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drained, low pressure cavities during subglacial ex plosive
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Abstract

Subglacial explosive volcanism generates hazards thdt fresa magma-ice
interaction, including large flowrate meltwater flooding amefgrained volcanic ash.
We consider eruptions where subglacial cavities produced byetteduring eruption
establish a connection to the atmosphere along the baseioétbheet that allows
accumulated meltwater to drain. The resulting reductigredsure initiates or
enhances explosive phreatomagmatic volcanism within a siadebvity with
pyroclast impingement on the cavity rodieat transfer rates to melt ice in such a
system have not, to our knowledge, been assessed previdostfudy this system,
we take an experimental approach to gain insight intogbéthansfer processes and
to quantify ice-melt rates. We present the results ofiassef analogue laboratory
experiments in which a jet of steam, air and sand at appatedyn300 °C impinged
on the underside of an ice block. A key finding was thath@steam to sand ratio
was increased, behavior ranged from predominantly horizontalattengito
predominantly vertical melting by a mobile slurry of sand aatew For the steam to
sand ratidhat matches typical steam to pyroclast ratios during subglac
phreatomagmatic eruptions at c. 300 °C we observed predominarttbal/melting
with upward ice-melt rates of 1.5 mrl, svhich we argue is similar to that within the

volcanic system. This makes pyroclast-ice heat tranefemportantcontributing ice-
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melt mechanism under drained, low pressure conditions that magdpreabaerial

explosive volcanism on sloping flanks of glaciated volcanoes.

1 Introduction

Subglacial eruptions generate hazards that result from thadtiten of magma with
ice. Fragmentation of magma may promote efficient maigeaeat transfer
[Gudmundsson et aR004]. The consequent release of large flowrates of ety
together with mobilization of volcanic sediments, has the piatéor both
infrastructure damage and loss of ligirfl et al, 2010]. Subglacial eruptions may
penetrate the overlying ice by a combination of upward medtimbfracturing to
become subaeriaQudmundssar?005]. The resulting volcanic plumes present a
variety of proximal to distal hazards. In particular, iat#ion of magma with
meltwater may produce fine-grained ash that dispersesywidthe atmosphere,
leading tolocal deposition hazard together with restrictions onraifi¢ and
subsequent disruption to global air travel and supply chBiekitio et al, 2012;

Harris et al, 2012].

Rates of ice melt are determined by eruption rates tageittethe rate at which the
initial heat content of the magma is transferred to the We consider a subglacial
fissure eruption which melts a cavity in the ice that sgisetly drains by connection
to the atmosphere along a conduit at the base of the ice Gnegtainage, reduction
of pressure at the vent enhances or initiates magmatic gité@tomagmatic
explosivity to produce a buoyant jet of steam and pyrocl&sish cavities are

expected to be vapor-dominated, with steam sourced princfpaty



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

phreatomagmatic activitywVilson and Head2002;Woodcock et al 2016]. Cavity
pressure is expected to be near atmospheric, with meltdraieed by gravity and
the elevation of cavity pressure above atmospheric detedrbin&ictional and

accelerational pressure losses associated with the reof@scess fluid.

Figure 1 shows a schematic cross section of a wateredtaiow pressure ice cavity
containing a buoyant eruption jet of steam and pyroclasts thagesieom the vent.
Initial jet momentum and developing plume buoyancy force steahpwoclasts to
impinge on the ice cavity roof. On either side of the buojnthe cavity contents
circulate in turbulent forced convection driven by momentum trafrsfim the jet.
This flow comprises steam, together with the smalleoggsts that tend to follow the
fluid streamlines. We envisage heat transfer tottelying ice from the buoyant jet
and the cavity contents by a combination of forced convectarstondensation
and, where pyroclasts contact the ice surface, by pyrocksigiat transfer across
fluid contact films. The resulting vertical ice-meltaas the main control on the time
taken for an eruption to breach the surface. At this pointnecoupling with the

atmosphere begins with concomitant reduction in total icé rat.
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Figure 1. Schematic diagram of a vapor-dominated ice cavity, produggapda
subglacial eruption. This cavity drains meltwater continuoustyis depressurized
by connection to the atmosphere to allow the formation of a bueyaption jet of
steam and pyroclasts. Heat transfer from the explosive enuptithe ice is by a
combination of steam condensation and direct particle-igettensfer. On the left
hand side of the figure, large pyroclasts travel ondialltrajectories and rebound
from the roof on impact, thus they transfer negligible heattayt fracture the ice.
On the right hand side of the figure, small pyroclasts foflaid streamlines and
transfer much of their heat directly to the ice surfadedirectly by convection to the

cavity steam.

Heat transfer during the impingement of hot pyroclasts ontdudag subglacial
explosive eruptions has not, to our knowledge, been studied previdhislpddress
the knowledge gap through an experimental approach in order tmgigint into the
behavior of a buoyant jet of pyroclasts when it interacts wilownward-facing ice
surface and to determine heat transfer rates for compavifioother plausible ice-
melt mechanisms in subglacial eruptions. In Sections 2 avelr@port analogue

experiments in which hot quartz sand impinges the underside bfacks and the
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resulting cavity development is studied. In Section 4 weudis the relevance of the

experiments to volcanic systems in nature.

2 Method

2.1  Scaling between eruption and experiment

During explosive subglacial eruptions we expect that growth ofeacavity will be
dependent on pyroclast flux and the ratio of the initial cawitith to the eruption jet
width, together with pyroclast size, velocity and tempee Where there is
significant magma-water interaction in the conduit, pyrodtsperature will be
reduced with thermal energy redistributed into vaporizinguyalius the steam to
pyroclast ratio becomes an important control as well as @sb@mperature. Table
1 lists the values of variables typical for explosive subal@asuptions in water-
drained, low pressure cavities that were used to develggxgerimental approach.
Several variables, or ratios of variables, have valuéisei experiments that are
similar to those characteristic of subglacial eruptions;dwew in common with all

complex systems, analogue scaling was a compromise reguiengretation.

