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Abstract  8 

Understanding magma-ice interaction processes is critical for mitigation of the 9 

hazards generated by subglacial explosive volcanism, including large flowrate 10 

meltwater floods and fine-grained volcanic ash.   We propose and evaluate a 11 

subglacial eruption mechanism with potential for rapid ablation of the overlying ice 12 

that involves the impact of pyroclasts on the ice surfaces of depressurised, vapour 13 

dominated ice cavities that surround subglacial vents.  Such impacts are likely to 14 

cause considerable fracturing and mechanical fragmentation of the ice and thus 15 

increase the heat transfer area available for ice-melt.  This mechanism has not, to our 16 

knowledge, been explored previously in the literature, but we find that published 17 

experimental work on impact cratering of icy solar system bodies can be used to 18 

predict fragmentation damage by pyroclast impact. Our principal conclusions are as 19 

follows. (1) Ice ablation rates of order 100 m h-1 are predicted, for typical pyroclast 20 

velocities, provided that the mechanism is sustained. (2) The thermal energy of the 21 

eruption, together with the size of the ice fragments produced, is sufficient to prevent 22 

accumulation of fractured ice within the cavity. (3) Upward ablation of the ice cavity 23 

roof results in a progressive decrease in pyroclast impact velocity that is partly 24 

compensated by downward movement of the roof by ductile ice flow. (4)  This ice 25 

ablation mechanism is likely common during subglacial eruptions on the relatively 26 

steep slopes of ice-covered stratovolcanoes, where steepness of slope and ice 27 
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thickness are favourable for rapid drainage of meltwater by gravity and consequent 28 

depressurisation of the cavity.  29 

 30 
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 34 

1. Introduction   35 

Subglacial eruptions generate hazards that result from the interaction of magma with 36 

ice.  Fragmentation of magma by explosion (producing pyroclasts) or granulation 37 

(producing hyaloclastite) can promote efficient magma-ice heat transfer 38 

[Gudmundsson et al., 2004].  The resulting rapid ice-melt can generate large flowrates 39 

of meltwater (jökulhlaups) which, together with mobilisation of sediments by the 40 

floodwaters, are the most common volcanic hazard in Iceland.  These jökulhlaups 41 

have caused extensive damage to bridges and other infrastructure as well as repeated 42 

evacuations from affected areas [Gudmundsson et al., 2008].  43 

 44 

Subglacial eruptions may remove (i.e., ablate) the overlying ice by a combination of 45 

melting and fracturing to breach the ice surface and become subaerial [Gudmundsson, 46 

2003].  The resulting volcanic plumes present a variety of proximal to distal hazards.  47 

In particular, the interaction of magma with meltwater may produce fine-grained ash 48 

that is carried upwards by the plume and disperses widely in the atmosphere.   Under 49 

conditions of adverse wind direction airborne volcanic ash may lead to restrictions on 50 

air traffic and subsequent disruption to global air travel and supply chains, such as 51 

those experienced during the Eyjafjallajökull 2010 eruption in Iceland [Dellino et al., 52 

2012; Harris et al., 2012].   53 
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 54 

Volcano-ice interaction around an erupting vent produces a fluid-filled cavity at the 55 

base of the ice sheet.  Within this ice cavity, the processes involved in subglacial 56 

fragmentation-dominated eruptions may include vigorous fluid convection with heat 57 

transfer to the ice from liquid water or steam (i.e., water in the vapour phase) and, in 58 

some cases, the impact of pyroclasts on the icy walls and roof of the subglacial cavity.  59 

The key parameter that helps to constrain any model of these subglacial processes is 60 

the “ice ablation rate”.  We use the term “ice ablation” to mean the progressive 61 

removal of ice by magma-ice interaction, including (1) ice-melt by magma-ice heat 62 

transfer, and (2) mechanical fragmentation of ice due to ice fracturing during direct 63 

pyroclast impact.  Figure 1 shows the definition of ice ablation rate, together with the 64 

observations needed for its determination for a subglacial eruption.  65 

Ice ablation rate  =
Ice thickness at start of eruption

Time to ablate the overlying ice

(Time of first subaerial activity – time of first subglacial activity)

