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Basaltic volcanoes produce a range of eruptive styles, from Strombolian to low-intensity fire fountaining to, much
more rarely, highly explosive Plinian eruptions. Although the hazards posed by highly explosive eruptions are
considerable, controlling mechanisms remain unclear, and thus improving our understanding of such mecha-
nisms is an important research objective. To elucidate these mechanisms, we investigate the magma ascent dy-
namics of basaltic systems using a 1D numerical conduit model. We find that variations in magmatic pressure at
depth play a key role in controlling modelled eruption characteristics. Our most significant result is that a de-
Magma ascent crease in pressure at depth, consistent with the emptying of a magma chamber, results in enhanced volatile ex-
Conduit model solution and in deepening fragmentation depth. The corresponding decrease in conduit pressure ultimately
Basalt produces a collapse of the conduit walls. This type of collapse may be a key mechanism responsible for the ces-
Explosive eruption sation of individual explosive eruptions, a notion previously explored for silicic eruptions, but never before for
Magma chamber basaltic systems. Using previously published field and sample analysis to constrain model parameters, we simu-
Sunset Crater late scenarios consistent with sub-Plinian eruptions, similar to those at Sunset Crater volcano in ~1085 CE in
terms of mass eruption rates and duration. By combining these analyses with a chamber-emptying model, we
constrain the size of the magma chamber at Sunset Crater to be on the order of tens of km®. During the
1085 CE Sunset Crater eruption, there were three main sub-Plinian events that erupted between 0.12 and
0.33 km? of tephra (non-DRE), indicating that ~1% of the total chamber volume was erupted during each sub-
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1. Introduction

Among the different eruptive activities that a volcano can exhibit,
explosive eruptions are the most intense and violent. These eruptions
can inject very large volumes of a gas-particle mixture into the atmo-
sphere over different timescales (seconds to weeks), generating col-
umns that may reach up to tens of kilometres in height. Several styles
of explosive eruptions exist: Hawaiian, Strombolian, Vulcanian, violent
Strombolian, sub-Plinian and Plinian eruptions. Typical Hawaiian erup-
tions are characterized by fire-fountaining activities sustained for hours
to weeks (Richter et al., 1970; Gonnermann and Manga, 2013), which
can reach heights of several hundred meters. Strombolian eruptions
consist of periodic impulsive explosions caused by the bursting of an
overpressured gas slug at the surface (Walker, 1973; Houghton and
Gonnermann, 2008; Gonnermann and Manga, 2013). Vulcanian erup-
tions are characterized by short-lived (typically seconds to minutes),
discrete explosions caused by sudden decompression of a volcanic
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conduit (Mercalli, 1907; Clarke, 2013; Clarke et al., 2015; La Spina
et al., 2017a). In contrast, Plinian eruptions are quasi-steady explosive
eruptions, sustained for hours to days, generating buoyant vertical col-
umns up to 30 km high (Costantini et al., 2010; Gonnermann and
Manga, 2013; Cioni et al., 2015). The characteristics of sub-Plinian and
violent Strombolian eruptions are similar to those of Plinian eruptions,
but have lower mass eruption rates and lower eruptive columns, rang-
ing between 10 and 20 km in altitude (Bursik, 1993; Cioni et al., 2003,
2015) and up to 10 km (Valentine, 1998; Valentine and Gregg, 2008;
Pioli et al., 2008), respectively.

Vulcanian, sub-Plinian, or Plinian explosive activity is favored in high
viscosity silicic magmas, whereas Hawaiian or Strombolian activity is
common in basaltic systems. Occasionally, however, basaltic volcanoes
produce highly explosive eruptions, up to Plinian in scale with mass dis-
charge rates of ~10® kg/s (Williams, 1983; Walker et al., 1984; McPhie
et al., 1990; Coltelli et al., 1998; Nye et al., 2002; Rosi et al., 2006;
Scollo et al.,, 2007; Houghton and Gonnermann, 2008; Costantini et al.,
2010; Schauroth et al., 2016). While Mt. Etna (Italy), for example, has
generated multiple Strombolian, fire-fountaining and sub-Plinian
events during the last 20 years (Branca and Del Carlo, 2005; Polacci
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et al,, 2006; Behncke et al., 2014; Pompilio et al., 2017), it also has pro-
duced historical highly explosive eruptions, such as the Plinian event
that occurred in 122 BCE (Coltelli et al., 1998; Giordano and Dingwell,
2003; Pompilio et al., 2017). This type of unexpected eruption poses a
real challenge to policy-makers when mitigating the risks associated
with basaltic volcanoes. Therefore, a clearer understanding of the pro-
cesses controlling the ascent of basaltic magma and corresponding
eruption styles is of paramount importance.

During magma ascent several interdependent processes take place,
such as gas exsolution and expansion, outgassing, crystallization, tem-
perature change, and associated rheological variations. Although labo-
ratory experiments, field work, thermodynamic modelling, and
analytical measurements provide essential data to understand each of
these processes (such as Costantini et al., 2009; Costantini et al., 2010;
Agostini et al., 2013, Arzilli et al., 2015, Di Genova et al., 2017, Petrelli
et al., 2018, Polacci et al., 2018, Moitra et al., 2018, Alfano et al.,, 2018
and Allison et al., 2019), the highly non-linear interdependence of
magma ascent processes makes the understanding of overall ascent be-
haviour challenging to unravel. From this perspective, numerical
models of magma ascent, which are able to couple and integrate all of
these processes at the same time, constrained by field observations of
eruptions and analysis of eruptive products, provide an invaluable tool
for investigating eruption dynamics of basaltic volcanoes (La Spina
et al., 2015, 2016, 2017b).

