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Quantifying the Water-to-Melt Mass Ratio and Its Impact on
Eruption Plumes During Explosive Hydromagmatic Eruptions

Sahand Hajimirza' (©/, Thomas J. Jones? (), William M. Moreland?® (*), Helge M. Gonnermann' (*’, and

Thor Thordarson?

'Department of Earth, Environmental, and Planetary Sciences, Rice University, Houston, TX, USA, *Department of Earth,
Ocean and Ecological Sciences, University of Liverpool, Liverpool, UK, *Faculty of Earth Sciences, University of Iceland,
Reykjavik, Iceland

Abstract The interaction of magma with external water commonly enhances magma fragmentation through
the conversion of thermal to mechanical energy and results in an increased production of fine-grained volcanic
tephra. Magma-water interaction is thus of importance for hazard mitigation on both a local and a regional
scales. The relative proportion of water that interacts with magma, quantified as the water-to-melt mass ratio,

is thought to determine the efficiency of thermal to mechanical energy conversion, termed the fragmentation
efficiency. Here, we analyze the pyroclast size distributions from the 10th century Eldgja fissure eruption in
Iceland, where parts of the fissure erupted subglacially and other erupted subaerially. The subglacially erupted
magma passed through a column of glacial meltwater, resulting in a larger proportion of finer pyroclast sizes
relative to the subaerially erupted, purely magmatic tephra. This finer grain size distribution has been attributed
to quench-granulation induced by enhanced cooling upon interaction with external water. We hypothesize that
the additional fragmentation (surface) energy required to produce the finer grained hydromagmatic deposits

is due to the conversion of thermal to mechanical energy associated with the entrainment of water into the
volcanic jet, as it passed through a column of subglacial melt water. Based on field and granulometry data, we
estimate that the interaction of the volcanic jet with the meltwater provided an additional fragmentation energy
of approximately 3—14 kJ per kg of pyroclasts. We numerically model the hydrofragmentation energy within

a jet that passes through a layer of meltwater. We find that the water-to-melt mass ratio of entrained water
required to produce the additional fragmentation energy is in the range of 1-2, which requires a minimum ice
melting rate of 10* m*® s~!. Our simulation results show that the water-to-melt ratio is an important parameter
that controls the ascent of plume in the atmosphere.

1. Introduction

Phreatomagmatism or hydromagmatism is common on this water-bearing planet, Earth, because the magma
is often erupted through water bodies such as lakes, ice-melts in cauldrons and the shallow seas (Houghton
et al., 2015). In such events the magma is typically fully vesiculated and disintegrated by gas expansion at the
point of coming into contact with the external water (e.g., Carey et al., 2009; Liu et al., 2015, 2017; Moreland
et al., 2019). For example, in Iceland, within glacier-derived tephra is associated with 75% of the events in
the Holocene stratigraphy (Thordarson & Hoskuldsson, 2008), therefore, understanding vesicular magma-water
interaction is of great relevance. In cases where the ice is relatively thick (>500 m), eruptions are typically effu-
sive and build subglacial edifices (Edwards et al., 2015). Furthermore, the resulting landforms have been used
as paleoclimate proxys to constrain the extent and thickness of ice sheets (e.g., Edwards et al., 2011; Russell
et al., 2013; Smellie et al., 2008; Wilson et al., 2018). Eruptions beneath relatively thin ice (<200 m), melt the
ice to form a steep-sided caldron, often filled with meltwater (Edwards et al., 2015). This was the case for some
of the eruptive vents from the 10th century Eldgja fissure eruption in Iceland (Figure 1), and is the focus here.

Interaction of volcanic jets with external water, that is water other than that originally dissolved within the erupt-
ing magma, can impact the jet dynamics. The entrained ambient water into the jet may condense and cause the jet
to collapse or the water may vaporize and increase the jet buoyancy and thus the stability of the eruption (Cahalan
& Dufek, 2021; Head & Wilson, 2003; Koyaguchi & Woods, 1996; Rowell et al., 2021; Van Eaton et al., 2012).
Moreover, interaction of volcanic jets with external water can further fragment primary magmatic pyroclasts,
by secondary hydrofragmentation processes. For all other conditions remaining the same, hydrofragmentation
is more energy consuming than the pure magmatic fragmentation in "dry" eruptions (e.g., Wohletz et al., 2013
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Figure 1. A schematic of a subglacial explosive eruption with a pyroclastic
jet erupting within an ice cauldron. The “dry,” already fragmented, magma

undergoes further (secondary) hydrofragmentation as external glacial

meltwater is entrained into the volcanic jet. Due to the interaction of external
water with the magma, the fragmentation process includes thermal granulation
due to rapid quenching of the magma and fragmentation due to vapor film
boiling. Here, dry GSD refers to grain size distribution prior to the interaction
of the volcanic jet with external meltwater, whereas wet GSD is the grain size

distribution after the interaction.

and references therein). Consequently, hydromagmatic eruptions tend to have
enhanced fine ash production relative to dry eruptions (Carey et al., 2009;
Fitch & Fagents, 2020; Fitch et al., 2017; Graettinger et al., 2013; Houghton
& Hackett, 1984; Liu et al., 2015, 2017; Mastin et al., 2004).