We expect pyroclast size to be the dominant control on thatedtgyroclast-ice heat
transfer Gudmundssqr2003]. Large pyroclasts travel ballistically, are ljkio
rebound on impact, and are unlikely to be captured by surfacertegsring contact
times that are short compared with cooling times (Figurd_ajge pyroclasts will
thus transfer minimal heat to the ice surface unless tleaklnto smaller particles on
impact, but may cause significant mechanical impact dart@the ice surface.

Small pyroclasts that interact with the ice are lgsdyl to rebound on impact with the
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Table 1.Comparison of values of variables in the experiments witkegaypical for subglacial eruptions in drained, low pressavities

Variable name Value in subglacial Value in Comparison Implication Notes
eruption experiments

Linear scale Jet: 2-3 m wide Jet: 6 mm diam alBaatio Inevitable large
Cavity: 20 -160 Cavity: 6-10 cm c 2’ scale ratio

Initial cavity to jet 7-50 10-17 Similar

size ratio

Heat flux 300 MW 100 MW ni Similar

in jet (Gjalp 1996

Particle velocity 100 m's 50 rit s Similar

Particle size 0.002 - 45 mm 0.1-0.5 mm Expeents use a Experiments limited by
(Gjalp19%6 subset of particle cohesiorbtwcking

size range agparatus

Particle thermal c. for? st c. for? st Similar

diffusivity

Particle 700-1100 °C maximum, c. 300 °C Similar f Limited scope to

temperature lower if magma-water phAtomagmatic increase in
interaction ioncluit eruption experiments

Ice temperature Pressure melting point c. -4 °C Slighbsooling Negligible Impractical to use

Cavity pressure

Cauvity fluid
(mass %)

Steam to particle
mass ratio in jet

(temperate ggac

Atmospheric or slightly Atmospheric
elevated

<10 % inerts
>90 % steam

70-100 % air (inerts)
0-30 % steam

Non-dimensional numbers

Gr/Re2

Up to 6.4lepending 0-0.7
on extent of magma-wate
interactiondonduit

4 x 19 2 x 10

in experiments

Similar

Much higlreerts
% inerkments

Similar

Heat transfer by forced

warmer ice

For eruptions in drained,
wi@ressure cavities

Steam condensation
heat transfer coefficient
lower in experiments

See sec2r? in



128

160

162

163
164
165

169

168
169
170
171
172
173
174
175
176
177
178
179

180

Jet Re 2x 10
Stokes nd. 0.05
“Thermal 0.02
Stokes no.*

Ratio of cavity 1
height to Morton

length scal®

2 x1d

25

10

0.05

7
convection in both cases

Jet is turbulent
in both cases

Particles kinematigall Cooler and slower
and thermally decouplegbarticles impinge
in experimbnt not on ice surface in
in subglacial eruption volcanase

More entrainment in Slower particles

subglacial jet that in impingeioa
expeeimal jet surface in volcanic
case

Supportirigrmation

See section S2.3 i
Suppg Information

See sec82.4 and
S2.5 in Supiogy
Information

See section S2.6 in
Supporting Information

#Based on a dyke width of ¢. 1 Blidmundsson et aR004] and some expansion of the vent within thieanic edifice
® Based on observations of minor eruptions on slspegh of the summit caldera of Eyjafjallajokull2010 Magnisson et g12012]

°[Gudmundssqr2003]

9 Based on basaltic magma at 1100 °C with 1 wt %maig steam

¢ [Raju and Meiburg, 1995]

" Ratio of cooling time to transit time for partisle

9 [Papanicolaou and List, 1988]



181 wetice surface. We demonstrate in section S1 of the Supgpdémtormation that ash-
182  sized pyroclasts (< 2 mm in diameter) are likely todiained by surface tension if
183 they impinge on the wet ice surface. Small pyroclaststimas/ have contact times
184 that approach or exceed their cooling times, allowing efficieat thansfer between
185 pyroclast and ice (Figure 1). Pyroclasts that are retamtee circulating interior of
186 the cavity are cooled by convective heat transfer to thigycsteam and thus transfer
187 heat to the ice indirectly by steam condensatinqdcock et al 2016]. Overall, it
188 seems likely that much of the direct and indirect heausfer between a buoyant jet of
189 pyroclasts and an ice surface will be due to the small [astsc

190

191 A particle size range of 0.1-0.5 mm was used in thererpats. This size range is
192  narrower than that for subglacial eruptio@fimundsson et.al2004;Stevenson et
193 al., 2011]; however, our approach was to concentrate on the spaflieies, where
194  heat transfer from particle to ice is likely to be mef§icient. In the volcanic case,
195 particles smaller than 0.1 mm have high degrees atidezroupling similar to those
196 inthe 0.1-0.5 mm range.

197

198 We used quartz sand rather than volcanic ash in the myg@s. Volcanic ash is
199 highly variable with morphologies ranging from blocky, non-vesicath produced
200 by phreatomagmatic fragmentation to highly vesicular ash prdducenagmatic

201 fragmentationDellino et al, 2012]. As well as being less variable in morphology,
202 sand grains are more free-flowing and less susceptibl&itmat thus allowing easy
203 transport within the experimental apparatus and reproducibleierqres. The

204  thermal properties of quartz sand are similar to thosedloawic silicateslpcropera

205 and DeWitt 1996;H6skuldsson and SparkB997].
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Volcanically, vent width is likely to be of order 3 m andiadicavity size on drainage
of order 50 m. This yields a scale of order 17. Experimigntaltial jet and cavity
diameters were designed at 6 mm and 10 cm to provide styndéspace for forced

convection of fluid (S2.2 of Supporting Information) externah lbuoyant jet.

