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Erebus volcano, Antarctica, exhibits periodical surface fluctuations of both geochemical and physical nature.
Modeling the physics driving the lake oscillation is a challenge, even with a relatively simple theoretical
framework. We present a quantitative analysis that aims to reconcile both lake level and gas geochemical cycles.
Our model is based on the assumption that the periodicity is caused by the regular release of magma batches and/
or core annular flow that have a fixed volume of melt and ascend and degas in equilibrium. Results suggest that
cycles are not caused by the mixing between magma residing in the lake and a deep magma but by two distinct
deep sources that rise separately. These sources of bubbly magma come from at most 2-3 km depth and rise

Keywords:
Magma convection
Volcanic gas fluxes

Degassing buoyantly. Individual batches detach from the rising magmas at depths of 20-250 m. The two batch types can
Conduit coexist in a single conduit up to a depth of ~30 m, above which they rise alternately to release respectively 19
Erebus and 23 kg/s of gas at the lake surface every 10 min. The temperature of the descending flow is between 890

and 950 °C, which is roughly 100 °C colder than the ascending currents. Batch pairs have shapes likely
constrained by the conduit width. Regardless of their shapes, the pairs reach very high porosities near the
surface and have diameters of 4-14 m that are consistent with video observations showing spreading waves at
the lake surface. The alternating arrival of these large batches suggests a lava lake mostly filled with gas-rich

magma.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The lava lake in the summit crater of Erebus volcano, Antarctica,
has sourced a persistent gas plume for at least several decades. This over-
all longevity is accompanied by a series of cyclical processes that also per-
sist. These include cyclic change in the level of the lava lake. These
periodic variations are remarkably in phase with changes in the respec-
tive proportions of different gases in the plume, variation of the heat
loss and gas temperature at the surface of the lake, and changes of the sur-
face velocity of the magma (Oppenheimer et al., 2009; Alletti et al., 2014;
Peters et al., 2014a,b; Jones et al., 2015). The duration of these various
cycles - approximately 10-20 min - is stable to first order over the
years (Oppenheimer et al., 2009; Peters et al., 2014b; Ilanko et al., 2015a).

Focusing on the lava lake level, the amplitude of the pulsation
is ~1.5 m, with sporadic fluctuations up to ~3 m (Peters et al., 2014b).
This short term pulsation has been described as a cyclic process starting
with a steady uplift of the magma surface which exposes a greater
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proportion of incandescent magma at widening cracks and reaching a
peak accompanied by maximum gas flux (Oppenheimer et al., 2009;
Boichu et al.,, 2010; Peters et al., 2014b). The lake level then falls to its
previous value. These cycles do not affect measurably the lake surface
area, which changes over longer timescales. For instance, the lake
area, has ranged between ~500 and ~2000 m? over the period
2001-2013 (Fig. 5 from Sweeney et al., 2008; Peters et al., 2014b;
Jones et al., 2015). Those changes have been associated with secular
change in lake level (Jones et al., 2015) but do not affect the
10-20 min period oscillations (Peters et al., 2014a).

The most commonly invoked mechanism to explain the oscillatory
behavior of Erebus lava lake is the presence of instabilities in the bidirec-
tional flow occurring in the conduit feeding the lake (Oppenheimer
et al., 2009; Molina et al., 2012; Peters et al., 2014a). Our objective is
to construct simple physical scenarios of unstable, bidirectional conduit
flow to assess whether that general mechanism can explain these oscil-
lations. Our effort joins a series of studies aimed at explaining the phys-
ical mechanisms of magma degassing at persistently active volcanoes
(e.g., Kazahaya et al., 1994; Stevenson and Blake, 1998; Witter et al.,
2005; Witham and Llewellin, 2006; Witham et al., 2006; Palma et al.,
2011; Beckett et al., 2014). The physical scenarios are constrained by
data collected in 2004 and reported by Oppenheimer et al. (2009)
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(height, duration of the oscillation and gas flux measurement) and on
the equilibrium temperatures of the gas (Burgisser et al., 2012). The
model runs predict conduit sizes that are compared with independent
estimates. Along with coherent physical templates, successful runs
yield estimates of the temperature contrast between the ascending
and descending currents.

Our model starts from the flow instability hypothesis by considering
the rise of magma batches caused by the breakdown of the instabilities.
These batches ascend in the conduit by buoyancy due to porosity and
temperature contrast between ascending and descending currents in
such a way that they yield a surface gas flux that matches the observed
values. Batch dynamics are based on Kazahaya et al. (1994), but we
consider additionally changing vesicularity due to gas decompression
of the ascending magma under equilibrium conditions. Following
Stevenson and Blake (1998) and Beckett et al. (2014), we investigate
whether the degassing-induced convection provides an efficient
mechanism for gas release at shallow levels as a function of the volatile
budget associated with the deeper part of the magma system. The main
difference with Stevenson and Blake (1998) is that our gas phase is

multi-component (nine molecular species) (Burgisser et al., 2012,
2015), and the rheological properties of the ascending and descending
currents are temperature-dependent and time-space dependent along
the path between the deeper region of the magma system and the
lake surface. In contrast to the case of Stromboli (Beckett et al., 2014),
crystallization of magma in the conduit is assumed to be negligible
(Moussallam et al., 2015).

We present lake elevation changes derived from infrared data col-
lected at the end of 2009, which complement Terrestrial Laser Scanning
(TLS) data from 2009-2010 (Jones et al., 2015) and 2012 (Peters et al.,
2014b), and which we use to constrain the physical modeling of the
shallow part of the Erebus magmatic system. The assumed physics of
magma ascent in discrete batches or as a core-annular flow is then
explained, and the resulting physical models are combined in four sce-
narios aimed at reproducing the lake level oscillations. Results from
model runs are then used to consider the plausibility of these scenarios
and to quantify the likely temperature differences of the ascending and
descending flows as well as the likely porosities of the batches when
they reach the surface.

2. Methods
2.1. Field data on height oscillations

The data presented here were collected in December 2009 and 2010 during the austral summer field season on Erebus volcano. Time series of
thermal imagery were acquired with a FLIR Systems™ ThermaCAM P25 infrared camera (Peters et al., 2014a). The instrument's detector consists
of a focal plane microbolometer array composed of 320 x 240 elements and is sensitive in the 7.5-13 um waveband. The camera was firmly affixed
to a tripod positioned on the crater rim at a site known as Shackleton's Cairn. The lava lake was approximately 220 m vertically below the monitoring
site. A 72 mm focal length lens was attached to the fore-optics, which yielded a tight frame around the lava lake whose perimeter in December 2009
lay between approximately 315 and 350 m line of sight from the camera. The nominal instantaneous field of view (IFOV) of the system is 0.625 prad
and the viewing geometry corresponded to a footprint of each detector element of approximately 0.2 m projected to the wall of the pit crater con-
taining the lava lake. Time-stamped images were recorded continuously and automatically on to a flash memory card housed in the camera roughly
every 16 s. Replaying the time series of imagery at a rapid frame rate immediately reveals the surface motion of the lava lake. Of particular note is
variation in the lake level, a quantitative time-series of which was acquired.

We estimated the lake level by visually tracking the rise and fall of the lake margin at the far wall of the pit crater containing the lake. The lake
margin is identified by the sharp thermal contrast between lake surface and pit wall. We recorded lake height frame-by-frame using the known
optical path (350 m) and IFOV of the camera to provide a distance scale. This procedure is similar to that used to monitor the level of the summit lava
lake at Kilauea volcano (Patrick et al., 2014). This was straightforward for rising lake level but more challenging for the subsiding surface due to a
reduced thermal contrast between lake surface and pit wall. Based on the image spatial resolution, we consider the precision on these measurements
to be of order +0.2 m.

