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ABSTRACT

This study has the objective to better constrain the role played by thermal erosion
by turbulent lava in the formation of large channels on Mars and the Moon. On Mars, a
rigorous one-dimensional model was used to test whether lava might have excavated the
Athabasca Valles outflow channel. Calculated erosion depths are much lower than the
measured depths of the channel, and suggest a limited role played by thermal erosion in
excavating it. On the Moon, the investigation focused on the outer and inner sinuous rilles
of Vallis Schroteri. At this site, erosional features cannot be explained by one- and two-
dimensional models. The first 3-D model of thermal erosion by turbulent lava on the Moon
was created to relate the spatial distribution of erosion rates over the bed and banks of a
channel with changes in fluid- and thermodynamic parameters. The turbulence model
chosen for each steady-state simulation is the Shear Stress Transport (SST) k- model and
OpenFOAM is the Computational Fluid Dynamics software used. At the 150-km-long, 4-
km-wide, and up-to 700-m-deep outer rille, I aimed to determine maximum erosion rates
at/near the lava source and rille segments 1-km-long and 4-km-wide were chosen for the
simulations. By adopting the obtained maximum erosion rates of 1 m/day, lava might have
taken ~2 years to excavate the 700-m-deep depression. These fast erosion rates were
unlikely maintained downstream of the lava source unless lava flowed in a tube. Besides,
observational evidence suggests that tectonics and constructional processes likely
contributed to rille development. On these grounds, thermal or thermo-mechanical erosion
might have contributed to rille formation at a later stage. At the Vallis Schroteri inner rille,

1-km-long and 160-m-wide meandering channels were chosen. In one scenario, lava loses



heat by radiation, in the other flows in a tube. Using the calculated (and conservative)
erosion rate of 50 cm/day, it would have taken ~6 months for the 90-m deep inner rille to
be excavated. A mechanism of secondary flow circulation analogous to that found in
meandering rivers potentially explains meander generation. At each bend, downstream and

cross-stream velocity variations lead to local temperature/ erosion enhancements.
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1 INTRODUCTION

Thermal Erosion Models

The partial or complete melting and assimilation of a solid or particulate substrate
by flowing lava are defined as thermal erosion, whereas mechanical erosion involves the
entrainment of substrate materials that have not chemically interacted with the lava
(Williams et al., 1998). Thermomechanical erosion implies a combination of the two
processes. These processes are important because they cause the removal of substrate
during lava flow emplacement, and erosion by flowing lava is a mechanism thought to be
responsible for the formation of some lava channels and tubes on Earth and other silicate
planets and moons (Carr, 1974; Baker et al., 1992; Greeley et al., 1998; Schenk and
Williams, 2004; Head et al., 2011). Regardless of the mechanism, erosion by lava is most
plausible for high-temperature, low-viscosity lavas, especially if they flow turbulently.
Thermal erosion has been inferred to have a minor role (i.e., cm's of melting) in the
emplacement of carbonatite lavas at Oldoinyo Lengai, Tanzania (Dawson et al., 1990) and
in possible planetary lava analogs like industrial sulfur flows (Greeley et al., 1990). It has
also been inferred to have a somewhat greater role in the formation of several terrestrial
lava tubes (Greeley, 1971b, 1972; Cruikshank and Wood, 1972; Swanson, 1973; Peterson
and Swanson, 1974; Wood, 1981; Coombs et al., 1990; Peterson et al., 1994; Kauahikaua,
1996), and in the formation of some lunar sinuous rilles (Hulme, 1973, 1982; Head and
Wilson, 1981), some Martian lava channels (Carr, 1974; Cutts et al., 1978; Baird, 1984,
Wilson and Mouginis-Mark, 1984), and some Venusian canali (Head et al., 1991; Baker et

al., 1992; Komatsu et al., 1993; Komatsu and Baker, 1994; Bussey et al., 1995).



Mathematical Modeling of Lava Emplacement

Over the last 90 years, mathematical models have been used to study volcanic
processes such as 1) the cooling and heat loss from lava flows and intrusions (Lovering,
1935; Larsen, 1945; Price and Slack, 1954; Carslaw and Jaeger, 1959; Jaeger, 1968;
Dragoni, 1988; Crisp and Baloga, 1990, 1994); 2) style and mode of lava emplacement
(Shaw and Swanson, 1970; Danés, 1972; Hulme, 1974; Wadge, 1978; Huppert and Sparks,
1985; Dragoni et al., 1986; Crisp and Baloga, 1994; Pinkerton and Wilson, 1994; Dragoni
et al., 1995); and 3) contact metamorphism by heat from lava flows and intrusions
(Lovering, 1936; Jaeger, 1957, 1959, 1964). Mathematical models can be analytical when
using equations of physical processes to arrive at an exact solution, or numerical when they
use repeated iterations of an algorithm to approximate the solution. When it comes to
solving simple problems, there is often little difference between exact and approximate
solutions; on the contrary, for a complex problem, a numerical solution can be quite
different from an exact solution, and the choice of an appropriate methodology is crucial
to the success of the operation.

Hulme (1973) first simulated the role played by high-temperature, low-viscosity,
and high-density lavas in creating the sinuous rilles on the Moon. Hulme (1973) and
Huppert and Sparks (1985) showed that turbulently flowing, low-viscosity lavas are
expected to lose heat mainly by convection rather than conduction. Huppert et al. (1984)
and Huppert and Sparks (1985) used a combination of laboratory experiments and

mathematical modeling to simulate the turbulent emplacement of Archean komatiites on



Earth. In subsequent years, all workers used variations of the Hu/me model and the Huppert
and Sparks model (Jarvis, 1995; Wilson and Mouginis-Mark, 2001). Since mathematical
modeling was first used for solving problems in physical volcanology, there has been a
debate as to what factors might be most important in controlling lava flow emplacement.
Several authors argue that topographic control, lava viscosity, variable flow rate, yield
strength, flow volume, and hydrostatic pressure gradients exert a primary control on flow
dimensions, with heat loss being important only to the formation of the lava crust (Nichols,
1939; Walker, 1973; Hulme, 1974; Malin, 1980; Baloga and Pieri, 1986; Dragoni et al.,
1986; Guest et al., 1987). Other authors consider heat loss and crust development to be the
most important factors determining flow length and width, due to the sensitivity of lava
rheology to temperature changes (Shaw and Swanson, 1970; Danés, 1972; Huppert et al.,
1984; Huppert and Sparks, 1985; Gregg and Greeley, 1993; Crisp and Baloga, 1990, 1994;
Keszthelyi, 1995; Keszthelyi and Denlinger, 1996; Sakimoto et al., 1997). Heat loss and
crust development are also thought to exert a strong control on the formation of lava

breakouts upstream from an advancing flow front (Crisp and Baloga, 1990).

Williams et al. (1998) model of thermal erosion by turbulently flowing lava

The rigorous analytical-numerical model developed by Williams et al. (1998)
advances the Huppert and Sparks (1985) model by including both a geophysical approach
and a geochemical approach, thus better constraining the evolving composition and
thermal-rheological properties of lava and substrate, and the convective heat transfer to the

top of the flow and to the substrate. For a complete description of the model and the



equations adopted, the reader may refer to Williams et al. (1998). A couple of years later,
Williams et al. (2000) adapted their original model to the lunar environment and assessed
the effect of bubbles on the emplacement of the lava. Importantly, the Williams et al. model
was designed for terrestrial localities where model results could be compared to field data.
The flow is one-dimensional with thermal erosion in the vertical direction. Lava erupts as
a turbulent flow with a thermally mixed interior, convective heat transfer occurs to the top
and the base of the flow, and thermal erosion occurs at the base of the flow, providing that
the lava temperature is greater than the melting temperature of the substrate and latent heat
is released as the flow crystallizes. The model includes (1) the effects of lava rheology
changes due to assimilation of eroded substrate and crystallization of mafic minerals in the
flowing lava, (2) the lava temperature decrease as the flow moves downstream, and (3) the
flow thickness increase as velocity decreases (thickness is used as a proxy for flux, which
is conserved as the flow moves downstream). Several algorithms are used to calculate
initial values of important temperature- and composition-dependent thermal-physical lava
properties, including solidus and liquidus temperatures, liquid density and viscosity, lava-
specific heat, and thermal conductivity. However, these algorithms require an initial lava
major oxide composition, and a set of topographical parameters associated with the flow
is also required to run the model.

What is required to advance the study of thermal-mechanical erosion by flowing
lava is a more sophisticated, 3-D modeling approach, over the 1-D modeling of Williams
et al. (1998). Application of computational fluid dynamics (CFD) software that can model

turbulent flow in a lava channel or tube in three dimensions would provide new insights



into the locations and depths of erosion by lava in an evolving system. Specifically, it will
reveal changes in fluid-dynamic parameters on a local scale, i.e., in channel cross-section
at meander bends, and how those changes relate to variations in flow temperature, hence,
thermal erosion rates. Understanding erosion by lava in a sinuous channel system using
CFD software would be a major advance on past modeling efforts because no current state-
of-the-art 1- and 2-D models are capable of addressing this level of complexity. That is

precisely the goal of this work.



2 BACKGROUND ON THERMAL EROSION MODEL AND SENSITIVITY
ANALYSIS
Introduction

The purpose of this chapter is to present erosion rate results obtained through
application of the new three-dimensional model of thermal erosion by turbulently flowing
lava to 1.2-1.5-km-long channel segments of the inner sinuous rille of Vallis Schréteri on
the Moon. Erosion rates are obtained from a baseline model that was chosen based on rille
knowledge gathered from high-resolution imagery (Robinson et al., 2012) and lava and
substrate information inferred from remotely-sensed data (Walker et al., 1976; McEwen et
al., 1994; Mustard et al., 2011; Zhang et al.,2014). Then, a sensitivity analysis is presented,
in which variations of baseline model results relate to uncertainty in lava and substrate
parameters (lava temperature, thickness, velocity and substrate composition/compaction)
and variability of measurable properties (rille width, meander amplitude, and meander
wavelength). The sensitivity analysis is performed by choosing a baseline set of model
parameters (Tables 2.1, 2.2), running the model with this set of parameters, and then
running the model after changing one parameter at a time (Tables 2.3 —2.9). By comparing
the model results between the baseline run and the later runs in which a single parameter
has been varied, the sensitivity of the model results to changes in that parameter can be
determined.

OpenFOAM™ is the software that was used to obtain model results, which consists
of'a C++ library of applications called solvers and utilities. Solvers are groups of equations

sorted by physical problem (turbulent versus laminar flow, compressible versus



incompressible scenarios) and enable simulation of specific problems of Computational
Fluid Dynamics (CFD). Utilities are designed to perform simple pre-and post-processing
tasks like those involved in mesh generation. The solver that was chosen is simpleFoam,
which is well-suited for the purpose of modeling turbulent, incompressible flow. However,
no temperature is specified in the solver, a severe limitation when modeling turbulently
flowing lava. As a result, a 3-D temperature model was coupled to simpleFoam.
Turbulence modeling is a time-averaging mathematical procedure that introduces two
unknowns (Reynolds stresses). Because of this, models that contain two additional
transport equations are needed to solve any problem involving turbulence. Two among the
most widely used turbulence models are the k-¢ and the Shear Stress Transport (SST) k-®
models. The standard “k-&£” model (Jones and Launder, 1972; Launder and Sharma, 1974)
is a high Reynolds number model that does not perform well at channel boundaries (low-
Reynolds number regions) if wall functions are not used. The k expression quantifies the
turbulent kinetic energy that is produced, convected, and diffused within the flow, and the
€ equation approximates turbulent dissipation. The “SST k-o” model (Menter, 1993)
switches to a “k-¢” behavior in the free stream and can be used as a low Reynolds number
model all the way down to the wall, thanks to the Shear Stress Transport (SST) formulation.

Because of this, it is very well-suited to determine erosion rates into the lava substrate.

The baseline model (BM) — input parameters

Table 2.1 shows the input parameters (physical and thermophysical properties of

the flow together with the geometric properties of the channel) that identify the baseline



model. There is uncertainty as to the thickness of the lava flows that formed the Vallis
Schréteri inner rille. Estimates of the thicknesses of lava flows have varied widely, ranging
between 10 and 60 m (Schaber, 1973) and 1 and 96 m (Gifford and El-Baz, 1981), and
representing ranges in eruption conditions as well as available data resolution and
measurement techniques. Specifically, Gifford and El-Baz (1981) used shadow
measurements of lava flow front scarps observed in Lunar Orbiter images and Apollo
orbital photographs. Very recently, terrestrial image interpretations were found to
overestimate lava flow thicknesses by factors of 1.2 to 3.5 (Rumpf et al., 2020), and current
measurements of lunar mare flow thicknesses likely overestimate individual flow
thicknesses by factors up to 3 (Rumpf et al., 2020). Over the last decade, the Lunar
Reconnaissance Orbiter (LRO) Narrow Angle Camera (NAC) has provided panchromatic
images at ~0.5 m/pixel (Robinson et al., 2012), thus greatly improving our ability to
interpret meter-scale features. Individual layers of lava have been observed in lunar pit
craters and in the walls of impact craters greater than several km in diameter, and a mean
layer thickness of 9.7 + 2.9 m was measured at Bessel crater (Robinson et al., 2012).
Because of all the above, a value of 10 m is chosen to be representative of the thickness of

the lava in the baseline model.

Table 2.1. Baseline model - Input parameters of the flow. The lava substrate is assumed to be
consolidated and identical in composition to the flowing lava. The suffix “inlet” stands for lava source;
“interface” refers to channel bed and banks, “mg” stands for “melting of ground”, “emg” is “effective
melting of ground”, “freestream” is the channel region that is farthest from channel boundaries, “top”
stands for flow top. T is lava temperature, Ux is the horizontal component of flow velocity, p is density,
v is kinematic viscosity, vt is kinematic turbulent viscosity, Pr is laminar (molecular) Prandtl number,
Prt is turbulent Prandtl number, C; is specific heat capacity of the lava, Cg is specific heat capacity of
the lava substrate, Ly is latent heat of fusion of the lava substrate, at is turbulent thermal diffusivity. As
regards the geometric parameters of the channel, “Hydr. R” stands for hydraulic radius (see text), With



reference to the turbulence parameters, k is turbulent kinetic

dissipation.

energy and o is specific turbulence

Input physical parameters

T inlet T_interface Ux_inlet Ux_interface P_lava P__substrate U_inlet U_interface

°C °C ms’! ms’! kg m kg m? m? s m? s™!

1440 (liq.) | 1412 7.0 0.0 2900 3100 1.38x10* | 4.24 x10*

VUt inlet VUt int_field Ut _interface

m? 5! m? 5! m? s’!

107 107 0.0

Input thermophysical parameters

ng Temg Prifreestream Priinterface Prtﬁfreestream Prtiinterface Cpifreestream Cg

°C °C # # # # m?s2°C! | m?s?°C!

1080 1160 1409.7 4123.2 0.7 0.85 1570 1500

Lg ot inlet ot int field Ot interface

m?s? m?s’! m?s’! m?s’!

425x10° | 107 107 0.0

Geometry of the meandering channel

Depth (h) | Length (1) | Width (w) | Hydr. R. | Meander wavelength A | Meander amplitude 2A
m m m m m m

10 1200 160 8.889 800 300

Calculated input turbulence parameters - SST k-w model (from Menter, 1993)

k_int_ﬁeld k_inlet k_interface k_top @ int field @ inlet @ interface ® top

m? s m? s m? s m? s st s! s! s!

543x10%|7.26x102 | 0.0 calculated | 3.54 7.91x 10" | 1.36 calculated

The lava that, at least, contributed to excavating the inner rille flowed over a

substrate that likely had a composition analogous to that of the lava that flowed in the

primary outer rille. The lava is taken to have a composition analogous to that of the Apollo
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12, low-Ti basalt (Walker et al., 1976) with a liquidus eruption temperature of 1440°C and
a kinematic viscosity of 1.38 x 10* m? s! (equivalent to a dynamic viscosity of 0.4 Pa s).
Turbulent viscosity is assumed to be the same (10> m? s!) at the lava source and flow core.
Given the lava flow thickness, the steady-state velocity of a turbulently flowing gravity
current can be obtained by re-arranging equation (8) of Jarvis (1995). For a lunar gravity
value of 1.62 m s and a measured average slope of the ground of 0.2° (Honda et al., 2009;
Cataldo et al., 2015), the calculated lava velocity is equal to ~4.0 m s'. That said, by
applying Hulme’s (1973) model of lava flow to 7 lunar rilles, Wilson and Head (2017)
found Reynolds numbers of order 10° and inferred lava flow depths of ~10 m in channels
measured to be 100-300 m deep. Flow speeds were within a factor of two of 6 m 57!, i.e.,
in the range between 3 and 12 m s™!, with very high total erupted volumes in the range 100-
2000 km?, which explains the adopted inlet velocity value of 7 m s™'. At the interface
between the flowing lava and the substrate, the temperature is held constant at 1412°C, the
28°C temperature difference between the flow core and the channel boundaries
being intermediate between those characterizing 5-m- and 20-m-thick flows (see Table
5.2). The lower temperature assumed at the channel boundaries is tied to a kinematic
viscosity that is greater by a factor of ~3 than that found at the lava source and flow core.
Flow speed and turbulent viscosity are assumed to be equal to zero at the channel
interface, consistent with our understanding of boundary layer theory.

Among the key input thermophysical parameters of the flow, the melting
temperature of the ground (1080°C) is taken from Williams et al. (1998) and refers to a

basaltic composition. From the same authors is also the value of the effective melting

10



temperature of the ground, which accounts for the viscosity of the lava substrate and, in so
doing, reduces the amount of heat being transferred into the substrate itself. The molecular
or laminar Prandtl number is calculated at the lava source and flow core (Pr_freestream) as
well as at the channel boundaries (Pr_interface). The turbulent Prandtl number is assumed to
be equal to 0.7 everywhere in the flow except at flow boundaries (Pr = 0.85). The specific
heat capacity at the flow source and core (Cp_ freestream) and the one at the channel boundaries
(Cyg) are taken from Williams et al. (1998, 2000) and refer to a lava and substrate that are
basaltic in composition. The substrate latent heat of fusion is taken from Williams et al.
(2000) and refers to a consolidated basaltic substrate. Finally, the turbulent thermal
diffusivity, ai, is assumed to be equal to 10 m? s! whereas at the channel interface it is
equal to zero (no turbulent motion).

As regards the geometric parameters of the baseline channel (beside lava depth),
the investigated channel length is only 1200 m long because the key objective is that of
running steady-state simulations that may reveal how the fluid- and thermodynamic
parameters of the flow vary from one channel section to the next. Channel width is equal
to 160 m, an average value that was obtained by taking several measurements at rille
sections that stretch from the lava source to a downstream distance of ~100-130 km.
Measurements were possible thanks to the availability of very high-resolution Lunar
Reconnaissance Orbiter (LRO) Narrow Angle Camera (NAC) images of the rille. For an
open channel, the hydraulic radius often replaces channel depth, though the two values tend
to be very similar (though not quite the same) for channels that are much wider than deeper.

For a rectangular channel cross-section, the hydraulic radius is defined as Ru = A/P, in

11



which A is the cross-sectional area of the flow and P its wetted perimeter. The value of A
is determined as the product of channel width, b, and channel depth, y, whereas P = 2y +
b. As aresult, the hydraulic radius can be written as Ru=by / (2y +b). Meander wavelength
appears to vary between ~800 and ~1200 m down to a downstream distance of ~130 km
from the lava source. Shorter values (in the range 600-700 m) characterize rille sections
that are farther from the source than ~130 km. Because of this, a value of 800 m is adopted
in the baseline model. Meander amplitude appears to vary more significantly than meander
wavelength. This is also due to the abundant occurrence of goose-neck meanders down to
distances of ~ 150 km from the lava source. The value chosen in baseline model simulations
is equal to 300 m and is representative of a rille section that is located at a downstream
distance of ~100 km from the lava source. A similar value of meander amplitude is found
at several other rille sections (other than those characterized by goose-neck
meanders), which justifies the choice of such a value in baseline simulations.

At the bottom of Table 2.1, the input turbulence parameters are shown for the
adopted SST k-o model. The values of k and ® vary as a function of lava velocity and
temperature (through their dependence on flow viscosity) and depending on whether they
are calculated at the lava source or at the channel boundaries. When using the SST k- ®
model, the choice of appropriate values for the k and ® turbulence parameters is key in
ensuring that simulations may converge and provide physically sound results. Because of
this, turbulence parameters (except those located at the lava source/channel inlet) were

calculated by adopting the expressions shown in Menter (1993). The value of the specific
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turbulent dissipation rate, ®, away from lava source (inlet) and channel boundaries is given
by:

U U
f.o < O_farfield < 10 f.o (1)

in which U is freestream lava velocity and L is defined as the appropriate length of the
computational domain (taken here to be equal to the hydraulic radius). The following
expression is then used to determine ®_wa, i.e., the value of ® at channel boundaries:

6v

10 B1(Ad1)"2 2)

O wall =

in which v is kinematic viscosity at the channel bed and banks, 1 is a constant equal to
0.075 and Ad: is the distance of each finite volume cell from the wall (0.5 m in all runs).
The turbulent kinetic energy away from inlet and walls, k_farfield, is calculated as follows:

Uoco”2 Uoo”2

107 < k_farﬁeld <0.1

€)

Re
in which Re is the Reynolds number of the flow. The value of k at the lava source (inlet)

1s calculated as follows:
3 2
k_inlet = E (UI) (4)

in which U is inlet lava velocity and I is turbulence intensity. Turbulence intensity is
obtained by adopting an expression for fully developed pipe flow (4nsys, 2018), as follows:
1=0.16 Rean"® ()
in which Readn is the Reynolds number based on the pipe hydraulic diameter. The value of

the specific turbulent dissipation rate, o, at the inlet is calculated as follows:

k”0.5
1

(6)

®_inlet = C>*
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in which Cy is the turbulence model constant that usually takes the value 0.09 and 1 is the
turbulent length scale. The | parameter describes the size of large energy-containing eddies
in a turbulent flow and is given by:

1=0.07*dh (7)
in which dh is the hydraulic diameter of the pipe. As shown in Table 2.1, the value of k at
the inlet is always higher than that at the flow core. Also, k is equal to zero at the channel
boundaries, a consequence of the fact that lava velocity is equal to zero there. Consistently,

the value of ® is lower at the inlet and is higher at the flow core and channel boundaries.

The baseline model (BM) — results

This section is concerned with providing values of maximum and minimum erosion
rates across the 1200 m long and 160 m wide channel bed and over the two banks. Fig 2.2a
shows a plan view of the channel bed in which the left and right banks are clearly labeled.
The lava source is located on the left and the lava flows toward the right end of the channel.
The other results concern two channel cross-sections that are cut along two adjacent bend
axes (bend 1 and 2) and are located at downstream distances from the source of 400 m and
800 m, respectively. River meanders are a result of erosion occurring at specific locations
on channel banks and the observed pattern of erosion tends to repeat itself consistently.
The current study investigates how thermal erosion by lava varies between a bend apex
and a trough and how erosion at the bed relates to bank erosion. Finally, as in rivers, the

intention is to search for erosional patterns, if any.
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Across the 1200 m long channel bed shown in Fig. 2.1, thermal erosion is maximum
at/near bend troughs and in a channel bed area located in the proximity of the downstream
flank of bend 2. Explaining why these maxima and minima occur where they do is beyond
the scope of this section but, in Chapter 5, observed variations in erosion rate will be related
to observed changes in the key fluid- and thermodynamic parameters within two channel

cross-sections cut along two bend axes.

BASELINE MODEL

ce - Tlig: 1440°

Figure 2.1. Baseline model. Channel length is 1200 m, lava depth is equal to 10 m,
meander wavelength is 800 m and meander amplitude is 300 m. Lava flows to the right
and is erupted at T=1440° C (liquidus), and initial flow velocity is Ux=7 m s". Temperature
at channel boundaries (bed and banks) is held constant at T=1412° C. The figure shows
maximum and minimum erosion rates at the channel bed. Erosion maxima occur at/near
the two bend troughs and in a bed area located in the proximity of the downstream flank of
bend 2.

Erosion rates of ~23 cm/day are obtained at/near the channel inlet (lava source). For a
straight channel, erosion rates are always highest at the source and the same value or a

slightly lower one would be expected at a downstream distance of 1200 m from the source
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and anywhere else in the channel. In contrast, erosion rates appear to vary drastically across

a 1200 m long and 160 m wide meandering bed, as shown in Table 2.2a.

Table 2.2a. Baseline model — Results in sensitivity analysis. Channel length is 1200 m.
Channel/lava depth is equal to 10 m, lava is erupted at T=1440° C (liquidus temperature),
and initial flow velocity is Ux=7 m s™'. Temperature at channel boundaries (bed and banks)
is held constant at T=1412° C. The table illustrates maximum and minimum erosion rates
at the channel bed and banks. The suffixes “Max/Min E.R.” stand for maximum and
minimum erosion rates.

BASELINE MODEL RESULTS — Channel length = 1200 m. Erosion rates at channel

bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

Description cm/day m description

Max ER bed 29.1 299.6 bend 1, 100.4 m upstream of
trough, 5 m from right bank.

Min ER bed 1.2 630.6* bend 2, 169.4 m upstream of
bend axis, bed/right bank.

Max ER left bank 28.8 697.7 bend 2, 102.3 m upstream of
bend axis, bank top.

Min ER left bank 1.3 1047.9 bend 2, 247.9 m downstream of
bend axis, left bank/bed.

Max ER right bank | 29.6 293.8 bend 1, 293.8 m downstream of
bend axis (inlet), bank top.

Min ER right bank | 1.2 630.6* bend 2, 169.4 m upstream of
bend axis, right bank/bed.

Maximum erosion rates of 29.1 cm/day are found in proximity to bend 1 trough (~100 m
upstream of it) and next to the right bank (5 m away from it). Still at the bed, minimum
erosion rates of 1.2 cm/day are found ~169 m upstream of bend 2 axis and close to the right
bank. Table 2.2a also shows maximum and minimum erosion rate at the two channel banks.
Because the two channel banks extend from flow top to channel bed, results reveal how

close to the top/bed a maximum and minimum of erosion occurs. Maximum erosion rates
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are slightly higher over the right bank than over the left bank (29.6 cm/day and 28.8 cm/day,
respectively). In line with the results found at the channel bed (Fig. 2.1), the right bank
maximum occurs where bend 1 is, at a downstream distance from the lava source that is
comparable with the one at which the maximum of bed erosion occurs. The right bank
minimum occurs at the same distance from the source at which the bed minimum is found.
The left bank maximum is found where bend 2 is — about 102 m upstream of bend axis -
whereas the minimum is farther downstream, at a distance from the source of ~249 m.
Minimum erosion rates are similar in value to those found at the bed, though the minimum
at the right bank (1.2 cm/day) is slightly lower than that at the left bank (1.3 cm/day). Due
to the thermal vertical structure of the flow — with a higher temperature and lower viscosity
at the top (Kerr, 2001) — the maximum of erosion is located at the top of both banks whereas
both minima are found at the bank/bed intersection. Interestingly, the right bank minimum

of erosion is found at the exact same location the minimum bed erosion occurs.

View of channel bed

Cross-section 400

Right bank

Figure 2.2a. Baseline model. Plan view of channel bed. Bend 1 axis is located at the lava
source and Cross-Section CS 400 passes through bend 1 trough at a downstream distance
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of 400 m from the lava source (left). The erupted lava flows toward the right end of the
channel.

View of channel bed

Cross-section 800

Right bank

Figure 2.2b. Baseline model. Planar view of channel bed. Bend 2 axis is located at a
downstream distance of 800 m from the lava source (left) and Cross-Section CS 800 passes
through bend 2 axis. The erupted lava flows toward the right end of the channel.