In order to attain similarity of the jet heat flux betwamlcano and experiment a
balance was needed between jet area at emergenteafe®f experimental particles
and jet temperature. We obtained an experimental heatffluxeathird that inferred
for the Gjalp 1996 eruptiorudmundsson et aR004] using an experimental jet
velocity half that of a plausible emergence velocity of vailcgets and a jet
temperature of 300°C (please see below for temperatuirggcal hese values also
need to be considered in the light of the conditions undethwiuilcanic ash interacts
with the melting ice surface. The emerging volcanic flowatticles and water vapor
is initially a hot jet. Entrainment of cooler gas causessiten through a buoyant jet
to a plume or, if buoyancy is insufficient, to a collapsing foumtahe nature of the
impingement on the ice surface is likely to be more plukeih the volcanic case
and more jet-like in the experimental case (S2.6 of Supgpimiformation). The
greater degree of the kinematic coupling of the partidl@svolcanic buoyant jet
suggests that a smaller proportion of ash particles wildbe to impinge on the ice
surface than sand grains in the experiments (S2.4 of Supportorgation);
however, there are two factors that may act to reduselifiference. The jets in both
scenarios are turbulent (S2.3 of Supporting Information), butdleanic jet is likely
to have a considerably higher level of turbulence increabmgatential for

interaction. Volcanically, the more plume-like nature, Eomdjer timescale of the
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interaction between ice and buoyant jet, suggests thatishgreateopportunity for
pyroclast-ice interaction than may be implied from strigyward kinematic
considerations. In the volcanic case of a collapsing fauntas likely that the

interaction with the ice surface retains considerablaljeteharacteristics.

The timescales of interaction in the volcanic case afeiguit for volcanic ash to be
thermally coupled to the water vapor in the buoyant jet (S23pporting
Information) that is cooling by entrainment of cavity fluiExperimentally,
timescales were much shorter and sand grains retaineti¢ae whilst within the
buoyant jet. All being equal, the consequence of this grdatgee of thermal
decoupling is that experimental sand will be hotter than vatash at it impinges
against the wet ice surface. PlumeRM®pdhouse et al2013] modeling (S5 of
Supporting Information) suggests that the temperature diffe@ndd be in the
region of 100-200 K, therefore experiments were carried outetueced source

temperature to mitigate this.

In subglacial eruptions, pyroclast temperature and steamaolasgt ratio in the
eruption jet depend principally on the degree of magma-watenaiction within the
volcanic conduit. This is well illustrated, for subaerialpions, around 5 minutes
into a video clip of lava fountaining during the 1959-1960 Kilauea imptS
Department of the Interiei2007], where the magma intermittently contacts shallow
groundwater. At this point the lava fountain, where pyrotéamperatures may be
700-800 °C $pampinatp2008], is transformed to an ash-laden steam jet in which
pyroclast temperatures could be as low as 10@ificmuch of the thermal energy of

the jet contained in the latent heat of steam.
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Figure 2. Steam to particle ratio in the jet, versus jet terapge, that results from
increasing interaction of basaltic or rhyolitic magma Wighid water at 0 °C.
Movement along the horizontal line at 300 °C represents thdivar@ the steam to
particle (sand) ratio as the amount of steam added in ourimgoes was varied. In
the experiments a steam to particle ratio of c. 0.2s0x@quired to simulate a
phreatomagmatic eruption at 300. °CThe figure was developed using particle
specific heat capacity data fraddskuldsson and Sparks997] and enthalpy data for
water fromRogers and Mayheji980].

Figure 2 shows steam to particle ratios versus therreglijtibrated emergent jet
temperatures that results from increasing interaction wjtid water at 0 °C for (1) a
basaltic magma initially at 1100 °C with 1 % magmatiasteand (2) a rhyolitic
magma initially at 850 °C with 3 % magmatic steam (S=stion S4 in Supporting
Information for the calculation). In the absence of groun@myatjet of large

pyroclasts at magmatic temperature (i.e a lava fountiikealy to form and direct
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heat transfer to the ice is unlikely (Figure 1). At the oéxtreme, the jet would have
a temperature of 100°C and a water content approaching 30 % by drat=: the
water-saturated conditions likely following ice cavity dr@@aa wet, warm jet of
small pyroclasts and secondary steam resulting from phragtoatic activity
between these two extremes is the most plausible explosivenmeitcVe scale the
experiments to the temperature of a phreatomagmatic buoyavitjet0% water
(steam to particle ratio of 0.25) giving a suggestedrgemee temperature of 300-400
°C, depending on magma composition and initial temperatuguré=2). For these
conditions PlumeRise modelling (section S5 in Supporting Informatrea)gis this
to produce a buoyant plume with neutral buoyancy at 690 m aboverthander
cavity conditions in the volcanic case. In order to miégditferences in thermal
coupling between experiment and nature, we chose a lower egpéairparticle
temperature of c. 300 °C. We added an appropriate floveafrsto the experimental
jet to allow the simulation of phreatomagmatic eruptiéiigure 2 indicates that a
steam to particle ratio in the range 0.2-0.3 is requoesiniulate a phreatomagmatic
eruption at c. 300 °Cln addition, our ability to add steam allowed us to vary the
steam to particle ratio systematically and thus to éxaiie effect of particle to
water ratio independently of particle temperature. Movdrang the horizontal
line at 300 °C on Figure 2 represents the variation of thendie@article ratio in our
experiments. In order to independently vary the flow ratssiofl and steam in the
experimental jet we used air to convey the sand. Hewféniafrom air to ice was
limited by the relatively low heat transfer coefficielmdropera and DeWitt1996].