Over the course of the past decades, numerical models of magma as-
cent dynamics have been widely used to investigate highly explosive si-
licic eruptions (Wilson et al., 1980; Dobran, 1992; Papale and Dobran,
1994; Papale, 1999; Melnik, 2000; Papale, 2001; Gonnermann and
Manga, 2003; Costa et al., 2009a, 2009b; Kozono and Koyaguchi, 2009;
Degruyter et al., 2012; La Spina et al., 2017a; Aravena et al., 2017,
2018a, 2018b). On the other hand, there exist only a few studies of
magma ascent dynamics in basaltic eruptions, mainly focused on effu-
sive, Strombolian, and fire-fountaining activities (Wilson and Head,
1981; Vergniolle and Jaupart, 1986; Parfitt, 2004; Rutherford and

Papale, 2009; La Spina et al., 2015, 2016, 2017b). Mechanisms control-
ling highly-explosive basaltic eruptions thus remain unclear.

Here we investigate the magma ascent dynamics of basaltic sub-
Plinian to Plinian eruptions by adopting a 1D numerical conduit model
for magma ascent and varying key input parameters over a range of
values to discover general trends and thresholds. We focus our attention
on the 1085 CE basaltic sub-Plinian eruptions at Sunset Crater volcano,
Flagstaff, AZ, USA (Fig. 1), and by extension also on systems with similar
magma characteristics. Using several types of previously published field
observations, we constrain input parameters for the Sunset Crater con-
duit model, including pressure at depth, temperature, and volatile and
crystal contents. We then analyse how varying input parameters affects
key output variables, including mass eruption rate and exit velocity. Fi-
nally, we study what controls eruption duration and provide some in-
sights into magma storage at depth.

2. Materials and methods
2.1. The steady conduit model

In this work we use the 1D steady-state model for magma ascentin a
cylindrical conduit described by La Spina et al. (2015, 2016, 2017b). In
general, however, volcanic plumbing systems are more complicated
than a simple cylindrical conduit geometry. For this reason, a discussion
on the assumption of the cylindrical conduit geometry for our test case
study will be presented in Section 3. The executable for Windows, Linux
and macOS of this version of the conduit model can be downloaded
from the link bit.ly/MAMMA_CODE_v0d2. The system of differential
equations is derived from the theory of thermodynamically compatible
systems (Romenski et al., 2010), where conservation equations for the
mixture are coupled with equations describing disequilibrium between
phases. A schematic representation of magma ascent dynamics during
explosive eruptions in a conduit-like geometry is illustrated in Fig. 2.

Fig. 1. Sunset Crater volcano, photo taken from SW.
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Fig. 2. Schematic picture of magma ascent dynamics during explosive eruptions in a
conduit-like geometry.

In this model, the magmatic mixture is assumed to be a combination
of two phases. Below the fragmentation level, the mixture is composed
of a liquid phase (denoted by the index [), made of a mixture of melt,
crystals and dissolved volatiles, and a gas phase (denoted by the index
g), consisting of bubbles of exsolved volatiles. Above the fragmentation
level, the liquid phase is replaced by a dispersed particle phase (still de-
noted by index I), whereas the gas phase continues to represent the
mixture of exsolved volatiles. Since the gas mixture is always referred
to as the exsolved volatile phase, we can use, without ambiguity, the
subscripts g; and g5 to refer to the two main gas species present in a
magmatic mixture: H,O and CO,. The subscripts d; and d», instead, are
used to refer to the dissolved volatile species, whereas the subscript m
is used for the melt, and c for the total crystal content. Each of the two
phases of the mixture and each component is characterized by the vol-
ume fraction (oy), mass density (o), mass fraction (xy), velocity (uy),
specific internal energy (ey), specific entropy (si), pressure (P;) and
temperature (Ty). Therefore, the saturation constraints of oy + oy = 1
and x; + x; = 1 hold all along the conduit. Within each phase, we as-
sume that all components have the same pressure, temperature and ve-
locity (i.e. P,, = P. = P4, = Py and Py, = Pg, and analogously for the
temperature and velocity). Using the notation described above, we de-
fine the mixture parameters as follows:

P =0oyp; + agpg§ P= OélPl + ongg;
P T= OL[T, + C(ng;
X :T; U = XU + Xglg; 1)
e =Xxe + Xgeg'-,
Xg :%; SZX,S’+XgSg.
p

Relative motion between gas and liquid/particle phase is permitted,
and different pressures between the gas and the liquid/particle phase
can also be considered. An equilibrium temperature is assumed be-
tween the two phases. La Spina et al. (2015) have shown that tempera-
ture profile varies along the conduit, mainly due to adiabatic gas
expansion, resulting in a cooling of the magmatic mixture, and crystal-
lization, which produces a heating of the system. Furthermore, other
processes, such as heat loss to wall rocks and viscous heating due to fric-
tion with conduit walls, may occur during magma ascent causing tem-
perature variations within the conduit (Costa et al., 2007; Lavallée
et al., 2015). Due to the strong coupling between temperature and vis-
cosity (Costa et al., 2007; Giordano, 2019), these variations can poten-
tially affect magma ascent dynamics. However, since in this work we
are modelling just the last few hundred meters below the vent, we
can infer that the temperature variations within the shallow part of

the conduit are minimal (Campagnola et al., 2016). Moreover, we do
not have tight constraints on the temperature at the inlet to the shallow
conduit. For these reasons, as done previously by several authors (such
as Melnik and Sparks, 2002; Macedonio et al., 2005; Kozono and
Koyaguchi, 2009; Rutherford and Papale, 2009; Degruyter et al., 2012;
Moitra et al., 2018), we adopted, as a first order approximation, isother-
mal conditions (T; = T, = T = constant), and then investigate different
inlet temperatures via sensitivity analysis.

Following La Spina et al. (2015, 2017b), the conservation equations
for the mixture mass and momentum are:

Opu
™o, )

0 pu? pgu?
5[2 kLg QP Uf + CuP] = _pg_fD,Trl<l —Ki’f) —fug%dv» 3)

Here, g is gravitational acceleration, ¢yis a non-dimensional variable,
which is 0 below the fragmentation level and 1 otherwise, r is the con-
duit radius, which is assumed to be constant, and fp, and fp_ are the
Darcy-Weisbach friction factors, which are functions of Reynolds num-
ber (and therefore of viscosity) and conduit wall roughness as per the
empirically-derived Moody diagram (Weisbach, 1845; Brown, 2003).