The final batch of results shows maximum and minimum erosion rates at two channel
cross-sections that are cut through bend 1 and bend 2 axes. Figs. 2.2 (a, b) show the two
Cross-Sections (CS) of interest, CS 400 that is cut at a downstream distance of 400 m from
the lava source and CS 800 that is located 800 m away from it. Maximum and minimum
erosion rates and their location in channel cross-section are summarized in Tables 2.2 (b,
c) and Figs. 2.4 (a, b). Table 2.2 (b) and Fig. 2.4 refer to CS 400 and shows how erosion
rates at the channel bed vary with distance from either of the two banks.

Table 2.2b. Baseline model — Results in sensitivity analysis. The table illustrates maximum
and minimum erosion rates at a channel cross-section located 400 m downstream of the
lava source and cut along bend 1 trough (see Fig. 2.2a). The suffix “400” stands for cross-
section 400 m.

BASELINE MODEL RESULTS — Erosion rates at channel Cross-Section (CS) 400 m
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Obtained Erosion Rates

Erosion Rate

Distance from

Location in channel CS

(ER) Values lava source

description cm/day m description

Max E.R. bed 400 28.8 400.0 ~6 m from right bank
Min E.R. bed 400 5.0 400.0 ~1 m from left bank
Max E.R. left bank 400 | 10.3 400.0 2-4 m above bed
Min E.R. left bank 400 | 4.9 400.0 left bank/bed

Max E.R. right bank 400 | 24.4 400.0 bank top

Min E.R. right bank 400 | 8.9 400.0 right bank/bed
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Figure 2.3. Baseline model. Erosion rates at the channel bed for cross-section 400.
Erosion rates are highest within ~5 m of the right bank (where the maximum bank
erosion occurs as well) and decrease while moving toward the left bank. Within
20 m of the left bank, the decrease in erosion rates is steeper than anywhere else. At
the point where the bed intersects the right bank, erosion rates drop to < 9 cm/
day, a consequence of the higher lava viscosity and zero velocity environment that
is found at the channel boundaries.

Maximum erosion rates are found in proximity to the right bank, consistent with results

shown in Table 2.2b. Erosion rates are highest within ~5 m of the right bank (where a
20



maximum in bank erosion occurs as well) and decrease while moving toward the left bank.
Within 20 m of the left bank, the decrease in erosion rate is steeper than anywhere else. At
the right bank/bed interface, erosion rates drop to < 9 cm/day. Noticeably, erosion rates
decrease dramatically for points that are located close to the two banks, and more so for
points that approach the left bank. Chapter 5 addresses these variations in erosion rate
distribution by looking at how downstream and cross-stream lava circulation relate to
temperature distribution within the channel and, consequently, erosion rates. Fig. 2.4a and
Fig. 2.4b refer to cross-section 400 and illustrate how erosion rates at the two channel banks
vary as a function of distance from the flow top (or proximity to the bed). As regards the
right bank (Fig. 2.4a), erosion rates are highest at the flow top (24.4 cm/day) and
progressively decrease to a minimum value of 8.8 cm/day at the right bank/bed intersection.
The decrease becomes faster within ~2 m of the bed. At the left bank, erosion rates
progressively increase from a value of 8.3 cm/day at the flow top and reach a value of
~10.3 cm/day at a distance from the bed of 3.8-2.2 m. Within 2 m of the bed, they decrease
abruptly until they reach a value of 4.9 cm/day at the left bank/bed interface. The observed
sharp decrease in erosion rate is likely a consequence of the decrease in lava temperature,
increase in viscosity and reduction in flow velocity that characterizes those portions of the

bank that are found in proximity to the bed.
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Figure 2.4a. Baseline model. Erosion rates at the right bank for Cross-Section 400.
Values on the x-axis display flow depth values that range from 0 to 10 m. Erosion
rates are highest at the bank top (24.4 cm/day) and progressively decrease to a
minimum value of 8.8 cm/day at the right bank/bed contact. The decrease becomes
faster within ~2 m of the same contact.
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Figure 2.4b. Baseline model. Erosion rates at the left bank for Cross-Section
400. Values on the x-axis display flow depth values that range from 0 to 10 m.
Erosion rates progressively increase from a value of 8.3 cm/day at the bank top
and reach a value of ~10.3 cm/day at a distance from the bank/bed contact of
3.8-2.2 m. Within 2 m of that contact, they decrease abruptly and reach a value
of 4.9 cm/day at the contact itself. Such a sharp decrease is likely a consequence
of the decrease in lava temperature, increase in viscosity and reduction in flow
velocity that characterizes those portions of the bank that are found in proximity
to the bank/bed contact.
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Channel cross-section 800 displays an erosional trend that is reversed compared to that

observed at cross-section 400, as shown in Table 2.2 (¢) and Fig. 2.5.

Table 2.2¢. Baseline model results - Results in sensitivity analysis. The table illustrates
maximum and minimum erosion rates at a channel cross-section located 800 m
downstream of the lava source and cut along bend 2 axis (see Fig. 2.2b). The suffix “800”
stands for cross-section 800 m.

BASELINE MODEL RESULTS — Erosion rates at channel Cross-Section (CS) 800 m
Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed_s00 29.0 800.0 ~10 m from left bank
Min E.R. bed_s0o 6.1 800.0 ~25 m from right bank
Max E.R. left bank soo 26.0 800.0 bank top

Min E.R. left bank goo 9.4 800.0 left bank/bed

Max E.R. right bank so0 | 15.7 800.0 2-4 m above bed

Min E.R. right bank g0 | 7.7 800.0 right bank/bed

The maximum erosion rate of 29 cm/day is found at ~10 m from the left bank and thermal
erosion decreases as we move toward the right bank, reaching a minimum of 6.1 cm/day
at ~25 m from the bank. From that point on, erosion rates increase sharply to 14.6 cm/day
out to ~8 m from the bank and finally decrease to a second minimum of 7.8 cm/day at the
bed/right bank interface. The observed trend is potentially suggestive of a flow regime that
might be at least slightly more chaotic than that found at cross-section 400, for reasons that
will become clear in Chapter 5. Fig. 2.6a shows erosion rates at the left bank, which is
where the highest rates are found (other than what found at cross-section 400). In line with
what observed at the bed, erosion rates are highest at the bank top (26 cm/day) and gently
decrease to a value of 24.7 cm/day at a vertical distance of ~4 m from the bank/bed interface.

From that point on, they decrease faster and reach a value of 9.3 cm/day at the bank/bed
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interface. At the right bank (Fig. 2.6b), erosion rates increase from the bank top (10.4
cm/day) up to a value of 15.7 cm/day at a vertical distance from the bank/bed interface of
~ 4 m. Then, they slightly decrease to a value of 15.4 cm/day at a vertical distance from

the interface of ~2 m and finally drop to a value of 7.7 cm/day at the actual interface.
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Figure 2.5. Baseline model. Erosion rates at the channel bed for cross-section 800.

Erosion rates are highest within ~5 m of the right bank (where the maximum bank

erosion occurs as well) and decrease while moving toward the left bank. Within 20
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m of the left bank, the decrease in erosion rates is steeper than anywhere else. At the
point where the bed intersects the right bank, erosion rates drop to < 9 cm/day, a
consequence of the higher lava viscosity and zero velocity environment that is found
at the channel boundaries.
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Figure 2.6a. Baseline model. Erosion rates at the left bank for Cross-Section 800.

Erosion rates are highest at the bank top (26 cm/day) and gently decrease to 24.7

cm/day at a vertical distance of ~4 m from the bank/bed interface. From that point

on, they decrease faster and reach a value of 9.3 cm/day at the bank/bed contact.
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Figure 2.6b. Baseline model. Erosion rates at the right bank for Cross-
Section 800. Erosion rates increase from the bank top (10.4 cm/day) up to a
value of 15.7 cm/day at a vertical distance from the bank/bed interface of ~ 4
m. They only slightly decrease to a value of 15.4 cm/day at a vertical distance
from the bank/bed contact of ~2 m and then sharply decrease to a value of
7.7 cm/day at the contact itself.

Results at bends 1 and 2 reveal the existence of a trend. At both channel cross-sections,

maximum erosion rates are found at the bank top and then erosion values progressively
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decrease to a minimum at the bank/bed interface. Also, at both bends maximum erosion
rates are found at/near the trough. The bank at which erosion rates are comparatively lower
than those measured at the bank located on the opposite side of the channel reveals a
different distribution of erosion rates. Both the left bank in cross-section 400 and the right
bank in cross-section 800 show a peak of erosion that occurs 4-2 m above the bank/bed
interface. For reasons that will become clear in Chapter 5, at these two banks the maximum

of erosion rates is not found at the bank top.

Sensitivity analysis - Uncertainty in lava/substrate properties

The first part of the sensitivity analysis aims to assess the variation of baseline
model (BM) results derived from the adoption of values of lava and substrate physical
parameters that are different from those chosen for the BM. There is uncertainty about the
physical properties of the lava and the mechanical (compaction) and thermophysical
properties of the lava substrate at the inner rille of Vallis Schroteri. Because of this, the
sensitivity of BM results to changes in lava and substrate properties is presented first and

separate from that resulting from variations in observable/measurable parameters.

Sensitivity of BM results to changes in lava temperature

This section illustrates how a change in lava eruption temperature may affect the
magnitude and spatial distribution of thermal erosion rates across a 1200-m-long and 160-
m wide channel. Two eruption temperature scenarios alternative to that chosen in the

baseline model are here presented. The lava that formed the Vallis Schréteri inner rille
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could have been erupted at a temperature of 1630° C (190° C higher than liquidus). The
choice of this extremely high temperature value is supported by arguments put forward by
Wiekzorek et al. (2000). Based on geophysical studies and thermal modeling, these authors
suggested that mare basalts could have been superheated to ~1630° C at 3.5 Ga in their
source region, which enabled the denser lunar basalts to ascend to the lunar surface using
buoyancy alone. In the other temperature scenario, lava is erupted at a sub-liquidus
temperature of 1400° C, a temperature at which the resulting lava dynamic viscosity is
equal to 1.98 Pa s and the kinematic viscosity is 6.8 x 10 m? s™\. At that temperature, the
expected fraction of small olivine crystals thought to have been suspended in the lava (see
Eq. 1, Chapter 3) is equal to 14 vol.%. Such conditions might still be supportive of a
Newtonian flow regime, a condition that is necessary for the presented 3-D model of
thermal erosion to provide reliable results. In both temperature scenarios, a temperature
gap of 28° C is assumed between the flow top/core and the channel bed and banks, which
is based on the theoretical argument presented in Chapter 4 (p. 169).

Fig. 2.7 shows the channel bed in plan view and displays the spatial variation of
erosion rates for a scenario in which lava is erupted at the temperature of 1630° C
(superheated lava). Erosion rates increase up to a value of 54.2 cm/day. Though the spatial
distribution of erosion rates might look identical to that shown in Fig. 2.1 (baseline model)
a more careful observation reveals important differences between the two scenarios (see

Tables 2.3a, b and Fig. 2.8).
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T bed: 1602°C

Figure 2.7. Sensitivity of baseline model results to changes in lava eruption temperature.
The case for a lava flow erupted at a superheated temperature of 1630° C. Channel length
is 1200 m, lava depth is equal to 10 m, meander wavelength is 800 m and meander
amplitude is 300 m. Lava flows to the right and initial flow velocity is Ux=7 m s..
Temperature at channel boundaries (bed and banks) is held constant at T=1602° C. The
figure shows maximum and minimum erosion rates at the channel bed. Though the spatial
distribution of erosion rates might look identical to that shown in Fig. 2.1 (baseline model)
a more careful observation reveals important differences between the two scenarios.

Table 2.3a illustrates how erosion rates vary at the channel bed and banks for a scenario of
superheated lava. Maxima and minima of erosion migrated 20-90 m farther downstream of
the lava source compared to their BM locations, except for the location of the right bank
maximum, which is unchanged. As already seen in the BM run, the points of minimum
erosion at the bed and right bank coincide. The observed trend of migration and the fact
that the maximum of bank erosion (54.2 cm/day) is located on the left bank instead of the
right one (as seen in the BM) suggest that the different eruption temperature might be
responsible for affecting lava circulation and lead to a different distribution of erosion rates

at both the channel bed and the two banks.
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Table 2.3a. Sensitivity of baseline model (BM) results to changes in lava eruption
temperature. The table illustrates maximum and minimum erosion rates at the channel bed
and banks. Results refer to lavas erupted at a temperature of 1630° C (superheated).
Temperature at channel boundaries (bed and banks) is held constant at T=1602° C.

SENSITIVITY OF BM RESULTS TO CHANGES IN ERUPTION TEMPERATURE

- Superheated lava. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 52.0 305.8 bend 1, 305.8 m downstream
of bend axis (inlet), within 5 m
of right bank.

Min ER bed 1.8 655.5% bend 2, 144.5 m upstream of
bend axis, bed/right bank.

Max ER left bank 54.2 781.2 bend 2, 18.8 m upstream of
bend axis, bank top.

Min ER left bank 1.9 1065.1 bend 2, 265.1 m downstream of
bend axis, left bank/bed.

Max ER right bank | 53.2 293.8 bend 1, 293.8 m downstream of
bend axis, 3.5 m down from
bank top.

Min ER right bank | 1.7 655.5% bend 2, 144.5 m upstream of
bend axis, right bank/bed.

Table 2.3b and Fig. 2.8 show how values of erosion rate at the bed vary across channel

cross-section 400, i.e., the section cut through bend 1 trough.

Table 2.3b. Sensitivity of baseline model (BM) results to changes in lava eruption
temperature. The table illustrates maximum and minimum erosion rates for superheated
lava, at a channel cross-section located 400 m downstream of the lava source and cut along
bend 1 trough (see Fig. 2.2a).

SENSITIVITY OF BM RESULTS TO CHANGES IN ERUPTION TEMPERATURE
- Superheated lava. Erosion rates at channel Cross-Section (CS) 400 m

Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

31



Max E.R. bed 400 51.0 400.0 ~6 m from right bank
Min E.R. bed 400 8.4 400.0 ~1 m from left bank
Max E.R. left bank 400 | 23.4 400.0 bank top

Min E.R. left bank 400 | 8.8 400.0 left bank/bed

Max E.R. right bank 400 | 45.9 400.0 bank top

Min E.R. right bank 400 | 15.7 400.0 right bank/bed

Maximum erosion rates of 51 cm/day are found at the bed within ~6 m of the right bank
contact (where the maximum bank erosion occurs as well) and decrease toward the left
bank. Within 20 m of the left bank, the decrease in erosion rates is faster than elsewhere
until erosion rates reach a minimum value of 8.4 cm/day at the bed/bank contact. Figs. 2.9
(a, b) show how erosion rates vary at the two channel banks. At the right bank, minimum
values of erosion rate are higher (15.7 cm/day) than those at the left bank/bed contact.
Importantly, the occurrence of a maximum of bank erosion at the right bank is in stark
contrast with the maximum of bank erosion found at the left bank over the entire 1200-m-
long channel (Table 2.3a). This apparent discrepancy will be resolved in the section of
Chapter 5 dedicated to secondary flow circulation. Another important difference between
the temperature-modified simulation and the baseline model is that the maximum of bank
erosion at the left bank is located at the bank top and not at a vertical distance of 2-4 m
from the bank/bed contact. Also, differences in erosion magnitude between left and right
bank are more pronounced in this temperature-modified run than in the baseline model.
Values of 45.9 cm/day are obtained at the right bank whereas the maximum erosion rate at
the opposite bank does not get any higher than 23.4 cm/day. All these results suggest that
a higher lava temperature not only has the potential to affect the magnitude of thermal

erosion but also its horizontal and vertical distribution across the channel. Minimum
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erosion rates always occur at the bank/bed contact because those channel portions are
characterized by lower lava temperatures (and associated higher viscosities) and lava
velocities reaching a value of 0 m s™! at channel boundaries.

If we allow the eruption temperature to decrease to the sub-liquidus value of
1400°C, magnitude and distribution of erosion rates change as shown in Table 2.3c.
Maximum values at the bed and right bank are no higher than 11.1 cm/day and minimum
values are as low as 0.4 cm/day (see also Fig. 2.10). Importantly, the maximum of erosion
is found at the bank top at the right bank and ~4 m above the bank/bed contact at the left
bank (see Figs. 2.11 a, b). Adopting a lower eruption temperature and its associated higher
flow viscosity causes all points (but one) of maximum and minimum erosion to migrate
upstream by 4-19 m compared to those listed in Table 2.2a (baseline model). The much
lower shift in position compared to the 20-90 m shift found for a scenario of superheated
lava might, at least, partially result from the fact that the 40° C temperature difference
between the liquidus and sub-liquidus scenarios is much smaller than the 190° C
temperature difference between the BM and the superheated scenario. Contrary to this
trend, the maximum erosion rate at the bed is found downstream of its baseline model
counterpart, ~794 m from the lava source and within 2-4 m of the left bank. Once again, a
discrepancy exists between the above location and the location of the maximum bed
erosion at channel cross-section 400, the latter being within ~6 m of the right bank (see

also Fig. 2.10).
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Figure 2.8. Erosion rates at the channel bed for cross-section 400. The case for lava
erupted at a superheated temperature of 1630° C. Erosion rates are highest within ~6
m of the right bank (where the maximum bank erosion occurs as well) and
decrease toward the left bank. Within 20 m of the left bank, the decrease in
erosion rates is faster than elsewhere. At the bed/right bank contact, erosion rates
reach a minimum value of 8.4 cm/day, a likely consequence of the higher lava
viscosity and zero velocity environment found at channel boundaries.
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Figure 2.9a. Erosion rates at the left bank for cross-section 400. The case for lava
erupted at a superheated temperature of 1630° C. Maximum erosion rates of 23.4
cm/day are found at the bank top. Erosion rates progressively decrease till they
reach a minimum value of 8.8 cm/day at the bank/bed contact. The decrease is
faster once the vertical distance to the contact is <2 m.
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Figure 2.9b. Erosion rates at the right bank for cross-section 400. The case for lava
erupted at a superheated temperature of 1630° C. Maximum erosion rates of 45.9
cm/day are found at the bank top. Erosion rates decrease faster and faster as the
vertical distance to the underlying bank/bed contact is reduced till a minimum value
of 15.7 cm/day is reached at the contact itself.
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Table 2.3c. Sensitivity of baseline model (BM) results to changes in lava eruption
temperature. The table illustrates maximum and minimum erosion rates at the channel bed
and banks. Results refer to lavas erupted at a sub-liquidus temperature of 1400° C.
Temperature at channel boundaries (bed and banks) is held constant at T=1372° C.

SENSITIVITY OF BM RESULTS TO CHANGES IN ERUPTION TEMPERATURE

— Sub-liquidus lava. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 11.1 793.7 bend 2, 6.3 m upstream of bend
axis, 2-4 meters from left bank.

Min ER bed 0.4 619.1%* bend 2, 180.9 m upstream of
bend axis, bed/right bank.

Max ER left bank 10.1 693.8 bend 2, 106.2 m upstream of
bend axis, bank top.

Min ER left bank 0.4 1028.7 bend 2, 228.7 m downstream of
bend axis, left bank/bed.

Max ER right bank | 11.1 291.9 bend 1, 291.9 m downstream of
bend axis (inlet), bank top.

Min ER right bank | 0.4 619.1* bend 2, 180.9 m upstream of
bend axis, right bank/bed.

When looking at channel cross-section 400 (Table 2.3d), the distribution of erosion rates
at the bed and banks is analogous to that shown in BM. Though erosion rates are reduced
in magnitude compared to those in the baseline model (maximum values at the bed are no
higher than 10.7 cm/day), the maximum of erosion at the left bank occurs once again at a

vertical distance from the bank/bed contact of 2-4 m (see also Fig. 2.11a).

Table 2.3d. Sensitivity of baseline model (BM) results to changes in lava eruption
temperature. The table illustrates maximum and minimum erosion rates for lava erupted at
T=1400° C (sub-liquidus), at a channel cross-section located 400 m downstream of the lava
source and cut along bend 1 trough (see Figs. 2.11 a, b).

SENSITIVITY OF BM RESULTS TO CHANGES IN ERUPTION TEMPERATURE
— Sub-liquidus lava. Erosion rates at channel Cross-Section (CS) 400 m
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Obtained Erosion Rates

Erosion Rate

Distance from

Location in channel CS

(ER) Values lava source

description cm/day m description

Max E.R. bed 400 10.7 400.0 ~8 m from right bank
Min E.R. bed 400 1.5 400.0 ~1 m from left bank
Max E.R. left bank 400 | 3.8 400.0 2-4 m above bed
Min E.R. left bank 400 1.5 400.0 left bank/bed

Max E.R. right bank 400 | 8.4 400.0 bank top

Min E.R. right bank 400 | 3.3 400.0 right bank/bed
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Figure 2.10. Erosion rates at the channel bed for cross-section 400. The
case for lava erupted at a sub-liquidus temperature of 1400° C. Erosion
rates are highest (10.7 cm/day) within ~8 m of the right bank and lowest
(1.5 cm/day) within ~1 m of the left bank. The decrease in erosion rate as
the left bank is approached is very similar to that shown in previously
described scenarios.
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Figure 2.11a. Erosion rates at the left bank for cross-section 400. The case for lava
erupted at a sub-liquidus temperature of 1400° C. Maximum erosion rates of
3.8 cm/day are found at a vertical distance from the bank top of ~6 m, i.e., ~4 m
above the bank/bed contact. At the bank top, erosion rates reach a maximum value
of 1.6 cm/day, whereas the minimum value (1.5 cm/day) is found at the bank/bed
contact in line with expectations.
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Figure 2.11b. Erosion rates at the right bank for cross-section 400. The case
for lava erupted at a sub-liquidus temperature of 1400° C. Maximum erosion
rates of 8.4 cm/day are found at the bank top and a minimum of 3.3 cm/
day is obtained at the bank/bed contact. Erosion rates decrease from bank top to
bottom and the decrease becomes faster starting at a vertical distance of ~4 m
from the underlying bank/bed contact. In line with what seen before, within ~2
m of the contact, erosion rates drop drastically from 7 to 3.3 cm/day.
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How temperature-modified results compare with BM results

Table 2.3e shows how temperature-modified model results compare with baseline
model results. Ratios higher than 1 indicate that erosion rate values are higher than those
obtained from the baseline results. The opposite applies if ratio values are lower than 1.

Table 2.3e. Sensitivity of baseline model results to changes in lava eruption temperature,
Te - temperature ratios.

Obtained Erosion Ratio ail_channel Ratio 400 Ratio all channel | Ratio 400
Rates (Super_heated/BM) (Super_heated/BM) | (Sub_liquidus/BM) (Sub_liquidus/BM)
# # # #

Max E.R. bed 1.79 1.77 0.38 0.37

Min E.R. bed 1.50 1.70 0.33 0.30

Max E.R. left bank | 1.88 2.27 0.35 0.37

Min E.R. left bank | 1.46 1.80 0.31 0.31

Max E.R. right bank | 1.80 1.88 0.37 0.34

Min E.R. right bank | 1.42 1.76 0.33 0.37

Ratios calculated at channel cross-section 400 are higher than those obtained from
measurements conducted across the entire 1200-m-long channel. Contrary to this,
maximum erosion rates at the bed (across the entire 1200-m-long channel) are lower at
channel cross-section 400. For a lava that is erupted at a superheated temperature of 1630°C,
the highest ratios (1.88-2.27) are associated with values of maximum erosion at the left
bank, especially those obtained at channel cross-section 400. Because the highest
maximum erosion rate values (both in the BM and temperature-modified runs) occur at the
right bank, there might be some process that enhances erosion rates at the left bank. Other
ratios that range from 1.80 to 1.88 are those associated with maximum erosion rates at the

right bank. All ratios obtained from minimum erosion rate values fall below the calculated

ratio average (~1.64), except those that occur at channel cross-section 400. Once again, an
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in-depth analysis of lava circulation might be needed to uncover the cause of the observed
increase in erosion rates at meander bends.

For a lava that is erupted at a sub-liquidus temperature of 1400°C, all the ratios are
lower than 1 because erosion rate values are lower than those obtained in the BM. Similar
trends to those observed in the higher temperature scenario are found here though less
pronounced. Ratios referred to channel cross-section 400 are higher than those referring to
the 1200-long channel by only a factor of 1.12 (at best) and the trend is sometimes reversed
(the minimum erosion rates ratio at the bed and the maximum erosion rates ratio at the right
bank are lower at channel cross-section 400 than over the 1200-m-long channel). It might
be worth exploring if a lower lava temperature (and associated higher viscosity) could lead

to the observed trend inversion.

Sensitivity of BM results to changes in lava velocity

This section deals with the sensitivity of BM results to changes in lava velocity at
the source. The goal is to test how adding and subtracting 3 m s”! to/from the baseline value,
thus obtaining velocities of 4 and 10 m s, affects magnitude and spatial distribution of
erosion rates across the channel and at channel cross-section 400. A velocity of 10 m s™! is
probably a bit too high when considering a steady-state eruption of lava that flows within
a 10-m-deep channel in the low-gravity lunar environment and over a substrate with a
gentle slope of ~0.2° (see Eq. 8 in Jarvis, 1995), which is why the 10 m s™! velocity value
is only used here for sensitivity analysis purposes. The angle at which the lava flows

outward from the inlet was held the same for both velocity scenarios, for the purpose of
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minimizing any changes in erosion rates tied to variations in initial flow geometry. Table
2.4a shows the magnitude and spatial distribution of erosion rates across the 1200-m-long
channel section of study for lava that travels at a velocity of 4 m s”. Expectedly, they are
lower than those obtained by running the baseline model and their spatial distribution is
changed. The maximum erosion rate at the bed occurs ~500 m downstream of the point at
which it was found in the baseline model. The remaining two maxima appear to have
shifted a short distance from their BM location or have not moved at all, the left bank
maximum being 2 m upstream of its BM location and the right bank sitting still at a
downstream distance of 294 m from the lava source. In sharp contrast to this, the minimum
erosion rate at the bed is located ~410 m downstream of the point it is found in the BM
whereas the left and right bank minima are shifted upstream of their BM location by 2 and
6 m, respectively. Interestingly, the bed and left bank minima occupy the same place in the
channel, whereas in the baseline model the minimum of bed erosion is where the minimum

of right bank erosion is, i.e., on the opposite side of the channel.

Table 2.4a. Sensitivity of baseline model (BM) results to changes in lava velocity at the
source. The table illustrates maximum and minimum erosion rates at the channel bed and
banks. Results refer to lavas erupted at a velocity Ux=4 m s™'. All other flow BM parameters
are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA VELOCITY AT THE
SOURCE — Ux =4 m s’!. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 17.0 797.9 bend 2, 2.1 m upstream of bend
axis, within 5 m of left bank.

Min ER bed 0.7 1042.1%* bend 2, 242.1 m downstream of

bend axis, bed/left bank.
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Max ER left bank 16.4 695.7 bend 2, 104.3 m upstream of
bend axis, bank top.

Min ER left bank 0.7 1042.1%* bend 2, 242.1 m downstream of
bend axis, left bank/bed.

Max ER right bank | 17.8 293.8 bend 1, 293.8 m downstream of
bend axis (inlet), bank top.

Min ER right bank | 0.7 624.9 bend 2, 175.1 m upstream of

bend axis, right bank/bed.

The spatial distribution of erosion rates in channel cross-section 400 is almost identical to
that in the BM, except for a minor shift (~1 m) of the maximum of bed erosion away from

the right bank (see Table 2.4b).

