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Determining the Effect of Varying Magmatic Volatile
Content on Lunar Magma Ascent Dynamics
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Abstract The Moon is not volcanically active at present, therefore, we rely on data from lunar
samples, remote sensing, and numerical modeling to understand past lunar volcanism. The role of
different volatile species in propelling lunar magma ascent and eruption remains unclear. We adapt a
terrestrial magma ascent model for lunar magma ascent, considering different compositions of picritic
magmas and various abundances of H,, H,0, and CO (measured and estimated) for these magmas. We
also conduct a sensitivity analysis to investigate the relationship between selected input parameters (pre-
eruptive pressure, temperature, conduit radius, and volatile content) and given outputs (exit gas volume
fraction, velocity, pressure, and mass eruption rate). We find that, for the model simulations containing
H,0 and CO, CO was more significant than H,0 in driving lunar magma ascent, for the range of volatile
contents considered here. For the simulations containing H, and CO, H, had a similar or slightly greater
control than CO on magma ascent dynamics. Our results showed that initial H, and CO content has

a strong control on exit velocity and pressure, two factors that strongly influence the formation of an
eruption plume, pyroclast ejection, and overall deposit morphology. Our results highlight the importance
of (a) quantifying and determining the origin of CO, and (b) understanding the abundance of different
H-species present within the lunar mantle. Quantifying the role of volatiles in driving lunar volcanism
provides an important link between the interior volatile content of the Moon and the formation of
volcanic deposits on the lunar surface.

Plain Language Summary Unlike the Earth, the Moon does not have any active volcanoes,
and has not had any active volcanoes for at least the last 100 million to 1 billion years. Therefore, we rely
on studying samples collected by astronauts and robotic landers, satellite data, and computer models to
understand what volcanic activity on the Moon was like. Volcanic eruptions are mostly driven by gas:

as magma rises in the Moon's crust, gases will separate out, allowing magma to rise more quickly. As a
result of this, we can use volcanic eruptions to understand how much gas exists within the Moon, which
is important for understanding how the Moon formed. We used a computer model to simulate magma
ascent on the Moon in order to understand what gases were more significant in driving magma ascent.
We found that molecular hydrogen and carbon monoxide had a bigger effect on magma ascent than
water, so would have a greater effect on the style of volcanic eruptions on the Moon. The source of carbon
monoxide and the relative amounts of molecular hydrogen and water in the Moon's mantle are currently
unknown and our results highlight the importance of understanding this information for understanding
lunar volcanic activity.

1. Introduction
1.1. Lunar Pyroclastic Deposits

Volcanism is a key process that links the interior of a planetary body to its surface, and therefore understanding
lunar volcanic processes can help us understand the volatile content of the lunar interior (Anand et al., 2014;
Grove & Krawczynski, 2009; Rutherford et al., 2017). Data from lunar samples, remote sensing, and modeling
are key tools in understanding lunar volcanism (Basaltic Volcanism Study Project, 1981; Jolliff et al., 2006).

Lunar pyroclastic glass beads have been a significant source of information for studying volcanic activity
on the Moon (Elkins-Tanton et al., 2003a). Pyroclastic material has been found on the surface of the Moon
in many of the returned lunar soil samples (Delano, 1986; Heiken et al., 1974) and via remote sensing data
(Carter et al., 2009; Gaddis et al., 1985; Hawke et al., 1989). Not only do these pyroclastic glass beads provide
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evidence that the Moon experienced explosive volcanism, rather than solely effusive volcanism (Coombs
& Hawke, 1992; Morgan et al., 2021; Wilson & Head, 1981), they have also been important samples for re-
searching the volatile content of the Moon's mantle (Hauri et al., 2011; Saal et al., 2008). These pyroclasts
are picritic in composition (containing <52 wt % SiO, and >12 wt % MgO [Le Bas, 2000]), spherical to ovoid
in shape, occasionally host olivine phenocrysts (Hauri et al., 2011), have a glassy or devitrified texture,
and are analogous to terrestrial Pele's tears (Moune et al., 2007). Based on the lack of impact metamorphic
shock textures and textural and chemical homogeneity, it has been largely accepted that these pyroclastic
glass beads were produced by explosive volcanic activity (Carter et al., 2009; Coombs & Hawke, 1992; Weitz
et al., 1998). Compositionally, the pyroclastic glasses are grouped by their TiO, content, from very low-Ti
(<1% Ti0,), to low-/intermediate-Ti (1%-6% TiO,), to high-Ti (>6% TiO,), which correspond to the colors
green, yellow, and orange/red/black respectively (Neal & Taylor, 1992).

The pyroclastic glass beads have been observed as a component within the regolith at all Apollo landing
sites (Delano, 1986; Heiken et al., 1974), but are also found in concentrated deposits. These concentrated
deposits of pyroclastic glass beads are termed dark mantling deposits, based on their low albedo in spectral
data and interaction with preexisting topography (Gaddis et al., 1985, 2003). Over 100 dark mantling de-
posits have now been identified across the Moon, with the majority of these located on the lunar nearside
(Gustafson et al., 2012). These deposits have been categorized by their areal extent as local (~250-550 km?)
or regional (>1,000 km?), with a roughly equal number of deposits split between these two categories (Gad-
dis et al., 2000; Weitz et al., 1998). It has been widely agreed that the volcanic eruptions that produced the
picritic glass beads were analogous to lava fountain eruptions (Carter et al., 2009; Coombs & Hawke, 1992;
Elkins-Tanton et al., 2003a), with localized and regional dark mantling deposits produced by eruptions
equivalent to terrestrial Vulcanian and Strombolian eruption styles respectively (Head & Wilson, 1979).

1.2. Measuring Volatiles in Lunar Pyroclastic Glass Beads

The discovery of measurable amounts of H in lunar pyroclastic glasses and melt inclusions (Hau-
ri et al., 2011; Saal et al., 2008) led to a paradigm shift from viewing the Moon's mantle as dry (Shearer
et al., 2006) to relatively wet, likely heterogeneously so (McCubbin et al., 2015). Many studies have followed
this discovery, aiming to quantify the abundance of H (as OH and equivalent H,0) and other volatiles in the
lunar mantle (Boyce et al., 2010; Hauri et al., 2011; Tartése et al., 2013; Wang et al., 2012). The huge body
of research dedicated to understanding H,O and other volatiles in the lunar interior has clear implications
for understanding the formation, thermal history, and volcanic history of the Moon (Anand et al., 2014;
Hartmann, 2014; Hartmann & Davis, 1974).

While progress has been made in quantifying lunar volatiles from lunar samples, it is still not clear what
role different volatile elements had during magma ascent and volcanic eruptions on the Moon. Since the
Moon has not been volcanically active for at least 100 Ma (Braden et al., 2014), likely not for the last 1 Ga
(Hiesinger et al., 2011), it is difficult to understand past active volcanic processes. To this aim, numerical
models of magma ascent provide an invaluable tool to investigate and understand the processes and dynam-
ics that occurred during volcanic eruptions.

1.3. Magma Ascent Modeling

Magma ascent is a complex process since it comprises numerous, interrelated processes that have signif-
icant effects, such as crystallization, degassing, temperature, pressure, and rheological changes (La Spina
et al., 2015). Individually, each of these processes can already have a significant effect on magma ascent dy-
namics (Caricchi et al., 2007; Dingwell & Webb, 1989; Sigurdsson, 2015; Webb & Dingwell, 1990). However,
they can also affect each other in non-linear ways, producing feedbacks and interactions we cannot readily
anticipate by studying them separately. An example of this is the temperature within the conduit, which is
affected by both the adiabatic cooling due to bubble expansion and by the heating resulting from the release
of latent heat of crystallization (La Spina et al., 2015). The temperature resulting from the balance of these
processes then affects the rheology of magma, which, in turn, alters the velocity of ascent. This influences
the time available for crystals to grow, and consequently, the release of latent heat, producing a feedback
on the temperature itself, which can be only quantified by considering all these processes simultaneously.
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Overall, it is extremely important to incorporate all of these processes into a holistic, quantitative, and com-
prehensive model for magma ascent.

Early models for magma ascent on Earth and on the Moon did not account for the presence of multiple
gas phases, crystals, gas-magma separation, or temperature variation (Wilson, 1980; Wilson & Head, 1981).
Over time, models began to consider the presence of crystals (Papale & Dobran, 1994), the presence of
multiple gas phases (Papale, 1999, 2001), and variations in source temperature (Costa et al., 2007; Melnik &
Sparks, 2002), although these additional complexities have mostly been confined to terrestrial magma as-
cent models rather than lunar magma ascent models. Most models for lunar magma ascent have either been
theoretical (Wilson & Head, 2017) or focused more on the rock mechanics aspect of magma ascent (Lister
& Kerr, 1991; Wilson & Head, 2003) rather than the magmatic aspect. Numerical models for lunar magma
ascent have been explored, such as in Rutherford and Papale (2009), where they modeled the ascent of an
intermediate- to high-Ti, orange picrite from 8 km depth to the lunar surface, using a fixed temperature.
Through this, they were able to quantify the gas volume fraction during ascent and the exit velocity, as well
as predict that magma fragmentation would occur once the magma reached the lunar surface.