Hydrofragmentation is thought to occur by two main processes: thermal
granulation during direct contact between melt and water, and vapor film
formation and collapse (Wohletz et al., 2013). Thermal granulation occurs
when the thermal stresses induced by rapid cooling overcome the tensile
strength of the quenching melt (Colombier et al., 2019; Kokelaar, 1986; Van
Otterloo et al., 2015). The fragmentation processes associated with vapor
film formation are more complex. When the water at the melt-water interface
becomes heated above the Leidenfrost temperature, repeated cycles of vapor
film formation, expansion, and collapse occur. During this process, instabili-
ties form and fragment the magma at the magma-water interface (Colombier
et al., 2018; Eckhoff, 2016; Iskhakov et al., 2019; Koshizuka et al., 1999;
Meignen et al., 2014; Sheridan & Wohletz, 1983; Sonder et al., 2018; Van
Otterloo et al., 2015).

There is growing evidence that during many hydromagmatic eruptions the
magma has already fragmented by primary magmatic processes before
it interacts with external water (Aravena et al., 2018; Carey et al., 2009;
Houghton & Carey, 2019; Liu et al., 2017; Moreland et al., 2019). From
detailed textural studies of the Eldgja deposits (Moreland et al., 2019),
we know that the vesicular magma was already fragmented by magmatic
processes prior to the interaction with external water. Deposits erupted from
both subaerial and subglacial vents have near identical bubble number densi-
ties and bubble size distributions (Moreland et al., 2019). This suggests that
both parts of the eruptive fissure had a similar magma ascent rates (Tora-
maru, 1990) and thus, similar magma discharge rates and conduit geometries
(Wilson et al., 1980). Moreover, the primary magmatic fragmentation energy
is thought to be mainly dependent on the balance between decompression
rate and the rate of gas escape from magma, which itself is controlled by

vesicle texture (Rust & Cashman, 2011). Therefore, identical bubble size distributions observed in the Eldgja

deposits implies that both the subaerial and subglacial parts of the eruption had similar magmatic fragmentation

energies and produced similar grain size distributions prior to interaction with the external meltwater. Thus, the

difference in specific surface energy between the hydromagmatic and purely magmatic deposits, provides direct

evidence of the hydrofragmentation energy involved (Figure 1).

The extent of hydrofragmentation is controlled by the conversion of thermal to mechanical energy (Wohletz, 1986;

Wohletz et al., 2013). The efficiency of this energy conversion depends on a large number of factors, including

the confining geometry, the ambient pressure, the physical properties of the melt, and the water-to-melt ratio
(Aravena et al., 2018; Board et al., 1974; Kokelaar, 1986; Pedrazzi et al., 2013; Sheridan & Wohletz, 1981;
Wohletz & Sheridan, 1983). The latter will be the focus of this study, specifically the relationship between the
extent of magma-water interaction, quantified as the melt-to-water ratio, and the extent of hydrofragmentation,

quantified in terms of specific surface area of the pyroclastic deposit. Although the relationship between water-

to-melt ratio and fragmentation energy has been experimentally investigated, it is extremely difficult to quan-
tify for volcanic eruptions (Biittner & Zimanowski, 1998; Biittner et al., 2002, 2006; Colombier et al., 2019;
Mastin, Spieler, & Downey, 2009; Schmid et al., 2010; Sheridan & Wohletz, 1983; Wohletz, 2002; Wohletz &
McQueen, 1984; Zimanowski et al., 1997). Here, we use the estimates of hydrofragmentation energy for 10th

century Eldgja eruption in conjunction with a numerical model to constrain the water-to-melt mass ratio present

in the volcanic jet during the subglacial eruption. Moreover, we examine the impact of this ratio on the ascent

of the eruption plume in the atmosphere. The water-to-melt mass ratio directly controls how much of the water

condenses in the jet, which itself determines whether the jet becomes a stable buoyant plume or collapses (Koya-
guchi & Woods, 1996; Rowell et al., 2021).
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2. The 10th Century Eldgja Eruption

Eldgja is an approximately 70 km long fissure system (Larsen, 2000; Miller, 1989) associated with the Katla
central volcano in the south of Iceland (Figure 2). The fissure is classified as a mixed cone row type and is
arranged into discrete segments in an en echelon arrangement. It stretches between the Myrdalsjokull and Vatna-
jokull glaciers, and the south-westernmost 12 km of the fissure is located beneath the Myrdalsjokull glacier

10 20 km
[

-18.0°E
1

Figure 2. Overview of the 10th century Eldgja eruption magmatic (top panel) and hydromagmatic (bottom panel) deposits,
after Moreland et al. (2019). Inset shows the location of the field area in the Eastern Volcanic Zone of Iceland. The eruptive
fissure segments are marked by thick black lines. Dark and light gray shading represents Eldgja lava flow deposits and
glaciers respectively. The fine black lines are isopachs, with thickness values shown in cm. Isopachs are dashed in areas
where inadequate data was available for reconstruction.
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Figure 3. Total grain size distributions for the magmatic subaerial Unit 7
(red) and the hydromagmatic subglacial Unit 8 (blue) episodes of the 10th

been variously dated to 934 CE (Hammer, 1984; Stothers, 1998), 938 CE
(Zielinski et al., 1995), and 939 CE (McCarthy & Breen, 1997; Oman
et al., 2006; Oppenheimer et al., 2018). The eruption was dominantly effu-
sive producing 19.7 km? of lava (Sigurdardéttir et al., 2015), but included at
least 16 explosive episodes (Moreland et al., 2019) over a total eruptive time
of at least 1.5 years (Oppenheimer et al., 2018) and potentially as long as
2 4 6 8 10 3-8 years (Thordarson et al., 2001; Zielinski et al., 1995).

