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Introduction: Magmatic foam is suggested to play
a significant role in multiple planetary volcanic pro-
cesses, and its presence or absence is interpreted to be
key in interpreting resulting landscape feature morphol-
ogy, crater retention, and longevity. Prior modeling ef-
forts have commonly relied upon a series of linear ap-
proximations for ease and simplicity, which introduces
cumulative errors and uncertainty. We model several
detailed aspects of magmatic foam formation and
transport that are expected to be pivotal or rate-limiting
in determining when and where magmatic foams are
present in volcanic processes.

Background: Most volcanic eruption products
throughout the Solar System were not observed during
emplacement, so eruption and emplacement character-
istics need to be inferred from the static resulting mor-
phology. Recent investigations into lunar lava mounds,
particularly within the irregular mare patch previously
named Ina-D [1-6] have reinvigorated the study of how
lava’s behavior changes when it contains enough vesi-
cles to be considered mechanically as a “foam” (>95
vol.% bubbles) instead of as a liquid [7-9]. These hy-
potheses recall the suggestion that Venus’ circular, flat-
lying, steep-sided “pancake domes” were also the prod-
uct of excessively vesicular basaltic lavas [e.g., 10]. On
Earth, the eruption of vesicle-rich rhyolite lava on the

Figure 1. LROC NAC image M11985703LC of the Ina de-
pression (resolution of 0.5 m/pixel) showing smooth dark ir-
regular mounds approximately 10 m high. PDS3 data set
LRO-L-LROC-3-CDR-V1.0.

sea floor from the Havre volcano in the southwest Pa-
cific in 2012 [e.g., 11] clearly demonstrated that not
only does vesicle-rich rhyolite lava behave very differ-
ently from basaltic lavas, but that ambient conditions are
key in eruption and emplacement behaviors.

Figure 1 shows a portion of Lunar Reconnaissance
Orbiter Camera (LROC) narrow angle image
M119815703 for Ina-D (a.k.a. “irregular mare patch
Ina”), a depression at the summit of a lunar volcanic
dome at 18°40°N, 5°18’E. Garry et al. [5] suggested that
these irregular mounds were the result of a lava flow in-
flation process, while others [e.g., 7, 12, 13] suggest that
they are remnants of extruded magmatic foams within a
lava lake. Braden et al. [14] interpret the crater size fre-
quency distributions to reflect a relatively young age of
<100 Ma, whereas others [3] suggest ages as young as
10 Ma or as old as ~3.5 Ga [12]. The older estimates
assume a magmatic foam material with atypical crater
retention properties [7 - 9, 12, 15, 16]. Here, we quanti-
tatively model aspects of the proposed magmatic foam
eruption processes to better constrain the likelihoods of
magmatic foam eruption as well as foam eruption prod-
uct material properties.

Methods: We use COMSOL Multiphysics® soft-
ware with the computational fluid dynamics (CFD)
[17], subsurface, and heat-flow modules to calculate
temperature and velocity fields and wall shear stresses
for Newtonian and non-Newtonian magma rheologies.
In particular, we simulate three key processes. First, we
model the dike and conduit flow of Bingham plastic ma-
terials [8, 18] for both highly silicic and basaltic foam
parameter values. Second, we model the two-phase con-
duit and dike flow of a foam above a rising magma for
proposed late-stage eruptions of magmatic foams, a
mechanism suggested as responsible for forming Irreg-
ular Mare Patches (IMPs) and other possible foam-con-
taining deposits. Third, we model ascent of bubbles,
which are proposed to collect in the tips of dikes [8, 18-
21] during dike propagation for slow ascent rates [22,
23].

Model Suite A) Computational simulation of Bing-
ham materials in dike and conduit flow. This model
compares common Bingham flow approximations for
isothermal crack and conduit ascent [e.g. 18] with full
computational laminar flow solutions then assesses so-
lution differences between the two approaches.
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Model Suite B) Computational simulation of two-
phase flow for magma and magmatic foam. Here, we
model the slow ascent of two-phase flow (magma +
bubbles) with an overlying magma foam and consider
the predicted velocity fields, the fluid interface tracked
by moving mesh deformation, and wall shear rates.

Model Suite C) Computational simulation of bubble
ascent. Experimental and computational studies suggest
that bubble nucleation, growth, and disruption all de-
pend on shear rate as well as magma viscosity, density,
and vesicle properties [23-25]; also the presence of a lo-
cal or widespread impermeable “skin” preventing vola-
tile losses [e.g. 2] may be significant. In this model, we
consider bubble ascent through several magmatic com-
positions using a two-phase flow simulation tracking the
moving mesh interface between the gas-filled dike tip
and the degassing magma as a function of ambient con-
ditions and ascent rate for a constant-width near surface
dike with different planetary pressure conditions.

Results and Discussion: Figure 2 shows the com-
putational model geometry and material domains for
these three magmatic foam model suites.

Results from model suite A suggest that common
linear approximations for Bingham flow in dikes and
conduits for flow rates may be as accurate to within 10%
of full velocity field solutions or inaccurate by an order
of magnitude (or more). Accuracy depends strongly on
material parameter ranges, rheology relationships and
geometry complexity.

Results from model suite B (two-phase magma and
foam flow with a deformable fluid boundary) suggest
that foam commonly does not passively rise above the
magma in conduit and dike flow, and that boundary and
rheology effects add: significant complexity, foam loss
and breakdown, and velocity-dependent volume frac-
tions of material ratios. There is a strong dependence on
geometry, rheology, and strain rates.

Results from model suite C (bubble ascent) suggest
that rheology-dependent magmatic bubble segregation
is more sensitive to ambient conditions and shear-rate-
dependent factors than previously thought.
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Figure 2. Computational model geometry domains and

solution examples for A) Bingham dike and conduit

flow, B) Two-phase magma and foam flow, and C)

Two-phase flow bubble ascent and gas accumulation.
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