The following balance equation defines variations in the liquid vol-
ume fraction, and thus also in the gas volume fraction, along the con-
duit:

dpuey 1
9z T

(Pg—P)). (4)

The relaxation parameter 7” (m? s~ ') defines the disequilibrium
between the gas and liquid pressures (La Spina et al,, 2015). Here we as-
sume equilibrium between the two pressures by setting 7P <«1.

The exsolution of each gas component and the corresponding dis-
solved contents are governed by the following balance equations:

dotg,p, U 1

= e (XA (cwpr—cupepo) 5)
0 md 1 md __,mdeq 6
% ((alpl—alpcﬁc)xd, u,) =10 (Xd, —X, )(alpl—alpcﬁc)«, (6)

where xdimd is the mass fraction of the dissolved gas phase i with respect
to the liquid crystal-free phase, while xdlmd' ¢4 is the value at equilib-
rium. The relaxation parameter 7 (s) controls the exsolution rate
and thus controls how close the dissolved gas mass fraction is to the
equilibrium value. In this work we obtain instantaneous relaxation to
the equilibrium value by setting 7€) < 1.

Since we are interested in simulating sub-Plinian to Plinian erup-
tions of basaltic magma, we expect that the magma ascended rapidly
all along the conduit, leaving insufficient time for crystallization during
ascent and thus we assume a constant crystal content. This assumption
for our case study will be discussed in Section 3.

Finally, the relative motion of the gas with respect to the liquid phase
is expressed by the following differential equation:

0 [u} ug Py Py
62|22 PO, )T S 8
1.p _eou o U
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The relaxation parameter 7 (kg~'m?s) controls the degree of
decoupling between the gas and the liquid phase. When this relaxation
parameter is very small, the relative velocity approaches zero, whereas
large values of 79 result in strong decoupling. The model presented
above is a general formulation, and can be used to describe magma
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ascent dynamics for a wide range of volcanoes and eruptive regimes (La
Spinaetal., 2015,2016). The application to a specific volcano is achieved
by providing constitutive equations to describe the specific rheological,
solubility, crystallization, outgassing, and fragmentation behaviour of
the system, along with equations of state.

2.2. Constitutive equations and equations of state

In order to reproduce the magma ascent dynamics of highly-
explosive basaltic eruptions, we selected constitutive equations that
reasonably represent the Sunset Crater magmatic system, an alkali ba-
salt similar in composition to that of Stromboli (Italy), Etna, and the
Tecolote cone in the Pinacate Volcanic Field (Mexico). With respect to
constitutive equations previously adopted by La Spina et al. (2015,
2016, 2017b) for Stromboli, Etna and Kilauea (HI, USA), we modify
them to include the effects of bubbles on magma viscosity, refine the
solubility models for water and carbon dioxide, and define friction at
the conduit wall for both laminar and turbulent regimes. These new
constitutive equations are described below. Regarding outgassing, fol-
lowing La Spina et al. (2017b), the relaxation parameter 7 is defined
by Forchheimer's law (Degruyter et al., 2012) below the fragmentation
depth, while above the fragmentation level it is modelled according to
Yoshida and Koyaguchi (1999). Fragmentation is assumed to occur at
a critical gas volume fraction (Sparks, 1978) of 0.6, consistent with the
vesicularity measured for Sunset scoria clasts (Alfano et al., 2014). Al-
though the critical volume fraction criterion has been shown to be an
oversimplification (Papale, 1999; Zhang, 1999), Melnik and Sparks
(2002) and Degruyter et al. (2012) compare fragmentation criteria in
one-dimensional conduit models, such as strain-rate, bubble overpres-
sure, and bubble volume fraction, and demonstrate that different
criteria lead to similar results in terms of eruption dynamics, largely be-
cause the thresholds are reached simultaneously. The equations of state
adopted in this work are those described by La Spina et al. (2014, 2015).

2.2.1. Magma rheology
The viscosity of the liquid phase is modelled as:

= “melteCOb7 (9)

where i, is the viscosity of the bubble-free, crystal-free liquid phase,
0. is a factor which increases viscosity due to the presence of crystals
(Costa, 2005), and 6}, is a factor taking into account the effect of bubbles
on the magmatic mixture. To estimate ti; as a function of melt compo-
sition, water concentration, and temperature we use the viscosity
model of Giordano et al. (2008). In this work, we use the average com-
position of 1085 CE Sunset Crater scoria (Allison et al., 2019; Table 1).
The presence of crystals is accounted for by 6. as described in Costa
et al. (2009a) and La Spina et al. (2015).

In a liquid mixture, the variation in viscosity due to the presence of
bubbles depends on bubble response to shear stresses. Bubbles that re-
main spherical and undeformed serve to increase effective viscosity of

Table 1
Sunset Crater average composition of the melt inclusions used in the viscosity model.
Composition
Si0, 47.35
TiO, 2.15
Al,O3 17.36
FeO 8.8
MnO 0.14
MgO 7.48
Ca0 10.91
Na,0 3.58
K>0 0.98
P,05 0.52
Tot. 99.27

the magma whereas those that deform easily serve to decrease effective
viscosity (Llewellin et al., 2002; Llewellin and Manga, 2005; Mader et al.,
2013). This bubble response can be described by the capillary number
Ca, a dimensionless number representing the ratio between the viscous
stress acting on the bubble and the restoring stress supplied by the sur-
face tension (Mader et al,, 2013):

Ca= ”meltGCI':b Vshear : (1 0)

The capillary number depends on liquid viscosity (melt + crystals),
shear strain rate (¥, ), surface tension at the liquid-bubble interface
('), and bubble radius (1), which here is calculated as a function of
the bubble number density (Ny) as reported in Degruyter et al. (2012).
For this work we estimate Ny to be 10'° m~3 based on preliminary ob-
servations of scoria clasts from Sunset Crater, which are similar to values
for the normal explosive activity at Stromboli (Polacci et al., 2009).
Moreover, since our model is one-dimensional, the shear strain rate is
computed as the mixture velocity divided by the conduit radius.