Start time of volcanic tremor

on seismic record

Time of visual observation

of eruption plume

Vertical ice thickness measurement

prior to the eruption

defined as

 66 
Figure 1.  The variables involved in estimating ice ablation rate for a subglacial 67 

volcanic eruption. The observations needed for its determination are italicised.  68 

 69 
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Despite the plethora of ice-covered volcanoes on Earth, there are few published 70 

examples of explosive subglacial eruptions where observations enable ice ablation 71 

rates to be inferred: these include three Icelandic eruptions [Gudmundsson et al., 72 

2004; Magnússon et al., 2012; Larsen et al., 2021], together with an example from 73 

Antarctica [Smellie, 2002].  All of these examples are of mafic or intermediate 74 

magmas erupted into temperate ice-sheets or glaciers, where the ice is at its pressure 75 

melting point.  These eruptions provide the crucial empirical data with which any 76 

analytical model of ice ablation rate can be compared.  Table 1 summarises the 77 

measurements, observations and inferences associated with the estimations of pre-78 

eruption ice thicknesses and the durations of these subglacial eruptions, together with 79 

the resulting ice ablation rates.   80 

 81 
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Table 1.  Summary of measurements, observations and inferences that allow estimation of ice ablation rates for selected subglacial eruptions that 82 
breached the overlying ice. 83 
 84 

Subglacial eruption Pre-eruption ice thickness  Start time of subglacial eruption Time of ice surface breach Duration of 

subglacial 

phase of 

eruption 

Approximate 

ice ablation rate (m h-1) 

(range in brackets) 

Eyjafjallajökull 

2010         

Ice thicknesses of 170-200 m 

were recorded above the 2010 

eruption site [Magnússon et al., 

2012]. No evidence for any pre-

eruption melting. 

 

Inferred from start of strong 

continuous tremor at 0130 h on 

14th April [Magnússon et al., 

2012]. 

 

Eruption plume observed by 

aircraft at around 0600 h on 14th 

April [Magnússon et al., 2012]. 

 

4 hours 50 

 

(40-50) 

Gjálp 1996                        550-600 m measured in 1986 

[Gudmundsson et al., 2004]. 

 

Inferred from start of strong 

continuous tremor at 2200 h on 

30th September [Gudmundsson et 
al., 2004]. 

  

Steam emission observed from 

ice cauldron at 0447 h on 2nd 

October, with subaerial 
phreatomagmatic activity 

confirmed at 0518 h 

[Gudmundsson et al., 2004]. 

 

31 hours 18 

 

(18-19) 

Deception Island 

1969      

Glacier thickness 

measurements varied from 100 

m to approximately 50 m at 

snout. Thickness at eruption 

site estimated at 70-100 m 

[Smellie, 2002]. 

 

Inferred from start of continuous 

tremor at 0750 h or from sudden 

end to a sequence of multiple 

small earthquakes at 0915 h on 21st 

February [Smellie, 2002]. 

 

Initial observation of eruption 

column at 0950 h on 21st 

February [Smellie, 2002]. 

 

35 minutes- 

2 hours 

100 

 

(50-170) 

Katla 1918 270-300 m measured by radio 

echo-sound at the location of 

eruption site [Björnsson et al., 
2000]. May have been 

somewhat thicker in 1918, 

perhaps 350 m [Gudmundsson 

et al., 2021].  

Inferred from contemporary 

observations of seismic activity at 

1130 h and first indications of flow 
of meltwater.at 1300-1330 on 12th 

October [Larsen et al., 2021]. 

Eruption plume observed at 

1500 h 12th October [Larsen et 

al., 2021]. 

2-3.5 hours 130 

 

(85-175) 

 85 
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Theoretical models for magma-water-ice heat transfer during subglacial 86 

fragmentation-dominated eruptions were developed by Woodcock [2016].  This work 87 

demonstrated that, for eruptions where magma becomes fragmented, heat transfer 88 

from magma to liquid water is rapid on the timescale of an eruption, at least for small 89 

pyroclasts, and thus is unlikely to limit overall magma-ice heat transfer rates 90 