2.2. Pre-conceptual physical template of Erebus plumbing system

Our modeling requires knowledge of the plumbing system geometry and constraints on magma temperature and crystal contents. During
the 1987/1988 season, after a Strombolian explosion had evacuated the lava lake, Dibble et al. (2008) observed a funnel-shaped floor as deep as
its width, with a hole (uppermost conduit) whose diameter was about half that of the full lake. There are no reports of the lake area for that
particular season, however in 1989, McClelland et al. (1989) reported a satellite image based estimate of 300 m?2. Assuming that during 1987/
1988 season the lake had 300 m? and was circular, the lake diameter would be 20 m and the conduit diameter therefore about 10 m Numerical sim-
ulations for Erebus phonolitic magma suggest that a conduit of at least 10 m is needed to sustain convection between the lake and a deeper reservoir
(Molina et al., 2012). The lake is estimated to be at least 20 m deep (Aster et al., 2003; Oppenheimer et al.,, 2009).

Geochemical and physical observation of the lava lake in December 2004 revealed cyclically varying gas composition and flux (Oppenheimer
et al., 2009; Ilanko et al., 2015a). Taking the 2004 data as a baseline, we assume that the cycles are caused by the periodic release of distinct gas
sources into the lake so that the modal period is about 10 min (Fig. 1a). Following Oppenheimer et al. (2009), the source causing the lowest flux
in the cycle (~19 kg/s) is composed of “conduit gas”. The source with the highest flux (~23 kg/s) can be of two origins. It could be distinct from
the conduit gas, in which case it is composed of “top gas”. It could, on the other hand, result from the superposition of the conduit gas with a
“lake gas” originating from the lava lake itself (Oppenheimer et al., 2009). In the latter case, the lake gas has a flux corresponding to the difference
between the highest and lowest gas fluxes (~4 kg/s). One hypothesis we tested is whether oscillations are due to a combination of two alternating
sources of “top gas” and “conduit gas”, or if they are caused by discrete releases of “lake gas” overprinting a continuous flux of “conduit gas”.

Burgisser et al. (2012), Alletti et al. (2014), and Ilanko et al. (2015a) found through thermodynamical modeling of gas compositions typical of the
highest and lowest gas fluxes that they are associated with different equilibrium temperatures. Briefly, the chemical model of Burgisser et al.
(2012) uses four measured gas species ratios at the vent (CO,/CO, CO,/H,0, CO,/S0,, and SO,/0CS) and calculates at atmospheric pressure
the equilibrium temperature and the other gas species that are in equilibrium with the measured species. This calculation yields the gas
composition (H,0, Hy, O;, SO,, H,S, S5, CO,, CO, and CH,) at the vent. Focusing on December 2005, the “top gas” would be generated at tem-
perature conditions at the lake surface of 1084 °C, the “conduit gas” at 1069 °C (Burgisser et al., 2012). According to the same chemical model, the
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“lake gas” composition calculated by Oppenheimer et al. (2009) equilibrated at 1015 °C. The chemical composition of these three gas types is given in
Table 1.

The chemical model of Burgisser et al. (2012) calculates the isothermal evolution with increasing pressure of the partition of the volatile
species between the gas and the melt. For a given proportion of gas and melt, the model simulates a closed-system compression from atmo-
spheric pressure to the pressure at which the amount of gas phase vanishes because all volatiles are dissolved into the melt. The species dis-
solved in the melt are H,0, CO-, Hy, and S. Thus, for an initial surficial gas composition and gas fraction, the average molar mass of the gas phase,
Mavg, the melt water content, and the total gas weight fraction, Wy, are calculated as a function of confining pressure P.

The geochemical and physical evidence presented above allows us to postulate that magmas with different gas compositions reach the lake sur-
face in the form of “batches” (spherical or spheroidal) or “continuous flow” (Poiseuille flow) of a given gas content (or porosity) and cause the os-
cillations. We will treat independently the physics associated with each type of batch (sphere or spheroid) or a continuous flow in the next
section. We constrain our modeling by the following parameters or criteria:

(1) Alake depth of ~20 m (Aster et al., 2003; Oppenheimer et al., 2009) and conduit diameter of at least 10 m (e.g., Dibble et al., 2008; Molina et al.,
2012) and as much as 20 m.

(2) Two batches/flows cannot collide or occupy the same space; however they can be at the same depth if the size of the plumbing system allows.
Batches do not interact, mix or merge, therefore, batches of the same composition and porosities will be separated above a “detachment depth”
at which they behave independently or as isolated batches (i.e., when the distance between identical batches exceeds the batch radius).
Batches of different compositions can coexist side by side above a “generation depth” if the geometry of the plumbing system allows. In narrow
conduits, the “generation depth” lies at the point where the distance between adjacent batches of different composition exceeds the average
batch radius. Below the “generation depth”, our model finds its limits because our calculations assume individual batches.

(3) The emitted minimum and maximum gas fluxes of 19 and 23 kg/s, respectively (Oppenheimer et al., 2009).

(4) Avariation of lake level corresponds to the release of the equivalent volume of gas as a direct result of the accumulation of gas below the
surface.
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Fig. 1. Time series at Erebus lava lake for: (a) geochemical and average speed data in December 2004 (modified from Oppenheimer et al., 2009). (b) Surface height oscillations in
December 2009 (times are UTC). Each division on the x axis represents 10 min. Labels 1 and 2 refer to examples of the geochemical and flux signatures of the high- and low-ends of
the gas flux cycles.
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Initial conditions at P = 0.065 MPa for the three gas types. Gas species OCS is neglected in all runs due to its small influence on the results and the large uncertainty on its behavior at high

pressure (Burgisser et al., 2012). NA means not applicable. M,, is the average molecular weight, Wy is total gas weight fraction, and ¢ is the gas volume fraction.

Gas species (mol fraction)/parameter Top gas® Conduit gas® Lake gas®
H,0 0.730 0.555 0.859
H,S 0.002 0.002 0.034
SO, 0.011 0.009 0.025
H, 0.024 0.020 0.037
0, 7.9x10" 1! 395x 10~ 1! 412x 1011
S, 14x107% 1.7x 1074 09x 1074
co 0.014 0.027 0.0025
CO, 0.219 0.388 0.034
CH4 9.8x107° 1.8x107° 1.8x107°
Melt H,0 (wt.%) 0.0229 0.019 0.0256
Mayg(kg/mol) 0.030 0.035 0.026
Wyr @ = 0.1 (wt. fract.) 7.0x 1074 9.0x 1074 6.5x 1074
Wer @ = 0.2 (wt. fract.) 1.6x1073 1.9x1073 14 %1073
W@ = 0.3 (wt. fract.) 2.7 %1073 32x1073 25x 1073
W,r @ = 0.4 (wt. fract.) 42 %1073 50x 1073 38x1073
Wer @ = 0.5 (wt fract.) 63x1073 74 %1073 57x1073
W, @ = 0.6 (wt fract.) 9.5x 1073 1.1x 102 85x 1073
W @ = 0.7 (wt fract.) 1.5x 1072 1.7 x 1072 13x 1072
Equilibrium temperature (°C) 1084 1069 1015
Measured flux (kg/s)¢ 23 19 NA
Deducted flux (kg/s)® NA NA 4

¢ Gas composition from Burgisser et al. (2012).

b Partial lake gas composition (CO,/CO, CO,/H,0, CO,/S0,, and SO,/0CS) was estimated by Oppenheimer et al. (2009) by difference using the composition and fluxes of the top gas and
the conduit gas. Other species were calculated using the model of Burgisser et al. (2012).

¢ Values from Oppenheimer et al. (2009).

(5) The lake dynamics are dominated by arrival of magmas with different porosities in the form of “batches” (sphere or spheroid) and/or
“continuous flow” (Poiseuille flow).

(6) Gas temperatures are represented by equilibrium temperatures calculated by the model of Burgisser et al. (2012).

(7) The gas hosted in the batch is composed of nine chemical species and the melt contains four dissolved species. Runs of the chemical
model of Burgisser et al. (2012) yield Mgy, the melt water content, and Wy as a function of P (Table 1).

As magma batches rise at different speeds, they can reach the lake surface either perfectly synchronized, or alternately. We consider that the lake
oscillations could arise from four different scenarios (i.e. cyclic behaviors) illustrated in Fig. 2:

Scenario 1 Explains the oscillations by the alternating arrival of spherical batches reaching the surface every 10 min and shifted in time by 5 min.
Each batch type emits a respective gas flux of 19 kg/s (conduit gas) and 23 kg/s (top gas) and the arrival of every batch causes an
oscillation of the lava lake level when reaching the surface.