We adopt the general formulation for relative viscosity due to the
presence of bubbles in a magmatic mixture presented by Llewellin
et al. (2002). Following Mader et al. (2013), this equation can be gener-
alized for non-dilute suspensions as

0p0—0p o
O = Oy + 200 11
b= T K Cay™ (an
B0 = (1—ag) ", (12)
Oy = (1—0t)*>, (13)

where K = 6/5 and m = 2.

2.2.2. Volatile solubility model

In this model, we consider two main gas components, water and car-
bon dioxide. The equilibrium dissolved water content as a function of
water fugacity has been modelled following the results for Etna pre-
sented by Lesne et al. (2011):

o |
x;'jﬁ,-jg—o.01.<1042_98> : (14)

where szo = fn,0/1par 1s the non-dimensional water fugacity, fy,o is
the water fugacity expressed in bars, and 1, is the unity in bars. Fol-
lowing Holloway and Blank (1994) we approximate water fugacity in
the pressure/temperature range of interest (<90 MPa, 1100-1200 °C)
as:

fu,0 =0.9823(Py,0), (15)

where Py, is the partial pressure of water expressed in bars.

Similarly, the equilibrium dissolved CO, content is modelled as a
function of carbon dioxide fugacity. This function has been derived
from a 6th order polynomial fitting of the thermodynamical model pre-
sented by Allison et al. (2019):

nggj =— (aefcoz)G + (asfcoz)s - (a4fcoz)4
+ <a3fcoz)3_(azfcoz>2 + (alfcoz) + do, (16)

where fcoz = fco, /1par is @ non-dimensional variable, fco, is the fugacity
of CO, expressed in bars, ag = 1.59 x 105,a5 = 1.81 x 107>, a4 = 1.755
x107°,a3=1.33x107%,a, =593 x107%,a; =5.32x 1077, and ap =
1.53 x 107>, Again following Holloway and Blank (1994), carbon diox-
ide fugacity can be approximated within the pressure and temperature
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ranges investigated in this work with another 6th order polynomial:

feo, = —(bei’coz)6 + (bsi’coz>5 + <b413c02)4 + <b313c02>3
+ (bzpcoz>2 + (blpCOZ) + bo, (17)

where Pcoz = Pco, /1pqr is the non-dimensional partial pressure of car-
bon dioxide, Pco, is the partial pressure expressed in bars, bg = 6.62
x 1074 bs =949 x 1074 by = 4.63 x 1074 b3 =331 x 1073, b, =
1.46 x 102, by = 0.999999857, and by = 232 x 107°,

2.2.3. Conduit wall friction

Because we are interested in simulating sub-Plinian to Plinian erup-
tions we expect to find high ascent velocities within the conduit, even
before magma fragmentation. In such conditions, the liquid flow could
be turbulent. In order to consider this possibility, we model the friction
factor of the liquid phase fp, in Egs. (3), (8) as a function of Reynolds
number Re, which is calculated as

_ piu2r
[T

Re (18)

If the Reynolds number is <2000, we assume the flow is laminar, and
adopt the widely used Hagen-Poiseuille's law by assuming

i 64
fgllmmar _ E (19)

When Re> 3000, we approximate the friction factor for fully-
developed turbulent flow based on the Colebrook equation
(Colebrook, 1939; Fang et al., 2011). This equation combines experi-
mental studies of turbulent flow in smooth and rough pipes. The validity
of the Colebrook equation was reported to be in the range of Re =
3000-108 and Rr = 0-0.05, where Rr is the relative roughness of the
pipe, which is the ratio of the surface roughness (i.e. is the average
height of the surface irregularities within the pipe) and the diameter
of the pipe.

This law is not convenient to use, however, because fp, is expressed
implicitly, which requires several iterations to find a solution. For this
reason, a number of approximate explicit counterparts have been pro-
posed in the literature. Here we adopt the explicit approximation devel-
oped by Fang et al. (2011):

fltjurbulent _ 1.613|: In <0.23RT]']007— 60.525 +

56.291\1 2
{ Rel.1105

Rel.0712 (20)

We assume the maximum relative roughness to be Rr = 0.05. In the
transitional regime when 2000 < Re < 3000, a linear interpolation be-
tween fp '*™" and fp, MUt is used. Above the fragmentation level,
gas-wall drag fp_ is set to 0.03 as in Degruyter et al. (2012).

3. Numerical results
3.1. Application to the 1085 CE sub-Plinian eruptions at Sunset volcano

Sunset Crater is a ~290-m-high monogenetic scoria cone ~25 km
northeast of Flagstaff, AZ. It is the youngest of roughly 600 scoria
cones in the San Francisco Volcanic Field (Ort et al., 2008a). The eruption
produced three lava flows that cover ~8 km?, a scoria blanket up to 12 m
thick covering an area of about 500 km?, and minor spatter cones and
ramparts (Ort et al., 2008a; Alfano et al., 2018). Sunset Crater produced
a wide range of eruption styles including lava flows, fire-fountaining,
and Strombolian to sub-Plinian explosive eruptions (Ort et al., 2008a,
2008b; Alfano et al., 2018). There were three main sub-Plinian explo-
sions that erupted 0.12 to 0.33 km? of tephra (a total of 0.22 km?
DRE), produced columns 20-30 km high, and were classified

accordingly as VEI 3 (Alfano et al., 2018). Mass eruption rates (MER)
were estimated to have been between ~5 x 106 and 1 x 108 kg/s and du-
rations ranged from 20 to 90 min (Alfano et al,, 2018).

