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Introduction: Erosion  by  lava  –  which  likely
involves  some combination  of thermal  erosion  (i.e.,
melting of the substrate) and mechanical erosion (i.e.,
physical  removal of unconsolidated substrate without
melting) has been suggested to have played a role in
the  formation  of  some  lunar  sinuous  rilles  [1,2,3].
Vallis  Schröteri  is  the  largest  sinuous  rille  on  the
Moon,  and  is  located  on  the  Aristarchus  Plateau,  a
block  of  ancient  highland  crust  that  was  uplifted
during  formation  of  the  Imbrium  basin  [4].  The
plateau is surrounded by Oceanus Procellarum to the
south  and  west and  Mare  Imbrium to the northwest
[4].  Vallis  Schröteri  includes  an  outer  primary  rille
(~150 km long), and a highly meandering inner rille
that runs across the floor of the primary rille out to a
distance of ~200 km from the lava source or  Cobra
Head [Fig.  1a].  The  inner  rille  begins  in  a  distinct
crater  within  the Cobra Head [4]  and  cross-cuts  the
wall of the primary rille [5] before it finally reaches its
terminus point in Procellarum. Clementine data shows
that  low-titanium basalts characterize the Aristarchus
plateau  region  [6],  and  the  composition  of the  lava
substrate  is  similar  to that  of the  upper  anorthositic
crust [7]. Here, we focus on the inner rille and apply
our new 3-D model of thermal erosion by turbulently
flowing lava [8] to investigate the extent to which the
mechanism of thermal erosion might have contributed
to the observed rille geometry.

Figure 1.  a) The primary rille of Vallis Schröteri  on
the Aristarchus  plateau.  The red arrow points  at  the
rille section of interest; b) Rille section chosen for the
simulations; The inset on the lower right shows the lo-
cation of the Aristarchus Plateau on the Moon.

Inner rille topography:  We made use of available
Lunar  Reconnaissance  Orbiter  (LRO)  Wide  Angle
Camera  (WAC)  and  Narrow  Angle  Camera  (NAC)
images of the rille, in which the NAC images have a
higher spatial  resolution of ~30-50 cm/pixel [9]. The

amount  and  distribution  of  thermal  erosion  in  a
channel are affected by both channel geometry and the
key physical parameters of the flow, such as the initial
lava temperature and viscosity. The rille stretches out
to  a  measured  distance  of 203  km  from the  Cobra
Head,  and  gooseneck  meanders  occur  along  with
meanders  that  are  more  flattened  in  shape.  Rille
width, w, is measured to be narrower than previously
found [5,10],  and  ranges  between 150 and  ~200 m.
The  observed  meander  wavelength,  λ,  is  equal  to
~700-1,100  m,  and  meander  amplitude,  2A,  varies
between ~185 and ~250 m. The rille section chosen
for  our  computer  simulations,  is  located  at  a  lunar
latitude  and  longitude  of  26.067° N  and  -51.708°
respectively, and is defined by the following geometric
parameters:  λ  = 1,000 m;  2A = 185 m; w = 160 m
[Fig. 1b, 2].

The 3-D model:  Our new model has the unique
advantage  to calculate  erosion  rates  at  both  channel
bed and banks. As applied to our case study, it has the
potential  to reveal  whether  or not rille meanders are
indeed regions of enhanced thermal  erosion.  From a
fluid-dynamic  standpoint,  the  motion  of a  turbulent
lava flow – an incompressible fluid – can be described
by the Navier-Stokes momentum equations in the x, y,
and  z  direction.  The  process  of  time-averaging  –
which  characterizes  Reynolds Averaging  Simulations
(RAS) and is inherent  in  turbulent modeling - intro-
duces two new unknowns (Reynolds stresses) into the
system of equations,  which  can  be approximated  by
using  a  “k-ε”  model  that  contains  two  additional
transport  equations.  The  k expression  quantifies  the
turbulent  kinetic energy that  is produced, convected,
and diffused within  the flow, whereas the ε equation
approximates  turbulent  dissipation.  The  new  model
uses the resources made available by OpenFOAM, a
C++ software that adopts the finite-volume methodol-
ogy, and consists of solvers that  run  the “k-ε” model
(among others), and utilities that are designed to per-
form pre-and post-processing tasks like those involved
in mesh generation.