Tephra from the eruption comprises at least 16 distinct pyroclasts fallout
units produced by periodic explosive phases dispersed throughout the erup-
tion and separated by considerable time intervals (Moreland et al., 2019).

century Eldgjé eruption, Iceland, after Moreland et al. (2019). The grain size During the explosive episodes a significant volume of tephra (approx-
of the pyroclasts is expressed in terms of ¢, where ¢ = —log, (d (mm)) and d imately 1.3 km® dense rock equivalent) was produced (Larsen, 2000).

is the grain diameter.

Explosive activity began with subglacial episodes in the south-west and

subsequent episodes generally took place at even more north-easterly loca-

tions along the fissure. However, there were at least four occasions when
explosive activity shifted to within-glacier locations (Moreland et al., 2019). The Eldgja tephra deposit is
exceptionally thick with over 4 m of tephra accumulated at 10 km from the vent. Because there were both
subaerial and within-glacier fissure segments the Eldgja tephra deposit represents a composite of magmatic
and hydromagmatic tephra.

We focus our study on two distinct eruption units: Unit 7, which is solely composed of magmatic tephra and Unit
8, which is hydromagmatic (Moreland et al., 2019). Unit 7 originated from the subaerial southern Eldgja fissure
segment (Figure 2) and formed a poly-lobate deposit (Moreland et al., 2019). The tephra of Unit 7 is black to
metallic blue in color, is very well to well sorted (Moreland, 2017) in the proximal to medial regions (<20 km
from source). Unit 8 has a brown color and is lacking in achneliths, consistent with a cooler and wetter eruption
environment. Based on the tephra distribution, Unit 8 originated from a short length of the subglacial fissure
beneath Myrdalsjokull. It is well to poorly sorted (graphic standard deviation of 1.62-3.59 ¢ [Moreland, 2017])
in the proximal to medial regions.

Although deposits can be identified along the entire vent system, individual tephra units can be directly linked
to specific vent regions along the fissure. Here, we model the eruption of Unit 7 and 8 deposits as emanat-
ing from localized vents that localized along the Eldgja fissure system. This assumption is based on abundant
observations that basaltic fissure eruptions often lead to prolonged eruptive activity from localized vents (Bruce
& Huppert, 1989; Eibl et al., 2017; Jones & Llewellin, 2021; Jones et al., 2017; Neal et al., 2019; Parcheta
et al., 2015). Especially for subglacial eruptions, the formation of localized ice cauldrons and vents seems to be
the rule, rather than the exception (Edwards et al., 2015). This assumption is also consistent with the Unit 7 and 8
isopachs (Figure 2). Nevertheless, it is a simplifying assumption upon and our results are limited to eruption from
localized vents, as opposed to the less likely scenario that the Unit 7 and 8 deposits were erupted over a prolonged
period from a high aspect ratio, fissure-like vent.

Total deposit grain-size distributions of each unit were calculated by Moreland (2017) and exhibit a signifi-
cant difference between magmatic and hydromagmatic deposits (Figure 3). The grain size distribution of the
magmatic Unit 7 is positively skewed and unimodal with a median grain-size diameter of —2.2 ¢. The distribution
of the hydromagmatic Unit 8 is bimodal with peaks at 0.0 ¢ and 5.0 ¢. Despite the strong difference between
the total grain-size distributions, Moreland et al. (2019) demonstrated that the vesicle-size distribution for Eldgja
magmatic and hydromagmatic tephra are identical. This indicates that, regardless of whether the vent was subae-
rial or subglacial, the ascending magma underwent similar bubble nucleation and growth processes up to the
point of fragmentation and quenching.

The volume of each unit was calculated by Moreland (2017) using the exponential method (Pyle, 1995), resulting
in 0.024 km? dense rock equivalent for Unit 7 and 0.029 km? dense rock equivalent for Unit 8. The column height
for the episodes producing Units 7 and 8 was estimated to be between 11 and 17 km, and 17 and 18 km, respec-
tively (Moreland, 2017). Using the empirical relationship between height and eruption rate of Mastin, Guffanti,
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Table 1

List of Parameters and Associated Symbols

B mAaa S >

T ST Yo

Surface area of tephra

Plume radius

Specific heat of air at constant pressure

Specific heat of pyroclasts at constant pressure

Specific energy flux

Specific surface energy

Specific hydrofragmentation energy
Gravity

Specific enthalpy

Height of tropopause

Height of stratosphere

Specific enthalpy of ambient fluid
Momentum flux

Mass ratio of pyroclasts

Mass ratio of water in plume
Mass ratio of water in ambient fluid
Mass ratio of air