Since the Sunset Crater eruption started as a fissure eruption, the
plumbing system beneath the vent is likely to be more complicated
than a simple cylindrical conduit geometry. Basaltic magmas in mono-
genetic volcanic fields commonly ascend through dykes in the deep
plumbing system (Keating et al., 2008; Genareau et al., 2010;
Valentine, 2012). Close to the surface in many cases, such as for the Sun-
set Crater eruption and any axisymmetric cinder cone, activity shifts
from fissure-fed eruptions to eruptions supplied by cylindrical conduits
which rapidly build near-axisymmetrical cinder cones (Keating et al.,
2008; Genareau et al., 2010; Valentine, 2012). Harp and Valentine
(2015) suggested that the transition from feeder dike to conduit occurs
generally in the upper ~100 m of the crust. However, conduit geometry
can occasionally extend several hundreds of meters or more into the
subsurface (Valentine, 2012; Harp and Valentine (2015)).

Therefore, with the 1D conduit model described above we cannot
simulate the entire magma ascent path. For this reason, we limit our
analysis to the upper 500 m of the conduit, where the plumbing system
is more likely to have cylindrical geometry. The presence of a dyke just
beneath the cylindrical geometry can affect the overall magma ascent
dynamics (Costa et al., 2009b; Aravena et al., 2018b), and we approxi-
mate this impact below in our analysis.

Since mass eruptions rates estimated for Sunset Crater are in the
order of 107-108 kg/s, we expect (for the typical conduit diameters in
such systems) an average ascent velocity of tens of meters per seconds,
suggesting that the ascent time in the last 500 m of the conduit would
be <10 min. La Spina et al. (2016) estimated a crystallization time of
~2 h during magma ascent for several basaltic volcanoes. Therefore,
our assumption of constant crystal content is appropriate for our case
study.

Using published petrological analyses on Sunset Crater scoria sam-
ples and field observations (Allison, 2018; Alfano et al., 2018), we con-
strain many parameters for the magma ascent model at the inlet of
the conduit. The temperature of the magma is ~1130 °C (Allison,
2018), the total dissolved water content is ~1.4 wt% (Allison, 2018),
the total dissolved CO, content is ~4500 ppm (Allison, 2018), and the
average total crystal content is ~33 vol%. The pressure of magma storage
is between 300 and 500 MPa, suggesting a magma chamber located be-
tween 10 and 18 km (Allison, 2018). As discussed above, in our numer-
ical simulation we consider only the upper 500 m of the conduit,
assuming a magmatic pressure at that depth to be 15 MPa. We do not
have robust constraints on the radius, and therefore vary it based on es-
timates from other similar systems. Keating et al. (2008) and Valentine
(2012) suggest that conduit diameters in such systems range from a few
tens of meters to ~100 m. We thus start with an initial value of 20 m and
vary it in subsequent runs. The input parameters for this numerical sim-
ulation (from now on called “the reference simulation”) are summa-
rized in Table 2.

The numerical results for the reference simulation (Table 2) are re-
ported in Fig. 3. Numerical solutions are obtained using a shooting tech-
nique, which consists of searching for the initial magma ascent velocity
that leads to the boundary condition at the volcanic vent, which is either

Table 2
Input parameters chosen for the reference simulation and the range of values used for the
sensitivity analysis.

Variable Reference simulation Sensitivity analysis

P 15 MPa 10-20 MPa

T 1130 °C 1100-1200 °C

r 20 m 10-30 m
Xdymo 1.4 wt% 1.0-2.0 wt%
Xdeo, 4500 ppm 3000-9000 ppm
Belo 033 0.10-0.45

L 500 m 500 m
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atmospheric pressure or the sonic condition (de’ Michieli Vitturi et al.,
2008). The mass flow rate calculated from this simulation is ~7.8
x 107 kg/s, within the estimated range for the sub-Plinian phases at
Sunset Crater (Alfano et al, 2018), and any sub-Plinian eruption
(Bonadonna and Costa, 2013). The ascent velocity at 500 m depth is
~34 m/s, meaning that it takes just a few seconds for magma to reach
the surface. The ascent velocities of melt and bubbles are different in
the shallow subsurface. The relative velocity between gas and melt in-
creases with the decrease of depth, going from ~0.1 m/s at 500 m
depth to ~10 m/s at fragmentation. Decoupling is mainly controlled by
permeability, which is, in turn, a function of the gas volume fraction.
The lower the gas volume fraction, the lower the permeability of the
magma, resulting in a smaller gas-melt relative velocity (La Spina
et al,, 2017b). The two phases start to decouple significantly a few hun-
dred meters below the vent. The open-system degassing associated
with this decoupling, however, is not sufficient to prevent fragmenta-
tion, which occurs ~120 m below the vent.

3.2. Sensitivity analysis and general trends

For the basaltic systems of interest here, these input values span a
reasonably wide range. We therefore extend beyond this reference sim-
ulation to conduct sensitivity analysis of the input parameters in order
to demonstrate the influence of input parameters on some specific out-
puts. Here we focus on the following output: gas volume fraction at the
vent, fragmentation depth, mass flow rate, and melt and gas velocity at
the vent. The range of input parameters adopted for the sensitivity anal-
ysis are the following (Table 2): 10-20 MPa for the inlet pressure at
500 m depth, 1100-1200 °C for the magma temperature, 10-30 m for
the radius of the conduit, 1.0-2.0 wt% for the total water content,
3000-9000 ppm for the total CO, content, and 10-45 vol% for the crystal
content. Since we do not know the probability distribution of these
input parameters, we assume a uniform distribution within the afore-
mentioned ranges. The sensitivity analysis was performed on 10,000
different input scenarios using the DAKOTA toolkit (Design Analysis

Kit for Optimization and Terascale Applications, (Adams et al., 2017),
an open-source software developed at Sandia National Laboratories
that provides an interface between analysis codes and iterative systems
analysis methods such as uncertainty quantification, sensitivity analy-
sis, optimization, and parameter estimation.