[Woodcock et al., 2012].  In addition, ice ablation rates that approach those inferred 91 

for the Gjálp 1996 eruption (Iceland) were predicted by a water-ice heat transfer 92 

model that involved two-phase convection in liquid-dominated cavities at glaciostatic 93 

pressures [Woodcock et al., 2014].  The principal limitation on ice ablation rate in this 94 

model was that the area available for water-ice heat transfer was restricted to that of 95 

the roof and walls of the ice cavity.  In this paper, we propose and evaluate a 96 

mechanism where this restriction does not exist.   97 

 98 

For ice that is 150-200 m or more thick, water pressure is near glaciostatic most of the 99 

time, particularly during the start of subglacial eruptions [Björnsson, 1975; Nye, 1976; 100 

Gudmundsson et al., 2004].  Observations of subglacial eruptions under thick ice in 101 

Iceland are consistent with models of heat transfer within a liquid water-dominated 102 

cavity under glaciostatic pressure [Gudmundsson et al., 2004, Magnússon et al., 103 

2012].  In contrast, for the thinner ice that may occur on the relatively steep slopes of 104 

ice-covered stratovolcanoes, steepness of slope and ice thickness are favourable for 105 

rapid drainage of meltwater by gravity, as observed during minor flank eruptions 106 

during the 2010 Icelandic eruption at Eyjafjallajökull [Magnússon et al. 2012].  Once 107 

the vent in such a system is exposed to pressures approaching atmospheric, the 108 

eruption effectively becomes subaerial.  If water gains access to the depressurised 109 

vent, one should expect phreatomagmatic activity in which pyroclasts impact on the 110 

roof of the ice cavity [Wilson and Head, 2002].  Such impacts are likely to cause 111 
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considerable mechanical fracturing and fragmentation of the overlying ice and thus 112 

increase the heat transfer area available for ice-melt.  This scenario, involving ice 113 

fragmentation by pyroclast impact, has potential for rapid ablation of the overlying ice 114 

and for high rates of ice-melt.  It has not, to our knowledge, been explored previously 115 

in the literature. 116 

 117 

In this paper we explore the fragmentation of the ice roof and walls by the impact of 118 

predominantly solid pyroclasts produced during an explosive subglacial eruption 119 

within a depressurised subglacial cavity.  We begin by reviewing the literature on 120 

impact damage to ice surfaces by the high velocity impact of projectiles.  We then 121 

discuss the relevance of these studies to the impact of large pyroclasts (8 - 64 mm), 122 

with velocities of approximately 100 m s-1 [Parfitt and Wilson, 2008], on the interior 123 

of a subglacial ice cavity and estimate the rates of ice removal by impact.  In order for 124 

such a mechanism to be sustained, the resulting ice fragments need to be removed 125 

from the cavity to prevent accumulation; thus, we determine whether meltwater can be 126 

generated at a sufficient rate to produce a mixture of pyroclasts, ice and liquid water 127 

with sufficient mobility to flow out of the cavity. 128 

 129 

2.   Ice fragmentation by the impact of large pyroclasts 130 

2.1   Experimental work on impact damage to ice surfaces 131 

There is a considerable body of literature concerned with experimental cratering on 132 

ice surfaces by the impact of high velocity projectiles.  This work was motivated by 133 

the desire to understand the formation of impact craters on ice-dominated bodies in 134 

the outer part of the Solar System.  Much of the recent experimental work [e.g., Shrine 135 

et al., 2002; Burchell and Johnson, 2005] was concerned with hypervelocity (1-10 km 136 
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s-1) impacts.  Earlier studies [Lange and Ahrens, 1987; Kato et al., 1995; Iijima et al., 137 

1995] reported the results of medium velocity (0.1-0.6 km s-1) impacts of bullet-sized 138 

cylinders on polycrystalline water ice at 255-258 K.  These publications include data 139 

on projectile mass, density, and velocity, together with the resulting crater dimensions.  140 

These data may be used to assess the extent of ice fragmentation by the impact of 141 

large pyroclasts if they can be appropriately scaled. 142 

 143 

2.1.1   Scaling of experimental results 144 

Dimensional analysis was applied to the scaling of crater sizes by Holsapple and 145 

Schmidt [1982].  For the strength-dominated regime applicable to small craters 146 

produced under Earth gravity conditions [Holsapple, 1993], the crater volume V is 147 

considered to depend on the radius a, velocity u and density δ of the projectile as well 148 

as the material strength Y and density ρ of the target material: 149 

 � = f��, �, �, 	, 
� (1) 150 

The material strength Y is conventionally represented by the compressive strength.  151 

