuations in particle behaviour (and, therefore, the 

volume of meltwater) would occur in response to temperature fluctuations. This 

would be represented by a fluctuation between particle-induced ice melt and no 

melting (i.e. points (1) and (2) above), rather than the development of a stable 

equilibrium system (as described in point (3) above).  

 

7.1.3.1. Particle-ice equilibrium  

The findings of this study support those of Reznichenko et al. (2010), who noted 

that particles that were not subjected to diurnal cycles could establish a steady-

state conduction and equilibrium (e.g. with a stable meltwater volume). This 

was not achieved when diurnal cycling occurred (Reznichenko et al., 2010). 

Although temperature cycling processes (e.g. diurnal cycles) that occur in the 

natural system were not considered experimentally in work presented in this 

thesis, results indicated that the time-taken for equilibrium systems to establish 

ranged 3-23 hours, taking nine hours on average. As the average value is on a 

shorter time-frame than the ablating component of diurnal cycles (i.e. 

approximately 12 hours), it is possible for an equilibrium between particle and 

ice to be achieved in the natural environment when considering individual and 
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small (e.g. <12 mm) particles. However, it is likely that the presence of 

temperature cycling would end equilibrium systems once established (e.g. 

moving into a stable (cold) environment as observed in many experiments in 

this thesis, analogous to night conditions). This confirms discussion in the 

literature that dirty ice conditions facilitate thermal equilibrium on a faster 

timescale than conditions with particle layering due to the small heat capacity of 

individual/widely dispersed particles (Nicholson and Benn, 2006). This is 

important as many ablation models assume a state of thermal equilibrium 

(Nakawo and Young, 1981; Rana et al, 1997; Kayastha et al., 2000; Han et al., 

2006; Nicholson and Benn, 2006, etc.). 

 

7.1.3.2. Deviations from PMP 

Results of this study additionally demonstrate that the assumption in dirty ice 

modelling that the ice is at PMP (i.e. 0°C or classed as in the unstable thermal 

environment as defined in this thesis) generalises the behaviour of particle-ice 

interaction (Section 2.3.4, Chapter 2). Including this assumption in models will 

likely lead to an overestimation of predicted melting of glaciers as experimental 

work presented in this thesis has indicated large shifts in particle-ice behaviour 

through subtle changes in temperature (in stable (warm), stable (cool), and 

stable (cold) thermal environments). For example, brass, cemented ash 

clusters, scoria, and Delrin® particle velocities (used as a proxy for ice melt 

rate) within a stable (warm) thermal environment were on average a factor of 

1.29, 9.74, 1.74, and 2.50 higher, respectively, than those conduced within a 

stable (cool) thermal environment. Therefore, subtle changes in the 

temperature can modify the outcome of particle-ice interaction and so it is 

suggested that dirty ice models should consider these processes and deviations 

from the ice PMP to give an accurate prediction of melt and better 

understanding of dirty ice response to climate change. 

 

7.1.3.3. Refreezing of meltwater 

Refreezing of meltwater in the proximity of a particle was observed in many 

experiments, contrasting with a common assumption involved in debris-covered 

and dirty ice models (e.g. Evatt et al., 2015). These models generally assume 
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that meltwater leaves a debris layer immediately after being produced (e.g. 

through run-off) and does not have an impact on energy exchange processes 

through phase changes (e.g. evaporation or refreezing). However, studies have 

demonstrated that this assumption can lead to an overestimation of modelled 

ablation (e.g. Rounce et al., 2015). The importance of this was confirmed in 

experimental work in this thesis as refreezing processes were a common 

observation in many experiments and would likely occur in natural systems due 

to natural temperature cycles (e.g. diurnal cycling). This highlights the need to 

quantify the effect of refreezing processes when modelling ablation arising from 

particle-ice interaction as it is a common process involved in dirty ice conditions. 
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Figure 7.3. The association between particle properties and a stable (warm) thermal 

environment, where HTC is ‘high thermal conductivity’ and LTC is ‘low thermal conductivity’. 

Conduction of heat away from the particle proximity through the ice is not considered in this 

figure as this does not prevent particle-induced ice melt in the particle proximity. 
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Figure 7.4. The association between particle properties and a stable (cool) thermal 

environment, where HTC is ‘high thermal conductivity’ and LTC is ‘low thermal conductivity’. 
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7.2. Other ablation processes  

7.2.1. Sublimation  

Although sublimation is not considered a major contributor to ablation of 

glaciers on Earth, it is a process that is experienced in many regions. For 

example, in the Dry Valleys (Fountain et al., 2006) and blue ice areas (Bintanja, 

1999) in Antarctica, and in many tropical glaciers confined to high altitudes (e.g. 

5000 m or higher), as these regions are associated with optimal sublimation 

conditions (warm surface, dry air, and strong winds, Harvey et al., 2001). 

Therefore, sublimation as a process cannot be overlooked when considering 

glacier ablation. Prior studies have also indicated the importance of sublimation 

in the formation of ‘zenn stones’ in the environment (e.g. Hobbs, 2014; Taberlet 

and Plihon, 2021). This occurs with a combination of ice surface lowering and 

the blockage of ice surface water molecule escape by a surface particle to form 

an ice pedestal on which the particle sits. Experimental results presented in this 

thesis (e.g. experiment M24, Appendix 6, and experiment P1a, Chapter 4) 

supported this general process of pedestal formation. In particular, results 

supported key findings by Hobbs (2014) and Taberlet and Plihon (2021) where 

it was noted that particle properties did not appear to have an influence on the 

sublimation process. In the case of the experimental work in this thesis, 

pedestal formation occurred under the most ‘efficient’ ablating particle (e.g. a 

low albedo and high thermal conductivity), indicating that particle properties had 

little influence in strong sublimating conditions.  

 

Insights gained from Chapter 4 demonstrated that, in addition to causing a 

surface lowering, sublimation conditions were also associated with an ice 

surface cooling (e.g. experiment P1a in Chapter 4, Section 4.1.1). It is generally 

agreed that optimal sublimation conditions in the natural system typically 

involve strong winds (Stigter et al., 2018) as this removes the capability for 

water deposition processes to offset sublimation processes; this is similar to 

conditions in experiment P1a and method development experiments presented 

in this thesis as the experimental design included a fan to circulate air within the 

freezer (e.g. Figure 4.2 in Chapter 4). It is common in windy environments for 

the sublimation rate to exceed the deposition rate, demonstrating the role of 

forced convection on ablation (Dundas and Byrne, 2009). When considering 
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this as a balance of heat transfer processes, this preferentially drives ice 

surface cooling as the rate of heat removed through sublimation will exceed the 

rate of heat gained through deposition. This effect was revealed in this study, 

where experiments without a glass cover over the ice demonstrated that 

sublimation conditions could hinder melting processes that would otherwise 

occur from particle-ice interaction. This was likely due to sublimation cooling 

encouraging a strong thermal gradient in the ice that conducts heat away from 

the particle prior to heat transfer raising the ice temperature to PMP.  

 

7.2.2. Evaporation 

A small number of experiments in this study suggested the role of evaporation 

processes in controlling the melt process. It was noted that a surface meltwater 

pond formed if the atmospheric relative humidity was high (e.g. assumed to be 

100%) in the closed controlled experimental system. However, a particle of the 

same type (e.g. 6 mm brass particle) sat in an empty hollow when the 

atmospheric relative humidity was low (e.g. 37% as observed in experiment 

P15). These findings can be upscaled to the natural system: for example, the 

latter conditions can be encouraged by wind reducing relative humidity in the 

proximity of the particle. Therefore, secondary experimental insights confirm the 

well-established fact that wind across ice surfaces in the natural environment 

has an influence on particle-ice interaction (Ohno et al., 1992). This is also of 

particular importance when considering ablation on glaciers and ice sheets in 

arid environments as this encourages evaporation processes.  

 

7.3. Ice structure and hydrology 

The vein network within ice can exist below 0°C (Price, 2007); therefore, this 

has a dominant impact on particle-ice interaction and can facilitate multiple 

processes within ice, as listed here. 

(1) Particles can utilise the vein network within ice to move along pre-

existing weaknesses through the ice. Therefore, the vein network is a 

key control on the direction of particle movement. This process is more 

‘active’ in stable (warm) thermal environments due to the growth of the 

vein network with warmer temperatures (Price, 2007). 
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(2) The vein network can cross-cut meltwater production zones (termed 

‘melt pathways’ in experimental work in this thesis), leading to drainage 

events and melt pathway morphology changes. This was confirmed in all 

themes of experimental work (e.g. experiment P13 in Chapter 4, 

experiment V12 in Chapter 5, and experiment Mp12 in Chapter 6). 

(3) The vein network can facilitate widespread rapid movement (e.g. 45 mm 

within a single time-lapse frame (a period of five minutes) observed in 

experiment Mp6) of any particle smaller than the vein diameter, as 

observed in embedded microplastic experiments (Chapter 6). This was 

observed in multiple instances for microplastic particles < 5 mm in 

diameter, and it is suggested that this process would be exacerbated 

with warmer ice due to a widening of the vein network.  

(4) An increase in drainage events is associated with relatively warm thermal 

environments. This is suggested to be due to active vein networks 

enabling the drainage of meltwater due to the formation of hydrological 

connections between the veins and the particle-ice system. These form 

more readily in warmer temperatures (e.g. experiment V21, Chapter 5).  

 

7.3.1. Modifying the internal ice structure 

Experimental work in this study demonstrated that refreezing of meltwater from 

changes to the thermal environment and drainage events can modify the 

englacial structure of the ice (e.g. by creating small-scale bubble trails (e.g. 

approximately 1 mm in size) or gas-spaces). Drainage events were closely 

related to the ice structure and the vein network, agreeing with findings from 

Benn et al., (2012) where it was noted that the englacial structure had a key 

control on supraglacial lake drainage and surface ablation rates. Drainage 

processes typically modify the optical properties of the ice by introducing gas 

spaces and, consequently, produces interfaces with strong refractive index 

contrasts. Drainage from a closed melt pathway in experimental work in this 

study were small-scale (e.g. <30 mm) features analogous to ‘englacial voids’, 

described by Benn et al., (2012), which are susceptible to collapse and can 

initiate the formation of a supraglacial lake. Therefore, the englacial 

environment can play a crucial role in both supraglacial lake formation and 

drainage (Benn et al., 2012). Additionally, the coupling of supraglacial and 
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englacial processes will likely encourage ablation and downwasting processes; 

the coupling of these two environments is likely to be exacerbated with particle-

ice interaction due to dense particles moving into the englacial system and 

linking the supraglacial and englacial environment by the formation of small-

scale channels, as demonstrated in experimental work in this study.  

 

7.3.2. Particle-particle interaction 

Experimental work in this study provided an insight into the behaviour of 

particle-particle interaction (e.g. experiments P3 and P13, Chapter 4). This 

demonstrated the possibility of hydrological connections forming between 

particles. This noted that small-scale ice hydrology can override particle 

behaviour through the advection of heat away from a particle-ice system (for 

example, the advection of heat away from an intermediate albedo particle in 

experiment P13 reduced particle movement from an average of 1.46 x 10-6 m   

s-1 to 0 m s-1). This provided insights into questions raised by Fountain et al. 

(2004), where the possibility of connections between particle-induced ice 

ablation features was posed (e.g. cryoconite holes). Particles often interact in 

nature (Fountain et al., 2004), and so it is likely that hydrological connections 

form between englacial and supraglacial debris. This is likely to result in some 

debris becoming stranded within the ice (e.g. as demonstrated by experiment 

P13b, Chapter 4) and other debris being washed out, highlighting an additional 

complexity associated with particle-ice interaction and the fate of foreign 

particles in ice systems. 

 

7.4. Sorting mechanisms of particles within ice 

The interpretation of a systematic series of particle-ice experiments with 

particles of various properties (e.g. particle thermal conductivity, albedo, 

diameter, and density), previously lacking in the literature, improved 

understanding of how individual properties influence the behaviour of particle-

ice interaction. This indicated several modes of sorting processes of particles 

within ice, largely dependent on the particle properties (Figure 7.5).  
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Figure 7.5. Summary diagram of sorting mechanisms of particles within ice, where: HD is high 

density, ID is intermediate density, and LD is low density. Spherical particles are depicted for 

simplicity. 

7.4.1. Sorting of dense particles 

The fundamental behaviour of dense particles observed in 65 experiments in 

this study compared well with the results of Hobbs (2014), Evatt et al. (2016), 

Hénot et al. (2021), and Taberlet and Plihon (2021), where it was demonstrated 

that surface particles can sink into ice if sufficiently dense (e.g. iron-based 

meteorites, volcanic particles such as scoria, igneous particles such as granite, 

dense plastics, etc.). Experimental work in Chapters 4 and 5 provided detailed 

insights into the mechanism of sinking particles. This indicated that some 

downwards movement of particles was possible across the entire range of 

particle properties investigated (e.g. high and low thermal conductivity, high and 

low albedo, and varying diameters, although the latter had associated 

complexities), suggesting that particle density is the dominant control on this 

behaviour. This process is important when considering possible meteorite-loss 

mechanisms within ice (Section 7.6.1), and the movement, and subsequent 

fate, of particles within an ice system (e.g. stratification of particles within the 

englacial environment). Additionally, in many cases, the process of sinking 

particles can contribute to the development of cryoconite holes (Section 7.6.2) 
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and a weathering crust (Section 7.6.3) due to differential ablation across an ice 

surface. Cryoconite holes, and other features formed by differential ablation and 

sinking particles, have a key control on the overall albedo of an ice system, 

which is strongly linked to the energy balance of the ice.  

 

Experimental work in this thesis found that thermally conductive particles had a 

diameter-dependency to particle behaviour (Chapter 4). This behaviour is 

hypothesised to be a result of the particle area and distribution of heat transfer. 

Generally, heat transfer within an isothermal sphere is a function of the particle 

area (4r2 where r is radius; Holman, 2010). In the case of this experimental 

work, this property would mean that embedded smaller particles (e.g. < 3 mm) 

efficiently conduct heat absorbed by incoming radiation into the surrounding ice 

due to a short thermal pathway, whilst larger particles (e.g. > 6 mm) experience 

a warming top surface due to a long thermal pathway, driving strong convection 

processes (Figure 7.6). This difference in heat transfer was evident when all 

particles were embedded within the ice, and at cooler temperatures.  

 

Experiments have demonstrated that the relationship between a particle and 

the melting behaviour is sensitive; therefore, it is suggested that in cooler 

environments, the absence of meltwater convection processes in the case of 

smaller (e.g. < 3 mm) particles can cause an embedded small particle to stall 

within the ice. However, it is important to note that the described processes 

occur with very subtle changes in temperature and heat transfer mechanisms. 

Thus, it has been identified by experimental work that subtle changes in 

temperatures around the PMP can result in large changes in behaviour. 

Therefore, there is a need to consider the effect of subtle temperature changes 

when attempting to model the behaviour or fate of particles on or within ice. 
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Figure 7.6. Working hypothesis for heat transfer mechanisms of particles of different sizes, 

showing the difference in heat transfer between (a) surface particles and (b) embedded 

particles. Meltwater is not included in panel (b) for simplicity.  

Conversely, particles with relatively low thermal conductivities demonstrated the 

opposite behaviour, where smaller particles (e.g. < 3 mm) were associated with 

a higher particle velocity (used as a proxy for ice melt rate) relative to larger 

particles (e.g. > 6 mm). All particles with a low thermal conductivity experienced 

strong convective heat losses from the warm top absorbing particle surface, 

regardless of the particle diameter, and so the effect of reduced convective heat 

losses from the top surface on ice melt observed with thermally conductive 

particles was likely masked.  
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7.4.2. Sorting of buoyant particles 

The density of a particle was another constraint on particle movement within 

ice. Low-density particles were confined to the ice surface (or close to the 

surface), whilst high density particles were able to move downwards through 

the ice. However, findings also demonstrated the capability of embedded low-

density particles (e.g. microplastics) to melt the ice and move upwards to re-

emerge at the ice surface. Experimental observations of this process added an 

additional mechanism to hypotheses used to explain the presence of a dark 

band of ice (with an albedo 0.12 lower than surrounding ice) that extends from 

65°N to 70°N on the Greenland Ice Sheet (Wientjes et al., 2011; Tedesco et al., 

2016). This region has been darkening since 1996, and Tedesco et al. (2016) 

suggested that this could, in part, be a result of ice ablation re-exposing 

underlying dirty ice conditions (e.g. cryoconite containing local dust particles 

with mainly quartz, feldspar, and plagioclase minerals, and algae; Wientjes et 

al., 2011). 

 

In the natural system, the upwards migration of low-density embedded particles 

to reach an ice surface (Figure 7.7) could contribute to the darkening of ice 

regions, like that described on the Greenland ice sheet. It is suggested that this 

could cause previously buried particles (e.g. during an accumulation season) 

could become exposed on the ice surface. However, it is important to note that 

experimental conditions differed from the natural environment (i.e. experiments 

used visible illumination only, optically transparent ice, and an absence of 

diurnal cycles). In reality, the introduction of infrared radiation interaction with 

ice would likely encourage this process (e.g. as the ice would also be melting 

independently of particles), whilst the presence of bubbles within the ice may 

hinder the process. For example, drainage processes observed in experiment 

Mp6 prevented further upwards migration of low-density particles due to 

removal of the medium that facilitated movement. Additionally, overlying 

bubbles may shield the embedded particle from incoming solar radiation 

(although, control experiments investigating behaviours of particles within 

opaque ice systems indicated very similar behaviours to those within an 

optically transparent ice system, e.g. P48, V34, Mp17, and Mp19). Overall, the 
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capability of upwards particle migration in the photic zone (i.e. the uppermost 

surface of ice) has been demonstrated by experimental work in this study; this 

has not previously been acknowledged in the literature.  Therefore, it is 

suggested that there are two processes of ice darkening, in addition to 

deposition of new particles: (1) re-exposure of buried particle by ablation as 

described by Tedesco et al. (2016), and (2) upwards migration of low-density 

particles, as demonstrated in this thesis. The implication of this is a continued 

reduction of ice albedo, independent of particle deposition on an ice surface, as 

particles migrate from the englacial to the supraglacial environment. This 

process, previously unmentioned in the literature, could contribute to the 

positive ice-albedo feedback that has been noted to be responsible for 

accelerated glacial recession (Yue et al., 2020)   
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Figure 7.7. The process of re-emerging particles within the ice system, with 1-4 denoting 

progression through time. Spherical particle used for simplicity.  
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7.5. Redistribution processes on an ice surface 

The current study found that low density particles (e.g. microplastics and 

pumice particles) and fine-grained (e.g. <0.5 mm) volcanic material remained 

on the ice surface after melting the ice. These typically formed and floated 

within surface meltwater ponds, the size of which depended on the temperature 

of the system. This was a dynamic process as particle movement was observed 

in almost all experiments with the development of surface meltwater, largely 

attributed to convection currents in the meltwater (driven by particle heating), 

and surface tension causing a clustering of particles. This self-assembly of 

particle clusters is largely due to attractive capillary forces between the floating 

particles (Vassileva et al., 2005; Danov and Kralchevsky, 2010; Lee, 2018) and 

a reduction in the surface area as driven by surface tension forces (Burton, 

1924). This floating regime is applicable to anthropogenic contamination within 

the cryosphere due to the small size and low density nature of many 

anthropogenic particles (e.g. microplastic particles).  

 

The process of redistribution and aggregation of particles is consistent with 

results described by Dragosics et al. (2016), who noted that fine-grained 

particles (e.g. < 0.5 mm) were susceptible to redistribution and aggregation 

processes, largely due to the low friction coefficient of particles used. However, 

experimental work in this thesis demonstrated that this was also common with 

larger particles (e.g. > 5 mm) and highlighted the importance of surface-tension 

effects in this process, particularly when considering particles with a density 

similar to that of water. For example, a 1.5 mm scoria particle was held at the 

water surface despite control experiments indicating downwards movement with 

the removal of surface tension.  

 

It was suggested by Dragosics et al. (2016) that coarser-grained material (e.g. > 

0.5 mm in the case of Dragosics et al., 2016) on an ice surface had a strong 

influence on the general albedo of the surface as these particles typically 

remained stationary on the ice surface. However, experimental work in this 

study noted that the aggregation of fine-grained (e.g. < 0.1 mm) low albedo 

material floating within surface meltwater results in a transfer of low albedo 

absorbing surfaces across an ice surface, allowing for an increased volume of 



 327 

ice melt. This process was controlled by the particle density, again highlighting 

the importance of particle density as a property in controlling the behaviour of 

particle-ice interaction in dirty ice conditions. 

 

Redistribution processes were particularly important when considering 

microplastic particles within the cryosphere. Redistribution is typically 

associated with low-density particles that are susceptible to accumulation 

processes by surface tension forces, and redistribution processes through the 

movement of meltwater. This could suggest that microplastics would remain 

within the meltwater produced and likely follow drainage patterns over the ice 

surface, and/or enter the englacial regime (i.e. entering the vein network, as 

demonstrated by experiment Mp13, Chapter 6). Additionally, microplastic 

particles typically attach themselves to the edges of ponds through surface 

tension effects. These redistribution processes are a particular area of interest 

when considering the possibility of microplastic contamination in downstream 

areas of glaciers and the fate of microplastics within the cryosphere. These 

findings are an example of how a systematic assessment of the role of particle 

properties in influencing ice melt can aid prediction of movement of particles 

within an ice system. 

 

7.6. Application to the natural environment 

7.6.1. Meteorite loss mechanisms 

A difference between behaviours of iron-based and stony meteorite interaction 

with ice has been noted (Evatt et al., 2016), confirmed by a lack of iron-based 

meteorites recovered from Antarctica (e.g. 0.7%) relative to other locations (e.g. 

5.5%, Folco et al., 2002; Evatt et al. 2016). Evatt et al. (2016) hypothesised that 

this is controlled by particle thermal conductivity, where a thermally conductive 

particle, such as iron-based meteorites, can melt downwards into the ice to be 

‘lost’ from the supraglacial system to the englacial system. This was based on 

the premise that the rate of downwards movement of iron-based meteorite 

particles exceeded the rate of upwards movement through ice flow. Evatt et al. 

(2016) investigated this in four laboratory experiments and demonstrated 

downwards movement of an iron-based and stony meteorite (approximately 
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15x10 mm in size). Particle velocities determined by Evatt et al. (2016) were 

broadly comparable with results using thermally conductive particles with similar 

diameters (e.g. 12 mm and 8 mm) in this thesis: for example, an average 

particle velocity of 6.67 x 10-7 m s-1 for an iron-based meteorite (Evatt et al., 

2016), and 1.36 x 10-6 m s-1 and 1.05 x 10-6 m s-1 for brass and chrome steel 

particles, respectively. The average values from the experimental work in this 

thesis were a factor of 1.5-2 higher than values from Evatt et al. (2016), which 

may reflect: (1) differences between the laboratory techniques used (e.g. 

different illumination sources such as an Oriel Solar Simulator arc lamp 

compared to an LED lamp, embedded versus surface initial particle position, 

etc. in Evatt et al. (2016) and this study, respectively), (2) the difference in 

number of experiments conducted using these materials (e.g. four in Evatt et al. 

(2016) and nine experiments involving 12 mm particles in experiments in this 

thesis), and (3) differences in particle diameters, the effect of which is 

discussed in Section 7.4.1. Additionally, the brass particles used in 

experimental work in this thesis had a thermal conductivity value a factor of 5 

higher than the iron-based meteorites used by Evatt et al. (2016). However, the 

thermal conductivity of the chrome steel particle was comparable to the iron-

based meteorite, for example, ~30 W m-1 K-1 relative to ~25 W m-1 K-1, 

respectively (Opeil et al., 2010; Evatt et al., 2016).  

 

The chondrite meteorite sample (i.e. with a low thermal conductivity) assessed 

by Evatt et al. (2016) had an average particle velocity of 4.17 x 10-7 m s-1. This 

was lower than the particle velocities obtained from experimental work in this 

study: comparable material with a low thermal conductivity (e.g. 12 mm 

cemented ash clusters and scoria particles) had average particle velocities of 

7.03 x 10-7 m s-1 and 1.21 x 10-6 m s-1, respectively, and so were a factor of 1.7-

2.9 higher than results presented in Evatt et al. (2016) However, the chondrite 

meteorite used by Evatt et al. (2016) had a higher thermal conductivity value of 

1.5 W m-1 K-1 when compared to the cemented ash clusters (e.g. 0.3 W m-1 K-1) 

and scoria particles (e.g. 0.1 m-1 K-1) used in this study.  

 

The application of experimental results in Chapter 4 suggests that there is a 

difference in behaviour of iron-based meteorites with different diameters, in 
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addition to a difference between meteorite types as described above. Evatt et 

al. (2016) concluded that the general downwards movement of iron-based 

meteorites would likely exceed upwelling from the flow of ice into meteorite 

stranding zones, resulting in meteorite loss. This was developed further to 

consider meteorite diameter, and Evatt et al. (2016) suggested that downwards 

movement of large (defined as > 22 cm) meteorites may exceed upwelling of 

ice, but downwards movement of small meteorites may not exceed upwelling of 

ice. However, experiments in this thesis highlight complexities associated with 

this and suggest that a threshold of behaviours lie within particles with smaller 

diameter values (e.g. < 22 cm) than that investigated by Evatt et al. (2016). 

Within a diameter range of 1.5-12 mm investigated in this thesis, results 

suggested that it is possible that meteorites larger than 6 mm are lost more 

readily from the surface environment than meteorites smaller than 6 mm, due to 

the processes discussed in Figure 7.6.  