In addition, the presence of the air halved the steam conatenkatt transfer
coefficient Woodcock et 8l2015] and thus enhanced the relative importance of

particle-ice heat transfer.
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In summary, the experimental scaling of the fluid dynanseshalance of
compromises against a volcanic system where conditions aegainc However, the
core of the process, where heat is transferred from pgte@ad steam in contact
with a melting ice surface, is rendered similar by usiagemals well scaled to the

volcanic case.

2.2  Experimental apparatus

Figure 3 shows a schematic diagram of part of the expatahapparatus in which
hot sand particles impinged on the roof of a developing caviayiice block. The
apparatus was constructed from copper pipe and compression fitfiirgsom a
screw compressor was preheated and flowed through the teeaptbeebase of the
sand reservoir, where it entrained sand fed by granoty the sand reservoir
immediately above. The sand particles were acceleiratéé delivery tube (1 m
long, 8 mm diameter) and emerged to impinge on the undexsateice block.
Steam was fed into the delivery tube to allow the ragukteam to sand ratio in the

jet to be varied.

The sand reservoir was heated by two SEI 20/50 ThermBdoaxvoltage electrical
heating elements attached to the outside of the sand resamddield in contact with
thick copper wire. The air preheater, balance line ahdedg tube were positioned
around the sand reservoir and covered with 40-mm-Raxklag rock wool

insulation for heat conservation and personnel protection.
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Figure 3. Schematic diagram of part of the experimental apparatubiatn hot sand

particles impinged on the roof of a developing cavity in arbioek. This part of the

apparatus is contained within the insulation jacket in Figure 4.

The ice block was supported on a thermally insulating boardawhitble and seal to

allow the delivery tube exit to be positioned directly belogvlithse of the ice block.

The board allowed collection of the wet sand pile resultiogn fthe experiment and

drainage of liquid water into a separate collection pot. Figue shows the

experimental apparatus installed in its working position.
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Mirror view of top
of ice block

Side view
of ice block

Figure 4. Overview image of the apparatus and a typical video fiaotiected

during experimentqa) The experimental apparatus installed in its working position

The location of the ice block was at approximately heachheiQuring an

experiment steam condensate plus meltwater (CMW) drainedtfremvet sand pile

and was collected in the CMW pot. The insulation jacketdred with silvered foil)

contains the equipment shown in Figure(B) The field of view of the video camera,

showing the mirror view of the top of the ice block and the sie wf the cavity that

developed within a 12 cm high ice block during an experiment.
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2.3 Experimental procedure

Ice blocks (10-12 cm high, 30 cm diameter) were produced fromidedhn
microfiltered water by slow freezing at -5 °C with continuetiging to remove air
bubbles. This ice had a density similar to glacier ice prediwaturally from
compacted snowHaterson 1994]. Prior to an experiment, an approximately
hemispherical “preform” cavity was made in the basthefice block to simulate the
initial condition of a recently drained subglacial cavity pramiiduring earlier stages

of the eruption.

A charge of quartz sand (0.1-0.5 mm diameter partislashed and dried) was
loaded into the sand reservoir. The apparatus was he&8@ t€ and then held at
constant temperature to allow any radial temperature gradiém sand reservoir to
relax. Temperature was monitored by a K-type thermocouplgeaseto the
delivery tube during heating. The resulting sand temperatudesoharge was
estimated to be c. 300 °C by a theoretical consideratitdmedieat transfer from the

sand to the preheated conveying air during transkterdelivery tube.

When sand heating was completed the ice block was renfimradhe freezer,
weighed and then mounted in position. The experiment was steittexlit delay and
run until the sand supply was exhausted, when air and steanimweegliately
stopped. Experiments were videoed at 25 frames per secoihallahb (1080p)
resolution (2.07 megapixels per framusjng aSony a7 camera with a Nikon ED 180
mm /2.8 lens. Figure 4 (b) shows a video frame of dmelined mirror view and

side view of the ice block during an experiment.
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The ice block was returned to the freezer immediatelyeaend of an experiment and
the temperature of the water collected was measuredefiperature of the resulting
wet sand pile was measured with a thermometer at thragdos in the pile and the
mean of the readings was recorded. The wet sand pileeaagered from the board,
weighed, dried and the resulting dry sand reweighed. The amibigetmelted was
determined by weighing the ice block after the experim&ht mean sand and steam
flowrates were determined from the amounts discharged atettibock during the

experiment.

As far as possible all sand discharged and all water produeedrecovered. Mass
balances for sand and water were carried out togetheawitiverall heat balance
after determining and applying corrections that includedh€a} ingress from the
environment to the ice block during the experiment and (2) bssfflom the wet
sand pile and water collected. Additional details of theexgental apparatus and

procedure may be found WWoodcocK2016].

3 Experimental results and interpretation

3.1 Introduction

A set of 12 experiments was performed to explore the bethaf/the hot sand jet,
augmented by varying proportions of steam, as it impinged oredsidck. Table 2
summarizes the key results for the experiments. All exygaris were carried out with
the same sand, heated to c. 350 °C (c. 210 °C in Exper6pand discharged at the

roof of an approximately 30 mm high preform cavity (Fig 5anrice block with an
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initial temperature of -4 to -5 °C. The detailed resiutism each experiment are

presented in the Supporting Information.

