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Background

Pahoehoe lava flows dominate terrestrial basaltic lavas
throughout subaerial and submarine environments [1] on
the Earth and other planetary bodies [2]. These land-
forms grow via the injection of thin lava flows (10-50cm
thick) beneath an insulating crust. At the interface be-
tween the crust and the flow, a more viscous layer of lava
cools and accretes, which causes the crustal thickness to
increase, with buoyancy forces enhancing the uplift (as
the crust is less dense than the hot lava). Initially flow-
ing as a sheet with a uniformly distributed liquid lava
core, terrestrial pahoehoe lava flows develop thermally
and mechanically preferred flowpaths beneath an insulat-
ing crust [3] which can merge and mature, forming lava
tube systems [4].

While the inflation mechanism and subsurface lava
tube formation allows for more efficient delivery of small
pulses of lava from the source vent to the flow front
[5], these processes greatly complicate efforts to estimate
flow duration, lava rheology, and overall flow evolution
from surface morphology. We aim to mathematically
model the mechanisms by which preferred lava flow-
paths can develop within initially uniform thin sheets.
In particular, we focus on dynamically-driven ’fingering’
caused by large viscous variations (Figure 1), which can
arise from small differences in temperature and (related)
crystallization or volatile content. Fingering dynamics
have been observed in the lab [3, 6] and have been used
to explain temporal [7] and spatial [8] oscillation within
lava flows.

Methodology

We investigate 2D profiles of channelized flow over a
horizontal plane (Figure 1; the (x,z)-plane or the (x,y)-
plane, where x is the along-flow axis). Due to a lava
flow’s geometry (flow depth≪ length and width [11],
a Hele-Shaw approximation), we approximate flow as
laminar thin flow, which yields a modified Darcy’s law
(EQN 1) relating the pressure gradient to the velocity.
Heat advects and diffuses within the flow (EQN 3) and
is lost to the cooler walls as the wall rock heats up and
insulates the magma. The thermo-viscous relation is ap-
proximated using Nahme’s exponential law (EQN 4).

Non-dimensionalized system equations are:

∇ · U = 0

∇P = µU (1)

(equivalently,0 = ∇ · (µ∇ψ)) (2)

Tt + u · ∇T = Tzz (3)

µ = exp(β(1 − T )) (4)

whereU is flow velocity,P is the pressure,ψ is the as-
sociated streamfunction,µ is the viscosity, andT is the
fractional temperature (betweenThot andTcold). β is a
free parameter that controls the strength of the viscosity’s
temperature dependence (= ln(µcold/µhot)).

Our model is very similar to the model presented in
[8] for vertical lava flow through a conduit, with the pri-
mary differences found in the boundary conditions (in
particular, the temperature of the channel walls) and the
flow orientation. Fingering dynamics were observed in
these prior studies, in which flow became focused into
hotter (and thus less-viscous) regions. The threshold at
which fingers appeared depends onβ and the influx ve-
locity (uin).

Analysis

The steady-state solution for our system is a flow with
constant temperature and a uniform velocity. Beginning
with this state, we assess the linear stability around a
small perturbation:

T = T0 + θ, whereT0 = constant

ψ = S0 + φ, whereS0 = uinz + C

The perturbations (φ andθ) thus evolve via:

θt + uinθx = θzz

φzz + φxx = −βuinθz

i.e., the temperature variations evolve via simple
advection-diffusion and the streamfunction perturbation
evolves via a Poisson relation. Additionally, the instabil-
ity threshold wavenumber scales withβuin. Note that if
β = 0 (constant viscosity case), then the perturbations
evolve via the same equations as the steady-state flow
(EQN 3 and 2).

We are also numerically simulating the evolution of
flow within the channel – the algorithm iterates between
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