 

Although different size categories were assessed in Evatt et al. (2016) and this 

thesis, general processes discussed can be compared. Evatt et al. (2016) 

suggested that larger meteorites are found more readily at ice surfaces due to a 

long thermal pathway and, consequently, inefficient heat transfer. It was 

suggested that smaller meteorites (< 22 cm) can transfer heat to the underlying 

ice more efficiently due to a short thermal pathway. However, findings 

presented in Chapter 4 in this thesis indicate that efficient heat transfer may not 

necessarily be associated with high downwards particle velocities (required for 

offsetting upwards ice flow). Instead, less efficient heat transfer (e.g. as a result 

of a long thermal pathway associated with large particles) may encourage 

higher downwards particle velocities due to a warming top surface driving 

strong convection systems within meltwater to further drive ice melt. The 

threshold between these described behaviours is noted as between 3 and 6 

mm in this thesis. Although the findings presented in this thesis develop on 

work described by Evatt et al. (2016), it is clear that there are many 

complexities involved. Therefore, there is a need to further investigate the 

working hypotheses of particle diameter influence on particle behaviour 

described in this thesis using a larger range of particle sizes, and further work 

would be required to precisely quantify the threshold between these behaviours. 
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Comparisons between experimental work presented in this thesis and those 

conducted by Evatt at al. (2016) demonstrate that the particle velocities are 

useful as a comparison tool. These evolved insights may also be useful when 

developing search campaigns for meteorites in the cryosphere, as a better 

understanding of some of the complexities involved in meteorite loss 

mechanisms has been provided. This is useful for study of the solar system and 

when using information of meteorites as a proxy for the internal composition of 

Earth (e.g. iron-based meteorites can provide an insight into the composition of 

the Earth’s core; Ni et al., 2020).  

 

7.6.2. Cryoconite holes 

Many of the features observed in experimental work were similar to cryoconite 

holes in the natural system. It is common for these to be water-filled, and for 

particles to remain at the base of the hole throughout development. The 

particles may heat the water within the hole which will enlarge the hole diameter 

(Fountain et al., 2004). This concept is reinforced by results presented in this 

thesis (e.g. convection systems were shown to extend the region of melt from 

the particle dimensions by double the particle width when investigating volcanic 

particles or plastics) and is dependent on particle properties. Cryoconite holes 

are commonly areas with high biodiversity due to microbial habitats that form in 

the basal sediments (Cook et al., 2016) and are found in many cryospheric 

settings (e.g. glaciers, ice sheets, and sea ice, Podgorny and Grendfell, 1996).  

 

Several field experiments have been conducted to investigate the effect of 

cryoconite holes on the melt of ice. Cryoconite holes have been examined in 

the Arctic (Gerdel and Drouet, 1960; Gribbon, 1979; Säwström et al., 2002; 

Takeuchi, 2002), Antarctica (Paige, 1968; Fountain et al., 2004; Bagshaw et al., 

2013), Himalaya (Takeuchi et al., 2001a; Takeuchi, 2002) and other regions 

such as the Japan Alps (Kohshima et al., 1994) and Patagonia glaciers 

(Takeuchi et al., 2001b). Studies investigated: (a) the structural features of the 

holes (e.g. depth, diameter, presence of ice lids, etc.); (b) the hydrological 

features of the holes (e.g. subglacial drainage networks), and (c) the surface 

albedo. 
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This thesis built upon processes described in the literature (e.g. structural 

features) and provided insights into the formation of cryoconite holes. 

Experimental results demonstrated the dynamic nature of the processes that 

occur within cryoconite holes (i.e. sinking particles to create a cylindrical hole, 

drainage events, etc.) and were consistent with formation processes described 

in the literature: for example, particles absorb solar radiation and melt 

downwards into the underlying ice at a higher rate than the remaining ice 

surface to create a hole on the ice surface (Takeuchi et al., 2018). Therefore, 

the dense nature of the particles involved facilitates the formation of this 

feature. Experimental work indicated that a scattered configuration of particles 

will likely accumulate together to form cylindrical holes (e.g. experiments V33, 

V34, Mp15, Mp16, Mp17, and Mp19). Therefore, dirty ice conditions act as an 

environment for cryoconite hole formation. The likelihood of dense surface 

particles to create holes of this type, as consistently demonstrated by 

experimental work, suggests that the presence of surface particles can increase 

the capability of temporary meltwater storage on an ice surface in sediment 

holes. As such, cryoconite formation and preservation is crucial when 

considering meltwater contribution to regions downstream of glaciers.   

 

Experimental work presented in this thesis also provided understanding of the 

formation of ice lids within the cryoconite systems, and processes that dictated 

the morphology of the holes. The variability of cryoconite hole morphology (e.g. 

5-145 cm range in diameter, 4-45 cm range in depth, with ice lids > 36 cm thick) 

that has been observed in Antarctica (e.g. Fountain et al., 2004; Bagshaw et al., 

2013) was also observed in experimental work in this thesis, albeit on a smaller 

scale (e.g. 6-20 mm in diameter and >80 mm in depth). This was largely 

attributed to differences in particle type and, consequently, to differences in 

properties of the particles (Chapters 4 and 5). Gerdel and Drouet (1960) 

suggested that the convection of heated water was a crucial mechanism in 

enlarging the holes. This concept was developed in this thesis, where a clear 

criterion for the morphology of cryoconite holes was determined, dependent on 

particle thermal conductivity: for example, dense particles with a low thermal 

conductivity (e.g. scoria particles with a thermal conductivity of 0.2 W m-1 K-1 as 

shown in this thesis) could create wide areas of melt due to strong convection-
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driven melting, whilst dense particles with a high thermal conductivity could 

create holes with narrow diameters.  

 

The formation of ice lids was observed in many experiments in the stable (cool) 

thermal environment. However, this differed to the morphology of cryoconite ice 

lids described in the literature (Figure 7.8) because a teardrop morphology 

developed, rather than a flat ice lid. The teardrop form was likely a result of 

being a density-driven feature (i.e. due to particle movement) in a refreezing 

environment, associated with high particle velocities (e.g. 10-6 m s-1), whilst 

experimental results (e.g. experiment V12) showed a spherical morphology 

formed in the case of slower moving (e.g. 1.68 x 10-7 m s-1) particles. Therefore, 

it is suggested that the morphology of ice lids may vary depending on the 

velocity of downwards moving particles. Experimental work in this thesis was 

restricted to depths of approximately 60-80 mm, and so the development of 

cryoconite holes in regimes deeper than this were not investigated 

experimentally. Additionally, particles in this experimental work were subjected 

to constant radiation and, therefore, the effect of diurnal cycling was not 

considered. It is likely that this could also contribute to differences in ice lid 

morphology described in the literature and that observed in experimental work 

in this study due to the removal of convection processes with the removal of 

particle-absorption of solar radiation at night. After solar heating and convection 

is re-activated, convection processes may be isolated from the ice lid by an air 

gap, as shown in Figure 7.8. However, it is suggested that a narrowing of the 

meltwater extent, as observed in experimental work in this study, would occur if 

refreezing of the meltwater occurred on a faster timescale than diurnal cycling. 

 

Figure 7.8. Cross-sectional comparison of cryoconite hole morphology described in (a) the 

literature (e.g. Fountain et al., 2004) and (b) in experimental work in this thesis. Individual 

particles are considered in (b) for simplicity, but features can be applied to a group of particles.  
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7.6.3. Weathering crusts 

Features that formed on ice following the scattering of surface particles in 

experimental work (e.g. volcanic and microplastic particles) were similar to 

descriptions of weathering crusts in the literature. This is a common feature in 

the ablation zone of glaciers (e.g. Bazhev, 1975), and refers to an uppermost 

ice surface (e.g. < 2 m) that develops after interaction with incoming shortwave 

radiation to form a porous, low-density ‘rotting’ layer of ice (Cook et al., 2016; 

Stevens et al., 2018). This is typically fragmented from a coarsening of the vein 

network, also observed in this study (e.g. experiment Mp7) and associated with 

the formation of cryoconite holes. It has been suggested that the state of the 

weathering crust is of equal importance on ice surface albedo as the role of 

direct melting from light absorbing particles on an ice surface (although the two 

are ultimately interlinked), and the state of this uppermost surface drives the 

variability in albedo in natural systems, e.g. the western Greenland Ice Sheet 

(Tedstone et al., 2020).  

 

Experiments investigating a scattering of surface particles (size range 0.1-4 

mm) provided information on the evolution of weathering crusts observed in 

nature. It is suggested that the presence of widely dispersed particles (i.e. in 

dirty ice conditions) can encourage the development of a ‘rotting’ ice surface, 

through increased interaction with incoming solar radiation. Components of a 

conceptual model discussed by Cooper et al. (2018) were confirmed in 

experimental work in this thesis, where the relationship between cryoconite hole 

development and weathering crusts was noted facilitated by downwards moving 

particles. However, experimental work also suggested several other particle 

processes beyond cryoconite hole development due to the dynamic nature of 

particle-ice interaction: for example, a clustering of particles in meltwater 

through capillary action, redistribution of particles across the ice surface, 

dynamic drainage processes, and advection of water, heat, and particles into 

the vein network (Figure 7.9). Results also noted that the evolution of a scarred 

ice surface was rapid (e.g. < 1 hour) after the introduction of a scattering of 

surface particles. Therefore, it is suggested that the presence of widely 

dispersed surface particles encourage the development of a weathering crust 
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environment within natural diurnal cycles due to the fast initiation of melt 

observed in experiments presented in this thesis.  

 

Figure 7.9. Plan view of the simplified evolution of surface meltwater in dirty ice conditions, 

informed by experimental work in Chapters 5 and 6, with 1-4 denoting progression through time. 
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Weathering crusts are typically in a ‘rotting’ and unstable state (Stevens et al., 

2018). Therefore, there is much possibility for redistribution of particles within 

the coarse vein network (as identified in Chapter 6); a particle may enter and 

move through the vein network if the particle diameter is smaller than the vein 

diameter. As the vein network is typically larger in warm conditions (Price, 

2007), it is logical to suggest that particle movement within the vein network will 

increase with increasing temperatures. Additionally, the porous ice may 

facilitate ‘washing away’ of particles within the weathering crust system. 

However, experimental work in Chapter 5 showed that this can also encourage 

melting within the photic zone of the englacial regime due to a lowering of 

floating particles into the ice system by drainage events. In the case of 

experimental work in this thesis, these processes were considered in the top 80 

mm of ice. 

 

7.6.4. Microplastic particle contamination within ice 

The emerging research into microplastic contamination within ice has focused 

on assessing the sources and transportation mechanisms of microplastic 

particles (Bergmann et al., 2019), in addition to attempting to quantify the 

composition of particles found (Kanhai et al., 2020). Although an understanding 

of the characteristics of microplastic particles found in remote regions is being 

developed, the behaviour of these particles within the cryosphere is poorly 

understood. Experimental work in Chapter 4 and Chapter 6 provided a new 

insight into the behaviour of these particles within the cryosphere.  

 

7.6.4.1. The behaviour of microplastic particles in meltwater 

Many microplastic particles have a low density relative to water – a property 

that also facilitates widespread transportation around the globe (Evangeliou et 

al., 2020). Following absorption of radiation and heat transfer into the local area 

to cause ice melt, the low-density property of microplastic particles results in 

many particles floating in meltwater. This is either through density-driven 

buoyancy or surface tension-driven buoyancy due to comparable density values 

with water making the particles susceptible to surface tension effects. 
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7.6.4.2. Microplastic particle movement within ice 

Redistribution (discussed in Section 7.5) of microplastic particles is common 

once meltwater has been produced. This is facilitated by the small size of the 

particles, demonstrated in experimental work, where polypropylene and 

polyethylene particles of varying sizes (e.g. approximately 0.1-5 mm) and 

morphologies (e.g. spherical and irregular) were susceptible to movement 

within the meltwater. Therefore, the likelihood of microplastics entering 

downstream fluvial systems is high. Results also demonstrated the re-

emergence of particles at the ice surface due to upwards movement (discussed 

in Section 7.4.2). 

 

Experimental work (Chapter 6) showed that particle transportation through the 

vein network is possible, particularly in warmer temperatures, as the vein 

network diameter may exceed the diameter of the microplastic particles (e.g. a 

thin microplastic particle approximately 4x3 mm, with a width of <1 mm moved 

through veins in experiment Mp6). This compared well with the literature, where 

it was noted that the vein network could provide a transport mechanism for 

impurities within ice (Mader, 1992; Rempel, 2005). Therefore, it is likely that the 

vein network will be an important feature when investigating microplastic 

contamination in ice and should be considered in future work.  

 

7.6.4.3. Microplastic particle aggregation 

Aggregation of microplastic particles in meltwater was observed when a 

scattering of particles was considered. Experimental work indicated that this 

configuration was more likely to create a large surface meltwater pond relative 

to when considering individual particles. For example, aggregated small (<1 

mm) polyethylene microplastics created an average surface meltwater pond 

extent approximately 3.7x and 17.5x wider and deeper, respectively, than a 

surface meltwater pond created by an individual particle of the same type. This 

observed effect compares well with the literature, where it is noted that particle 

aggregation is likely to contribute to the positive feedback associated with 

snow/ice albedo (e.g. through an increased volume of meltwater, or 

accumulation of low albedo particles in a region). The implication of this finding 

is that it is likely that microplastic contamination within the cryosphere will 
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contribute to the positive ice-albedo effect in the cases where microplastics are 

not washed off an ice surface and may exacerbate glacial retreat (Yue et al., 

2020). 

 

7.6.4.4. Microplastic particle morphology 

Experimental work in Chapter 6 demonstrated that the particle morphology 

dictates the subsequent morphology of initial surface meltwater. This provided 

unique insights into the heat transfer mechanisms associated with microplastic 

particle-ice interaction, whereby it was noted that conduction-driven ice melt 

was dominant in the first instance, until heating of water enabled meltwater 

convection processes and subsequent modification to the meltwater 

morphology (i.e. to a spherical pond). This indicates the evolution of 

conduction-driven melt to convection-driven melt associated with many 

microplastic particles. Additionally, the particle morphology dictates the thermal 

pathway length within the particle. It was noted that a spherical, large 

microplastic particle was associated with a lower volume of ice melt compared 

to a thin microplastic particle; this was likely due to a longer thermal pathway 

associated with the spherical particle, and subsequent increased convective 

heat loss to the atmosphere. Therefore, it is suggested that smaller microplastic 

particles are capable of melting ice to a greater extent than larger microplastic 

particles; this finding is most applicable in a ‘melt-limiting’ regime (e.g. cooler 

temperatures). This is consistent with findings associated with volcanic particles 

in Chapter 5 (i.e. a higher particle velocity was associated with a smaller 

volcanic particle (e.g. < 3 mm) relative to a larger volcanic particle (e.g. > 6 

mm), attributed to the low thermal conductivity of the particles. It is suggested 

that processes associated with particles with a low thermal conductivity can be 

applied to the behaviour of microplastics.  

 

Results in this thesis contribute new knowledge to the field of microplastic 

particle contamination within the environment. These findings demonstrate the 

importance of future research to understand how the ice state may change with 

future microplastic contamination (e.g. contribution to the positive ice albedo 

effect through particle aggregation) and to predict the fate of microplastic 

particles within the cryosphere and possible entry into marine systems. 
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7.7. Fragmentation of volcanic particles within ice 

Chapter 6 revealed the process of volcanic particle fragmentation within ice. 

Particle fragmentation was observed in at least one instance with all volcanic 

materials used (e.g. cemented ash clusters, scoria, and pumice). Interestingly, 

fragmentation processes occurred in all cases of pumice particles, suggesting 

that it was a common process associated with cold pumice interaction with ice. 

Discussion of this process will, therefore, predominantly focus on the 

application to pumice particles, although the working hypotheses described are 

suggested to be applicable to cemented ash clusters and scoria particles. 

 

Pumice particles are vesicular by definition, with a subsequent low particle 

density that facilitates floating behaviour within water. Therefore, the general 

behaviour observed in this study supported the consensus that pumice particles 

typically initially float in water. However, the role of pumice saturation is crucial 

when considering the behaviour of porous particles (Whitham and Sparks, 

1986; Hobbs, 2014). Whilst this concept has been previously studied, this has 

predominantly been restricted to consideration of pumice saturation in 

sedimentary environments or water systems (Whitham and Sparks, 1986; 

Manville et al., 1998; Manville et al., 2002). This thesis, in combination with 

work by Juen et al., (2013) and Hobbs (2014), considered the saturation of 

pumices within the cryosphere. 

 

Experimental work in Chapter 5 evolved findings from previous work to 

demonstrate additional complexities associated with pumice saturation. It was 

proposed that saturation indirectly facilitated subsequent fragmentation of the 

porous particles (Figure 7.10). Once particle-induced ice melt was initiated, 

meltwater likely immediately percolated through the pores within the pumice 

particles through capillary action, as is common for porous material (e.g. water 

influx is at its highest in the first five minutes of submergence, Whitham and 

Sparks, 1986; Vella and Huppert, 2007). The base of the pumice particle was in 

direct contact with the ice and facilitated direct conduction of heat in the ice 

away from the point of contact, resulting in meltwater freezing at the pumice 

base. Freezing processes caused meltwater to expand within particle pore 

spaces, driving fracturing at the particle base through freeze-thaw action and 
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subsequent fragmentation of the volcanic particles. Fragmentation of the 

pumice particles was first observed following the development of a meltwater 

pond and subsequent floating behaviour of the pumice particle (e.g. on average 

11 hours following particle placement). Therefore, it is suggested that the 

pumice fragments dropped off the particle base once the ice within the particle 

had melted.  

 

This process occurred more readily with pumice particles due to the higher 

porosity relative to the scoria particles and cemented ash clusters. The process 

can be up-scaled to natural glacial environments, where it is likely that freeze-

thaw action within a porous material would occur as a consequence of diurnal 

cycling of temperatures, in addition to small-scale refreezing encouraged by a 

thermal gradient at the pumice base directly in contact with the ice, as 

described above. The fragmentation of volcanic particles observed in our 

experimental work would likely occur in cryospheric environments and act as a 

contributor of additional particles (and, therefore, additional absorbing surfaces) 

into an ice system, potentially facilitating increased ice melt. 
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Figure 7.10. Cross-sectional schematic diagram of the working hypothesis for pumice 

fragmentation within the ice system, with 1-4 denoting progression through time. 

In natural environments, pumice particles can float in water on a timescale of 

months-years (Whitham and Sparks, 1986; Fauria et al., 2017). Whitham and 

Sparks (1986) and Manville et al. (1998) noted that the pumice size had an 

influence on the percolation of water into the pore spaces, in addition to the 

connectiveness of the pore spaces (Manga et al., 2018). For example, smaller 

pumices were associated with a higher rate of saturation and subsequent 

associated density change; the experimental work for this study supported this 
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finding as the small fragments of pumice, broken off at the particle base, moved 

downwards through the ice, indicating a higher density than water (although, 

this was to be expected due to the saturation processes associated with freeze-

thaw fragmentation). Experimental work conducted by Manville et al. (1998) 

demonstrated that pumices in the size range 1-2 mm experienced full saturation 

immediately and, therefore, sank in water immediately after deposition. 

Experimental work in Chapter 5 was in accordance with these results, with 

observed downwards moving pumice fragments in the size range of 0.5-2 mm.  

 

The pumice particles initially placed on the ice surface did not experience 

sufficient density change during the experimental time-period to facilitate 

downwards movement. This was consistent with the general behaviour of 

pumices described in the literature, i.e. it can take years before full saturation of 

a pumice particle (Whitham and Sparks, 1986). In most cases, this was likely 

due to the large particle size (e.g. > 2 mm) resulting in a slow absorption of 

water (Whitham and Sparks, 1986). Additionally, it is possible that trapped 

gases within the pumice can keep a pumice particle afloat (Fauria et al., 2017). 

This is due to the saturation process likely being a ‘two-step process’: the first 

being a high influx of water in the first instance (e.g. five minutes, Whitham and 

Sparks, 1986) by capillary action, also trapping gases within the pore spaces 

(Fauria et al., 2017); and the second being a slower absorption of water and 

slow gas diffusion out of the pore spaces. This second phase would enable 

pumices to eventually sink if the first phase did not cause sinking behaviour 

(e.g. as observed within the size range 1-2 mm by Manville et al. (1998), and 

0.5-2 mm in experimental work in this thesis). Therefore, it is suggested that the 

larger pumices (e.g. < 2 mm) in our experimental work had trapped gases within 

the pumice, preventing sinking behaviour on the time-scale of experimental 

work (e.g. < 64 hours). 

 

In the case of the smaller particles (e.g. 1.5 mm) placed on the ice surface (i.e. 

not those formed by particle fragmentation), these could remain at the ice 

surface despite a possible full saturation due to surface tension effects; 

experiments involving dense 1.5 mm scoria particles demonstrated surface 

tension induced buoyancy and supported this interpretation. Conversely, the 
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small fragments of pumice particles broken from the originally placed particle 

were able to move downwards through the ice as these fragmented at the 

particle base and, therefore, were already submerged within the meltwater. 

These would not experience surface tension effects retaining the pumice at the 

water surface. 

 

The implications of these findings are that saturation of a pumice particle can 

facilitate multiple modes of melting within an ice system (e.g. the surface 

particle and embedded particle), further evolving findings by Hobbs (2014), who 

also considered pumice saturation within an ice system. However, results 

contrasted with the behaviour of water-logged pumices described by Hobbs 

(2014), as the pumices in Hobbs’ experiments settled on the base of a 

meltwater pond (previously created by the floating pumice) but were not 

capable of further embedding within the ice. The fragmented pumice particles in 

experiments presented in this thesis became fully embedded within the ice and 

sank to depths of 60-80 mm. The differences between these results may be due 

to the contrast in pumice sizes: for example, Hobbs (2014) used pumices 

approximately 13 mm in diameter, whilst the fragmented pumices that 

experienced downwards movement in the experimental work presented here 

were < 3 mm. Experiments described in this thesis suggest that when 

considering particles with a low thermal conductivity, smaller particles were 

most efficient at melting the ice. This demonstrates the need to consider particle 

diameter when predicting the behaviour of particle-ice interaction. 

 

7.8. Modelling dirty ice behaviour 

Comparisons of the particle velocities calculated from the simple melt model 

described in Chapter 3 (Section 3.5.2) with observed behaviour can provide an 

insight into some of the uncertainties associated with modelling dirty ice 

behaviour. Although simplified relative to many energy balance models, this has 

similarities with the general energy balance models developed for modelling 

dirty ice (e.g. Fyffe et al., 2014; Chapter 2).  

 

There is some variability between the modelled and observed particle velocities 

presented in this thesis (Table 7.3 and Figures 9.1, 9,2, and 9,3, Appendix 18). 
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Deviations from the modelled calculations are likely to be due to the simplicity of 

assumptions (as described in Chapter 3) compared with a very complex system 

(as demonstrated in Chapters 4, 5, and 6). For example, there was a reduced 

variation in the modelled particle velocities (e.g. all within a 10-7 m s-1 

magnitude) compared to observed results (ranging from 10-8 to 10-6 m s-1 

magnitudes) – this likely represents the additional complex processes involved 

in particle-ice interaction that were not captured within the simple melt model 

(e.g. role of internal ice structure, sensitivity of particles to temperature, etc.). 

The assumption that the ice was at PMP was deemed most crucial when 

looking at the error associated with the simple melt model, as experimental 

work consistently demonstrated that subtle temperature changes were 

responsible for large shifts in particle behaviours. Evidence for this was the 

varied particle velocities observed in differing thermal environments (for 

example, average particle velocities for stable (warm) were a factor of 1.29-9.74 

higher than stable (cool) depending on particle type). Deviations from the PMP 

were estimated in experimental work through the categories of stable (cold), 

stable (cool), stable (warm), and unstable; however, further work is required to 

build the bridge from this experimental categorisation to allow consideration of 

deviations from PMP in models.  

 

Table 7.3. Comparison of modelled and observed particle velocity. Modelled particle velocities 

were calculated using the simple melt model described in Chapter 3.   

Particle type Modelled 
particle 
velocity  
(m s-1)  

Average observed particle velocity (m s-1) 

Chrome 
steel 

LA 8.63 x 10-7 1.05 x 10-6 

HA 4.22 x 10-7 8.46 x 10-8 

Brass LA 8.63 x 10-7 1.5 mm 3 mm 6 mm 12 mm 

8.32 x 10-7 9.85 x 10-7 1.84 x 10-6 1.36 x 10-6 

IA 4.90 x 10-7 1.76 x 10-6 

HA 3.92 x 10-7 2.39 x 10-7 

Delrin 8.63 x 10-7 3.78 x 10-7 

Polypropylene 8.63 x 10-7 1.41 x 10-6 

Polyethylene 8.04 x 10-7 7.95 x 10-7 

Polystyrene 8.63 x 10-7 2.20 x 10-6 

Cemented ash cluster 6.96 x 10-7 3 mm 6 mm 12 mm 

1.01 x 10-6 1.40 x 10-6 7.03 x 10-7 

Scoria 8.43 x 10-7 3 mm 6 mm 12 mm 

1.04 x 10-6 7.86 x 10-7 1.21 x 10-6 

Pumice 6.08 x 10-7 - 
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The observed particle interaction with the vein network likely facilitated a higher 

particle velocity than modelled (e.g. downwards movement from additional 

processes to ice melt) as the importance of the ice hydrological system has 

been consistently demonstrated as a control on particle-ice interaction. Detailed 

comparisons of modelled versus observed behaviour can be found in Appendix 

18.  