3.2  Description of experiments

In the absence of steam (Experiments 1 and 2; see Tabéa@)staurted to
accumulate almost immediately on the roof of the preforfarta a “sand cap” where
the jet impinged on the ice. Sand was shed radially thenibase of the cap and a
thick slurry of sand and water flowed slowly in clumps dowawitalls of the cavity.
Figure 5b shows the resulting cavity for Experiment 1, whiak shallow and broad.
The amount of sand discharged was the same in both experimetite bahd
flowrate was three times faster in Experiment 1. Merage upward melt-rate for

these two experiments was c. 0.2 niln s

The resulting sand piles in experiments with no added steareriExnts 1 and 2)
were relatively dry with a hummocky topography. The bashkedide block around
the cavity showed diffuse melting. The final temperatofdke sand pile and of the
small amount of meltwater collected were in the range4%z and 29-30 °C
respectively. Where steam was added to the jet (Expatg18-12), the sand piles and
condensate plus meltwater (CMW) were cooler and the findieawere

significantly taller and narrower than in the absence ofrstea
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Artefact caused by
optical distortion ~

Preform
cavity

(@)

Melt
cavity ~
<+— Sand pile

(b)

Figure 5. Individual video frames collected during Experimenta).A profile view

of the preform cavity within the ice block at the starthaf experiment. The height of
the ice block from the base of the cavity to the top efaverlying ice is 11 cm. The
dark area towards the top of the ice block is an artiffagsed by optical distortion.
(b) The shallow, broad cavity at the end of the experingawing the sand pile

within the cavity.
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Table 2. Summary of experimental results
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Experiment number 1 2 3 4 5 6 7 8 9 100 11 12
Sand temperatuté+/- 2.5 °Q 336 336 332 335 334 214 336 338 333 933 332 334
Experiment duration+{- 1 9 30 83 34 34 54 78 65 38 78 59 54 102
Sand discharged 1 g 2940 2915 2995 1995 173.0200.0 200.0 100.0 200.0 .200 100.0 50.0
Steam condensed/( 1 g 0 0 14.0 135 948 28.0 24.0 145 29.5 40.0 28.5 39.0
Ice melted {/- 1 g 170 173 237 183 217 251 278 150 308 331 221 271
Sand pile temperature/( 1 °Q) 35 40 40 29 27 19 26 28 20 29 19 16
CMW" temperature+(- 0.5 °Q) 30.0 29.0 28.5 26.5 215 0. 20.0 20.0 19.0 215 17.0 18.5
Calculation of steam and sand flow rates, and steasand ratio

Sand flow rate (g/s) 9.8 35 838 5.9 3.2 26 31 2.6 2.6 34 19 0.5
Steam flow rate (g/s) 0 0 041 0.40 0.36 0.360.37 0.38 0.38 0.68 53. 0.38
Steam to sand ratio 0 0 0.05 0.07 0.11 0.140.12 0.14 0.15 020 .20 0.78
CMW to sand ratid 0.58 0.59 0.84 0.99 1.37 1.39 151 1.651.69 1.85 2.49 6.20
Ice cavity geometry, heat transfer efficiency argitrmates

Height of final ice cavity+/- 1 mm) 36 50 50 72 77 74 81 64 92 210 93 107
Basal diameter of final ice cavity 1 mm) 105 95 98 84 85 85 90 81 80 82 78 77
Percentage of heat in jet transferred t6 ice 70 74 75 75 83 90 88 88 87 85 87 99
Mean vertical melt-rate (mm/s) 0.20 24. 0.59 1.24 0.85 0.54 0.78 0.89 0.79 1.29 1.20 0.75
Mean horizontal melt-rate (mm/s) 1.30 0.35 0.94 0.53 0.35 0.24 0.37 0.39 0.18 0.27 0.22 10.1
Video observations (time from stait 1 9

Sand immediately accumulates in cavity? Y Y N N N N N N N N N N
Initial sand movement rapid with no accumulation? N N Y Y Y Y Y Y Y Y Y Y
Sand starts to accumulate to develop sand cap (s) 1 1 3 7 6 8 4 6 7 5 14

Sand cap established with equilibrium size (s) 7 12 9 13 7 9

"Shoulders" start to develop at base of sand gap (s 12 12 15 23 13

Sand cap becomes unstable (s) and starts to dispers 25 35 15 8 19

Sand cap persists until end of experiment? Y Yo Y Y N Y Y Y N N N N
Sand caps form transiently, but disperse? N N N N N N N N Y Y Y N
Discrete patches of sand accumulate but no saridl cap N N N N N N N N N N Y

& Temperature in delivery tube measured with K-tfmocouple; sand in reservoir c. 20 °C hotter
® CMW = condensate plus meltwater. CMW to seatib = (steam condensed + ice melted)/ sand digetia

¢ Ice melt latent heat plus sensible heat of mettwat
4 View obscured by sand accumulation in cavity
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At the start of experiments with added steam (Experisn@i2), sand appeared to be
moving rapidly on the cavity roof without accumulating. A “giei’ formed on the
preform roof almost immediately and appeared to be clear ofssahtiquid for the
first 2-3 seconds. In Experiments 3&nd then started to accumulate in the dimple,
sand caps began to develop (Figure 6a), grew to an equilibderarsd, in most
casespersisted until the sand supply ceased. Sand was shalliyr&dim the base of
the cap and streamed down the sides of the growing c&itgulders” began to
develop on the cavity roof on either side of the base of tietszp. In Experiments

3 and 4, where the steam to sand ratio was small (0.06%) €here was very slow
(c. 0.1-0.2 mm’9) vertical melting above the sand cap; most of the melting aggear
to be focused on the shoulders, together with horizontal meltithg @reform. The
shoulders became increasingly pronounced with time (Figure 6kiheAind of
Experiments 3 and 4, the shoulders appeared to have bulgety sllgite the level

of the base of the sand cdbpis can be seen on the left hand side of Figure 6c for
Experiment 3. With a greater steam to sand ratio of 10.0114 in Experiments 5-8,
“shoulders” developed at the base of the sand cap (Figuteu7th)ese did not
become as prominent as those developed in Experiments 3 an&xpehiments 5-8

the vertical melt-rate while the sand caps were presasicw0.4 mm's
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“Shoulders”
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489

490 Figure 6. Progressive development of “shoulders” on either side w@itdessand cap
491 was observed with low steam to sand ratios (ExperimentBaxsteam to sand ratio
492  of 0.05 shown here). Times indicated on the images are frontatheo$ the

493 experiment. The height of the ice block is 10 cm.
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“Dimple” X

Shoulders
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494

495  Figure 7. Cavity development with a larger steam to sand rat&hown in this

496 sequence of images of cavity development during Experimergdn{db sand ratio

497 of 0.11). &) A pronounced “dimple”, which appears to be clear of sand aterwa

498 develops on the preform roob)(Sand begins to accumulate in the dimple to develop
499 asand capc] The sand cap reaches a steady state size and shedsdsalgfrom

500 the base of the capd)(Shoulders develop at the base of the sand(egphe sand

501 cap begins to decrease in sidgThe cavity at the end of the experiment; compare
502  with Figures 5b and 6¢. Times indicated on the images@rethe start of the

503 experiment. The height of the ice block is 10 cm.