Fig. 4 shows the results of the sensitivity analysis. In the bottom
panels of Fig. 4 we report with a frequency plot the variability of the out-
put resulting from the sensitivity analysis. In the top panels we report
the Sobol indexes for each of the output parameters. The Sobol index
is a measure of how much the variability of an output parameter is re-
lated to the variability of a single input variable. More precisely, the
Sobol index S} of the variable y; for the output R;is given by

G Var[E(R;| x:)]
! Var[Rj]

(21)
where E denotes the expected value, and Var is the variance. The bigger
the Sobol index S}, the more the variability in input y; is responsible for
the observed variability in output R;. In the bottom panels of Fig. 4 we
report the frequency of the output resulting from the sensitivity
analysis.

The results show that, within the ranges investigated, the gas vol-
ume fraction at the vent varies from 0.6 to 0.85, with a peak in frequency
at ~0.75 (Fig. 4f). The variability in gas volume fraction at the vent and
fragmentation depth are controlled mainly by variations in pressure at
the inlet of the simulated conduit at 500 m depth (Fig. 4a,b). We high-
light that, although these vent gas volume fractions appear too small
to be consistent with the formation of a buoyant plume, the pressure
at the vent is always greater than the atmospheric pressure (due to
choked flow boundary condition at the vent). Therefore, once the gas/
particle mixture equilibrates with the atmospheric pressure, the gas
volume fraction becomes higher than 0.99, and therefore could form a
buoyant plume. Fragmentation is mostly shallower than 500 m
(Fig. 4g), but, for some combination of parameters (i.e. high water con-
tent and low inlet pressure), it can occur in the deeper feeding system.
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A comparison between gas and particle exit velocities shows that, on
average, the gas exit velocities are ~10-20 m/s higher than particle ve-
locities (Fig. 4i,j), with particle exit velocities ranging between 60 and
130 m/s, with a peak in frequency at ~90 m/s, and gas exit velocities
ranging between 80 and 140 m/s, with a peak in frequency at
~110 m/s. The input parameters that exert the most control on exit ve-
locities, in decreasing order of importance, are total water content, crys-
tal content, pressure prescribed at the simulated conduit inlet at 500 m
depth, and CO, content (Fig. 4d,e). Within the range considered here,
magma temperature and conduit radius have secondary roles in con-
trolling variations in exit velocities.

Mass flow rate varies between 107 and 108 kg/s, with a peak at
~1082 kg/s (Fig. 4h), always consistent with sub-Plinian eruption rates
(Wilson and Walker, 1987; Mastin et al., 2009; Bonadonna and Costa,
2013). As expected, the variability in mass flow rate is controlled largely
by variations in conduit radius (Fig. 4c). Other key factors are velocity
and pressure at the vent.

Correlation plots show selected output variables as functions of
given input parameters (Fig. 5 and Supplementary Figs. 1-5), further il-
lustrating the ranges discussed above. Each red dot in Fig. 5 indicates
one solution of the sensitivity analysis, whereas the blue lines represent
the mean of the output parameters at a given input value. Decreasing
the prescribed pressure at 500 m depth leads to increases in gas volume
fraction at the vent and fragmentation depth (Fig. 5a,b). A decrease in
pressure at the inlet of the conduit at 500 m depth results in a decrease
in pressure all along the conduit, promoting further exsolution and ex-
pansion of volatiles, favouring deeper magma fragmentation. This is a
somewhat counter-intuitive result, as it suggests that finer ash might
be produced due to comminution with decreasing pressure (Dufek
et al.,, 2012). Moreover, a decrease in conduit pressure results in a

decrease in mass flow rate and in exit velocities (Supplementary
Figs. 3-5). Again, we observe a strong correlation between the radius
of the conduit and the mass flow rate (Fig. 5¢). Furthermore, particle
exit velocity decreases with increasing crystal content (Fig. 5d), due to
the increased viscosity. This increase also impacts gas exit velocity, be-
cause the two phases are never fully decoupled (the gas-particle relative
velocity at the vent is always ~10-20 m/s). Moreover, an increase in vol-
atile content produces an increase in particle exit velocity (Fig. 5e,f). The
fragmentation depth is not significantly affected by the different crystal
contents investigated here, even though a slight decrease in the frag-
mentation depth can be observed as the crystal content increases (Sup-
plementary Fig. 2).

For the simulations with a 20 m conduit radius resulting in a choked
flow condition at the vent, Fig. 6 shows the pressure at the vent versus
gas volume fraction at the vent. The colour of the symbols indicates
the particle exit velocity, while the size of the symbol reflects the
mass flow rate. Velocity and mass flow rate are the key input parame-
ters for plume models (Costa et al., 2016), and therefore gaining an un-
derstanding of their relationship with subsurface dynamics is desirable.
For example, lower pressure at the vent corresponds to higher gas mass
fraction, which is a direct consequence of instantaneous exsolution as-
sumed in our simulations. Moreover, higher pressure at the vent results
in higher exit velocity, which is caused by an increase in local pressure
gradient close to the vent. This increase in exit velocity may result in
an increase in mass flow rate. However, an increase in the gas volume
fraction at the vent corresponds, in general, to a lower mass flow rate.
This decrease is caused by the corresponding decrease in inlet pressure,
which, as we discussed previously, leads to an increase in gas volume
fraction at the vent, but also to a decrease in exit velocity such that
only low to moderate velocities are represented. Therefore, the highest
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mass flow rates generally fall along the leftmost edge of the cloud of
points, representing the highest vent pressure for any given vent gas
volume fraction.

3.3. Approximation of the transient behaviour of the system

The sensitivity analysis shows that, during an eruption, changing
conduit inlet pressure at depth plays a key role in controlling the
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variability in the output values investigated here, with a key observation
that decreasing pressure at the inlet of the simulated conduit (500 m
depth) increases fragmentation depth and gas volume fraction at the
vent, and decreases mass flow rate. This decrease in pressure at the con-
duit inlet will occur if the magma chamber empties during the course of
an eruption.