To investigate the role of different volatile species (H,, H,0, and CO) on lunar magma ascent, we use a numer-
ical model for terrestrial magma ascent (Aravena et al., 2018; Carr et al., 2018; de’ Michieli Vitturi et al., 2011;
La Spina et al., 2015, 2021), that has been adapted for the Moon. The model we present here incorporates the
parameters and processes mentioned above, providing a holistic approach, where the petrological, thermody-
namic, rheological, and degassing processes are all addressed, quantified, and combined together.

Overall, in this study we aim to (a) quantify the effect of varying magmatic volatile content on magma as-
cent dynamics on the Moon, (b) understand the relative importance of different magmatic volatiles on mag-
ma ascent dynamics, and (c) compare and contrast our results with existing models for lunar magma ascent.

2. Methods
2.1. Model Background

Here we used a one-dimensional, multiphase, steady-state Fortran 90-based model for the ascent of mag-
ma in a cylindrical conduit (Aravena et al., 2018; Carr et al., 2018; de’ Michieli Vitturi et al., 2011; La Spina
et al., 2015, 2021). The magma ascent model consisted of a system of partial differential equations derived from
the work of Romenski et al. (2010), which coupled conservation equations for mass, momentum, and energy of
the whole mixture, with balance equations describing the evolution of the internal phases within the mixture
(such as the evolution of volume and mass fractions and of the gas/liquid slip velocity). The governing equa-
tions of the 1D steady-state magma ascent model adopted here are reported in Supporting Information Text S1.

Providing constitutive equations (such as appropriate rheological, crystallization, and exsolution models),
equations of state of each phase, boundary conditions (such as fixed pressure or choked flow condition at
the vent of the conduit), and input parameters (such as inlet pressure and temperature, radius of the con-
duit, volatile content, and crystal content), the magma ascent model calculated several quantities within
the entire conduit and at the exit vent (such as pressure, temperature, ascent velocity, gas content, crystal
content, and viscosity).

The model is versatile and numerous versions have previously been used to address several volcanological
questions, such as the complex variation of temperature within a conduit as a result of decompression and gas
expansion (which both induce a cooling of the magmatic mixture) and crystallization (which causes a heating
of the magmatic mixture) during the ascent of a basaltic magma (La Spina et al., 2015). The model has also
been used to constrain characteristic times of crystallization and exsolution (La Spina et al., 2016), showing
that syn-eruptive crystallization during effusive and mild lava fountaining requires about two hours to reach
equilibrium. Recently, Arzilli et al. (2019) used this magma ascent model to show that a rapid magma ascent
during basaltic explosive eruptions (such as Plinian or sub-Plinian eruptions) produces a large undercooling.
By performing fast-cooling synchrotron experiments, they found that this large undercooling can induce rap-
id syn-eruptive crystallization on the order of minutes, and not hours, as for mild lava fountaining activity,
increasing viscosity and leading eventually to explosive magma fragmentation. A different version of the mod-
el, which considers lateral degassing, has been used by Carr et al. (2018) to calculate the extrusion and ascent
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Table 1

Melt Compositions Used in Model, Based on Geochemical Data From the Apollo 11, 15, and 17 Picritic Glass Beads (Binder, 1976; Delano & Lindsley, 1983;
Delano & Livi, 1981; Shearer & Papike, 1993; Shearer et al., 1990)

Oxide/ Yellow (low- to

wt. % Green (very low-Ti) intermediate-Ti) Orange (high-Ti) Red (high-Ti) Black (high-Ti)

Sio, 45.6 40.5 39.2 33.8 33.9

TiO, 0.43 7.0 9.0 16.3 16.1

ALO, 7.5 8.2 7.3 4.8 4.4

FeO 19.2 22.2 224 239 22.5

MnO 0.26 0.24 0.28 0.33 0.25

MgO 17.9 12.2 12.4 13.2 13.8

CaO 8.3 8.8 8.3 6.8 6.4

Na,O 0.16 0.4 0.4 0.1 0.8

K,0 0.01 0.05 0.175 0.400

P,0, 0.03

Total 98.96 99.54 99.33 99.405 98.55

Sources  Average of 17 Apollo 15 Average of 11 samples Average of 61 samples Average of 4 samples from Average of 7 samples

samples (Binder, 1976; from Apollo 17 (Delano & from Apollo 17 (Delano &  Apollo 12 (Delano & Livi, 1981;  from Apollo 14 (Shearer

Shearer & Papike, 1993). Lindsley, 1983). Lindsley, 1983). Shearer & Papike, 1993). et al., 1990).

Note. A dashed line means that the data was not reported.

rate of magma during the 2006 effusive eruption of Merapi, Indonesia. Furthermore, following de’ Michieli
Vitturi et al. (2010), Aravena et al. (2017, 2018) modified the model to allow conduit radius variations with
depth in order to investigate conduit stability during explosive eruptions.

2.2. Test Case Scenarios

We investigated the role of volatiles on magma ascent dynamics on the Moon by considering the main five
compositions of lunar picritic magmas (Table 1): green (very low-TiO,), yellow (low- to intermediate-TiO,),
and orange, red, and black (high-TiO,).

Geochemical data has indicated that lunar picritic glass beads originate from a magma that underwent very
little fractional crystallization, since they are enriched in Mg and Ni, compatible elements that are usually
incorporated into common minerals, like olivine (Taylor et al., 1991). As a result, picritic pyroclastic glass
beads represent primary partial melting of lunar mantle, representing the most primitive lunar material
(Hess, 2000; Shearer & Papike, 1993). Hughes et al. (1988) modeled the best fit source region compositions
for Apollo 15 green pyroclastic glasses and produced an estimate of between 4% and 7% partial melting of
mafic cumulates. Shearer and Papike (1993) also found that mare basalts and picritic pyroclastic glasses
do not lie on the same liquid line of descent or crystallization path of cooling, indicating that they origi-
nated from source regions of different depths. The source depth of the picritic glasses has previously been
calculated using phase relationships and experimental petrology (Delano, 1980). Brown and Grove (2015)
used high-pressure, high-temperature pistons to determine the conditions under which intermediate-TiO,,
yellow picritic glass beads would be in equilibrium with different cumulate minerals. It was concluded
that olivine and low-Ca pyroxene cumulates would be in equilibrium with the picritic melts at pressures of
2.4-3.0 GPa, equivalent to lunar mantle depths of 512-646 km. Furthermore, by analyzing the volatile phas-
es present in Apollo 15 green glass beads, Elkins-Tanton et al. (2003b) proposed that the glasses originated
from pressures of roughly 2.2 GPa, corresponding to roughly 450 km depth.

2.3. Constitutive Equations

The constitutive equations of the magma ascent model relate the governing equations to a specific magmat-
ic system, in this case, the ascent of picritic magmas within the lunar crust (see Text S1 in Supporting Infor-
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mation S1). With respect to constitutive equations previously used by La Spina et al. (2015, 2016, 2017, 201
9, 2021) to simulate magma ascent at Stromboli, Etna, Kilauea, and Sunset Crater volcanoes, we modified
the rheological model to consider the composition of the lunar picritic magmas described in Section 2.2. We
also considered different volatile components (see Section 2.3.2) and the corresponding solubility models.
The new constitutive equations adopted in this work are described in the sections below (see Table S1 in
Supporting Information S1 for symbols used in equations).

The friction with the wall of the conduit was modeled as a function of the Reynolds number, as detailed in
La Spina et al. (2019). Laminar and turbulent flows were considered with the corresponding friction factors
according to the flow regime (Colebrook, 1939; Fang et al., 2011, La Spina et al., 2019). We assumed a con-
stant crystal content of 1 vol.% in agreement with calculations completed using MELTS (Ghiorso & Gual-
da, 2015; Gualda et al., 2012): see Text S2 and Datasets S1-S2 in Supporting Information S1. For fragmen-
tation, we utilized the strain rate model by Papale (1999), which suggests that fragmentation would occur
when the Deborah number, the ratio between the Maxwell relaxation time and the timescale of deformation
(Webb & Dingwell, 1990), exceeds the critical value of 0.01. For outgassing, we adopted a permeable gas
flow regime using the Forchheimer's law to describe outgassing below the fragmentation depth (Degruyter
et al., 2012; La Spina et al., 2017), while the drag model for gas-ash flow illustrated by Yoshida and Koya-
guchi (1999) was used above the fragmentation depth. Finally, the gravitational acceleration was changed
from 9.81 to 1.62 m s72, reflecting the gravitational force on the Moon.