 

Experimental results presented here have demonstrated the complexities 

associated with a dirty ice environment, even in a partially controlled laboratory 

setting. The findings in this study are, therefore, useful for addressing some 

assumptions used when modelling dirty ice environments, as noted below: 

(1) The presence of surface meltwater associated with low density particle-

ice interaction, and refreezing processes of meltwater produced by 

downwards moving particles, contradicts a common assumption of 

debris-covered and dirty ice modelling described in the literature. Pooling 

of meltwater is disregarded in many models and assumes immediate 

run-off. Therefore, phase changes associated with evaporation or 

refreezing are not considered in the ablation process, typically leading to 

an overestimation of modelled ablation. 

(2) Cold temperatures reduced the particle-ice interaction and particle 

velocity. This was because the ice was not at PMP and not all heat 

transferred caused ice melt due to the conduction of heat along a 

thermal gradient in the ice. However, conduction of heat away from the 

particle proximity through the ice is not considered in dirty ice modelling, 

and the ice is assumed to be at PMP.  

(3) Advection of heat from drainage events or particle-particle interaction 

reduced the particle velocity relative to the modelled output (e.g. in 

experiment P13 the IA particle velocity was reduced by 22% relative to 

the modelled output, with a 78% reduction when compared to the 

average recorded IA brass velocity without drainage events). This 

demonstrates the complexity involved and challenges the assumption 

that all heat absorbed by the particles is transferred into melting the ice. 
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(4) The ice structure can influence the orientation and velocity of particle 

movement throughout the ice, as discussed in the application of the 

simple melt model to observed results above. 

(5) The englacial environment as a platform for particle-ice interaction is 

rarely considered in modelling ablation of dirty ice; however, 

experimental work in this study has demonstrated that it is an optimal 

environment for ablation. 

(6) The relative importance of particle properties, and the absolute value of 

particle properties (e.g. density and thermal conductivity), can change 

during active particle-ice interaction (for example, absorption of water 

into pore spaces in volcanic material). However, many modelling 

techniques assume particles with temporally and spatially constant 

properties.  

 

The processes described in (2) is of particular importance: englacial heat 

conduction through the ice away from the debris/ice interface is commonly 

omitted as a parameter in DEB modelling (e.g. Nawako and Young, 1986; Han 

et al., 2006). However, it has been noted that this process is important when 

considering colder regions. This may result in reduced ablation in reality when 

compared to estimates from modelled outputs that do not consider englacial 

conduction (Reid and Brock, 2010; Nicholson and Benn, 2013). Experimental 

results demonstrated a dependency on the thermal environment in the proximity 

of the particle; this considers the balance of heat conduction away from the 

particle (i.e. resulting in refreezing processes) and heat transfer from the 

particle into the ice (i.e. resulting in melting processes). Often, this was 

described as a sensitive balance where large behavioural changes in particle-

induced ice melt occurred in response to subtle changes in ice temperatures. 

These results have confirmed the need for consideration of this component.  

 

This discussion considers the complexity associated with dirty ice conditions, 

whilst many models are predominantly first-order. Simplifications in modelling 

techniques may ultimately result in inaccuracies in modelled dirty ice ablation; 

however, if the behaviour of particle-ice interaction in dirty ice conditions can be 

predicted and understood more accurately, then modelling of dirty ice might 
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provide a better understanding of glacier response to climate change. These 

findings provide a foundation for reducing the knowledge gaps involved in 

modelling dirty ice conditions. 

 

7.9. Future research 

7.9.1. Microplastic particle contamination in the cryosphere 

Experimental work in Chapter 6 provided a new insight into microplastic 

particles interaction with ice. However, the properties investigated were limited 

when considering the large range of properties associated with microplastic 

particles. For example, microplastic particles have a wide range of colours, 

morphologies, and diameters (Allen et al., 2019; Stefánsson et al., 2021). 

Therefore, it would be useful to conduct future research to map the behaviour of 

the properties of microplastic particles (e.g. considering a range of particle 

albedos), in addition to considering how these durable particles may behave 

when part of a debris layer. This is crucial when considering the impact of 

microplastic contamination of the cryosphere as this is a critical freshwater 

resource (Cabrera et al., 2020; von Friesen et al., 2020). 

 

7.9.2. The behaviour of embedded particles 

When considering meteorite loss mechanisms within ice, Evatt et al. (2016) 

suggested that large meteorites (e.g. > 22 cm) would emerge at an ice surface 

as downwards particle velocity would not exceed upward ice transport. 

However, experimental work in this study demonstrated that within the 

subcategory of ‘small’ particle size (e.g. < 22 cm), there are discrepancies in 

behaviours: for example, larger particles (e.g. > 6 mm) are less sensitive to 

subtle changes in temperature and, therefore, are more likely to sink to a 

greater ice depth than smaller particles (e.g. < 3 mm). This demonstrates 

additional complexities to theories described by Evatt et al. (2016) and 

demonstrates the need to further improve understanding of the behaviour of 

embedded particles. This is important for field campaigns that search for 

meteorites on ice sheets; improving the understanding of thermally conductive 

particles within ice may facilitate the finding of a greater number of iron-based 

meteorites. This, in turn, would drive understanding of the early solar system 
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and the composition of planetary bodies, because iron-based meteorites likely 

represent material originated from the core of its parent planet body (Ni et al., 

2020). 

 

Experimental work in Chapters 4 and 6 showed that embedded low-density 

particles can migrate upwards through ice to reach an ice surface. It would be 

useful to assess this process in future studies to improve our understanding of 

movement within an ice system with additional complexities (e.g. opaque ice, 

movement over a longer distance than considered in this experimental work, 

the effect of the presence of other particles on englacial particle movement, 

etc.).  

 

7.9.3. Sublimation cooling offsetting melting processes 

Experimental work in Chapters 3 and 4 demonstrated that sublimation cooling 

of an ice surface could offset particle-induced ice melt under insolation. 

However, this was not a focus of this study (rather, a secondary result of the 

experimental design process and early experimental work). Therefore, it would 

be useful to investigate this process through further research to improve 

understanding between the relationship of sublimation processes and surface 

particles to complement work conducted by Hobbs (2014) and Taberlet and 

Plihon (2021).  

 

7.9.4. Modelling dirty ice 

The experimental work within this thesis provides insights into assumptions 

involved in dirty ice modelling. Therefore, there is scope for building the bridge 

between the results presented in this thesis and the dirty ice models – and this 

should lead to improved forecasting of the durability of ice on Earth and other 

planets. 
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8. Conclusions 

This thesis aimed to improve understanding of particle-ice interaction in dirty ice 

conditions under insolation. Many studies agree that debris insulation reduces 

glacier sensitivity to climate change. However, the thickness required to achieve 

these insulating properties differs between debris type (Chapter 2) and is not 

always experienced on a glacial surface. Instead, a sparse distribution of 

particles (i.e. dirty ice) is common and this is thought to accelerate glacier 

ablation. A review of the literature (Chapter 2) demonstrated the following 

knowledge gaps in dirty ice science that this thesis aimed to address: (1) the 

role of particle properties on influencing particle-ice interaction (Chapter 4), (2) 

the behaviour of volcanic particles in dirty ice conditions (Chapter 5), and (3) the 

behaviour of microplastic particle-ice interaction (Chapter 6). Analysis across 

these three themes aimed to improve understanding of processes involved in 

dirty ice conditions that may contribute to the global accelerating trend of glacier 

mass loss. 

 

Laboratory experiments were designed to investigate particle-ice processes in a 

partially controlled environment analogous to dirty ice conditions (Chapter 3). 

This experimental approach was developed solely for the intent of addressing 

the knowledge gaps noted in Chapter 2 and has proved to be a useful method 

of isolating particle-ice interaction on the individual particle scale and when 

considering a scattering of surface particles. Cross-sectional imaging of ice is a 

pioneering and useful technique that was critical for providing information about 

the behaviour of the dirty ice system under insolation. The calculation of particle 

velocities, used as a key tool for interpretation of processes within this thesis, 

also allowed valuable comparisons of data from experimental studies in the 

literature (e.g. Evatt et al., 2016).  

 

This study has confirmed that dirty ice conditions can modify the 

thermodynamic behaviour of the upper surface and englacial environment of an 

ice body relative to clean ice to encourage ablation. The systematic review of 

particle properties described in Chapter 4 helped to create a knowledge bank of 

individual particle properties and the importance of each respective property in 
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terms of inducing ice ablation. There is a need for future work to develop this 

systematic understanding to use as a tool to map the fate of particles within the 

cryosphere and to predict the particle-induced ablation in dirty ice conditions. 

Chapter 5 evolved the understanding of the processes associated with volcanic 

particle-ice interaction (e.g. the role of convective heat transfer arising from a 

low thermal conductivity) in dirty ice conditions and demonstrated the likelihood 

of particle fragmentation once within the ice/water system; the latter has not 

previously been recognised in dirty ice science. Experimental work in Chapter 6 

established the fundamental behaviour of microplastic particles within the 

cryosphere, not previously investigated in the literature, and, thus, contributed 

new knowledge to our understanding of microplastic contamination within the 

environment. 

 

In summary, results (Chapters 4-6) demonstrated the effectiveness of particles 

inducing ice melt under insolation through a range of complex processes. The 

wider implications of this study on our understanding of dirty ice processes are 

as follows: 

1) Particle thermal conductivity is an important particle property in 

influencing the melt initialisation process. Particle density is crucial in 

determining if a particle experiences a supraglacial or englacial 

environment. Therefore, particle density is argued to be of 

comparable importance to particle thermal conductivity and albedo. It 

is suggested that particle density should be considered when 

predicting the behaviour (and, therefore, influence on ablation) and 

fate of dispersed particles in ice. 

2) The englacial environment can experience significant ablation due to 

particle-ice interaction. This appears to be to a greater degree than 

the supraglacial environment due to convective heat losses to the 

atmosphere for particles in the supraglacial regime, although the 

englacial environment is often overlooked in ablation modelling. 

Therefore, both ablation environments should be considered in 

ablation modelling to accurately estimate ice mass loss and run-off 

patterns in dirty ice conditions. 
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3) Subtle changes in temperatures can result in large behavioural 

changes of particles. The extent of behavioural change is dependent 

on the particle properties. This is important when considering 

assumptions (e.g. deviations from the pressure melting point, PMP) 

used in debris-covered and dirty ice models. It is suggested that 

temperature deviations from PMP should be quantified in ablation 

modelling to better forecast how particle-induced ice melt will 

contribute to glacial ablation. 

4) The internal ice structure has a significant influence on the behaviour 

of particles by facilitating drainage events through the vein network, 

enabling rapid movement of small particles (i.e. microplastic particles 

smaller than the diameter of channels in the vein network) through 

the ice and influencing the orientation of downwards particle 

trajectories. This effect is exacerbated in warmer temperatures due to 

a widening of the vein network. Therefore, it is possible for 

microplastic particles and other small particles to move within the vein 

network, encouraging englacial melting within the photic zone, and 

allowing a pathway for microplastics to move through ice and enter 

downstream fluvial or marine systems.  

5) Particle properties can act as a sorting mechanism for particles within 

ice. This has implications for meteorite search campaigns in 

Antarctica and Greenland as an improved understanding of the 

transport of particles within ice may help with the search for iron-

based meteorites, and the fate of microplastic particles following 

deposition on an ice surface. 

6) Upwards migration of embedded low density particles can result in re-

exposure of material at the ice surface and may contribute to a 

lowering of ice surface albedo, increased surface ice ablation, and, 

subsequently, to the ice-albedo positive feedback. 

7) A particle with a low thermal conductivity (e.g. a volcanic particle) 

within the englacial environment drives melting through indirect 

meltwater convection from a warm particle top surface, resulting in a 

wide region of melt. A particle with a high thermal conductivity (e.g. 

an iron-based meteorite) within the englacial environment drives 
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melting directly at the particle base from heat conduction through the 

particle, resulting in a narrow region of melt. This improves our 

understanding of the morphology of melting channels and cryoconite 

holes, as we may be able to better predict the morphology of features 

created by particles depending on the properties of a particle. This 

also improves understanding of the fate of particles moving within an 

ice system, and possible stratification of particles within ice. 

8) The loss of fine-grained material from volcanic particle surfaces and 

freeze-thaw fragmentation of porous material increases the 

effectiveness of volcanic particles to melt the ice in dirty ice 

conditions. This contrasts with the insulating behaviour when 

considered in volcanic debris-covered ice environments. This means 

that multiple melting regions are likely following dispersed volcanic 

particle deposition (e.g. denser particles moving into the englacial 

environment, and less dense particles remaining at the ice surface). 

High rates of ablation may be induced by volcanic material due to the 

possibility of additional absorbing surfaces being introduced into the 

ice system.  

9) Microplastic particles can effectively induce ice ablation. A variety of 

behavioural modes (e.g. downwards moving particles, floating 

particles with lateral movement, etc.) are possible due to particle 

density being close to that of water and other highly varied particle 

properties (e.g. albedo and morphology).  

10) Surface tension forces are a key control on the movement of low 

density or intermediate density particles within an ice system. This 

effect can, therefore, influence the fate of low and intermediate 

density particles (e.g. microplastics) within the cryosphere by: (1) 

encouraging aggregation of floating fine-grained material to create a 

concentrated area of a low albedo surfaces, and (2) retain 

intermediate density particles at an ice surface despite a higher 

density than water to contribute to surface melting. An improved 

understanding of these forces in influencing particle position within 

the ice system is beneficial when assessing the fate of microplastics, 

and other low/intermediate density particles, within the cryosphere. 
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Taken overall, this thesis offers new and important insights in an area that has 

quickly become a human imperative. Offering a unique contribution in its own 

right, as well as supporting further research in this area, it plays a part in 

helping to understand glacier ablation, which is a critical aspect of the global 

climate challenge. 
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9. Appendices 

Appendix 1: Summary of key light absorbing particles. 

Appendix 2: Supplementary table of reviewed published fieldwork studies. 

Appendix 3: Supplementary table of reviewed published laboratory studies. 

Appendix 4: Supplementary table of reviewed published modelling studies. 

Appendix 5: Supplementary table of method development experiments to 

create optically transparent ice blocks. 

Appendix 6: Supplementary table of method development experiments to 

determine the appropriate artificial radiation source. 
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9.1. Appendix 1: Summary of key light absorbing particles. 

Table 9.1. A summary of the key characteristics of ice surface particles that can influence ice ablation rates. *PCDs = pyroclastic density currents. 

Particle Formation Composition Transportation Interaction with ice  
Likely increased 
presence on ice in 
the future? 

Black carbon Anthropogenic (e.g. 
fossil fuel 
combustion) and 
natural (e.g. 
wildfires) sources.  

Carbonaceous particles, with 
a chain structure of volatile 
organic compounds around a 
carbon core (micrometre 
scale). 

Atmospheric transport 
due to small size of the 
particle. 

Reduces surface albedo of 
ice and increases the 
ablation rate of ice. This is 
a strong absorber of solar 
radiation (and wavelength 
independent). 

Yes (due to increased 
frequency of wildfires, 
emissions from boats, 
and melting of ice 
exposing buried 
particles). 

Brown carbon 
  

Anthropogenic (e.g. 
biomass burning) 
and natural (e.g. 
biogenic aerosols) 
sources. 

Carbonaceous particles with 
a large (nanometre scale) 
carbon core. Many species, 
but all are organic. 
Compositional changes can 
occur through transport (e.g. 
bleaching). 

Atmospheric transport 
due to small size of the 
particle.  

Reduces surface albedo of 
ice and increases ablation 
rate of ice, although the 
extent of this varies due to 
a range of particle 
compositions and 
properties. Wavelength 
dependence absorption of 
solar radiation, with 
absorption predominantly 
in the shorter wavelengths 
(e.g. blue and ultraviolet).  

Yes (due to increased 
frequency of peatland 
fires in high latitudes). 

Dust Natural (e.g. arid 
and semi-arid 
areas) and 
anthropogenic (e.g. 
land use) sources. 

Soil-derived particles 
(micrometre scale) of varying 
composition (reflecting the 
source conditions).  

Atmospheric transport 
due to small size of the 
particle. 

Reduces surface albedo of 
ice and increases the 
ablation rate of ice. 
Absorption predominantly 
in the visible region. 
Absorption is not as strong 
as other particles. 

Yes (due to 
deforestation, wind 
erosion and 
increased frequency 
of dust storms). 
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Particle Formation Composition Transportation Interaction with ice  
Likely increased 
presence on ice in 
the future? 

Cryoconite Aggregation of 
surface dust to form 
larger units 
containing 
microorganisms. 

85-95% dust plus organic 
matter. Composition is 
dependent on the dust, 
which is dependent on the 
source location. 

Atmospheric transport 
due to small size of the 
particle.  

Aggregation of material 
leads to localised regions 
of decreased albedo and 
the formation of holes on 
the ice surface. Continued 
darkening of sediments 
from consolidation events. 

Yes (due to increased 
dust deposition). 

Rock debris Natural source (e.g. 
scree slopes and 
glacier deposits). 

Highly varied as reliant on 
the local factors (e.g. 
geology). 

Gravity-driven 
transportation (e.g. 
rockfall from scree 
slopes) 

This depends on the 
thickness of the deposit. 
Thinner layers will increase 
ablation, whilst thicker 
layers will preserve the ice. 

 

Volcanic 
particles  

 Airfall Natural source 
(volcanic eruptions).  

Highly varied (e.g. silica 
content, pore spaces, etc). 
Therefore, the thermal and 
optical properties vary 
considerably. 

Atmospheric 
transportation of 
smaller particles. These 
can settle on the ice as 
thick layers (typically 
near the eruption site) 
or as a scattering of 
particles.  

This depends on the 
thickness of the deposit. 
Thinner layers will increase 
ablation, whilst thicker 
layers will preserve the ice. 

No (due to no 
expected increase in 
eruption frequency, 
although possible re-
exposure of buried 
particles from melting 
glaciers). 

 PCDs* Mixtures of volcanic debris 
and gases; therefore, the 
composition is highly varied, 
and the thermal properties 
vary. 

Gravity-driven 
transportation. 

Ice mass loss through 
melting and/or erosion. The 
extent of this is dependent 
on the concentration of 
clasts (e.g. a more 
concentrated current is 
associated with destructive 
behaviour). 

Meteorites  Natural source 
(formation in 
space).  

Composition varies 
depending on the type of 
meteorite. Three classes: 
chondrites (stony class), 
carbonaceous chondrites 

From meteorite fall 
events. Concentrated in 
meteorite stranding 
zones on ice sheets. 

Variable interaction with ice 
due to range of 
composition and 
properties. Stony 
meteorites remain on the 

No (due to no 
expected increase in 
fall frequency). 
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Particle Formation Composition Transportation Interaction with ice  
Likely increased 
presence on ice in 
the future? 

(stony class), and iron 
meteorites.  

ice surface, whilst iron 
meteorites sink into ice. 

Microplastics Anthropogenic 
sources (e.g. road 
traffic emissions, 
beauty products, 
plastic fibres from 
clothing).  

< 5 mm plastic particles with 
a varied composition (the 
most common found in ice 
systems are polyethylene, 
polypropylene, and 
polyamide). Therefore, the 
thermal and optical 
properties vary considerably. 

Atmospheric transport 
due to small size of the 
particle. 

Unknown.  Yes (due to the fact 
that microplastics can 
persist in the 
environment for long 
periods, and the 
annual waste 
production of 
microplastics is 
expected to 
increase). 
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9.2. Appendix 2: Supplementary table of reviewed published fieldwork studies. 

Table 9.2. Comparison of results from fieldwork experiments, where 1cited in Kirkbride and Dugmore, (2003) 2cited in Fujii (1977), 3Kayastha et al 

(2000) and 4cited in Fyffe et al. (2020). Climate classification is from Peel et al. (2007), where a: tropical, b: arid, c: temperate, d: cold, and e: polar.  

Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

Swithinbank, 
1949 

Vatnajokull, 
Iceland)  
 

Debris dirt cones 
comprised from volcanic 
ash from the 1947 Hekla 
eruption. These extended 
from ~1-3 m in height 
(averaging at 2 m from the 
surrounding ice). 

Ice/Natural  

- 

• Thick layers of debris protected the underlying 
ice from ablation to form dirt cones. Thin layers of 
debris on the extent of the dirt cones accelerated 
ice melt. 

• Debris thickness, radiation absorbance 
coefficient, and conductivity were the primary 
controls on ice ablation. 

Lister, 19531 Breidamerkur-
jökull, Iceland 

Tephra Ice 
- 

• Critical thickness 0.4-0.7 cm. 

Östrem, 1959 Isfallsglaciaren, 
Sweden 

Rock (sand and gravel) 
with 
various grain sizes and 
layer thicknesses (0-30 
cm). 

Ice/Artificial. 
Plots 
approximately 2 
m2. 

26 days, 
10 July-5 
August 1956. 

• The upper sand layer (9 °C) was +4°C higher 
than the ambient air temperature (5.4 °C). 

• Distribution of heat energy varied with grain sizes 
and thickness of debris layer. 

• Increased melting of ice under thin debris layers 
relative to bare ice and decreased melting of ice 
under thick debris layers relative to bare ice. 

• Effective and critical thicknesses measured at 0.5 
cm and 1 cm, respectively.  

Loomis,  
19702, 4  

Kaskawulsh 
Glacier, Alaska 

Rock Ice 

- 

• Development of effective thickness (e.g. 1 cm) 
and critical thickness (e.g. 5 cm) values. 

• Thin layers increased ablation by 129% relative 
to bare ice ablation. 

Moribayashi, 
19722 

Japanese 
Central Alps - 

Snow 

- 
• Similar effective and critical thickness values as 

those observed by Östrem (1959) of 
approximately 0.5 cm and 1.5 cm, respectively.  

Small and 
Clark, 19741,4  

Glacier de 
Tsidjiore 
Neuve, 
Switzerland 

Light grey gneiss with a 
variety of grain sizes, and 
highly fractured dark 
schists. 

Ice 

- 

• Ablation increased by 121.9-172.3% under debris 
layers 1 cm relative to bare ice. 

• Ablation increased by 117.3% under debris 
layers 2-3 cm relative to bare ice. 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

• Effective and critical thicknesses were measured 
at 1 cm and 3 cm, respectively. 

Bazhev, 1975 Medvezhiy 
glacier, Pamir 
mountains, 
Tajikistan 

Coal dust particles with 
0.2-0.5 mm diameters. 
Manual dusting of particles 
using 12.5, 25, and 50 g of 
coal dust per 1 m2. 

Snow/firn and 
ice/Artificial. 
Four 2x2 m 
plots. 

Three 
experimental 
series, each 3-
4 days, 25 
August-6 
September 
1965. 

• Ablation of snow/firn covered surfaces was 
higher than ice covered surfaces.  

• Dusting of particles resulted in the formation of a 
‘melt crust’ as the particles sunk into the ice.  

• The maximum ice melt was experienced with 
coal dust at a density of 5 g/m2 due to the 
optimum zone of particle radius and zone of heat 
effect (e.g. highest proportion of the glacier that 
experienced the heat effect of coal dust). 

Fujii, 1977 Rikha Samba 
Glacier, Nepal 

Black phyllite sand Snow/Artificial. 
Nine plots with a 
debris thickness 
0.5-8 cm. 

4 hours 35 
minutes, 
August 1974. 

• Confirmation of ‘Östrem’ curve, where thick 
layers of debris protected the ice from ablation 
and thin layers of debris accelerated ice melt.  

• Noted that additional experimental field work 
studies were required to understand the role of 
particle properties (e.g. particle size, albedo 
mechanism of debris formation, and heat transfer 
mechanisms).  

Higuchi and 
Nagoshi, 1977 

Tsurugizawa, 
Tateyama 
Mountain 
range, Central 
Japan 

Mineral dust (quartz and 
feldspar), with diameter 
ranges of ~4-10µm. 
 

Snow/Natural 

- 

• Albedo of snow decreases with increasing 
particulate matter concentration.  

• Increasing concentration of particulate matter 
within the surface snow was observed throughout 
the ablation season (June-October) due to 
concentration in the surface snow layer after 
snow melt. This resulted in a decrease of snow 
albedo throughout the ablation season. 

Sand Snow/Artificial. 
Thicknesses of 
0.1, 0.2, 0.3, 
0.5, 1, 2 and 5 
cm. 

• Demonstrated effective and critical thickness 
values of 0.5 cm and 2 cm, respectively, for sand 
grained particles. 

Driedger, 1981 South Cascade 
Glacier, USA. 

Tephra (specifically ash), 
with a focus on thin ash 
deposits (from Mount. St. 

Snow (firn)/ 
Eight artificial 
plots (bare 

8 days, 18 -26 
August 1980. 

• Deposition of ash onto the snow resulted in the 
ash absorbing water. This had an albedo of 0.16. 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

Maritime 
climate with 
heavy annual 
ppt. (up to 4.5 
m) 

Helens eruption). 91% of 
the particles were 0.25 – 1 
mm in diameter, with 55% 
greater than 0.5 mm.  

snow, 0.075, 
0.2, 0.5, 1, 1.5, 
2, 3 cm), and 
one natural plot 
with 0.025 cm of 
debris.  

• Effective thickness (0.3 cm) and critical thickness 
(2 cm) values were determined. Ash layers with 
the effective thickness increased ice melt by 
approximately 90% (relative to bare ice).  

• Suggested the need for more research into the 
‘effective thickness’ values (e.g. 0.2-0.5 mm) to 
provide clarity on this part of the Östrem curve.  

Nakawo and 
Young, 1982 

Peyto Glacier, 
Canada 

Ottawa sand (dried). This is 
medium grained silica sand 
with an average grain 
diameter of 0.4 mm. 

/Six artificial 
plots with debris 
layer thickness 
ranging 1-10 
cm. 

2 days, 20-22 
August 1979 

• Surface irregularities developed during the 
experiment due to differential ablation.  

• Saturation of debris layers was observed. This 
appeared to be uniform in most plots, aside from 
one instance where only the basal particles were 
saturated.  