504

505 Increasing the steam to sand ratio further (Experiments @4tti steam to sand
506 ratios between 0.15 and 0.29) resulted in the developmerdaofdacap in the dimple
507 that quickly became unstable and disperSeohd then appeared to distribute itself

508 evenly over the cavity surface and flowed readily in thadiguater with minimal
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accumulation of sand in the top of the growing cavity (Fi@)reOccasionally,
discrete patches of sand developed but these tended tcsdigpéore they coalesced
into an established sand cap. There was maximum vertitihgiat 1-1.5 mmS
concentrated mainly in the dimple, which widened radiallgiaminate the cavity.
Experiment 12, with the highest steam to sand ratio of 0.7&alidevelop sand caps

and sand appeared to distribute itself evenly over the cawitsice.

Figure 8. This image, at 26 s after the start of Experiment Ha(stto sand ratio of
0.20), shows vertical upward melting, discrete sand patchemtadcumulation into

a sand cap. The height of the ice block is 12 cm.

3.3 Interpretation of experimental results

With no added steam, the small amount of meltwater procuéad mobility slurry

of sand and water. Heat transfer from the low mobiliyrglduring transit on the
cavity walls was relatively inefficient; thus hot sand wasled further by contact
with the base of the ice block adjacent to the caMgverthless, the majority (70%+)

of the thermal energy in the jet was transferred to #e ic



527

528

529

530

531

532

533

534

535
536
537
538
539
540
541
542
543
544

25

A small steam to sand ratio produced a slurry that was mobdle but sufficiently
immobile to allow a stable sand cap to persist throughoutxirerienent. Heat
transfer from sand to ice was inefficient through the sandscagertical melting was
relatively slow. Warm sand slurry flowed along the baghetcap (Figure 9a) and
promoted melting of ice adjacent to the base of the@apoduce shoulders in the ice

cavity. Heat transfer efficiency from jet to ice was similaithie dry jet (75%).

(a) Stable sand cap (b) Stable sand cap (c) Transient
immobile slurry mobile slurry or no sand cap

AN

c.f. Figure 6(b) c.f. Figure 7(c-e) c.f. Figure 8

Experiments 1-4 Experiments 5-8 Experiments 9-12

Increasing steam to sand ratio

Figure 9. Sequence of diagrams showing the effect of increased stesand ratio

in the jet on the behavior of sand in the ice cavity duringeiperiments(a) At the
lowest steam to sand ratio the slurry was relativelyahile thus, once a sand cap
formed, the sand in the jet was diverted along the batde ¢fand cap (shown as a
solid line) to promote horizontal meltin@) Increased steam to sand ratio resulted in
a more mobile slurry so that the sand in the jet could peedha base of the sand
cap (shown as a dashed line) and flow through the sand cegasimy vertical
melting. (c) At the highest steam to sand ratio the slurry was sefffiily mobile to
prevent establishment of a sand cap, thus allowing the higtiestaf vertical

melting.
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545  With a larger steam to sand ratio the sand slurry was mmobile. Vertical melting
546  was much faster, the shoulders were much less prominert@bdde of the sand
547  cap was more diffuse. This suggests that sand may lvedlthrough the sand cap
548 rather than flowing along the base (Figure 9dgat transfer efficiency from jet to ice
549 increased to between 85 and 90%.

550

551  With the largest steam to sand ratio, the presencetiaf water gave the sand slurry a
552  much greater mobility than in previous experiments. Coresgty sand cap

553 formation was transient and any sand accumulated as snwdlepaallowing more
554  rapid heat transfer between sand and ice and the higtesbfavertical melting

555  (Figure 9c). In Experiment 12 the sand flow rate was kewat 0.5 g &;

556 consequently the resulting sand slurry was very dilute anchibbge. In this

557  experiment vertical melt-rates were probably limited byatveslability of hot sand,
558 but heat transfer efficiency between jet and ice wag lvigh at 99%.

559

560 We postulate that the sand cap generated in the experi(Reuees 6, 7 and 9)

561 comprised particles bonded by the surface tension of liquid bridgggnificant

562  proportion of pore space was occupied by gas giving a three-phaseentinat had a
563 vyield strength and was relatively thermally insulating.réasing availability of

564 liquid water reduced the proportion of gas phase until the capdbssion as

565 saturation was approached.

566

567 The experiments indicate that the mobility of the sandyslaran important control
568 on the efficiency of heat transfer from the jet and therexf vertical melting. The

569 results in Table 2 show that, as the steam to sand rateased, (1) the proportion of



27

570 heat in the jet that melted ice and heated meltwatezased, and (2) the meltwater
571 temperature decreased, thus more of the heat was tradsi@melt ice. In addition,
572  mean vertical melt-rate increased while mean horizonthinate decreased. The
573 experimental sand cap acted to attenuate ice melting ah@btrioyant jet. Instead,
574  heat was coupled into the ice away from the impingement fobtpirihe jet

575 encouraging ice melting over a broader area perpendicular jet tings. The

576 presence of a stable particle cap also reduced thelloegid heat transfer

577 efficiency, but not to a large extent.