2.3.1. Rheology

The viscosity was calculated using the Costa (2005) model:

My = Hery O, O 1)
where g is the viscosity of the magma, y_, is the viscosity of the bubble-free, crystal-free liquid phase, 6, is
a factor that increases viscosity due to the presence of crystals, and 6, is a factor that takes into account the
effect of bubbles on the magmatic mixture. To estimate x,,, we adopted the viscosity model of Giordano
et al. (2008), using the melt compositions for lunar magmas reported in Table 1.

The presence of crystals was accounted for by 6, as described in Costa et al. (2009):

PR L
[1- F(&CEJ’)JBJ (2)
where
[ = s
F :(l—f)erj{z(l—fé)gﬂ(l+(pyﬂ, gz):(jTj. 3

The fitting parameters B,5,&,y, and ¢" chosen for this work are the same used in Giordano and Ding-
well (2003): B =2.8,5 =13 -y, & = 0.0327,y = 0.84.

The relative viscosity due to the presence of bubbles was calculated using the general formula by Llewellin
et al. (2002) and Mader et al. (2013):

Oy =6y, +L9Mjn C))
1+(K Ca)

00 =(1-a,) ©

o =(1-at) ©
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where K = 6/5 and m = 2.

2.3.2. Volatile Solubility

The magma ascent model is able to account for two volatile species; we consider the combinations of H,0
and CO and H, and CO throughout this study. Renggli et al. (2017) calculated the relative abundance of
various H, O, C, Cl, S, and F-based species in picritic magmas to determine the overall composition of the
volcanic gas emitted during an explosive lunar eruption. The study highlighted that the redox conditions
present within the lunar mantle are a key control on the type of H-speciation, controlled by the depletion
of different volatiles and metals during the formation of the Moon. We know that the lunar mantle has
very reducing conditions, with estimates of the oxygen fugacity ranging from +0.2 to —2.5 log units from
the iron-wiistite buffer (Fogel & Rutherford, 1995; Shearer & Papike, 2004; Nicholis & Rutherford, 2009).
Renggli et al. (2017) concluded that the most abundant gases would be, in descending order of abundance,
CO, H,, H,S, COS, and S,, while H,0 was one of the more minor H-species, a result that is consistent with
other authors (Sharp et al., 2011).

Using measurements of carbon in lunar volcanic glasses and melt inclusions from Apollo 15 and 17 sam-
ples, Wetzel et al. (2015) demonstrated that carbon is present as a dissolved species in lunar magmas.
A large number of authors have previously identified CO as a key volatile for driving lunar volcanism
and have attributed the production of CO in the lunar mantle to the oxidation of graphite (Fogel & Ru-
therford, 1995; Nicholis & Rutherford, 2009; Rutherford & Papale, 2009; Sato, 1979; Spudis, 2015; Wetzel
et al., 2015; Wilson & Head, 2017). However, graphite has not been detected within any lunar samples as an
igneous phase (McCubbin et al., 2015); the only recorded occurrence of graphite has been within an Apollo
17 breccia associated with impact melting (Steele et al., 2010). Fogel and Rutherford (1995) proposed that
CO was produced by reactions between C and Fe-, Cr-, and Ti-oxides in the melt; reactions such as this
could produce up to 1,000 ppm of CO in low-Ti and intermediate-Ti picrites. The direct dissolution of CO
into magma as iron carbonyl (Fe(CO),) (Wetzel et al., 2013) has also been proposed. Overall, the origin of
CO within the lunar mantle remains inconclusive. Organic sources of carbon have also been investigated,
following the discovery of complex organic matter on the surface of high-Ti, black pyroclastic glass beads
(Thomas-Keprta et al., 2014). It was concluded that the source of the organic carbon is exogenous meteoritic
kerogen, delivered to the lunar regolith through micrometeorite impacts, therefore, it is unlikely that this
organic carbon would have played a role in magma ascent dynamics.

Although traces of H, have not been detected in the volatile-rich coatings of pyroclastic glass beads, we
consider H, in our magma ascent model as it is more likely to have been present at depth in the mantle
based on redox conditions within the lunar mantle (Renggli et al., 2017; Sharp et al., 2011). We also con-
sider H,O due to the greater amount of information available on the behavior of H,O at high pressure and
temperature, that is, within the Earth’s mantle. Several papers present solubility models for H,0 under
different conditions (Moore et al., 1995, 1998; Mysen & Wheeler, 2000), whereas H, solubility models are
less prevalent (Hirschmann et al., 2012). Using H,O in our lunar magma ascent model is also useful from a
comparative planetology perspective, since H,O is the dominant H-species within terrestrial systems (Hol-
loway & Blank, 1994).

melt

Following La Spina et al. (2015), the mass fraction x;"" of the dissolved volatile component i (i.e., H,, H,0,
or CO) was calculated in the conduit model using the nonlinear solubility model:

P g
X =cr,-[7l] , ™

where P, is the partial pressure, o, is a solubility coefficient, ¢ is a solubility exponent, and P =1 Pa,acon-
stant value used to make the quantity in brackets adimensional.

To estimate both solubility exponents and coefficients for H,0, we adopted the model of Moore et al. (1998):
a P i
21n X535, ==t Y bix; [?J +cln fiss +d €))

where Xji< is the mole fraction of H,0 dissolved in the melt, fii% is the fugacity of H,0 in the fluid, T is

the temperature (Kelvin), P is the pressure (bars), and a is the anhydrous mole fraction of metal oxide com-
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ponents. The values of the model coefficients were identical to those used by Moore et al. (1998), a = 2565,
b,p0s = —1.997, b, = —0.9275, b, = 2.736, ¢ = 1.171, and d = —14.21. Best fit values for water solubility
exponents and coefficients were calculated for a pressure of 41 MPa and a temperature of 1700 K. For a
very low-Ti picrite, a solubility coefficient of 6.15 x 10~7 and exponent of 0.58914 was obtained, while for
a high-Ti/black picrite, a solubility coefficient of 5.69 X 107 and exponent of 0.59080 was obtained. For all

calculated solubility coefficients and exponents, see Table S2 in Supporting Information S1.

For H,, solubility parameters o, = 3.15 X 107*? and ¢, = 1 were utilized, based on the solubility curves
produced by Hirschmann et al. (2012), assuming a lunar mantle oxygen fugacity of IW —1.0. For CO, solu-
bility parameters o, = 0.2438 X 1072 and ¢, = 1 were determined using the model by Wetzel et al. (2013),
assuming highly reducing conditions in the lunar mantle (Shearer et al., 2006).

2.4. Equations of State

The equations of state describe the internal properties of each phase. For both melt and crystal phases, a lin-
earized version of the Mie-Griineisen equations of state was adopted (La Spina & de’ Michieli Vitturi, 2012;
La Spina et al., 2014):

Cl. - 7.P
o (P/wT) =g e, T+ PokCok — Vilox ’
YkPx
2
PoxCox — ViFox
b (kaT) =Ck (7k - l)ka e —
Vi
k=1
T ( pox
Sk (Pk’T) =580k + € iln _[&] ’ ®
0.k \ Pk
7k -1
. S (P T ) = Sox
Ck(pva) =Cox £ exp (—) ,
Po.k Cok

where & indicates either the melt or crystal phase. Here ¢, is a constant parameter representing the forma-
tion energy of the fluid, c,, is the specific heat capacity at constant volume, y, is the adiabatic exponent,
Do Pos Toi So. and C  are respectively the density, pressure, temperature, specific entropy, and speed of
sound at a reference state.

For the exsolved gas phase, the Van der Waals equations of state were adopted to take into account the non-
ideality of the gas phases (La Spina et al., 2015):

i (pgi’T) :C\ugiT T g Py T g

Py (pgi’T) =Crg (ygf - I)T% - agipgi’
il
T | Po,g; (yg l)
Sgi (pgi ’T) =¢yglog —[;& ’ (1 L )J ’ 10)
0. \ Pei
Cq (pgi’T) = M —2agp,,
(1 - bgipgi

fori =1,...,n,. The coefficients ag, and b, are defined as

2 2 0
_ 27 ‘v.gi(}/gi _1) Tey 11)
S 64 P ’

.8
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where P, g and T, o are the critical pressure and temperature of the gas component g;, respectively.