Khan, 1989 Barpu Glacier, 
Karakoram 
Himalaya, 
Pakistan. 
 

Rock (disintegration of 
local metamorphic and 
igneous rocks) with a 
variety of grain sizes from 
clay grade to boulders > 
4m. 

Ice/Natural 
occurring. 37 
ablation stakes 
in facet (slope 
angle 
approximately 
45°)  

18 days over 
three 6-day 
periods, May- 
July. Short 
periods were 
selected to 
mitigate 
against natural 
modification to 
debris 
thicknesses 
with time. 

• All facets were surrounded by two stakes near 
the top edge and two stakes near the bottom 
edge. This ablation stake network demonstrated 
that there was increased ablation at the top of the 
facet relative to the bottom.  

• Facet ablation predominantly relied on incoming 
radiation as ablation rate between facets was due 
to the slope aspect. These represented almost 
bare ice surfaces. However, although horizontal 
surfaces received the greatest amount of 
radiation, the lowest amount of ablation was 
experienced in these regions due to the presence 
of debris layers insulating the ice (see below). 

Ice/Natural 
occurring. 45 
ablation stakes 
in flat study. 
Natural range of 
0-30 cm thick 
over the ablation 
stake network. 

• Uneven rates of ablation associated with varying 
debris thicknesses, where greater ablation rates 
were observed under areas of thinner debris 
thicknesses. Critical thickness values were 
measured at 3 cm. The effective thickness was 
measured at 1 cm, where there was a 63% 
increase in ablation. Areas of uncertainty were 
associated with thin layers (e.g. ~2 cm) of debris. 

• 20% of the area experienced thicknesses up to 3 
cm, 55% had debris thicknesses 3-15cm, and 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

25% had debris thickness 16-70 cm. Therefore, 
80% of the field area experienced reduced 
ablation. 

Mattson et al., 
1993 

Rakhiot 
Glacier, 
Western 
Himalayas, 
Pakistan 

Rock from Pleistocene 
lateral moraines. A range 
of grain sizes from silts, 
sands, and gravels to 
cobbles and boulders. 

Ice/Artificial (12 
plots) and 
naturally 
occurring (ten 
sites). Layer 
thicknesses 
varying 0-40 cm. 

47 days, 
22 June-8 
August 1986. 

• Consistent trend of increased ablation beneath 
thinner layers, where an effective thickness was 
measured at 1 cm. Decreased ablation was 
observed under layers thicker than this, with a 
critical thickness measured at 3 cm.  

• Extending the Östrem curve from this study 
estimated that ablation would stop in instances 
where debris thicknesses exceeded 100 cm. 

Syverson and 
Mickelson, 
19951  

Burroughs 
Glacier, 
Alaska, USA 

Rock Ice 
- 

• Effective and critical thicknesses were measured 
at 0.7 cm and 2 cm, respectively.  

Rana et al., 
19973 

Lirung Glacier Debris. The mean albedo 
of debris surface: 0.1 

Ice/Natural 
- 

• Effective thickness measured at 2.6 cm, whilst 
critical thickness was measured at 9 cm.  

Adhikary et al., 
2000 

Lirung Glacier, 
Nepal.c 

Dust, specifically black soil 
containing organic matter, 
albedo: 0.08 (dry) and 0.06 
(wet), bulk density: 450 kg 

m-3, particle size: 0.35   
> 0.15 mm. 

Ice/Artificial. Ten 
plots, eight on a 
flat surface, two 
on a 25° sloping 
surface. 

9 hours,  
28, 29 and 30 
May 1996. 

• Effective thickness was measured at 0.02 cm, 
whilst critical thickness was measured at 0.13 
cm. Maximum ablation was five times greater 
than bare ice. This demonstrated that the 
maximum ablation under dust particles was 
achieved at much thinner layers than previous 
experiments and provided an insight into the 
behaviour of ‘dirty ice’ states. 

• Reduction of ice albedo to 0.15-0.22 with the 
presence of dust particles (compared to 0.39 of 
bare ice). 

• Modification of ablation patterns due to migration 
of dust particles with meltwater. This allowed the 
reduced albedo surface to be translated to 
adjacent bare ice surfaces. 

• Comparisons with previous work suggested that 
dust particles behaved differently on ice surfaces 
compared to snow. A 1.4 x higher concentration 
of particles was required for maximum ablation to 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

be achieved on an ice surface relative to snow 
(e.g. 0.112 kg m-2 compared to 0.08 kg m-2).  

Kayastha et 
al., 2000 

Khumbu 
Glacier, Nepal 

Angular, loosely packed 
wet cobbles of light-
coloured granitic rocks up 
to 3 cm in size. 

Ice/Artificial. Six 
plots with debris 
thicknesses 
ranging from 2-
40 cm, one plot 
of bare ice. 

11 days, 
21 May-1 June 
1999. 

• Effective and critical thickness demonstrated at 
0.3 cm and 5 cm, respectively. Ablation ceased 
under debris thicknesses larger than 1 m.  

• Thermal conductivity and albedo are the main 
debris properties that control heat transfer from a 
particle to ice surface.  

Takeuchi et 
al., 2000 

Khumbu 
Glacier, Nepal 

Debris Ice/Natural. 
Varying debris 
thicknesses 
ranging 2-40 
cm.  

Ten days, 
22 May-1 June 
Ablation rates 
were 
measured four 
times a day. 

• Inverse correlation between ablation rates and 
albedo of ice surface. 

• Direct comparisons between thermodynamic 
response of debris-covered ice and debris-free 
ice within the same region demonstrated that ice 
covered with a debris layer of 10 cm experienced 
40% less melt relative to a bare ice surface with 
the same low albedo. This was suggested to be a 
result of the insulating effects of the debris where 
heat was not conducted through the layer.  

Unpublished 
data1  

Gigjokull, 
Iceland 

Tephra fallout from the 
1947 Hekla eruption (first 
phase – dark andesitic 
tephra, second phase – 
light dacitic tephra). 

Ice/Artificial Ten days. • Effective and critical thicknesses were measured 
at 0.2 and 0.55 cm, respectively. 

• Determined that the lower critical thickness value 
compared to previous studies was due to the 
lower thermal conductivity of porous tephra 
relative to sedimentary rock debris. 

Brock et al., 
2007 

Villarrica 
volcano, Chile.c 
 

Tephra (predominantly 
lapilli, with some ash). 
Andesitic-basaltic 
composition, with a silica 
content of approximately 
53-56%.  
Loosely compacted and 
well sorted tephra cover. 
Porous lapilli, compacted 
ash. 

Snow/Artificial. 
Tephra 
thicknesses 5, 
10, 20, 30, 40, 
50, and 90 mm 
(seven plots), a 
discontinuous 
layer of tephra 
(eighth plot), 
‘natural’ snow 
containing trace 
concentrations 

165 days,  
82 in 2004 
and 83 in 
2005. 

• A 97% increase in snow ablation was observed 
underneath the discontinuous layer of tephra (0.1 
kg m-2). The effective and critical thicknesses 
occurred before the tephra layer was continuous, 
contrasting to previous studies looking at tephra. 
This most correlated with results from Adhhkary 
et al. (2000) where dust was investigated. This 
suggested that maximum ablation was under 
‘dirty ice’ conditions, rather than ‘debris-covered 
ice’ conditions. The low critical thickness value 
was suggested to be due to the low thermal 
conductivity of the porous material (e.g. 0.35 W 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

of tephra, dust, 
etc., (ninth plot), 
clean snow 
(tenth plot). 

m-1 K-1), agreeing with suggestions by Kirkbride 
and Dugmore, 2003 (unpublished data).  

• Reduction in snow albedo from ~0.55 to ~0.1. 

• Noted that there were large changes in the 
thicknesses of the tephra layer throughout the 
measurement period.  

Mihalcea et 
al., 2008 

Miage Glacier, 
Italy 

Debris from deglaciated 
rock walls, and moraines 

Ice/Natural. June and July 
2005, summer 
2006. 

• Surface temperature was primarily controlled by 
thickness of debris layers.  

• Supraglacial debris evolution is dynamic over 
short periods (e.g. less than a decade). 

Richardson 
and Brook, 
2010 

Summit 
Plateau ice 
field, Mt. 
Ruapehu, New 
Zealand 

Tephra (from the 2007 Mt. 
Ruapehu eruption). 
This deposited tephra of 
variable thickness: < 2 m 
diameter ballistic blocks 
and ash-lapilli deposits of 
various thicknesses onto 
the summit plateau ice 
field. 

Ice/Natural. 12 
stakes were 
emplaced into 
the ice through 
tephra with a 
thickness range 
of 0-40 cm. 

16 days, 
17 January to 
2 February 
2008. 

• Effective and critical thickness values were 
measured at 7 cm and 12 cm, respectively. 
Ablation was close to zero underneath debris 
layers of approximately 50 cm. 

• Previous studies investigating tephra layers 
demonstrated smaller effective/critical 
thicknesses than those reported in this study (< 1 
cm). It was proposed that geothermal contribution 
to melt may have been occurring at this field site. 

Yang et al., 
2010 

24K Glacier, 
southeast 
Tibetan 
Plateau 

Dark-grey coarse sandy 
debris 
 

Ice/Natural. 14 
ablation stakes 
were emplaced 
from the upper 
glacier margins 
to the glacier 
terminus. 

October 2007-
September 
2008. Results 
were collected 
from stakes on 
three days 
(July 19, 
August 18, 
September 4).  

• Similar trend that debris thickness impacted the 
ablation of ice (strong ablation observed with 
thicknesses 0-4 cm, with effective thickness 
observed at 1 cm thick).  

• Presence of debris also modified the ablation 
gradient in the ablation zone (e.g. maximum 
mass loss was observed in the middle segment 
rather than the terminus due to a shift to a 
negative mass balance in the thick debris-
covered areas at the terminus). 

Brook and 
Paine, 2011 

Fox Glacier, 
New Zealand.c 
 

Ice-cored moraine deposits Ice/Natural. 21 
stakes within 
continuous 
layers of varying 
debris thickness 
(0-36 cm). 

11 days • Effective and critical thickness values were 
calculated at 2 cm and 3 cm, respectively. 

• Agreement with many previous studies.  

• Suggested that difference between previous 
results were predominantly due to the climate 
(e.g. maritime climate). 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

Juen et al., 
2013 

Vernagtferner, 
Austria.c 
 

Three lithologies were 
investigate: (1) mica schist, 
(2) black, basaltic tephra 
from Mount Etna (Italy), (3) 
grey, trachytic pumice from 
Sete Cidades volcano 
(Azores, Portugal). Grain 
sizes were in the sand and 
gravel fraction, dependent 
on lithology (1-2 to 30-50 
mm thick). Sieving 
techniques were used to 
ensure consistent grain 
sizes per plot.  

Ice/Artificial. Ten 
plots with debris 
thicknesses 2.5-
18 cm. Plots of 
different 
lithology were 
placed next to 
one another to 
allow direct 
comparisons of 
different rock 
type 
experiencing the 
same 
meteorological 
conditions.  

Ablation 
(summer) 
season 2010). 
Twice daily 
measurements 
were taken 
during 11 days 
of the 
measurement 
period (25 
June-1 July, 5-
10 July 2010). 

• This study demonstrated that the lithology, grain 
size, porosity, and moisture content have a 
influence on sub-debris ice melt. 

• Redistribution of particles formed ice cones in the 
volcanic plots. It was suggested that this process 
did not occur in the mica schist plots as these 
were bigger (1x1 m compared to 50x50 cm).  

• Direct comparison between mica schist and 
tephra of the same layer thicknesses 
demonstrated that tephra particles were more 
insulating. This was suggested to be due to the 
lower thermal conductivity because of increased 
porosity.   

• Pumice was observed as the most insulating 
material. This was suggested to be due to a high 
albedo and a high porosity, although the albedo 
property was deduced as the determining factor. 
Direct comparisons between white (high albedo) 
and black (low albedo) volcanic material showed 
a melt increase of 1.75 by the high albedo 
material, despite a slightly higher porosity.  

• The sand fraction of mica schist demonstrated a 
higher ablation compared to the gravel fraction of 
the same material, with the same layer thickness. 
This general trend was also observed with fine 
versus coarse pumice. 

• Higher moisture content within a porous material 
resulted in a higher thermal conductivity. 

Meinander et 
al., 2013 

Sodankylä, 
Finland 

Black carbon and brown 
carbon. 

Natural April 2009 • Albedo measurements of a snowpack (in the 
290-550 nm wavelengths) demonstrated albedo 
values of 0.5-0.7. This was lower than values of 
clean snow in the literature (e.g. 0.97-0.99). It 
was suggested that low albedo values were due 
to large snow grain sizes, meltwater surrounding 
snow grains, and the presence of impurities. 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

• Black carbon concentrations were measured at 
87 ppb, whilst brown carbon concentrations were 
measured at 2984 ppb during albedo 
measurements from snow samples. 

Hobbs, 2014 Sollipulli 
Caldera, Chile 

Volcanic particles 
(specifically scoria)  
Basaltic-andesitic in 
composition. Solid rock 
densities were around 
2600 kg m-3 with porosities 
varying from 54 – 65%. 
Dominant grainsize is in 
the ash-lapilli grade 
(although some volcanic 
bombs were present). The 
albedo of the particles 
ranged from 0.09-0.14 in 
the dry samples, and 0.05-
0.07 in the wet samples. 
 

Snow/Artificial 
(four 
experimental 
plots separated 
into 7-12 areas 
of thicknesses 
ranging 0.3-10 
cm, a natural 
and artificial 
control, and a 
discontinuous 
layer. 

25 days 
(February – 
March 2011)  

• Critical thickness values were within the range of 
0.36-0.48 cm. 

• Thicker patches of debris were least affected by 
glacial dynamics and external factors. Exposure 
of snow surfaces or redistribution of debris in the 
thinner layers of debris was observed. 
Topographic irregularities also developed under 
the thinner layers (e.g. <1.5 cm).  

• Redistribution within discontinuous patches of 
debris resulted in the concentration of particles to 
form a continuous layer. Prior to this, ablation 
was enhanced under discontinuous layers. 

Ice/Artificial (one 
plot with a 
thickness range 
of 0.3-2 cm, a 
discontinuous 
layer, and a 
natural control.  

• The critical thickness was below 0.3 cm. This 
was deduced with reference to the natural control 
that was naturally dirty. This demonstrated 
enhanced ablation, whilst none of the continuous 
layers enhanced ablation. This compared well 
with findings from Brock et al. (2007).  

• Slightly reduced ablation on the ice surface 
compared to the snow surfaces. 

Natural 
(observation of 
six dirt cones) 

• This demonstrated the capability of dirt cones to 
combine with one another.  

• An increase in dirt cone height was observed with 
time (due to surface lowering in the proximal 
region). Height increases ranged from ~25-140 
cm. This was a function of debris thickness. 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

Meinander et 
al., 2014 

Sodankylä, 
Finland 
 

Black carbon particles. Snow/Artificial (a 
plot containing 
1465 ppb BC, 
and a reference 
plot). 

Four days 
(April 2013) 

• Demonstrated a correlation between snow 
density and black carbon content. The addition of 
impurities decreased the snow density of melting 
snow relative to a reference plot. This was 
observed in instances with and without 
precipitation events.  

• It was suggested that density differences 
between naturally melting clean snow versus 
dirty snow was due to the light absorbing 
properties of the particles leading to increased 
melt and, consequently, increased air pockets 
surrounding the particles. This increased melting 
process would also create larger grain sizes, 
resulting in lower water retention capacity. It was 
also suggested that BC particles reduced 
adhesion between water and snow grains, again, 
reducing the water retention capacity of the 
snowpack. 

Dragosics et 
al., 2016 

Finnish 
Meteorological 
Institute (FMI) 
in Helsinki, 
Finland.e 
 

Tephra (ash from the 2010 
Eyjafjallajökull eruption). 
Two grain sizes (1 ϕ and 
3.5 ϕ, therefore, 0.5 mm 
and 0.1 mm) were 
investigated. The bulk 
density was 2.57 and 2.46 
g cm-3, respectively. 
Blocky-shaped particles 
with angular (involving 
clusters of clasts 
comprised of smaller ash 
particles) or stepped 
surfaces. 

Snow and 
ice/Artificial 

17 days • Combination of laboratory and fieldwork 
experiments, with a similar focus to Juen et al. 
(2013) as the influence of grain size on particle-
induced ice ablation was assessed.  

• Grain sizes behave differently in terms of 
critical/effective thickness values and 
redistribution. The smaller grain sizes slipped off 
the ice surface. It was proposed that this was 
because the smaller grain sized material had 
smoother surfaces in this instance.  

• Volcanic particles with a 0.5 mm grain size had 
an effective thickness of 0.1 cm, whilst a volcanic 
particle with a 0.1 mm grain size had an effective 
thickness of 0.1-0.2 cm. 

• Volcanic particles with a 0.5 mm grain size had a 
critical thickness of 0.9-1.5 cm, and a volcanic 
particle with a 0.1 mm grain size had a critical 
thickness of 1.3 cm. 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

Möller et al., 
2016 

Svínafellsjökull, 
Iceland 

Tephra from Grímsvötn 
volcano. Bulk density of the 
tephra was 850 kg m-3 and 
grain size was below 5 
mm. 

Ice/Artificial 
plots on a flat 
surface (12 
experimental 
plots with tephra 
thicknesses 
ranging from 
0.5-10 cm, one 
bare plot). 

13 days of 
daily 
measurements 
(May 2013) 

• Effective thicknesses ranged from 0.1-0.2 cm 
(with a ~25% increase in ice ablation relative to 
bare ice), whilst a critical thickness was met at 1 
cm. A continued decrease in ablation was 
observed in thicknesses above this value. The 
maximum thickness investigated (e.g. 10 cm) 
demonstrated an 80% reduction in ablation 
relative to bare ice. 

• Surface roughness has an influence on ablation 
under thin layers of tephra. This can impact the 
albedo and thermal conductivity effect of the 
tephra due to distribution of bare-ice outcrops. It 
was proposed that the same material and 
thickness of tephra could experience different 
ablation patterns in instances where the surface 
roughness varied.  

• It was observed that the increased ablation under 
thin layers was to a lesser extent when there 
were higher levels of precipitation. It was 
suggested that pore spaces and water content 
may lead to the variation in tephra ablation rates, 
also proposed by Juen et al. (2013). However, 
this suggested the opposite effect than Juen et 
al. (2013): a reduction in melt with increasing 
precipitation and, therefore, water content. It may 
be that the observed pattern was due to other 
meteorological features associated with 
precipitation (e.g. cloud cover). This was not 
discussed in the paper.  

Khan et al., 
2017 

Woodfjorden 
and Mine 7, 
Svalbard 

Coal dust (black carbon 
particles) 

Snow/Natural 

- 

• Dark coal dust deposits were visually observed 
near an active mine. This was associated with a 
reduction in the albedo by 84% (in the visible 
region, 400 nm-500 nm). 

• A remote site was also monitored (Woodfjorden). 
This allowed long-range transported particles to 
be quantified. This demonstrated a low 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

concentration of particles (e.g. 1.1 ng g-1) 
compared to the mine site (see below). 

• There were higher concentrations of BC next to 
the mine (e.g. 345 ng g-1) compared to upwind 
(4.7 ng g-1) and downwind (87-345 ng g-1).  Large 
variations in particle size (e.g. tenths to tens of 
microns) depending on proximity to the mine 
were also observed. This was the first 
observation of BC deposition on snow following 
this pattern, and confirmed hypotheses that 
larger BC particles fall out close to the source. 
This demonstrates a similar behaviour to tephra 
fallout.  

Möller et al., 
2018 

Tungnaárjökull, 
Iceland  
 

Tephra from Eyjafjallajökull 
and Grímsvötn. 
Bulk density of 
Eyjafjallajökull tephra: 1276 
kg m-3. 
Bulk density of Grímsvötn 
tephra: 791 kg m-3. 

Snow/Artificial 
(six tephra plots 
of variable 
thickness 
(~0.15, ~0.85 
and ~8 cm) for 
two tephra types 
from 
Eyjafjallajökull 
and Grímsvötn. 
The bulk density 
was 1276 kg m-3 
and 791 kg m-3, 
respectively. 
One reference 
site with no 
tephra). 

122 days, 
although 
reliable 
measurements 
were restricted 
to a 50-day 
period (May-
September 
2015). 

• Thicknesses within the ablation plots were 
chosen from results from Möller et al. (2016) as 
these approximately matched the effective and 
critical thickness values from the previous study.  

• Snow surface lowering of 2.25 m at a reference 
site (no tephra), whilst a snow surface lowering of 
between 2.21 and 2.97 m was observed at the 
tephra plots. Lowering rates became comparable 
throughout the measurement period (e.g. late 
July) due to disintegration of the tephra plots 
altering the behaviour of particle-induced 
ablation/preservation. 

• Ablation was slightly increased under the 
Grímsvötn material compared to the 
Eyjafjallajökull material. 

• Snow surface lowering was observed under the 
thickest layer of Eyjafjallajökull material (e.g. 8 
cm), despite previous research suggesting that 
full insulation processes begin at these 
thicknesses. It was suggested that this was due 
to the different substrate (e.g. snow rather than 
ice), suggesting that the substrate also has an 
influence on ablation patterns under tephra 
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Study 
Location and 
climate 

Debris type and 
characteristics 

Substrate/type 
of cover 

Duration of 
study 

Key outcomes 

layers. Only a very slight insulation effect was 
observed under the thicker Grímsvötn material. 

• A pattern between precipitation events and 
ablation patterns was also identified. These 
contrasted with Möller et al. (2016) and 
demonstrated higher ablation rates in wet 
conditions. Therefore, It was suggested that the 
critical thickness for wet tephra was higher than 
that for dry tephra.  

• In the latter phases of the experiment (e.g. 
August onwards), redistribution of particles from 
ablation processes exposed bare-ice or snow 
surfaces, modifying the response of the ice to the 
tephra layer. 
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9.3. Appendix 3: Supplementary table of reviewed published laboratory studies. 

Table 9.3. Comparison of results from laboratory experiments. 

Study Aims of study and particles 
considered 

Experimental set-up Key findings 

Reznichenko 
et al., 2010 

To examine the effect of different 
thicknesses of sand* debris on ice 
melt. 
*Well-sorted medium grey-wacke 
river sand (high permeability). 
 

• 35 L of water frozen into an ice block. No 
mention of state of ice used; therefore, 
this was assumed to be opaque. 

• Combination of warm white electric bulb 
and incandescent bulb to access both 

shortwave (0.35-0.75 m) and longwave 
radiation to induce ice ablation. 

• Bare ice and debris-covered ice (1, 5, 9, 
and 13 cm thicknesses). Vertical strings 
emplaced within the ice to measure 
surface changes every 12 hours.  

• Three series of experiments: continuous 
radiation, diurnal cycling of radiation, and 
diurnal cycling of radiation with simulated 
precipitation events.  

• Diurnal cycles were assessed by 
alternating the exposure of ice to 
radiation and a cooling environment 
(using a freezer) for equal time periods. 

• To simulate rainfall, 10 mm of water was 
sprayed onto the ice over a period of one 
hour during exposure to radiation. 

• Under continuous radiation, there are initial 
differences in the melt rates of ice under 
different thicknesses of sand (e.g. ice melt is 
delayed by ~12 hours under a 13 cm layer). 
However, once conduction reaches a steady-
state, the melt rates become comparable for all 
layer thicknesses. This was reached within 60 
hours for the 13 cm thick layer. 

• A 1 cm layer of debris increased ablation by 
~10% relative to bare ice. 5, 9, and 13 cm thick 
layers reduced ablation relative to bare ice. 

To assess the influence of diurnal 
cycles of radiation on ice ablation 
under a sand debris cover. 

• Under a diurnal cycle of radiation, melt rates for 
sand layers >5 cm remained lower than that for 
bare ice and 1 cm layer. This was suggested to 
be because the debris layer did not reach a 
steady-state heat flux. 

• It was suggested that ablation rates of debris-
covered ice would vary with durations of diurnal 
cycle. Therefore, the large variability observed 
within fieldwork generated critical thicknesses 
was likely strongly controlled by variations in 
diurnal cycles.  

To assess the influence of heat 
transfer via rainfall under a high 
permeable (sand) and low 
permeable (rock avalanche*) debris 
layer. 
*Poorly-sorted rock-avalanche 
deposit of coarse grains embedded 
in very fine grained material (low 
permeability).  
 

• A higher melting rate was observed under the 
permeable debris layer within the experiments 
involving precipitation events. This was 
suggested to be due to the advection of heat 
from the warm debris to the ice.  

• Ablation did not occur under the low permeable 
debris layer due to time-delays in advecting heat 
to the ice surface lasting longer than the ablation 
cycle. 
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Study Aims of study and particles 
considered 

Experimental set-up Key findings 

Hadley and 
Kirchstetter, 
2012 

To assess how black carbon 
particles can influence the albedo of 
snow in a laboratory setting, 
considering the effect of snow grain 
growth and positive feedbacks 
associated with these processes. 

• Freezing of water droplets using liquid 
nitrogen within an insulated chamber to 
create spherical snow grains. Three 
snow grain sizes (optical effective radius 

of 55, 65 and 110 m) were investigated. 

• Black carbon particles were added by 
spraying an aqueous suspension of 
particles. Five concentrations of black 
carbon (0, 110, 450, 860 and 1680 ppb) 
were investigated.  

• A spectrometer was used to measure the 
albedo of each snowpack in the 
wavelength region 0.39-0.95 µm. 

• An increase in the black carbon content causes 
a decrease in snow albedo (e.g. -0.05). This 
effect was observed to a greater extent in the 
visible region of the electromagnetic spectrum, 
with the near-infrared effect being masked by 
ice absorption in this region also.  