578

579 Figure 10 explores the relative contributions of vertical horizontaimelting to the
580 development of an ice cavity as the steam to sandvaties. Vertical melting is
581 represented by the difference between the final heiglmeotdvity and the initial

582 preform height. Horizontal melting is represented by theréifiee between the final
583 basal diameter of the cavity and the basal diameter giréierm. Figure 10 shows a
584  trend from predominantly horizontal melting, when sand caps esablished for
585 most of an experiment, to predominantly vertical meltinthasteam to sand ratio
586 was increased and sand caps were transient or did not form.

587
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Ratio of vertical to horizontal melting
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! / for most of experiment
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Steam to sand mass ratio

Figure 10. Ratio of vertical to horizontal melting in the ice caagtiproduced during
the experiments versus steam to sand mass ratio. Horinwegltalg dominated at
low steam to sand ratios when sand caps were established$bof the experiment.
At higher steam to sand ratios, when sand caps did not eeestablished, vertical
melting dominated. Errors in the ratio of vertical nmgtto horizontal melting are

10-15% while errors in the steam to sand ratio are 3-6%.

Figure 11 shows the variation of vertical ice-melt viithe during two of the
experiments. In Experiment 3, with a steam to sand o&f005 the melt-rate was
relatively fast initially, decreased as a sand capinecestablished (Figure 6) and
remained at low rates (0.1-0.2 mif) $or the rest of the experiment, when the sand
cap insulated the top of the cavity from jet impingeméntExperiment 10, with a
steam to sand ratio of 0.2, the melt-rate was ityiteEmilar to Experiment 3, but in
this case a sand cap did not become established and ther@eémained relatively

high (1.0-1.5 mm’9) for the rest of the experiment.
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Figure 11. Vertical ice-melt versus time from the start ofeasperiment for
Experiment 3, where a sand cap became established etir/enperiment, and for
Experiment 10, where a sand cap developed in the initiabéeands of the
experiment and then dispersed. The melt-rate at any tagebmestimated by
comparing the local gradient of the graph for an experimehttht “fan” of melt-
rates at the bottom right hand sidéertical ice-melt is accurate to +/- 1 mm; time

from start is accurate to +/- 1 s.

4 Discussion

Sections 2 and 3 describe laboratory experiments in which hotrspmdjed on the
underside of a block of ice. This section discusses tbearce of the experimental
results to subglacial volcanic systems and considers the iwigécations by
comparing the melt-rates observed in the experiments thabkamnically relevant
with melt-rates estimated by other heat transfer meamansoposed for subglacial

eruptions and with melt-rates inferred from recent eruptions.
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4.1 Relevance of the experimental results to su  bglacial eruptions

4.1.1 Which experiments are volcanically relevant?

In Section 3 we reported the results of a series of expetsnmrewhich the steam to
sand ratio was varied and we interpreted the range of ioeb@bserved in terms of
the varying mobility of the sand slurry within the growing deity. For sand at a
constant temperature we observed that increasing the stesamdaoatio in the jet
increased the water to sand ratio in the resulting samdythe mobility of the slurry.
By analogy, we expect that behavior during a subglacial eruptiygnbe determined
principally by the water to pyroclast ratio in the slurry e ice surface of the cavity

during the eruption. We determine this ratio below.

In a subglacial eruption, pyroclasts may be produced by a conairdimagmatic
fragmentation and magma-water interaction in the votcemnduit. In the former
end-member case pyroclasts are at magmatic temperattine; latter case cooler
pyroclasts are accompanied in the eruption jet by steam prbduceg
phreatomagmatism. If the pyroclasts and steam are caotad same final
temperature, the net effect, in terms of the masseofrielted and thus water to
pyroclast ratio, is the same for both cases. We estdbbéstange of water to
pyroclast mass ratios for subglacial eruptions as followsfleyenece to the case with
no magma-water interaction in the conduit and assuming albalaiheat in the

eruption jet is available to melt ice and heat the resuitiatjwater.

Consider unit mass of dry (volatile-free) magma with ihtemperaturd;, specific
heat capacity, and associated magmatic steafkg steam/kg dry magma). If, after

contact with ice, both magma and magmatic steam codinaldemperaturd;
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647  below the boiling point then the heat available to melt icd/ftg dry magma) is
648 given by:

649 Qu=C,(T - T )J+slc.(T - )+ (h, - C,T))] (1)

650 whereCsandC, are the specific heat capacities of steam andbliyater

651 respectively andh, is the enthalpy of steam (relative to liquid weaep °C) at the
652  boiling pointT,,.

653

654 The heat required to melt unit mass of ice andertie meltwater temperatureTois
655 (Lq+ C,T¢) whereL; is the latent heat of fusion of ice. The resgltivater to

656 pyroclast mass ratio; is thus:

T-T) , led-T+h-c1)l,

657 f,=C
277 (L, +C,T,) (L, +c,T/)

(2)

658 where the first term is the contribution from tludic particles and the second and
659 third terms are the contributions from the heat mnads respectively of the associated
660 magmatic steam.

661

662 Equation 2 assumes complete thermal equilibrateiwden magma and water and
663 thus represents the maximum water to pyroclasigavailable to control the

664  behavior of the slurry of volcanic ash and wateinng from the melting cavity wall
665 during a subglacial explosive eruption. Phreatormatgneruptions tend to generate a
666 high proportion of volcanic ash, even for basattegmas $chopka et al2006].

667 Under these conditions, the latent heat of secgr&taam couples effectively to the
668 ice surfacesWoodcock et 3l2015] and the warm ash is thermally coupled titn bo
669 liquid and gaseous water. In our experimentsgadtl 70% of the effective jet heat

670 melted ice, with efficiencies potentially as high%%. This indicates that the
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maximum water to particle ratios calculated abawal@ be approached at volcanic

scale.