2.5. Initial and Boundary Conditions

The initial conditions for our numerical simulations are defined as a set of values for certain parameters
at the inlet of the conduit, which were altered between different model runs. The boundary conditions,
instead, are the conditions set at the vent of the conduit. For a given combination of initial and bounda-
ry conditions, the model calculated all the parameters within the conduit that satisfied those conditions.
Specifically, model solutions were obtained using a shooting technique, which consisted of searching for
the inlet magma ascent velocity that allowed us to obtain the desired atmospheric pressure or choked flow
condition at the conduit outlet (de’ Michieli Vitturi et al., 2008). A choked flow condition is reached when
the mixture velocity is equal to the speed of sound in the mixture. To calculate the speed of sound of the
mixture, we adopted the equation described in La Spina et al. (2021):

¢= N (13)

where C is the speed of sound in the mixture, K = ,K; + K, is the compressibility of the mixture, and p
is the density of the mixture.

For our investigation on how the magmatic volatile content affects magma ascent dynamics on the Moon,
we used the five picritic compositions presented in Table 1. For each model run with these composi-
tions, we assumed a conduit radius of 10 m and a conduit depth of 10 km. Compared with larger-scale
gravitational anomalies, lunar dykes are difficult to detect and measure using gravimetric data (An-
drews-Hanna et al., 2013). We assumed a conduit radius of 10 m to reflect data from surveys of terrestri-
al dykes that fed basaltic volcanic systems (Anderson, 1951; Kavanagh & Sparks, 2011; Klausen, 2006).
Although picrites are thought to originate from depths of up to 450 km (Elkins-Tanton et al., 2003b) or
~600 km depth (Brown & Grove, 2015), we only focus on the final 10 km of ascent, where the role of
volatile elements in driving magma ascent is more significant and the direct link to eruption conditions
is more feasible.

We considered the pressure, temperature, H,, H,0, and CO content, and crystal content as initial condi-
tions at the inlet of the conduit. Values adopted for the model runs are reported in Table 2. Specifically,
we set an initial pressure of 41.31 MPa, an initial temperature of 1700 K, and an initial crystal content of 1
vol % (see Text S2 and Datasets S1-S2 in Supporting Information S1) for all model simulations. Regarding
the boundary conditions at the conduit outlet, we adopted both a desired pressure at the vent of the con-
duit and choked flow condition. However, since there is no atmosphere on the Moon, the pressure at the
conduit outlet was set to 0 Pa. For the volatile contents, we assumed initial H,O contents between 25 and
1,500 ppm, based on reported measurements of lunar glass beads (Hauri et al., 2011; Saal et al., 2008),
and equivalent H, contents between 2 and 85 ppm, based on molecular weight relative to H,O. Finally,
for CO, we assumed the same initial contents as for H,O, which matches measurements made by Wetzel
et al. (2015) at the lower bound and estimates of the carbon content of the terrestrial mantle at the upper
bound (Gerlach et al., 2002), Table 2.

2.6. Sensitivity Analysis

We conducted a sensitivity analysis to determine the relationship between various input parameters (inlet
temperature and pressure, H, content, H,0 content, CO content, and conduit radius) and model outputs
for quantities within the conduit (gas volume fraction, exit pressure, exit velocity, and mass flow rate). The
sensitivity analysis was performed using the Dakota toolkit (Adams et al., 2014), which is an open-source
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Table 2
Initial Conditions at Conduit Inlet Used for Magma Ascent Model Runs in This Study, From Values Reported in the
Literature
Initial condition Value Assumptions/Reference
Pressure (Pa) 41310000 Based on a conduit depth of 10 km, an acceleration due to lunar gravity

of 1.62 m s72, and average lunar crustal density of 2,550 kg m—3
Wieczorek et al. (2013).

Temperature (K) 1700 Liquidus temperatures of 1673 + 20 K (green and yellow picritic beads)
Fogel and Rutherford (1995)) and 1623 K (orange picritic beads)
Rutherford and Papale, (2009) have been determined. These values
provide a lower bound for this boundary condition.

H,0 content (ppm) (a) 25 Initial H,O content was varied from 25 ppm, based on measurements
(b) 100 ranging from 4 to 46 ppm by Saal et al. (2008), and 1,500 ppm, based
on measurements of 1,410 ppm by Hauri et al. (2011).
(c) 500
(d) 1,000
() 1,500
H, content (ppm) (a)2 Equivalent H, content obtained from the conversion of H,0 to
®)6 molecular hydrogen concentrations.
(c)28
(d) 56
(e) 85
CO content (ppm) (a) 25 The lower limit was based on measurements made by Wetzel
(b) 100 et al. (2015), while the upper limit was based on carbon abundances
in terrestrial volcanic rocks measured by Hekinian et al. (2000) and
(c) 500 Gerlach et al. (2002). The range of initial CO contents were extended
(d) 1,000 to match that of H,O.
(e) 1,500
Crystal content (vol %) 1 Initial crystal content of the picritic magma was calculated using MELTS

Ghiorso and Gualda (2015); Gualda et al. (2012) and did not exceed 1
weight % for any composition of picrite, assuming an initial liquidus
temperature for lunar picritic magma of at least 1693 K Fogel and
Rutherford (1995). See Text S1 in Supporting Information S1.

Note. For the initial crystal content calculations, see Text S2 and Datasets S1-S2 in Supporting Information S1.

software produced by Sandia National Laboratories. The software has a broad range of uses including model
calibration, risk analyses, and uncertainty quantification. For our sensitivity analyses, we adopted a Latin
hypercube sampling technique to vary the different input parameters within set ranges, in a more efficient
manner than random sampling (Iman & Conover, 1980; McKay et al., 1979). We performed a sensitivity
analysis with H,0 and CO using 10,000 different model simulations for each of the five magma composi-
tions (Table 1), varying the combination of input parameters with a uniform distribution within the ranges
considered. An additional sensitivity analysis using H, and CO as volatile species for an intermediate-Ti
picrite was also performed to compare the results with the corresponding H,0-CO case. Specifically, the
initial temperature was varied between 1600 and 1800 K, the inlet pressure between 40 and 45 MPa, the H,O
and CO content between 5 and 1,500 ppm, the H, content between 2 and 90 ppm, and the conduit radius
between 10 and 100 m, see Table S3 in Supporting Information S1 for full information.

We chose to analyze four model outputs: gas volume fraction, exit pressure, exit velocity, and mass flow rate.
These model outputs have a direct control on many aspects of eruptive behavior, such as the ejection dis-
tance of pyroclastic material, the height of an eruption plume, and the overall style of the volcanic eruption
(Sigurdsson, 2015; Wilson, 1972; Wilson, 1980).
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Figure 1. Numerical results for a green/very low-TiO, (VLT) picrite with an initial volatile content of 25 ppm H,0 and 25 ppm CO (blue curve) and 1,500 ppm
H,0 and 1,500 ppm CO (red curve): (a) pressure, (b) temperature, (c) mixture velocity, (d) gas/melt relative velocity, (¢) mixture viscosity, and (f) Deborah
number. The black line in panel (f) represents the critical Deborah number above which fragmentation is triggered.

3. Results
3.1. Model Outputs

We present numerical results for (a) the H,O and CO model simulations and (b) the H, and CO model simu-
lations. For the H,0 and CO model simulations, we present results for the two end-member compositions of
picrite: green/very low-TiO, (VLT) glass (Figure 1), and black/high-TiO, glass (Figure 2). In both Figures 1
and 2, we plot the numerical results obtained with a lower volatile content (i.e., 25 ppm of H,0 and 25 ppm
of CO, blue lines) and with a higher volatile content (i.e., 1,500 ppm of H,O and 1,500 ppm of CO, red lines).
For the H, and CO model simulations, we present results for a green/VLT picrite with a lower bound volatile
content of 2 ppm H, and 25 ppm CO and an upper bound volatile content of 84 ppm H, and 1,500 ppm CO
(Figure 3). There was little variation in the results between the five end-member compositions of picrite, for
both the H,0 and CO and the H, and CO model simulations, therefore, we have chosen to present results
from only one or two compositions. For model results for all five magma compositions, see Figures S1-S15
in Supporting Information S1.

The model results presented for H,O and CO simulations in Figures 1a, 1b, 2a, 2b, 3a, and 3b show a con-
tinuous decrease in pressure and temperature for the majority of the conduit. For the lower initial volatile
content simulation, an exit pressure of 0.05 MPa was reached, while an exit pressure of 0.6 MPa was reached
for the higher initial volatile content simulation. Calculated exit pressure was always greater than zero (the
surface pressure on the Moon) so for all simulations the model reached the choked-flow condition at the
vent of the conduit.