Scenario 2 Explains the low-flux endmember as the succession of batches with “conduit gas” composition reaching the surface every 5 min. The high
end of the flux reflects the addition of batches with “lake gas” composition reaching the surface every 10 min. Each batch type emits a
respective gas flux of 19 and 4 kg/s and the arrival of every other batch causes an oscillation when reaching the surface. As a result, the
non-occurrence of the lake gas batch results in the sole release of the conduit (see scenario 3).

Scenario 3 Explains the low-flux endmember as a continuous flow (Poiseuille-type) with “conduit gas” composition on which the periodical arrival
of batches with “lake gas” composition is superimposed every 10 min. The arrival of the lake gas batches with a flux of 4 kg/s cause the
oscillations. In this scenario, the fluctuation is not seen as the succession of alternating batches but as the repetitive occurrence of batches
with composition “lake gas”.

Scenario 4 Similar to scenario 1 in that it explains the oscillations by the alternating arrival of conduit gas and top gas batches reaching the surface
every 10 min and shifted in time by 5 min. The assumption of spherical batches is relaxed so that batches can be constrained by the con-
duit diameter to become spheroidal.

The volumetric magma flux of an unsteady bi-directional flow can be calculated by two end-member fluid dynamics models. The first model cor-
responds to Stokes flow in which a sphere of degassing magma rises in a cylindrical conduit or in which spheroids of degassing magma with a fixed
horizontal diameter rise up the conduit. This model is valid for viscous spheres rising within an incompressible fluid. The second model is Poiseuille
flow through a double concentric pipe in which a less viscous and less dense magma ascends in the core and a more viscous, denser magma descends
in the outer part along the conduit walls. This model is only valid for incompressible fluids.

2.3. Stokes approximation of magma batch ascent

Among others, Koyaguchi (1985) and Palma et al. (2011) experimentally observed that miscible liquids can rise in batches. We consider that these
batches include melt and gas and have a spherical to spheroidal geometry. We used the derivation of Stokes' theory used by Kazahaya et al. (1994)
and McNown and Malaika (1950) to calculate the velocity of the rising batch. The difference with Kazahaya's treatment is the presence of bubbles in a
sphere (Fig. 3) and the possibility of having a batch with spheroidal (an ellipsoid with two equal semi-diameters) or prolate geometry (elongated
vertically).



146 1. Molina et al. / Journal of Volcanology and Geothermal Research 308 (2015) 142-157

Bottom of cycle Top of cycle Bottom of cycle
(t) (t+5min) (t+10min)
$AR ’
ENOYZE
: @
IS
c
@
o
’
- - - high lake level
Tow” o
I EPEET .e S
° gas-free
:
c
@
(3
’
o |-----2 S
o
s
f=
g P
(7]

Fig. 2. Schematic cross sections of the lava lake and the upper part of its feeder conduit illustrating the four degassing scenarios analyzed in this study. Scenarios 1 and 4 depict the alternate
arrival every 10 min of spherical (scenario 1) or spheroidal (scenario 4) batches of top (labels T;_,) and conduit (labels B;_3) gas compositions. Scenario 2 depicts the arrival every 5 min of
spherical batches with conduit gas composition (labels B;_s) and superimposition ever 10 min of batches with lake gas composition (label L;). Scenario 3 depicts continuous flow with
conduit gas composition (label P) and superimposition every 10 min of batches with lake gas composition (label L;). The variable D, measures the height gain due to the gas contribution
atthe low end of the flux cycle (label “low”) with respect to a gas-free lake level (label “gas-free”). The value of Ah corresponds to the height amplitude of the cycle that brings the lake level
to its highest position (label “high lake level”).

Fig. 3 depicts a batch of density ppjop, ViSCOSity Uase, temperature Ty, porosity ¢ (made of gas of specific composition with a molecular average,
Mave, and weight fraction, W,r), hosting a crystal-bearing, hydrous melt of density pgsc rising with a velocity Upaecn Within an incompressible,
crystal-bearing, anhydrous melt of density pgesc, Viscosity tlgesc and temperature Tges.. The batch has three principal axes: two radii of the same mag-
nitude in the equatorial plane that we call Ry pgich and Ry pach, respectively, and an axis in the z-direction R; pacn. For spherical geometries, Ry paren =
Ry batch = R: parcn €vOlves as a function of depth, z, as the result of the expansion of the gas hosted within the batch, while for spheroidal geometries the
axes Ry patch = Ry parcn are fixed while R, paicn accommodates the gas expansion mentioned above. We call Ry patch = Ry patch = Rbarcn and we use it as the
nominal radius which is that of a sphere of the same volume as in McNown and Malaika (1950).

The pressure, P, is a sole function of depth, so that descending fluid and rising batches have equal pressures when located at the same depth. We
discretized our domain in space (the vertical axis z is positive downwards) as follows:

_ P—Pum

zZ=
Pdesc&

(1

where z is the depth of the batch (center of the sphere), Pis the hydrostatic pressure at depth z due to the melt surrounding the batch, Py, is the local

atmospheric pressure at 0.065 MPa and g is the gravitational constant. The maximum difference in crystal content, &, between the ascending and

descending melts being about 4 vol.% (Molina et al., 2012), we assume it as constant and equal to 30 vol.% (Kelly et al., 2008). The descending

melt density, Pgesc, is calculated with Conflow (Mastin and Ghiorso, 2000) by fixing the descending temperature, Tges, the phonolitic melt composi-

tion in major oxides, the properties of the 30 vol.% of anorthoclase crystals and a water content of 0 wt.%. It is taken as a constant along the conduit.
At low pressure, we can approximate the density of gas, pgqs, as a function of pressure by applying the ideal gas law:

P M
Pgas (Z) = W:svf (2)

where R is the universal constant gas law (8.314 J/K mol). The volume of gas in the batch, V,, is thus a function of depth:

Vg,z=0
Ve@) = {y, Lol 5o 3)

Pgas!,
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Fig. 3. Sketch of streamlines in and around a viscous sphere containing silicate melt and crystals (dark red) and gas bubbles (white) and moving through a Newtonian fluid containing
silicate melt and crystals (light red) (redrawn from Weinberg and Podladchikov, 1994). Melt composition is constant except for melt H,O content. Gas composition varies as a function
of depth. Arrows represent the main forces acting on the sphere (body forces in red and surface force in green).

where the initial gas volume, Vg, is given by the surface of the lake, S, multiplied by an equivalent height. This equivalent height depends on
the position of the lake surface within the oscillation cycle. Batches responsible for the low end of the flux cycles have an initial volume Vgo =
SD, and batches associated with high gas fluxes have an initial volume Vg = S(D, + Ah). This formulation means that D, corresponds to the
height due to the gas volume fraction present within the lake during the low end of the cycle with respect to a gas-free lake and that Ah
corresponds to the amplitude of the cycle (Fig. 2).