Holsapple [1993] points out that this is not as restrictive as it seems because all other 152 

material strength properties can be expressed in terms of Y if properties are 153 

independent of strain rate.  In general, ice strength properties are strain rate-dependent 154 

[Paterson, 2002]; however, under the high strain rates during impact, ice behaves as a 155 

brittle material and its behaviour can be considered to be strain rate-independent. 156 

Equation (1) has six variables that are expressed in three independent dimensions 157 

(mass, length, and time).  The Buckingham π theorem [Middleton and Wilcock, 1994] 158 

indicates that the system behaviour may be described by three dimensionless groups:   159 

 
� �
�   = f� �

� �� , �
�� (2) 160 
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where m is the projectile mass (equal to 4 π a3 δ / 3 for a spherical projectile).  The 161 

group (ρ V) / m is the ratio of the mass of cratered material to the mass of the 162 

projectile and is known as the cratering efficiency; the group Y / (δ u2) is the ratio of 163 

target strength to inertial force per unit area of the projectile and the group ρ / δ is the 164 

ratio of target density to projectile density.   165 

 166 

The functional dependence of the dimensionless groups in equation (2) must be 167 

determined by experiment.  Figure 2 shows data from Kato et al. [1995] and Iijima et 168 

al. [1995] for the impact of aluminium and basalt projectiles on ice at 255 K.   169 

The projectiles used were cylindrical, 15 mm in diameter and 10 mm long, with a 170 

mass of around 5 g.  The data in Figure 2 may be fitted by the regression line: 171 

 
� �
�  = 1.15 �� ��

� � (3) 172 

 173 

Figure 2.  Dimensionless plot of experimental data (from Kato et al., [1995] and 174 

Iijima et al. [1995]) for the impact of projectiles, with a density ratio (ρ / δ) of 0.31-175 

0.32, on ice at 255 K.  Open circles indicate data for aluminium alloy projectiles; 176 

filled squares for basalt projectiles.  The projectile velocities are in the range 59-290 177 

m s-1.  The straight line is the regression line (equation 3). 178 

 179 

 180 
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2.1.2   Ice fragment size distribution 181 

The experiments described in Kato et al. [1995] involved firing projectiles vertically 182 

downwards onto an upward-facing planar ice surface “target”.  These experiments 183 

were carried out in a cold room at -18 °C to allow recovery of the ice fragments 184 

produced during a cratering experiment for the determination of the ice fragment size 185 

distribution by dry sieving.   For the impact experiments using basaltic projectiles, 186 

80% by mass of the ice fragments were less than 3 mm in size, while 60 % were less 187 

than 1 mm.  In Section 4 we use this result to estimate the rate at which ice fragments 188 

produced by pyroclast impact may melt within the subglacial eruption cavity. 189 

 190 

2.2   Relevance to pyroclast impact in subglacial cavities  191 

Table 2 compares the conditions of the experiments reported by Kato et al., [1995] 192 

and Iijima et al. [1995] with the “requirements” for an analysis of pyroclast impact in 193 

subglacial cavities.  Differences in projectile size and velocity may be accounted for 194 

by equation (3).  Data in Kato et al. [1995] and Iijima et al. [1995] were obtained for ice 195 

at 255 K; unfortunately, there are no data available between 255 K and the pressure 196 

melting point of ice at 0.1 - 0.2 MPa (approximately 273 K).  The compressive 197 

strength of ice decreases by a factor of three between 255 K and 273 K [Croft et 198 

al.,1979; Petrovic, 2003].  Kato et al. [1995] and Iijima et al. [1995] studied ice 199 

impact on an upward-facing target.  For strength-controlled cratering, orientation 200 

should have a minor effect.  Craters formed on a downward-facing surface should be 201 

no smaller than those scaled from experiments and may be larger as gravity will tend 202 

to remove impact fragments rather than allow accumulation in the impact zone. 203 

 204 

 205 
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Table 2. Comparison of experimental conditions reported with the “requirements” for 206 

an analysis of pyroclast impact in subglacial cavities. 207 

Variable Experimental work 

reporteda 

“Requirements” for 

subglacial cavity 

Regime Strength-dominated Strength-dominated 

Projectile velocity (m s-1) 59 - 290 approximately 100 

Projectile size (mm) 7-15 8 - 64 

Ice temperature (K) 255  Pressure melting point 

(approximately 273) 