In order to analyse this scenario further, we approximate the tran-
sient behaviour of the system by generating a sequence of multiple
steady-state runs for which the inlet pressure was progressively
lowered, starting with the reference simulation conditions. Decreasing
pressure at 500 m produces a decrease in pressure all along the conduit,
generating further exsolution and gas expansion. This, in turn, allows
fragmentation to occur progressively deeper in the conduit, even
though ascent velocities and mass flow rate decrease under the same
conditions. Results for inlet pressures of 15 (blue lines), 10 (green
lines), 5 (red lines), and 2.5 MPa (black lines) are shown in Fig. 7. As
we can see, although the pressure at 500 m decreases from 15 to
2.5 MPa, magma is still able to reach the surface to create an explosive
eruption, although the mass flow rate decreases by almost an order of
magnitude from 8.0 x 107 to 1.1 x 107 kg/s. This pressure decrease
within the conduit could produce instability of the conduit walls, gener-
ating a collapse of the conduit itself.

To test the stability of the conduit walls during this pressure de-
crease, we compare the minimum pressure required to support a stable
conduit, predicted by the Mohr-Coulomb collapse criteria (Al-Ajmi and
Zimmerman, 2006; Aravena et al., 2017, 2018a), against the pressure
profile within the conduit. In Fig. 7a the black dashed line represents
this Mohr-Coulomb pressure threshold. When the inlet pressure at
500 m drops to 2.5 MPa, the pressure at 500 m depth reached the col-
lapse threshold, which means that the upper part of the conduit should
collapse. A corresponding collapse of the conduit would create an
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overburden pressure, possibly leading to the end of a particular explo-
sive eruption phase. The instability of a volcanic conduit during a sub-
Plinian eruption may thus cause episodic conduit collapse events and
intermittent discharge rates, as has been recognized for more silicic
magmas (Bursik, 1993; Cioni et al., 2003) but not, until now, suggested
for basaltic magmas. The presence of lithics in the tephra deposits
(Alfano et al., 2018) suggests that this hypothesis is feasible. Although
there is a low lithic content in the tephra fallout (<5 vol%), this amount
would be sufficient to fill a 500 m deep cylindrical conduit with a 20 m
radius. The main sub-Plinian explosions at Sunset Crater volcano
erupted ~0.1-0.3 km? of tephra, which results in <10’ m> of lithics,
whereas the volume of the conduit would be ~5 x 10° m?, supporting
the hypothesis of conduit collapse.

We propose this mechanism to explain the duration of individual ex-
plosive phases at Sunset Crater and other highly-explosive basaltic
eruptions. Below we explore this scenario in further detail.

3.4. Estimation of the magma chamber volume

We proceed by assuming that the eruptions are fed by a magma
chamber in the mid-crust and explore the conditions and timescales
under which eruptive pauses and/or the end of the eruption are caused
by the collapse of the conduit walls. Following Woods and Koyaguchi
(1994), Melnik (2000) and Melnik and Sparks (2005), we can estimate
the temporal evolution of pressure in a magma chamber with the fol-
lowing equation:

pen 4EK

T - W(Qin _Qout)~

(22)

where p, is the pressure of the magma chamber, E is the elastic modu-
lus of the surrounding rock, K and p are the bulk modulus and the aver-
age density of the magma, respectively, V., is the volume of the
chamber, and Q;, and Q,, are the mass flow rates into and out of the
magma chamber, respectively. For our calculations, we assume an elas-
tic modulus E=2 x 10'° Pa, a bulk modulus of K= 10'° Pa, and an aver-
age density p= 2700 kg m—> (Tait et al., 1989). Furthermore, we
assume that influx of new magma into the magma chamber is negligible
and thus set Q;;, = 0.

Since the pressure profile is not constant throughout the conduit, the
pressure change we simulated at 500 m does not correspond directly to
the same change in pressure at depth required in Eq. (22). A lower
bound for the pressure at 15 km (the possible depth of the magma
chamber, according to estimations from Allison, 2018) can be obtained

assuming magmastatic conditions, because if the pressure gradient is
lower than the magmastatic value, magma would not be able to ascend.
At magmastatic conditions, the pressure change at 15 km is exactly
equal to the pressure change at 500 m. This means that a pressure
change of 10 MPa at 500 m corresponds to a pressure change of
10 MPa at 15 km depth.

An upper bound for the pressure at 15 km can be obtained by ex-
tending the numerical domain beyond 500 m to a 15 km cylindrical con-
duit. The presence of a dyke-like geometry in the deeper feeding system
can alter the pressure profile at depth, but it is possible to show that for
such a geometry the pressure gradient is lower than that resulting from
a constant radius cylindrical geometry. Following de’ Michieli Vitturi
et al. (2010), we model the dyke geometry as an elongated ellipse
with width 2R, and length 2Rg where R4 < R, and the viscous force
for laminar flow, which is the case for magma rising in the deeper por-
tions of the conduit, can be written as

For fixed values of viscosity gy and ascent velocity u;, the viscous
forces exerted in a cylindrical conduit with diameter equal to the
width of the dyke (R = Rx) are Fc. We thus can compare the viscous
forces in the two geometries by writing the ratio of viscous forces in a
dyke to viscous forces in a cylindrical conduit (for which R = Ra):

Fp 1(R}
F—C_§<R—é+1 <1.

This means that the viscous force is smaller for a dyke with width Ra
than for a conduit with radius Ra. If we also consider that, due to the
larger cross-sectional area, ascent velocity is expected to be lower in
the dyke than in the conduit portion, the viscous force in the dyke
may be even smaller.

We now remind the reader that the larger the viscous force, the
larger the pressure gradient required to overcome this force and drive
magma ascent in the conduit or dyke. In other words, for equivalent vis-
cosities and ascent rates, a 15-km-long cylinder must have a larger pres-
sure gradient than a system with a dyke-to-cylinder transition at 500 m,
and thus the cylinder must also have greater pressure at depth. We also
note here that losses associated with a constriction at a dyke-conduit in-
terface are insignificant in comparison to the viscous forces described
here, and thus they can be ignored in this comparative analysis. This
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comparison justifies our assumption that the pressure gradient in a pure
cylindrical geometry up to 15 km depth represents an upper bound for
the pressure gradient and pressure at depth in a dyke-conduit system.