Following Burgisser et al. (2008), the gas volume fraction, ¢, of any ascending batch can be calculated at each depth according to:

MaygP (1—Wr)] ™!

z)= |1+
¢( ) R Tasc paschT

(4)

where pgs. is the density of hydrous melt inside the batch calculated with Conflow (Mastin and Ghiorso, 2000) by fixing the ascending temperature,
Tuse, the phonolitic melt composition (major oxides) (mean values reported in Table 2 from Kelly et al., 2008), the properties of 30 vol.% of
anorthoclase crystals (Table A1 from Molina et al., 2012), and the melt water content at z = 0 using the chemical model of Burgisser et al. (2012)
(Table 1). The density calculation assumes a constant value for melt water content in the ascending flow as its variation induces negligible density
changes compared to those induced by porosity variations. As it ascends, the batch grows because of gas expansion. The melt is taken as incompress-
ible so that it is displaced by the expanding gas. We obtain the constant volume of melt with:

Vmelt = Vgo (¢‘170 _1)- (5)

By combining Eqs. (3) and (5) we calculate the total volume of the batch (melt plus gas), and derive its nominal radius Rpq, and hence its radius
in the z-direction R; pa¢ch:

/3

Rbatch (Z) = an

[Vg (Z) + Vmelt)] (63)
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Viscosity is a key parameter influencing magma motion that heavily depends on the temperature and on the crystal and bubble contents
(e.g. Petford, 2009). The relationship to calculate the effective dynamic viscosity of the magma, t,,, was obtained by multiplying the relative
contributions provided by three phases: melt, crystals and bubbles. The viscosity of the melt is obtained through the VFT equation
(Giordano et al., 2008; Le Losq et al., 2015), which is a function of temperature and of the major oxides including dissolved water. Since dis-
solved H,O0 varies as a function of depth, we varied the B and C coefficients of the VFT equation accordingly (see Eq. (11) in Molina et al.
(2012)). Melt viscosity was adjusted to take into account the presence of crystals using the relationship proposed by Krieger and Dougherty
(1959) (see Eq. (2) in Molina et al. (2012)). Following Shimozuru (1978), the bulk viscosity increases with the presence of gas bubbles and
the term (1 + (z)) was added under the assumption of a small Reynolds number to yield the following expression:

B g 17M0-5)
base®) = |10 exp (A4 2 |11+ 002 1- 22|
_ asc— —&n
My = —il(1—e (7)
exp(as B Yo 70
Hgesc = EXp< + Tdesc_c> - 1—8;‘“:|
where A = —4.55 is a coefficient independent of composition, & = 0.3 is the crystal fraction, &, = 0.35 is the void fraction at maximum

packing of crystals (implying that this void is filled by melt), and [n] = 2.5 is the Einstein coefficient (a value for the bulk viscosity for
rigid sphere - crystal - suspension if there is no slippage of liquid at the interface). The descending melt is assumed anhydrous and
bubble-free.

2.3.1. Terminal velocity of ascending batches

To account for internal as well as the external motion in a viscous sphere rising in a still fluid, Hadamard and Rybczynski defined the drag
forces acting on the sphere as the product between the buoyancy force acting on a solid sphere, 6mRpq¢chUparcn, Which is well-known as Stokes
law (Lamb, 1945, p. 598) and the ratio of viscosities between the ascending sphere and the descending fluid, (2tgesc + 3tasc)/(3tdesc + 3lasc)
(Lamb, 1945, p. 601). This approximation neglects surface tension and inertial forces and is valid for laminar flow (particle Reynolds number,
Re, lower than 1). For increasing Re, inertial forces become more important and can be, to first order, be approximated using Oseen's multipli-
cative factor to the drag forces defined by Stokes, (1 4 3/16 Re) (Lamb, 1945, p. 617). This approximation is valid for Re <5 (Crowe et al., 1997).
Later, Kazahaya et al. (1994) combined these works to define a more complete expression of the drag force acting in a moving viscous sphere
through an infinite Newtonian fluid. In contrast, McNown and Malaika (1950) extended Stokes law for solid particles of any shape introducing
two shape factors a and 3 that account for the principal axes of particles with a nominal radius Rpa¢ch, 6MRpatchUpatcn| 16/6Rpacch(c¢ + B)]. As
surface tension is negligible because our ascending and descending fluids are miscible silicate melts, we combine Kazahaya et al. (1994)
and McNown and Malaika (1950) approximations to quantify the total force required maintaining steady-state flow as follows:

Excess of buoyancy of the

spheroidal batch overits gravity Resi 2 solid soh viscous sphere  1%orderinertia spheroidal batch
esistance of a solid sphere
a 5 T 3 16
2 TR, parchR — — BmRygenU Srdesc ToRase (14 ZRe) (zpg——r—ar ) =0 8
3 'z batch™batch (pdesc Pbatch )g batch U batchMdesc 3 Losc + 3“056 16 6Rbarch ( a+p) ( )

where Upqcen is the terminal velocity of the batch, Rpqp, is the nominal radius of the batch, R, pqccn is the batch radius in the z-direction. In the
case of a spherical batch R, pa¢ch = Rpacch- Re is the batch Reynolds number defined as:

Re — 2Roatch UbatchPatesc °
Hesc

and the density of the batch, ppa¢cn, is:
pbatch(z) = d)pgas + (1 —¢ )pHSC' (10)

The geometrical factors, c and (3, for a prolate spheroid and for a sphere are defined in Appendix A (McNown and Malaika, 1950). Considering a
cylindrical shell coincident with the circular section of the sphere, we can calculate the total gas flux reaching the surface, Qg s, by not including the
crystals and melt fraction contained in the batch:

Qg_St = nRiatch Ubatch d)pgas- (1 1)
2.4. Poiseuille approximation for core-annular flow

The volumetric flow rate of magma of viscosity ftqs. through a cylindrical conduit is the total volume of fluid passing across any section per unit of
time:

R
SIIJCISC dZ

Qp (12)

Following Kazahaya et al. (1994), we consider that the ascending fluid is the center part of a core annular flow. R, is the core radius and dP/dZ is the
pressure gradient that drives magma ascent. The differential buoyancy of the ascending core relative to the descending annulus of magma is given by
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dP/dZ = (Pdesc — Peore)g- From Eq. (12), the mass of gas reaching the surface as a “continuous flux” is calculated without considering the crystals and
melt fraction in the batch:

m - R4
Qg_p _ (pdesc 85:::e)g core qbpgas (13)

where the ascending magma density is calculated as for a batch (pcore = Priop) and the core radius Re,re is constant. The velocity of the core, Ugre, iS
calculated as the volume flux passing through a flat spherical shell as Ucore = [(Odesc — Peore)8R%re]/(8liasc). The magma ascent rate is calculated as for
the batch by replacing Upgcn by Ucore in Eq. A4 (Appendix A).

2.5. Conduit radius

Stevenson and Blake (1998) indicates that conduit radius, R, can be inferred by a Poiseuille number, Ps, the terminal velocity of ascending magma,
Ugse (we take Ugse = Upgecn, Which draws an equivalence between batches and core-annular flow in agreement with Kazahaya et al. (1994)) and the
difference in density between the degassed and gas-rich magmas (AP = Pharch — Pdesc in our case). The value of Ps is a function of tgesc/tasc based on
their experiments; if 1 < gesc/Masc < 12 then P; = 0.020 + 0.041 log1o(Udesc/Hasc), and if tgesc/Hase > 12 then P = 0.064. Stevenson and Blake (1998)
propose that the conduit radius is given by:

— _ Uasc Hdesc 12
Re = Rema = (“sbtec) (142)

This equation gives an estimate of the conduit radius based on the maximum flux, which we term R. j,qx. We also deduce a minimum con-
duit radius, R nin, based on the volume brought by a batch/flow in the time interval T between batches/flow of the same composition. If we
express Ugse = (Viperr + Vg)/(nR%T), the minimum conduit radius is:

Remin = [(Vinele + Vi) Haese/m T ApP5] . (14b)

2.6. Method of solution

Our aim is to investigate how a fluid dynamics model linked to the chemical model of Burgisser et al. (2012) can explain the gas fluxes estimated
by Oppenheimer et al. (2009). Our first method of solution is to pair two alternating magma batches of different compositions (respectively “conduit
gas” with “top gas” and “conduit gas” with “lake gas”) and porosities (scenarios 1, 2, and 4; Table A1 with the online version of the paper). We fix the
initial value of ascending temperature, T, for each batch in agreement with the equilibrium temperature given in Table 1 and use outputs of the
chemical model of Burgisser et al. (2012) to pre-calculate values of Mgy, W,r, and melt H,O content as function of pressure for seven initial gas con-
tents (Table 1). By combining Eqs. (2), (4), (6a), (A2) and (11), and after algebraic arrangement (Appendix A), the gas flux released by a batch with
spherical or spheroid geometries at the surface becomes:

3
P Mcxvgpasc WgT \/([Jdesc M)Z + g Rz batch Rimch Pdesc (pdesc ~Pbatch )gM(a + B) —Hesc M
RTastaschT + PMan(l_WgT) pdESCM l

4
Qg,St = §anatch (15)

Eq. (15) is applied for each batch type, which yields two equations that are linked by the initial values of Ry, by using Eq. (6a) and the two mea-
sures, D, and Ah, of equivalent height of the lake level due to the respective gas contributions of each batch type:

b
Vo

-8 _ Ap (16)
Vio + Vo

D,

With Ah specified, three variables are adjusted numerically until the calculated fluxes Q4 s match the observed fluxes (Table 1). This is done
by iteratively calculating: (1) the descending temperature, Ty, Which is equal for the two alternating batches, (2) the lake level, D,, and
(3) the batch radius, Rpqcn. From these three variables, all the other variables can be calculated at each depth increment. The pre-calculated run of
the chemical model gives M4, W,r, and melt H,O content as a function of P, p,q is obtained from Eq. (2), V, from Eq. (3), ¢ from Eq. (4), Vpers
from Eq. (5), Rparch from Eq. (6a) in the case of spherical batch or the paired spheroidal batch, R, parcr from Eq. (6b), fasc and tgesc from Eq. (7),
Pdesc and pgsc from Conflow, Upgeen from Eq. (A2), and ppaeen from Eq. (10), respectively. If batches are spheroids, their horizontal radii
RE aech and R§qecn are fixed.