• Albedo decrease associated with black carbon 
content is experienced to a greater extent with 
large snow grains (e.g. 110 µm), suggesting that 
ageing of snow can cause an amplification of 
black carbon influence. 

• The overall albedo change was identified as 
being a function of (1) albedo change of snow 
with age, (2) albedo change of snow with black 
carbon impurities, and (3) albedo change 
because of the positive feedback of black 
carbon perturbation when the snow grains grow 
to a radius of 110 µm. 

Hobbs, 2014  To investigate how the physical 
properties of volcanic particles 
impact melting of ice, with the focus 
on the albedo, thermal conductivity, 
and bulk density. This was 
investigated with reference to (a) 
single particle melting* and (b) 
vertical surface melting (to replicate 
caldera walls). 
*Black ball bearing, white ball 
bearing, scoria (dry and wet), and 
pumice (dry and wet). 

• Magnetic stirrer to disrupt >300 ml 
deionised water to form an optically 
transparent ice block. Preferential 
freezing encouraged using side 
insulation. 

• One filtered incandescent bulb to 
simulate the wavelength range of 0.35-

1.034 m to induce ice ablation. A water 
filter removed wavelength bands that are 
naturally absorbed by the atmosphere.  

• Unchanged environment and under a 
variety of air temperatures (to assess the 
influence of varying air temperatures on 
the quantity of meltwater produced). 

• Mass loss was calculated, and 3D 
models of the ice surface were created. 

• The presence of a surface particle enhances 
melting when the ice is subjected to radiation.  

• Thermal conductivity has a bigger effect on 
ablation than albedo, both in terms of amount of 
meltwater produced and time taken to initiate 
melting. Thermally conductive particles moved 
downwards through the ice and became 
embedded. 

• Melting is sensitive to small temperature 
variations.  

To investigate how the physical 
properties of volcanic particles 
impact sublimation of ice. This was 
investigated with reference to (a) 
single particle sublimation* and (b) 
layer particle sublimation**. 

• The presence of surface particles prevented 
sublimation processes directly beneath the 
particle and formed ice pedestals below.  

• The morphology and size of the pedestals 
varied (e.g. vertical morphology beneath the ball 
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Study Aims of study and particles 
considered 

Experimental set-up Key findings 

*Black ball bearing, white ball 
bearing, scoria, and pumice. 
**5 mm layer of Ballotini beads (>60 
µm-1.5 mm size) and airfall deposits 
(1.7- 2.0 mm). 

• Sublimation experiments were conducted 
in temperatures that would not allow 
melting of the ice.  

bearings, and inclined morphology beneath the 
white ball bearings).  

• Albedo does not have an impact on sublimation.  

• Increasing permeability of a particle will result in 
increasing rates of sublimation. 

• Layers of particles appear to inhibit sublimation 
rates, although the physical properties of these 
particles do not seem to have a significant 
influence. 

Dragosics et 
al., 2016 

To investigate the influence of 
volcanic ash (specifically from the 
2010 Eyjafjallajökull eruption), on 
ice and snow melt using both field 
and laboratory experiments. This 
considered grain sizes and layer 
thicknesses*. 
*Negligible, 1 mm, 3 mm and 9-13 
mm) of the same grain size (0.5 mm 
diameter). 

• 200 ml of water frozen into an ice block. 
No mention of state of ice used; 
therefore, this was assumed to be 
opaque. 

• Relied on laboratory temperatures of 

+24C to induce ice ablation. 

• Basal drainage holes in the ice 
containers to allow drained meltwater 
volumes to be quantified. 

• Monitoring of additional external factors. 

• Coarse grains have a bigger effect on the 
albedo of an ice body because the fine-grained 
particles can be easily washed off and 
redistributed. 

• Ice covered by thicker ash layers (e.g. 9-13 mm) 
takes longer to start melting in both a laboratory 
and outdoor setting, whilst thinner ash layers 
(e.g. up to 1 mm thick) cause enhanced melting.  

Evatt et al., 
2016 

To determine the role of thermal 
conductivity in the burial of 
meteorites* using a controlled 
laboratory experiment combined 
with a mathematical model.  
*Two 15 x 10 mm spherical 
meteorites (ordinary chondrite and 
achondritic iron). 

• Slow freezing (2-3 days) of 8 L water to 
create an optically transparent ice (-1°C). 

• Specialist Oriel solar simulating arc lamp 
to mimic solar radiation over a 

wavelength range of 0.25-2.5 m (the 
closest artificial replica of natural 
radiation) to induce ice ablation. This was 
1 cm above the ice surface.  

• Monitoring of additional external factors. 

• Time-lapse imagery to capture ice 
response to meteorites over a 3-hour 
period.  

• Iron meteorites sink at a faster rate and to a 
deeper depth than stony meteorites due to a 
more efficient conduction of solar energy.  

• Meteorites with a sufficiently high thermal 
conductivity can become trapped within the ice 
as the downward movement offsets the removal 
of overlying ice through ablation.  

Hénot et al., 
2021 

To assess the formation of glacier 
tables using artificial cylinders* in a 
controlled setting. 

• Clear ice laid over Styrofoam to prevent 
basal melting. 

• Cylindrical caps of five materials with 
thermal conductivity values spanning two 
magnitudes placed on the ice surface. 

• The behaviour of the five cylindrical caps varied 
due to the different thermal conductivity values 
of the materials.  

• The extruded polystyrene cylinder did not ablate 
the ice and, therefore, formed a table 
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Study Aims of study and particles 
considered 

Experimental set-up Key findings 

*Extruded polystyrene, rigid 
polyvinyl chloride, plaster, cement, 
and granite. 

• Time-lapse imaging every 8 minutes to 
monitor changes to the height of the ice 
surface and if ablation occurred from 
surface particles over an eight hour 
period. 

underneath as the rest of the ice surface melting 
from air temperatures above the ice pressure 
melting point. 

• The polyvinyl chloride cylinder ablated the ice to 
some degree, but this did not exceed the 
melting of the remaining ice surface. Therefore, 
a table formed underneath the cap. 

• The granite cylinder ablated the ice at a high 
rate and moved downwards into the ice. A table 
did not form underneath the particle.   

• A linear evolution of the vertical position of the 
cylindrical caps was observed, suggesting that a 
steady state system was reached within 
minutes.  

• Results were compared with an analytical heat 
conduction model that estimated the critical rock 
size for glacial tables to form at 10-20 cm, 
agreeing with field results.  

Taberlet and 
Plihon, 2021 

To investigate the formation of zen 
stones in a controlled setting. 

• Purified and degassed water in 
rectangular plastic containers (15 cm x 
15 cm, depth of 5 cm) placed in a 
lyophilizer. Infrared radiation from 
vacuum chamber walls (at room 
temperature) provided energy for 
sublimation. 

• Temperatures of -45°C to favour 
sublimation over melting.  

• Metal disks placed on ice surface. These 
were polished to prevent absorption of 
infrared radiation. 

• Time-lapse imaging every 5 minutes. 

• Formation of zen stones was primarily controlled 
by differential sublimation of the ice. It was 
proposed that this was result of the stone 
providing shade and driving differential 
sublimation rates.  

• The presence of a depression surrounding the 
pedestal was noted; it was suggested that this 
was a result of the stone emitting far infrared 
radiation that increased sublimation in the 
proximity. 

• The thermal properties of the metal disks did not 
influence the behaviour of zen stone formation. 
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9.4. Appendix 4: Supplementary table of reviewed published modelling studies. 

Table 9.4. Comparison of results from modelling experiments. 

Study Model type Assumptions Key outcomes 

Drake, 1981 Energy balance 
model (EBM) 

• Uniform layer.  

• Spherical particles. 

• Agreement with the literature where thick layers hinder melting and 
thin layers increase melting. 

• Modelled output curves compared well with the Östrem curve. 

• Agreed well with in-situ observations in Scheffervi, Quebec 
snowpack, where a melting duration was observed as 14 days. In-
situ observations noted that the presence of a single layer of dust 
particles reduced the melting period by four days. The modelled 
output agreed with this and calculated an increased melting rate, 
associated with a subsequent overall reduction of 4.5 days in the 
melting duration. 

Nakawo and 
Young, 1981 

Energy balance 
model (EBM) 

• Uniform layer. 

• Linear temperature 
gradient within the 
debris layer (e.g. a 
state of thermal 
equilibrium). 

• Heat conduction 
into the ice beneath 
is neglected.  

 

• General EBM equation: M = S + L + H + LE + P + G (M= energy 
available for melt, S= net solar shortwave radiation, L= net longwave 
radiation, H= sensible heat transfer, LE= latent heat transfer, P=heat 
flux due to precipitation, G= conductive heat flux below the surface).  

• Fairly good agreement between the modelled output and 
observations at Peyto Glacier, Canada.  

• Differences between modelled output and observations were 
attributed to error in the measurement of surface temperature (as 
this was limited to twice a day), the assumption of a steady state 
temperature profile which may not be the case, and the lack of 
consideration of advection as an influencer of heat exchange and an 
ice surface. 

• Surface temperature can estimate the thermal properties of a debris 
layer. 

• Requirement of a large amount of input data (e.g. wind velocity, air 
temperature, surface temperature, relative humidity, etc.). 

• Overestimation of melt rates at night and underestimation of melt 
rates during the day due to the assumption of a linear temperature 
gradient within the debris layer.  

Bozhinskiy et al., 
1986 

Energy balance 
model (EBM) 

• Homogenous 
composition of 
debris cover. 

• Perfect agreement between modelled output and observations at 
Djankuat Glacier, North Caucasus. 

• Complexities of evolving debris with time.  
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Study Model type Assumptions Key outcomes 

• Meltwater leaves 
the debris layer 
instantaneously. 

• Incorporates equations to considerer debris properties (e.g. porosity, 
density, specific heat, heat conductivity, and albedo). 

Rana et al, 1997 EBM from 
Nakawo and 
Young (1981) in 
combination 
with a 
precipitation-
runoff model 

• Precipitation is a 
function of altitude. 

• Stored heat in the 
debris layer is 
constant. 

• Linear temperature 
gradient within the 
debris layer (e.g. a 
state of thermal 
equilibrium). 
 

• Fair agreement between simulated daily runoff in the Lirung basin, 
Nepal using meteorological data and thermal resistance of the debris 
layer (calculated from surface temperature observations from remote 
sensing techniques). 

• Modelling three scenarios (i.e. debris-free, no melting under debris, 
and modelled ablation under debris) showed that simulating run-off 
when including the melting that was associated with debris-cover 
agreed with the observed runoff. This indicated that the debris-
covered components of glaciers need to be included when simulating 
run-off in a given region. 

• Identifies that the relationship between the ablation rate and surface 
temperature is non-linear. It was suggested that this was the cause 
of the 30% underestimation of melt at the beginning and end of the 
ablation period. 

• Improving knowledge and observations of the distribution of surface 
temperatures across a debris layer would address uncertainties 
within this modelling approach. 

Kayastha et al., 
2000 

Degree-day 
methods 

• The amount of 
snow/ice melt is 
proportional to the 
sum of daily mean 
temperatures 
above melting 
point. 

 

• A comparison of different modelling techniques to estimate ablation 
rates under debris layers.  

• An energy balance model was used to assess ablation in bare ice 
conditions relative to a debris layer of 10 cm. This experienced 
overestimation of melting in both cases. It was suggested 
overestimation was a result of uncertainty in the parameterisation of 
the energy balance equations and the simplification of the processes 
through including assumptions.  

• The positive-degree-day factor (PDD) was a successful predictor of 
ablation on Khumbu Glacier, Nepal. 

Energy balance 
model (EBM) 

• Linear temperature 
gradient within the 
debris layer (e.g. a 
state of thermal 
equilibrium). 

• Saturated vapour 
pressure at the 
debris surface. 
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Study Model type Assumptions Key outcomes 

Hansen and 
Nazarenko, 2003 

Climate model 
(Goddard 
Institute for 
Space Studies 
climate model) 

- • Modelling to assess the impact of soot climate forcing, rather than 
ablation modelling (as described previously). 

• The modelling climate simulation indicated that soot contamination 
and associated decrease in albedo contributed to one quarter of the 
observed warming in the period 1880-2000. 

• Uncertainties due to sparse accurate soot content and snow albedo 
measurements. Improved links between the role of snow albedo and 
melting ice in climate change are required. 

Han et al., 2006 Energy balance 
model (EBM) 

• Heat conduction 
into the ice beneath 
is neglected.  

• Heat flow through 
the debris layer is 
dominated by 
conduction. 

• Linear temperature 
gradient within the 
debris layer (e.g. a 
state of thermal 
equilibrium). 

• Modelled ablation under a thick debris covered and compared with a 
case study site (e.g. Koxkar glacier, China). Modelled output and 
observations compared fairly well. 

• Discrepancies between modelled output and observations were likely 
due to the complex relationship between debris temperatures and 
heat flux  

Nicholson and 
Benn, 2006 

Energy balance 
model (EBM) 

• Linear temperature 
gradient within the 
debris layer (e.g. a 
state of thermal 
equilibrium). 

• Heat delivered by 
precipitation to the 
surface energy 
balance was 
omitted.  

• Ice temperature is 
at 0°C. 

• All conductive heat 
flux within the ice is 
used for melt. 

• Sub-debris melt rate can be calculated using the following equation: 

, where Qm= downward energy flux at base of debris layer, 
ρi = ice density, and Lf = latent heat of fusion. 

• Conductive heat flux was calculated from the debris layer thermal 
conductivity, a steady-state surface and ice temperatures, and debris 
thickness. 

• Many previous studies assessed debris thicknesses up to 10 cm, but 
many glaciers can have debris-layers much thicker than this. Thick 
debris layers exacerbate the problem of including assumptions of a 
linear temperature gradient within a debris-layer due to thermal 
disequilibrium, demonstrating the importance for including an 
appropriate time interval for analysis. Therefore, 24 hours was 
chosen as the minimal interval as it was noted that equilibrium (i.e. a 
linear temperature gradient) could not be established on timescales 
shorter than this. This was referred to as the ‘diurnally averaged melt 
model’. 
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• EBM: Qs + Ql + Qh + Qe + Qc =0, where Qs = net shortwave radiation 
flux, Ql = net longwave radiation flux, Qh = net sensible heat flux, Qe 
= net latent heat flux, Qc = conductive heat flux into the debris. 

• The debris surface temperature influences the values of variables in 
the above equation, aside from Qs. Therefore, this is a crucial 
component to EBM models. However, an accurate way of calculating 
this has not yet been fully developed. Instead, this can be estimated 
from meteorological variables.   

• Comparisons of modelled output with fieldwork observations (e.g. 
Ghiacciaio del Belvedere and Larsbreen) compared well (e.g. within 
5% of measured value) in instances where the moisture content of 
the debris layer was known, demonstrating agreement with 
modelling and observations when specific properties about the 
debris layer are known.  

• Overestimation of melting in modelled output between observed 
values was suggested to be due to the assumption that the ice is at 
0°C and temperature gradients within the ice were not considered. 

• A modelled Östrem curve was generated, although this was missing 
the ‘rising limb’ associated with high melt rates under thin layers. 
This may be due to the time-constraints of the model (i.e. ~24 
hours), as thin layers of debris may reach a thermal equilibrium 
faster than this period. Thin layers of debris also likely extend the 
duration of melting in a given day. Therefore, this time-step was not 
appropriate for dirty ice modelling. Instead, shorter timescale of melt 
calculation should be considered.  

• A small amount of surface debris was still considered as a 
continuous layer of uniform thickness in this model; therefore, it did 
not consider dirty ice conditions – the reality of many glaciers. 
Therefore, the model used by Nicholson and Benn (2006) is 
applicable to most debris-covered glaciers, but not those in dirty ice 
conditions.  

Brock et al., 2007 Energy balance 
model (EBM) 

• Air temperature at 
0°C. 

• Combined fieldwork results (e.g. observations of meteorological, 
surface temperature and ablation measurements) with energy 
balance modelling.  

• Modelled output and observations compared well, although there 
was some melt overestimation, suggested to be due to the model 
assumption that air temperature did not drop below 0°C.  
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• The formation of a ‘weathering crust’ also likely contributed to 
uncertainties, as it was observed that melt closely compared in the 
conditions where higher wind speeds removed the weathering crust. 

Richardson and 
Brook, 2010 

Degree-day 
methods 

• PDD assumes the 
amount of snow/ice 
melt is proportional 
to the sum of mean 
daily temperatures 
above the melting 
point. 

• Simplification of 
complex factors 
associated with 
ablation. 

• Simple positive-degree-day (PDD) approach (similar to Kayastha et 
al., 2000) from observations of air temperature.  

• This was used in combination with fieldwork assessing ablation over 
12 ablation plots in Summit Plateau ice field, Mt Ruapehu. 

• Positive-degree-day-factor (k) links PDD to ablation: , 

where  is total ablation over the same period as used for the 
PDD calculations. 

• Good comparison of positive-degree-day-factor (k) with the literature 
(e.g. bare ice = 7.8 mm d-1 °C-1 and 10 cm volcanic particles = 6.0 
mm d-1 °C-1). It was noted that this considers meteorological 
conditions and debris properties, whilst the PDD only considers 
meteorological conditions. 

Reid and Brock, 
2010 

Debris energy-
balance model 
(DEB) 

• There is no 
accumulation (i.e. 
negative melt rates 
calculated) 
because all 
meltwater runs off 
immediately without 
pooling and 
refreezing.  

• Ice/debris interface 
remains at melting 
point (therefore, 
only considers the 
ablation season). 
 

• DEB evolved from EBM where a non-linear debris temperature 
gradient is considered. Therefore, this considered the flux of 
subsurface heat conduction into debris-free ice and snow. The 
effectiveness of this is tested by comparing hourly debris surface 
temperatures and melt rates to observed data collected over three 
ablation seasons (2005, 2006, and 2007). This suggested that non-
linear temperature gradients occur when a layer is warming or 
cooling, but linear temperature profiles during the warmest and 
coldest times of the day. 

• DEB is driven by meteorological variables (i.e. incoming shortwave 
radiation, reflected shortwave radiation, downwelling longwave 
radiation, upwelling longwave radiation, air temperature at 2.16 m 
height, wind speed at 2.16 m height, relative humidity of air at 2.16 m 
height, relative humidity at debris surface).  

• Debris surface temperature estimated by considering heat fluxes at 
air/debris interface. It is assumed to change on every time-step to a 
temperature that allows the sum of heat fluxes at a debris surface to 
equal 0. 

• Melt rates at the debris/ice interface estimated by calculating heat 
conduction through the debris layer. 
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• Agreement of an approximate 3-4 hour lag between the maximum 
temperature at the bottom of the layer reaching the maximum 
surface temperature.  

• A 3 hour lag between modelled debris temperature and observed 
temperature was suggested to be a result of varying debris 
properties that affected thermal diffusivity.  

• Shortwave, longwave, conductive, and sensible heat fluxes were 
determined as the most important fluxes (e.g. when removed the 
model output did not fit surface temperatures). Precipitation heat 
fluxes had minimal impact, providing a justification for previous 
modelling techniques where heat flux from precipitation was 
considered negligible and, therefore, was omitted (e.g. Nicholson 
and Benn, 2006).  

• Predicted values of hourly debris surface temperature and internal 
temperature compared well with measured values of rock (Miage 
glacier) and volcanic material (Villarrica volcano, Chile).  

• Success of a DEB model in estimating the mean daily melt rates 
under varied debris thicknesses (e.g. to produce a modelled Östrem 
curve). However, overestimation of the melt rate under layers < 15 
cm were observed.  

• Modelled melt rate is very sensitive to thermal conductivity, as 
demonstrated when making small changes to input value (e.g. 
default of 0.35 to 0.1) for volcanic material better matched 
observations. 

• Defined a ‘patchiness’ parameter to assess the ratio of exposed ice 
to debris-covered ice in dirty ice conditions. Modelled melt rates 
when including this parameter matched Östrem curves.  

• Noted that downwards conduction into ice should be included when 
considering colder regions.  

 

Yang et al., 2010 Degree-day 
methods 

• PDD assumes the 
amount of snow/ice 
melt is proportional 
to the sum of mean 
daily temperatures 
above the melting 
point. 

• Degree-day method of modelling in the Tibetan Plateau region, 
considering bare ice and thick debris (>65 cm) conditions. 

• Daily ablation was calculated with the following equation: M(H,t) = 
DDF(H) T(H,t) S(H), where M= total ablation (m3 water equivalent), 
T= daily mean air temperature, S= surface area, H= altitude, t= day, 
and DDF= degree-day factor.  
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• Simplification of 
complex factors 
associated with 
ablation. 

• Total ablation would increase by 36% if the 24K glacier was debris-
free but would decrease by 59% if covered by thick debris. 

• Results and observations demonstrated that thick debris cover 
insulated the lower regions of glaciers in this area and protected 
against otherwise ablating conditions. 

• Degree-day model is a simplification of complex processes; 
however, this allows a calculation of ablation under a debris layer 
without considering the debris thermal properties.  

Benn et al., 2012 Debris energy-
balance model 
(DEB) 

• The energy flux 
through a debris 
layer is entirely 
conduction-based 
from energy 
exchanges at the 
upper and lower 
surfaces. 

• Sublimation is not 
considered. 

• Theoretical mass balance modelling of the Ngozumpa Glacier, 
Himalaya. 

• Evolution of a heat flux through a debris layer is a function of debris 
temperature and debris-layer properties (e.g. density, specific heat 
capacity, and thermal conductivity).  

• Method required large volume of meteorological data and information 
regarding the debris properties. Surface energy balance can be 
estimated from 24-hours of meteorological data using equations 
described in Nicholson and Benn (2006) when substantial 
meteorological data is missing. 

• Conductive heat flux determines the surface melt under a debris 
layer. 

• Successful replication of the modelled Östrem curve (e.g. increased 
melt rate under thin layers, and exponential decrease in melt rate 
under thick layers, relative to clean ice). 

• An inverted ablation gradient on the lower parts of the glacier were 
noted. This was a result of thick debris layers insulating the ice, 
offsetting the warmer temperatures at lower elevations. 

• Ablation gradient is very sensitive on debris properties (e.g. layer 
thickness, thermal conductivity, and albedo), which are not well 
known in this study. 

• Sublimation processes are not included in the ablation modelling, 
although it was noted that this likely had an influence at higher 
elevations. 

• Many assumptions used in energy-balance equations means that 
only a general picture of ablation under debris-covered glaciers can 
be given. However, it is successful in giving a broad picture that may 
inform fieldwork approaches.  
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Study Model type Assumptions Key outcomes 

Brook and Paine, 
2011 

Degree-day 
methods 

• PDD assumes the 
amount of snow/ice 
melt is proportional 
to the sum of mean 
daily temperatures 
above the melting 
point. 

• Simplification of 
complex factors 
associated with 
ablation. 

• Degree-day method from air temperature data, calculated by dividing 
ablation by the sum of positive air temperatures. 

• The DDF calculated for bare ice compared well with other studies 
(e.g. 5.1 mm d-1 °C-1). 

• A low DDF for thick debris layers compared to other studies (e.g. 3.5 
d-1 °C-1 compared to 15.6 d-1 °C-1, 14.0 d-1 °C-1, 3.5 d-1 °C-1, and 5.5 
d-1 °C-1, Kayastha et al., 2000). It was suggested that this was due to 
a low incoming solar radiation Fox Glacier, New Zealand compared 
to Himalayan glaciers.  

Reid et al., 2012 Distributed 
glacier melt 
model (point 
model). EBMs 
for snow, bare-
ice, and debris-
covered ice. 

• Debris cover 
distribution does 
not change over a 
yearly period. 

• Digital elevation model (DEM) to inform surface cover (e.g. debris-
covered, 0-50 cm or bare ice). A bare ice energy balance model was 
used to calculate ablation in bare ice conditions, whilst the DEB used 
in Reid and Brock (2010) was used in cases of debris-cover. 

• Information of the debris properties were required in the DEB model 
(e.g. debris albedo, thermal conductivity, density, specific heat 
capacity, emissivity, and aerodynamic roughness length). 
Aerodynamic roughness length was noted as a complex property 
when considering discontinuous layers of debris, and so was 
assumed spatially constant. However, it was noted that further 
research investigating spatial changes associated with discontinuous 
layer is needed to improve the accuracy of this variable in future ice 
ablation modelling. 

• Dirty ice conditions were not considered in this model (e.g. bare ice 
in between patches of debris with fine-grained material), despite an 
acknowledgement that this would impact the albedo of the assumed 
‘bare’ ice. 

• Debris albedo was used as a constant (0.13). 

• The modelled ablation curve agrees well with the general shape of 
the Östrem curve and suggest that the presence of a 6 cm debris-
cover on Haut Glacier d’Arolla, Switzerland, could reduce glacier run-
off by 7%. 

• This study highlights the need to consider spatial variability of 
surface cover on a glacier in ablation modelling. 
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• It was noted that future work should focus on improving 
understanding of how thin, sparse debris cover and downwards 
moving particles contributes to the heterogenous debris/ice surface. 

Nicholson and 
Benn, 2013 

Review of 
properties 
included in 
EBMs 

 • Linear gradients are applicable approximation of the debris layer 
temperature gradient when considering longer time frames (e.g. 24 
hours). However, instantaneous energy fluxes within a debris layer 
are not associated with a linear temperature gradient. 

• Includes a consideration of debris properties within energy balance 
models. 

• Key properties of the debris layer are effective thermal conductivity, 
surface albedo, and debris thickness. Sensitives to debris thickness 
is most apparent when modelling < ~0.5 m thick layers. 

• The consideration of the englacial heat flux is crucial when 
considering colder environments or ablation modelling over long 
timescales. However, this is not included in ablation models. 