Table 2.4b. Sensitivity of baseline model (BM) results to changes in lava velocity at the
source. The table illustrates maximum and minimum erosion rates at a channel cross-
section located 400 m downstream of the lava source and cut along bend 1 trough (see Fig.
2.2a). Results refer to lavas erupted at a velocity Ux=4 m s™'. All other flow BM parameters
are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA VELOCITY AT THE
SOURCE — Ux =4 m s’!. Erosion rates at channel Cross-Section (CS) 400 m
Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed_ 400 17.3 400.0 ~7 m from right bank
Min E.R. bed 400 2.9 400.0 ~1 m from left bank
Max E.R. left bank 400 | 6.2 400.0 2-4 m above bed

Min E.R. left bank 400 | 2.9 400.0 left bank/bed

Max E.R. right bank 400 | 14.2 400.0 bank top

Min E.R. right bank 400 | 5.3 400.0 right bank/bed

The maximum bank erosion of 14.2 cm/day is at the right bank and the left bank
maximum of 6.2 cm/day is found at a vertical distance of 2-4 m from the bank/bed contact

(see Figs. 2.12 a, b). At the top of the left bank, erosion rates reach a maximum value <
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4.1 cm/day, whereas the minimum erosion rate value of 2.9 cm/day is found at the
bank/bed contact in line with expectations. At the right bank, the maximum is located at
the bank top and the minimum of 5.3 cm/day is found at the bank/bed contact. Erosion
rates decrease from bank top to bottom and the decrease becomes faster starting at a
vertical distance from the bank/bed contact of ~4 m. Within ~2 m of the contact, erosion

rates drop drastically from ~11 to 5.3 cm/day.
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Figure 2.12a. Erosion rates at the left bank for cross-section 400. The case for
a lava velocity of 4 m s at the source. Maximum erosion rates of 6.2 cm/day
are found at a vertical distance from the bank top of ~6 m, i.e., ~4 m above the
bank/bed contact. At the bank top, erosion rates reach a maximum value < 4.1
cm/day, whereas the minimum erosion rate value (2.9 cm/day) is found at the
bank/bed contact in line with expectations.
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Figure 2.12b. Erosion rates at the right bank for cross-section 400. The case for
a lava velocity of 4 m s at the source. The maximum erosion rate of 14.2 cm/
day is located at the bank top and the minimum of 5.3 cm/day is found at the
bank/bed contact. Erosion rates decrease from bank top to bottom and the
decrease becomes faster starting at a vertical distance from the bank/bed contact
of ~4 m. Within ~2 m of the contact, erosion rates drop from ~11 to 5.3 cm/day.

Table 2.4c¢ illustrates values of erosion rates for lava that flows at a velocity of 10

m s at the source. Once again, the location of the erosion maxima and minima has changed.
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Three maxima of erosion (at the bed, right and left banks) are found at the same location
as in the BM, whereas all minima are shifted downstream of the place they are in the
baseline model (minima of bank erosion by only a few meters, the minimum of bed erosion
by ~420 m). Consistent with previous observations, the maximum of bed erosion is still
occurring a few meters (~5 m) from the bed/right bank contact and bank maxima are found
at the bank top. All minima are found at the bed/bank contact. In line with what seen in the
slower velocity scenario, the bed and left bank minima still occupy the same place in the
channel, though they are found ~10 m downstream of their previous location. The new
batches of results that refer to velocity- and temperature-modified versions of the baseline
model prove that variations of both temperature and velocity affect the spatial distribution
of erosion rates in the lava channel. Table 2.4d shows the spatial distribution of erosion
rates at channel cross-section 400. Though erosion values are higher than in previous
simulations (due to the faster lava velocity), their distribution appears almost identical to
that seen in the BM, except for a minor shift (~2 m) of the maximum bed erosion away
from the bed/right bank contact.

Table 2.4¢. Sensitivity of baseline model (BM) results to changes in lava eruption velocity.
The table illustrates maximum and minimum erosion rates at the channel bed and banks.

Results refer to lavas erupted at a velocity Ux=10 m s™!. All other flow BM parameters are
unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA VELOCITY AT THE
SOURCE — Ux = 10 m s™'. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 40.2 299.6 bend 1, 299.6 m downstream of
bend axis (inlet), within 5 m of
right bank.
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Min ER bed 1.5 1051.7* bend 2, 251.7 m downstream of
bend axis, bed/left bank.

Max ER left bank 41.2 697.6 bend 2, 102.4 m upstream of
bend axis, bank top.

Min ER left bank 1.6 1051.7%* bend 2, 251.7 m downstream of
bend axis, left bank/bed.

Max ER right bank | 41.1 293.8 bend 1, 293.8 m downstream of
bend axis (inlet), bank top.

Min ER right bank | 1.6 634.4 bend 2, 165.5 m upstream of
bend axis, right bank/bed.

Table 2.4d. Sensitivity of baseline model (BM) results to changes in lava eruption velocity.
The table illustrates maximum and minimum erosion rates at a channel cross-section
located 400 m downstream of the lava source and cut along bend 1 trough (see Fig. 2.2a).
Results refer to lavas erupted at a velocity Ux=10 m s!. All other flow BM parameters are
unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA VELOCITY AT THE
SOURCE — Ux = 10 m s™!. Erosion rates at channel Cross-Section (CS) 400 m
Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed 400 39.9 400.0 ~7 m from right bank
Min E.R. bed 400 6.8 400.0 ~1 m from left bank
Max E.R. left bank 400 | 14.2 400.0 2-4 m above bed

Min E.R. left bank 400 | 6.8 400.0 left bank/bed

Max E.R. right bank 400 | 34.3 400.0 bank top

Min E.R. right bank 400 | 12.2 400.0 right bank/bed

At the left bank, maximum erosion rates of 14.2 cm/day are found at a vertical distance
from the bank top of ~8 m, i.e., ~2 m above the bank/bed contact. At the bank top, erosion
rates are equal to 13.8 cm/day. Erosion values then increase downward till the maximum
of 14.2 cm/day is reached (~2 m above the bank/bed contact). From there, erosion rates
drop drastically to a value of 6.8 cm/day at the contact. At the right bank, the maximum

erosion rate of 34.3 cm/day is located at the bank top and the minimum of 12.2 cm/day is
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found at the bank/bed contact. Erosion rates progressively decrease from bank top

to bottom, but their decrease is much faster at a distance from the contact of ~2 m.
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Figure 2.13a. Erosion rates at the left bank for cross-section 400. The case for
a lava velocity of 10 m s at the source. Maximum erosion rates of 14.2 cm/day
are found at a vertical distance from the bank top of ~8 m, i.e., ~2 m above the
bank/bed contact. At the bank top, erosion rates are equal to 13.8 cm/day.
Then, they increase to 14.2 cm/day, ~ 2 m above the contact. From that point on,
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erosion rates drop drastically to a value of 6.8 cm/day at the bank/bed contact.
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Figure 2.13b. Erosion rates at the right bank for cross-section 400. The case for
a lava velocity of 10 m s™! at the source. The maximum erosion rate of 34.3 cm/day
is located at the bank top and the minimum of 12.2 cm/day is found at the bank/
bed contact, in line with expectations. Erosion rates decrease from bank top to
bottom faster and faster as the contact with the bed 1s approached, but their decrease
is much faster starting at a vertical distance from the contact of ~2 m.
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How velocity-modified results compare with BM results

Table 2.4e illustrates how lava velocities at the source that are slower and faster
than 7 m s' (BM value) affect the magnitude of erosion rates across the 1200-m-long
channel and channel cross-section 400. As regards the 4 m s™! velocity scenario, all ratios
are < 1 because a slower lava velocity is conducive to lower erosion rates (holding other
flow parameters equal) and in the range 0.54-0.60. The opposite applies to the faster
velocity scenario of 10 m s™!, for which ratios are in the range between 1.23 and 1.43.

As seen before, a difference in value exists between ratios obtained at the 1200-m-
long channel and those at channel cross-section 400. For a lava velocity of 4 m s™!, ratios
obtained at the left bank of channel cross-section 400 are higher than those calculated
across the whole channel by a factor of 1.05-1.09. At the right bank, while the ratio of
erosion minima is higher by a factor of 1.03 than its counterpart calculated at the whole
channel, the erosion maximum shows an inverse trend (0.58 versus 0.60 for the whole
channel). Interestingly, the maximum and minimum ratios at the bed are identical in values.
Perhaps, a slower lava velocity affects erosion rate values at the bends more than anywhere
else in the channel. For a lava velocity of 10 m s, both the maximum and minimum ratios
at the right bank are higher at cross-section 400 than elsewhere in the channel, whereas
only the minimum ratio is higher at the left bank. The left bank maximum ratio shows an
inverse trend analogous to that shown by the right bank maximum ratio for a velocity of 4
m s, As for the slower velocity scenario, maximum bed erosion ratios are identical across
the 1200-m-long channel and at cross-section 400, whereas minimum ratios are higher at

cross-section 400. The observed variations may sound confusing for a start, yet they prove
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how efficient velocity and temperature variations can be in altering the distribution of

erosion rates at meander bends and, to varying extents, over the entire meandering channel.

Table 2.4e. Sensitivity of baseline model results to changes in initial lava velocity, Ux —
velocity ratios.

Obtained Erosion Ratio ail channel | Ratio 400 Ratio ail channel | Ratio 400
Rates (Ux=4 m/s/BM) (Ux = 4 m/s/BM) (Ux = 10 m/s /BM) (Ux =10 m/s /BM)
# # # #

Max E.R. bed 0.60 0.60 1.38 1.38

Min E.R. bed 0.58 0.58 1.25 1.36

Max E.R. left bank 0.57 0.60 1.43 1.38

Min E.R. left bank 0.54 0.59 1.23 1.39

Max E.R. right bank | 0.60 0.58 1.39 1.41

Min E.R. right bank | 0.58 0.60 1.33 1.37

Sensitivity of BM results to changes in lava thickness

This section deals with changes in lava thickness and how these changes affect
erosion rate distribution across the channel and at channel cross-section 400. Based on what
stated on lava flow thicknesses in the lunar maria and at sinuous rille sites, a lower-end
value of 5 m and an upper-end value of 20 m are chosen here. Table 2.5a shows how
adopting a lava thickness of 5 m instead of 10 m affects erosion rates magnitude and their
spatial distribution at the 1200-m-long channel and cross-section 400. The maximum and
minimum of bed erosion are shifted downstream of the position they are found in the
baseline model, the maximum by 113 m and the minimum by 436 m. The maximum is now
located at only 12.5 m from the bend trough, the minimum 267 m downstream of bend 2
axis. The left and right bank erosion maxima are shifted upstream of their BM location (by
8 m and 23 m, respectively) and they are both far from bend axes. Erosion minima are

shifted downstream of their BM locations, and they too are located far from bend axes. The
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minima of bed and left bank erosion are located at the same place in the channel, whereas

in the baseline model this feature was shared by the minima of bed and right bank erosion.

Table 2.5a. Sensitivity of baseline model (BM) results to changes in channel depth h (equal
to lava thickness here). The table illustrates maximum and minimum erosion rates at the
channel bed and banks. Results refer to a lava thickness of h = 5 m. All other flow BM
parameters are unchanged, except for the temperature at channel boundaries, which is equal
to T =1420° C (see text).

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA THICKNESS —h =5 m.

Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 20.9 412.5 bend 2, 12.5 m downstream of
bend 1 trough, within 5 m of
right bank.

Min ER bed 1.0 1067.0* bend 2, 267.0 m downstream of
bend axis, bed/left bank.

Max ER left bank 19.7 690.0 bend 2, 110.0 m upstream of
bend axis, bank top.

Min ER left bank 1.0 1067.0* bend 2, 267.0 m downstream of
bend axis, left bank/bed.

Max ER right bank | 21.6 270.8 bend 1, 270.8 m downstream of
bend axis (inlet), 2.7 m down
from bank top.

Min ER right bank | 1.2 642.1 bend 2, 157.9 m upstream of
bend axis, right bank/bed.

Table 2.5b. Sensitivity of baseline model (BM) results to changes in channel depth h (equal
to lava thickness here). The table illustrates maximum and minimum erosion rates at a
channel cross-section located 400 m downstream of the lava source and cut along bend 1
trough (see Fig. 2.2a). Results refer to a lava thickness of h = 5 m. All other flow BM
parameters are unchanged, except for the temperature at channel boundaries, which is equal
to T = 1420° C (see text).

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA THICKNESS —h =5 m.
Erosion rates at channel Cross-Section (CS) 400 m

Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source
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description cm/day m description

Max E.R. bed 400 20.5 400.0 ~10 m from right bank
Min E.R. bed 400 3.0 400.0 ~1 m from left bank
Max E.R. left bank 400 | 5.2 400.0 3 m from bank top

Min E.R. left bank 400 | 2.9 400.0 left bank/bed

Max E.R. right bank 400 | 12.9 400.0 3 m down from bank top
Min E.R. right bank 400 | 6.8 400.0 right bank/bed

Table 2.5b shows the erosion rates distribution at channel cross-section 400. In contrast to
what seen in the baseline model, the maximum erosion rate at the bed (20.5 cm/day) is
located farther away (~10 m) from the bed/right bank contact (see also Fig. 2.14). The
minimum value of 3.0 cm/day is found within ~1 m of the left bank. The decrease in erosion
rate as the left bank is approached is very similar to that shown in previously described
scenarios. At the bed/right bank contact, the minimum erosion rate is equal to 6.8 cm/day.
At the left bank, the maximum erosion rate of 5.2 cm/day is located at a vertical distance
of 2 m from the underlying contact (see also Fig. 2.15a), the same distance found for a 10-
m-thick lava channel. At the bank top, erosion rates are equal to ~4.1 cm/day. Erosion rates
then increase downward till the maximum of 5.2 cm/day is reached. From that point down
to the bank/bed contact, erosion rates drop drastically to a value of 2.9 cm/day at the contact
itself. At the right bank, the maximum erosion rate of 12.9 cm/day is located at a vertical
distance of ~2 m from the underlying contact. At the bank top, erosion rates are equal to
12.6 cm/day and keep increasing downwards until the vertical distance of ~2 m from the
contact is reached. From there downwards, erosion rates drop drastically and reach a value

of 6.8 cm/day at the bank/bed contact.

56



21+

204

Cross-section 400 m
Channel bed

—
-
i

Erosion Rote - cm,r’day

Left bank Right hank

0 2 4 60 80 160 120 140 160
Channel width - m

Figure 2.14. Erosion rates at the channel bed for cross-section 400. The case for a
lava thickness of 5 m. The maximum value of 20.5 cm/day is obtained at a
horizontal distance of ~10 m from the right bank whereas the minimum value
of 3.0 cm/day is found within ~1 m of the left bank. The decrease in erosion rate
as the left bank is approached is very similar to that shown in previously
described scenarios. At the bed/right bank contact, the minimum erosion rate is
equal to 6.8 cm/day.
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Figure 2.15a. Erosion rates at the left bank for cross-section 400. The case for
a lava thickness of 5 m. Maximum erosion rates of 5.2 cm/day are found at
a vertical distance from the bank top of ~3 m, i.e., ~2 m above the bank/
bed contact. At the bank top, erosion rates are equal to ~4.1 cm/day.
Erosion rates then increase downwards till the maximum of 5.2 cm/day is
reached (~2 m above the bank/bed contact). From that point down, erosion rates
drop drastically to a value of 2.9 cm/day at the contact.
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Figure 2.15b. Erosion rates at the right bank for cross-section 400. The case for
a lava thickness of 5 m. The maximum erosion rate of 12.9 cm/day is
located at a vertical distance of ~2 m from the underlying bank/bed
contact. At the bank top, erosion rates are equal to 12.6 cm/day and they
keep increasing downwards until the vertical distance of ~2 m from the contact
is reached. From that point downward, erosion rates drop to 6.8 cm/day at the
bank/bed contact.
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Table 2.5¢c show how baseline model results change by considering a lava thickness of 20

m. Compared to the lower thickness scenario, the distribution of maxima and minima of
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erosion is once again changed. All but one erosion rate maxima are shifted downstream of
their BM locations, the exception being the maximum erosion rate at the right bank that is
found at the same location as in the BM. All erosion rate minima are shifted upstream of
their BM locations. Interestingly, all minima were shifted downstream of their BM
locations in the scenario involving a 5-m-thick lava. Most maxima and minima are found
at channel locations that are far from bend axes, with the only exception of the maximum
erosion rate at the left bank that is located 8.4 meters upstream of bend 2 axis. Finally, the
bed and right bank minima are found at the same place in the channel (as in the baseline
model).

Table 2.5¢. Sensitivity of baseline model (BM) results to changes in channel depth h (equal
to lava thickness here). The table illustrates maximum and minimum erosion rates at the
channel bed and banks. Results refer to a lava thickness of h = 20 m. All other flow BM

parameters are unchanged, except for the temperature at channel boundaries, which is equal
to T =1400° C (see text).

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA THICKNESS — h = 20

m. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 42.8 1082.3 bend 2, 282.3 m downstream of
bend axis, 28 m from right
bank.

Min ER bed 1.3 615.3* bend 2, 184.7 m upstream of
bend axis, bed/right bank.

Max ER left bank 42.3 791.6 bend 2, 8.4 m upstream of bend
axis, bank top.

Min ER left bank 1.8 1030.6 bend 2, 230.6 m downstream of
bend axis, left bank/bed.

Max ER right bank | 43.2 293.8 bend 1, 293.8 m downstream of
bend axis (inlet), 11.7 m from
bank top.
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Min ER right bank | 1.3 615.3* bend 2, 184.7 m upstream of
bend axis, right bank/bed.

When looking at channel cross-section 400 (Table 2.5d), the distribution of erosion rates
at the bed is very similar to that shown in the baseline model (except for the higher values
referring to the thicker lava scenario). Erosion rates reach 39.8 cm/day at the bed and 42.3
cm/day at the right bank.

Table 2.5d. Sensitivity of baseline model (BM) results to changes in channel depth h (equal
to lava thickness here). The table illustrates maximum and minimum erosion rates at a
channel cross-section located 400 m downstream of the lava source and cut along bend 1
trough (see Fig. 2.2a). Results refer to a lava thickness of h = 20 m. All other flow BM
parameters are unchanged, except for the temperature at channel boundaries, which is equal
to T =1400° C (see text).

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA THICKNESS — h = 20
m. Erosion rates at channel Cross-Section (CS) 400 m

Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed 400 39.8 400.0 ~7 m from right bank

Min E.R. bed 400 53 400.0 ~1 m from left bank

Max E.R. left bank 400 | 23.5 400.0 from flow top to ~7 m down
Min E.R. left bank 400 | 5.2 400.0 left bank/bed

Max E.R. right bank 400 | 42.3 400.0 bank top

Min E.R. right bank 400 | 12.1 400.0 right bank/bed

Perhaps, the most intriguing difference is represented by the shape of the erosion rate curve
at the left bank (see Fig. 2.16a), which looks somewhat different from its BM counterpart
(Fig. 2.4b). In the 10-m-thick (BM) scenario, the maximum is reached at a vertical distance
of 4-2 m from the bank/bed contact whereas in the 20 m thick channel the maximum is

much closer to the bank top, at a vertical distance of ~6 m from the bank/bed contact.
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Figure 2.16a. Erosion rates at the left bank for cross-section 400. The case for a
lava thickness of 20 m. The maximum erosion rate of 23.5 cm/day is found at a
vertical distance from the bank top of ~6 m, i.e., ~14 m above the bank/bed
contact. At the bank top, erosion rates are equal to ~23.3 cm/day and they
increase downward till they reach the maximum value of 23.5 cm/day. From
that point downward, they decrease faster and faster as the vertical distance
from the bank/bed contact is reduced until they reach 5.2 cm/day at the contact.

At the right bank (Fig. 2.16b), the maximum erosion rate of 42.3 cm/day is located at the

bank top. From that point downward, erosion rates decrease faster and faster till a vertical
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distance of ~6 m from the bank/bed contact is reached. Then they continue decreasing -
though at a slower pace - till the vertical distance from the underlying contact is equal to

~3 m. From there, they drop drastically to the minimum of 12.1 cm/day at the contact itself.
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Figure 2.16b. Erosion rates at the right bank for cross-section 400. The case for a
lava thickness of 20 m. The maximum erosion rate of 42.3 cm/day is located at the
bank top. From that point downward, erosion rates decrease faster and faster till a
vertical distance of ~6 m from the bank/bed contact is reached. Then they continue
decreasing at a slower pace till the vertical distance from the contact is equal to ~3
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m. From there, they drop drastically to the minimum of 12.1 cm/day at the bank/bed
contact.

How thickness-modified results compare with BM results

Table 2.5e shows ratios obtained from maxima and minima of erosion for a 1200-
m-long channel and a channel cross-section cut through a meander axis (cross-section 400).
In line with expectations, for a 5-m-thick flow, all ratios are < 1 whereas they are > 1 for a
flow that is 20 m thick (because a thicker flow has a higher erosive power than a
comparatively thinner flow, holding other factors equal). For a 5-m-thick flow, all ratios
obtained at the 1200-m-long channel are higher by a factor of 1.01-1.38 than those at cross-
section 400. We have seen so far that ratios obtained at cross-section 400 tend to be higher
than those calculated over the entire channel when the flowing lava has a high erosive
power (superheated lava, lava flowing at high velocity). At channel cross-section 400, for
those scenarios in which the flowing lava is not highly erosive (lava erupted at a sub-
liquidus temperature or flowing at a very low velocity) we have seen ratios that are lower
than their counterpart values that refer to the 1200-m-long channel. It is known that a thin
flow has a lower erosive power than a thicker flow, holding other factors equal. The result
that ratios at cross-section 400 can be lower than those at the 1200-m-long channel by a
factor of 1.38 suggests that a low lava thickness might be especially effective in hampering
erosion at meander bends (the reason will be explained in Chapter 5). For the thicker lava
scenario in Table 2.5¢, all maxima ratios are higher at cross-section 400 than at the 1200-
m-long channel, except the one obtained at the bed. This result is likely explained by the

observed enhanced erosion at channel bends, associated with the 20-m-thick flow.
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Remarkably, the value of the ratio at the left bank (at cross-section 400, equal to 2.28) is
greater than that at the 1200-m-long channel by a factor of 1.55. A similar value of ratio
(2.27) was obtained from maxima of left bank erosion for a scenario of superheated lava
(Table 2.3e). In conclusion, variations in flow thickness are very effective in engendering

large variations in erosion rate magnitude and distribution, especially at meander bends.

Table 2.5e. Sensitivity of baseline model results to changes in initial lava thickness, h.

Obtained Erosion Rates Ratio ail channel | Ratio 400 | Ratio anl channet | Ratio 400
(h =5 m/BM) (h=5m/BM) | (h=20 m/BM) (h =20 m/BM)
# # # #

Max E.R. bed 0.72 0.71 1.47 1.38

Min E.R. bed 0.83 0.60 1.08 1.06

Max E.R. left bank 0.68 0.50 1.47 2.28

Min E.R. left bank 0.77 0.59 1.38 1.06

Max E.R. right bank 0.73 0.53 1.46 1.73

Min E.R. right bank 1.01 0.76 1.08 1.36

Sensitivity of BM results to changes in lava substrate

In this section, we explore how changes in the thermal and mechanical properties
of the lava substrate may affect the magnitude and spatial distribution of erosion rates in a
1200-m-long channel and at a channel cross-section cut parallel to the axis of bend 1 at a
downstream distance of 400 m from the lava source. At the Vallis Schroteri inner rille, the
lava substrate likely consists of consolidated lava of similar composition to the lava that
flowed within the Vallis Schroteri primary rille. The latter is a sinuous rather than
meandering channel that is up to 4.5-km-wide (Garry et al., 2008; Honda et al., 2009) and
encases the narrower and highly meandering inner rille. A thorough spectral analysis of the

materials that cover the Aristarchus plateau that includes the Vallis Schréteri rille site has
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revealed an extreme heterogeneity in composition (Mustard et al., 2011). As a result, the
possibility that the substrate might consist of — at least over discrete segments of the rille —
unconsolidated highland material cannot be ruled out. Though information on the thermo-
physical properties of a few mineral species expected to occur in lunar highland materials
is available, it is difficult to derive the thermo-physical properties of an entire lava substrate.
The Apollo landing missions revealed a lunar surface of highly fragmented, impact
weathered material (regolith) on both the mare and highland crusts (Wilhelms, 1987). On
older surfaces (highlands), the regolith or mega-regolith may extend to several kilometers.
The highland material comprising the Aristarchus plateau likely contains a substantially
thick surface regolith that may have served as a mechanically weakened substrate for the
Vallis Schroteri lavas. Based on this, we assume that at least a fraction of the material that
constitutes the inner rille lava substrate might have characteristics analogous to those of an
unconsolidated granular regolith. The physical and thermo-physical properties of a lunar
granular regolith are described by Colozza (1991) and Richter (1993). The University of
Arizona determined the melting point of a simulated lunar regolith and found a lower-end
temperature of 1017°C and an upper-end value of 1300°C (Richter, 1993). An expression
for the specific heat of regolith material was obtained from a curve fit and interpolation of
experimental data given in Robie et al. (1970) and was later adopted by Colozza (1991)
and Richter (1993). Using this expression, a value of specific heat of 1438 J kg™! °C! is
calculated for a substrate melting temperature of 1100°C. The latent heat of fusion was
calculated to be 161.2 kJ kg™' on average and regolith density varies between 1600 and

2000 kg m? (Richter, 1993).
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Fig. 2.17 shows erosion rate values at the channel bed for a scenario in which the
lava substrate consists of granular regolith material with a melting temperature Tmg =
1100°C, density pg = 2000 kg m?, latent heat of fusion Lg = 161.2 kJ kg! and specific heat
capacity Cg = 1438 J kg! °C’!. From now on, this substrate will be referred to as

“unconsolidated 1.

BASELINE MODEL - unconsolidated lava substrate 1

T bed: 1412°C

Substrate Tmg: 1100°C
hog: 2000 kg/m*3
g: 161,200 m*2/s*2

Substrate Cg: 1438 m*2/s*2 °C

Figure 2.17. Erosion rates at the channel bed for a lava channel that has the same identical
characteristics adopted in the baseline model (BM), except for the lava substrate that is
modeled as unconsolidated (“unconsolidated 17). The physical and thermal properties of
the substrate are taken from Richter (1993) and Robie (1970) and adapted for the Vallis
Schréteri environment. All other geometric and flow parameters are held the same as in
BM.

Table 2.6a shows how maximum and minimum erosion rates vary for a 1200-m-long and
160-m-wide lava channel identical to the baseline model channel, exception made for the
mechanical and thermal properties of the lava substrate (here “unconsolidated 17).

Table 2.6a. Sensitivity of baseline model (BM) results to changes in lava substrate (an

unconsolidated substrate with thermal and mechanical properties analogous to those of
granular regolith, Colozza, 1990, Richter et al., 1993). The table illustrates maximum and

67



minimum erosion rates at the channel bed and banks. All other flow BM parameters are
unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA SUBSTRATE -

unconsolidated 1. Channel length = 1200 m. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m Description

Max ER bed 56.0 299.6 bend 1, 100.4 m upstream of
bend trough, within 5 m of right
bank.

Min ER bed 2.3 630.6%* bend 2, 169.4 m upstream of
bend axis, bed/right bank.

Max ER left bank 55.5 697.6 bend 2, 102.4 m upstream of
bend axis, bank top.

Min ER left bank 2.4 1047.9 bend 2, 247.9 m downstream of
bend axis, left bank/bed.

Max ER right bank | 57.1 293.8 bend 1, 106.2 m upstream of
bend trough, bank top.

Min ER right bank | 2.3 630.6* bend 2, 169.4 m upstream of
bend axis, right bank/bed.