Orientation of ice surface Upward-facing  Downward-facing 

Number of impacts and 

quality of ice surface 

Single impact on pristine 

planar ice surface 

Multiple impacts on 

damaged ice surface 

Nature of projectile Solid, cold Variably solidified, but 
behaves as solid under 

timescale of impact 
a Kato et al. [1995] and Iijima et al. [1995].   208 

 209 

So far, we have found no data for multiple impacts at the same site. This is not 210 

surprising, since much of the motivation for the work is the study of impacts on icy 211 

bodies in the outer Solar System.  These bodies lack atmospheres, and it is the stress 212 

caused by deceleration through a planetary atmosphere that causes a meteoroid to 213 

break up into fragments impacting the same location in quick succession [Limonta et 214 

al., 2021]. Nevertheless, comparison of the sizes of craters produced by impacts with 215 

the same energy into targets of the same material in either solid or fractured form 216 

[Susorney et al., 2017] imply that impacts into already-fractured ice may produce 217 

larger ice craters than expected from equation (3). 218 

 219 

3.   Application of experimental work to ice fragmentation by pyroclast 220 

impact during explosive subglacial eruptions 221 

 222 

3.1   Subglacial eruption scenario 223 



                                                                                                                  12 

We envisage a subglacial explosive fissure eruption within a vapour-dominated ice 224 

cavity, with a pressure of 0.1-0.2 MPa, which is freely draining meltwater to the edge 225 

of the ice body along a subglacial conduit.  If magma contacts liquid water under these 226 

low-pressure conditions, we expect a vigorous phreatomagmatic eruption with 227 

pyroclast velocities of approximately 100 m s-1 [Graettinger and Valentine, 2017; 228 

Parfitt and Wilson, 2008].  229 

 230 

3.2   Vertical ice ablation rate 231 

In this section we estimate the vertical ice ablation rate resulting from impact damage 232 

by large pyroclasts (assumed to behave as solids) on the ice roof of a subglacial 233 

cavity. Consider a subglacial eruption that produces pyroclasts of various sizes that 234 

impact uniformly on the cavity roof over a zone of width w.  Let the pyroclast mass 235 

flux per unit length of fissure in a given size bin be f kg s-1 m-1.  The number flux in 236 

that size bin is thus f/m, where m is the mass of a single pyroclast. 237 

 238 

From equation (3), the crater volume V for a single impact is given by                         239 

V = 1.15 m (δu2/Y)/ρ.  We assume that the cumulative effect of multiple impacts can 240 

be approximated by the sum of the effects of single impacts.  Thus, the volumetric rate 241 

of ice removal by impact damage per unit length of fissure is given by 1.15 fδu2/(ρY) 242 

and is independent of pyroclast mass (and size).  For an impact zone of width w, the 243 

ablation rate of the ice cavity roof is given by 1.15 fδu2/(ρYw).  We evaluate this 244 

expression with ice density ρ of 910 kg m-3 and compressive strength Y of 5.7 MPa (at 245 

0 °C), together with pyroclast density δ and velocity u of 3,000 kg m-3 and 100 m s-1 246 

respectively.  The ice ablation rate in m h-1 is then given by 24 f/w, where f is the mass 247 
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flux of pyroclasts (kg s-1 m-1) sufficiently large to cause ice fragmentation and w is the 248 

width of the impact zone in m. 249 

 250 

For comparison with models of heat transfer within a liquid water-dominated cavity 251 

under glaciostatic pressure [Woodcock et al., 2014], we develop an illustrative case 252 

numerically in this section, based on the inferred eruption rate and pyroclast size 253 

distribution for the Gjálp 1996 eruption [Gudmundsson, 2003; Gudmundsson et al., 254 