Mass ratio of air in ambient fluid
Pressure in ambient meltwater
Atmospheric pressure

Reference atmospheric pressure
Mass discharge rate

Temperature

Atmospheric temperature
Reference temperature

Mixture velocity

Inward velocity of entrained fluid
The rate of hydrofragmentation energy
Distance above the vent

Depth of glacial meltwater
Mixture density

Density of water

Density of air

Density of pyroclasts

Ambient fluid density
Entrainment coefficient

Surface energy density

Conversion factor of thermal to hydrofragmentation energy

Temperature gradient in troposphere

Temperature gradient in stratosphere

et al. (2009); Mastin, Spieler, & Downey (2009), corresponding mass erup-
tion rates are between 9 X 10°and 2 x 107 kg s~!, and 1 x 107 to 3 x 107 kg s~!
for Units 7 and 8, respectively.

3. Methods
3.1. Fragmentation Energies From Grain Size Distributions

Figure 3 shows the total grain size distributions (TGSD) obtained by More-
land et al. (2019). The TGSD that resulted from dry magmatic fragmentation
is shown in red and subglacial hydromagmatic fragmentation is shown in
blue. The difference in these two TGSDs can be accounted for by a difference
in the extent of fragmentation (surface area). The additional fragmentation
energy, AE (J kg™!), required to transform a unit mass of magmatic tephra
into the hydromagmatic tephra is given by

AE, =y AA, (1)

where AA (m? kg™"), is the difference in surface area per unit mass of tephra
and, y (J m~2), is the fracture surface energy density of basaltic glass (Diirig
et al., 2012). This parameter is slightly different to the specific surface energy
used in related work (Buhl et al., 2014; Biittner & Zimanowski, 1998; Chester
et al., 2005; Grady, 1982; Griffith, 1921; Yew & Taylor, 1994) because y in
Equation 1 accounts for all energies that affect the fracture process (e.g., heat
and ductile deformation), which we consider to be most representative of the
natural process. Furthermore, y has been well characterized for silicate glass
(Diirig et al., 2012). The list of all the parameters used in this study, and their
associated symbols, is provided in Table 1.

To calculate the surface area per unit mass for both TGSDs shown in Figure 3,
we treated all particles as spherical with a median diameter corresponding
to the measured grain size bins. Using the bulk tephra densities measured
by Moreland (2017), we estimated the number of clasts within each grain
size bin. The surface area of all the particles was then summed to give the
total surface area per unit mass. We consider that the difference in surface
area between the magmatic and hydromagmatic deposits, denoted as AA,
represents the additional fragmentation due to water-magma interaction.
Here we calculated AA using particle sizes in aggregate. This is justified
because hydrofragmentation at Eldgja is thought to be by quenched granula-
tion (Moreland et al., 2019) of already fragmented pyroclasts that underwent
a secondary fragmentation. Consequently, the distinction of "active particles"
that are relevant in primary hydrofragmentations of fuel-coolant type (Fitch
et al., 2017) is not applicable here. Using a range of fracture surface energy
densities between 40 and 130 J m~2 (Diirig et al., 2012), we then estimated
a range of additional specific fragmentation energies associated with hydro-
magmatic fragmentation of Unit 8 using Equation 1.

3.2. Conceptual Model for Estimating the Water-to-Melt Mass Ratio

To estimate the water-to-melt mass ratio we simulated the dynamics of a
volcanic jet rising above the vent and passing through a column of glacial
meltwater and continuing upward in the atmosphere as a buoyant plume. At
the vent the jet is a mixture of pyroclasts and exsolved magmatic volatiles.

As the jet passes through the column of glacial meltwater, it entrains meltwater at freezing temperature. The
entrained meltwater mixes within the jet and reduces the bulk jet temperature. The heat transferred from magma
to the entrained meltwater is treated as instantaneous and the resultant mixture is considered to be at thermal
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equilibrium at all times. As long as the mixture temperature remains above the water boiling temperature, the
entrained meltwater vapourizes and expands in volume. The associated mechanical work due to this volumetric
expansion is converted into both kinetic and hydrofragmentation energies. Other types of energy (e.g., seismic
and acoustic) are neglected here. We calculate the hydrofragmentation energy expended during jet ascent within
the meltwater column by assuming it is proportional to the thermal energy provided by the pyroclasts.

Above the meltwater surface, the jet rises in the atmosphere, and entrains and mixes with air which decreases the
bulk jet density. Once the bulk density of the jet decreases below the density of the atmosphere, the jet becomes
a buoyant plume and continues to rise in the atmosphere. The total amount of external water entrained into the jet
governs the mixture density and temperature and, in turn, ultimately determines whether the pyroclastic mixture
is able to rise upward as a buoyant plume, or becomes negatively buoyant and collapses. The total flow rate of
entrained meltwater is calculated by integrating the flow rate of entrained water over the entire height of the melt-
water column. The water-to-melt ratio is then calculated by dividing the total flow rate of entrained meltwater
by the flow rate of pyroclasts. Lastly, we constrained our estimates of the water-to-melt ratio in two ways. First,
by matching the predicted hydrofragmentation energy with the measured additional surface energy of pyroclasts.
Second, by matching the predicted plume height with the interpreted values from pyroclasts dispersal.