** The x, y, and z coordinates of every ER value are identical to those in the baseline model
(BM).

Throughout the channel, erosion maxima and minima are found at the same locations they
are in the baseline model, a consequence of the identical channel geometry and distribution
of initial physical and thermal flow parameters in the two model versions. The only point
that has moved downstream of its BM location by 50 m is the maximum erosion at the bed.
As in the baseline model, the bed and right bank minima are located at the same
downstream distance from the lava source, i.e., 631 m. No maxima or minima are found in
the proximity of bend axes. Because of the lower melting temperature and density of
substrate, erosion maxima and minima are almost twice as high as those obtained in the

BM. Also, the latent heat of fusion that is lower by a factor of ~3 than the value used in the
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baseline model together with the lower specific heat capacity of the substrate likely
contributed to the observed increase in erosion rates. The bank maximum is still found at
the right bank and the ratio of maximum erosion rate at right bank to maximum erosion
rate at left bank is almost identical to that found in the baseline model. Table 2.6b shows
how adopting the substrate properties defined as “unconsolidated 1” affects erosion rates
distribution at channel cross-section 400. Once again, all maxima and minima are almost
twice as high as those obtained at cross-section 400 of the baseline model. Another
similarity is that the maximum bed erosion of 55.1 cm/day is slightly lower than that
obtained at the 1200-m-long channel (56.0 cm/day) and the maximum erosion rate at the
right bank is much higher than the one measured at the left bank (by a factor of ~2.4). In
comparison, the right bank erosion maximum is only ~1.03 times higher than the left bank
erosion maximum at the 1200-m-long channel. A local process might be at work at/in the
proximity of bend 1 axis and could potentially explain the enhanced erosion at the right
bank. Erosion minima are much higher than those observed at the long channel segment,

and this is especially true for the right bank minimum of 17.1 cm/day.

Table 2.6b. Sensitivity of baseline model (BM) results to changes in lava substrate (an
unconsolidated substrate with thermal and mechanical properties analogous to those of
granular regolith, Colozza, 1990, Richter et al., 1993). The table illustrates maximum and
minimum erosion rates at a channel cross-section located 400 m downstream of the lava
source and cut along bend 1 trough (see Fig. 2.2a). All other flow BM parameters are
unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA SUBSTRATE -
unconsolidated 1. Channel length = 1200 m. Erosion rates at Cross-Section 400 m

Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS

(ER) Values lava source
description cm/day m description
Max E.R. bed 400 55.1 400.0 ~7 m from right bank

69



Min E.R. bed 400 9.5 400.0 ~1 m from left bank

Max E.R. left bank 400 | 19.8 400.0 ~6.1 m down from bank top
Min E.R. left bank 400 | 9.4 400.0 left bank/bed

Max E.R. right bank 400 | 46.9 400.0 bank top

Min E.R. right bank 400 | 17.1 400.0 right bank/bed

The spatial distribution of erosion rates at the bed of channel cross-section 400 is almost
identical to that observed at the BM channel cross-section, hence it is not shown here. The
same applies to the erosional trends observed at the left and right bank of the same channel
cross-section. Expectedly, changing the physical and thermal properties of the lava
substrate is not conducive to a change in the spatial distribution of erosion rates and it only
affects their magnitude.

The other unconsolidated scenario chosen here, “unconsolidated 27, adopts the
lower-end melting temperature Tmg = 1017°C and the lower-end density of 1600 kg m=. A
value of specific heat of 1409.6 J kg' °C"! is calculated for the substrate melting
temperature of 1017°C and the values of other thermo-physical parameters are held the
same (Fig. 2.18). “Unconsolidated 2" is presented for the purpose of testing the sensitivity
of the model to extreme changes in substrate thermophysical properties though it might not
be representative of a real-life scenario. This is because a lunar substrate made of granular
regolith will likely melt over a range of temperatures rather than at the lowest melting
temperature value. A similar argument can be made for the value of 1600 kg m™ that is

assigned to regolith density.
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BASELINE MODEL - unconseolidated lava substrate 2

T bed: 1412°C

g
Substrate Cg: 1409.6 m*2/s*2 °C

Figure 2.18. Erosion rates at the channel bed for a lava channel that has the same identical
characteristics adopted in the baseline model (BM), except for the lava substrate that is
modeled as unconsolidated (“unconsolidated 2”). The physical and thermal properties of
the substrate are taken from Richter (1993) and Robie (1970) and are adapted for the Vallis
Schréteri environment. All other geometric and flow parameters are held the same as in
BM.

Table 2.6¢ shows how an unconsolidated substrate (of granular regolith) defined by the
physical and thermal properties listed in Fig. 2.18 affects magnitude and spatial distribution
of erosion rates across a 1200-m-long rille segment. Maxima and minima values are higher
than those obtained from the “unconsolidated 1 scenario by a factor of ~1.4, an increase
that arises from the lower melting temperature and density of the “unconsolidated 2”
substrate. The specific heat capacity of the latter substrate is also lower than the value
chosen for the former scenario though its small variation (from 1438 to 1409.6 J kg™! °C™!)
is unlikely to play a major role in the observed increase in erosion rates. As compared to
the baseline model, erosion rate values are higher by a factor of ~2.6. The spatial

distribution of maxima and minima across the channel is almost identical to that shown in
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the baseline model (as well as that in the previous scenario), except for the location of the
right bank erosion maximum that is shifted 2 m upstream of its BM location. Also, the bed

maximum is shifted 50 m downstream of its baseline location (as in “unconsolidated 17).

Table 2.6¢. Sensitivity of baseline model (BM) results to changes in lava substrate
(unconsolidated 2 - with lower density, melting point, and specific heat capacity than
unconsolidated 1, see text). The table illustrates maximum and minimum erosion rates at
the channel bed and banks. All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA SUBSTRATE -

unconsolidated 2. Channel length = 1200 m. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 76.5 299.6 bend 1, 100.4 m upstream of
bend trough, within 5 m of right
bank.

Min ER bed 3.1 630.6%* bend 2, 169.4 m upstream of
bend axis, bed/right bank.

Max ER left bank 75.8 697.6 bend 2, 102.4 m upstream of
bend axis, bank top.

Min ER left bank 3.3 1047.9 bend 2, 247.9 m downstream of
bend axis, left bank/bed.

Max ER right bank | 78.0 291.9 bend 1, 108.1 m upstream of
bend trough, bank top.

Min ER right bank | 3.1 630.6* bend 2, 169.4 m upstream of
bend axis, right bank/bed.

When looking at the magnitude and spatial distribution of erosion rates at channel cross-
section 400 (Table 2.6d), the trend shown in Table 2.6b is repeated though values are higher
by a factor of ~1.4. Erosion rates are higher than their BM counterpart values by a factor
of ~2.6. The maximum erosion at the bed (75.5 cm/day) is slightly lower than that found
at the long channel section (76.5 cm/day) and the gap separating the right bank maximum

from the left bank maximum (64.1-27.1 cm/day) is much larger than the one observed at
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the 1200-long channel segment (78.0-75.8 cm/day). Once again, a process responsible for

modifying erosion rates distribution likely occurs at/in the proximity of a bend axis.

Table 2.6d. Sensitivity of baseline model (BM) results to changes in lava substrate
(unconsolidated 2 - with lower density, melting point, and specific heat capacity than
unconsolidated 1, see text). The table illustrates maximum and minimum erosion rates at a
channel cross-section located 400 m downstream of the lava source and cut along bend 1
trough (see Fig. 2.2a). All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN LAVA SUBSTRATE -
unconsolidated 2. Channel length = 1200 m. Erosion rates at Cross-Section (CS) 400 m
Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed 400 75.5 400.0 ~7 m from right bank

Min E.R. bed 400 12.9 400.0 ~1 m from left bank

Max E.R. left bank 400 | 27.1 400.0 6-8 m down from bank top
Min E.R. left bank 400 12.9 400.0 left bank/bed

Max E.R. right bank 400 | 64.1 400.0 bank top

Min E.R. right bank 400 | 23.3 400.0 right bank/bed

The spatial distribution of erosion rates at the channel bed of cross-section 400 (Fig. 2.19)
is almost identical to those observed in the “unconsolidated 1”” and BM scenarios, the only
difference being the erosion rate magnitude. Also, Figs. 2.20 (a, b) show the similarities
between the distribution of erosion rates at the banks of channel cross-section 400 and their

distribution at cross-section 400 of the baseline model (Figs. 2.4 a, b).
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Figure 2.19. Erosion rates at the channel bed for cross-section 400.
Channel geometry and initial flow conditions are identical to those assumed for
the baseline model, exception made for the lava substrate that is taken to be
unconsolidated with the lowest allowed melting temperature and density
(“unconsolidated 2”, see text). Erosion rate distribution is almost identical to
that shown in the baseline model (see Fig. 2.3), though values are higher by a
factor of ~2.6.
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Figure 2.20a. Erosion rates at the left bank for cross-section 400. Channel
geometry and initial flow conditions are identical to those assumed in the baseline
model, the only difference being represented by the occurrence of an
unconsolidated lava substrate of granular regolith with the lowest allowed
melting temperature and density (“unconsolidated 2, see text). The plot looks
almost identical to that shown in Fig. 2.4b (BM), and the only difference is that
erosion rate values are higher by a factor of ~2.6.
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Figure 2.20b. Erosion rates at the right bank for cross-section 400.
Channel geometry and initial flow conditions are identical to those assumed in the
baseline model, the only difference being represented by the occurrence of an
unconsolidated lava substrate of granular regolith with the lowest allowed
melting temperature and density (“unconsolidated 2”, see text). The plot looks
almost identical to that shown in Fig. 2.4a (BM), and the only difference is that
erosion rate values are higher by a factor of ~2.6.
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How substrate-modified results compare with BM results

Table 2.6e shows ratios of erosion maxima and minima at a 1200 m-long rille
segment and a channel cross-section that is cut parallel to bend axis 1 at a downstream
distance of 400 m from the lava source. The higher ratios — in the range between 1.85 and
2.63 - compared to those obtained in previous scenarios imply a higher sensitivity of the
model to changes in substrate physical and thermal properties. No value is equal to or lower
than 1 because erosion rate values associated with the two unconsolidated lava substrates
are always higher than those obtained from the consolidated basaltic substrate assumed for
the baseline scenario. The values obtained at the 1200-m-long channel segment are very
similar to those obtained at channel cross-section 400. This result stands out from those
obtained before and is a likely consequence of the fact that, for the two modeled scenarios,
channel geometry and initial flow parameters are identical to those adopted in the baseline
model. The presence of two unconsolidated lava substrates appears to boost erosion rates
values without significantly modifying their spatial distribution. A noticeable exception to
this trend is found at/in the proximity of bend 1 axis and concerns erosion minima,
especially those at the two channel banks. For the “unconsolidated 1” and “unconsolidated
2” scenarios, the ratios obtained from erosion minima at the left bank of the 1200-m-long
channel (1.85 and 2.54, respectively) are lower than those calculated from erosion minima
at the left bank of cross-section 400 (1.92 and 2.63, respectively). Also, the ratios obtained
from right bank minima are identical for the “unconsolidated 1” scenario whereas they
differ for the scenario involving a substrate with lower melting temperature and density. In

contrast, bank maxima values are similar if not identical for both scenarios.
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Table 2.6e. Sensitivity of baseline model results to changes in substrate thermal and
mechanical properties: results are shown for two unconsolidated substrates with thermal
and mechanical properties analogous to those of granular regolith (Colozza, 1990; Richter
etal., 1993).

Obtained Erosion Rates | Ratio an channel | Ratio 400 Ratio all channel | Ratio 400
(unconsol_1/BM) (unconsol_1/BM) | (unconsol 2/BM) | (unconsol 2/BM)
# # # #

Max E.R. bed 1.92 1.91 2.63 2.62

Min E.R. bed 1.92 1.90 2.58 2.58

Max E.R. left bank 1.93 1.92 2.63 2.63

Min E.R. left bank 1.85 1.92 2.54 2.63

Max E.R. right bank 1.93 1.92 2.63 2.63

Min E.R. right bank 1.92 1.92 2.58 2.62

Sensitivity analysis — Variations in rille geometry

The second part of the sensitivity analysis is concerned with quantifying the
sensitivity of BM results to changes in the observed geometry of the Vallis Schroteri inner
rille. The availability of LROC NAC high-resolution images allows for extraction of
measurements at this lunar site. The values of meander amplitude, meander wavelength
and rille width that are adopted were averaged over several measurements performed over

the entire rille path (from source to terminus).

Sensitivity of BM results to changes in meander amplitude

In this section, we explore the impact of meander geometry on flow conditions and,
hence, erosion rates distribution at the 1200-m-long channel and, locally, at cross-section
400. At the Vallis Schréteri inner rille, meander amplitude appears to be mostly bimodal
because it does not vary with continuity over the entire lava channel. Goose-neck meanders

are abundant and characterized by amplitude values of several hundred meters. That said,
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a careful inspection of those meanders reveals that they likely formed in response to the
presence of obstacles in the channel. Probably, those obstacles compelled the flow to
follow a highly meandering path, which resulted in the generation of the observed goose-
neck shape. Because of this, this section does not account for those extreme meander
amplitudes and, instead, explores how a variation in amplitude within 50-100 m of the 300
m BM value affects erosion rates magnitude and distribution. Fig. 2.21 shows a 1200-m-
long channel with meander amplitude 2A = 250 m, i.e., 50 m lower than that adopted in

the baseline model.

BASELINE MODEL - Other channel geometry

Lava source — Tlig: 1440°C

Erosion rate channel bed - ¢
10 15

Figure 2.21. Erosion rates at the channel bed for a 1200-m-long channel with meander
amplitude 2A =250 m (50 m lower than that adopted in the baseline model). Meanders are
more flattened compared to their BM shape and meander wavelength is held the same as
in the baseline model (800 m). All other flow parameters are also held the same as in the
baseline model.

Table 2.7a shows that most erosion maxima and minima are shifted downstream of their
BM locations, except for the minimum erosion rate at the left bank and the right bank

maximum that are shifted upstream by 791 and 2 m, respectively. The left bank maximum
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occurs at a location that is very close to bend 2 axis and the bed minimum and right bank
maximum are found at the same place in the channel, i.e., ~131 m upstream of bend 2 axis.
In the baseline model, the bed minimum and right bank maximum are too in the same place,

though upstream (38 m) of the location reported here.

Table 2.7a. Sensitivity of baseline model (BM) results to changes in meander amplitude
(2A =250 m instead of 300 m in BM). The table illustrates maximum and minimum erosion
rates at the channel bed and banks. All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN MEANDER AMPLITUDE —2A

=250 m. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 27.5 1096.1 bend 2, 296.1 m downstream of
bend axis, ~25 m from right
bank.

Min ER bed 1.1 668.6* bend 2, 131.4 m upstream of
bend axis, bed/right bank.

Max ER left bank 28.5 773.5 bend 2, 26.5 m upstream of
bend axis, bank top.

Min ER left bank 1.4 256.9 bend 1, 256.9 m downstream of
bend axis (inlet), left bank/bed.

Max ER right bank | 25.4 292.2 bend 1, 292.2 m downstream of
bend axis (inlet), 3.5 m down
from bank top.

Min ER right bank | 1.1 668.6* bend 2, 131.4 m upstream of
bend axis, right bank/bed.

Table 2.7b shows the erosion rate distribution at cross-section 400. The maximum erosion
at the bed (24.6 cm/day) is lower than that obtained from the baseline model (28.8 cm/day).
Fig. 2.22 also reveals that the maximum is located at a horizontal distance of ~10 m from
the right bank (instead of 6 m in BM). The minimum value of 7.3 cm/day is found within

~1 m of the left bank and is higher than its BM counterpart (5 cm/day). At the bed/right
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bank contact, a minimum of 7.4 cm/day is found, which is lower than that obtained from
BM (9 cm/day). The fluctuations in erosion rate values that are typically seen in the

proximity of the left bank are absent here.

Table 2.7b. Sensitivity of baseline model (BM) results to changes in meander amplitude
(2A =250 m instead of 300 m as in BM). The table illustrates maximum and minimum
erosion rates at a channel cross-section located 400 m downstream of the lava source and
cut along bend 1 trough (see Fig. 2.2a). All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN MEANDER AMPLITUDE - 2A
= 250 m. Erosion rates at channel Cross-Section (CS) 400 m

Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

Description cm/day m description

Max E.R. bed_400 24.6 400.0 ~10 m from right bank
Min E.R. bed 400 7.3 400.0 ~1 m from left bank
Max E.R. left bank 400 | 18.3 400.0 bank top

Min E.R. left bank 400 | 7.3 400.0 left bank/bed

Max E.R. right bank 400 | 22.9 400.0 bank top

Min E.R. right bank 400 | 7.4 400.0 right bank/bed

At the bed of cross-section 400, erosion rates are lower than those found over the entire
channel segment and lower than their BM counterparts. At the left bank, Fig. 2.23a shows
that the maximum erosion rate of 18.3 cm/day is much higher than its BM counterpart (10.3
cm/day) and is found at the bank top (in BM, it was found at a vertical distance of ~4-2 m
from the underlying bank/bed contact). Moving from the bank top downward, erosion rates
decrease faster and faster as the vertical distance from the contact decreases until they reach
a value of 7.3 cm/day at the contact itself. The fastest drop in erosion rate values occurs
within ~2 m of the bank/bed contact. At the right bank, Fig. 2.23b shows a maximum

erosion rate of 22.9 cm/day that is lower than the 24.4 cm/day BM value though is still
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located at the bank top as in BM. Erosion rates decrease at a progressively faster pace as
the vertical distance from the underlying bank/bed contact becomes shorter, and reach a
minimum value of 7.3 cm/day at the bank/bed contact. As usual, the fastest drop in erosion

rate values occurs within ~2 m of the contact itself.

Cross-section 400 m
Channel bed

Erosion rate (em/dery)

. Left bank Right bank

0 20 4o 80 80 100 120 140 180
Channel width (m)

Figure 2.22. Erosion rates at the channel bed for cross-section 400. The case for a
lower meander amplitude (2A = 250 m). The maximum value of 24.6 cm/day is
lower than that obtained from the baseline model (28.8 cm/day). It is at a horizontal
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Erosion rcte (cm/day)

distance of ~10 m from the right bank (instead of 6 m in BM). The minimum
value of 7.3 cm/day is found within ~1 m of the left bank and is higher than its
BM counterpart (5 cm/day). At the bed/right bank contact, a minimum of 7.4 cm/
day is found, which is lower than that obtained in BM (9 cm/day).

18,59

184

1751

164

15.54

154

14,54

Cross-section 400 m
Left channel bank

1 2 3 4 5 [ 7 8 g 10
Channel/lava depth (m)

Figure 2.23a. Erosion rates at the left bank for cross-section 400. The case for
a lower meander amplitude (2A = 250 m). The maximum erosion rate of 18.3 cm/
day is much higher than its BM counterpart (10.3 cm/day) and is found at
the bank top (in BM, it was at a vertical distance of ~4-2 m from the underlying
bank/bed contact). Moving from the bank top downward, erosion rates fast
increase as distance from the contact becomes shorter, and reach a value of 7.3
cm/day at the bank/bed contact. The fastest decrease occurs within 2 m of contact.
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Figure 2.23b. Erosion rates at the right bank for cross-section 400. The case for
a lower meander amplitude (2A = 250 m). The maximum erosion rate of 22.9 cm/
day is lower than the 24.4 cm/day BM value and is located at the bank top as in
BM. Erosion rates decrease at a progressively faster pace as the vertical distance
from the bank/bed contact becomes smaller, and reach a minimum value of
7.3 cm/day (lower than the 8.9 cm/day BM value) at the bank/bed contact. The
fastest drop in erosion rate values occurs within ~2 m of the contact itself.
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Table 2.7c shows how erosion rates vary for a channel with meander amplitude equal to
400 m (100 m higher than in the baseline model). All erosion maxima and minima are
shifted upstream of their BM locations, except for the bed maximum that is shifted ~510
m downstream of its BM location and the right bank maximum that occupies the same
place. The bed maximum is very close to bend 2 axis (9 m downstream of that location)
and this scenario is the first (among those considered up to this moment) for which there
are no two maxima or minima that are located at the same place in the channel. The
maximum bank erosion is found at the right bank (38.4 cm/day versus 28.2 cm/day at the
right bank). Noticeably, maxima of erosion at the bed (37.5 cm/day) and right bank (38.4
cm/day) are much higher than those found in the baseline and lower meander amplitude
scenarios. At the bed and right bank, erosion rates are a factor of ~1.3 higher than their BM
values of 29.1 and 29.6 cm/day, respectively. Erosion minima at the bed and left bank are
much lower than their BM counterparts (0.1 versus 1.2-1.3 cm/day). In contrast, the

minimum at the right bank is identical to the BM value.

Table 2.7¢. Sensitivity of baseline model (BM) results to changes in meander amplitude
(2A =400 m instead of 300 m in BM). The table illustrates maximum and minimum erosion
rates at the channel bed and banks. All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN MEANDER AMPLITUDE - 2A
= 400 m. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m Description

Max ER bed 37.5 809.0 bend 2, 9.0 m downstream of
bend axis, within 5 m of left
bank.

Min ER bed 0.1 388.8 bend 1, 388.8 m downstream of
bend axis (inlet), bed/left bank.
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Max ER left bank 28.2 91.4 bend 1, 91.4 m downstream of
bend axis (inlet), 7.8 m from
bank top.

Min ER left bank 0.1 393.3 bend 1, 393.3 m downstream of
bend axis (inlet), left bank/bed.
Max ER right bank | 38.4 294.0 bend 1, 294.0 m downstream of
bend axis (inlet), bank top.

Min ER right bank | 1.3 616.3 bend 2, 183.7 m upstream of
bend axis, right bank/bed.

By looking at the erosion rate distribution at channel cross-section 400 (Table 2.7d), we
see that the maximum erosion at the bed (see also Fig. 2.24) is much higher than the BM
value (37.1 versus 28.8 cm/day). Moreover, it is located at a horizontal distance of ~12 m
from the right bank (instead of 6 m in BM).

Table 2.7d. Sensitivity of baseline model (BM) results to changes in meander amplitude
(2A =400 m instead of 300 m as in BM). The table illustrates maximum and minimum

erosion rates at a channel cross-section located 400 m downstream of the lava source and
cut along bend 1 trough (see Fig. 2.2a). All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN MEANDER AMPLITUDE —2A
=400 m. Erosion rates at channel Cross-Section (CS) 400 m

Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m Description

Max E.R. bed_400 37.1 400.0 ~12 m from right bank
Min E.R. bed 400 0.8 400.0 ~1 m from left bank
Max E.R. left bank 400 | 1.7 400.0 6.1 m from bank top
Min E.R. left bank 400 | 0.8 400.0 left bank/bed

Max E.R. right bank 400 | 25.6 400.0 6.1 m from bank top
Min E.R. right bank 400 | 12.3 400.0 right bank/bed

The minimum bed erosion of 0.8 cm/day is found within ~1 m of the left bank and is much

lower than its BM counterpart (5 cm/day). At the bed/right bank contact, a minimum of
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12.3 cm/day is found (see also Fig. 2.25b), which is higher than that obtained in BM (9
cm/day). Fig. 2.24 displays a peak in erosion rates at a horizontal distance of ~55 m from
the left bank, which was absent in previous scenarios. Besides, the fluctuations in erosion
rate usually seen within 10 m of the bed/left bank contact are absent here. A totally different
trend is observed at the left bank (Fig. 2.25a). Here, the maximum erosion rate of 1.7
cm/day is much lower than its BM counterpart (10.3 cm/day) and is located at the bank top.
In the baseline model, it was found at a vertical distance of ~4 m from the underlying
bank/bed contact. Moving downward from the bank top, erosion rates decrease until they

reach a value of 0.09 cm/day at the bank/bed contact.
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Figure 2.24. Erosion rates at the channel bed for cross-section 400. The case for a
higher meander amplitude (2A = 400 m). The maximum value of 37.1 cm/day
is much higher than that obtained from the baseline model (28.8 cm/day).
Moreover, it is located at a horizontal distance of ~12 m from the right bank
(instead of 6 m in BM). The minimum value of 0.8 cm/day is found within ~1 m of
the left bank and is much lower than its BM counterpart (5 cm/day). At the bed/
right bank contact, a minimum of 12.3 cm/day is found, which is higher than
that obtained in BM (9 cm/day). The peak in erosion rates at a horizontal
distance of ~50 m from the left bank is absent in previous scenarios. Besides, the
fluctuations in erosion rate usually seen within 10 m of the left bank are absent
here.
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Figure 2.25a. Erosion rates at the left bank for cross-section 400. The case for
a higher meander amplitude (2A = 400 m). The maximum erosion rate of 1.7 cm/
day is much lower than its BM counterpart (10.3 cm/day) and — in contrast to BM
where is found at a vertical distance of ~4 m from the bank/bed contact —
is located at the bank top. From the bank top, erosion rates decrease initially
slowly and then rapidly until they reach a value of ~0.09 cm/day at the bank/bed

contact. The sharpest drop in erosion rates occurs within 4-2 m of the bank/bed
contact.
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Figure 2.25b. Erosion rates at the right bank for cross-section 400. The case for a
higher meander amplitude (2A =400 m). The maximum erosion rate of 25.6 cm/day
is higher than the 24.4 cm/day BM value and higher than that associated with the low
meander amplitude scenario. Instead of occurring at the bank top (as in BM), the
maximum is located at a vertical distance of 4-2 m from the underlying bank/bed
contact. At the bank top, an erosion rate of 22.9 cm/day is measured. While moving
down the bank, values increase until they reach the 25.6 cm/day maximum. At that
point, erosion rates drop to a minimum of 12.3 cm/day (higher than the 8.9 cm/day
BM value) at the contact.
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At the right bank (Fig. 2.25b), the maximum erosion rate of 25.6 cm/day is higher than the
24.4 cm/day BM value and instead of being found at the bank top (as in BM) is located at
a vertical distance of ~4 m from the underlying bank/bed contact. At the bank top, an
erosion rate of 22.9 cm/day is measured. While moving down the bank, values increase
until they reach the 25.6 cm/day maximum. At that point, erosion rates level off and then
drop and reach a minimum of 12.3 cm/day (higher than the 8.9 cm/day BM value) at the

contact itself.

How meander amplitude-modified results compare with BM results

Table 2.7e illustrates ratios of erosion maxima and minima at the 1200-m-long
channel and cross-section 400. Ratios that refer to the modified version of the baseline
model that adopts a value of meander amplitude equal to 250 m are both < 1 and > 1. What
stands out is the pattern observed at the left bank in contrast to the results obtained
elsewhere in the channel. At the left bank, ratios are always greater than 1 - even as high
as 1.5 and 1.8 - except in one case where the value is still very close to 1 (0.99). In stark
contrast, any other ratios obtained elsewhere in the channel are in the range between 0.83
and 0.94. At channel cross-section 400, the described trend is more pronounced than at the
1200-m-long rille section. As a result, erosion rates produced by lava flowing within a low-
amplitude rille appear to be almost anywhere lower than those obtained from the baseline
model, except at the left bank. This trend underlines a fluid- and thermodynamic
complexity that will be revealed and explained in the theorethical study section of Chapter

5. For a scenario in which meander amplitude is higher (here 2A = 400 m) than the 300 m
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baseline value, an almost opposite trend is found. Ratios greater than 1 are found at the bed
and right bank whereas those calculated at the left bank are always much lower than 1
(0.16) and even approaching 0 (minimum of erosion at the left bank of the 1200-m-long
channel). At cross-section 400, the ratio obtained from bed erosion maxima (1.29) is
identical to that found at the 1200-m-long channel, and the maximum of erosion at the right
bank is lower than its longer channel counterpart value (1.30). Furthermore, erosion
minima at the bed and left bank are very low and identical to those found at the long channel
segment. These results show that a lava that flows within a rille with meanders of high
amplitude produces erosion rates at the bed and right bank, which are much higher than
those generated by an analogous lava that flows within a channel with meanders of lower
amplitude. This is a very important result that might have impacted rille evolution in time,

as discussed in Chapter 6.

Table 2.7e. Sensitivity of baseline model results to changes in initial channel geometry:
changes in meander amplitude, amplitude ratios.