For a cylindrical conduit extended down to 15 km, we obtained a
pressure at depth of 440 MPa, when pressure at 500 m is 15 MPa,
whereas 10 MPa at 500 m corresponds to 415 MPa at 15 km, and anal-
ogously for pressures at other depths. Thus, a pressure change of 10 MPa
at 500 m corresponds to a pressure change of 35 MPa at 15 km depth.
We therefore constrain the pressure change at 15 km needed in
Eq. (21) to be between the lower and upper bounds described above.

Using these approximations and the eruption rates computed from
the approximation of the transient behaviour of the system, we calcu-
late eruption duration for different chamber volumes. Fig. 8 shows var-
iations in pressure as a function of time assuming V., = 1 km? (blue
lines), 10 km? (red lines) and 100 km? (black lines). On the left y-axis,
we report the pressure at the inlet of the conduit, whereas on the
right y-axis we report the corresponding pressure at 15 km assuming
a cylindrical conduit. The solid lines are the results obtained assuming
a 15 km cylindrical conduit, whereas the dashed lines are those assum-
ing magmastatic conditions. Furthermore, alongside the symbols we in-
dicate the mass flow rate calculated from the approximation of the
transient behaviour of the system. For each chamber volume, the
coloured region highlights where the evolution of pressure as a function
of time lies. The results demonstrate that the volume of the chamber
significantly affects the duration of the eruption, such that the duration
of the eruption is linearly proportional to the chamber volume. The pub-
lished durations of the Sunset Crater sub-Plinian phases range from 20
to 90 min (Alfano et al., 2018). Comparing these estimates with our cal-
culations, we constrain the magma chamber to be on the order of tens of
km®. The main sub-Plinian explosions at Sunset Crater volcano erupted
0.1-0.3 km? of tephra, which represents ~1% of a magma chamber that
is ~10 km>. This is an order of magnitude greater than small but frequent
basaltic eruptions from volcanoes in Hawaii and Iceland, which typically
erupt ~0.1% of the magma chamber volume (Sigmundsson et al., 1992;
Pietruszka and Garcia, 1999; Garcia et al., 2000; Parfitt and Wilson,
2008). This magnitude of erupted vs. chamber volume is more consis-
tent with that of silicic sub-Plinian eruptions, such as the 1631 sub-
Plinian eruption at Somma-Vesuvius (Barberi et al., 1981; Rosi et al.,
1993). Smith and Shaw (1973, 1978) estimated volumes of silicic
magma chambers based on ejected volumes, caldera extent, and other
area criteria. These volume estimates indicated that no more than ap-
proximately one-tenth of the chamber volume can be erupted during
any explosive activity (Smith, 1979).
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The different ratio of the erupted volume compared to the magma
chamber volume between highly explosive basaltic eruptions and ba-
saltic activity with lower explosivity (such as lava flows or low-
intensity fire-fountaining) can be related to the efficiency of gas/melt
decoupling and to the different mechanism causing cessation of the
eruption. The slow ascent of small-scale basaltic activity will favour
gas/melt decoupling, whereas it will be inhibited for fast ascending
magmas, such as in highly explosive basaltic explosive eruptions. Fur-
thermore, as soon as gas efficiently decouples from magma, ascent
will slow and, eventually, the eruption will cease. On the other hand, if
decoupling is not significant, such as for the Sunset Crater eruption,
then the eruption may continue until conduit underpressure causes
the wall of the conduit to collapse. For these reasons, we suggest that
highly explosive basaltic eruptions can evacuate about 1% of the cham-
ber volume, which is one order of magnitude higher than small basaltic
eruptions.

4. Conclusions

In this work we investigate the dynamics of magma ascent at shal-
low depths for the 1085 CE Sunset Crater basaltic sub-Plinian eruption,
using a 1D steady-state magma ascent model for cylindrical conduits.
Field observations and petrological analyses of Sunset Crater scoria sam-
ples from previous work were adopted to constrain some input param-
eters for the conduit model described here. Notwithstanding the several
assumptions adopted here (such as constant radius of the conduit, iso-
thermal conditions, constant crystal content, instantaneous exsolution,
pressure equilibrium between phases), using these initial conditions,
we successfully simulate basaltic sub-Plinian eruptions consistent with
those at Sunset Crater. We also find that a key parameter controlling
the variability in the output parameters, such as gas volume fraction at
the vent and fragmentation depth, is the pressure at depth. In particular,
we find that a decrease in this pressure will increase the fragmentation
depth and decrease mass eruption rate.

We also show that a continuous decrease in this pressure, consistent
with the emptying of a magma chamber or storage zone, may lead to the
collapse of the upper part of the conduit, creating overburden sufficient
to end an individual explosive phase. More generally, our results indi-
cate that the collapse of the conduit is something feasible for basaltic
Plinian and sub-Plinian eruptions, and that it could be one key mecha-
nism explaining the duration of individual explosive phases. Using this
conceptual model, we constrain the volume of the magma chamber at
Sunset Crater to be on the order of 10 km>. Comparing the estimated
storage volume with the erupted ones, we infer that ~1% of the
magma chamber volume was erupted during each sub-Plinian phase,
which is one order of magnitude higher than small basaltic eruptions.
Finally, we suggest that this result, which relies on general mechanisms
occurring in all sub-Plinian and Plinian basaltic eruptions, can be gener-
alised to similar highly basaltic explosive eruptions.

Numerical results shown here demonstrate that numerical models
constrained by petrological and other field observations are invaluable
tools in understanding magma ascent dynamics, particularly for highly
explosive basaltic eruptions for which we do not have any direct obser-
vation of eruption dynamics. A clearer understanding of the complex
non-linear conduit processes occurring during these basaltic explosive
systems is of profound importance in assessing the hazard associated
with these volcanoes.
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