2004].  Thus, we use a total pyroclast flux of 2000 kg s-1 per m length of fissure and 255 

assume, to be conservative, that 7.5% of these pyroclasts, half of the 15 wt % greater 256 

than 8 mm diameter found by [Gudmundsson, 2003], are sufficiently large to cause 257 

impact damage of the ice roof.  In this case the flux f is 150 kg s-1 m-1.   258 

 259 

The width of the impact zone w depends on the cavity height and the “spread” of the 260 

large pyroclasts.  For a cavity height of 50 m and a “spread” half-angle of 20° the 261 

width is 36 m.   The corresponding vertical linear ablation rate is 100 m h-1.  Thus, it 262 

appears that high rates of ice ablation from the impact damage from large pyroclasts 263 

are possible, provided that the mechanism can be sustained.   264 

 265 

Vertical linear ice ablation rates are critically dependent on the “spread” half-angle of 266 

the large pyroclasts.  However, the total ice fragmentation rate (and thus the overall 267 

rate of cavity growth) is independent of “spread”.  Furthermore, impacts distributed 268 

over the whole roof and walls of the cavity serve to roughen the surface, enhancing 269 

both heat transfer area and convective steam heat fluxes, although the contribution to 270 

ice ablation by steam condensation is an order of magnitude less than the contribution 271 

by pyroclast impact [Woodcock et al., 2015]. 272 
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  273 

4   The fate of ice fragments removed by pyroclast impact 274 

Ice excavated by the impact of large pyroclasts will begin to melt as it falls from the 275 

ice cavity roof and then continue to melt by contact with hot material around the vent.  276 

The pyroclast impact mechanism will be sustained provided that meltwater is 277 

generated at a great enough rate to produce a mixture of pyroclasts, ice and liquid 278 

water with sufficient mobility to flow out of the cavity.   279 

 280 

We assume that the mixture has sufficient mobility if it contains at least 50% volume 281 

of liquid water.  The value of 50% corresponds to the boundary between a debris flow 282 

and a hyperconcentrated flow (which, according to Vallance [2000], has “fluvial” 283 

behaviour but a high sediment loading).  This value is for open-channel flow of a 284 

solid-liquid mixture in which all of the solids, apart from pumice, have a higher 285 

density than the liquid; in contrast, flow out of the cavity will be through a subglacial 286 

conduit, with some of the solid phase (ice) having a lower density than water below 287 

150°C [Rogers and Mayhew, 1980]. 288 

 289 

We estimate the fraction of ice fragments that must melt to produce 50% volume 290 

liquid as follows.  The ratio of ice fragment mass to large pyroclast mass is 6.1 291 

(equation 3) for a pyroclast impact velocity of 100 m s-1.  Thus, the mixture comprises 292 

2000 kg s-1 m-1 of pyroclasts (including 150 kg s-1 m-1 sufficiently large to fragment 293 

ice) together with 915 kg s-1 m-1 of ice fragments, part of which needs to melt.  In 294 

addition, approximately 90 kg s-1 m-1 of meltwater is produced, independently of ice 295 

impact, by steam condensation on the walls and roof of the cavity.  The total liquid 296 
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water flow, for 50% volume in the mixture, needs to be 844 kg s-1 m-1.  The fraction of 297 

ice fragments that must melt is thus 0.82.   298 

 299 

The fraction of ice fragments that melt before landing may be determined by 300 

comparing the time required to melt a fragment of a given size to the time available 301 

for melting.  For simplicity, we assume that ice fragments are spherical and melt 302 

initially by convective steam condensation with a heat transfer coefficient of 1 kW m-2 303 

K-1 as they fall.  The corresponding linear melt-rate is thus approximately 0.3 mm s-1.  304 

To estimate the time available, we assume that ice fragments fall with their initial 305 

terminal velocity through stagnant fluid from the roof of a 50 m high ice cavity.  For a 306 

3 mm ice sphere, the time available during fall is 5 s, compared to the time required 307 

for melting of 3.5 s. 308 

 309 

Ice fragments of 3 mm or less should melt during their fall from the ice cavity roof; 310 

these comprise 80 % of the total mass in the experiments described in Kato et al. 311 