Obtained Erosion Rates | Ratio ail channel | Ratio 400 Ratio all channel | Ratio 400
(2A=250m/BM) | 2A=250 m/BM) | (2A=400 m/BM) | (2A =400 m/BM)
# # # #

Max E.R. bed 0.94 0.85 1.29 1.29

Min E.R. bed 0.92 1.5 0.08 0.16

Max E.R. left bank 0.99 1.8 0.98 0.16

Min E.R. left bank 1.10 1.5 0.08 0.16

Max E.R. right bank 0.86 0.94 1.30 1.05

Min E.R. right bank 0.92 0.83 1.08 1.38

Sensitivity of BM results to changes in meander wavelength

In this section, we first explore how a meander wavelength of 1000 m affects

erosion rates at a channel that is now 1450 m long (see Fig. 2.26) and at a channel cross-
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section that is cut at a downstream distance of 500 m from the lava source. Once again,

channel cross-section 500 is designed in such a way to pass through bend 1 trough.

T bed: 1412°C

Figure 2.26. Erosion rates at the channel bed for a 1450-m-long channel with meander
wavelength A = 1000 m (200 m longer than that adopted in the baseline model). Meanders
appear more flattened compared to their BM shape though meander amplitude is held the
same as in the baseline model (300 m). All other flow parameters are held the same as in
the baseline model.

Table 2.8a shows that all erosion maxima and minima (except for the left bank minimum)
are shifted downstream of their BM locations by 43-744 meters. No erosion maximum or
minimum is really close to a bend axis and the nearest of all to a bend is the left bank
maximum that is located ~54 m upstream of bend 2 axis. Similar to the baseline model, the
erosion minima at the bed and the right bank are found at the same place in the channel,
though here they are 175 m downstream of their BM location. For the 1450-m-long channel,
the maximum erosion rate at the bed is a bit lower than its baseline model counterpart (27.3

cm/day versus 29.1 cm/day). The maximum bank erosion occurs at the left bank (29.5

93



cm/day) and not at the right bank (28.2 cm/day) as for the BM. Erosion minima have values

that are almost identical to those in the baseline model.

Table 2.8a. Sensitivity of baseline model (BM) results to changes in meander wavelength
(A=1000 m instead of the 800 m BM value). Channel length is 1450 m. The table illustrates
maximum and minimum erosion rates at the channel bed and banks. All other flow BM
parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN MEANDER WAVELENGTH —

A = 1000 m. Channel length = 1450 m. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 273 343.1 bend 1, 343.1 m downstream of
bend axis (inlet), within ~5 m
of right bank.

Min ER bed 1.2 806.1* bend 2, 193.9 m upstream of
bend axis, bed/right bank.

Max ER left bank 29.5 946.2 bend 2, 53.8 m upstream of
bend axis, bank top.

Min ER left bank 1.3 304.4 bend 1, 195.6 m upstream of
bend trough, left bank/bed.

Max ER right bank | 28.2 337.3 bend 1, 162.7 m upstream of
bend trough, 6.1 m from bank
top.

Min ER right bank | 1.3 806.1* bend 2, 193.9 m upstream of
bend axis, right bank/bed.

Table 2.8b shows erosion rates magnitude and distribution at channel cross-section 500.
The maximum erosion at the bed is lower than its BM counterpart (26.7 cm/day versus
28.8 cm/day). The maximum is reached at ~10 m from the bed/right bank contact and the
minimum is found within 1 m of the left bank. The bank maximum is found at the right
bank (as for the BM) but its magnitude is lower than the BM one (19.5 cm/day versus 24.4

cm/day).
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Table 2.8b. Sensitivity of baseline model (BM) results to changes in meander wavelength
(A= 1000 m instead of the 800 m BM value). The table illustrates maximum and minimum
erosion rates at a channel cross-section located 500 m downstream of the lava source and
cut along bend 1 trough (see Fig. 2.2a). All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN MEANDER WAVELENGTH —
A = 1000 m. Erosion rates at channel Cross-Section (CS) 500 m

Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed 500 26.7 500.0 ~10 m from right bank
Min E.R. bed 500 5.4 500.0 ~1 m from left bank
Max E.R. left bank s00 | 17.3 500.0 bank top

Min E.R. left bank s00 | 5.4 500.0 left bank/bed

Max E.R. right bank s00 | 19.5 500.0 bank top

Min E.R. right bank s00 | 7.5 500.0 right bank/bed

The left bank maximum (17.3 cm/day) is much higher than its BM counterpart (10.3
cm/day) and is located at the bank top (Fig. 2.27a). From there, erosion rates decrease very
slowly down to a vertical distance of ~3.5 m from the bank top. Then, they decrease faster
and faster until they reach a minimum value of 5.4 cm/day at the bank/bed contact. Erosion
rates drop drastically once the vertical distance of ~2 m from the bank/bed contact is
reached. At the right bank (Fig. 2.27b), the maximum erosion rate of 19.5 cm/day (lower
than the 24.4 cm/day BM value) is located at the bank top as in BM. Erosion rates decrease
very slowly down to a vertical distance of ~4 m from the bank/bed contact where the high
value of 18.7 cm/day is found. From that point downward and starting at a vertical distance
of ~2 m from the bank/bed contact, erosion rates drop very rapidly and reach a minimum

value of 7.5 cm/day at the contact itself.
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Figure 2.27a. Erosion rates at the left bank for cross-section 400. The case for a
longer meander wavelength, A = 1000 m. The maximum erosion rate of 17.3 cm/
day is much higher than its BM counterpart (10.3 cm/day) and is located at the
bank top. From there, erosion rates decrease very slowly down to a vertical
distance of ~3.5 m from the bank top. Then, they decrease faster and faster, and
reach a minimum value of 5.4 cm/day at the bank/bed contact. Erosion rates drop
drastically once the vertical distance of ~2 m from the contact is reached.
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Figure 2.27b. Erosion rates at the right bank for cross-section 400. The case for a
longer meander wavelength, A = 1000 m. The maximum erosion rate of 19.5 cm/
day (lower than the 24.4 cm/day BM value) is located at the bank top as in BM.
Erosion rates decrease very slowly down to a vertical distance of ~4 m from the
bank/bed contact where the high value of 18.7 cm/day is found. From that point
downward and starting at a vertical distance of ~2 m from the bank/bed contact,
erosion rates drop very rapidly and reach a minimum value of 7.5 cm/day at the
contact itself.
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Table 2.8c shows how an even longer meander wavelength, A = 1200 m, affects erosion
rates magnitude and distribution in a channel that is 1500 m long and at a channel cross-
section that is cut parallel to bend 1 trough at a downstream distance of 600 m from the

lava source.

Table 2.8c. Sensitivity of baseline model (BM) results to changes in meander wavelength
(A=1200 m instead of the 800 m BM value). Channel length = 1500 m. The table illustrates
maximum and minimum erosion rates at the channel bed and banks. All other flow BM
parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN MEANDER WAVELENGTH —

A = 1200 m. Channel length = 1500 m. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 25.8 1175.3 bend 2, 24.7 m upstream of
bend axis, 5 m from right bank.

Min ER bed 3.0 974.0%* bend 2, 226.0 m upstream of
bend axis, bed/right bank.

Max ER left bank 27.4 1077.3 bend 2, 122.7 m upstream of
bend axis, bank top.

Min ER left bank 4.0 381.8 bend 1, 218.2 m upstream of
bend trough, left bank/bed.

Max ER right bank | 26.7 1500.0 bend 2, 300 m downstream of
bend axis, bank top.

Min ER right bank | 3.0 974.0%* bend 2, 226.0 m upstream of
bend axis, right bank/bed.

All erosion rate maxima and minima (except for the left bank minimum) are shifted
downstream of their BM locations by 343-1206 m. The observed trend is very similar to
that seen for the channel with A = 1000 m though each erosion maximum/minimum is
shifted farther downstream in the channel with A = 1200 m. As before, the erosion minima

at the bed and right bank are found at the same place in the channel, though the new location
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is much farther downstream than the location shown in the A = 1000 m channel. The erosion
maximum at the bed of 25.8 cm/day is lower than that found in the A = 1000 m channel
(27.3 em/day) and much lower than the one obtained at the baseline channel (29.1 cm/day).
It is found at a place in the channel that is close to bend 2 axis (~24.7 m upstream of that).
The maximum bank erosion is found at the left bank and is equal to 27.4 cm/day, analogous
to what found at the channel with A=1000 m and different from the baseline model (A =
800 m), the latter showing maxima of bank erosion at the right bank. Additionally, erosion
minima at both banks are higher than their BM counterpart values (3.0-4.0 cm/day versus
1.2-1.3 cm/day). Table 2.8d shows erosion rates magnitude and distribution at channel

cross-section 600.

Table 2.8d. Sensitivity of baseline model (BM) results to changes in meander wavelength
(A= 1200 m instead of the 800 m BM value). The table illustrates maximum and minimum
erosion rates at a channel cross-section located 600 m downstream of the lava source and
cut along bend 1 trough. All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN MEANDER WAVELENGTH —
A= 1200 m. Channel length = 1500 m. Erosion rates at channel Cross-Section 600 m
Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed 600 24.6 600.0 ~12 m from right bank
Min E.R. bed 600 6.7 600.0 bed/right bank

Max E.R. left bank 600 | 16.5 600.0 2-4 m above bed

Min E.R. left bank 600 | 8.2 600.0 left bank/bed

Max E.R. right bank 600 | 20.0 600.0 bank top - ~4 m down.
Min E.R. right bank 600 | 6.7 600.0 right bank/bed

The maximum erosion rate of 24.6 cm/day at the bed is much lower than the value reported

in Table 2.2b (28.8 cm/day, BM, cross-section 400). The left bank maximum is higher than
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its BM counterpart (16.5 cm/day versus 10.3 cm/day), whereas the right bank maximum is
lower than the BM one (20.0 cm/day versus 24.4 cm/day). The erosion minima at the bed
and left bank are also higher than their BM counterpart whereas only the minimum erosion
rate at the right bank is lower than that found in BM (6.7 cm/day versus 8.9 cm/day). Fig.
2.28 shows how erosion rates at the bed vary at cross-section 600. The maximum value is
located at a horizontal distance of ~12 m from the right bank (instead of 6 m in BM). A
low value of 8.2 cm/day is found within ~1 m of the left bank. That said, the minimum
erosion rate of 6.7 cm/day is found at the bed/right bank contact, which is also unusual.
The minimum value is higher than its BM counterpart (5 cm/day). Finally, while moving
toward the left bank, the erosion rate curve does not drop as rapidly as it does in the
scenarios seen before, which proves that erosion rates at the left bank are higher than usual.
At the left bank (Fig. 2.29a), the maximum of 16.5 cm/day is higher than the value of 10.3
cm/day found at cross-section 400, BM. Besides, it is located at a vertical distance of 4-2
m from the bed. From the bank top (erosion rate of 14.6 m/day) downwards, erosion rates
increase steadily till the maximum of 16.5 cm/day is reached. Then, they drop drastically
until they reach a minimum value of 8.2 cm/day at the bank/bed contact. At the right bank
(Fig. 2.29b), the maximum erosion rate of 20.0 cm/day (lower than the 24.4 cm/day BM
value) is located at the bank top as in BM. From that point downwards, erosion rate values
level off to a vertical distance of 6.5 m from the bank/bed contact. Then, they start
decreasing first slowly and then faster and faster until they drop to a minimum value of 6.7
cm/day at the bank/bed contact. The fastest drop begins at a vertical distance from the

contact of ~2 m.
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Figure 2.28. Erosion rates at the channel bed for cross-section 400. The case for a
longer meander wavelength, A = 1200 m. The maximum value of 24.6 cm/day is
much lower than the value of 28.8 cm/day that refers to BM, cross-section 400.
Moreover, it is located at a horizontal distance of ~12 m from the right bank (instead
of 6 m in BM). A low value of 8.2 cm/day is found within ~1 m of the left bank. That
said, the minimum erosion rate of 6.7 cm/day is found at the bed/right bank contact,
which is also unusual. The minimum value is higher than its BM counterpart (5
cm/day). Finally, while moving toward the left bank, the erosion rate curve does not
drop as rapidly as it does in the scenarios seen before, which proves that erosion rates
at the left bank are higher than usual.
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Figure 2.29a. Erosion rates at the left bank for cross-section 400. The case for a
longer meander wavelength, A = 1200 m. The maximum erosion rate of 16.5 cm/
day is much higher than its BM counterpart (10.3 cm/day) and is located at a
vertical distance of 4-2 m from the bank/bed contact. From the bank top (erosion
rate of 14.6 m/day) downwards, erosion rates increase steadily till the maximum
of 16.5 cm/day is reached. Then, they drop drastically until they reach a
minimum value of 8.2 cm/day at the bank/bed contact.
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Figure 2.29b. Erosion rates at the right bank for cross-section 400. The case for a
longer meander wavelength, A = 1200 m. The maximum erosion rate of 20.0 cm/
day (lower than the 24.4 cm/day BM value) is located at the bank top as in BM.
From that point downwards, erosion rate values level off to a vertical distance of
6.5 m from the bank/bed contact. From that point on, they start decreasing first
slowly and then faster and faster until they drop to a minimum value of 6.7 cm/day
at the bank/bed contact. The fastest drop begins at a vertical distance from the
contact of ~2 m.
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How meander wavelength-modified results compare with BM results

Table 2.8e illustrates ratios of erosion maxima and minima obtained at two channels
of different length and meander wavelength (A = 1000 m and 1200 m). Both values of
wavelength are longer than the wavelength A = 800 m adopted in the baseline model. First,
we consider a 1450-m-long channel with meander wavelength A = 1000 m. In this channel,
a cross-section is cut parallel to bend 1 trough at a downstream distance of 500 m from the
lava source. Ratios obtained from erosion maxima and minima are mostly > 1. Exceptions
to this are represented by the ratios obtained from bed erosion maxima (0.94) and right
bank erosion maxima (0.95). At channel cross-section 500, ratios are higher than those
obtained at the whole channel, except for those calculated from maxima at the bed and
minima at the right bank. The observed distribution of erosion rates at the bed and two
channel banks explains the ratio distribution in Table 2.8e. The highest ratios are those
obtained at channel cross-section 500 and at the left bank, where erosion rates are much
higher than their BM counterpart values. Interestingly, at cross-section 400, maximum
erosion rates are still found at the right bank in contrast to what found at the 1450-m-long
channel where bank erosion maxima are obtained at the left bank. Besides, ratios calculated
from minima are always > 1, the only exception being the ratio obtained at cross-section
400 from minima at the right bank. For a 1500-m-long channel of meander wavelength A
= 1200 m, ratios obtained from minima are the highest, with values of 2.50 at the bed and
right bank and 3.08 at the left bank. In stark contrast to this, ratios from maxima are all <
1, the lowest value of 0.89 belonging to the bed maximum. At channel cross-section 600,

the only ratio (obtained from erosion maxima) that is > 1 is the one at the left bank (1.59).
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Other maxima ratios range between 0.82 (right bank) and 0.85 (bed). Ratios obtained from
minima are still > 1 (except for the one at the right bank), though lower in magnitude
compared to those at the 1500-m-long channel. To summarize, making meander
wavelength longer — from 800 m (BM) to 1000 m — leads to an increase of minimum
erosion rates and a decrease in maximum erosion rates where they are highest (bed and
right bank). At the left bank, maximum erosion rates are always increased, more so at
channel cross-section 500. An even longer meander wavelength of 1200 m causes
maximum erosion rates to decrease further and minimum erosion rates to increase further.
The steepest and most homogeneous increase in minimum erosion rates is seen at the 1500-

m-long channel.

Table 2.8e. Sensitivity of baseline model results to changes in initial channel geometry:
changes in meander wavelength (A = 1000 and 1200 m).

Obtained Erosion Rates | Ratio ail channel | Ratio 500 Ratio all channel | Ratio 600
(A= 1000 m/BM) (A=1000 m/BM) | (A= 1200 m/BM) (A= 1200 m/BM)
# # # #

Max E.R. bed 0.94 0.93 0.89 0.85

Min E.R. bed 1.01 1.08 2.50 1.64

Max E.R. left bank 1.02 1.68 0.95 1.59

Min E.R. left bank 1.01 1.10 3.08 1.67

Max E.R. right bank 0.95 0.80 0.90 0.82

Min E.R. right bank 1.08 0.84 2.50 0.75

Sensitivity of BM results to changes in channel width

In this section, we explore how changes in channel width affect the magnitude and
spatial distribution of erosion rates in a 1200-m-long channel and at a channel cross-section

cut parallel to the axis of bend 1 at a downstream distance of 400 m from the lava source
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(see Fig. 2.2a). Fig. 2.30 shows the erosion rates distribution at the bed of a channel that is

wider (w =200 m) than the BM one (w = 160 m).

— Other channel geometry

Figure 2.30. Erosion rates at a channel bed that is wider (w = 200 m) than the baseline
bed (w = 160 m). All other geometric and flow parameters are held the same as in the
baseline model.

Table 2.9a shows how erosion rates magnitude and spatial distribution change across the
1200-m-long channel and at channel cross-section 400. Both the bed and left bank maxima
are shifted downstream of their BM location by 497 and 90 m, respectively, and their new
locations are within 12.3 m of bend 2 axis. Instead, the right bank maximum is located 2
m upstream of its BM location. The bed and right bank minima occupy the same place in
the channel (as they do in the baseline model) and are both shifted downstream of their BM
location by 10 m. The left bank minimum is the one to have undergone the greatest shift
of all - 809 m upstream of its BM location. Erosion rate values are different from those in
the baseline model. The maximum erosion rate at the bed is lower (27.6 cm/day versus

29.1 cm/day at BM) and the left bank maximum is higher (29.9 cm/day versus 28.8 cm/day).
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The left bank maximum is also the highest (peak) bank maximum (right bank maximum is
equal to 28.4 cm/day). All minima are slightly lower than their BM counterparts (1.0-1.1

versus 1.2-1.3).

Table 2.9a. Sensitivity of baseline model (BM) results to changes in channel width (w =
200 m instead of the 160 m BM value). The table illustrates maximum and minimum
erosion rates at the channel bed and banks. All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN CHANNEL WIDTH — w = 200

m. Channel length = 1200 m. Erosion rates at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 27.6 795.9 bend 2, 4.1 m upstream of bend
axis, within 5 m of left bank.

Min ER bed 1.0 641.0%* bend 2, 159.0 m upstream of
bend axis, bed/right bank.

Max ER left bank 29.9 787.7 bend 2, 12.3 m upstream of
bend axis, bank top.

Min ER left bank 1.1 239.0 bend 1, 239.0 m downstream of
bend axis (inlet), left bank/bed.

Max ER right bank | 28.4 291.8 bend 1, 108.2 m upstream of
bend trough, 3.5 m down from
bank top.

Min ER right bank | 1.0 641.0* bend 2, 159.0 m upstream of
bend axis, right bank/bed.

Table 2.9b refers to channel cross-section 400 and shows how erosion rates and their
distribution differ from those shown in Table 2.9a. The bank maximum is found at the right
bank and its value (26.1 cm/day) is much higher than the left bank maximum (15.1 cm/day).
The bed maximum (27.1 cm/day) is lower than its BM counterpart (28.8 cm/day) and all

erosion minima are much higher than those shown in Table 2.9a and similar in values to
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(or, with reference to the right bank minimum, lower than) those found in the baseline

model.

Table 2.9b. Sensitivity of baseline model (BM) results to changes in channel width (w =
200 m instead of the 160 m BM value). The table illustrates maximum and minimum
erosion rates at a channel cross-section located 400 m downstream of the lava source and
cut along bend 1 trough (see Fig. 2.2a). All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN CHANNEL WIDTH — w = 200
m. Channel length = 1200 m. Erosion rates at channel Cross-Section (CS) 400 m
Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed_400 27.1 400.0 ~12 m from right bank
Min E.R. bed 400 53 400.0 ~1 m from left bank
Max E.R. left bank 400 | 15.1 400.0 bank top

Min E.R. left bank 400 | 5.3 400.0 left bank/bed

Max E.R. right bank 400 | 26.1 400.0 bank top - ~3.5 m down.
Min E.R. right bank 400 | 6.7 400.0 right bank/bed

Fig. 2.31 shows the erosion rate distribution at the bed of channel cross-section 400 for the
200-m-wide channel. The maximum value of 27.1 cm/day is located at a horizontal
distance of ~12 m from the right bank (instead of 6 m in BM). The minimum value of 5.3
cm/day is found within ~1 m of the left bank and is slightly higher than its BM counterpart
(5 cm/day). At the bed/right bank contact, the lowest erosion rate is equal to 6.8 cm/day.
Erosion rate values drop drastically within ~1 m of the left and right banks. Within ~1 m
of the right bank, values drop from the observed maximum of 27.1 cm/day to a value of
6.8 cm/day. At the left bank (Fig. 2.32a), the maximum erosion rate of 15.1 cm/day is
higher than its BM counterpart (10.3 cm/day) and is located at the bank top and not at a

vertical distance of 4-2 m from the bank/bed contact (BM). From the bank top, erosion
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rates decrease faster and faster as the distance from the bank/bed contact becomes shorter
until a minimum erosion rate of 5.3 cm/day is obtained. The fastest drop occurs within ~2
m of the bank/bed contact. At the right bank (Fig. 2.32b), the maximum erosion rate of
26.1 cm/day (higher than the 24.4 cm/day BM value) is located at the bank top as in BM.
From that point downwards, erosion rates start decreasing first slowly and then faster and
faster until they drop to a minimum value of 6.7 cm/day at the bank/bed contact. The fastest

drop begins at a vertical distance of ~2 m from that contact.
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Figure 2.31. Erosion rates at the channel bed for cross-section 400. The case for
a channel wider than the BM, w = 200 m. The maximum value of 27.1 cm/day is
lower than the value of 28.8 cm/day that refers to BM, cross-section 400.
Moreover, it is located at a horizontal distance of ~12 m from the right bank
(instead of 6 m in BM). The minimum value of 5.3 cm/day is found within ~1
m of the left bank and is slightly higher than its BM counterpart (5 cm/day). At
the bed/right bank contact, the lowest erosion rate is equal to 6.8 cm/day. Erosion
rate values drop drastically within ~1 m of the left and right banks. Within ~1 m of
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left and right banks. Within ~1 m of the right bank, values drop from the observed
maximum of 27.1 cm/day to a value of 6.8 cm/day.
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Figure 2.32a. Erosion rates at the left bank for cross-section 400. The case for
a channel wider than the BM, w = 200 m. The maximum erosion rate of 15.1 cm/
day is higher than its BM counterpart (10.3 cm/day) and is located at the bank
top and not at a vertical distance of 4-2 m from the bank/bed contact as in BM.
From the bank top, erosion rates decrease faster and faster as the distance from
the bank/bed contact is reduced until a minimum erosion rate of 5.3 cm/day is
obtained. The fastest drop occurs within ~2 m of the bank/bed contact.
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Figure 2.32b. Erosion rates at the right bank for cross-section 400. The case for a
channel wider than the BM, w = 200 m. The maximum erosion rate of 26.1 cm/day
(higher than the 24.4 cm/day BM value) is located at the bank top as in BM. From
that point downwards, erosion rates start decreasing first slowly and then faster and
faster until they drop to a minimum value of 6.7 cm/day at the bank/bed contact. The
fastest drop begins at a vertical distance of ~2 m from that contact.
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After having examined a channel that is 40 m wider than the baseline channel (w = 160 m),

we will now consider a channel that is 40 m narrower (w = 120 m) (see Fig. 2.33).

Erosion rate cha 1 bed - cm/day
5 10 15 20 25 0

Figure 2.33. Erosion rates at a channel bed that is narrower (w = 120 m) than the baseline
channel (w = 160 m). Meander amplitude is held the same as in the baseline model (BM),
though the reduced width may give the impression that the amplitude is changed. All other
geometric and flow parameters are held the same as in BM.

Table 2.9¢ shows how the magnitude and spatial distribution of erosion rates has changed
compared to that in the baseline model. The bed and right bank maxima are moved 497 m
and 805 m downstream of their BM locations, respectively. The bed maximum is located
at only 4.3 m from bend 2 axis, whereas the right bank maximum is over the flank of bend
2. The bed and right bank minima occupy almost the same place in the channel, which is 8
m downstream of its BM counterpart location. The left bank minimum is the only minimum
to have moved 805 m upstream of its BM location. Erosion rate values vary significantly
from those in the previous case study (w =200 m) and the baseline model. The maximum

erosion rate at the bed (31.5 cm/day) is higher than that in the BM (29.1 cm/day). The
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maximum bank erosion occurs at the left bank (32.8 cm/day) and is higher than its BM
counterpart. The left bank maximum is also the highest value of erosion rate across the
entire channel. Erosion minima (0.8-0.9) are lower than those in the baseline model (1.2-
1.3).

Table 2.9¢. Sensitivity of baseline model (BM) results to changes in channel width (w =

120 m instead of the 160 m BM value). The table illustrates maximum and minimum
erosion rates at the channel bed and banks. All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN CHANNEL WIDTH — w = 120

m. Channel length = 1200 m. Erosion rate at channel bed and banks

Obtained Erosion Erosion Rate | Distance from | Location in the channel

Rates (ER) Values lava source

description cm/day m description

Max ER bed 31.5 795.7 bend 2, 4.3 m upstream of bend
axis, within 5 m of left bank.

Min ER bed 0.9 639.3* bend 2, 160.7 m upstream of
bend axis, bed/right bank.

Max ER left bank 32.8 94.3 bend 1, 94.3 m downstream of
bend axis (inlet), 7.8 m down
from bank top.

Min ER left bank 0.9 243.1 bend 1, 156.9 m upstream of
bend trough, left bank/bed.

Max ER right bank | 29.9 1099.3 bend 2, 299.3 m downstream of
bend axis, bank top.

Min ER right bank | 0.8 639.3* bend 2, 160.7 m upstream of
bend axis, right bank/bed.

Table 2.9d shows the magnitude and distribution of erosion rates at channel cross-section
400. The maximum bed erosion (26.2 cm/day) is lower than its BM counterpart value (28.8
cm/day) and the bank erosion maximum is found at the right bank (20.9 cm/day) as in the
baseline model, but it is lower in value (BM value = 24.4 cm/day). Erosion minima values

are also somewhat different from the BM ones. The left bank minimum (7.3 cm/day) is
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higher than the BM one (4.9 cm/day) and the right bank minimum (5.0 cm/day) is lower

than its BM counterpart value (8.9 cm/day).

Table 2.9d. Sensitivity of baseline model (BM) results to changes in channel width (w =
120 m instead of the 160 m BM value). The table illustrates maximum and minimum
erosion rates at a channel cross-section located 400 m downstream of the lava source and
cut along bend 1 trough (see Fig. 2.2a). All other flow BM parameters are unchanged.