For the temperature (Figures 1b, 2b, and 3b), we saw a constant cooling of 10°C-15°C after 10 km of ascent.
The temperature gradient from the conduit inlet to the surface was relatively low compared to terrestrial
low viscosity basaltic magmas (La Spina et al., 2015, 2017, 2021) for two main reasons. First of all, the crystal
content was fixed at 1 vol %, therefore, there was no latent heat of crystallization being released into the sys-
tem (Blundy et al., 2006; La Spina et al., 2015). Second, the volatile content in most of the model simulations
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Figure 2. Numerical results for a black/high-Ti picrite with an initial volatile content of 25 ppm H,0 and 25 ppm CO (blue curve) and 1,500 ppm H,O and
1,500 ppm CO (red curve): (a) pressure, (b) temperature, (c) mixture velocity, (d) gas/melt relative velocity, (e) mixture viscosity, and (f) Deborah number. The
black line in panel (f) represents the critical Deborah number above which fragmentation is triggered.

was very low (<0.15 wt.% in total), meaning that there would be little expansion of bubbles during ascent,
which limits adiabatic cooling (Kavanagh & Sparks, 2011; La Spina et al., 2015).

For the H,0 and CO model simulations, mixture velocity, gas-melt slip velocity, and viscosity were constant
for the majority of the conduit, with changes only occurring within the final 2 km or less of ascent (Fig-
ures 1lc-1e and 2c-2e). During ascent, mixture velocity was almost constant. From a depth of 10-1 km, a
mixture velocity of ~6 m s~ was calculated for the low volatile content simulations, and a mixture velocity
of ~8 m s~! was calculated for the high volatile content simulations. From 1 km to the surface, the magma
accelerated, with the mixture velocity reaching values of ~10 m s~! (simulations with lower initial vola-
tile contents) to 40 m s! (simulations with higher initial volatile content). Mixture velocity did not vary
significantly across the different compositions. The near constant mixture velocity reflects the low volatile
content assumed for the simulated magmas. Indeed, even the higher volatile content simulations do not
contain sufficient exsolved volatiles to affect magma buoyancy for most of the conduit, and therefore ascent
at depth would be mainly driven by the pressure gradient. It should be noted that these results only rep-
resent processes occurring within the conduit, so the ejection velocities are likely to be greater than those
reported here, due to the further expansion and acceleration that the magma would experience upon exiting
the vent. Gas-melt slip velocity was basically zero from the conduit inlet to the surface for the low volatile
content simulations, which means that the bubbles would stay coupled with the melt during ascent, that
is, outgassing would be mostly inhibited. For the high volatile content simulations, it appears that bubbles
started to decouple from the melt at a depth of ~4 km, however, this does not appear to have affected the
overall magma ascent dynamics significantly (Figures 1d and 2d). For the H, and CO model simulations,
the bubbles appear to begin to decouple from the melt at a greater depth of ~6 km (Figure 3d).

The calculated viscosity of the magma was very low compared to terrestrial simulations for all model sim-
ulations, with values of ~0.5-5 Pa s for the very low-TiO,/green picritic magma, and ~10-30 Pa s for the
high-TiO,/black picritic magma. This is likely a result of the low silica content of picrites, high source tem-
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Figure 3. Numerical results for a green/very low-TiO, (VLT) picrite with an initial volatile content of 2 ppm H, and 25 ppm CO (blue curve) and 84 ppm H,
and 1,500 ppm CO (red curve): (a) pressure, (b) temperature, (c) mixture velocity, (d) gas/melt relative velocity, (e) mixture viscosity, and (f) Deborah number.
The black line in panel (f) represents the critical Deborah number above which fragmentation is triggered.

perature and very low crystal content, which reduces the viscosity of the melt. This result is consistent with
viscosity values reported by Williams et al. (2000).

We can see that fragmentation was not expected to occur within the conduit as the critical Deborah num-
ber (black lines on Figures 1f, 2f, and 3f) needed to trigger fragmentation (Papale, 1999) was not exceeded.
However, the rapid decompression and expansion expected once magma is ejected from the vent due to the
negligible pressure outside the conduit would likely trigger inertial or fluid-dynamic fragmentation (Jones
et al., 2019, La Spina et al., 2021; Namiki & Manga, 2008). This suggests that the magma would fragment
upon reaching the surface, producing a lava fountaining style (La Spina et al., 2021), which is consist-
ent with many models presented previously (Carter et al., 2009; Coombs & Hawke, 1992; Elkins-Tanton
et al., 2003a; Fogel & Rutherford, 1995; Weitz et al., 1998).

Finally, our results show that for the range of H,0 and CO contents and compositions modeled here, the
calculated mass flow rate was always between 3.4 X 10° and 6.7 x 10° kg s™*. For the H, and CO model
simulations, the mass flow rate showed similar values, ranging from 4.4 x 10° and 8.0 x 10° kg s~! (see Ta-
ble S4 in Supporting Information S1 for full results and details of all model simulations). The slightly lower
solubility of H, compared with H,O and its behavior of exsolving at greater depth result in a more buoyant
magma. However, the results for the H,O and CO model simulations do not differ greatly from the results of
the H, and CO model simulations. The main differences are in the gas-slip velocity and the mass flow rate,
differences that both appear to stem from the slightly lower solubility of H, in magma compared with H,O.

3.2. Volatile Exsolution During Ascent

We now analyze the effect of the different initial volatile contents assumed on the exsolution of volatiles
during ascent and on the resulting gas volume fractions. We present results for a yellow/intermediate-Ti pic-
rite from 10 km (Figure 4) and 2 km (Figure 5) depth to the surface. For the model simulations concerning
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Figure 4. Volume fraction of exsolved gas and dissolved H,0/H, and CO plots for a yellow/intermediate-Ti magma containing H,0 and CO (panels a-c) and
H, and CO (panels d-f), all from a depth of 10 km to the surface. Dashed lines represent an initial volatile content of 25 ppm H,0 and 25 ppm CO, or 2 ppm H,
and 25 ppm CO. Solid lines represent an initial volatile content of 1,500 ppm H,0 and 1,500 ppm CO, or 84 ppm H, and 1,500 ppm CO. Red lines represent the
total volatile content, blue lines represent the H,O or H, amount, and green lines represent the CO amount.

H,0 and CO, Figures 4a and 5a show that, for range of magma compositions and initial magmatic volatile
contents modeled, CO made up the majority of the volume fraction of exsolved gas. For the low volatile con-
tent simulations, the total volume fraction of exsolved gas reaches 0.4 (Figures 4a and 5a, red dashed line),
70%-75% of which is CO. For the higher volatile content simulations, instead, the total exsolved gas volume
fraction reaches 0.8 (Figures 4a and 5a, red solid line) at the vent of the conduit, 50%-55% of which is CO.
However, for most of the conduit, CO is the dominant volatile species. These results are likely a product of
the higher solubility of H,O in magma compared with CO.

Results show that the amount of H,0 dissolved within the magma remains constant, except for when the
high volatile content simulation reaches the upper 250 m of the conduit (Figure 4b). Meanwhile, most of
the CO is already exsolved at 10 km depth, with only a small amount left dissolved in the melt (Figure 4c).
This is a result of the low solubility of CO in lunar magmas. However, due to the high pressure, the exsolved
CO volume fraction remains small until shallow depths (see green curves on Figures 4a and 5a).

The depth at which H,O and CO exsolved showed little variation from very low- to high-Ti magma (Figures
S1-S15 in Supporting Information S1); it appears that the magma compositions investigated here have little
effect on the volume fraction of exsolved gas during ascent. The variation in major element composition
does not seem to affect the solubility of the volatiles in the magma to a significant degree.

For the H, and CO model simulations, the role of both volatiles in driving magma ascent seems compa-
rable, with H, being slightly more dominant for the low volatile content simulations (Figures 4d and 5b).
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Figure 5. Volume fraction of exsolved gas and dissolved H,0/H, and CO plots for a yellow/intermediate-Ti magma containing H,0 and CO (panel a) and H,
and CO (panel b), from a depth of 2 km to the surface. Dashed lines represent an initial volatile content of 25 ppm H,0 and 25 ppm CO, or 2 ppm H, and 25
ppm CO. Solid lines represent an initial volatile content of 1,500 ppm H,0O and 1,500 ppm CO, or 84 ppm H, and 1,500 ppm CO. Red lines represent the total
volatile content, blue lines represent the H,O or H, amount, and green lines represent the CO amount.

Figure 4d shows that, for the low volatile content simulations, H, makes up 65%-70% of the total volume
fraction of exsolved gas (0.5). For the high volatile content simulations, H, makes up 55%-60% of the total

volume fraction of exsolved gas (0.8).