The second method of solution consists in pairing a continuous Poiseuille flow with periodically superimposed spherical batches (Fig. 2). We
use the initial values of Table 1 to assign the respective ascending temperatures, Ty, of the continuous flow and the periodic batches. As in the
case of two batches, the values of (z = 0) and Ah are set and Tyesc, Dz, Reore, and Rpqecn are adjusted numerically until the calculated fluxes Qg
and Qg , match the respective observed fluxes of 4 and 19 kg/s (Table 1). The value of Tg.sc was constrained in the range of 850-950 °C to ensure
convergence.

Overall, our model considers seven free parameters (Tyese, Ah, D, (2 = 0), R; patch Rbatch, and Rfgseh OT Reore) 0nce all the other constraints are set. We
considered in our analysis two values of Ah and 21 values of (z = 0), every pairing of which yields unique values for Tyesc, D, Rbarcn and Riaech/Reore-
Since we use the output values of Tyesc and Ry, to present our results, it is key to note that Tyesc controls pgesc (Conflow) and tgesc (EQ. (7)), which in
turn directly affect batch radius through Eq. (15) because Q4 s; is constrained. The remaining parameter, R parch, is specific to spheroid batches and is
under-constrained. A series of plausible values of R, pqcn is thus tested.
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Local burst

(2)

batch 2

@ Bottom of the cycle

Fig. 4. Physical characteristics of the lava lake oscillations: (a) to (h) photographic sequence of lake oscillation associated to the arrival of two magma batches in December 20, 2010. Hor-
izontal and vertical red lines form a reference position; the pointing direction of the red arrow indicates if the edge of the lake moves up, down, or remains still in relation with this ref-
erence. Values on the upper corner are times elapsed since image (a). Outlines are batches edges and labels 1 and 2 refer respectively to the high and low ends of the cycle.

3. Results
3.1. Field data

For convenience we compile published measurements of gas chem-
istry, temperature and flux from 2004-2005 (Fig. 1a; Oppenheimer
et al,, 2009; Peters et al., 2014b), along with infrared and photographic
observations of the lake surface structure and elevation from December
2009 (Fig. 1b) and December 2010 (Fig. 4). The 2009 observations of
Fig. 1b show a very similar pattern to the lake oscillations reported by
Jones et al. (2015) and indicate a period of quiescence of 2 to 10 min,
during which the lake level is low and stable, at the lowest of the gas
flux cycle. A full cycle of oscillation lasts 22 to 30 min. This baseline
height itself appears to fluctuate with a wavelength corresponding to
a few hours though this is thought to be an artifact of the method of
measuring the lake height (Fig. 1b).

Visual observations and measurements allow us to link the varia-
tions in gas composition and flux with the changes of velocity at the sur-
face of the lake and the variation of its level, the former resulting from
the inflation and deflation of the lake (Peters et al., 2014b). The lake
level oscillations are on the order of 1 to 1.5 m amplitude with periods

increasing by a factor of 2.2 to 3 between 2004 and 2009, while the
area of the lake decreased by a factor of ~3 (Peters et al., 2014a). This
suggests that the ascent rates of the magma flow causing the oscillations
remain relatively constant. The 1-1.5 m amplitude surges in lake level
therefore correspond to volume increases of order 770-1150 and
2500-3700 m? in 2004 and 2009, respectively. Averaged over the 10
and 20 min characteristic period of lake pulses, these correspond to
mean volumetric rates of ~1-2 and ~2-3 m> s~ !, respectively (Jones
etal,, 2015).

High resolution videos made in December, 2010 provide a detailed
view of the arrival of consecutive batches of magma during the lava
lake level fluctuation (Fig. 4). The duration of the films is limited to a
maximum of 12 min. When speeded up (Movie 1 is available with the
online version of the paper) they complement the information given
by Oppenheimer et al. (2009).

The fluctuation of the level is not regular over the whole surface of
the lake. The center of the lake swells, propagating a wave that spreads
radially; reaching about 14 m in diameter (Fig. 4a). The wave is caused
by the ascent of a gassy batch that reaches the surface and degasses. The
degassed melt resulting from the previous batch sinks at the edge of the
lake (Fig. 4b-c) as the magma of the current batch spreads and
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overlaps the former (Fig. 4d); the level then seems to remain constant
(Fig. 4d-e). The first wave of degassed magma reaches the edge of the
lake after approximately ~5 min (Fig. 4f). This interval of 5 min corre-
sponds exactly to the modal duration of half a cycle from 2004. Then
the lake surface flattens until its center is lifted again by the arrival of
a new gas-rich batch; it is therefore hotter, less viscous and less dense.
Every batch disturbs the surface and results in its elevation with a rather
similar pattern and sequence (Fig. 4g). Sometimes, a sudden and local-
ized release of gas occurs (Fig. 4e) at different locations on the surface.
There is a continuum between the small bubble bursting in Fig. 4e and
large bubbles that rupture, ejecting lava bombs and evacuating part of
the lake (e.g., Gerst et al.,, 2008).

The timescale for magma batch arrival is reasonably congruent with
the appearance of concentric waves at the surface of the lake, which has
a period of about ~5 min between consecutive batches or probably of
~10 min every other batch. We link the two consecutive waves to the
ascent of batches of gas-rich magma of different composition that are
in synchrony with the level change (i.e., the conduit gas composition
causes the lowest flux in the cycle, and the top gas causes the highest
flux). The image resolution could not allow us to appraise the size of
the bubbles forming the batch with certainty. The cyclic radiative heat
output observed by Oppenheimer et al. (2009) and the time difference
between consecutive magma batches of different composition define
the modal period of 10 min for a batch of identical composition
(Fig. 4h) to reach surface from a specific location below surface and to
be released. How those batches can be geochemically combined or in-
tercalated and physically conceived will be explained in the next two
sections, respectively.

3.2. Physical models

The synthesis of observations from December 2004 onwards in-
dicates that the lake surface velocities are correlated with the
changes in the chemical composition of the gases released at sur-
face and that these changes also occur over cycles of 10 min. We
thus set T= 600 s for scenarios 1and 4 and T = 300 s for scenarios
2 and 3. Lake level changes in 2004 constrain Ah from 1 to 1.5 m,
with a corresponding lake surface area, S = 770 m?. To reduce the
number of cases to consider, the impact of the larger surface area
of the lake in 2004-2005 is assessed a posteriori with the most like-
ly physical scenarios. Scenario likelihood is assessed using predict-
ed conduit diameters. Observations of conduit diameter led us to
group in three categories the possible outcome of the predicted
conduit size at a depth of 20 m, which corresponds to the interface
between lake and conduit. Runs are: (1) confirmed with “Yes” when
10 2 R¢ max > Rpatch and 10 2 R¢ min > Rpaecn, (2) accepted with “Perhaps”
when 10 < R¢ max > Rpaeen and 10 = R¢ min > Rparen and (3) rejected
when none of these criteria are met.