SENSITIVITY OF BM RESULTS TO CHANGES IN CHANNEL WIDTH — w = 120
m. Channel length = 1200 m. Erosion rates at channel Cross-Section (CS) 400 m
Obtained Erosion Rates | Erosion Rate | Distance from | Location in channel CS
(ER) Values lava source

description cm/day m description

Max E.R. bed_400 26.2 400.0 ~8 m from right bank

Min E.R. bed 400 5.0 400.0 bed/right bank

Max E.R. left bank 400 | 13.4 400.0 6.1 m down from bank top
Min E.R. left bank 400 | 7.3 400.0 left bank/bed

Max E.R. right bank 400 | 20.9 400.0 bank top - ~3.5 m down.
Min E.R. right bank 400 | 5.0 400.0 right bank/bed

Fig. 2.34 shows the magnitude and spatial distribution of erosion rates at the bed of channel
cross-section 400. The bed maximum (26.2 cm/day) is located at a horizontal distance of
~8 m from the right bank (instead of 6 m in BM). The minimum value of 5.0 cm/day is
found at the bed/right bank contact and is identical to the BM value that is located at the
bed/left bank contact instead. At the horizontal distance of ~7 m from the bed/left bank
contact, the second-lowest erosion rate is equal to 5.8 cm/day (dip in Fig. 2.34). Going
from the right to the left, the erosion rate curve does not decrease as fast as in previous
scenarios. Because of this, erosion rates as high as 22.2 cm/day are still found within 20 m
of the left bank. On the opposite side of the channel, erosion rates drop drastically within

~1 m of the bed/right bank contact. At the left bank (Fig. 2.35a), the maximum erosion rate
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of 13.4 cm/day is higher than its BM counterpart (10.3 cm/day) and is located at a vertical
distance of 4-2 m from the bank/bed contact. From the bank top (erosion rate of 7.9 cm/day)
downwards, erosion rates increase steadily and rapidly till the maximum of 13.4 cm/day is
reached. Then, they drop drastically and reach a minimum value of 7.3 cm/day at the

bank/bed contact.
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Figure 2.34. Erosion rates at the channel bed for cross-section 400. The case for
a channel narrower than the BM one, w = 120 m. The maximum value of 26.2 cm/
day is lower than the value of 28.8 cm/day (BM, cross-section
400). Moreover, it is located at a horizontal distance of ~8 m from the
right bank (instead of 6 m in BM). The minimum value of 5.0 cm/day is found
at the bed/right bank contact and is identical to the BM value located at the
bed/left bank contact. The curve does not decrease fast as in other scenarios. As a
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Erosion Rate - cm/day

result, erosion rates as high as 22.2 cm/day are found within 20 m of the left
bank. On the opposite side of the channel, erosion rates drop drastically within ~1 m
of the bed/right bank contact.
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Figure 2.35a. Erosion rates at the left bank for cross-section 400. The case for
a channel narrower than the BM channel, w = 120 m. The maximum erosion
rate of 13.4 cm/day is higher than its BM counterpart (10.3 cm/day) and is
located at a vertical distance of 4-2 m from the bank/bed contact. From the bank
top (erosion rate of 7.9 cm/day) downwards, erosion rates increase rapidly
till the maximum of 13.4 cm/day is reached. The minimum is 7.3 cm/day.
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Figure 2.35b. Erosion rates at the right bank for cross-section 400. The case for a
channel narrower than the BM channel, w = 120 m. The maximum erosion rate of
20.9 cm/day is much higher than its BM counterpart (10.3 cm/day) and is located at
the bank top and not at a vertical distance of 4-2 m from the bank/bed contact as in
BM. From the bank top, erosion rates decrease faster and faster as the distance from
the bank/bed contact is reduced until a minimum erosion rate of 5.0 cm/day is
reached at the contact. The fastest drop occurs within ~2 m of the contact itself.
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At the right bank (Fig. 2.35b), the maximum erosion rate of 20.9 cm/day is much higher
than its BM counterpart (10.3 cm/day) and is located at the bank top and not at a vertical
distance of 4-2 m from the bank/bed contact as in BM. From the bank top, erosion rates
decrease faster and faster as the distance from the bank/bed contact is reduced until a
minimum erosion rate of 5.0 cm/day is reached at the contact. The fastest drop occurs

within ~2 m of the same contact.

How width-modified results compare with BM results

Table 2.9¢ illustrates ratios of erosion maxima and minima obtained at two channels
of identical length and different width (w = 120 m and w = 200 m). Ratios at the channel
that is narrower (w = 120 m) than the baseline channel (w = 160 m) are higher and lower
than 1. At the 1200-m-long channel, all ratios obtained from erosion maxima are higher
than 1, the highest value being at the left bank (where the highest erosion rates are found).
Ratios obtained from erosion minima are all lower than 1, the lowest value being located
at the right bank (where the lowest erosion minimum is found). At channel cross-section
400, ratios obtained from erosion maxima are lower than 1, except for the ratio calculated
at the left bank that has the highest value of all (1.30). This apparent discrepancy can be
explained as follows: even though the highest erosion rate values at cross-section 400 are
obtained at the right bank, the values found at the left bank are much higher than their BM
counterparts.

For a channel that is wider (w = 200 m) than the baseline channel (w = 160 m), a

similar trend to the one seen at the narrower channel arises. At the 1200-m-long channel,
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ratios obtained from erosion maxima are lower than those obtained at the narrower channel.
Moreover, their values are always lower than 1, except for the ratio obtained at the left
bank of the channel. The latter statement implies that all (but one) the erosion maxima
obtained at the 1200-m-long channel are lower than their BM counterparts. In contrast,
ratios obtained from erosion minima are higher than those obtained at the narrower channel
though still lower than 1 in value. The latter statement implies that erosion minima at the
200-m-wide channel are all lower than their BM counterpart values. At channel cross-
section 400, ratios that are calculated from erosion maxima are (all but one at the bed)
higher than 1 and higher than those obtained at cross-section 400 of the narrower channel.
This implies that erosion maxima are higher than their BM counterpart values and higher
than those obtained at the narrower channel cross-section 400. The differences in behavior
found at the long channel segment and cross-section 400 underline a complexity that will
be explained in the theoretical study section of Chapter 5. The enhanced thermal erosion
at the bed and banks of cross-section 400 is likely counteracted (to some extent, at least)
by the increased heat loss by conduction into the lava substrate (a consequence of the
increase in flow surface area, Keszthelyi, 1995). Ratios calculated from erosion minima are
higher than 1 (except for the one obtained at the right bank). This implies that even erosion
minima are higher than their BM counterparts at the cross-section of a channel that is wider
than the baseline channel. The same erosion minima are also lower than those calculated
at a similar cross-section of a narrower channel, which suggests there might exist an inverse

correlation between erosion maxima and minima at meander bends.

Table 2.9e. Sensitivity of baseline model results to changes in initial channel geometry:
changes in channel width.
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Obtained Erosion Rates | Ratio ai chamnel | Ratio 400 Ratio all channel | Ratio 400
(w =120 m/BM) (w=120m/BM) | (w =200 m/BM) (w =200 m/BM)
# # # #

Max E.R. bed 1.08 0.91 0.95 0.94

Min E.R. bed 0.75 1.16 0.83 1.06

Max E.R. left bank 1.14 1.30 1.04 1.47

Min E.R. left bank 0.69 1.49 0.85 1.08

Max E.R. right bank 1.01 0.86 0.96 1.07

Min E.R. right bank 0.67 0.56 0.83 0.75

Significance of results

The results presented here confirm that the new 3-D model outputs flow scenarios
of a much higher level of complexity than those obtainable with one- and two-dimensional
approaches. The magnitude and spatial distribution of erosion rates vary from rille bed to
banks, and a pattern exists at rille cross-sections cut parallel to bend axes. At bend 1,
erosion rates are always higher at the inner (right) bank than at the outer (left) bank, with
only a few exceptions occasionally represented by flow scenarios for which either channel
or meander geometry are modified. The 3-D model shows correct behavior based on
predictions from available lower-dimensional models. As regards lava/substrate physical
properties, temperature and velocity increases (at the lava source) are always conducive to
higher erosion rates, regardless of channel location. A thick flow always leads to erosion
rates that are higher than those produced by thinner lava. And a substrate that is
unconsolidated and has a low melting temperature is excavated faster than a consolidated
substrate of higher melting temperature, holding other flow parameters equal. As regards
the measurable properties of the rille, an increase in meander amplitude leads to higher

erosion rates (both at the rille bed and the bends) than those generated by lava flowing
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through a channel with meanders of a lower amplitude. Increasing meander wavelength
causes erosion rates at the bed and right bank to decrease, whereas erosion at the left bank
and erosion minima are higher than their BM counterparts. Finally, for a rille segment that
is wider than the baseline channel, erosion at the bed is always lower than in the BM
whereas erosion at the right bank is either higher or lower than in the BM depending on
whether the bank portion of interest is located at cross-section 400 or away from the bend
axis, respectively. A caveat is represented by the fact that, for a channel or tube that is
wider than another, a larger amount of heat is lost by conduction into the underlying
substrate (Keszthelyi, 1995), which likely counteracts (at least to some extent) the increase
in thermal erosion. The non-homogeneous magnitude and spatial distribution of erosion
rates at channel cross-sections is indicative of an underlying fluid and thermodynamic

complexity that is revealed and explained in Chapter 5.

123



3 PAPER 1: MARS, ATHABASCA VALLES (CATALDO ET AL., 2015)

Abstract

The Athabasca Valles flood lava is presumably the most recent (<50 Ma) and best-
preserved effusive lava flow on Mars and is inferred to have been emplaced turbulently.
The Williams et al. (2005) model of thermal erosion by turbulent lava has been applied to
the topography of “Proximal Athabasca”, the 75-km-long upstream portion of the
Athabasca Valles channel. For emplacement volumes of 5,000 and 7,500 km? and average
flow thicknesses of 20 and 30 m, the duration of the eruption varies between ~11 and ~37
days, in agreement with Jaeger et al. (2010). The erosion of the lava substrate is
investigated for three lava eruption temperatures (1270°, 1260°, and 1250°C), and volatile
contents equivalent to 0-65 vol.% vesicles. The largest erosion depths of 3.8-7.5 m are at
the source, for 20-m-thick and vesicle-free flows erupted at their liquidus temperature
(1270°C). A substrate containing 25% ice by volume leads to the high end of the modeled
erosion. A lava temperature 20 °C below liquidus reduces erosion depths by a factor of
~2.2. By assuming that flow viscosity increases with increasing bubble content in the lava,
a 30-50% vesicles presence leads to erosion depths ~1.8-2.4 times lower than those relative
to non-vesicular lava. The presence of 25% ice in the substrate increases erosion depths by
a factor of 1.3. Nevertheless, in all cases, the modeled erosion depths for a lava flow
consistent with the emplacement volume and flow duration constraints, are far less than
the depth of the channel (~35-100 m). We conclude that thermal erosion by flowing lava

does not appear to have had a major role in excavating Athabasca Valles.
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Introduction

Flood lava at Athabasca Valles

Athabasca Valles is a 300-km-long outflow channel located in north-central
Elysium Planitia, Mars. It has a crater retention age of 20 Ma or less (e.g., Berman and
Hartmann, 2002; Burr et al., 2002), but the channel may be older because those ages date
the lava coating the channel (McEwen et al., 2012). Jaeger et al. (2007, 2010) studied in
great detail the thin flow that drapes the Athabasca channel system - the best preserved and
presumably youngest flood lava on Mars (Plescia, 1990). The flow issued simultaneously
from a series of vents located along a nearby fissure that is part of the Cerberus Fossae,
and extended southwest for about 300 km through Athabasca Valles. It then emptied into
a basin named Cerberus Palus and spread over the surrounding plains, flowing out to as
much as ~1,400 km from its source (Fig. 1, from Jaeger et al., 2010). Ages in the
range 0.5-10 Ma and <50 Ma were derived, based on the observed superposition of
secondary impact craters onto the flow (Jaeger et al., 2010 and references therein).
Depth estimates that reflect the thickness of the congealed lava where it pooled on the
Cerberus Palus plain, are in the range 20-30 m, and refer to the volume of the partially
degassed lava that Jaeger et al. (2010) calculated to be in the range 5,000-7,500 km?. As
a result, the volume of lava including vesicles that flowed out of the vent may have been
somewhat higher. Flow depths of 80-100 m were reached in the center of the channel at
peak flow, reflecting the variability in channel floor topography. At its height, the flow
locally overtopped the channel banks. Subsequently, its level dropped more than 50 m
from its high stand, as fluid lava drained downstream into the distal basin of

Cerberus Palus (Jaeger et al., 2007). The total width of the Athabasca channel is~30-50
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km (with an average value of 39 km), and the average slope is 0.063 + 0.007% (0.036°+
0.004 ).

Instrumentation aboard the Mars Reconnaissance Orbiter (MRO) was used to
investigate the emplacement of the flow and its composition. Specifically, the 27-117
cm/pixel color and stereo High Resolution Imaging Science Experiment (HiRISE; McEwen
et al., 2007) images, together with the ~6 m/pixel Context Camera (CTX; Malin et al.,
2007) images enabled flow margins and flow contacts to be resolved, thanks to a favorable
mix of high spatial resolution and wide area coverage. Flood lavas are characterized by
large volumes and areal coverage. Early quantitative studies suggested that they were
emplaced in a turbulent fashion (Shaw and Swanson, 1970), but detailed examination of
the lava morphologies suggested laminar emplacement under a thick insulating crust (Self
et al., 1998). On Earth, the study of features diagnostic of inflation in flood lavas indicates
emplacement in a laminar flow regime (Hon et al., 1994) and long eruption durations (Self
et al., 1998). The Athabasca lava flow is thin within a distance of 75 km from its source
(proximal Athabasca), and gradually thickens in the downstream direction. Thus, the flow
apparently deflated rather than inflated in its proximal reaches before solidifying (Jaeger
et al., 2010). The same authors found that the flow was likely emplaced during a single
event, over a period of a few to several weeks and, at peak discharge, was marginally to
fully turbulent (with a Reynolds number Re=860-300,000; the transition to turbulence
occurs around Re=500-2,000). The Reynolds number is here defined as: Re=2pvurn/n,
where py is the bulk density of the lava, u is the speed of the flow, r is the hydraulic radius

of the lava (equal to the ‘wetted’ perimeter divided by the cross-sectional area), and 7 is
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the dynamic viscosity of the flow. They used reasonable physical properties for the lava
and the dimensions of the channel to obtain flow velocity and lava flux (following
Keszthelyi et al., 2006), and derived information on flow regime. The composition of the
lava is difficult to determine because the region is overlain by sufficient dust to obscure
substrate mineralogy (Bandfield et al., 2000; Christensen et al., 2001). However,
mineralogical maps produced from data collected utilizing the Compact Reconnaissance
Imaging Spectrometer (CRISM), with a spatial resolution of 15-19 m/pixel (Murchie et al.,
2007), provided some insight into the composition of the Athabasca flood lava. CRISM
data confirmed that the Athabasca flood lava is spectrally similar to the mafic-ultramafic
materials seen by Spirit in Gusev crater (Jaeger et al., 2010) - the so-called “Adirondack”
type lavas — which show a composition intermediate to that of a basalt and a picrobasalt
(McSween et al., 2004, 2008) and comparable with terrestrial high-Mg basalts or komatiitic
basalts (Gellert et al., 2004). However, a range of mafic to ultramafic compositions were
considered plausible.

Thousands of ring-mound landforms (Jaeger et al., 2007) occur exclusively on the
flow surface, often near channel margins. HiRISE observations cast light on these
landforms, whose origin was highly controversial. They are now thought to be
hydrovolcanic or rootless cones, formed when ice and/or groundwater heated
by the overlying lava flow vented in steam explosions (Jaeger et al., 2010; Dundas

and Keszthelyi, 2013).

Thermal erosion by turbulent lava at Athabasca
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The partial or complete melting and assimilation of a solid or particulate substrate
by flowing lava is defined as thermal erosion, whereas mechanical erosion involves the
entrainment of xenoliths or xenocrysts that have not chemically interacted with the lava
(Williams et al., 1998). Thermo-mechanical erosion implies a combination of the two
processes. These processes are important because they cause the removal of substrate to
different extents during lava flow emplacement, and erosion by lava is a mechanism
thought to be responsible for the formation of some lava channels and tubes on the Earth
and other silicate planets and moons (Carr, 1974, Baker et al., 1992; Greeley et al., 1998;
Schenk and Williams, 2004; Head et al., 2011). Regardless of whether the mechanism is
thermal or mechanical, erosion by lava is most plausible for high-temperature, low-
viscosity lavas, especially if they flow turbulently. For Mars, erosion by lava has been
considered a possible mechanism for the generation of at least some of the channels
occurring in volcanic areas as an alternative to flowing water (Carr, 1974; Baird, 1984,
Cutts et al., 1978; Wilson and Mouginis-Mark, 1984, 2001; Leverington, 2011; Williams
et al., 2005; Hurwitz et al., 2010). Dundas and Keszthelyi (2014) described evidence for
local mechanical erosion by a turbulent flood lava flow in Kasei Valles on Mars but found
that the flow was far from adequate to erode that large channel. However, Athabasca Valles
and several other relatively shallow outflow channels are found in the Elysium Planitia
region. The smaller scale of those channels, and evidence for extensive recent flood
volcanism, make it necessary to understand and quantify the potential for erosion by lava

there.
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The first mathematical model of erosion by turbulent lava was by Hulme (1973),
who simulated the role played by high-temperature, low-viscosity, and high-density lavas
in excavating the sinuous rilles on the Moon. Hulme (1973) and Huppert and Sparks (1985)
showed that low-viscosity lavas that flow turbulently are expected to lose heat mainly by
convection rather than conduction. Huppert et al. (1984) and Huppert and Sparks (1985)
used a combination of laboratory experiments and mathematical modeling to reproduce the
turbulent flow and emplacement of Archean komatiites on Earth. In the subsequent years,
all workers used variations on the Hu/me and Huppert and Sparks models.

The rigorous analytical-numerical model developed by Williams et al. (1998)
advances the Huppert and Sparks (1985) model by involving both a geophysical and
geochemical approach, thus better constraining the composition and thermal-rheological
properties of lava and substrate, and the convective heat transfer to the top of the flow and
to the substrate. Furthermore, it was designed for terrestrial localities where model results
could be compared to field data. The Williams et al. (1998, 2000, 2005) model has been
used to investigate thermal erosion by turbulent lava under various conditions on the Earth,
the Moon, Mars, and lo, and calculates erosion rates and depths with time, as a function of
distance from the source.

Jaeger et al. (2010) suggested that the brief duration of the Athabasca Valles Flood
Lava eruption implied little thermal erosion but did not quantify the plausible amount. Here
we adapt and apply the Williams et al. (2000, 2005) model to “proximal Athabasca”, the
upstream portion of Athabasca Valles which stretches out to a distance of ~75 km from the

lava source. Our objective is to investigate whether the Athabasca lava may have flowed
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turbulently out to the maximum distance traveled and determine erosion rates and depths
across the entire length of proximal Athabasca. We want to assess what role, if any, thermal
erosion could have had in the formation of Athabasca Valles. We then compare model

results with available observations.

Method: The model

The flow is one-dimensional (in the x direction) with thermal erosion in the z
direction. Lava erupts as a turbulent flow with a thermally mixed interior, convective heat
transfer occurs to the top and the base of the flow, and thermal erosion occurs at the base
of the flow, providing that the lava temperature is greater than the melting temperature of
the substrate, and latent heat is released as the flow crystallizes. The model includes: (1)
the effects of lava rheology changes due to assimilation of eroded substrate and
crystallization of mafic minerals in the flowing lava, (2) the lava temperature decrease as
the flow moves downstream, and (3) the flow thickness increase as velocity decreases
(thickness is used as proxy for flux, which is conserved as the flow moves downstream).
From the initial values of the lava thermal-physical properties, several algorithms are used
to calculate initial values of important temperature- and composition-dependent thermal-
physical lava properties, such as solidus and liquidus temperatures, liquid density and
viscosity, lava specific heat and thermal conductivity, etc. However, these algorithms
require an initial lava major oxide composition. Additionally, a set of topographical
parameters associated with the flow is required to run the model. We have listed the

complete set of input values, including the composition, the thermal/rheological properties
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of lava and substrate, and the topographic parameters, as follows: liquid temperatures
(Tiiq) were calculated using MELTS (Ghiorso and Sack, 1995) and the solid temperatures
(Tsor) are taken from experimental data of Arndt (1976); liquid density (p1) was calculated
using the method of Bottinga and Weill (1970) and density changes as a function of
evolving pressure, temperature, and composition were obtained by adopting the
partial molar volume coefficients of Mo et al. (1982); liquid viscosity (u1) was
calculated using the method of Shaw (1972); specific heat (c) was calculated from the
heat capacity data of Lange and Navrotsky (1992); and the temperature-dependent heat
of fusion (Li) is approximated using expressions for the mineral representing the highest
volume percentage of the rock (here forsteritic olivine, from Navrotsky (1995)). The
density (pgas) and specific heat of water vapor (cgs) were taken from Serway and Jewett
(2014). Two values of ground slope were considered, one referring to the proximal
portion of the Athabasca channel and the other averaged over the entire flow length
(0=0.06° and a=0.036°, respectively, from Jaeger et al. (2010)).

The initial physical parameters of the lava are used in a series of auxiliary
equations to calculate additional lava properties at the vent and at progressively
increasing distances downstream. Lava crystallinity X is given by the ratio of the

degree of undercooling divided by the range of crystallization, as follows:

Tig— T
X = (llq )

B (Tliq - Tsol) (1)
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in which Tiiq 1s liquidus temperature, Tsol is solidus temperature, and T is lava temperature
at the vent and then at progressively increasing downstream distances. Crystallinity is
calculated by assuming constant liquidus and solidus temperatures rather than a range of
values, and a linear growth (in the crystal fraction) with cooling, the latter assumption
giving an adequate approximation for lavas crystallizing a single silicate phase (olivine)
(Williams et al., 2000). Crystal growth and the presence of vesicles (which will be
discussed later) in the lava interior are the only parameters in calculating bulk viscosity,
although the strength of the crust may also influence the bulk motion of the flow. The bulk
viscosity, Wb, is expressed as a function of the initial liquid viscosity, i, by the Roscoe-

Einstein equation (2a):

0.6 —X

)0.48 i 2 b
0.6 (23,b)

X \~25
Hb=l11(1_ﬁ> , Hb=lileXp[2-5+(

at crystal fractions X < 0.3 and by the Pinkerton and Stevenson (1992) relation (2b), at
crystal fractions X > 0.3. Equations (2a) and (2b) assume that the crystals remain in
suspension during flow emplacement, which is strongly indicated during turbulent flow
(Huppert and Sparks, 1985). Following this, flow velocity u, friction coefficient A, and

Reynolds number Re (3 a,b,c) are calculated iteratively:

’4 h si
u = g ;111(0() ) A= [079 ln(Re) _ 1.64]_2,
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2ppuh c
Re = Pb ' Pr 1 Ub

Hp, Kefr

(3a,b,c,4)

in which g is acceleration due to gravity, h is flow thickness, a is ground slope, and pb is
bulk density of the flow (liquid + crystals). The value of Re = 2000 is chosen as the
theoretical limit on turbulent flow in conduits. Another calculated composition-dependent
thermal-physical property of the lava is the Prandt number Pr, the ratio of momentum
diffusivity to thermal diffusivity (4), in which ci is lava specific heat and kefr is the effective
lava thermal conductivity in the thermal boundary layers at the base and top of the flow,
respectively (5a,b) (Williams et al., 1998). The effective thermal conductivity is

expressed as:

0.0013 (T — Ty) e 0.0013 (T — Ts))
In (2.16 — 0.0013 T,p) ’ ff = In (2.16 — 0.0013 Ty,))
(2.16 — 0.0013T) (216 — 0.0013T)

Kegr = (5a,b)

In (5a), Tmg is the effective melting temperature of the substrate (which for a given value
of ng maximizes thermal erosion). Unlike Hulme (1973) and Huppert and Sparks (1985),
Williams et al. (1998) adopt more than one expression for the convective heat transfer

coefficient (hr), and we use here one that includes the effects for turbulent sheet flows:

0.14
_0.0296 kg Re*/5 Pr'/3 <&> )
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in which g, the viscosity of the melted substrate, is calculated as a function of Tmg and is
equal to 35.6 Pa s for a substrate that is basaltic in composition (Williams et al., 1998). The
ratio of the lava bulk viscosity to the viscosity of the melted substrate in (6) has the effect
of reducing heat transfer compared to that found in fluids with constant physical properties.

Lava thermal erosion rate, um, as modified from Huppert and Sparks (1985), is

given by:
: Emg = PglCg(Tmg — Ta) + Lg] (7a,b)

in which Emg is the energy required to melt the substrate, pg is substrate density, cg is
substrate specific heat, Ta is ambient temperature of the surface, and Lg is heat of fusion
required to melt the substrate. Lava thermal erosion rates enable estimates of erosion depth
to be made by simply multiplying erosion rate values (varying as a function of distance
from lava source) by the elapsed time t since flow began, assuming steady flow conditions.
The erosion rate is used to calculate the degree of contamination of the lava by assimilated

substrate, given by:

S(x) =1-— % , Q(x) =Q, +f0 u,, dx (8a,b)
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in which Qo is the initial flow rate and Q(x) is the flow rate at any given distance from the

source. Finally, the following mass expressions:

Mhew = Mold (I—AS) + Masm (AS), Mhew = Mold (I-AX) + Moty (AX) (9a,b)

are used to calculate the compositional change in the liquid lava due to the assimilation of
thermally eroded substrate S and the crystallization of minerals (olivine) X at each model
distance increment. Here, Mnew is the major oxide composition of the lava at the current
distance from the source, Moid is the major oxide composition of the lava at the previous
distance increment, Masm 1s the major oxide composition of the substrate, and Mol is the
olivine major oxide composition. Equation (9b) is used in conjunction with partition
coefficient and stoichiometric algorithms to calculate Molv at each model increment of
distance. The newly calculated lava composition from (9b) is then used to recalculate the
temperature- and composition-dependent thermal, rheological, and fluid dynamic
properties of the lava at each distance increment downstream.

Lava temperature is the key parameter that advances the model, which decreases as
the flow moves downstream. This model of lava cooling with distance is given by the
following 1% order ordinary differential equation (modified from Huppert and Sparks,

1985):

b dT_
PbCi de =
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ppct hy (T — Ting) g 4T LiX'(T)

_hT(T - ng) - hT(T - Tsol) - Emg bl dx Q

(10)

in which L is the lava heat of fusion and X’(T) represents the increasing volume fraction
of olivine crystals in the lava with decreasing temperature, equal to -1/625°C™! (derived
from the slope of the liquidus, Fig. 2, Usselman et al. (1979)). Because the physical
properties of the lava are changing with distance, (10) must be solved at each increment of
distance from the eruption source using a fourth order Runge-Kutta numerical method.
Once a new temperature (from equation (10)) and a new lava composition (from equations
(9)) are obtained, the new thermal, rheological, and fluid dynamic parameters are
calculated at that distance. In doing so, the physical and geochemical evolution of the lava
flow at progressively increasing downstream distances from the source is simulated.

The effect of bubbles on the emplacement of the lava is also assessed in the
Williams et al. (2000) model. In order to account for such an effect, the bulk density and
effective viscosity and specific heat equations found in Williams et al. (2000) have replaced
their counterpart expressions within the sequence of algorithms mentioned above. By
defining a parameter for the fraction of the lava consisting of vesicles (fv), the effect on

these physical properties can be assessed by the following equations:

Petr = fy (pgas) + (1 - fv)pb , Ceff = fy (Cgas) + (1 - fv)cl (11' 12)

1
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in which the subscript ‘eff’ refers to liquid plus crystals and/or bubbles, gas refers to the
volatile gas in the vesicles, b refers to bulk (liquid plus crystals), and 1 refers to liquid.
Equation (13), which is recommended by Pinkerton and Stevenson (1992) to assess the
effect of bubbles on lava viscosity, is from Sibree (1934), and is valid for foams with values
of fv up to 75%.

To simulate thermal erosion over an unconsolidated substrate, the Williams et al.
(1998, 2005) model considers the possible effects of particle disaggregation due to melting
of ice and vaporization of intergranular water. Once intergranular water reaches the boiling
point, it vaporizes. Because water expands as it changes phase from liquid to vapor, the
expansion may fragment the unconsolidated substrate, and lead to mechanical mixing
(mechanical erosion) with the lava before subsequent melting and assimilation by it
(thermal erosion). A similar process of thermo-mechanical erosion can be described by

energy conservation, as follows:

dT he(T — Tyap)E
pr]h— = _hT(T —_ Tvap) —_ hT(T _ Tso]) _ T( Edvap) hg

dT
+ Plh E L]X, (T) (143.)

dt .

in which Eqg is the energy required to disaggregate the ground, given by:
Edg = (1 - fw) PgCg (Tvap - Ta) + fw Pw [Cw (Tvap - Ta) + Lvap] (14b)

and Eng is the energy required to heat the disaggregated ground up to the lava temperature:
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Ehg = (1 - fw) Pg {Cg (T - Tvap) + Lg} fw Pw Cvap (T - Tvap) (14C)

in which fw is the volume fraction of ice/water in the substrate, pw and cw are the density
and specific heat of water/ice in the substrate, respectively, Tvap is the temperature at which
all substrate water is vaporized, Lvap is the latent heat of vaporization of water, and cvap is

the specific heat of the water vapor. Finally, the erosion rate is given by:

_mﬁ—n@
m — Ed

(15)

g

This erosion rate determines the upflow velocity of steam produced by vaporization of
intergranular ice/water. The model predicts that particles up to the size of very fine sand
(<0.1 mm) can be physically removed from the substrate, i.e., mechanically eroded, in this
manner.