Recently,  Cataldo  et  al.  [11]  carried  out  steady-
state RAS simulations of thermal erosion by turbulent
lava at a terrestrial site by adopting a modified version
of the simpleFoam solver that is available with Open-
FOAM.  Here,  we modified  and  adapted  an  existing
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version of the pimpleFoam solver (designed for tran-
sient problems) for the flow of lava. While still adopt-
ing  the equations that  define  the  “k-ε”  model,  tran-
sient simulations have the advantage to model turbu-
lence over time, and  track erosion rates and the key
physical parameters of the flow over time and for in-
creasing downstream distances from the lava source.

Model  assumptions.  Thermal  erosion is greatest
close  to  the  lava  source  where  lava  temperature  is
highest, and flow viscosity is at its minimum. At this
preliminary  stage,  our  simulations  model  a  channel
that is only 5,000 m long, and display the geometry of
the  rille  described  in  the  previous section.  Eruption
temperature  is  assumed to be equal  to 1,440°C (liq-
uidus) – consistent with that of low-titanium basalts -
and initial flow velocity is in the range 4-10 m s-1. The
viscosity of the  flow is  equal  to  1  Pa  s  at  the  lava
source. The thickness of the lava is taken to vary be-
tween a minimum of 5 m and a maximum of 20 m,
values that  are consistent  with those observed by the
Apollo 15 crew at Hadley Rille [12].

Here, we present preliminary results of these new
transient RAS simulations, applied to the inner rille of
Vallis Schröteri.

Preliminary results:  Results show evidence for
thermal  erosion by lava at the rille bed and over the
meanders  [Fig.  2].  Erosion  rates  decrease  with  in-
creasing downstream distances and appear to be maxi-
mum near the source (left) and on meander flanks. 

Figure 2:  Erosion rates (E.R.) generated by a 20-m-
thick lava  flowing down a  5-km-long section  of the
Vallis  Schröteri  inner  rille  (chosen  section  at  lat:
26.067°  N and long: -51.708°). Lava source is to the
left.  Red and  green:  highest  E.R.;  deep blue:  lowest
E.R. There is extensive evidence for enhanced erosion
rates at the rille bed and at the meander bends.

Unexpectedly,  erosion  rates  are  slightly lower  at
each meander apex than over the remaining meander
portions. The lowest values are of order 10-5-10-4 m s-1.
These values are  more than  one order  of magnitude
higher  than  those calculated at the Raglan  site, New
Quebec,  Canada  [11],  a  likely  consequence  of  the
higher eruption temperatures (1,440°C versus 1406°C)

and the occurrence of a mechanically weaker substrate
at this lunar location than the consolidated komatiitic
basalt  substrate  modeled at  Raglan.  Expectedly, ero-
sion rates are greatly affected by flow thickness. For a
5-m-thick  flow,  minimum  erosion  rates  are  in  the
range of 10-7-10-6 m s-1, and meander bend erosion be-
comes  negligible  once  the  flow reaches  the  down-
stream distance of 5 km. The inner rille flowed out to
a  distance  of 203 km from the  source and  this  fact
supports the idea that the flow must have had a higher
and, possibly, much higher thickness than 5 m.

Discussion:  Our preliminary results provide evi-
dence for thermal  erosion at  both the inner  rille bed
and the banks (bends) of the meandering channel. Yet,
the actual geometry of erosion as shown in Fig. 2 sug-
gests that  a slightly higher  value of the (λ/2A) ratio
might  be needed for thermal  erosion to peak at each
individual  meander apex. The presence of gooseneck
meanders, together with other rille segments that have
a more flattened appearance,  suggests a  variation  of
that  ratio  that  might  arise from unconsolidated  sub-
strate  terrains  that  alternate  with  more  consolidated
ones on the inner rille floor – in other words – the in-
terplay of mechanical with thermal erosion. The cho-
sen rille section is more closely representative of a ge-
ometry  arising  from  thermal  erosion  only than  any
other. In support of this statement, the inner rille me-
anders that lean against the walls of the primary rille
appear  to be more  flattened  than  those crossing  the
primary rille floor. Also, gooseneck meanders similar
to those found here characterize the rille that  sneaks
across the floor of Posidonius crater, where a mechani-
cally weak substrate  was likely covered  in  thick  re-
golith  and  highly  fractured  at  time  of eruption.  Fi-
nally, our 3-D model might  prove crucial  to identify
the  original  (λ/2A)  ratio  that  characterized  the  lava
flow that was meandering across the inner rille floor –
for a likely range of flow rates,  and provide an esti-
mate of the extent to which mechanical erosion might
have contributed to the observed rille geometry.
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