3.3. Pyroclastic Jet and Plume Model

To simulate the volcanic jet passing through a column of meltwater and the subsequent plume rising buoyantly
in the atmosphere we solved the one-dimensional steady conservation equations for a volcanic jet and plume
(Mastin, 2007; Woods, 1988). Following these previous works, in this study we treat the jet as a homogeneous
mixture of pyroclasts, water, and air, all in thermal equilibrium. Any fallout of the pyroclastic materials from the
jet is neglected and all phases are assigned to be completely mixed at all times and thus treated as a homogeneous
bulk mixture of a given velocity, u. Furthermore, the effect of vent geometry, mixture overpressure relative to
the ambient fluid, turbulent flow development on entrainment rate are neglected (Mastin, 2007). Accepting these
approximations, the conservation of mass, momentum, and energy for the mixture are given by (Mastin, 2007)

do d(wb*pu)

=2 ambUam @
dz dz 7bPambitams,
dM d(Qu
dM _ O 28 (s — ) s, 3
dz dz
and
dE d u? dQ  dWie
—_— = — = h = Ramp) — — ——, 4
dz dz (Q(2+gz+ )) (g2 + Hanv) dz dz @

respectively, where variables are defined in Table 1.

W is the rate of hydrofragmentation energy consumption which we assign as proportional to the thermal energy
of pyroclasts, and to the ratio between the mass flow rate of entrained water and the mass flow rate of the jet.
During air entrainment above the meltwater column, we assume the energy used for fragmentation is negligible.
This is because expansion energy of entrained air is insignificant compared to meltwater being vapourized. Given
these approximations, W is given by

dQ/dz
AWiag B (npeQCpe (T = T7)) do/dz for z < Zy
= (%)
dz 0 for z > Zy

where Z, is the height of meltwater column and f is a conversion factor that determines the percentage of
the pyroclasts' thermal energy that is converted into hydrofragmentation energy. In the case of adiabatic steam
expansion during magma water interaction, p varies approximately between 2% and 15% depending on a number
of factors such as the melt temperature and the water-to-melt mass ratio (Wohletz & McQueen, 1984; Wohletz
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et al., 2013). Here, we approximate 3 as a constant throughout each simulation run and estimate the total calcu-
lated specific energy required to produce the particles from

5 .

. 1 v d Wha

£ = / 3 ©)
Onpe Jo dz

for each simulation run we find the value of Z by matching the specific hydrofragmentation energy with the
additional surface energy measurement, E; = AE,.

The variations in the mass fractions of water, n,, and air, n,, in the mixture are given by (Mastin, 2007)

w?

—_ dQl (namb_nw) (7)

dny
- - w

dz  dz Q
and

dn, — in (mlmh _n')

dz  dz Q

®)

respectively. Here, ni™ and n™ are the mass fraction of water and air in the ambient fluid, respectively. During
the meltwater entrainment, z < Z,,,, nﬁ"‘b =0,and n¥™ = 1. Atz > Z,,, air is taken to be dry and hence ng’"b = land
nd™ = (. The mass fraction of pyroclasts is calculated from

Hpc + Rwater + Hair = 1. (9)

the surrounding meltwater is considered to be at temperature of 0°C and the hydrostatic pressure decreases with
height above the vent as

Py = pi™ g (Zy — 2). 10

to calculate the ambient temperature of air we use the formulation of Woods (1988) given by

T + uz for z < Hy,
T =T, + uH, for Hy <z < Ha, (11
T.+uH +w(z— H,) for z > H,.

where T, = 273 K is the reference temperature, H, = 10 km and p = —6.5 K km~! are the height of tropopause
and temperature gradient in the troposphere, respectively. H, = 20 km and ® = 2 K km™! are the height and
temperature gradient in the stratosphere, respectively. Specifying that ambient air follows the ideal gas law, the
hydrostatic pressure in the atmosphere is calculated as

apm™ g
Ramb - RaTamb

dz, (12)

where R, is the gas constant for air. The resultant atmospheric pressure is

-8

P0<1+MTZ>R[,/4 for z < Hy;

=
mb __ - H
P = Po<1 + HH, > Raﬂexp (_—g(z ) ) for Hy, <z < Hy;(13)

T: Ry (T; + pH))
H H,—-H - H

P 1+M 1 R"”exp _ g (H> D) 1+a)(z 2) | R for z > H,
T; R, (T; + uHy) T. + uH,
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where P, = 1 atm is the reference pressure. The mixture is set to be at thermal equilibrium at all values of z and
temperature is calculated from the mixture enthalpy. After calculating enthalpy from Equation 4 temperature is
estimated from

h=npCpc (T = Tp) + nyhy +n.Co (T = Tp), 14

where C,. and C, are the specific heats of pyroclasts and air at constant pressure, respectively. 7, =273 K is a
reference temperature, and the &, is the specific enthalpy of water. Depending on the temperature and pressure,
water may exist as vapor, liquid, ice or a mixtures thereof. Here, we ascribe water to be in its equilibrium state at
all elevations. These water properties are calculated based on Wagner and Pruf} (2002) for liquid water and vapor
and based on Feistel and Wagner (2006) for ice. The calculation of 7 requires an iteration at each integration step
of the governing differential equations, whereby T is predicted from an initial guess and is iteratively corrected
until Equation 14 is satisfied. After finding 7, the mixture density is calculated from
1 Mo iw 1o (15)
P Ppc Pw  Pa
where p,, is the density of water, p, is the density of pyroclasts and assumed to be a constant. p, is the density of
air in the mixture and it is estimated from the ideal gas law.