[1995] (Section 2.1.2).  Thus, in this example case, there is almost sufficient melting 312 

of ice fragments during fall to produce a mixture of sufficient mobility; there should 313 

be no accumulation of ice in the cavity and pyroclast impact may continue as long as 314 

the eruption is sufficiently energetic to reach the cavity roof. 315 

 316 

There are two conditions under which the ice cavity may accumulate ice.  One 317 

condition arises when the resulting ratio of ice fragment mass to pyroclast mass is so 318 

great that the initial heat content of the magma is incapable of producing sufficient 319 

meltwater for transport of pyroclasts and ice out of the cavity.  The second condition 320 

is envisaged to occur if internal explosions or pyroclast impact produces a network of 321 
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fractures in the ice roof.  These fractures may promote the stoping of large ice 322 

fragments from the ice roof.  Although these ice blocks are likely to break up on 323 

landing, the extent to which they melt is difficult to quantify. 324 

 325 

5.   Discussion   326 

 327 

5.1 The nature of the pyroclasts 328 

In vapour dominated ice cavities, condensation of steam produces a liquid film of 329 

condensate and meltwater on the walls and roof of the cavity.  Large pyroclasts are 330 

those that are able to disrupt this water film on the ice surface and are too heavy to be 331 

retained by surface tension.  Additionally, mechanical and thermal coupling to the 332 

cavity fluid (predominantly water vapour) is weak.  Such pyroclasts are likely to be 333 

larger than 10 mm in diameter and have undergone a degree of cooling dependent on 334 

their size and extent of interaction with water.  The consequence is that large 335 

pyroclasts impact ice with variable rheology.  Solid pyroclasts will interact elastically 336 

with the ice.  Hotter pyroclasts may dissipate impact energy by deforming 337 

inelastically, a process that also increases impact duration and reduces the stress 338 

applied to the ice; in this case fuel-coolant interactions may become possible [Wilson 339 

et al., 2013].  340 

 341 

The behaviour of pyroclasts with cooler carapaces and hotter cores is complex to 342 

quantify.  Pyroclasts impacting a surface will be subject to high strain rates, for 343 

example a pyroclast travelling at 100 m s-1 coming to a halt in 0.01 m undergoes a 344 

strain rate of order 104 s-1.  To behave as a solid the outer carapace would need an 345 

effective viscosity exceeding order 104 Pa s [Papale, 1999].  Basalt typically has a dry 346 

eruption viscosity in the region 102 - 104 Pa s.  Radiation and any interaction with 347 
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water is likely to significantly increase the viscosity of the pyroclast surface region 348 

during rapid cooling, thereby increasing the likelihood that pyroclasts behave as 349 

dynamic solids during impact. 350 

 351 

5.2   Pyroclast velocity on impact versus velocity at vent 352 

As pyroclasts travel from the eruption vent to impact on the ice cavity roof there is the 353 

potential for significant deceleration by gravity and fluid drag.  For a 50 m high cavity 354 

and a pyroclast velocity at the vent of 100 m s-1, gravity alone reduces the impact 355 

velocity to 95 m s-1. For a stagnant cavity vapour, the combined effect of fluid drag 356 

and gravity on velocity is severe and dependent on pyroclast diameter.  Thus, if the 357 

cavity vapour pressure is 0.2 MPa the velocity of a 32 mm diameter pyroclast is 358 

approximately 50 m s-1 at the cavity roof, while an 8 mm diameter pyroclast fails to 359 

reach the cavity roof.  In reality, the cavity vapour will not be stagnant, but will 360 

comprise a jet of gas and pyroclasts above the vent that is decelerated principally by 361 

entrainment of cavity vapour.  We make a more realistic estimate of pyroclast velocity 362 

at the cavity roof by adapting the integral plume model developed by Woods [2013]. 363 

 364 

The integral plume model solves the mass, momentum, and energy conservation 365 

equations for a jet of gas and pyroclasts that progressively entrains the vapour 366 

surrounding the jet.  We have modified these equations for momentum-dominated jets 367 

by neglecting the buoyancy terms.  Furthermore, because the plume transit time in the 368 

cavity is short compared with the pyroclast cooling time, we have assumed thermal 369 

disequilibrium between pyroclasts and vapour.  These assumptions simplify the 370 

differential equations considerably and allow a straightforward numerical solution.  371 