Lejeune et al., 2013 Crocus-DEB 
models 

• A debris layer can 
be considered a 
snow layer in the 
Crocus snowpack 
model if assigned 
debris properties.  

• Debris properties 
remain constant 
during the modelled 
period. 

• There is no water 
content in the 
debris layer. 
Therefore, there 
are no associated 
phase changes. 

• Development of the Crocus model (snowpack model) allowed 
consideration of debris-covered glaciers, and when the debris cover 
is overlain with snow. 

• The debris layer was inserted as stacks of snow layers but assigned 
debris properties to distinguish between debris and snow (e.g. a 
vertical layering of ice, debris, and a snowpack). 

• The distinguishing property between ice/snowpack and debris is the 
temperature. Therefore, the debris stacks were assigned a given 
thickness, density, thermal conductivity, and specific heat capacity.  

• Generally, good agreement between simulations and observations. 

• Discrepancies between the modelled output and observations were 
attributed to the phase changes that occurred within the debris layer 
that were not considered in the model inputs. 

• The consideration of the temperature profile in the Crocus-DEB 
model was beneficial when compared to standard DEB models (that 
usually assume the ice below the debris layer is at melting point), as 
it allows the Crocus-DEB model to be utilised during time frames 
outside of the ablation period.  

Fyffe et al., 2014 DEB model for 
debris-covered 
ice 
Clean-ice model 

• Evaporation and 
condensation did 
not occur within the 
debris. 

• Use of a combination of pre-existing models to accurately estimate 
ablation across an entire glacial surface, considering different 
surface conditions.  
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Dirty-ice model • Does not consider 
refreezing of 
meltwater within 
debris. 

• Ice temperature is 
at 0°C. 

• Conduction of heat 
into the ice/snow 
was not 
considered. 

• Penetration of 
shortwave radiation 
into ice/snow was 
not considered.  

• Constant debris 
properties with 
time. 

• Remote sensing techniques (e.g. an orthorectified aerial photograph 
of Miage glacier) was used to identify surface cover: debris-covered 
ice, dirty ice, or clean ice. These were defined as continuous debris, 
discontinuous debris, and no debris. 

• Three models were implemented: DEB model for debris-covered ice, 
clean-ice model with dirty ice parameters for dirty ice, and clean ice 
model with clean ice parameters for clean ice. The energy balance 
equations for assessing ablation under debris-covered ice were 
those derived by Reid and Brock (2010). Standard energy balance 
equations used to calculate melt rates for dirty ice. 

• An hourly time-step was used in the melt models. This generated 
hourly meteorological data at Miage glacier (incoming shortwave and 
longwave radiation, air temperature, wind speed, relative humidity, 
and total rainfall).  

• 9% underestimation of debris-covered ice ablation (i.e. DEB model) 
when compared to ablation stake data. Uncertainty was greatest 
when considering ablation stakes that were monitoring ablation for 
short time periods (i.e. <1 week). Removal of this data resulted in a 
5% underestimation of debris-covered ice ablation. There was no 
relationship with error and debris thickness. Instead, it was likely that 
error was associated with a change in debris properties with time; 
this was not considered in the modelled output. 

• Melting under thicker layers was initiated over a longer timescale 
than thinner layers. Therefore, melting began later in the day.  

• Overall, good comparison of modelled ablation and observed 
ablation at Miage glacier. This provided insights into the regions of 
the glacier that were associated with the highest melt rates, e.g. 
highest melt rates and variability on the mid-part of the glacier due to 
a mixture of surface types. 

• Typically, a debris-covered glacier is assumed to have a reverse 
ablation gradient due to debris usually found on the lower parts of a 
glacier. This study demonstrated that the reality is typically more 
complex. 

Evatt et al., 2015 Debris energy-
balance model 
(DEB) 

• Spatially uniform 
and continuous 
debris layer. 

• Assessment of ablation under a dry porous debris layer by 
incorporating debris-layer airflow into a DEB. Therefore, this 
considers the energy exchange between moving air and ice and the 
energy available for evaporation.  
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• Ice temperature is 
at 0°C. 

• Meltwater that is 
not evaporated 
does not pool and 
does not influence 
the energy 
exchange process. 

• A patchy debris cover was also considered. However, this was still 
assumed to have a layer of a single grain thickness. 

• Melt rates with debris layers generated the standard shape of the 
Östrem curve and compared well with field observations by 
Nicholson and Benn (2006). It was determined that the insulation 
effects of thick debris layers were the driver of the Östrem curve 
shape.  

 

Rounce et al., 2015 Debris energy-
balance model 
(DEB) 

 • DEB modelling used in combination with fieldwork results to assess 
ablation of Imja–Lhotse Shar Glacier, Nepal. This study used three 
models to assess the common assumption that the latent heat flux is 
zero. 

• The debris thermal conductivity, albedo, and roughness were noted 
as the key properties that influenced the EBM.  

• Assuming that the latent heat flux is zero overestimated ablation. 

• Modelled the well-established fact that ablation is typically enhanced 
under thin layers and hindered under thick layers. 

• Models showed a sensitivity to thermal conductivity values and 
highlighted the importance of accurately measuring or estimating the 
thermal conductivity of the debris layer. 

• The modelled ablation was compared to observed ablation; this 
generally agreed with ablation stake measurements, with the 
exception of a site where the debris properties were not known. This 
was noted as one of the key problems in DEBs. 

• It was noted that further work should focus on investigating the effect 
of water content in a debris layer on particle thermal conductivity and 
incorporating this effect into the modelling methods. 

Carenzo et al., 
2016 

Degree-day 
methods 
(enhanced 
temperature 
index), DETI 

• PDD assumes the 
amount of snow/ice 
melt is proportional 
to the sum of mean 
daily temperatures 
above the melting 
point. 

 

• Development of a debris temperature index model (DETI) to combine 
temperature index (i.e. degree day method) and DEB models. 
Accounted for debris thickness in the simple temperature index 
model. Therefore, this requires estimates of spatial variations in 
debris thicknesses on a given glacier for future application. 

• This demonstrated a comparable modelled ablation relative to DEB 
models alone, with the benefit of a reduced number of input 
parameters.  
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• The DETI model simulated the part of the Östrem curve under thick 
debris layers well but had associated uncertainties with ablation 
under thin layers.  

Möller et al., 2016 Combination of 
methods (e.g. 
degree-day 
methods, EBM) 

• Varied assumptions 
based on the model 
type (see above 
examples). 

• A combination of modelling techniques was applied to compare with 
observations on Grímsvötn volcano, Iceland: 

o Temperature index model (i.e. degree-day method) 
o Temperature/net shortwave radiation-index model 
o EDM 

Model (2) has not been used in this context before. 

• Model (1) was a function of daily average air temperatures. This was 
described as a function of debris thickness. 

• Model (2) was a function of daily average air temperatures and net 
shortwave radiation (i.e. considering albedo and measured global 
radiation). These were described as a function of debris thickness. 

• Model (3) was based on DEB models that assessed the debris 
temperature and heat flux through the debris layer. This took into 
consideration the thermal conductivity of the debris (i.e. volcanic 
material) and considered the latent heat of fusion and ice density to 
calculate the ice ablation under the debris layer. 

• Debris thicknesses from 0-100 mm were considered.  

• The three models all showed an increase in accuracy with increasing 
debris thickness. Therefore, uncertainties were most limited to thin 
debris layers.  

• Models (1) and (2) yielded more accurate results relative to model 
(3). 

• Model (2) yielded the most accurate results when considering thin 
(e.g. < 10 mm) debris layers (although this was still limited). This 
suggested that in these conditions, it is useful to consider the albedo 
and shortwave radiation component as these are dominant 
processes associated with thin debris layers.  

Shaw et al., 2016 DEB  • Used the DEB model developed in Fyffe et al. (2014). 

• The model overestimated melt for thinner layers and underestimated 
melt for thicker layers. 

• Thinner layers were more sensitive to air temperatures.  

• It was noted that future work should focus on improving incorporation 
of spatial and temporal variations in debris thickness. 
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Steiner et al., 2018 Review of 
processes 
ignored in 
ablation models 

 • This study assessed the relative importance of turbulent fluxes in 
debris-covered ice melt.  

• Accurate estimates of surface temperature, wind speed, and 
roughness are crucial in understanding the role of turbulent fluxes on 
ice melt. 

• Turbulent fluxes reduce the energy available for melt by 17% and so 
should be considered in ablation models. 
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9.5. Appendix 5: Supplementary table of method development experiments to create optically transparent ice blocks. 

Table 9.5. A summary of method development experiments focusing on creating optically transparent ice blocks. These were placed in an upright 

freezer operating at temperatures between -10ºC and -20ºC. 

Experiment Date Description Results and outcomes 

M1 12.07.18-
16.07.18 

• Deionised water. The ice had a fractured surface with a highly opaque 
central mass. 

M2 16.07.18-
20.07.18 

• Deionised water. 

• Insulation on one side of the container (bubble 
wrap). 

The ice had a fractured surface with a highly opaque 
central mass. 

M3 23.07.18-
27.07.18 

• Deionised water. 

• Insulation on sides and top (bubble wrap). 

• Magnetic stirrer placed in the far corner of the 
insulated side of the container so that it froze last. 

The ice was reasonably transparent, with one side slightly 
opaque (this was the last area to freeze). This had a lumpy 
surface caused by expansion of water as it froze. 

M4 10.08.18-
14.08.18 

• Deionised water. 
 

The ice had a fractured surface with a highly opaque 
central mass. There were many air bubbles throughout, 
although the ice was transparent near the bottom of the ice 
block. 

M5 14.08.18-
15.08.18 

• Tap water. The ice had a fractured surface with a highly opaque 
central mass. 
Key outcome: no clear difference between an ice block 
made from deionised water compared to tap water. 

M6 14.08.18-
16.08.18 

• Deionised water. 

• Insulation on one side of the container (bubble 
wrap). 

The ice had a fractured surface with a highly opaque 
central mass. This extended halfway through the ice block; 
the bottom half was almost entirely transparent and free of 
air bubbles.  

M7 15.08.18-
16.08.18 

• Deionised water. Entirely opaque throughout the ice block. Air bubbles 
extended upwards in vertical trails and were present 
throughout the entire extent of the block. 

M8 15.08.18-
20.08.18 

• Deionised water. 

• Insulation on one side (bubble wrap) and top 
(foam, 19.5 cm x 23 cm). 

The central opaque mass present in previous ice blocks did 
not form. Instead, the ice had air bubbles extending 
upwards in vertical trails. Aside from these bubble trails, the 
ice was optically transparent.  
Key outcome: side insulation was successful in 
reducing the opacity of the ice block. 
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Experiment Date Description Results and outcomes 

M9 16.08.18-
28.08.18 

• Deionised water. 

• Insulation on one side and top (bubble wrap). 

The ice had a fractured surface with a highly opaque 
central mass. Vertical trails of bubbles were also observed 
in the ice. This ice block was less transparent than that 
created in M8, suggesting that the use of foam roof 
insulation may be more effective than bubble wrap. 
Key outcome: foam will be used as roof insulation in 
future experiments.  

M10 20.08.18-
30.08.18 

• Deionised water. 

• Magnetic stirrer (x 8). 

• No insulation. 

This created an optically transparent ice block apart from a 
concentrated area of bubbles in a localised point around 
the stirrer. 
Key outcome: magnetic stirrer is the dominant 
technique in creating optically transparent ice. 

M11 28.08.18-
30.08.18 

• Deionised water. 

• Insulation on one side and top (bubble wrap, 
double thickness to that in M9). 

Vertical trails of air bubbles extended upwards through the 
top half of the ice block. The bottom half of the ice block 
was entirely optically transparent.  
Key outcome: confirmed importance of the magnetic 
stirrer. 

M12 30.08.18-
03.09.18  

• Deionised water. 

• Development on M10 by combining techniques 
from all experiments: 

• Insulation on one side (bubble wrap) and 
top (foam, 19.5 cm x 23 cm). 

• Magnetic stirrer (x 8). 

The ice had an undulating surface with many air bubbles 
surrounding the magnetic stirrer. The ice was optically 
transparent away from the proximity of the stirrer. 

M13 03.09.18-
07.09.18 

• Deionised water. 

• Insulation on one side (bubble wrap) and top 
(foam, 19.5 cm x 23 cm). 

• Magnetic stirrer (x 6). 

The ice block was optically transparent except for the area 
surrounding the stirrer. 

M14 03.09.18-
05.09.18 

• Deionised water. 

• Insulation on one side and top (wool). 

Air bubbles were present throughout the top two thirds of 
the ice block. These appeared to point in the direction of 
freezing. The presence of air bubbles suggested that the 
ice was continuing to form ‘top-down’ as gases were 
trapped within the ice, and so wool insulation was not 
sufficient.  
Key outcome: foam insulation was confirmed as the 
most efficient material for roof insulation. 

M15 10.09.18-
19.09.18 

• Deionised water. This created an optically transparent ice block, apart from 
air bubbles in the proximity of the magnetic stirrer. Roof 
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Experiment Date Description Results and outcomes 

• Insulation on one side (bubble wrap) and top 
(foam, 28 cm x 38 cm).  

• Magnetic stirrer (x 8). 
 

  

insulation was larger than that in previous experiments; this 
was successful in preventing rapid top-down freezing, 
although this slowed freezing substantially as it extended 
across the entire freezer diameter and blocked convection 
of air. Future experiments will assess a smaller foam board 
that extends past the container but does not block air 
convection in the freezer.  

M16 21.09.18-
26.09.18 

• Deionised water. 

• Insulation on one side (bubble wrap) and top 
(foam, 28 cm x 28 cm). Roof insulation was 
covered with a weight so that it acted as a seal. 
This was moved to allow a small (~2 cm) gap 
when the ice was halfway frozen to speed up the 
freezing process. 

• Magnetic stirrer (x 10 at start, reduced throughout 
the experiment to reflect the decrease in water 
volume). 

This created an optically transparent ice block, apart from a 
very small region of air bubbles concentrated around the 
magnetic stirrer. This was over a smaller region than that in 
M15.  
Key outcome: ‘middle’ size foam insulation will be 
used as roof insulation. Tap water will be used in all 
future experiments as previous method development 
experiments have indicated no differences between tap 
or deionised water.  
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9.6. Appendix 6: Supplementary table of method development experiments to determine the appropriate artificial 

radiation source. 

Table 9.6. A summary of the method development experiments focusing on designing the experimental set-up and determining the artificial radiation 

source. 

Experiment Date Description Results and outcomes 

M17 24.09.18-
25.09.18 

• Halogen illumination. 

• Horizontal water filter to try to remove the 
infrared radiation (mimicking water vapour 
in the Earth’s atmosphere). 

• Black brass nut particle placed on the ice 
after being cooled in the freezer. 

The particle moved downwards from the ice surface into the ice. All 
activity occurred overnight, and so changes could not be 
monitored.  
Key outcome: a time-lapse camera would be set up to monitor 
future experiments when in-person observation was not 
possible. 

M18 03.10.18-
05.10.18 

• Halogen illumination. 

• No water filter to determine the 
effectiveness of the water filter at removing 
infrared radiation from the halogen bulb. 

• Black brass nut particle (same ice block as 
M17 and so this experiment started with the 
particle embedded within the ice). 

All ice melted due to ice interaction with infrared radiation. 
However, this experiment did not represent a natural Earth 
environment as much of the infrared radiation from the halogen 
illumination would be absorbed by water vapour in the Earth’s 
atmosphere (and would, therefore, be unavailable for ice 
interaction). Therefore, this was not a suitable set-up for future 
experiments. 
Key outcome: a water filter will be used in subsequent 
experiments to mimic water-vapour absorption of infrared 
radiation in the Earth’s atmosphere. 

M19 22.10.18-
24.10.18 

• Halogen illumination. 

• 8 mm black ball bearing (cooled). 

• Horizontal water filter directly below the 
radiation source. 

• Periscope system to image the cross-
sectional view of the ice in time-lapse 
images. 

The radiation source was close to the water filter and deformed the 
plastic container that held the water, so it was determined that the 
halogen bulb had to be sufficiently far from the water filter in future 
experiments. Time-lapse images showed that there was optical 
distortion of the ice as a result of the cylindrical containers and so 
future experiments will be conducted in cuboid containers. Aside 
from this distortion, the set-up of time-lapse imagery was 
successful with a clear view of the ice cross-section. 
Key outcome: maintaining a sufficient distance between the 
halogen bulb and the water filter and using cuboid containers 
will be important for future experiments. 

M20 02.11.18-
05.11.18 

• Halogen illumination. 

• 8 mm black ball bearing (same ice as that 
used in M19). 

Most of the ice block had melted, with any remaining ice floating on 
the meltwater. The particle had dropped through the meltwater and 
was sat on the bottom of the container. However, it was determined 
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Experiment Date Description Results and outcomes 

that melting was from radiation-ice interaction, rather than particle-
ice interaction. Additionally, the glass door of the freezer above the 
ice block was warm and so may have also been warming up the 
local area.  
Key outcome: to use a vertical water filter and mirror to direct 
the beam of radiation to reduce additional heating of the 
system. 

M21 07.11.18-
09.11.18 

• Halogen illumination. 

• Vertical water filter with mirror to direct 
radiation beam. 

• No ice block used as this experiment was to 
determine whether a vertical water filter 
would result in heating of the freezer glass 
door. 

The freezer glass door was not hot and so there was no additional 
source of radiation to the system.  
Key outcome: confirmed the use of a vertical water filter in 
subsequent experiments.  

M22 09.11.18-
12.11.18 

• Halogen illumination. 

• 8 mm black ball bearing. This was not 
cooled prior to placement as it prevented 
the particle rolling on the ice surface and 
away from the centre focus of the radiation 
beam. 

• Vertical water filter with mirror to direct 
radiation beam. 

 

The ice block melted independently of the particle (observed 
through drainage channels on the ice surface away from the 
particle and water pathways between grain boundaries).  
Key outcome: the freezer temperature was 
adjusted/decreased. 

M23 12.11.18-
13.11.18 

• Halogen illumination. 

• All subsequent experiments now use a 
cuboid container following the optical 
distortion found in the time-lapse images in 
experiment M19. 

• Optically-transparent ice without a particle 
was left for 24 hours with the radiation 
source on to determine whether the freezer 
temperature was in a stable regime. 

The ice did not melt and so was stable at the freezer temperatures 
and heat input from the radiation source. 
Key outcome: confirmed successful set-up and freezer 
temperature. 

M24 13.11.18-
23.11.18 

• Halogen illumination. 

• 8 mm black ball bearing (room 
temperature). 

• Vertical water filter with mirror to direct 
radiation beam. 

No particle-ice interaction on 15.11.18 and so the particle was 
removed from the ice surface. Freezer temperatures were 
increased, and the ice was left under the radiation for 24 hours to 
assess whether the new thermal regime was stable. The ice had 
not melted on 16.11.18, although the vein structure was visible 
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Experiment Date Description Results and outcomes 

• Freezer temperature modifications 
throughout the experiment (to higher 
temperatures). 

through the presence of meltwater at the grain boundaries. The 
particle was placed on the surface again on 16.11.18, although this 
did not melt the ice. On 23.11.18, it was noted that the particle was 
protecting the underlying ice against sublimation as it sat on a small 
pedestal. Modifications to the freezer temperature did not result in 
particle-ice melt despite the ice block being close to its melting 
point. It was, therefore, suggested that the lack of particle-induced 
ice melt may be a result of the light power (rather than the ice 
temperature) and possible sublimation cooling effects.  
Key outcome: to use a fan in subsequent experiments to 
disrupt the thermal stratification in the freezer. Sublimation 
cooling will be investigated in subsequent experiments. An 
LED will be used in experiments M29-M31 as the halogen bulb 
had a relatively low power density. 

M25 27.11.18-
29.11.18 

• Halogen illumination. 

• 8 mm black ball bearing (room 
temperature). 

• Vertical water filter with mirror to direct 
radiation beam. 
 

The ice surface remained frozen despite a significant portion of the 
block melting. The particle was fully submerged in the ice, although 
the melt pathway was frozen at the ice surface despite freezer 
temperatures being above pressure melting point. This 
demonstrated that there was an active freezing surface in an 
environment above 0 ºC. This highlighted the importance of 
sublimation in the experimental design and so subsequent 
experiments investigated the extent of the influence of sublimation-
cooling of the ice surface. 
Key outcome: confirmed sublimation cooling processes. 

M26 29.11.18-
05.12.18 

• Halogen illumination. 

• Same ice block as that used in M25, 
although this was covered to prevent 
sublimation. 

• Vertical water filter with mirror to direct 
radiation beam. 

• Sealed bottles containing water to act as a 
control and determine whether water was 
stable in the solid state under the current 
thermal regime. 

• One uncovered container containing ice to 
act as a control and determine whether 

All ice in sealed containers had melted to form liquid water, 
suggesting that the freezer temperatures were above melting point. 
However, the unsealed container had a frozen surface (~2-5 mm 
thick), suggesting that sublimation cooling may have been keeping 
the surface solid. 
Key outcome: confirmed sublimation cooling processes. 
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Experiment Date Description Results and outcomes 

sublimation cooling was occurring in the 
current thermal regime. 

M27 05.12.18-
18.12.18 

• Halogen illumination. 

• New optically transparent ice block. 

• Sealed bottles containing water to act as a 
control and determine whether water was 
stable in the solid state during the 
experiment. 

• Covered with a clear glass cover on 
11.12.18 to assess the role of sublimation. 

On 11.12.18, meltwater was observed under the ice surface. This 
continued to melt after being covered with the glass cover, although 
melting was a slow process. After the ice block was covered, a wet 
ice surface developed with vein structures visible. The water in the 
control sealed containers remained in liquid form throughout the 
experiment. 

M28 18.12.18-
07.01.19 

• Comparison of an uncovered ice block with 
a covered ice block to assess the role of 
sublimation in affecting the state of the ice. 

The uncovered ice block had a ‘dry’ upper surface with slight 
veining visible. Approximately ¼ of the ice volume had melted. 
The covered ice block had a ‘wet’ upper surface with well-
developed vein structures. Approximately ½ of the ice had melted.  

M29 09.01.19 • LED illumination. 

• Vertical water filter with mirror to direct 
radiation beam. 

The water filter did not warm up (suggesting that it was not 
absorbing much infrared radiation from the LED bulb). It may not be 
required in future experiments. 

M30 11.01.19-
14.01.19 

• LED illumination. 

• 8 mm black ball bearing (cooled) before 
being placed on the ice. 

• Vertical water filter with mirror to direct 
radiation beam. 

• Covered ice block to prevent sublimation 
cooling. 

Successful coupling between the particle and the ice; the particle 
melted the ice and sank down to the ice base. The particle 
continued to couple heat into the ice when on the ice base and 
created a basal meltwater pond (approximately 9 mm in height). 
There was no observed melting of the ice aside from that in the 
proximity of the particle.  

M31  • LED illumination directly overhead. 

• Covered ice block to prevent sublimation 
cooling. 

No obvious signs of melting even without the water filter. Therefore, 
the ice does not interact with an LED illumination source.  
Key outcome: a water filter is not required when using LED 
illumination.  
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9.7. Appendix 7: Example of workflow of a standard experimental 

procedure. 

 

Date/time:          Experiment code:   

Objective: 

Ice condition: 

Illumination: 

(1) Take a note of particle characteristics.  

 Notes 

Material: 

Diameter: 

Colour: 

 

 

(2) Take freezer temperature and relative humidity readings. 

 Temperature (C) Relative Humidity (%) 

Current: 

Maximum: 

Minimum: 

  

 

(3) Place ice block on central shelf in chest freezer on top of the thermocouple. Ensure this 

is visible in the periscope mirror system and is underneath the radiation source.  

 

(4) Take reading of ice temperature from thermocouple (C):    

 

 

(5) Make indent on ice block surface for particle and place particle on ice surface. Ensure it 

is in the centre of the radiation beam.  

 

 

(6) Cover with glass tray to prevent sublimation cooling of the ice surface.  

 

 

(7) Cover any sections of the ice block that have previously been used with a mirror to 

prevent particle-particle interaction.  

 

 

(8) Set up time-lapse imagery camera and ensure focus is on particle. Turn illumination 

onto full power and turn on camera timer for imaging every five minutes.  
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9.8. Appendix 8: Temperature data of experimental work conducted in 

Chapter 4. 

Table 9.7. Average temperature values for experimental work in Chapter 4.  