H, appears to be slightly less soluble in magma than H,O, with H, exsolving more gradually between 10
and 2 km depth, compared with the more rapid exsolution of H,O at shallow depths of 1-2 km (Figures 4b
and 4d). Overall, these results show that, for the range of volatiles and volatile contents considered here, the
dominant volatile that makes up the majority of the exsolved gas fraction is depending on which H-species
is initially selected, giving a strong dependence on factors such as the oxygen fugacity of the system.

3.3. Sensitivity Analysis

The results of the sensitivity analysis have been illustrated with: plots showing frequency against selected
output parameters (Figures 6 and 7); Sobol index plots (Figure 8); and correlation plots showing the relation
between each volatile component against both exit velocity and exit pressure (Figures 9 and 10). The Sobol
index of a given output parameter is a measure of how the variability in the output value is linked to the var-
iability of different model inputs (La Spina et al., 2019). Therefore, the Sobol index can be used to comment
on the relative influence of one input parameter (within the ranges investigated in the sensitivity analysis)
on a specific output. The model inputs we analyzed were: pressure, temperature, conduit radius, H,O or H,
content, and CO content. The four model outputs we focus on are: exit gas volume fraction, mass flow rate,
exit velocity, and exit pressure. We focus on results for a yellow/intermediate-Ti picrite for both the H, and
CO and the H,0 and CO model simulations. For sensitivity analysis results for all picrite compositions, see
Figures S16-S27 in Supporting Information S1.
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Figure 6. Frequency against selected output parameters obtained from the sensitivity analysis assuming a yellow/intermediate-Ti magma containing H,0 and
CO: (a) exit gas volume fraction, (b) mass flow rate, (c) exit velocity, and (d) exit pressure.

Our results show that both mixtures of volatiles (H,0-CO, and H, CO) produce a very similar exit gas vol-
ume fraction, mass flow rate, exit velocity, and exit pressure (Figures 6 and 7, Table 3). The only notable
difference is that each of these model output parameters were consistently higher for the H,-CO mixture,
compared with the model simulations obtained assuming a H,0-CO gas mixture by roughly 5%-10%.

The Sobol index plots (Figure 8) indicate that exit gas volume fraction was affected by all five input param-
eters tested. For the H,0-CO model simulations, H,0 had a lower effect than that of CO. For the H,-CO
model simulations, instead, H, played a larger role than CO in affecting the gas volume fraction at the vent
of the conduit. For both combinations of volatiles, mass flow rate was majorly controlled by conduit radius.
For the H,0-CO model simulations, CO was the dominant input parameter for controlling both exit velocity
and exit pressure, with minimal contribution from H,O. However, for the H,-CO model simulations, H, and
CO were roughly equal in terms of controlling the model output.

The significance of CO compared with H,O can be seen in the correlation plots for exit velocity and pres-
sure (Figure 9). These are illustrated in Figure 9 where each red point is the output value resulting from
one simulation, whereas the blue line is the mean value of the outputs obtained for the given value of the
corresponding input parameter. The higher the gradient of the blue line, the more significant the input
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Figure 7. Frequency against selected output parameters obtained from the sensitivity analysis assuming a yellow/intermediate-Ti magma containing H, and
CO: (a) exit gas volume fraction, (b) mass flow rate, (c) exit velocity, and (d) exit pressure.

Table 3
Summary of the Frequency Against Selected Output Parameters Graphs
(Figures 6 and 7)

Output H,0and CO H,and CO
Gas volume fraction Range 0.05-0.95 0.20-0.95
Peak 0.45-0.55 0.55-0.65
Mass flow rate (log 10 kg s71) Range 5.6-9.4 6.0-9.4
Peak 8.5-9.0 8.8-9.2
Exit velocity (m s™!) Range 6-60 8-67
Peak 35-40 40-45
Exit pressure (log Pa) Range 3.3-6.2 3.5-6.3
Peak 5.7-6.0 5.9-6.1

parameter is for controlling the output. The blue lines for H,0O content
are almost flat (Figures 9a and 9c), indicating that, across the H,O con-
tents investigated in the sensitivity analysis, H,O is not affecting the exit
velocity and exit pressure, confirming the findings of the Sobol index re-
sults. On the contrary, the gradient of the CO content curves is greater
than that for H,0, which indicates that CO has a greater influence on the
calculated exit velocity and pressure (Figures 9b and 9d). This is likely to
be a consequence of the relatively low initial H,O content assumed and
of the higher solubility of H,O in magma compared to CO. Indeed, the
combination of both results is an exsolution of H,O only at very shallow
depth, and thus water is not able to affect significantly the magma ascent
dynamics. In Figure 10, we see that the gradient between H, and CO and
exit velocity and exit pressure are very similar, suggesting that they have
an equal effect on magma ascent dynamics.
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Figure 8. Sobol index plot obtained from the sensitivity analysis for yellow/intermediate-Ti magma containing H,O and CO (panels a-d) and H, and

CO (panels e-h), showing the relative important of pressure, temperature, conduit radius, initial H,0 content, and initial CO content on exit gas volume
fraction (panels a and e), mass flow rate (panels b and f), exit velocity (panels c and g), and exit pressure (panels d and h). Results are based on 10,000 model
simulations.
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Figure 9. Correlation plots obtained from the sensitivity analysis for a yellow/intermediate-Ti picrite containing H,0O and CO, showing the variability of: exit
velocity as function of (a) H,O content, and (b) CO content; and exit pressure as function of (c) H,O content, and (d) CO content. Each red point represents 1
of the 10,000 simulations. Each blue line represents the mean output value calculated for a given value of the input parameter. The gradient of each blue line
indicates how strongly the input parameter affects the corresponding output parameter.

4. Discussion
4.1. Importance of Volatile Content and Composition on Magma Ascent Dynamics on the Moon

Our numerical modeling and sensitivity analysis results have shown that for a magma containing H,0O and
CO, CO has a stronger control on lunar magma ascent dynamics than H,0, for the range of initial volatile
contents we investigated. Conversely, we have also shown that for a magma containing H, and CO, H, has a
comparable or slightly stronger control on lunar magma ascent dynamics than CO.

According to our sensitivity analysis, for a magma containing H,O and CO, initial CO content was the most
significant input parameter controlling exit velocity and exit pressure (Figure 8), out of the input param-
eters analyzed. Initial CO content was also more significant than initial H,O content for controlling the
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Figure 10. Correlation plots obtained from the sensitivity analysis for a yellow/intermediate-Ti picrite containing H, and CO, showing the variability of: exit
velocity as function of (a) H, content, and (b) CO content; and exit pressure as function of (c) H, content, and (d) CO content. Each red point represents 1 of the
10,000 simulations. Each blue line represents the mean output value calculated for a given value of the input parameter. The gradient of each blue line indicates
how strongly the input parameter affects the corresponding output parameter.

exsolved gas volume fraction, although initial pressure and temperature had a greater contribution than
each of the volatiles. This result is in agreement with several previous studies that state that CO was a key
volatile in driving lunar magma ascent and eruptions (Rutherford & Papale, 2009; Rutherford et al., 2017;
Sato, 1979; Spera, 1992; Wilson & Head, 2017). For the simulated magma containing H, and CO, the sensi-
tivity analysis results showed that H, content had a greater or roughly the same effect as CO content on the
exit gas volume fraction, pressure, and velocity. Again, this is in agreement with recent studies that have
considered H, to be a key volatile element in driving lunar magma ascent (McCubbin et al., 2015), although
traces of H, have not yet been detected in the volatile-rich coatings on pyroclastic beads.
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Since the initial CO and H, content of a magma (containing H,0 and CO or H, and CO respectively) has a
strong control on the exit pressure and exit velocity, the initial CO or H, content must also have a significant
degree of control on the shape of an eruption plume, eruption plume size, and the distances that pyroclasts
would be ejected. With a greater exit gas volume fraction and exit pressure, we would expect that the later
expansion of the eruption plume would be greater. According to Head and Wilson (2017), lunar volcanic
plumes are made of a gas cloud, which expands hemispherically, and pyroclasts decoupled from the gas
cloud, which disperse following ballistic trajectories. The wide-angle expansion of the gas cloud is the re-
sult of gas expansion in a vacuum. Furthermore, as the gas expands its density continues to decrease, until
it is so small that the drag force on the pyroclasts becomes negligible (the critical gas density), and thus
they decouple from the gas cloud following mainly ballistic trajectories. If a significant proportion of the
pyroclasts are following a ballistic trajectory, a radial dispersal would be observed, ultimately creating a thin
and widely dispersed pyroclastic deposit. However, before the critical gas density is reached, pyroclasts are
affected by gas cloud expansion, and they are accelerated reaching velocities of several hundred of meters
per second. The exit pressure and gas volume fraction at the vent of the conduit will affect the expansion of
the gas cloud and the reaching of the critical gas density, influencing the pyroclasts ejection velocities, and
ultimately the deposit.