Table 3 summarises the results of calculations, in which basaltic magma at 1100 °C 372 

and liquid water interact phreatomagmatically to produce an initial jet of pyroclasts 373 
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and steam.  The integral plume model assumes that pyroclasts and gas within the jet 374 

move at the same velocity; in reality, pyroclasts will have their velocities reduced by 375 

their terminal velocities.  For a cavity containing steam at 0.2 MPa, this reduction is 376 

approximately 20 m s-1 for a 16 mm pyroclast and is proportional to the square root of 377 

the pyroclast diameter for turbulent drag [Kay and Nedderman, 1985].   378 

 379 

Table 3.  Eruption jet velocity (m s-1) at 50 m above the vent. 380 

Initial velocity 

(m s-1) 

Initial temperature of jet/° C 

900 700 500 

100 78 68 64 

150 117 102 96 

200 156 136 128 

 381 

We conclude that there is some reduction in pyroclast velocity between vent and roof.  382 

Equation (3) indicates that the mass of the ice produced by cratering is proportional to 383 

the square of the velocity; thus a 30% reduction in velocity will halve the ice ablation 384 

rates. 385 

 386 

 5.3   Downward movement of ice cavity roof by ductile flow 387 

In the absence of any progressive downward movement of the ice cavity roof, or of 388 

any build-up of a subglacial volcanic edifice within the cavity, the distance between 389 

the volcanic vent and the ice cavity roof would increase as ablation of the roof 390 

proceeds.  The resulting decrease in pyroclast impact velocity (Section 5.2) would 391 

cause a decrease in ice fragmentation rate.  Thus, one might expect the cavity height 392 

to approach a limit, assuming constant eruption rate, pyroclast size distribution and 393 

velocity at the vent.  In reality, the ice cavity roof is likely to move downwards by 394 

ductile ice flow.   395 
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 396 

We estimate likely rates of downward movement of an ice cavity roof as follows. 397 

Gudmundsson et al. [2004] examined ice cauldron development for the Gjálp eruption 398 

by modelling the ice above the cavity roof as a plug that moves downwards in 399 

response to ductile ice deformation on the vertical margins of the plug.  In this model 400 

the weight of the ice plug is balanced by the force of the cavity water pressure acting 401 

on the base of the plug and the ductile shear stresses acting on the non-crevassed sides 402 

of the plug.   Gudmundsson et al. [2004] used the resulting equation, together with 403 

observations of the rate of ice cauldron development, to estimate the cavity water 404 

pressure. 405 

 406 

If the cavity fluid pressure is known, the same equation can be used to estimate the 407 

downward velocity of the ice plug and thus the ice roof, irrespective of the phase of 408 

the cavity fluid.  For a vapour-filled cavity with a fluid pressure of 0.2 MPa, the force 409 

acting on the base of the plug is small compared with its weight; in this case the 410 

downward velocity is almost independent of the ice depth.  Apart from changing the 411 

cavity fluid pressure, we use the same data as Gudmundsson et al. [2004] to evaluate 412 

the equation.  The resulting downward velocity of the cavity roof is approximately 60 413 

m h-1; the same order of magnitude as the vertical ice ablation rate estimated in 414 

Section 3.2.    415 

 416 

 417 

6.   Conclusions  418 

(1) We propose and evaluate a mechanism with potential for rapid ablation of the ice 419 

overlying a subglacial, mafic volcanic vent that involves the impact of large pyroclasts 420 
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on the ice surfaces of depressurised, water vapour dominated cavities that surround 421 

the vent.  Such impacts are likely to cause considerable fracturing and fragmentation 422 

of the overlying ice and thus increase the heat transfer area available for ice-melt.  423 

This mechanism has not, to our knowledge, been explored previously in the literature.   424 

   425 

(2) Ice ablation rates of order 100 m h-1 are predicted, for typical pyroclast velocities, 426 

provided that the mechanism is sustained.  427 

 428 

(3) The thermal energy of the eruption, together with the size of the ice fragments 429 

produced, is sufficient to prevent accumulation of fractured ice within the cavity. 430 

 431 

 (4) Upward ablation of the ice cavity roof results in a progressive decrease in 432 

pyroclast impact velocity that is partly compensated by downward movement of the 433 

roof by ductile ice flow.  434 

 435 

(5)  This ice ablation mechanism may be relevant to subglacial eruptions beneath ice 436 

on the relatively steep slopes of ice-covered stratovolcanoes, where steepness of slope 437 

and ice thickness are favourable for rapid drainage of meltwater by gravity and 438 

consequent depressurisation of the cavity.  439 

 440 
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