A key variable in our simulations is the volume flux of meltwater or ambient air across the outer perimeter of the
jet and plume. The volume flux is denoted as u, ,, and also referred to as the entrainment rate. The entrainment
of ambient fluid (i.e., water or air in this study) into the plume is facilitated by turbulent shear instabilities that
form continuously between the upward flowing plume and the stationary ambient fluid with a relatively similar
density to the plume. u, , is typically considered to be proportional to the plume velocity. This has been shown
to be a robust relation (Morton, 1959), with the proportionality constant, termed the entrainment coefficient, €,
here assumed constant with a value of 0.09 typically used for volcanic plumes (Mastin, 2007; Woods, 1988).
Furthermore, Mastin, Guffanti, et al. (2009) and Mastin, Spieler, & Downey (2009) have demonstrated that this
entrainment coefficient is appropriate by comparing model results with observed plume heights. Here, we use the
formulation of Woods (1988) to account for the difference in density between the jet and the ambient fluid for the
momentum-driven jet ascending within the meltwater column and the atmosphere (Mastin, 2007; Woods, 1988).
In the momentum-driven jet the inward velocity of the ambient fluid is given by

Uamb = €U/ p/ Pamb, (16)

and in the buoyancy driven plume it is given by
Uamb = €U, (17)
where the factor 1/p/p.m» accounts for density differences between the jet and the ambient fluid.

We solve the system of differential Equations 2—4 and 7 and 8 using a Runge-Kutta method. At the vent where
z = 0 m, the jet is assumed to contain, 0.5 wt% of magmatic water (Budd et al., 2016) and 1000 ppm CO, at
temperature of 1100°C (Hartley et al., 2014). Similar to air in the mixture, CO, is approximated as an ideal
gas. We consider a mass discharge rate at the vent of 107 kg s~!, which is interpreted from ash dispersal data
(Moreland, 2017). Using this mass discharge rate we perform simulations for a range of initial velocities. For
each simulation we use a conversion factor, f, that falls within a range of 2%—15%. We estimate Z, such that the
calculated specific fragmentation energy is equal to the additional specific surface energy of Unit 8, £y = AE,.

4. Results
4.1. Specific Surface Energy for Hydromagmatic and Magmatic Tephra Deposits

The tephra density was measured by Moreland (2017) who reports the magmatic and hydromagmatic tephra
deposits to have bulk densities ranging from 560 to 1100 kg m~* and from 590 to 720 kg m~>, respectively. This
density range was used to compute the range of possible surface areas listed in Table 2. Using these densities and
the fracture surface energy densities measured for basaltic glass by Diirig et al. (2012), we estimate the difference
in specific surface energy between magmatic to hydromagmatic tephra as 3.12-14.43 kJ kg~! (Table 2).
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Table 2
Calculation Results of Specific Surface Energy, E, Upon Varying Input Parameters (Hydromagmatic Deposit Surface
Area, Surface Area Created, Fracture Surface Energy Density)

Variable Values Unit Reference
Surface area of magmatic tephra 12-23 m? kg! (Moreland, 2017)
Surface area of hydromagmatic tephra 101-123 m? kg~! (Moreland, 2017)
Surface area created (AA) 78-111 m?kg~! This study
Fracture surface energy density (y) 40-130 Jm™ (Diirig et al., 2012)
Additional specific surface energy (AE,) 3,120-14,430 Jkg™! This study

4.2. Jet Modeling Results

Figure 4 shows a representative example of the simulation results for a case without external meltwater (Z, = 0
m), a case with glacial meltwater thickness of Z, = 60 m, and a case where Z , = 30 m. The initial jet velocity
for all the three cases is 150 m s~! Figures 4a—4d represent the evolution of jet properties during meltwater
entrainment, through the water column only. Jet velocity increases with distance above the vent (Figure 4a), as
meltwater is entrained, heated, and evaporated, it decreases the mixture density (Figure 4b). Initially, at the proxi-
mal distances to the vent, when the mixture temperature is above the condensation temperature of water, sensible
heat transfer from the jet to the entrained water causes the jet temperature to decrease rapidly (Figure 4c). As
mixture temperature reaches the condensation temperature of water, the heat transfer from the jet to the entrained
water becomes latent which, rather than reducing temperature, causes steam to condense at a relatively constant
temperature. As the mass fraction of liquid water to vapor increases, the mixture density increases rapidly and
the mixture velocity decreases. This is especially notable in the case where the meltwater layer thickness is 60 m.
The hydrofragmentation (surface) energy is predicted to increase rapidly at first, when the temperature is above
the boiling temperature, but slows down as the temperature reaches the boiling point (Figure 4d). Therefore, our
simulations suggest that the majority of additional surface area is created during the first 10 m of jet ascent in the
meltwater column where temperatures are higher and hence more thermal energy is available. The thickness of
the meltwater layer in all cases is defined such that once the jet reaches the top of the meltwater layer, the specific
hydrofragmentation energy reaches 14 kJ kg~!, which is equivalent to the additional specific surface energy of
the hydromagmatic tephra at Eldgja.