The remaining constraints come from the chemical modeling that
quantifies the gas temperatures associated with the 2005 cycles. The
chemical model by Burgisser et al. (2012) was used to obtain the melt
water content, the average gas molecular weight, and the gas weight
fraction as a function of pressure. The initial conditions were the three
atmospheric gas compositions and surface porosities between 10 to
70 vol.% in steps of 10 vol.%, making a total of 21 runs in closed system
(Table 1). Fig. 5 shows the evolution of total gas weight fraction with
pressure for the three starting gases at three representative starting po-
rosities. Overall, the amount of gas becomes negligible at pressures
>100 MPa. As expected, the amount of exsolved volatiles decreases
more abruptly with increasing pressure for the lake gas than for the
top or conduit gases (Burgisser et al., 2012; Ilanko et al., 2015a). Fig. 5
shows an additional 3 runs assuming that the only volatile species is
water and that it behaves ideally. These simplifications correspond to
calculating Wyr as a function of P using Eq. (4) with the solubility law
of the chemical model (i.e. melt H,O content in wt.% is equal to
0.038 x P77 with P in bars). The pure water runs severely under-
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Fig. 5. Gas volume fraction as a function of pressure for representative closed-system runs
of the chemical model of Burgisser et al. (2012). Initial compositions (labels lake gas, top
gas, and conduit gas) and porosities (labels in italics indicating 10, 50, and 70 vol.%) at
atmospheric pressure are taken from Table 1. Gray curves show runs assuming that the
gas phase is pure water with the temperature and melt density of conduit gas.

estimate the amount of gas in the magma batches because the volatile
species are dominated by CO, at high pressure. As a result, the melt
water content is over-estimated, which in turn leads to an under-
estimation of the batch viscosity and rising speed. The complexity intro-
duced by the chemical model is necessary to accurately represent batch
rise dynamics.

The chemical runs were assembled in pairs according to the four
physical scenarios to explain the oscillation amplitudes of either 1 or
1.5 m. Scenarios 1-3 used runs with the 7 increments in porosities
and scenario 4 used runs with only two extreme initial porosities (10
and 70 vol.%, Table A1 with the online version of the paper), which
yielded a total of 142 cases (Table A2 with the online version of the
paper). The resulting ascent velocity values are in the order of 1072 to
10~ " and 10~ ! m/s for the low- and high-flux endmembers, respective-
ly. This is consistent with their respective ascending temperatures, since
the hotter magma batches are, the faster they ascend. Figs. 6-8 show the
main results of the fitting procedure.

Initial porosities from the pairs of scenario 1, which involves spher-
ical batches that match, for top-gas batches Ty = 1084 °C, Qgqs =
23 kg/s, and Ah = 1 or 1.5 m, and for conduit-gas batches Ty =
1069 °C and Qg = 19 kg/s are shown in Fig. 6A (cases 1-26 of
Tables A1-A2 with the online version of the paper). Fig. 6B-C shows
six model outputs as a function of Ty, that are compared with the inde-
pendent observation that the conduit radius is 10 & 5 m. These outputs,
maximum and minimum conduit radius and batch radius for each batch
type, were estimated at 20 m depth, which represents the top of the
conduit. Two pairs (cases 9-10 and 15-16) were eliminated from fur-
ther analysis because their ascent speeds (i.e., <10~% m/s) are so slow
that they rise by less than a batch diameter in 10 min.

It is apparent in Fig. 6 that fixing the surface porosity of the conduit-
gas batch at 70 vol.% yields the smallest radii at 20 m depth and the
smallest upper and lower bounds of conduit radius. Keeping the
conduit-gas batch porosity at 70%, it is when the top-gas batch porosity
is highest (70%) that all conduit radii estimates yield similar values,
from 10 m for the minimum radius to 16-18 m for the maximum radius,
regardless of Ah and batch type. When the top-gas batch porosity is low
(20 vol.% minimum), conduit radius estimates based on the top-gas
batch are much higher (13-30 m for 20 vol.%) than those based on the
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Fig. 6. Results from scenario 1 involving spherical batches that match, for top-gas batches Tosc = 1084 °C, Qgqs = 23 kg/s and Ah = 1 m or 1.5 m, and for conduit-gas batches Tos =
1069 °C and Qgqs = 19 kg/s: (A) Three series of cases that each pair a top-gas spherical batch with given surface porosity and a conduit-gas batch of another given porosity. Squares
mark cases with a constant conduit-gas batch porosity of 70 vol.%, diamonds mark cases with both batch types of equal porosities and triangles marks cases with a constant top-gas
batch porosity of 70 vol.%. The two gray symbols indicate cases (9/10 and 15/16) with batch ascent speeds so slow that they would rise by less than a batch diameter in 10 min. These
cases were discarded in (B)-(C)-(D). (B)-(C) Distance from conduit axis at 20 m depth as a function of descending magma temperature for Ah = 1 m. (D)-(E) Distance from conduit
axis at 20 m depth as a function of descending magma temperature for Ah = 1.5 m. Black values are batch radii, blue values are minimum conduit radii (Eq. (14b)) and red values are
maximum conduit radii (Eq. (14a)). The gray vertical area indicates the likely conduit radius at Erebus from independent observations. Surface porosities of each case can be found by
referencing the case of interest to the case with 70 vol.% porosities for both top-gas and conduit-gas batches (open square) in (A).

conduit-gas batch (4-12 m for 20 vol.%). These considerations and the
independent evidence that the probable conduit radius at Erebus is clos-
er to 5 m than to 15 m make the pairs with conduit-gas batch porosities
of 70 vol.% and top-gas batch porosities ranging from 20 to 70 vol.% the
most likely candidates for scenario 1. As a result, likely descending
magma temperatures range from ~940 to ~1040 °C.

Results from scenario 1 suggest that the smallest conduit radius es-
timates are between 8.5 and 10 m, which is still high. Scenario 4 as-
sumes that batches are constricted by a narrow conduit. When
calculating the spheroid evolution with increasing depth, smaller and
smaller batch volumes are found because of the increasing pressure re-
duces vesicularity. Since the horizontal radius of the spheroid is fixed,
there may be a level below which the vertical axis of the spheroid be-
comes shorter than the horizontal one. This is an unlikely configuration
for a rising batch and so our model calculates instead a spherical radius
by applying mass conservation. The conduit starts around 20 m depth,
and it is unlikely that the switch between spheroid and sphere occurs

in the lake because of the wide shape of the lake floor. We thus added
the constraint that the switch spheroid/sphere has to occur deeper
than 20 m to retain the solution. Another modified constraint is the de-
tachment depth, which is redefined such that batch ascent speeds
should be fast enough for a batch to rise a distance greater than the
batch vertical extension in 10 min. Other constraints are to the same
as those for scenario 1.

Spheroids have two independent radii, which introduces an un-
constrained degree of freedom compared to spherical batches. To
frame the possible parameter ranges while limiting the number of
cases to consider, we only calculated two pairs of surface porosities
(70-10 vol.% and 70-70 vol.%). The horizontal radius of the
batch with conduit gas composition was fixed at three possible
values (2, 4 and 6 m) and the one with top gas composition was
fixed at representative values in regular increments. Each combina-
tion was run with a Ah of either 1 or 1.5 m, yielding 64 cases
(Table A2 with the online version of the paper).
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Fig. 7 shows the solutions of possible spheroidal batch pairs that
correspond to cases 79-142 (Tables A1-A2 with the online version of
the paper). The solutions are grouped in curves for different fixed
conduit-gas batch horizontal radius and by batch types (upwards ar-
rows for top-gas batches and downwards arrows for conduit-gas
batches). Curves mark the distance from the conduit axis at 20 m
depth as a function of descending magma temperature. When Ah =
1 m, curves with temperature above 950 °C correspond to a conduit-
gas batch of 70 vol.% surface porosity paired with a top-gas batch of
10 vol.% surface porosity (Fig. 7a). Increasing Ah to 1.5 m shifts these
curves towards lower temperature by ~100 °C (Fig. 7b). On the other
hand, curves below 950 °C when Ah = 1 m correspond to top- and
conduit-gas batches surface porosities of 70 vol.%. They have smaller
radii values than curves >950 °C and increasing Ah to 1.5 m causes a
smaller (~50 °C) shift towards lower temperature (Fig. 7b).