Finally, the calculated lava thermal erosion rate and degree of contamination of the
lava by assimilated substrate enable estimates of erosion depth to be made by simply
multiplying erosion rate values (varying as a function of distance from the lava source) by

the elapsed time t since flow began, assuming steady flow conditions.

Model assumptions
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The user-friendly interface of the C-written code makes the Williams et al. model
especially adaptable to simulate various eruption conditions and planetary environments.
Key input parameters of the model comprise: 1) The major oxide composition of the
erupted lava and underlying substrate, 2) An initial value of lava thickness, 3) Amounts of
ice in the substrate of: 0 vol% (consolidated substrate); 25 vol% (unconsolidated substrate),
4) The slope of the substrate.

Both lava and substrate are assumed to have a composition similar to that measured
by Spirit at Gusev crater, with an estimated liquid viscosity of 2.8 Pa s and a liquidus
temperature of 1270°C (1543 K) (Jaeger et al., 2010), which well suit a turbulent
emplacement regime. However, no real constraint on the eruption temperature exists
(Jaeger et al., 2010), which has led us to choose three values of eruption temperature
(1270°C, 1260°C, and 1250°C) to investigate the extent to which a similar temperature
variation may affect the key physical parameters of the flow along with erosion rates and
depths. With bubbles and cooling (and crystallization), Greeley et al. (2005) suggested that
a value of 50 Pa s might be more realistic for the bulk viscosity of the lava during
emplacement. To assess the effect of bubbles on the emplacement of the lava as well as the
ability of the modified flow to erode the substrate, we have followed the methodology
adopted by Williams et al. (2000) and let the Athabasca turbulent lava contain 30-65% by
volume of bubbles at the vent. The presence of bubbles in the lava is expected to decrease
lava density and increase flow viscosity at low strain rates (Pinkerton and Stevenson, 1992),
whereas at high strain rates bubbles will deform, reducing flow viscosity (Spera et al.,

1988). More recently, the effects of gas volume fractions and frequency of oscillation on
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the elastic and viscous components of bubble deformation were investigated by Llewellin
et al. (2002) and are analyzed in depth in the discussion. In the case of turbulent flow,
high strain rates rather than low ones should be expected, but this is a scenario for
which the effect of bubbles has not been assessed. In order to account for such an effect,
the bulk density, effective viscosity and specific heat equations found in Williams et al.
(2000) have replaced their counterpart expressions within the sequence of algorithms
mentioned in the previous section.

The hydraulic radius of the lava is taken to be in the range 20-68 m, the latter value
matching previously estimated upper end volumetric flux rates (Jaeger et al., 2010),
although we include results for an 80-m-thick flow. Observations from Digital Terrain
Models indicate that the deepest parts of the channel center are as much as 100 m below
the high-lava marks. Importantly, for the very wide and shallow proximal Athabasca
channel, the value of the hydraulic radius very closely approximates flow depth (Shaw and
Swanson, 1970).

The lava substrate is assumed to be dry and consolidated as well as ice-rich and
unconsolidated. Rootless cones provide evidence that water or ice was present in the
shallow subsurface at the time of the eruption. To simulate thermal erosion over an
unconsolidated substrate, the Williams et al. (2005) model considers the possible effects of
particle disaggregation (i.e., mechanical erosion) due to melting of ice and vaporization of
intergranular water. Therefore, eq. (14a,b,c) calculate the energy required to vaporize the
water and disaggregate the ground. All of the water is assumed to be vaporized in the

process, with the maximum volume fraction of water present in the substrate pore space
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being equal to 25%. Another important assumption is that the ice is melted first, followed
by the rock.

The average slope of the substrate is calculated to be equal to 0.06° at proximal
Athabasca, but we also adopt the value of 0.036°, which is averaged across the entire length
of the Athabasca channel (Jaeger et al., 2010), to test the impact of a lower slope of the
ground on erosion rates and depths. Along with all the important temperature- and
composition- dependent thermal physical properties of the lava, the model outputs
decreasing flow velocities and increasing flow thicknesses, which are then multiplied by
channel width to obtain 3-D flow rates. From these, we derive an estimate of the duration

of the flow by using the available range of flow volumes (Jaeger et al., 2010).

Results

Results are grouped in two separate sets: one set assesses the influence of different
eruption temperatures and lava thicknesses on erosion rates and erosion depths into the
lava substrate; the other set, while keeping the eruption temperature the same, describes
the extent to which the likely presence of bubbles in the lava may cause the effective

viscosity of the flow to increase, and lead to a reduced amount of thermal erosion.

Erosion rates and depths for 3 eruption temperatures at proximal Athabasca
Fig. 3 shows a linear relationship between crystal growth and decreasing lava
temperatures. This is obtained by assuming that liquidus and solid temperatures are

constant, and only a single silicate phase (olivine) crystallizes from the lava, the latter
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assumption being consistent with the lava temperatures output. Figure 4 to 8 show how the
density and viscosity of the flow vary as a function of decreasing lava temperatures and
increasing downstream distances. Fig. 4 shows how lava thickness and downstream
distances affect the rate of variation of both liquid and bulk flow densities. The eruption
temperature is held at 1270°C (liquidus). For a 20-m-thick lava flow, the liquid density
decreases from 2820 to ~2813 kg/m> over the 75-km-long proximal channel, whereas it
reaches the minimum value of ~2819 kg/m?, for a 68-m-thick flow. Bulk density values
are always higher than liquid values for the same flow thickness and at similar distances
from the lava source.

Table 2 shows the strong control exerted by temperature on flow viscosity. Flow
viscosity and lava thickness increase as velocities and lava temperatures decrease with
increasing distance from the lava source. Figs. 5 and 6 refer to an eruption temperature of
1270°C (liquidus) and show how flow viscosities increase faster for a 20-m-thick flow —
from ~2.3 to ~4.1 Pa s through the end of proximal - which helps explain why turbulent
flow conditions are more easily achieved and maintained by thicker lavas. Figs. 7 and 8
show the impact of a lower eruption temperature of 1250°C on the rate of variation in
viscosity with increasing downstream distances and decreasing lava temperatures,
respectively. Bulk viscosity values decrease by only a factor of ~1.4 relative to the ~1.7
factor obtained for lavas erupted at the liquidus temperature, this being likely a
consequence of the presence of crystals and higher flow viscosities of ~14 Pa s at time of

eruption compared to the liquidus temperature scenario.
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At proximal Athabasca, the measured average slope of the ground of ~0.06° is
responsible for the higher flow velocities - in the range 4.5-11.0 m/s - and flow rates that
reach 3.4 x 102 km?/s (Table 2). By comparison, Table 3 lists the key flow parameters
concerning the other portions of the Athabasca main channel, which are characterized by
a lower slope of the ground (0.036°, from Jaeger et al., 2010), and which enabled
determination of average flow rates lower than those obtained at proximal by a factor of
~1.3 and total flow durations ranging from 2.2 to 37.2 days and obtained from 80-m and
20-m-thick lava flows, respectively. Flow velocities range between ~4.0 and 11.0 m/s, and
fall within previously estimated values (Jaeger et al., 2010) if thicknesses are equal to or
larger than 30 m. Lava temperatures decrease by less than 8§°C from initial eruption values
over the 75-km-long proximal Athabasca channel, the largest temperature drop occurring
for a 20-m-thick flow erupted at the liquidus temperature. Because of this, a 20-m-thick
lava flow is unlikely to have flowed fully turbulently out to a distance of ~1,400 km from
the vent (Table 3, Figure 9). Average bulk densities range from 2820 kg/m? (for an 80-m-
thick flow erupted at the liquidus temperature) to 2798 kg/m?, for a 20-m-thick flow and a
lava temperature in the range 1250°-1246°C. Bulk viscosities never exceed ~20 Pa s, for
the same interval of lava temperatures and flow thicknesses. This likely results from our
model assumption of a thermally-mixed interior, which well suits a fully turbulent regime,
with Reynolds numbers in the range 3.6x10%-2.1x10%, the higher values being associated
with liquidus lava temperatures and flows thicker than 30 m, as also shown in Figure 10.

Table 3 shows that a flow of thickness equal to or larger than 30 m may have flowed

turbulently out to a distance of ~1400 km from the vent, thus covering the total distance
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traveled by the Athabasca flood lava (see also Fig. 9). This last result adds further support
to the idea that the entire flow was likely emplaced during a single event, and over a short
time. Calculated effusion rates vary by a factor of ~8 for thicknesses in the range 20-68 m
and up to ~10, if the bank-full flow thickness of 80 m is included (Tables 2, 3). Flow rates
increase mainly as a function of increasing flow thickness and, to a lesser extent, increasing
lava temperature (a result of the reduced viscosity). The duration of the flow is necessarily
approximate since flow rate is expected to vary with time. As a result, the values examined
in Table 3 are plausible average values for the main effusive event. A roughly order-of-
magnitude difference between peak and mean flux is observed for smaller terrestrial fissure
eruptions (e.g., Wadge, 1981). This would not only affect the erosion rate but also the
spatial distribution of erosion, since the higher fluxes will inundate and erode some areas
that would be untouched at lower eruption rate. If we assume an average flow thickness in
the range 20-30 m (Jaeger et al., 2010), and refer to the emplacement of the total flow out
to a distance of ~1,400 km from the vent, we obtain flow durations in the range ~11-37
days, in agreement with previous results from Jaeger et al. (2010). The 11-day time refers
to a total lava volume of 5,000 km?, a flow thickness of 30 m and an eruption temperature
of 1270°C (liquidus). If we assume for the total non-vesicular lava volume to range
between 5,000 and 7,500 km?, a flow that on average is 20-m thick and is erupted at a
temperature of 1250°C will take 3-5 additional days to be emplaced, respectively,
compared to a similar flow of identical thickness, which is erupted at a temperature of

1270°C.
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Table 4 shows erosion rates and depths as a function of eruption temperature, flow
thickness, and substrate slope. Calculated values range from a minimum of 0.05 m/day, for
a 20-m-thick flow erupted at 1250 °C, to a maximum of 0.36 m/day for an 80-m-thick flow
that is erupted at the liquidus temperature and is flowing over a substrate with 25% ice (by
volume). Higher lava temperatures generate higher erosion depths and, for a given lava
thickness, depth values are always higher near the vent. For a 20-m-thick flow, a 20°C
difference in eruption temperature yields a 2.1-4.2 m difference in erosion depth values at
the lava source (see also Figure 11). Fig. 12 shows maximum erosion depths—obtained by
assuming a total flow volume of 7,500 km>—plotted against distance from lava source.
The presence of ice in substrate pore space makes erosion depth values higher by a factor
of 1.3, compared to a “dry” scenario. The 20-m-thick flow erupted at a temperature of
1250°C, which is associated with the lowest erosion rate, generated an erosion depth of 3.3
m at the lava source (Table 4) in a period of ~37 days (Table 3). Importantly, flow duration
is the most important parameter in determining the total amount of thermal erosion, and
higher erosion rates are not necessarily associated with larger erosion depths.

In summary, our range of modeled erosion depths (0.4-7.5 m), consistent with the
proposed emplacement volumes and duration of the Athabasca flow, is far less than the
depth of the channel (~35-100 m), regardless of the parameters used. Thus, our modeling
suggests that thermal erosion does not appear to have had a major role in the formation of

Athabasca Valles.

Lava vesicles in the flowing lava
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The likely occurrence of vesicles in the flow has the effect of either increasing or
decreasing the “effective” viscosity of the flow, depending on bubble shapes and strain
rates (Llewellin, 2002), the term “effective” implying that liquid, solid (olivine crystals)
and gas phases (H20 vapor) may coexist in the lava during flow emplacement. In our
calculations, we assume that lava viscosity increases with increasing proportions of gas
bubbles in the flow. The eruption temperature is held constant at 1270°C, and the liquid
bulk density and viscosity of the non-vesicular flow remain constant and equal to 2820
kg/m® and ~2.3 Pa s, respectively. Table 5 shows values of Reynolds number, flow rates,
total volumes, and erosion rates and depths, which refer to lava flows of different thickness,
containing 30-65% by volume of vesicles at the Proximal Athabasca source region. Erosion
depths were calculated by referring to total vesicular volumes of 6,500, 7,500 and 8,250
km?, which were obtained by adding the contribution of 30%, 50%, and 65% of vesicles,
respectively, to the original 5,000 km® estimate.

Total flow durations were obtained from the newly-calculated flow rates and total
vesicular volumes, and are similar to those found for non-vesicular flows (Table 3),
exception made for the ~49 days taken by a 20-m-thick flow containing 65% vesicles. A
30-m-thick flow that contains 30 vol% vesicles is defined by a bulk density of 1974 kg/m?,
an effective viscosity of 8.6 Pa s, and a velocity of 4.9 m/s. This flow is estimated to erode
the underlying substrate at rates of ~0.09-0.12 m/day, which are about half the values that
are obtained by a similar non-vesicular flow, and determines maximum erosion depths of
the substrate of 1.2-1.6 m. A non-vesicular flow of similar thickness would yield a

maximum erosion depth of 2.2-2.9 m. If the same flow contained 50% vesicles, maximum
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erosion depths would be lower — of order 0.9-1.3 m. These results show that amounts of
vesicles in the range 30-50% have the potential to reduce erosion depths by a factor of
~1.8-2.4, if compared to their non-vesicular counterparts. In the case of a 30-m-thick flow
containing 65% vesicles, maximum erosion depths at the lava source are of order 0.6-0.8
m, a factor of ~3.6 lower than those pertaining to a similar scenario where vesicularity is
not accounted for.

Could a 30-m-thick flow that originally contains 30% vesicles travel a large
distance and still flow turbulently? First, it must be noted that vesicularity is likely to
decrease downstream of the source region and over time. Second, the Reynolds number
characterizing this vesicular flow at the source region (6.7 x 10%) is higher by a factor of
~1.2 compared to the value (5.6 x 10%) referred to a flow of similar thickness, which is
erupted at a temperature of 1250°C (Table 3) and is found to flow turbulently out to the
total distance traveled by the Athabasca flood lava (Fig. 9). For an amount of vesicles as
large as 50%, the Reynolds number of a 30-m-thick flow at the source is equal to 2.1 x 10%,
a factor of ~2.6 lower than 5.6 x 10*. This flow would be characterized by a bulk density
of 1411 kg/m> and an effective flow viscosity of ~17 Pa s. For a lava flow containing 65%
vesicles, the flow regime always turns to laminar at a downstream distance that depends
on the initial value of the lava flow thickness. The effective viscosity of the flow increases
to ~42 Pa s and the bulk density becomes as low as 988 kg/m>.

In summary, our model results suggest that if the Athabasca lavas were enriched in
gas (derived either from juvenile volatiles or from assimilation of water vapor from melting

of substrate ice), then they would have been even less capable of thermal erosion to depths
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sufficient to produce the Athabasca channel. Lava-draped craters with depressed interiors
(implying volume loss from closed depressions) suggest that a significant volume of gas
was lost from the flow after eruption (Jaeger et al., 2010), so the lava was probably highly

vesicular near the vent.

Discussion

In this section, we will discuss the possible sources of error for the model. Three
values of eruption temperature (liquidus and 10 and 20 degrees below) were chosen to
investigate the extent to which this physical parameter may have affected the other physical
parameters of the flow and, ultimately, erosion rates and depths. The Williams et al. (1998)
program shows that, if the lava temperature decreases more than 20° C below liquidus, the
dynamic viscosity of the flow increases much faster as a function of distance from the lava
source. Specifically, once an eruption temperature of 1243° C is chosen, the model stops
producing turbulent flow scenarios. As a result, we do not expect the minimum eruption
temperature to have been much lower than what we model, if turbulent flow conditions
truly characterized the Athabasca flood lava, and a negligible source of error is expected
to arise from this approximation.

The lava substrate underlying the Athabasca flow was assumed to be of the same
composition and temperature as the lava. Yet, the substrate could have a lower melting
temperature, since it is composed of Elysium Rise lavas that could be different from the
Cerberus Fossae flood lavas. Notwithstanding this, both the presence of ice in substrate

pore space and its level of consolidation appear to have a higher impact than a change in
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composition on maximum erosion rates and depths, as shown in Williams et al. (1998,
2005). The rootless cones that pepper the floor of Athabasca Valles (Jaeger et al., 2007)
may indicate that a non-homogeneous substrate existed, originally, at several locations
along the Valles. Also, rootless cones could have been caused by atmospherically emplaced
ground ice, since it would be difficult for lava erosion to reach deep ice layers (Dundas
and Keszthelyi, 2013).

Another potential source of error in our model could result from our assumption of
low strain rates in assessing the impact of bubbles on flow viscosity. Llewellin et al. (2002)
developed a semi-empirical constitutive model for the visco-elastic rheology of bubble
suspensions with gas volume fractions < 0.5 and small deformations (capillary number =
Ca <<1). Their model was validated against observations of the deformation of suspensions
of nitrogen bubbles in a Newtonian liquid (golden syrup) subjected to forced oscillations
over a range of frequencies, f. In the case of steady flow conditions, shear conditions have
remained constant for a time significantly longer than the relaxation time of the bubbles
(Llewellin et al., 2002). In a similar scenario, at low f, which occur at low Ca values,
bubbles remain approximately spherical in shape and increasing gas volume proportions,
fv, lead to an increase in viscosity. At high f, which correspond to high Ca values, bubbles
are significantly elongate and viscosity decreases as the proportion of gas bubbles increases.
Hence, viscosity can increase or decrease with increasing fv depending on the conditions
of strain. To date, the behavior of bubble-bearing turbulent lava has not been reproduced
in any experimental setting. If we assumed that the viscosity of the bubble-rich flow

became lower than that of the bubble-free flow by an order of magnitude, thus reaching a
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value of ~0.23 Pa s, maximum erosion depths for 20-m-thick lava flows - will be higher by
a factor of ~2.3. Even if such a decrease in viscosity with increasing bubble contents was
the case, other factors such as variations in effusion rates with time of eruption would likely
act against a monotonic decrease in viscosity, due to the variations in strain rates associated
with it. Other factors, such as local variations in ground slope, could also counteract such
a trend of decrease in flow viscosity, especially along the comparatively steeper and more
irregular portion of the proximal Athabasca channel.

The enhanced cooling caused by the impact of bubbles on thermophysical
properties is not fully included in our analysis, though we do include the reduced lava
density which represents the predominant effect of bubbles (Keszthelyi, 1994).
Consideration of these additional assumptions and conditions, while contributing to a more
complete knowledge of the processes that may have occurred during the flow and
emplacement of the Athabasca flood lava, is unlikely to lead to significantly higher erosion
rates and erosion depths of the lava substrate.

Results show that the short flow duration poses a severe constraint on the ability of
the lava to thermally erode the substrate. Instead, mechanical erosion does not require long
flow durations to determine high levels of erosion of the lava substrate, for reasons that
will become clear next. Ciesla and Keszthelyi (2000) suggested that many lava flows are
close to reaching the critical stresses necessary to fracture underlying rock and entrain the
fragments in the flow. They came to this conclusion by using a simple quantitative model
of the stresses generated at the base of an active lava flow, a model based on Hallet’s study

of glacial erosion (Hallet, 1996). In the model, the lava is assumed to flow in a laminar
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fashion over a horizontal saw-toothed shaped substrate and a cavity filled with a rotating
pool of lava forms in the process. The authors derived an expression from Hallet (1996),
which enables determination of the average normal stress at the flow/substrate contact and,
ultimately, calculation of the tensile stress in the rock. The latter was found to approximate
or even reach the critical stresses required to fracture coherent crystalline rock. At
Athabasca, a similar scenario appears to be further supported by the presence of landforms
that are consistent with (but not diagnostic of) mechanical erosion by lava (Keszthelyi et
al., 2014). In the case of short flow duration, the effect of mechanical erosion could be
much stronger than thermal erosion because 1) larger entrained blocks do not reach thermal
equilibrium with the flowing lava and 2) there may be a substantial porosity in the removed
material (Keszthelyi et al., 2014). The same authors finally place an upper limit on the
amount of mechanical erosion obtainable at Athabasca Valles using thermal considerations.
Specifically, rock is of order 1000 K colder than the lava and the lava will freeze if cooled
~100 K, so the entrained rock should be no more than 10% of the erupted volume. Given
the large distance traveled by the lava (~1,400 km), an order of magnitude less entrainment
is likely more realistic. Using the available volume estimates of 5,000 and 7,500 km?
(Jaeger et al., 2010), this corresponds to an order of ~100-1000 km? of erosion. Athabasca
Valles is roughly 300 km x 30 km in area (~10,000 km?), so a maximum of <100 m, and
more realistically ~10 m average downcutting is allowed and a non-uniform erosion — with
some tens of meters of downcutting - could be reached locally. This is broadly consistent
with results from Kasei Valles, where a similar turbulent lava flow is thought to have

eroded large volumes at cataracts but had much lesser effects elsewhere (Dundas and
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Keszthelyi, 2014). Elements from available mechanical and thermo-mechanical models of
erosion by lava could be incorporated into a new version of the model to test the validity

of the predictions concerning the Athabasca flood lava.

Conclusions

The Athabasca flood lava was probably emplaced turbulently, over a time of a few
to several weeks (Jaeger et al., 2010). We adapt the Williams et al. (2000, 2005) model to
investigate how effective the mechanism of thermal erosion by turbulent lava could have
been in eroding the lava substrate along the ~75-km-long upstream portion of the main
Athabasca channel, i.e., at proximal Athabasca. Eruption temperatures within 20°C of the
liquidus value (1270°C) were considered, and proportions of bubbles of 30%, 50%, and
65% by volume were assumed to coexist with the liquid phase within the flowing lava. For
emplacement volumes of 5,000 and 7,500 km? and average lava flow thicknesses of 20 and
30 m, we find flow durations of ~11 to ~37 days, consistent with previous results from
Jaeger et al. (2010). The highest values of erosion depth are found at the lava source for a
20-m-thick flow that is erupted at the liquidus temperature (1270°C) and flows free of
bubbles over a substrate that contains 25% by volume of ice. The calculated erosion depths
are never higher than 7.5 m, far less than the channel depth.

The results reveal how important flow duration is in determining the effectiveness
of thermal erosion in melting the lava substrate. The maximum value of erosion depth
obtained is far lower than the depth of the channel, which reaches values of 80-100 m at

several locations (Jaeger et al., 2010). Therefore, some additional mechanism besides
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thermal erosion must have been at work to erode Athabasca Valles. One possibility is that
the channel was pre-existing, produced either by aqueous floods or by a series of previous
lava flows with modest erosional effectiveness. In order to better understand the latter
possibility, mechanical erosion by lava must be examined in more detail. Specifically, in
the case of short flow durations, mechanical erosion is expected to be more effective than
thermal erosion, because it physically removes portions of substrate that are not given
sufficient time to become assimilated into the flowing lava. These entrained fragments and
blocks could then contribute to eroding the substrate further by abrasion. An advanced
version of the current model will include a mechanical/thermo-mechanical mechanism of
erosion, which will account for the geometrical and compositional characteristics of the

Athabasca lava substrate.
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4 PAPER 4: MOON, VALLIS SCHROTERI OUTER RILLE (CATALDO

ET AL., IN REVISION)

Abstract

Results of the first 3-D model of thermal erosion by turbulently flowing lava on the
Moon were obtained at the Vallis Schroteri primary rille. Maximum erosion rates (at the
lava source) in the range 6.9 cm/day — 2.8 m/day are found for eruption temperatures that
vary from 1630°C (superheated lavas) to the liquidus temperature of 1440°C and a sub-
liquidus value of 1400°C. The lava substrate has been modeled as both consolidated and
unconsolidated. Thermal considerations limit our ability to derive erosion depth
measurements from any value of maximum erosion rate calculated by the model. Based on
the same considerations, any values within 1 m/day are predicted to be consistent with the
geochemical and geophysical evolution of the lava over time and, hence, provide reliable
estimates of erosion depths of the lava substrate. By assuming a constant maximum erosion
rate of 1 m/day over time, it might have taken ~ 2 years for the lava to excavate the Cobra
Head region, the ~700 m deep depression located at the head of the primary rille.

The occurrence of structural patterns associated with the Imbrium basin adjustment
along the Vallis Schroéteri rille segments and its location on the Aristarchus Plateau, a tilted
block thought to have formed in response to the Imbrium impact strongly support a tectonic
origin for the rille. At a later moment in time, the rille was likely excavated farther into the
substrate by a process of thermal and/or a combination of thermal and mechanical erosion

by lava. While favoring a combined tectonic and erosional origin for the rille, we cannot
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totally rule out a constructional component in the process — especially in light of the recent

finds by the “Gravity Recovery And Interior Laboratory” (GRAIL).

Introduction

Sinuous rilles are narrow, winding valleys that occur primarily within the lunar
maria. In size they are typically a few hundred meters to a km wide, several hundred meters
deep and can be tens of kilometers to over hundred kilometers long (Spudis, 2015). Some
originate in highlands terrain, but all trend downslope and empty into mare material. There
is a consensus that these features are lava channels though their formation mechanism is
still highly debated.

Vallis Schréteri (Fig. 4.1) is the largest sinuous rille on the Moon and includes an
outer primary rille (investigated in this study) that stretches out to a distance of ~150 km
from its source region, and a sinuous and highly meandering inner rille that extends ~50
km farther downstream (Cataldo et al., 2022, manuscript in preparation). Vallis Schroteri
sits atop the Aristarchus Plateau, a block of ancient highland crust that was uplifted during
formation of the Imbrium basin (Moore, 1965; Guest, 1973; Zisk et al., 1977) as the crust
readjusted following the impact that occurred ~3.85 b.y. ago (Wilhelms, 1987). The
parallelogram-shaped Plateau lies just outside the main topographic ring of the Imbrium
impact basin (Mustard et al., 2011), and rises 1-1.5 km above the surrounding Oceanus
Procellarum sloping away from it to the west (Zisk et al., 1977). Part of the high topography
associated with the Aristarchus Plateau likely existed prior to the formation of the Imbrium

basin (Mustard et al., 2011).
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Melosh (1976) suggested that radial faults - thought to have formed with the
formation of the Imbrium basin - continued to be active for at least 600 Ma on the Moon.
His suggestion was inferred from the observation of radial faults cutting mare basalts, 600
Ma after the formation of Imbrium basin (7aylor, 1975). More recently, other investigators
noticed that many structures associated with the Imbrium impact are not radial to the basin,
thereby implying an endogenic or structural origin (Hartmann, 1964; Strom, 1964).

The primary rille of Vallis Schréteri might have formed, in part, by exploitation of
pre-existing tectonic structures (Zisk et al., 1977). Besides, the Aristarchus Plateau hosts
many other rilles that extend into the mare basalts to the east of the Aristarchus crater, and
are thought to have formed by a combination of thermal and mechanical erosion and
construction of cooled levees (Campbell et al., 2008).