Regarding magma fragmentation during ascent, our numerical results suggest that fragmentation would
not occur within the conduit. The low and high volatile content simulations produced a similar Deborah
number (~1077), which was too low to reach the fragmentation threshold. Brittle or inertial fragmentation
are likely to occur once magma is ejected from the vent, due to the strong acceleration that the magma
will experience following the expansion of the gas cloud in the lunar vacuum. Which one of the two com-
peting mechanisms is more likely to take place is difficult to forecast with our current numerical tool, and
more appropriate modeling of this process is required. This would be also important to elucidate the role
of the initial volatile content on magma fragmentation within a gas cloud. The link between initial vola-
tile content and pyroclastic deposit morphology has recently been explored by Morgan et al. (2021), using
measurements of volatile abundance and release patterns from experiments to estimate pyroclast grain size
distributions and their subsequent ejection distances. Their results predicted a bimodal pyroclastic grain
size distribution, a maximum pyroclast ejection distance of 20 km (a distance that encompasses 79% of all
observed lunar pyroclastic deposits), and that a wide range of volatile contents are responsible for producing
the wide range of deposit sizes observed. Future developments could involve utilizing the magma ascent
model results in the context of the Morgan et al. (2021) work.

We can also comment on the effect of different compositions on magma ascent dynamics, since we modeled
the full range of picritic compositions from a green/very low-Ti to a black/high-Ti picrite. The magmatic
major element compositions investigated here seem to not have a significant effect on the overall magma
ascent dynamics. As expected, the only parameter that appears to be affected by magma composition is
viscosity, with an order of magnitude difference between the green/VLT picrite (viscosity of ~1 Pa s) to the
black/high-Ti picrite (viscosity of ~10 Pa s). This variation in viscosity is not enough to produce a significant
effect on magma ascent dynamics and, thus, the simulations obtained with the different compositions are
very similar to one another (Figures 1 and 2).

It is important to highlight that we have tested a range of initial volatile contents based on measurements
and modeled values from returned samples of lunar picritic glass beads (Saal et al., 2008; Wetzel et al., 2015),
supplemented by data from terrestrial volcanic systems where there is limited data on lunar volcanic sys-
tems (Gerlach et al., 2002; Hekinian et al., 2000). Therefore, any errors or uncertainties associated with
these measurements are carried forward to our results.

Finally, we modeled the ascent of a magma containing combinations of H, and CO (to represent the most
likely H- and C-species, based on geochemical conditions present in the lunar mantle) and H,0 and CO (to
utilize the plethora of information available on the behavior of H,O in silicate melts). The results of the two
different modeling scenarios show opposing results in terms of whether an H- or C-species is dominating
magma ascent and eruption dynamics. We cannot be sure which of the two different modeling scenarios
are more accurate, since the exact proportions in which H would partition into H,O and H, at 10 km depth
within the lunar mantle are not fully understood. Renggli et al. (2017) highlighted the importance of redox
conditions in controlling H speciation, while Hirschmann et al. (2012) also demonstrated the importance of
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pressure and magmatic H, content on H speciation. Hirschmann et al. (2012) calculated that, for a magma
containing 1,000 ppm H, at a pressure of 0.1 GPa (i.e., conditions on the same order of magnitude as this
study), the molar ratio of H, within a magma would be 10%-30%. The molar ratio of H, within a melt only
exceeds 50% for a magma containing >2,000 ppm H, at >3 GPa, suggesting that, for the pressure conditions
simulated in this study, H,0 would be the dominant H-species in the magma. Overall, the results from this
study highlight the importance of factors such as melt system oxygen fugacity, H content, and pressure in
understanding how H partitions between H,O and H, in magmas, and, therefore, how different volatile
elements control magma ascent and eruption.

4.2. Comparison With Results From Previous Magma Ascent Models and Experiments

We compare our findings with results from previous numerical and experimental models (Rutherford &
Papale, 2009; Rutherford et al., 2017; Wilson & Head, 2018). Our sensitivity analysis showed that, across
all initial volatile contents and compositions, exit mixture velocity varied from 5 to 60 m s~!, with a peak in
the middle of this range at 25-35 m s~!. These results match previous estimates for average ascent velocity
of 20-30 m s~! (Wilson & Head, 2018), and previous estimates for exit mixture velocity between 15 and
35 m s~! (Rutherford & Papale, 2009). This is useful for understanding the conditions and style with which
the picritic glass beads erupted, such as eruption height and pyroclast dispersal distance, although calculat-
ing these conditions is beyond the scope of this work.

Rutherford et al. (2017) devised a model for the ascent of high-Ti/orange picritic magma, based on gas sol-
ubility experiments. High-temperature and -pressure experiments were used to simulate magma ascent, in
order to determine the type and abundance of volatile species that would exsolve during the ascent of an
analogue orange picrite. Matching depth in the conduit with the corresponding temperature and pressure,
three stages of lunar magma ascent were interpreted: (a) 550 km depth, the source region of the picrite
partial melt zone, up to 50 km depth, (b) 50-0.5 km depth: C, O, H, and S compounds exsolve from the mag-
ma, and (c) < 500 m depth: volatile phases continue to exsolve within a closed system, with a gas volume
fraction of 0.7 at a depth of ~130 m. While we only model to a depth of 10 km, it can be said that our results
partly match the gas volume fraction measured for stage 3 of the Rutherford et al. (2017) model; indeed,
we see an exit gas volume fraction of 0.7-0.8 for an intermediate-Ti, high volatile content simulations (Fig-
ures 3d and 4b). However, they conclude that fragmentation would take place at a depth of 130 m, based on
the reaching of a critical gas volume fraction (0.7) (Sparks, 1978), or at a depth of 300-600 m, based on the
pressure required to explain the carbon content of the samples. Differences with the Rutherford et al. (2017)
model likely stem from the different initial volatile contents utilized (800-900 ppm H,0 and 1,280 ppm CO)
and from the different fragmentation models incorporated. Our results suggest, based on the pressure and
choked flow conditions and the Deborah number, that fragmentation would occur once the magma exits the
vent, which is in agreement with the conclusions made by Rutherford and Papale (2009).

The distinction of lava fountaining as a separate eruption style from effusive and explosive activity in ter-
restrial basaltic eruptions has recently been made by La Spina et al. (2021). They show that for a lava foun-
taining eruption style, fragmentation does not occur within the conduit, but above the vent. Our results are
consistent with previous models that attribute the lunar pyroclastic glass beads to lava fountaining (Carter
et al., 2009; Coombs & Hawke, 1992; Elkins-Tanton et al., 2003a), but also match the recent work that
quantitatively defines lava fountaining behavior on Earth (La Spina et al., 2021). Understanding the volume
fractions of gas present during ascent and eruption, as well as the point at which fragmentation occurs, is
important for understanding the emplacement of lunar pyroclastic deposits, in particular the size distribu-
tion of pyroclasts and the extent of different deposits.

4.3. Comparison With Volcanism on Other Planetary Bodies

Many questions still exist regarding the volatile budget and style of volcanic activity across the silicate bod-
ies in our solar system (Horowitz et al., 2017; McCubbin et al., 2015; Tartese et al., 2013). The surfaces of our
Moon, Mercury, and Mars have been well imaged by various satellites, allowing us to make measurements
of various volcanic features on these bodies, such as lava flows and pyroclastic deposits. From this, some
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inferences have been made on the volatile content of the different magmas that drove volcanic activity,
which have been paired with geochemical information to understand the volatile species that may have
been present. We briefly detail some of the progress that has been made in understanding the volatiles that
may have driven volcanism on Mercury and Mars, to put our work into context.

4.3.1. Mercury

Over 50 deposits mapped on Mercury's surface are thought to have been produced by explosive volcanic activ-
ity (Goudge et al., 2014). Mercurian pyroclastic deposits generally have a greater areal extent than lunar pyro-
clastic deposits, which has led to the inference that Mercury's pyroclastic eruptions involved greater amounts
of volatiles than lunar pyroclastic eruptions (Kerber et al., 2011). Based on the age-relationships between
pyroclastic deposits and impact craters, Thomas et al. (2014) suggested that long-lived explosive volcanism
occurred on Mercury, spanning from ~3.9 to 1.0 Ga. Not only does this provide information on the thermal
history of Mercury, it also indicates that Mercury had a relatively substantial mantle volatile inventory. Based
on the highly reducing conditions likely present, it is unlikely that H,O is abundant in Mercury's mantle
(Hirschmann et al., 2012). Several volatiles have been proposed as the main drivers of Mercury's explosive
volcanic activity: S,Cl, Cl, Cl,, and COS (Kerber et al., 2011), as well as H, and H,S (Greenwood et al., 2018).
These studies verified results from a chemical equilibrium model by Zolotov (2010), which suggested that N,
€0, s,, CS,, S,Cl, Cl, Cl,, and COS could make up a significant portion of Mercury's volcanic gases.