We evaluate Equation 2 for typical basaltic andtitig magmas, assuming the
cavity pressure is atmospheric. For basaltic magittaan initial temperature of
1100 °C containing 1 % mass of water, the resulitager to pyroclast mass ratios
are 2.9 and 3.7 for final temperatures of 20 °C@A@ respectively. The
corresponding water to pyroclast mass ratios, ftwyalitic magma initially at 850 °C
with 3 % water, are 2.4 and 3.1. In the experimenherehe ratio of steam to sand
could be varied independently of sand temperatheswater to sand masatio

varied from 0.58 to 6.20, spanning the maximum awic values. Experiments
indicated that a particle cap was only stable whisgavater to particle ratio was less
than approximately 1.6 (Table 2), which is lowearttthe water to pyroclast ratios
available during a subglacial explosive eruptidve conclude that the development
of a particle cap in the volcanic case is unlikéiys the volcanically relevant
experiments are those in which stable sand capsadidevelopExperiments 10 and
11 (Table 2) most closely scale to the volcanieasith approximately 20%
‘phreatomagmatic’ secondary water added and n888% thermal efficiency.
However, total particle flux within a jet will chga as a function of vent area,
suggesting that moving from a centimetre-scale ex@nt to a metre-scale volcano
results in an order fGcale increase in total particle flux. These phes, should they
couple into the melt and condensate water, thein dra film whose thickness and
velocity is likely to be scale independent. Thedéase in drainage area therefore
scales with cavity radius suggesting a scale iseref order 300. This suggests that

the particle number density at volcanic scale kéllorder 30 times larger than at
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experimental scale. These scale considerationmiéigated by evidencegerstmann
and Griffith, 1967;Anderson et aJ 1998;Woodcock et al 2015] that draining
condensate and melt films develop troughs and sidggsub-metre scale that would
act to shed the slurry on length scales closdrabdf the experiment than the
volcanic cavity. Volcanically, the more plume-likature of the impingement is
likely to spread the thermal interaction over aewvidrea of relatively small local
‘cells’ of heat transfer that will create a ‘raof ash-laden liquid droplets within the

circulating cavity fluids.

4.2  Wider implications

In the experimentsve observed vertical melt-rates of up to 1.5 nmingRgure 11),
equivalent to a heat flux of 500 kWat the ice melting surface, that were produced
by a combination of pyroclast-ice heat transfer stedhm condensation.
Experimentally, specific jet power was a third lvdit estimated for the Gjalp 1996
eruption (Table 1) suggesting that, volcanicallstical melt-rates could be higher.
However, scaling arguments have suggested théartper scale volcanic buoyant jet
may couple to the ice over proportionately largeaa than for small-scale
experiments. Heat fluxes of 1-2 MW?7are estimated for steam condensation within
pressurized, vapor-dominated caviti#gjodcock et al 2015], but under conditions

of atmospheric pressure, and a significant moletifsa of non-condensable gases,
estimated heat fluxes are very similar to thosedolvere in the small-scale

experiments that mimic the buoyant jet of a warrat, whreatomagmatic eruption.

Heat fluxes of 3-5 MW M were estimated for two-phase convection within

pressurized liquid-dominated cavitié&dodcock et al 2014], an order of magnitude
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higher than for particle-laden buoyant jets. Iditidn, the experimentally
determined heat fluxes are much lower than valtgs fecent Icelandic subglacial
eruptions, where heat fluxes of 1.2-1.6 MW at the 1996 Gjélp eruption and 3-4
MW m?at the Eyjafjallajokull summit eruption in 2010 weenferred. In both cases
much of the evidence suggests that the subglaaéies were predominantly filled
with liquid water at elevated pressuf@ydmundsson et.a004;Magnusson et al

2012].

To date there has been no observational evidemgegfanelt by pyroclast-ice heat
transfer, although it may have occurred during momeruption observed on the
slopes of Eyjafjallajokull in 201QMagnusson et al2012]. However, ice-melt by
pyroclast-ice heat transfer is a plausible mechanigring eruptions in water-
drained, low pressure cavities. Such cavities deselop on sloping terrain, where
ice may be relatively shallow and gravity drainafjeneltwater may be promoted.
We considered such a subglacial environmehYaodcock et a[2016] in the
context of our quantification of steam condensa#ind radiation transfer from an

eruption jet, where heat fluxes of c. 300 kW mere demonstrated.

5 Conclusions

(1) A phreatomagmatic eruption in a water-drairied, pressure subglacial eruption
cavity was simulated by a jet of hot sand and stabapproximately 300 °C
impinging on the underside of a block of ice. Aakexperimentsvith an increasing
ratio of steam to sand in the jet showed that #febior ranged from predominantly

horizontal melting with the development of a stadded cap to predominantly
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vertical melting by a mobile sluryf sand and water without sand cap development.
The experiments indicate that the mobility of thadslurry is an important control

on the efficiency of heat transfer from the jet #imel extent of vertical melting.

(2) Heat balance calculations indicate that theegrpents with large steam to sand
ratios have water to particle ratios in the rangseeted for the volcanic situation.
These experiments, which showed no developmeriabfessand caps, are thus the
most representative of behavior in the volcanigagion. The experimental sand cap
regime, with lower water to particle ratio, is Ueliy to develop in the volcanic

situation.

(3) Vertical ice melt-rates of 1.5 mritwere observed in the experiments. These
rates are much smaller than melt-rates inferrem frecent Icelandic subglacial
eruptions, where cavities are inferred to have neetbflooded and at elevated
pressure. However, experimental melt-rates arésgiho estimates of melt-rates in
low pressure cavities by steam condensation iptbgence of significant levels of
non-condensable gases. Thus pyroclast-ice heaféramay be an important ice-melt
mechanism for subglacial eruptions in drained, po@ssure cavities that may

develop on sloping flanks of glaciated volcanoes.
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