Figures 4e—4h show our simulation results within and above the meltwater column. In the case with no meltwater
the plume is predicted to reach 16 km elevation before the upward velocity reaches zero and the plume spreads
laterally. In this case, with distance above the vent, the mixture velocity decreases rapidly because of the down-
ward buoyancy force on the jet exiting the meltwater column (Figure 4e). Once the jet entrains enough air and
becomes positively buoyant, its velocity slightly increases and remains relatively constant with height before
the plume stops rising and spreads laterally. In the case where Z = 30 m, the plume reaches an elevation of
more than 17 km, which is slightly higher than the elevation reached by the dry plume. In this case, the velocity
initially increases from 150 to 250 m s~! as the jet passes through the meltwater column. Once the jet enters into
the atmosphere, its velocity decreases rapidly with height, but increases again once the plume becomes positively
buoyant. The increase in velocity is, in this case, more substantial than in the dry plume because the entrained
water increases the internal energy of the plume. This allows the plume to sustain a slightly higher temperature
whilst entraining cold atmospheric air, and thus yields a higher buoyancy relative to the dry plume case. In the
case where Z = 60 m, the plume collapses at a height below 1 km because the mass fraction of condensed water
in the jet is too high to allow the jet to become buoyant.

5. Discussion

We simulated the jet dynamics for different values of p between 2% and 15%. For each 3 we solved for a melt-
water column height, plume height and water-to-melt ratio such that the estimated hydrofragmentation energy
matched the additional surface energy observed in the hydromagmatic tephra, AE, (Figure 5). For high conver-
sion factors, p > 10%, only a few centimeters of meltwater is required to match the measured surface energy,
whereas for § = 2%, the required height of meltwater column is greater than 70 m. Among this wide range of
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Figure 4. The evolution of jet properties with distance above the vent for three different meltwater heights, Z,, = 60, 30, and 0 m (i.e., no meltwater/dry). Figure panels
in the top row show results for the jet rising in meltwater, whereas the second row panels show results for the jet rising in the meltwater and atmosphere. All cases have
identical initial conditions at the vent, Q = 10" kg s™!, T'=1100°C, n,, = 0.5 wt%, u = 150 m s~', except the initial pressure which is calculated uniquely, based on the
height of the meltwater column.

estimated meltwater column heights, however, only model simulations with Z, < 35 m produce plume heights
that are comparable with the interpretations from fallout deposits. At meltwater depths of greater than 35 m our
model predicts that the plume will collapse because the increase in density due to vapor condensation does not
allow the jet to become buoyant (Koyaguchi & Woods, 1996; Rowell et al., 2021).

The plume height interpreted from ash dispersal data for the subaerial eruption phase (Unit 7) is 11-17 km,
whereas it is slightly higher, 17-18 km, for the subglacial eruption phase (Unit 8; Moreland, 2017). This slight
increase in plume height in the subglacial eruptions has previously been interpreted as an indicative of increase
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in the mass discharge rate at the subglacial vent (Moreland et al., 2019).
(Wet However, our simulation results show that, with identical exit conditions at
the vent, mixtures that pass through meltwater can reach higher elevations
than dry plumes (Figure 4). This is true for situations where the thermal
energy of the jet is high enough to vapourize all, or most of, the entrained
meltwater (Koyaguchi & Woods, 1996; Rowell et al., 2021). Our findings
therefore suggest that the relative increase in the plume height in the subgla-
cial phase might be due the entrainment of glacial meltwater. Assuming this
to be the case, and that the subaerial and subaerial parts of the eruption had

identical mass discharge rates at the vent, the estimated depth of meltwater

Plume height
from fallout deposits
(Dry)
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decreasing

during the 10th Century Eldgjé fissure eruption is constrained between 20
and 35 m (Figure 5).