Scenarios 2 and 3 assume that the high-end of the flux cycle reflects
a mixture between the conduit gas and the lake gas. If the conduit gas is
carried by discrete batches, scenario 2 indicates that no solutions
matching the required constraints can be found for the batches carrying
the conduit gas (cases 27-52, Tables A1-A2 with the online version of
the paper). If the conduit gas is carried instead by a continuous flow,
scenario 3 indicates that the radius of the batches carrying the lake
gas is systematically too large (>10 m) if the batches have a 70 vol.% sur-
face porosity (cases 66-78, Tables A1-A2 with the online version of the
paper). Lower surface porosities for the lake gas batches yield smaller
flow radii but no pairs satisfy all conduit size criteria (cases 53-65,
Tables A1-A2 with the online version of the paper). Since most of the
lake gas batches originate at shallow depths (100-500 m) and have de-
tachment depths <20 m, our results point to a possible flow dynamics
restricted to the lava lake, where conduit radius constraints no longer
apply. Lake-gas batch sizes are such (10-16 m in equivalent diameter)
that they would fill up a substantial part of the lake. They would not
rise as discrete spheres but cause an overturn motion within the lake,
which no longer fits the setup of scenario 3. Our results thus suggest
that scenarios 2 and 3 cannot be reconciled with the observations and
are therefore rejected.

There are two scenarios (1 and 4) among the four tested that contain
cases that satisfy all constraints. The Re values of these cases (bold font
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in Table A3) lie between 10~ 2 and 10~ 2, well below the maximum limit
of our model (Re = 5). Most successful cases belong to scenario 4
(79-82, 84-86, 89-93, 98-99, 107, and 114) while only case 7 belongs
to scenario 1. The fluctuation of the lava lake level is more likely to be
caused by batches that are constricted by the narrow size of the conduit
in the last part of their upwards journey. All the other cases were
rejected because either it was not possible to fit the observed gas fluxes
(e.g., case 10, Table A2 with the online version of the paper), or one
batch type rises by less that its diameter in 10 min above the “genera-
tion depth” (e.g. case 9, Table A2 with the online version of the
paper), or the batch and/or conduit size estimates exceeded the inferred
conduit size (e.g. cases 27-52, Table A2 with the online version of the
paper). We use cases 7, 79 and 107 as representative and depict their
geometrical evolution as a function of depth and time in Fig. 8.

Average extreme values of conduit diameters of these cases suggest
that batches can be fitted in a conduit of 12 to 24 m in diameter, respec-
tively. Overall, our results suggest that a water-rich gas (73 mol%) and
hot (1085 °C) buoyant magma with a composition of “top gas” could ve-
siculate as deep as ~2000 m. As the magma rises in the conduit, the
pressure drop leads to a sharp acceleration as it nears the surface to
reach 70 vol.% porosity (Fig. 8). Individual batches detach from the ris-
ing magma at different depths; most of the accepted cases from scenario
4 (e.g., Fig. 8b-8c) indicate depth values between 50-100 m while the
only case from scenario 1 (Fig. 8a) shows a deeper value (~250 m).
From a minimum depth of ~30 m they reach the surface every 10 min
to release 23 kg/s of gas (Fig. 8). They alternate with batches with a
composition of “conduit gas”, which are slower, colder (1069 °C), less
water-rich (60 mol%). Those batches could have originated in the
deeper part of the system (~3000 m deep). These colder batches detach
also around 20-100 m (if scenario 4) or deeper (200 m if scenario
1) and accelerate at a depth of ~30 m to reach the lake surface every
10 min with a porosity of 70 vol.% and release 19 kg/s of gas to the
atmosphere (Fig. 8). The temperature of the descending flow is between
890 and 950 °C, which is roughly 100 °C colder than the ascending
currents.

Batches initiate deep below the surface and their ascent lasts more
than the timespan separating two degassing events (see Table A3 with
the online version of the paper) between the lake floor and the
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Fig. 7. Results from scenarios involving spheroidal batches that match, for top-gas batches Tysc = 1084 °C, Q g0s = 23 kg/s and Ah = 1 mor 1.5 m, and for conduit-gas batches To,. = 1069 °C and
Qgas = 19 kg/s: (a) Distance from conduit axis at 20 m depth as a function of descending magma temperature for Ah = 1.0 m. (b) Distance from conduit axis at 20 m depth as a function of
descending magma temperature for Ah = 1.5 m. Black curves are batch radii, blue curves are minimum conduit radii (Eq. (14b)) and red curves are maximum conduit radii (Eq. (14a)). The gray
vertical area indicates the likely conduit radius at Erebus from independent observations. Bold labels (2, 4, and 6) are fixed horizontal radii at the surface for the conduit-gas batches, which each
characterize a series of three upward pointing arrows (top-gas batches) and three downward pointing arrows (conduit-gas batches). Labels next to curly braces indicate surface porosities of

each series of pairs.
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generation depth. Therefore, new batches are already rising in sequence
when a batch is released at the surface and they are not initiated by the
pressure drop caused by degassing and the change in level of the lake.

Our results suggest that matching the gas flux oscillations with a lake
level change of 1-1.5 m requires a temperature difference between as-
cending and descending magma of 115-195 °C (the higher value corre-
sponding to top gas composition and conversely) with spherical
batches, or batches evolving from spherical to spheroidal geometries,
reaching 70 vol.% surface porosity. Those batches would have ~4 m
and 14 m diameter at the surface, respectively (see Table A1 with the
online version of the paper). This range of diameter coincides with our
observations of video data that the batch arriving at surface generates
a surging disturbance of ~14 m diameter (Fig. 4a).

If gas fluxes of 19 and 23 kg/s are representative of the period of ob-
servations in 2009, when the lake surface area was 2500 m?, with a
mean period of 20 min and 1-m oscillation, then the corresponding
temperature difference would have been 184 °Cand 199 °C for spherical
batches of conduit- and top-gas compositions, respectively; the diame-
ter of those batches would be ~29 m and 32 m in the conduit and at sur-
face, respectively. However, this scenario is not consistent with our
criteria, because the batch itself would be larger than the acceptable
conduit diameter. If we consider instead a constrained, spheroidal
batch of 2-m horizontal radius like case 79 (Table A2 with the online

version of the paper), the temperature difference would have been of
105 °C and 120 °C for spheroids of conduit- and top-gas compositions,
respectively; those batches would be ~4 and 10 m in diameter in the
conduit and at the surface, respectively. This estimate suggests that
our results, which are mostly based on 2004-2005 field data, are not
sensitive to observed changes in lake surface area and/or oscillation pe-
riod over the past decade.

4. Discussion

Visual observations and outputs from our physical models of magma
circulation lead us to interpret the general dynamics of the lava lake rise
and fall as follows. At depth, the magma containing dissolved gas rises
by buoyancy. As pressure decreases, the gas exsolving from the melt
causes the ascent velocity to increase. When the upward flow reaches
the detachment depth, it behaves as differentiated batches, the velocity
of which increases. The cause of batch generation is not explicitly ad-
dressed in our model and is assumed to reflect flow instability. When
a given batch reaches the surface, the level of the lake increases under
the extra supply of bubbly magma and the batch releases its gas to at-
mosphere while the degassed melt is spreading towards the edges of
the lava lake. The degassing rate decreases and the melt keeps spreading
laterally as the whole surface tends to flatten; the “fresh” melt overlaps
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the cooler and harder surface formed by the previous batches of magma.
The process is cyclical because other batches having formed at the de-
tachment depth are already on their way to the surface, which they
reach periodically. The denser, colder, and degassed magma is drained
back in the conduit and down to the magma chamber as lighter bubbly
magma travels upwards in the same conduit.