To give a sense of scale between our results and pyroclastic deposits on Mercury, we give a brief comparison
with a study by Kerber et al. (2009a, 2009b). Based on the morphology of a large volcanic deposit in the
Caloris impact basin, Kerber et al. (2009a, 2009b) calculated the minimum vent speed and volatile con-
tent required to eject a pyroclast 24 km (the radius of the Caloris basin pyroclastic deposit) from the vent.
They calculated that a minimum exit velocity of 300 m s~* and volatile abundances of 3,600 ppm H,O and
5,500 ppm CO, which they calculated to be the equivalent of 1,600 ppm of H,O and 2,400 ppm of CO in
lunar conditions. This suggests that the volatile contents we modeled, which are based on measured and
modeled volatile abundances in lunar samples, would not propel pyroclasts to distances as far as the 24 km
measured for the Caloris basin pyroclastic deposit.

4.3.2. Mars

The majority of volcanic deposits on Mars that have been studied have been produced by effusive volcanic
activity (Glaze & Baloga, 2006; Hulme, 1976; Wilson et al., 2009). Although there are a growing number
of studies looking at more cone-like deposits, produced by explosive activity (Broz & Hauber, 2011; Lanz
et al., 2010), there are still many connections to be made between studies of volatiles in Mars' mantle (such
as Filiberto & Treiman, 2009; Filiberto et al., 2016), and understanding the key volatile elements that drove
explosive volcanic activity on Mars.

Compared with Mercury, a much greater wealth of information on the volatile content and oxygen fugacity
of the Martian interior exists due to studies of Martian meteorites. The main volatiles that have been studied
include H,0, C-species, S-species, F, and Cl. For H, O, there has been some debate over whether Martian me-
teorites are anhydrous (Leshin et al., 1996) or whether they represent material that has completely degassed
during eruption or emplacement (McSween et al., 2001; Nekvasil et al., 2007). A generally accepted value
of 73-290 ppm H, 0 in the Martian mantle has been estimated from apatites found in shergottites (McCub-
bin et al., 2012), which is on the same order of magnitude as current lunar estimates (Boyce et al., 2010;
Tartese et al., 2013; Wang et al., 2012). Based on geochemical and experimental constraints, it has also been
suggested that Cl and F were more abundant than H,O in Martian magmas, and therefore may have had a
greater influence on driving magma ascent and eruption (Filiberto et al., 2016; Filiberto & Treiman, 2009).

4.4. Future Model Applications and Developments

The links between volcanic deposit morphology and eruption conditions have been well explored for a
range of planetary bodies and features (Garry et al., 2007; Lena et al., 2008; H. J. Moore et al., 1978; Wilson
et al., 2009). For the results presented here, we suggest that the calculated mass flow rates (Table S4 in Sup-
porting Information S1) could be paired with measurements of the volumes of pyroclastic deposits (such
as Trang et al., 2017) to provide some estimates on the duration of eruptions on the Moon, which is poorly
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understood. Such knowledge could provide useful insight into the repose time between periods of volatile
release on the lunar surface, helping to understand whether transient atmosphere(s) existed on the Moon
during periods of regular or pronounced volcanic activity (Head et al., 2020; Needham & Kring, 2017). The
results of our sensitivity analysis showed that conduit radius had a very strong control on the calculated
mass eruption rate. Therefore, in order to produce these robust estimates for eruption duration, the range
of values used for the conduit radius would need to be constrained with better certainty. At present, it has
not been possible to resolve individual magmatic conduits from lunar gravimetric data (Andrews-Hanna
et al., 2013); as more data becomes available, this avenue could be explored more effectively.

There are several different aspects of lunar volcanism that could be investigated using the magma ascent model
used here. First of all, the ascent of high-Ti basalts could be investigated in more detail. Although it is assumed
that partial melts within the lunar crust would always buoyantly ascend due to a sufficient density difference,
Delano (1990) proposed that high-Ti basalts would be an exception to this rule, calculating that high-Ti basalts
would exceed a “compositional limit of eruptability.” Delano (1990) calculated that a TiO, content of roughly
16.4% would result in such a high density that any dykes would stall or even descend within the mantle or crust.
This value for TiO, content is difficult to verify: if samples of this magma are not reaching the surface due to stall-
ing, then there is an inherent bias in samples of picritic glass beads, samples which we must base our modeled
compositions on (Shearer et al., 1990). While we used the same density for all compositions of magma within the
equations of state of the model, the magma ascent model used here would be a fitting method for investigating
the initial conditions that would produce a theoretical limit, beyond which a magma would not ascend and erupt.

Second, data from future missions could be used to infer the magma ascent model to understand specific
volcanic sites on the Moon, for example, samples collected by Chang'e 5 from northern Oceanus Procellar-
um. Compositional data could provide information for the initial conditions of the magma ascent model,
which could be used to simulate magma ascent in the area. This could be particularly useful since the ba-
salts near Chang'e 5's landing site are thought to be some of the youngest mare basalts, with some areas of
high-Ti basalt present (Qian et al., 2021).

5. Conclusions

We have investigated the effect of different magmatic H- and C-species and volatile contents on magma
ascent dynamics, for the ascent of picritic magma within the lunar crust. We have applied a 1-dimensional,
multiphase numerical model, previously used for terrestrial cases (de’ Michieli Vitturi et al., 2011; La Spina
et al., 2015, 2016, 2017, 2019, 2021) to a lunar scenario. We also performed a sensitivity analysis to investi-
gate the relationship between various initial conditions and model outputs.

Using measured and modeled H,, H,0, and CO abundances in the numerical magma ascent model and
sensitivity analysis, we have shown that CO has a stronger control on the magma ascent dynamics than
H,0, for model simulations investigating H,0 and CO. We can see from gas exsolution profiles and Sobol
indices that the range of H,O abundances presented in previous studies (Saal et al., 2008) do not have a
large effect on magma ascent dynamics compared with other initial conditions, namely CO abundance,
temperature, pressure, and conduit radius. Initial CO content had the strongest control on exit velocity and
exit pressure, which, in turn, strongly influence the formation of plumes, ejection of ballistics in the sur-
rounding area, and, ultimately, the deposits that we can observe on the surface of the Moon. It is likely that
initial CO content has a significant control on eruption style and eventual pyroclastic deposit morphology,
making it a key volatile for driving lunar volcanic eruptions. This finding is in agreement with a number of
studies (Rutherford & Papale, 2009; Rutherford et al., 2017; Sato, 1979; Wilson & Head, 2017). We conclude
that understanding the abundance and origin of CO is of great importance for understanding lunar magma
ascent, subsequent eruption processes, and deposit morphology.

For model simulations investigating H, and CO, we have shown that H, has a similar or slightly greater
control on magma ascent dynamics than CO. While some authors have suggested that H, would be the dom-
inant H-species driving lunar magma ascent and eruption (Renggli et al., 2017), other studies have shown
that H,O would be the more abundant H-species present for the conditions simulated in our magma ascent
model (Hirschmann et al., 2012). Overall, the results from this study highlight the importance of factors
such as oxygen fugacity, H content, and pressure in understanding how H partitions between H,0 and H, in
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magmas, and therefore, how different volatile elements control magma ascent and eruption. In any case, for
the ranges of volatile abundances considered here, either H, or H,0 produce similar values (i.e., results for
H, only 5%-10% higher than for H,0) for mass eruption rate, exit velocity, exit pressure, and exit gas volume
fraction, suggesting that the differences in plume dispersal or ballistic ejection would not be significant.

Our results also showed that magma composition does not have a significant effect on the overall magma as-
cent dynamics. The different compositions adopted affect the magma viscosity, with an order of magnitude
difference between the green/very low-Ti picrite (viscosity of ~1 Pa s) to the black/high-Ti picrite (viscosity
of ~10 Pa s). However, this variation in viscosity is not enough to produce a significant variation in the mag-
ma ascent dynamics across the different magmas, and thus differences in magma composition are unlikely
to produce significant differences in eruption style.

The methods used in this study could provide a wealth of information on many different aspects of lu-
nar volcanism, such as understanding lunar eruption processes in a quantitative way, the role of different
S-species in driving lunar eruptions, or the feasibility of the ascent of high-Ti magmas. The application of
increasingly sophisticated numerical models of magma ascent to investigate planetary volcanism will only
increase over time as more data (such as the interior compositions, magmatic compositions, and volatile
contents across different planetary bodies) becomes available to the scientific community.
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