0

We determine the water-to-melt mass ratio for each simulation run by calcu-

lating the ratio of the total mass flow rate of meltwater entrained into the jet to
the mass flow rate of pyroclasts. We find that simulated plumes will collapse
i if the water-to-melt ratio is greater than 2. For the case of Eldgja, plume
heights matching those interpreted from the fallout deposits are achieved
when the water-to-melt mass ratio is between 1 and 2 (Figure 5b). Given
a mass discharge rate of ~107 kg s~! at the peak eruption intensity (More-

Plume collapses

_~» match wet

land, 2017), the associated meltwater entrainment rate is (1-2) x 107 kg s~
The rate of ice melting required to sustain this rate of water entrainment
would be at least (1-2) x 10* m? s=!. Note that this is a minimum value

Model results 1

plume height

Water-to-melt mass ratio

1 given the assumption that all of the meltwater becomes entrained into the
jet. In comparison with other Icelandic subglacial eruptions our estimate of

0 20

Glacial meltwater depth, Z_ (m)

Figure 5. Estimated meltwater depth, plume height, and the water-to-melt
mass ratio for different values of conversion factor f = 2%—15% allowing the
simulated specific fragmentation energy to match the measured values. The
estimated water depth varies from less than 1-70 m. However, only those
simulations with meltwater depth less than 35 m match the inferred plume

melting rate for Eldgjé is higher (Figure 6). The estimated rate of ice melt-
ing during the 2010 Eyjafjallajokull is ~400-2000 m? s~! at peak eruption
intensity with a magma discharge rate of (0.4—1) x 10°kg s~! (Gudmundsson
et al., 2012), which is an order of magnitude smaller than Elgdji. During
the 1996 Gjalp eruption the melting rate was 1,160-5,800 m? s~! at the
peak eruption intensity with a magma discharge rate of (1-4) x 106 kg s~!
(Gudmundsson et al., 1997, 2004; Figure 6). This implies that ice melting
rate is proportional to magma discharge rate.

40 60 80

heights, shown by the brown and gray shaded areas, for dry and wet phases of

the eruption, respectively. Water-to-melt ratios in the range between 1 and 2
match the interpreted wet plume heights.

We recognize that there are some simplifying assumptions in our simula-
tions that require further investigation in future studies. We assumed that
the entrained water will completely mix with the jet. However, the mixing
is likely partial where the center of the jet remains mostly isolated from the
entrained meltwater for some jet heights (Cahalan & Dufek, 2021; Head &
Wilson, 2003). In this case, only the thermal energy of the mixed pyroclasts can be converted into fragmentation
energy. Therefore, for a given conversion factor (f3), a higher degree of water and jet interaction would be required
to produce a given hydrofragmentation energy. This suggests that our estimates of meltwater column height and
water-to-melt mass ratio are a lower bound. Moreover, we assumed that the jet has the same pressure as the ambi-
ent fluid at the vent. Consequently, water entrainment begins at the vent rather than after some length over which
the jet decompresses to the ambient pressure. This assumption could lead to underestimation of the meltwater
column height, but has little impact on the estimated melt-water mass ratio. We neglected the transfer of thermal
energy into seismic, acoustic or other types of energy, which would reduce the estimated fragmentation energy
by a relatively modest amount.

We assumed that the conversion ratio of thermal to hydrofragmentation energy remains constant over the entire
ascent through the meltwater column. Studies of magma-water interaction suggest that the conversion ratio
depends on a number of factors such as confining geometry, the ambient pressure, the physical properties of the
melt, and water-to-melt mass ratio (Aravena et al., 2018; Board et al., 1974; Kokelaar, 1986; Pedrazzi et al., 2013;
Sheridan & Wohletz, 1981; Wohletz & Sheridan, 1983). However, these studies that have constrained the conver-
sion factor for magma and water interaction were for an instantaneous contact between stationary melt and water,
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T whereas during meltwater and jet interaction, water is entrained and mixes
within a dynamic jet. Further experimental and theoretical studies are there-
fore required to constrain the conversion of the pyroclasts thermal energy
into fragmentation energy within dynamic volcanic jets. Our simulations
|+| Q\® therefore provide a key, first step in constraining water entrainment and any

<® ] associated hydrofragmentation for explosive eruptions that pass through a
. & water column (e.g., subglacial meltwater, and crater lakes).

6. Conclusions

For the first time we have been able to quantify the water-to-melt ratio for
a subglacial eruption using total grain size distribution data. Our approach
was used to interrogate the 10th century Eldgja fissure eruption in Iceland,
however our methods could be equally applied to other historic subglacial

. or subaqueous explosive eruptions. It is observed that hydromagmatic pyro-

102 :
10°% 108

107 108 clasts associated with eruption from subglacial vents have distinctively finer

Mass discharge rate, Q (kg s *) grain size distributions than purely magmatic tephra from subaerial erup-

tions. At Eldgja, the hydromagmatic pyroclasts have an additional specific

Figure 6. The ice melting rate for the subglacial phases of three eruptions in surface energy of 3-14 kJ kg~! compared to the dry, magmatic deposits.
Iceland. The data for the 10th century Eldgja eruption is from this study, for Using these observations, we calculated the energy expended in hydrofrag-

2010 Eyjafjallajokull is from Gudmundsson et al. (2012), and for 1996 Gjalp
is from Gudmundsson (2003) and Gudmundsson et al. (1997). The error bars
represent the variation in mass discharge rate and ice melting rate over the

mentation resulting from interaction between pyroclasts and entrained melt-
water by simulating a volcanic jet passing through a column of meltwater.

climactic phase of the eruptions. Prior to the eruptions the ice thickness in By matching the calculated hydrofragmentation energy with the additional
Eyjafjallajokull was approximately 2 km and in Gjélp it was approximately surface energy and by matching the simulated plume height with the inter-
5 km.
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