The four scenarios we analyzed are differentiated by the type of as-
cending flux (Poiseuille/batch), the gas composition (“lake gas”, “con-
duit gas”, and “top gas”) and the associated gas flux (4, 19 or 23 kg/s,
respectively). No solutions could be found when the high end of the
flux cycle is made of a mixture of conduit gas and lake gas, regardless
of whether the conduit gas is carried by discrete batches, or by steady-
state Poiseuille flow (scenarios 2-3). This suggests that the composi-
tional cycles reflect two distinct chemical signatures that do not mix
and that originate from deeper than the lake (scenarios 1 and 4).
These poles correspond to magma batch pairs that have shapes likely
constrained by the conduit width because more cases are valid for sce-
nario 4 than scenario 1. Regardless of their shapes, the pairs reach very
high porosities near the surface (70 vol.%) compatible with our assumed
physical template of a bubbly magma. The tight alternating arrival of
these large (~14 m in diameter) batches brings forth the image of a
lava lake mostly filled with gas-rich magma. Since high porosity is
often associated with the development of a permeable network of gas
bubbles, this is consistent with the high gas permeability of the lake
inferred from observations (Peters et al., 2014a) and gas flux measure-
ments (Peters et al., 2014b).

The conduit geometry we adopted is highly simplified. Further find-
ings about the width and geometry of the conduit would change our re-
sults by accepting more scenarios if the conduit is wider than thought.
On the contrary, a significantly smaller conduit, say 5 m in diameter
(Ilanko et al., 2015b), would render most of our cases unlikely. This lat-
ter case would point to flow instabilities that are incipient and do not
lead to discrete magma batches. Another limitation is the requirement
that batch types do not mix while rising. If instead the medium is con-
sidered as a continuum, batches of different sizes and compositions
(e.g., discarded cases from scenarios 2-4) could coexist and alter each
other's properties (i.e., velocity, porosities, compositions), resulting in
hybrid batches or conduit-wide mixing (Palma et al.,, 2011). The physi-
cal template we used herein cannot accommodate such complexities,
which call for a different approach. We thus see our approach as provid-
ing the first-order conclusion that instability of the bidirectional flow in
the shallow Erebus magmatic system is a viable physical mechanism to
explain oscillations of the lava lake.

Phonolite lava temperatures derived from petrological evidence span
from 925 to 1030 °C (Kyle, 1977; Dunbar et al., 1994; Moussallam et al.,
2013). Gas modeling indicates yearly variations from 1000 to 1085 °C
(Burgisser et al., 2012; Moussallam et al., 2013; Alletti et al., 2014). Our re-
sults suggest that the temperature difference between up- and down-
flows is between 100-200 °C, which is close to the 200 °C proposed by
Calkins et al. (2008) to explain the minimum mass supply rate of the
lake. Gathering the various temperature estimates of the active magmatic
system at Erebus points to a shallow part dominated by colder descend-
ing magma around 900-950 °C fed by a deeper, warmer system around
1000-1050 °C. Precise localization of the deeper, hotter source is difficult.
Our results suggest that batch dynamics are restricted to the upper 250 m
of the conduit while the generation depth of the upward flow is 2-3 km,
assuming closed-system degassing (see also Burgisser et al., 2012; Alletti
etal,, 2014). These depths point to an active convective system reaching a
few kilometers below the lake, which is agreement with the trajectories
of single anorthoclase crystals tracked by Moussallam et al. (2015) that
suggest rapid magma transfers in the upper few kilometers of the mag-
matic system.

The picture of a magma system stirred in its upper few kilometers is
consistent with batches rising from a single phonolitic magma that
reach the surface with a differentiated volatile composition. The reason
behind this differentiation is not a difference in bubble growth rate

(Burgisser et al., 2012). Chemical modeling alone, however, does not
provide volatile evolutions as a function of pressure that are precise
enough to indicate an unequivocal cause of differentiation. Assuming
constant temperature in the rising magma, such modeling simply sug-
gests that the greatest potential for differentiation occurs in the last
hundred meters of the magma ascent as a result of degassing style
(openvs. closed system) (Burgisser et al., 2012; Alletti et al., 2014). Con-
sidering our results, the chemical effects of the 100-200 °C temperature
variations caused by the mixing of descending magma in the warmer
resident magma reservoir might explain the differentiation. Should
this process be dominant, it opens the possibility that the chemical cy-
cles observed are a natural consequence of the convective motion and
the associated temperature contrasts. In this view, the descending
magma is likely to be reheated as it reaches the magmatic reservoir, de-
pleting it in volatiles by dilution. The overpressure driving this perma-
nent degassing is mainly due to the buoyancy between the gas-rich
rising magma and the denser degassed magma, without additional in-
jection of gas and magma in the reservoir. We expect that the impor-
tance of such a closed-system convective degassing is controlled by
the volume ratio between resident and descending magma, which
bears on the unresolved issue of the size of the magmatic reservoir be-
neath Erebus (Moussallam et al., 2014).

5. Conclusions

We used a simple fluid dynamical model to explain the cyclic behav-
ior of the lava lake at Erebus. By setting constraints such as the magma
volume causing the lava lake oscillation, the measured chemistry and
fluxes of the emitted gases, and the geometry of the lake and conduit,
we explored four scenarios for the ascent of magma batches with dis-
tinct gas compositions. Each scenario has a subset of model runs that in-
volve magma batch pairs with varying characteristics. Solutions for the
142 cases tested in total were found by adjusting the temperature of the
descending magma and the baseline height of the lake. Their consisten-
cy was tested by comparing the resulting conduit diameter with inde-
pendent observations.

Our results suggest that the high end of the flux cycles, when the
lava lake is at its highest, is not the result of the mixing of a magma
source originating from the lake with a deeper source. It is instead
caused by a discrete source of water-rich (73 mol%) and hot (1085 °C)
buoyant magma that vesiculates as deep as ~2000 m. As the magma
rises in the conduit, the pressure to which it is submitted decreases
and leads to a progressive acceleration. Individual batches detach from
the rising magma at depths of 50-250 m. The low end of the flux cycles
is the result of a discrete pole of colder (1069 °C) and less water-rich
(60 mol%) magma. This colder magma could vesiculate deeper
(~3000 m) than its hot counterpart. Individual batches detach also
around 20-200 m deep. The two batch types can coexist in a single con-
duit up to a depth of ~30 m, above which they rise alternatively to re-
lease respectively 19 and 23 kg/s of gas at the lake surface every
10 min. The temperature of the descending flow is between 890 and
950 °C, which is roughly 100 °C colder than the ascending currents.
Batch pairs have shapes likely constrained by the conduit width. Re-
gardless of their shapes, the pairs reach very high porosities near the
surface and have diameters of 4-14 m that are consistent with video ob-
servations showing spreading waves at the lake surface. The tight alter-
native arrival of these large batches brings forth the image of a lava lake
mostly filled with gas-rich magma.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2015.10.027.
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Appendix A

We calculated the velocity of any ascending batch, Upgcp, by solving
the polynomial of second order after re-arranging Eqs. (8) and (9):

3 Rbatch Pdesc
8 a+f3 MU

Haesc

1
atp MUbach— 58 R batchRgech (Pdesc—batch) = 0
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The positive solution of that polynomial is given by:

Upaten(2) =

3
4 \/(ydESCM)Z + 8 Pesc Rz batch Rl%atch (Pdesc—Pratch ) ME(C + B) —HescM
3

Rbatch Pdesc M
(A2)

where a and 3 are the geometrical factors defined by McNown and
Malaika (1950) for a prolate spheroid (their case 4):

2 2
2 _1/R —R
tanh 1 z batch batch

o=

R
Rg batch _thiatch batch
2 2 2 2
B= 2 Rg batch tanh_1 \/Rz batch _Rbatch _ \/Rz batch _Rbatch
2 2 3 Rpatcn Rpatcn
(Rz batch —Rbatch )
(A3a)

and for spherical geometries (their case 1):
o= 2/R; pach (A3b)

B= 2/3 R: batch

Once we know the velocity of the batch as a function of depth, we
can calculate the rise time. At the instant t; _ ; the velocity of the
batch is Upgen, ,. at the instant t; the velocity of the batch is Upgcn,- The
average velocity Upgcp, in the time interval At; = t; — t; — 1 iS Upgren =
[Ubatch(zi) + Uparen(zi — 1)1/2 and the time for a batch to ascend from
Z; _ 1 to z; is approximated by:

Zi—Zj_
fizilu St (A4)
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