Experiment 
Freezer temperature (°C) Proxy ice 

temperature (°C) Current Maximum Minimum 

P1a -1.2 0.0 -3.5 -0.3 

P1b -1.9 -0.3 -3.5 -0.5 

P2a/b -0.9 0.8 -5.9 0.0 

P3 -0.9 0.3 -1.9 -0.3 

P4 -1.1 0.6 -2.4 1.3 

P5 -0.7 1.4 -2.6 -0.3 

P6 0.1 0.6 -3.4 -0.3 

P7 -1.1 0.4 -3.1 -0.4 

P8 -0.1 4.1 -1.7 0.1 

P9 -0.4 1.2 -1.8 -0.1 

P10 -2.0 0.8 -3.7 -0.8 

P11a -0.5 0.3 -1.5 -0.8 

P11b 6.5 6.6 -1.5 2.2 

P12 -0.1 1.3 -2.4 -0.4 

P13 0.1 0.9 -1.6 0.0 

P14 -0.2 1.2 -2.2 0.0 

P15 -1.5 0.8 -5.9 -0.6 

P16 -1.6 0.8 -5.9 -0.5 

P17b 0.5 1.0 -1.3 0.5 

P18 -0.8 2.8 -3.2 -0.2 

P19 -0.8 0.4 -2.8 -0.5 

P20 -0.5 0.7 -2.9 -0.5 

P21 -0.7 0.3 -2.1 -0.7 

P22 0.0 1.3 -1.4 -0.2 

P23a -0.7 0.4 -2.4 -1.2 

P23b -0.1 0.8 -1.5 -0.2 

P24 0.3 1.0 -1.5 -0.4 

P25a -1.2 1.9 -2.9 -1.4 

P25b -0.1 1.3 -2.5 -0.6 

P26a -0.3 0.3 -2.5 -0.6 

P26b -0.2 0.5 -2.2 -0.5 

P27 -0.2 1.4 -2.6 0.4 

P28 -0.4 1.9 -2.6 -0.2 

P29 0.3 1.6 -2.4 -0.2 

P30 0.2 1.4 -1.5 0.4 

P31 0.1 1.4 -1.4 -0.2 

P32 0.3 1.7 -0.9 -0.1 

P33 -0.2 1.2 -1.2 -0.2 

P34 -0.1 1.2 -0.9 -0.2 

P35 0.9 1.1 -0.5 0.0 

P36 0.2 1.5 -0.9 -0.1 

P37 0.4 1.6 -0.7 -0.1 

P38 0.5 1.3 -0.7 0.9 

P39 0.4 1.3 -0.8 0.1 

P40 0.6 1.8 -0.9 -0.2 

P41 1.2 2.3 -0.6 0.3 

P42 0.8 2.1 -0.9 0.2 

P43 0.2 3.1 -0.8 -0.7 

P44 -0.3 2.1 -1.5 -0.1 

P45 -0.4 1.4 -2.0 -0.2 
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Experiment 
Freezer temperature (°C) Proxy ice 

temperature (°C) Current Maximum Minimum 

P46 0.1 1.7 -1.5 0.3 

P47 -0.3 2.1 -1.2 0.0 

P48 0.4 1.4 -1.2 0.0 

P49 0.2 1.7 -1.5 -0.2 
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9.9. Appendix 9: Key findings of experimental work investigating the role of particle thermal conductivity on particle-

ice interaction. 

Table 9.8. Key findings from the thermal conductivity series of experiments (e.g. P1-P9, P48-P49). 

 
Experiment  

Description Particle 
velocity         
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration 
 

Key findings 

P1a Single 8 mm chrome steel 
particle with a high thermal 
conductivity, high density, and 
low albedo 

- 20 m 41 h 43 m • Sublimation cooling of the ice surface prevented 
particle-ice interaction.  

• Differential rates of sublimation formed a 
topographic high underneath the particle. 

P1b Single 8 mm chrome steel 
particle with a high thermal 
conductivity, high density, and 
low albedo 

7.19 x 10-7 23 h 28 m 66 h 51 m  • Removal of sublimation cooling (but otherwise 
with the same conditions as experiment P1a) 
facilitated particle-induced ice melt.  

• A high-density particle could melt the ice to 
move downwards through the ice. This created a 
melt pathway (i.e. trail of meltwater). 

• Fluctuations in the rate of particle-induced ice 
melt and orientation of particle movement were 
due to subtle temperature changes and 
interaction with the vein network, respectively. 

P2a Single 8 mm chrome steel 
particle with a high thermal 
conductivity, high density, and 
low albedo 

- - 

169 h 9 m • A stable (cold) thermal environment prevented 
particle-ice interaction. 

P2b Single 8 mm chrome steel 
particle with a high thermal 
conductivity, high density, and 
low albedo - - 

144 h 7 m • Confirmed key findings from experiment P1b 
(e.g. a dense, thermally conductive particle with 
a low albedo would melt downwards through the 
ice, the particle trajectory was influenced by the 
vein network).  

• Demonstrated the possibility of drainage from 
the melt pathway. 

P3 Single 6 mm brass particle with 
a high thermal conductivity, 
high density, and low albedo 

2.35 x 10-6 7 h 20 m 25 h 4 m • A higher particle velocity was associated with a 
smaller particle with a higher thermal 
conductivity (e.g. compared to particle used in 
experiments P1b and P2b). 
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• Drainage processes relied on the internal 
structure of the ice (e.g. the vein network). 

• Multiple particles formed a hydrological 
connection within ice to create a greater volume 
of meltwater compared to previous experiments. 

P4 Single 6 mm brass particle with 
a high thermal conductivity, 
high density, and low albedo 

- - 

66 h 23 m  • A staggered progression of ice melt was 
observed. This was due to subtle changes in 
temperature. 

P5 Single 6 mm brass particle with 
a high thermal conductivity, 
high density, and low albedo 

1.03 x 10-6 17 h 20 h 44 m  • Steady downwards movement with refreezing 
processes to create gas bubbles within the ice 
(i.e. modifying the optical properties of the ice). 

P6 Single 6 mm brass particle with 
a high thermal conductivity, 
high density, and low albedo 

1.87 x 10-6 11 h 45 m 24 h10 m • Demonstrated the dynamic nature of melt 
pathways and drainage events.  

• Suggested an increase in particle movement 
once fully submerged. It was deduced that this 
was due to the removal of convective heat 
losses to the atmosphere once submerged.  

P7 Single 6 mm brass particle with 
a high thermal conductivity, 
high density, and low albedo 

1.32 x 10-6 17 h 37 m 20 h 14 m • Confirmed results from experiment P6. 

• Drainage events modified the internal structure 
of the ice. 

P8 Comparison of two 6 mm brass 
particles with a high thermal 
conductivity, high density, and 
low albedo 

- 29 h 5 m 
~27 h 

29 h 8 m • A difference between two particles of the same 
type within the same ice system was observed. 
This was due to one particle stalling with the ice 
system after becoming fully submerged. This 
was due to particle sensitives to subtle changes 
to temperature when near the stable (cold) 
boundary of the thermal range, and the particle 
interaction with the vein network. 

P9 Comparison of two 6 mm brass 
particles with a high thermal 
conductivity, high density, and 
low albedo 

- 

- 

23 h 20 m • Confirmed results from experiment P8 (i.e. that 
there was a difference between two particles of 
the same type). This was due to interaction with 
the vein network (identified by inclined particle 
trajectory associated with a higher particle 
velocity). 

P48 Single 6 mm brass particle with 
a high thermal conductivity, 
high density, and low albedo on 
opaque ice 

1.75 x 10-6 9 h 24 h 44 m • Particle-ice interaction with a high density and 
thermally conductive particle within an opaque 
ice system was comparable with optically 
transparent ice system. 
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P49 Cold single 6 mm brass particle 
with a high thermal 
conductivity, high density, and 
low albedo 

2.07 x 10-6 6 h 35 m 22 h 26 m • No apparent difference between the initialisation 
of ice melt from a pre-cooled particle and a 
particle of the same type placed on the ice 
surface at room temperature.  
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9.10. Appendix 10: Key findings of experimental work investigating the role of particle albedo on particle-ice 

interaction. 

Table 9.9. Summary of key findings from the albedo series of experiments (e.g. P10-P14). 

Experiment Description 
Particle velocity 
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

P10 Single particle with a high albedo, 
high density, and high thermal 
conductivity 

8.46 x 10-8 42 h 40 m 66 h • A high albedo particle can absorb 
incoming radiation and transfer 
energy into the ice to cause ice 
melt. 

• Movement was limited to a depth 
of approximately 13 mm, 
contrasting to previous results 
using LA particles. 

P11a Single particle with a high albedo, 
high density, and high thermal 
conductivity 

- 
3 h 20 m 170 h 58 m • Cold temperatures prevented 

particle-ice interaction. 

P11b A direct comparison of three 
particles with a high, 
intermediate, and low albedo, and 
a high density and high thermal 
conductivity  

IA: 2.32 x 10-6 
LA: 3.63 x 10-6 

HA: 19 h 16 m 
IA: 7 h 40 m  
LA: 3 h 45 m 

24 h 10 m • Particle properties will dictate the 
behaviour of particle-induced melt 
until the ice reaches its PMP and 
begins to melt independently.  

• Low albedo particles are most 
efficient at melting the ice. 

P12a A direct comparison of three 
particles with a high, 
intermediate, and low albedo, and 
a high density and high thermal 
conductivity  

- - 

46 h 55 m • Cold temperatures prevented 
particle-ice interaction. 

P12b A direct comparison of three 
particles with a high, 
intermediate, and low albedo, and 
a high density and high thermal 
conductivity 

HA: 2.39 x 10-7 
IA: 1.94 x 10-6 
LA: 2.29 x 10-6 

HA: 51 h 
IA: 9 h 10 m 
LA: 7 h 45 m  

62 h 50 m • Changes in temperature can 
influence particle-ice interaction, 
confirming previous findings that 
the thermal environment dictates 
particle-induced ice melt. 
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Experiment Description 
Particle velocity 
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

P13 A direct comparison of three 
particles with a high, 
intermediate, and low albedo, and 
a high density and high thermal 
conductivity 

IA (phase one): 
1.46 x 10-6 
IA (total): 3.81 x 
10-7 
LA: 1.68 x 10-6 

IA: 54 h 
LA: 12 h 15 m  

66 h 16 m • Small scale hydrology can override 
influence from particle properties in 
determining particle-ice interaction. 

P14 Single particle with an 
intermediate albedo, high density, 
and high thermal conductivity 

2.40 x 10-6 7 h 16 m 92 h • There is a difference in heat 
transfer mechanism of surface 
particles and embedded particles.  
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9.11. Appendix 11. Key findings of experimental work investigating the role of particle density on particle-ice 

interaction. 

Table 9.10. Key findings from the density series of experiments (P15-P22). 

Experiment Description 
Particle velocity         
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

P15 Single polystyrene particle 
with a low albedo, low density, 
and low thermal conductivity 

- - 

146 h • A low density particle will float in meltwater 
when a sufficient volume has been produced to 
create a surface meltwater pond. Therefore, the 
top surface of the particle will remain exposed 
to the atmosphere and experience convective 
heat loss.  

• A particle with a low density and low thermal 
conductivity is highly sensitive to subtle 
changes in the temperature, especially if the 
thermal environment is near the stable (cold) 
threshold.  

P16 Single polystyrene particle 
with a low albedo, low density, 
and low thermal conductivity 
with an oblique heating angle 

- - 

47 h 1m • Limited ice melt with a particle of this type in a 
stable (cool) thermal environment. 

• No apparent difference between heating angles.  

P17a Embedded single polystyrene 
particle with a low albedo, low 
density, and low thermal 
conductivity 

- - 

48 h 43 m • Cold temperatures limited particle-ice 
interaction. 

P17b Embedded single polystyrene 
particle with a low albedo, low 
density, and low thermal 
conductivity  

2.20 x 10-6 

8 h 5 m 

28 h 29 m • An embedded particle with a low density can 
melt the ice to move upwards to the ice surface. 
Therefore, re-exposure of low density particle to 
the ice surface. 

P18 Single polyoxymethylene 
(Delrin®) particle with a low 
albedo, intermediate density, 
and low thermal conductivity 

- - 

63 h 6 m • Slow initialisation of melt due to a low particle 
thermal conductivity and strong convective heat 
losses to the atmosphere when on the ice 
surface. 
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Experiment Description 
Particle velocity         
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

• A particle with an intermediate density (i.e. 
slightly higher than that of water, Chapter 3) will 
sink in meltwater. 

• A sinking particle with a low thermal conductivity 
created a melt pathway approximately double 
the particle diameter (differing from results 
involving thermally conductive particles). 

P19 Single polyoxymethylene 
(Delrin®) particle with a low 
albedo, intermediate density, 
and low thermal conductivity 

4.72 x 10-7 

- 

63 h 37 m • The behaviour of a particle with an intermediate 
density (i.e. that close to water) can be held at 
the water surface due to surface tension effects. 

• Convection systems leading to indirect ice melt 
was the dominant form of ice melt with a floating 
particle.  

P20 Single polyoxymethylene 
(Delrin®) particle with a low 
albedo, intermediate density, 
and low thermal conductivity  

- 

34 h 55 m 43 h 21 m • Confirmed results from experiment P18. 

• Advection of heat through drainage events can 
melt the ice away from the proximity of a 
particle.  

P21 Single polyoxymethylene 
(Delrin®) particle with a low 
albedo, intermediate density, 
and low thermal conductivity 

Active particle 
movement: 1.89 
x 10-7 
 

- 

529 h • Confirmed the interpretation of experiments P18 
and P19 that the fundamental behaviour of a 
particle with an intermediate density is to sink in 
the meltwater produced. 

• Confirmed the interpretation of experiment P14 
that a surface particle is more sensitive to 
subtleties in thermal environment (relative to an 
embedded particle), identified by staggered 
particle movement. 

• Indirect melting has a dominant role in particle-
induced ice melt.  

• Possibility of a positive feedback process to 
drives ice melt. 

• Drainage of meltwater can remove heat from 
the system and prevent melting.  

P22 Single polypropylene particle 
with a low albedo, low density, 
and low thermal conductivity  

8.18 x 10-7 
- 

47 h 55 m • A low-density particle will float in meltwater to 
create a surface meltwater pond. 
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9.12. Appendix 12: Summary of behaviour observed in experiment P21. 

Table 9.11. General behaviour observed in experiment P21(i)-P21(v). 

Phase Start 
hour 

Duration Particle 
movement  

General behaviour 

P21 (i) 0 15 hours and 
21 minutes 

3.3 mm  Downwards movement was restricted to a two-hour period. The extent of meltwater was not visible in the 
images, although in-person observations noted that a small meltwater pond was surrounding the particle 
by approximately 0.5 mm.  

P21 (ii) 94 51 hours, 
following an 
81-hour gap 
in time-lapse 
images. 

3.6 mm to a 
depth of 7.1 
mm 

The particle top surface was exposed to the atmosphere throughout. Upwards particle movement 
occurred during a six-hour period, coinciding with a reduction of meltwater volume (similar to that 
observed in experiment P18). Therefore, the particle could not maintain a stable meltwater pond as 
refreezing processes exceeded melting. Experiments P18, P19 and P20 demonstrated that a particle of 
this type was able to sufficiently melt the ice to reach the ice base, and so it was determined that this 
behaviour was thermal environment dependent.  A lateral movement of approximately 10 mm and 
periodic drainage events were observed. 
 
To assess the role of meltwater convection in triggering ice melt, a drop of water was pipetted onto the 
particle into two instances. This triggered particle movement in both cases (e.g. to a depth of 
approximately 1.6 and 1.1 mm) over a short period (e.g. < three hours), but refreezing processes and 
drainage of meltwater prohibited any significant melt. The particle top surface remained exposed to the 
atmosphere in both instances due to partial drainage events. The heat loss at the particle surface to the 
atmosphere removed energy available for ice melt, and drainage of meltwater resulted in the removal of 
a medium for heat transfer from the particle edges into the meltwater (to drive ice melt). Therefore, this 
could suggest that the P21 particle experienced a stable (cold) thermal environment in this phase, in the 
same way as that observed in experiment P14 (i). 

P21 
(iii) 

166 68 hours 
following a 
20-hour gap 
in time-lapse 
images. 

0.9 mm to a 
depth of 8 mm. 

Meltwater fluctuations were observed (e.g. a lowering of 4 mm below the original meltwater surface 
level). This was indicative of a drainage environment and supported processes that occurred in the P21 
(ii) phase of the experiment. Fluctuations in the refractive indices of interfaces within the time-lapse 
images and in-person observations confirmed this interpretation. An upwards movement of the particle 
was also observed (although this was minimal at <1 mm), indicating refreezing processes.  

P21 
(iv) 

267 68 hours 
following a 
29-hour gap 
in time-lapse 
images. 

1.2 mm to a 
depth of 9 mm. 

Movement was staggered and predominantly relied on external processes (e.g. refreezing events over a 
six hour period, and two drainage events). The top particle surface remained exposed to the atmosphere 
due to a partially drained meltwater pond. Drainage processes were particularly evident in hours 313-323 
with meltwater fluctuations in the same way as P21 (iii). This was associated with lateral movement of 
the particle, resulting in minor changes to the particle depth (e.g. <1 mm). Drainage of meltwater caused 
the particle to sit in an empty hollow; this was frozen at the particle base to the underlying ice 24 hours 
into this phase (as noted by in-person observations), suggesting that there were instances with no active 
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particle-ice interaction. This would be due to the heat loss from the hot absorbing top surface to the 
atmosphere and slow heat conduction through the particle (due to the relatively low thermal 
conductivity).  

P21 (v) 460 69 hours 
following a 
123-hour gap 
in time-lapse 
images. 

22 mm to a 
depth of 34 
mm. This then 
moved to the 
ice base, 
although this 
was not 
captured in 
time-lapse 
images. 

Continued downwards movement by approximately 1.5 mm between P21 (iv) and P21 (v) indicated that 
active ice melt was possible. Therefore, the P21 particle became fully submerged in meltwater. A 
fluctuation of downwards and upwards movement was observed in the first four hours of this phase, and 
upwards movement by approximately 1.1 mm coincided with a reduction of meltwater extent by 
approximately 4 mm. This suggested that subtle fluctuations in temperature and drainage events may 
have prohibited a dynamic equilibrium being established between refreezing and melting processes, and 
the resulting behaviour shifted periodically.  
 
A permanent change of behaviour occurred from hour 494, where the particle moved downwards 
through the ice with a particle velocity of 1.89 x 10-7 m s-1. The trigger of downwards movement 
appeared to be associated with a rotational movement of the particle and led to the development of a 
large meltwater pathway that extended up to the ice surface with a diameter of approximately 20 mm. 
This compared well with observations from P18 and P20. A narrowing of the melt pathway was noted, 
indicating refreezing processes during particle movement. This eventually closed at the ice surface due 
to full freezing of the melt pathway. This suggested that the particle experienced a stable (cool) thermal 
environment. When on the ice base, the particle created a basal meltwater pond approximately 70 mm in 
length and 13 mm in height.  
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9.13. Appendix 13: Key findings of experimental work investigating the role of particle diameter on particle-ice 

interaction. 

Table 9.12. Key findings from the diameter series of experiments (P23b-P47) 

 
Experiment Description 

Particle velocity         
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

P23a Comparison between an 8 
mm chrome steel particle 
and a 6 mm brass particle 

- - 
66 h 22 m • Cold temperatures limited particle-ice 

interaction. 

P23b Comparison between an 8 
mm chrome steel particle 
and a 6 mm brass particle 

6 mm:  1.69 x 10-6 12 h 45 m 26 h 28 m • Particles with different diameters appeared to 
experience different thermal environments; 
this affected the particle movement within the 
ice. 

8 mm: 1.41 x 10-6 15 h 5 m 

P24 Comparison between an 8 
mm chrome steel particle 
and a 6 mm brass particle 

6 mm:  2.96 x 10-6 6 h 45 m 65 h 47 m • Confirmed findings from experiment P23b.  

8 mm: 1.01 x 10-6 7 h 25 m 

P25a Single 12 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

- - 

42 hr 38 m • A stable (cold) thermal environment 
prevented particle-induced ice melt. 

P25b Single 12 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

1.32 x 10-6 12 h 10 m 73 h 13 m • A 12 mm particle behaved in a similar way to 
a 6 mm particle of the same type. 

• Confirmed that the lack of movement 
observed in experiment P25a was a result of 
a stable (cold) thermal environment. 

P26a Single 12 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

- - 

47 h 1 m • A stable (cold) thermal environment 
prevented particle-induced ice melt. 

P26b Single 12 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

7.05 x 10-7 16 h 62 h 56 m • Confirmed results from experiment P25b. 

• A dynamic equilibrium system was 
established between melting and refreezing 
processes, resulting in the formation of a melt 
pathway with a constant height throughout 
particle movement.  
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Experiment Description 

Particle velocity         
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

P27 Single 12 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

3.10 x 10-6 5 h 50 m 16 h 59 m • Confirmed results from experiment P25b and 
P26b. 

• A higher particle velocity was associated with 
a warmer thermal environment. 

P28 Single 3 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

1.26 x 10-6 10 h 10 m 43 h 20 m • The 3 mm particle stalled within the ice after 
experiencing a shift in behaviour once 
becoming embedded.  

P29 Single 1.5 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

1.59 x 10-7 33 h 5 m 53 h 56 m • A slower particle velocity was observed with a 
1.5 mm particle.  

• The 1.5 mm particle stalled within the ice after 
experiencing a shift in behaviour once 
becoming embedded, in the same way as the 
3 mm particle in experiment P28. 

P30 Single 1.5 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

- - 

47 h 59 m • Confirmed results from experiment P29.  

P31 Single 12 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

1.12 x 10-6 15 h 25 h 52 m • Confirmed results from experiment P25b, 
P26b and P27. 

• Establishment of a dynamic equilibrium 
system between melting and refreezing 
processes in the same way as experiment 
P26b.  

P32 Single 1.5 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

- 

1 h 5 m 46 h 2 m • Confirmed results from experiment P29 and 
P30.  

• Bubbles within the ice did not have an impact 
on the limited 1.5 mm particle-ice interaction.  

P33 Single 1.5 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

- - 

46 h 41 m • Confirmed results from experiment P29, P30 
and P33.  

• The Black 2.0 paint on the particle did not 
have an impact on the limited 1.5 mm particle-
ice interaction. 

P34 Single 3 mm brass 
particle with a high 

- - 
67 h 40 m • Confirmed results from experiment P28 that 

indicated that a 3 mm thermally conductive 



 407 

 
Experiment Description 

Particle velocity         
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

thermal conductivity, high 
density, and low albedo 

particle was not capable of melting the ice to 
sufficient move to the ice base. This 
contrasted with results from experiments 
investigating 6 mm and 12 mm thermally 
conductive particles. 

P35 Single 12 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

8.73 x 10-7 19 h 15 m 32 h 45 m • Confirmed results from experiment P25b, 
P26b, P27 and P31. 

• Establishment of a dynamic equilibrium 
system between melting and refreezing 
processes in the same way as experiment 
P26b and P31. 

P36 Multiple 3 mm particles in 
a 3 x 3 particle array 

9.16 x 10-8 18 h 12 m 120 h 15 m • A 3 x 3 mm particle array appeared to act as 
single particles and were not able to transfer 
heat to sufficiently melt the ice to reach the 
ice base. 

• The thermal environment diameter-
dependency may only be applicable to 
submerged particles as surface particles 
behaved in a similar manner.  

P37 Direct comparison of four 
particle diameters (1.5 
mm, 3 mm, 6 mm, and 12 
mm) 

3 mm:  4.15 x 10-7 17 h 10 m 44 h 29 m • The smallest particle (1.5 mm) was trapped at 
the ice surface, the middle-sized particle (3 
mm) stalled when became embedded within 
the ice, and the largest particles (6 mm and 
12 mm) melted the ice sufficiently to move to 
the ice base. 

• Demonstrated that the thermal environment 
may be diameter dependent. This would act 
as a sorting mechanism within ice. 

6 mm: 1.06 x 10-6 15 h 35 m 

12 mm: 9.03 x 10-7 18 h 15 m 

P38 Multiple 3 mm particles in 
a 3 x 3 particle array 

9.16 x 10-8 4 h 66 h 41 m • Confirmed results from experiment P36.  

• A 3 x 3 mm particle array appeared to act as 
individual particles and were not able to 
transfer heat to sufficiently melt the ice. 

P39 Multiple 3 mm particles in 
a 5 x 3 particle array 

- 
1 h 30 m 67 h 5 m • Confirmed results from experiment P38. 
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Experiment Description 

Particle velocity         
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

P40 Multiple 3 mm particles in 
a 4 x 3 particle array 

- 
21 h 27 m 21h 17 m • Confirmed results from experiment P38 and 

P39.  

P41 Direct comparison of four 
particle diameters (1.5 
mm, 3 mm, 6 mm, and 12 
mm) 

1.5 mm:  6.47 x 10-7 2 h 35 m 20 h 59 m • Possibility of particle-particle interaction as 
the 3 mm, 6 mm, and 12 mm particles moved 
downwards through the ice as a unit. 

3 mm: 8.32 x 10-7 18 h 25 m 

6 mm: 8.55 x 10-7 18 h 

12 mm: 9.05 x 10-7 16 h 50 m 

P42 Multiple 3 mm particles in 
a 9 x 3 particle array 

 4 h 66 h 56 m • Confirmed results from experiment P38, P39 
and P40. 

P43 Multiple 3 mm particles in 
a 16 x 3 particle array 

Phase 1: 8.93 x 10-7 
Phase 2: 7.48 x 10-7 
Entire: 5.92 x 10-7 

22 h 45 m 44 h 34 m • Demonstrated the ability of a group of smaller 
particles to act as a single larger unit to 
sufficiently melt the ice to the ice base.  

• Highlighted complexities with the clustering of 
particles within ice.  

P44 Direct comparison of four 
particle diameters (1.5 
mm, 3 mm, 6 mm, and 12 
mm) 

1.5 mm:  1.09 x 10-6 17 h 30 m 
 

23 h 41m • Contrasted with results from P37 and P41 and 
all four particles were able to sufficiently melt 
the ice to reach the ice base. 

• A variable thermal environment demonstrated 
different behaviours by particles of different 
sizes at a given temperature, confirming 
interpretation that the thermal environment is 
diameter dependent.  

3 mm: 1.37 x 10-6 14 h 15 m  
 

6 mm: 1.61 x 10-6 12 h 5 m 
 

12 mm: 1.60 x 10-6 12 h 10 m 

P45 Single 3 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

5.04 x 10-7 7 h 10 m 26 h 50 m • Confirmed results from experiments P28 and 
P34 that a 3 mm particle could not melt the 
ice sufficiently to move to the ice base.  

• These findings suggested that a small particle 
(i.e. < 6 mm) was less efficient at inducing ice 
melt relative to large particles (e.g. > 6 mm). 

P46 Single 1.5 mm brass 
particle with a high 
thermal conductivity, high 
density, and low albedo 

- 

8 h 10 m 21h 1m • Results contrasted with previous experiments 
of this type (e.g. P29, P20, P32 and P33) as 
the 1.5 mm particle moved downwards to the 
ice base.  

• Particle-ice interaction is ultimately controlled 
by the thermal environment. 

P47 1.5 mm: 7.68 x 10-7 18 h 27 m 19 h 40 m 
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Experiment Description 

Particle velocity         
(m s-1) 

Particle 
movement 
duration 

Experiment 
duration Key findings 

Direct comparison of four 
particle diameters (1.5 
mm, 3 mm, 6 mm, and 12 
mm) 

3 mm: 1.53 x 10-6 9 h 14 m • Contrasted with results from experiments P37 
and P41 and all four particles were able to 
sufficiently melt the ice to reach the ice base. 
Compared well with results from experiment 
P44. 

• Behaviour was a result of the ice temperature 
approaching PMP.  

6 mm: 1.26 x 10-6 11 h 16 m 

12 mm: 1.72 x 10-6 8 h 15 m 
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9.14. Appendix 14: Temperature data of experimental work conducted in 

Chapter 5. 

Table 9.13. Average temperature values for experimental work in Chapter 5. 

Experiment 
Freezer temperature (°C) Proxy ice 

temperature (°C) Current Maximum Minimum 

V1 0.5 1.1 -1.0 -0.1 

V2 0.3 1.6 -1.3 -0.3 

V3 -0.2 1.2 -1.3 -0.5 

V4 0.1 1 -1.0 -0.1 

V5 0.4 2.6 -0.9 -0.2 

V6a -0.8 0.4 -2.4 -0.6 

V6b -0.2 0.6 -1.6 -0.3 

V7 -0.7 0.7 -2.2 -0.4 

V8 -0.8 0.4 -2.1 -0.5 

V9 0.1 1.1 -1.1 0.1 

V10 -0.1 1.5 -1.7 0.1 

V11 -0.3 1.7 -1.4 -0.2 

V12 -0.3 1.2 -1.8 -0.6 

V13 0.4 1.4 -1.2 -0.4 

V14 0.6 1.7 -0.2 0.2 

V15 0.3 1.7 -0.4 0.3 

V16 -0.3 0.9 -0.9 -0.8 

V17 -0.1 1.0 -0.8 -0.2 

V18 0.1 1.6 -0.9 -0.1 

V19 0.2 1.6 -1.3 - 

V20 0.0 1.7 -1.9 0.3 

V21 0.2 2.3 -1.1 0.2 

V22 0.2 1.1 -2.2 0.2 

V23 0.2 1.6 -0.4 0.3 

V24 0.2 1.4 -0.8 0.2 

V25 0.1 1.6 -0.8 0.2 

V26 0.4 1.8 -1.1 -0.2 

V27 0.1 1.1 -0.6 0.3 

V28 0.0 3.2 -0.7 0.3 

V29 0.3 1.5 -0.5 0.4 

V30 0.2 2.2 -0.5 0.4 

V31 -0.5 0.2 -1.6 -0.3 

V32 -0.1 1.0 -1.0 0.2 

V33 -0.1 1.7 -1.0 0.6 

V34 0.0 1.7 -1.0 0.6 
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9.15. Appendix 15: Key findings of experimental work investigating volcanic particle-ice interaction. 

Table 9.14. Key findings from the volcanic particle series of experiments (V1-V34). 

 
Experiment Description 

Particle 
velocity         
(m s-1) 

Particle 
movement 
duration  

Experiment 
duration Key findings 

V1 Cemented ash 
(Eyjafjallajökull),   
6 mm 

1.13 x 10-6 

 
15 h 40 m  44 h 19 m  • A high density resulted in downwards movement of the 

particle.  

• Particle velocity was higher than that observed by the 
plastics in Chapter 4.  

• The melt pathway was approximately double the 
diameter of the particle. 

• The V1 cluster lost fine-grained particles that floated in 
meltwater and created a surface meltwater pond away 
from the proximity of the V1 cluster.  

V2 Cemented ash 
(Eyjafjallajökull), 
12 mm 

7.57 x 10-7 22 h 5 m  66 h 31 m  • Confirmed results in experiment V1 of the creation of a 
wider melt pathway and the presence of floating fine-
grained material maintaining surface meltwater. 

• A 12 mm volcanic cluster had a lower particle velocity 
than a 6 mm cluster of the same type. 

V3 Cemented ash 
(Eyjafjallajökull),   
3 mm 

1.01 x 10-6 22 h 17 m  53 h 42 m • A 3 mm volcanic cluster had a comparable particle 
velocity to a 6 mm cluster.  

• The diameter-dependency of the thermal environment 
identified in Chapter 4 did not appear to apply to 
thermally insulating volcanic clusters due to the cluster 
driving strong convection systems. 

V4 Cemented ash 
(Eyjafjallajökull),   
6 mm 

2.71 x 10-6 18 h 12 m 66 h 21 m • Confirmed results from experiment V1. 

• Irregular melt pathway morphology due to rotation of the 
cluster and irregular heating from irregular morphology 
of cluster. 

V5 Cemented ash 
(Eyjafjallajökull), 
12 mm  

9.06 x 10-7 27 h 35 m 66 h 12 m • Confirmed results from experiment V2. 
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Experiment Description 

Particle 
velocity         
(m s-1) 

Particle 
movement 
duration  

Experiment 
duration Key findings 

V6b Cemented ash 
(Eyjafjallajökull), 
12 mm 

4.46 x 10-7 36 h 9 m 207 h 53 m • Cemented ash clusters can disintegrate to form smaller 
clusters of volcanic material.  

• Smaller cemented ash clusters have a higher rate of ice 
melt and downwards movement than larger clusters. 

• Disintegration of material was likely due to freeze-thaw 
mechanisms. 

5.21 x 10-7 30 h 56 m 

V7 Cemented ash 
(Eyjafjallajökull),   
6 mm 

1.92 x 10-7 86 h 38 m  94 h 47 m • Confirmed results from V6b, where disintegration of the 
cemented ash cluster into smaller ash clusters resulted 
in a higher rate of downwards movement.  

2.01 x 10-7 82 h 57 m 

V9 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 6 mm 

6.70 x 10-7 7 h 3 m 
available 
data 

65 h 22 m • Similar behaviour to volcanic cluster: (1) melt pathway 
width exceeding the particle diameter and (2) scoria 
particles are capable of ‘shedding’ fine-grained (<0.1 
mm) particles to the ice system to create a surface 
meltwater pond away from the proximity of the V9 
particle.  

V10 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 6 mm 

8.71 x 10-7 20 h 25 m 22 h 44 m • Confirmed results from experiment V9. 

V11 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 12 mm 

5.77 x 10-7 28 h 24 m 44 h 54 m • The scoria particle shed a smaller fragment (e.g. mm 
scale) that moved downwards through the ice. This 
differed from the loss of fine-grained material observed 
in previous experiments.   

V12 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 12 mm 

1.68 x 10-7 95 h 47m 112 h 46 m • Indicated that the particle velocity influenced the 
morphology of a melt pathway (e.g. a low velocity was 
associated with an almost spherical melt pathway, whilst 
a high velocity was associated with a teardrop 
morphology, in a stable (cool) thermal environment. 

• Drainage processes prevented further downwards 
movement due to the advection of heat away from the 
particle-ice interface.  
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Experiment Description 

Particle 
velocity         
(m s-1) 

Particle 
movement 
duration  

Experiment 
duration Key findings 

V13 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 6 mm 

4.15 x 10-7 50 h 12 m  50 h 41 m • Provided an insight to a variable thermal environment 
(e.g. a negative shift across the thermal range reducing 
particle activity, and a subsequent positive shift across 
the thermal range facilitating continued particle-ice 
interaction).  

V14 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 6 mm 

9.15 x 10-7 21 h 33 m 60 h 24 m • Confirmed results from experiment V9 and V10.  

• Demonstrated the capability of a volcanic particle to 
generate a large volume of meltwater due to the 
introduction of fine-grained particles into the ice system. 

V15 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 3 mm 

1.01 x 10-6 17 h 48 m 26 h 24 m • Suggested a higher particle velocity associated with a 
smaller volcanic particle (e.g. 3 mm) relative to larger 
volcanic particles (e.g. 6- and 12- mm). 

V16 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 3 mm 

6.30 x 10-7 28 h 13 m 
available 
data 

118 h 30 m • Confirmed findings in experiment V12 that melt pathway 
morphology was dependent on particle velocity. 

V17 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 3 mm 

1.20 x 10-6 16 h 24 m  22 h 56 m • Confirmed results from experiment V15.  

V18 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 1.5 mm 

- 

26 h 37 m  26 h 37 m • A 1.5 mm was held at the meltwater surface despite 
having a higher density than water. This was due to 
surface tension effects. 

• Surface pond geometry was controlled by the pre-
existing ice structure (e.g. melting along ‘weaker’ areas 
of the ice. 

V19 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 3 mm 

1.31 x 10-6 16 h 44 m 65 h 52 m • Confirmed results from experiment V15 and V17, and 
preliminary suggestions from experiment V3, that 
smaller thermally insulating particles (e.g. 3 mm) have a 
higher particle velocity than larger particles (e.g. 6- and 
12 mm). This indicated the opposite finding for thermally 
conductive particles (as described in Chapter 4).  
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Experiment Description 

Particle 
velocity         
(m s-1) 

Particle 
movement 
duration  

Experiment 
duration Key findings 

V20 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 1,5 mm 

- 

23 h 1 m 23 h 1 m • Confirmed results from experiment V18 that surface 
tension can retain a 1.5 mm particle at the water 
surface.  

• Lateral movement of the floating particle also dictated 
the morphology of the surface meltwater. 

V21 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 1.5 mm 

- 

42 h 56 m 46 h 22 m • Confirmed results from experiment V18 and V20 where 
a 1.5 mm volcanic particle floated at the surface. 

• The floating particle produced a complex melt pathway 
morphology due to periodic drainage events. These 
were controlled by vein network intersection with the 
melt pathway. This modified the optical properties and 
internal structure of the ice.  

V22 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 6 mm 

1.06 x 10-6 17 h 13 m 20 h31 m • Confirmed results from experiment V9, V10, and V14. 

V23 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 12 mm 

1.06 x 10-6 

  
19 h 35 m 23 h 1 m • Confirmed the behaviour of a 12 mm particle as 

comparable to that of a 6 mm particle. 

V24 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 12 mm 

1.52 x 10-6 12 h 24 m 21 h 47 m • Confirmed results from experiment V11, V12, and V23. 

V25 Rhyolitic pumice 
(Mount St. 
Helens), 6 mm 

Fragment:     
7.66 x 10-7 

22 h 7 m 48 h 47 m • The 6 mm pumice particle floated in the meltwater 
produced to create a ‘proximal surface meltwater pond’. 

• The higher albedo surface did not appear to have a 
great impact on the volume of meltwater produced as 
this was significant and comparable to volumes 
generated by the lower albedo particles.  

• Fragmentation of the V25 particle to create a small 
(approx. 0.5-1mm) fragment that moved downwards 
through the ice was observed. 

• Loss of fine-grained material observed to create a 
‘shallow surface meltwater pond’ as seen in experiments 
V1-V24.  
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Experiment Description 

Particle 
velocity         
(m s-1) 

Particle 
movement 
duration  

Experiment 
duration Key findings 

V26 Rhyolitic pumice 
(Mount St. 
Helens), 3 mm 

Fragment 
(0.5 mm):     
3.94 x 10-7 

45 h 47 m 63 h 54 m • A 3 mm pumice particle exhibited similar behaviour to a 
6 mm pumice particle (e.g. floated in meltwater to create 
a proximal meltwater pond, experienced loss of fine-
grained material to create a shallow surface meltwater 
pond and fragmented to create a small fragment that 
moved downwards through the ice). 

V27 Rhyolitic pumice 
(Mount St. 
Helens), 12 mm 

Fragment (2 
mm x 1 mm):      
6.52 x 10-7 
(< 0.5 mm):   
5.55 x 10-7 

23 h 1 m 23 h 1 m • A 12 mm pumice particle exhibited similar behaviour to a 
3- and 6- mm pumice particle. 

V28 Rhyolitic pumice 
(Mount St. 
Helens), 1.5 mm 

- 

25 h 18 m 25 h 18 m  • A 1.5 mm pumice particle placed on the ice surface 
floated in the meltwater. This contrasted to the 
behaviour of fragments of particles of similar sizes. 

V29 Rhyolitic pumice 
(Mount St. 
Helens), 3 mm 

Fragment (0.5 
mm): 4.29 x 10-7 

20 h 4 m 20 h 4 m • Confirmed results from experiment V26. 

• Surface morphology of the ice surface acted as a control 
on the development of the surface meltwater pond. 

V30 Rhyolitic pumice 
(Mount St. 
Helens), 6 mm 

Fragment: 2.35 
x 10-7 

25 h 58 m 25 h 58 m • Confirmed results from experiment V25. 

V31 Rhyolitic pumice 
(Mount St. 
Helens), 12 mm 

- 

24 h 54 m 24 h 54 m • Confirmed results from experiment V27. 

• The larger particle (i.e. 12 mm) created the proximal 
surface meltwater pond, whilst loss of fine-grained (e.g. 
<0.1 mm) material from the particle surface created the 
shallow surface meltwater pond.  

V32 Rhyolitic pumice 
(Mount St. 
Helens), 1.5 mm 

- 

24 h 10 m 24 h 10 m • Confirmed results from experiment V28.  

• Smaller particles were associated with smaller proximal 
surface meltwater ponds. 

V33 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 
scattering  

Varied (from 
7.94 x 10-7-1.96 
x 10-6 

19 h 50 m 19 h 50 m • Behaviours observed across the entire experimental 
series were observed in experiment V33.  
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Experiment Description 

Particle 
velocity         
(m s-1) 

Particle 
movement 
duration  

Experiment 
duration Key findings 

• Demonstrated the likelihood of a variety of behaviours 
occurring within a natural system. 

• Clusters of fine-grained were most efficient at inducing 
ice melt. 

• In the case of single particles, finer grained material 
(e.g. <1 mm) experienced higher particle velocities than 
larger particles (e.g. > 3 mm). This compared well with 
results from this series that the smaller particles were 
more efficient at inducing ice melt. 

V34 Basaltic-andesitic 
scoria (Volcán 
Sollipulli), 
scattering  

2.38 x 10-6 24 h 49 m 24 h 49 m • Results from experiments using opaque ice and 
optically-transparent ice were comparable and very 
similar particle behaviours and features were observed. 

• Opaque ice appeared to encourage drainage events.  
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9.16. Appendix 16: Temperature data of experimental work conducted in 

Chapter 6. 

Table 9.15. Average temperature values for experimental work in Chapter 6. 

Experiment 
Freezer temperature (°C) Proxy ice 

temperature (°C) Current Maximum Minimum 

Mp1 -0.1 1.1 -1.2 0.4 

Mp2 -0.2 0.7 -1.1 0.2 

Mp3 -0.3 0.8 -1.3 0.1 

Mp4 -0.6 0.4 -1.4 -0.2 

Mp5 0.5 1.4 -2.7 0.2 

Mp6 -0.4 1.4 -2.5 0.1 

Mp7 -0.3 0.9 -2.0 0.2 

Mp8 0.0 1.1 -1.6 0.4 

Mp9 -0.3 1.0 -1.4 0.5 

Mp10 -0.2 1.1 -1.5 0.1 

Mp11 -0.2 1.0 -1.3 -0.1 

Mp12 -0.1 1.1 -1.2 0.0 

Mp13 0.0 1.7 -1.5 0.2 

Mp14 -0.2 2.2 -1.3 -0.2 

Mp15 0.0 1.1 -1.5 0.1 

Mp16 -0.1 1.8 -1.1 -0.6 

Mp17 0.0 2.0 -1.1 -0.7 

Mp18 0.4 1.5 -1.1 -0.1 

Mp19 0.1 1.1 -1.2 0.5 
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9.17. Appendix 17: Key findings of experimental work investigating microplastic particle-ice interaction. 

Table 9.16. Key findings from the microplastic particle series of experiments (Mp1-Mp19), where PE is polyethylene and PP is polypropylene. 

Experiment Description 
Particle velocity      
(m s-1) 

Experiment 
duration 

Key findings 

Mp1 PE (small), single 
surface 

- 

21 h 27 m • The polyethylene microplastic particle was buoyant in meltwater 
produced.  

• Despite a low thermal conductivity, heat transfer to the ice system 
was sufficient to cause ice melt.  

• Migration of the particle across the ice surface was observed, 
demonstrating the possibility of redistribution processes. 

Mp2 PE (large), single 
surface 

- 

25 h 23 m • A large microplastic behaved in a similar way to a small microplastic. 

• The initial meltwater matched the morphology of the particle, 
suggesting that initial melting was conduction driven. This evolved 
into a circular area of melt after meltwater convection driven melting 
was established.  

• Lateral movement of the floating particle extended the area of 
melting.  

Mp3  -  • No particle-ice interaction due to a stable (cold) thermal environment. 

Mp4 PP (large), single 
surface 

- 

43 h 14 m • A state of equilibrium was reached approximately 4 hours into the 
experiment. 

• The spherical large microplastic saw reduced ice-melt due to a longer 
thermal pathway (relative to the thin polyethylene particles), 
encouraging strong convective heat loss to the atmosphere.  

• Microplastic particle-ice interaction is reduced under cold 
temperatures. 

Mp5 PP (large), single 
surface 

- 

63 h 45 m • Contrasting results to that from experiment Mp4 due to a warmer 
thermal environment. 

• Indicated the importance of melting by the advection of heat due to 
melting of ice from drainage processes. 

• Strong convective heat loss may have driven heat transfer, and 
consequently, ice melting over a wider area due to air heating by the 
top surface of the particle.  
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Mp6 PE (large), multiple 
embedded 

3.71 x 10-7  
5.06 x 10-7 
6.34 x 10-7 
8.21 x 10-7 

96 h 4 m • Embedded particles melted the surrounding ice to form spherical 
areas of melt encasing the particles. 

• Four low-density particles moved upwards through the ice to emerge 
at the ice surface. These created individual melt pathways within the 
ice. 

• Drainage events prohibited upwards movement of some particles. 

• Possibility of small microplastics intercepting the vein network within 
the ice to move upwards over a 45 mm distance within a five minute 
period. 

Mp7 PE (small), single 
surface 

- 

23 h 49 m • Confirmed results from experiment Mp1. 

• Periodic drainage events resulted in a low density particle moving 
downwards within an ice body as it remained floating on the draining 
meltwater.  

• Confirmed interpretation in Chapter 4 that drainage events were 
dynamic. 

Mp8 PE (medium), single 
surface - 

22 h 27 m • Similar behaviour to that of ‘small’ microplastic particles (e.g. 
experiment Mp1, Mp7, and Mp10).  

Mp9 PE (large), single 
surface 

- 

23 h 21 m • Confirmed results from experiment Mp2. 

• Multiple drainage events resulted in a fluctuation of depth of the 
polyethylene particle as it followed the meltwater surface depth 
fluctuations. 

Mp10 PE (small), single 
surface 

- 
44 h 39 m • Confirmed results from experiment Mp1 and Mp7. 

Mp11 PP (large), single 
surface 

- 

72 h 8 m • Additional processes such as migration across a meltwater pond and 
drainage events created a complex surface meltwater pond.  

• Subsequent refilling of surface meltwater after drainage events by 
continued particle-induced ice melt resulted in upwards movement of 
a low density particle.  

Mp12 PE (medium), single 
surface 

- 

23 h 50 m • Confirmed results from experiment Mp8. 

• Drainage processes occurred (facilitated by a leaking container), 
resulting in the same downwards moving process as observed by 
experiment Mp7 as the polyethylene particle movement followed the 
surface lowering of meltwater. 
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Mp13 PE (medium), 
multiple embedded 

1.90 x 10-7 
2.20 x 10-7 

62 h 55 m • Confirmed results from experiment Mp6. 

• Two microplastics moved upwards to the ice surface. 

Mp14 PE (large), single 
surface 

- 
21 h 57 m • Confirmed results from experiment Mp2 and Mp9. 

Mp15 PE (small), 
scattering surface 

9.77 x 10-7 
1.02 x 10-6 
1.22 x 10-6 
1.25 x 10-6 

20 h 15 m • Initial ‘scarring’ of the ice surface with a scattering of particles was 
observed. This evolved into a surface meltwater pond. 

• Varied behaviour of floating and sinking particles. 

• Sinking particles created a melt pathway wider than the particle, 
indicating convection-driven melting. 

• Clustering of floating microplastic particles by capillary forces. 

Mp16 PE (small), 
scattering surface 

0.1 mm: 7.55 x 10-7 
7.79 x 10-7  
1.18 x 10-6 
1.27 x 10-6 

4 h 22 m • Confirmed results from experiment Mp15 that multiple behavioural 
modes were possible with microplastic particles. 

• A greater number of downwards moving particles were observed in 
experiment Mp16 compared to experiment Mp15. 

• Alternating particle trajectory during descent through the ice was 
indicative of vein network interception. 

0.3 mm: 9.14 x 10-7 

Mp17 PE (small), 
scattering surface, 
opaque ice 

<0.1 
mm 

1.21 x 10-6 22 h 42 m • Results compared well with experiment Mp15 and Mp16, despite an 
opaque ice system. 

0.1 mm 8.51 x 10-7 

7.34 x 10-7 

0.2 mm 1.04 x 10-6 

0.5 mm 6.90 x 10-7 
8.62 x 10-7 

Mp18 PE and PP (medium 
and large), multiple 
embedded 

PE 6.39 x 107 

9.19 x 10-7 
22 h 42 m • Confirmed results from experiment Mp6 and Mp13.  

• Three microplastics moved upwards to the ice surface. 

• Indication of microplastic interception of the vein network. 

• Polypropylene particle moved upwards to reach the ice surface at a 
higher rate than the polyethylene particles.  

PP 2.00 x 10-6 

Mp19 PE (small), 
scattering surface, 
opaque ice 

4.97 x 10-7 
5.97 x 10-7 
6.39 x 10-7 

22 h 21 m • Confirmed results from experiment Mp17 that multiple behavioural 
modes of microplastic particle-interaction with ice was possible within 
an opaque ice system. 
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9.18. Appendix 18: A comparison of modelled and observed particle 

velocities. 

 

Figure 9.1. Comparison of modelled and observed particle velocities of metal particles. (a) low 

albedo 8 mm chrome steel, (b) high albedo 8 mm chrome steel, (c) low albedo 1.5 mm brass, 

(d) low albedo 3 mm brass, (e) low albedo 6 mm brass, (f) low albedo 12 mm brass, (g) 

intermediate albedo 6 mm brass, and (h) high albedo 6 mm brass particles. Data from Table 

7.4, Chapter 7. 
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Figure 9.2. Comparison of modelled and observed particle velocities of plastic particles. (a) 

Delrin®, (b)polypropylene, (c) polyethylene, and (d) polystyrene. Data from Table 7.4, Chapter 

7. 
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Figure 9.3. Comparison of modelled and observed particle velocities of volcanic particles. (a) 3 

mm cemented ash cluster, (b) 6 mm cemented ash cluster, (c) 12 mm cemented ash cluster, (d) 

3 mm scoria, (e) 6 mm scoria, and (f) 12 mm scoria particles. Data from Table 7.4, Chapter 7. 
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9.19. Appendix 19: Glossary of key terms 

Ablation Removal of ice mass 

Accumulation Addition of ice mass 

Advection Heat transfer through the physical movement of a fluid 

Condensation A phase change from gaseous water to liquid water 

Conduction Heat transfer through vibrations of neighbouring atoms 

Convection Heat transfer through the movement of heated fluid (typically 

driven by density movement along a thermal gradient) 

Cryosphere Any component of the natural system that retains a frozen state of 

water 

Debris covered ice Ice with a continuous layer of debris on its surface 

Deposition A phase change from gaseous water to solid water 

Dirty ice Ice with a discontinuous layer of debris on its surface 

Evaporation A phase change from liquid water to gaseous water 

Freezing A phase change from liquid water to solid water 

Glacier Ice bodies that have originated from an accumulation of snowfall, 

compacted to form flowing ice 

Ice cap A < 50,000 km2 mass of ice that covers the topography 

Icefield A < 50,000 km2 mass of ice (although typically smaller than an ice 

cap) in which the landscape peaks extrude from under the ice 

Ice sheet A > 50,000 km2 mass of ice that covers a landscape in which 

large-scale movement is independent of bed topography 

Melting A phase change from solid water to liquid water 

Melt pathway A pathway of liquid water created as a dense particle melts the ice 

and moved downwards in the meltwater 

Mountain glacier Glaciers that develop in mountainous regions (typically from an 

icefield), bound by topography  

Östrem curve A standardized curve of enhanced ice ablation under thin particle 

layers and reduced ice ablation under thick particle layers, relative 

to bare ice 

Outlet glacier Channelled ice that moves from the interior of an ice sheet or ice 

cap 

Pressure melting point 

(PMP) 

The temperature at which ice melts at a given pressure 

Proximal surface 

meltwater pond 

The deep zone of meltwater produced by a floating particle 

Radiation Emission of heat energy by an object 

Shallow surface 

meltwater pond 

The large extent of shallow melt on the ice surface produced by a 

floating particle 

Sphere of influence The zone of particle-heating 
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Sublimation A phase change from solid water to gaseous water 

Thermal environment Classification of the thermal state of the ice in the proximity of a 

particle 

Thermal range The range of thermal environments of the ice experienced in the 

proximity of a particle, from stable (cold), stable (cool), stable 

(warm), and unstable 

Thermal regime A glaciers internal temperature structure 
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