Cataldo et al. (2015) carried out a preliminary investigation of the Vallis Schréteri
primary rille using the rigorous 1.5-dimensional model of thermal erosion by turbulently
flowing lava of Williams et al. (1998, 2000). Preliminary results of that investigation show
that thermal erosion unlikely played a key role in the formation of the rille, and tectonics
might have contributed to the shape of the rille we see today. In this paper, we will use the
Cataldo et al. (2020) 3-D model of thermal erosion by turbulently flowing lava to calculate
maximum erosion rates and — whenever possible - depths at the Vallis Schréteri primary
rille. The collected information and model results will be used to formulate a better testable

hypothesis of formation for the Vallis Schroteri primary rille.

A constructional and erosional origin for lunar sinuous rilles
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Some authors interpret rilles to be mainly constructional features that were partly
roofed over to form lava tubes (Spudis et al., 1988, 2015; Komatsu and Baker, 1992; Gregg
and Greeley, 1993). Other authors support an origin by thermal erosion of the substrate by
turbulently flowing lava (Hulme, 1973, 1982; Head and Wilson, 1981; Wilson and Head,

1981; Williams et al., 1998, 2000; Kerr, 2009) or thermo-mechanical erosion (Williams et

al., 1998, 2000; Fagents and Greeley, 2001; Siewert and Ferlito, 2008). Constructional fe-
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Fig. 4.1. LROC image showing part of the Aristarchus Plateau with the Vallis Schroteri
sinuous rille and the Herodotus impact crater. The upper left inset shows the location of
the rille on the Moon’s near side. The rille source region (Cobra Head) is closer to the crater
and the white arrow points at the location where the primary rille ends and the inner rille
crosses it. LROC WAC mosaic, 100/pixel, NASA/GSFC/Arizona State University.

atures form as the result of marginal cooling of a lava flow. As the flow cools inward from
the margins, levees form and bound the fastest-moving portion of the flow until a channel
is formed (Hulme, 1974). These channels tend to be shallow and develop within an initial
sheet flow. They might also develop a structurally stable crust at the surface or,
alternatively, form within the substrate and lead to a lava tube (Greeley, 1971). On the
Moon, subsurface tube structures were identified in the Marius Hills region (Haruyama et
al., 2009; Boyd et al., 2011; Huang et al., 2011), and they look totally different from the
laterally continuous, nearly parallel walls that bound the wide channels that characterize
the largest sinuous rilles. Importantly, the latter channels appear to lack levees and are a
few to several hundred of meters deep. Because of this, several authors interpreted them to
have formed by thermal and/or thermo-mechanical erosion into the lava substrate, with
lava flowing in a turbulent fashion in an open channel that likely developed a thin surface
crust (e.g., Williams et al., 1998, 2000). One of the largest sinuous rilles on the Moon,
Hadley Rille, is located just inside the rim of the Imbrium basin and was examined by the
Apollo 15 crew (Spudis et al., 1988). This rille fits in the category of large, deep channels
we just described and, hence, it might have formed by thermal or thermo-mechanical
erosion of the lava substrate. That said, numerous structural and topographic depressions
in the area were probably produced by regional deformation associated with basin
adjustment and were later followed by basalt flows that established Hadley Rille (Spudis
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et al., 1988). Specifically, the mountain material (Apennine Bench) surrounding the rille
contains scarps, cracks and grabens that tend to be oriented in directions radial and
concentric to Imbrium basin structural trends (Spudis et al., 1988). Last but not least, the
trends of individual segments of Hadley Rille are coincident with these regional structural
patterns. The same authors argue that some erosion by lava probably occurred and caused
individual depression segments to connect. Nevertheless, the rille was predominantly
constructional in origin, and formed by accretion of lava along the walls of pre-existing
Apennine Bench cracks, generally narrowing the width of the depressions that later became
the rille. Several authors support the idea that the large majority of lunar sinuous rilles
formed by thermal and/or a combination of thermal and mechanical erosion of the lava

substrate.

Method

The 3-D Cataldo et al. (2020) model of thermal erosion

We created a 3-D model of thermal erosion by turbulently flowing lava to assess
how channel bank erosion relates to erosion at the channel bed, something that is not
addressable by one- or two-dimensional models. When applied to sinuous rilles, a 3-D
model has the unique advantage of revealing the details of flow circulation and how flow
velocity and viscosity at meander bends relate to the same flow parameters at the channel
centerline. Besides, it reveals how erosion rates vary with changing flow rate, flow

temperature, and meander/channel geometry.
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The new model uses the resources made available by OpenFOAM, a C++ library
of applications called solvers and utilities. Solvers enable simulation of specific problems
of Computational Fluid Dynamics (CFD), whereas utilities are designed to perform simple
pre-and post-processing tasks like those involved in mesh generation. The OpenFOAM
finite volume software is extremely versatile because users can create their own solvers
and utilities or modify existing ones. Finally, it allows for grid design that can be tailored

to the scenario of interest.

The Finite-Volume Method

A thorough description of the method is found in Moukalled et al. (2016). The term
finite volume refers to the small volume surrounding each node point in a mesh. Analogous
to other numerical methods developed for the simulation of fluid flow, the finite volume
method transforms a chosen set of partial differential equations into a system of linear
algebraic equations. The discretization process involves two basic steps: in the first step,
the partial differential equations are integrated and transformed into conservation equations
over an individual volume or cell. In the second step, interpolation profiles are chosen to
approximate the variation of the variables within the cell and relate the surface values of
the variables to their cell values. This later step leads to the algebraic equations previously
mentioned.

A key advantage of this methodology is the fact that the flux entering a given
volume is identical to that leaving the same volume, i.e. the method is conservative.

Furthermore, a key ingredient in the implementation of the methodology is setting up the
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geometrical support framework for the problem at hand, which also allows for unstructured

meshes.

Turbulence modeling

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. To reduce the large
computational cost associated with a direct solution of the Navier-Stokes equations,
statistical analyses can be used to simplify the resolution of turbulent flows. Specifically,
the time-dependent nature of turbulence together with its wide range of time scales suggest
that statistical averaging techniques can be applied to approximate fluctuations. The
process of time-averaging introduces two new unknowns (Reynolds stresses) into the
system of equations and is applicable to Netwonian fluids only because Reynolds stresses
are assumed to be a linear function of the mean velocity gradients (Moukalled et al., 2016).
The process of calculating Reynolds stresses is referred to as turbulence modeling and
consists of finding two additional transport equations. Two among the most widely used
turbulence models are the k-epsilon (k-¢) and SST k-omega (k-®) models. Each of the two
models contains two additional transport equations. The standard “k-&£” model (Jones and
Launder, 1972; Launder and Sharma, 1974) is a high Reynolds number model that does
not perform well in cases of adverse pressure gradients and flow separation. The k
expression quantifies the turbulent kinetic energy that is produced, convected, and diffused
within the flow, and the € equation approximates turbulent dissipation. The “SST k-w”

model (Menter, 1993) switches to a “k-¢” behavior in the free stream and can be used as a
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low Reynolds number model all the way down to the wall, thanks to the Shear Stress
Transport (SST) formulation. Omega is the rate of dissipation of the turbulent eddies or, in
other words, the rate at which turbulent kinetic energy is converted into internal thermal
energy per unit volume and time (Moukalled et al., 2016). Thanks to the SST formulation,
the SST k- ® model is very well-suited to determine erosion rates into the lava substrate
and is especially effective in cases of adverse pressure gradients and flow separation. In

this paper, we will present results obtained with the SST k- ® model.

Moditying SimpleFoam — The Steady-State Solver for turbulent flow

Although our model adopts an initial value of flow velocity at the lava source (inlet
value in the three directions, Ux, Uy, and U), the velocity field within the flowing lava is
not known and has to be computed by solving the set of Navier-Stokes equations. For
incompressible flows, this task is complicated by the strong coupling that exists between
pressure and velocity and by the fact that pressure does not appear as a primary variable in
either the momentum or continuity equations (Moukalled et al., 2016). The Semi Implicit
Method for Pressure Linked Equations (SIMPLE) algorithm was specifically designed to
reformulate the Navier-Stokes equations in terms of a momentum and a pressure equation,
which are then discretized and solved sequentially. The sequence is repeated until the
velocity and pressure fields satisfy both mass and momentum conservation (Patankar and
Spalding, 1972). The simpleFoam solver that is made available in the OpenFOAM library
is well-suited for the purpose of modeling turbulent, incompressible flow. The key input

parameters of the flow are velocity and pressure, and flow is investigated in steady
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conditions. However, no initial temperature is specified in the solver, a severe limitation
when modeling turbulently flowing lava.

To solve the temperature limitation inherent in the solver, we coupled a 3-D
temperature model to simpleFoam. The first step was to choose an energy expression that
could be applicable to a fixed control volume and fit a scenario of turbulently flowing lava.
An energy equation can be written in terms of specific internal energy, specific enthalpy,
specific total enthalpy, or temperature. An energy expression written in terms of
temperature assumes that the flow is Newtonian because the specific enthalpy of the flow
is only a function of pressure and temperature variations (Moukalled et al., 2016). Such an
assumption is consistent with a scenario of turbulently flowing lava for which lava
temperatures are assumed to be above at or near the liquidus value. Finally, our steady-

state energy expression as a function of temperature can be written as:
Vipc,vT] = V[kVT] Eq. (1)

in which p is density of the liquid lava, c; is lava specific heat capacity, v is the velocity
vector (V = vx, Vy, Vz), T is lava temperature, and k is lava thermal conductivity. Because
we are dealing with an incompressible fluid, lava density is taken as a constant. If we

normalize Eq. (1) by density, we obtain:
K
V[cva]—V[EVT] Eq. (2)
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Conveniently, the lava effective thermal diffusivity aef can be expressed as a function of

lava thermal conductivity, k, as follows:

k
—_ — E .
Aeff be q.(3)

If we solve for k and then substitute (3) into (2), we obtain:

V[c, VT] = V[ cpaesVT | Eq. (4a)
or
VIVT] = V[ aegVT] Eq. (4b)

The left-hand side term in (4a) is a convection term and the right-hand side one is a
diffusion term and they are both normalized by density. Eq. (4b) represents the temperature
model that was coupled to the SimpleFoam solver, and the suffix “eff” stands for effective.
The effective thermal diffusivity accounts for the laminar and turbulent components of

diffusivity, and is given by:

Uefr = Eq. (5)

Pr+ ay

in which v is the kinematic viscosity of the lava, Pr is the molecular (laminar) Prandtl

number and o is the kinematic turbulent thermal diffusivity that is expressed as:
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Ut

= Pre Eq. (6)

Deriving the erosion rate expression
The one-dimensional expression that allows determination of the erosion rate into
the lava substrate, um, is obtained by adopting the approach taken by Hulme (1973),

Huppert and Sparks (1985) and Williams et al. (1998, 2000), as follows:

hr(T;— Tm)
Pglcg(Tm—To)+Lg]

U, = Eq. (7)

in which the numerator represents the convective heat flux to the base of the flow and the
denominator defines the energy required to melt the ground. Specifically, hr is the
convective heat transfer coefficient, Ti is the temperature of the liquid lava, Tm is the
temperature of melting of the ground, pg is the density of the lava substrate, cg is the
substrate specific heat capacity, To is substrate temperature away from the lava/substrate
interface, and Lg is latent heat of fusion of the ground. Equation 7 calculates the steady-
state rate of advance of the ground/lava interface, when thermal equilibrium is assumed at
the lava/ground interface.

To find an expression that can be used in our model, we must equate the numerator
of Eq. (7) to a heat flux expression that contains thermal diffusivity and temperature

gradient of the lava in a direction perpendicular to the lava/substrate interface, as follows:
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oT
hy(Ty = Tm) = —PCpQeff 5 Eq. (8)
in which the left-hand side term represents the convective heat flux to the base of the flow

aT
and o0 is the temperature gradient of the lava in a direction perpendicular to the channel

bed and banks. The convective heat transfer coefficient can be expressed as (Kakac et al.,

1987):

0.027 k Re®8Pr033 [y, ) 0.14
g

in which Re is the Reynolds number of the flow, expressed as:

Re = = Eq. (10)

in which U is flow velocity, L is the characteristic length of the flow (here the hydraulic
diameter of the channel) and v is the kinematic viscosity of the lava. In Eq. (9), h is lava
thickness pb is the bulk dynamic viscosity of the flow and pg is the dynamic viscosity of
the lava substrate. Equation 9 shows how the value of the heat transfer coefficient is
influenced by flow thickness, and also accounts for the viscosity of the substrate. By

combining (8) and (7), we obtain:
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aT
—P Cp Aeff 3
pglcg(Tm— To)+Lg]

Eq. (11)

which is used to calculate erosion rates into the channel bed and banks. In the following
section, we will describe the key input parameters and assumptions of the model. This will
help identify the flow parameters in (9) that are most effective in determining variations in

erosion rate.

Model input parameters and assumptions

The current investigation aims to provide an estimate of maximum erosion rates
into rille bed and banks at the primary rille of Vallis Schréteri. The input parameters of the
model can be divided into physical, thermo-physical and turbulence parameters of the
flowing lava. Among the physical parameters, initial flow velocities are assumed to be
equal to 5 and 10 m s™!, values that fall within the range of velocities obtained by Wilson
and Head (2017) for eruptions at lunar rille sites. The temperature of the lava at time of
eruption is taken to vary from 1630°C (superheated) to 1440°C (liquidus), and 1400°C
(sub-liquidus). Superheated lavas might have been erupted on the lunar surface at
temperatures up to ~200°C above their liquidus value, if their rising speed through the crust
was sufficiently high to minimise heat loss to the surrounding rocks (4rndt, 1994; Kerr et
al., 1996). The 1630°C value was chosen by Williams et al. (2000) to calculate erosion
rates into the lava substrate by superheated lavas on the Moon. The initial kinematic

viscosity of the lava is taken to be equal to 1.38 x 10* m? s™!, the equivalent of the dynamic
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viscosity value of 0.4 Pa s reported in Williams et al. (2000). Our model adopts the Dragoni
et al. (1986) temperature-dependent viscosity that — though it was originally used for the
purpose of investigating flow behavior in the Bingham laminar regime — can be used to
model the evolution of lava temperature and viscosity so long as flow rate is fixed (a
scenario for which flow height and velocity are both independent of lava yield stress and
flow regime is Newtonian (Dragoni et al., 1986). The vertical distribution of temperatures
within the flow is analogous to that modeled by previous authors (Kerr, 1996; Siewert and
Ferlito, 1998), with higher temperature values at the flow top and core and lower values at
the channel bed. Also, we assume for lava temperature and viscosity at the channel banks
to be the same as those at the channel bed. The actual temperature values at the channel
bed and banks were chosen based on our understanding of how convective heat flux is
transported to the base of the flow. Holding the initial lava temperature and viscosity equal,
the higher the flow thickness the higher the convective heat flux to flow boundaries, i.e.,
the value of the left-hand side term of Eq. (8). As a result, the temperature gap occurring
between the flow top (and core) and the boundaries will be greater for a thicker flow. As
lava temperature decreases, viscosity increases at both the channel bed and banks. Table 1
shows the values of calculated lava temperatures at the flow boundaries for the three chosen
values of lava thickness (5, 10 and 20 m). It also shows calculated values of the laminar
Prandtl number of the flowing lava, which range from a minimum of 570 for a superheated
lava that is erupted at a temperature of 1630°C to a maximum of 26,685 at the channel
boundaries and for a lava temperature of 1360°C and a flow kinematic viscosity of 3.4 x

10 m? s, The specific heat capacity of the lava is assumed to have a value of 1570 J kg’
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I'oC! at the liquidus temperature and above, and the specific heat of the lava substrate
(consolidated) is chosen at the effective temperature of melting of the lava substrate
(Williams et al., 2000). Both values of specific heat decrease with decreasing lava
temperature though they also vary depending on whether the substrate is consolidated or
not. Values of the latent heat of crystallization and fusion are taken to be equal to 433,700
and 500,000 J kg! for the lava and substrate, respectively (Williams et al., 2000); a value
for the kinematic turbulent thermal diffusivity, a:, must also be specified at the inlet, and
we take that value to be equal to 10° m? s!.

The model assumes steady-state flow conditions, an assumption justified by the
likely long-lasting duration of eruptive events associated with the formation of lunar
sinuous rilles (Wilson and Head, 2017). The liquidus temperature of the lava was
previously calculated to be equal to 1440°C. Clementine data shows that low-titanium
basalts characterize the portion of the Aristarchus plateau where the rille is found (Zhang
et al., 2014), and the chosen liquidus temperature is that of the lunar low-Ti picritic basalt
sample 12002 (Walker et al., 1976). The substrate is assumed to have a composition of a
“pure” ferroan anorthosite (PFA) (Warren, 1990), and is modeled as consolidated and
unconsolidated. The thickness of individual lava layers is taken to vary from 5 to 20 m,
values that are consistent with those observed by the Apollo 15 crew at Hadley Rille
(Spudis et al., 1988).

A thorough spectral analysis of the materials that cover the Aristarchus plateau out
to the Vallis Schréteri rille site has revealed an extreme heterogeneity in composition

(Mustard et al., 2011). As a result, it is difficult to model the thermo-physical properties of
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an unconsolidated substrate in that lunar region. The Apollo landing missions revealed a
lunar surface of highly fragmented, impact weathered material (regolith) on both the mare
and highland crusts (Wilhelms, 1987). On younger surfaces (mare) the regolith may occur
at depths of only a few meters, while on older surfaces (highlands) the regolith or mega-
regolith may extend to several kilometers. The highland material comprising the
Aristarchus plateau likely contains a substantially thick surface regolith that may have
served as a mechanically weakened substrate for the Vallis Schroteri lavas. Based on this,
we assume that at least a fraction of the material that is outcropping on the walls of the
primary rille might have characteristics analogous to those of an unconsolidated granular
regolith. Colozza (1991) provided a thermo-physical analysis of the lunar regolith and
reported that the material remains in granular form up to a temperature of 1100°C, and then
it begins to melt. Since the regolith is a mixture of compounds, it melts over a range of
temperatures comprised between 1100°C and 1400°C (Langseth et al., 1973). An
expression for the specific heat of regolith material was obtained from a curve fit and
interpolation of experimental data given in Robie et al. (1970). Using this expression, we
calculated a value of specific heat of 1438 J kg™! °C™! for a substrate melting temperature
of 1100°C, though it is important to remember that the value increases up to 1515 J kg
L eC-! at the temperature at which the regolith is completely melted (1400°C). The latent
heat of fusion was previously calculated to be 161.2 kJ kg™' on average (Richter, 1993),
and regolith density varies between 1600 and 2000 kg m™ (Colozza, 1991; Richter, 1993).
In order to maximize erosion rate values, we have adopted the lower end density value in

our simulations.
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Table 4.1 illustrates the physical and thermophysical parameters of the flow that
are used as input values of the model. For each of the three values of lava thickness h (5,
10 and 20 m), we assign eruption temperatures of 1630°C, 1440°C and 1400°C, two values
of flow velocity at the channel inlet (5 and 10 m s') and initial flow kinematic viscosities
of 1.4 x 10 and 6.8 x 10* m? s’!. Prior to running our 3-D model of thermal erosion by
turbulently flowing lava, a few calculations were necessary to determine temperature
values at the channel boundaries. The illustrated temperature values were determined by
first calculating the heat transfer coefficient and convective heat flux to the base of the flow
for each value of lava thickness and for the two values of flow rate adopted. At channel
boundaries (bed and banks), flow temperatures decrease with increasing lava thickness.
Flow rates also play an important role because lava temperatures at channel boundaries
tend to be higher at higher flow rates, holding other flow parameters equal. Finally, the
laminar Prandtl number is calculated from the kinematic viscosity of the flow, eruption

temperature and thermal conductivity of the lava.

Input turbulence parameters of the SST k-omega model

Initial values of turbulent kinetic energy k and rate of dissipation o were calculated
for a mesh designed to be 1,000 m long, 4,000 m wide and 5 to 20 m thick. This mesh
geometry is representative of a limited portion of the Vallis Schroteri primary rille channel
though it is ideal for the purpose of determining maximum erosion rates at/near the lava

source. A mesh that is much shorter than the length of the rille allows for a high mesh
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resolution (closest finite volume cell to channel bed/banks 0.5 m away from channel walls)
while keeping computational cost low.

Each model run requires input values of k and omega at inlet and channel
boundaries. These input values were calculated for each individual run — as described in
Menter (1993) and are shown in Table 4.1. Turbulence intensity varies as a function of the
Reynolds number of the flow and depends on physical flow parameters such as lava
velocity and viscosity and the geometry of the channel. Initially calculated turbulence
intensities were in the range 2.4 x 102 - 3.0 x 107 but they were increased by a factor of
~2.3 (see Table 4.1), following a necessary increase of k value at the channel inlet.
Tweaking k values at the inlet is common practice in turbulence modeling because it
serves the purpose of obtaining inlet values that are consistent with those obtained
downstream of that point. Table 4.1 refers to eruption temperatures in the
1440°C (liquidus) and a constant flow kinematic viscosity of 1.4 x 10*m?s!. For eruption
temperatures lower than the liquidus value, k and ® have similar values to those shown in

Table 4.1 except for the “@bound” value that changes with increasing flow viscosity.

Results

Maximum erosion rates at the lava source

In this section, we present results of the first 3-D model of thermal erosion by
turbulently flowing lava on the Moon — as applied to the primary rille of Vallis Schroteri.
As mentioned before, we ran steady-state simulations concerning a 1 km long and 4 km

wide section of the rille because we are mostly interested in obtaining information on
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maximum erosion rates at/near the lava source (here named Cobra Head). Fig.4.2 shows
maximum erosion rates into the channel bed and banks for lava that is 5 to 20 m in thickness
and travels at speeds of 5 and 10 m s™\. The lava is assumed to flow over a consolidated
basaltic substrate that has a composition identical to that of the lava. In our simulations,
maximum erosion rates at the channel bed appear to be the same as those obtained at the
channel banks. Importantly, this study does not focus on the geometry of erosion at channel
bed/banks, something that has instead been thoroughly explored at the Vallis Schréteri
inner rille (Cataldo et al., 2022, manuscript in preparation). Eruption temperatures vary
from a maximum value of 1630°C - consistent with superheated magma that was likely
fast-ascending through the lunar crust - to the liquidus value of 1440°C and a sub-liquidus
temperature of 1400°C. In our model, flow viscosity is temperature-dependent, and the
highest kinematic viscosity is equal to 7.53 x 10> m? s}, equivalent to a dynamic viscosity
of 21.8 Pa s. This viscosity value is found at the channel bed and banks of a 20-m thick
flow erupted at the sub-liquidus temperature of 1400°C and traveling at a speed of 5 m s™.
Maximum erosion rates appear to drop drastically soon after the lava cools below the
liquidus temperature, a likely effect of the increase in flow viscosity that is accompanied
by a decrease in the Reynolds number of the flow. For eruption temperatures in the range
1630°C - 1440°C, the kinematic viscosity of the flow remains constant at a value of ~1.4
x 104 m? s™!, equivalent to a dynamic viscosity of 0.4 Pa s. This probably explains the
gradual decrease in erosion rates with decreasing lava temperature over that temperature
range that is shown in Fig. 4.2. Even for an eruption temperature that is slightly lower than

the liquidus value (40 degrees lower), a 20-m thick flow that travels at a speed of 10 m s™!
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can erode into the lava substrate at a rate no faster than 29.5 cm/day, whereas for a lava
that is erupted at the liquidus temperature, maximum erosion rates already increase to a
value of 76 cm/day.

The parameter that appears to have the strongest influence on erosion rates is flow
rate. Regardless of the initial lava temperature and flow thickness, a flow that travels at a
speed of 10 m s™! is conducive to maximum erosion rates that are higher by a factor of 1.8-
1.9 than those associated with a flow of similar thickness that travels at half the speed. With
regard to the role played by lava thickness, a flow that is 10 m thick is responsible for
erosion rates that are higher by a factor of ~1.5-1.6 than those produced by a 5-m thick
flow traveling at the same speed. And a 20-m thick flow is associated with values of erosion
rates that are higher by a factor of ~1.3-1.4 than those produced by a 10-m thick flow that

travels at the identical speed.
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Fig 4.2. Graph shows how flow rate and lava thickness affect maximum erosion
rates at channel bed and banks. Flow speed varies from 5 to 10 m s™, and values
of flow thickness of 5, 10 and 20 m are considered. The lava is assumed to flow
over a consolidated basaltic substrate with composition equal to that of the lava.
The temperature of the lava at time of eruption goes from 1630°C (superheated)
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to 1440°C (liquidus) and 1400°C (sub-liquidus). Red: 20 m thick, 10 m s'; blue:
10 m thick, 10 m s™'; pale blue: 20 m thick, 5 m s'; grey: 5 m thick, 10 m s™;gre
-en: 10 m thick, 5 m s'; yellow: 5 m thick, 5 ms™.

The second batch of results deals with erosion rates into a substrate that is
unconsolidated and modeled to have the thermophysical properties of granular regolith on
the Moon. The density of the unconsolidated substrate (1600 kg m™) is much lower than
the density (3100 kg m™) that characterizes the consolidated basaltic substrate. The lower
density and the lower melting point (1100°C versus 1600°C) assumed in our simulations
are together responsible for the increase in erosion rate observed across the entire
range of values of eruption temperature and flow thickness. Results in Fig. 4.3 refer to
both a consolidated and unconsolidated substrate. The flowing lava is still 5, 10 and 20 m
in thickness though in this case flow rate is held constant at 10 m s! to aid in visualization
and interpretation.

Maximum erosion rates of 2.8 m/day are associated with a superheated, 20-m thick
lava flow that travels at a speed of 10 m s™! over granular regolith materials. This value is
a factor of ~2.3 higher than the erosion (1.2 m/day) caused by the same lava flowing at the
same temperature over consolidated basaltic rock. A 10-m thick superheated lava traveling
at the same speed will erode into the substrate at a rate of 2.3 m/day, a value within a factor
of ~1.2 from the previous one. Finally, a 5-m thick flow with the same temperature will
achieve a maximum erosion rate of 1.4 m/day — a value that is still higher than that
associated with 20-m thick lava flowing at the same temperature over a consolidated
substrate of basaltic composition. If we now look at maximum erosion rates into a substrate
consisting of granular regolith materials for a 20-m thick flow erupted at the liquidus

temperature, we find maximum values of 1.6 m/day. As a result, a superheated lava that is
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erupted at a temperature that is almost 200°C higher than the liquidus value has a capability
of eroding into the substrate that is a factor of ~1.6 higher than that associated with the
same flow erupted at the liquidus temperature. Finally, a flow that is erupted at a sub-
liquidus temperature of 1400°C can erode at a rate of 60 cm/day into an unconsolidated
substrate. It is important to remember that in our model a flow that is erupted at a
temperature of 1400°C is characterized by a flow dynamic viscosity of ~ 2 Pa s, a value
that is still much lower than the average viscosity at which an average Hawaiian basalt is
erupted. This explains the still comparatively high erosion rates that are associated with the
investigated sub-liquidus lava.

The last results show how important is defining the characteristics of a lava
substrate in studies of thermal erosion by lava (Fig. 4.3). Remarkably, our thermal erosion
model does not account for any likely contribution coming from a process of mechanical
erosion of the substrate. Mechanical erosion is expected to be especially important in the
presence of an unconsolidated substrate and plays a far more important role than thermal

erosion in the event of short-lasting eruptions.
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Fig 4.3. Graph showing how flow thickness and the presence of consolidated (CON)
versus unconsolidated (UNCON) substrate affect maximum erosion rates at the chan
-nel bed and banks. All values refer to lava thicknesses of 5, 10 and 20 m. The conso
-lidated substrate is assumed to have a composition analogous to that of the flowing
lava. The unconsolidated substrate is assumed to have the thermophysical properties
of granular regolith material (Robie et al.,1970; Colozza, 1991; Richter, 1993). Flow
rate is held constant at 10 m s™'. Green: 20 m thick over UNCON; yellow:10 m thick
over UNCON; blue: 5 m thick over UNCON; grey: 20 m thick over CON; pale blue:
10 m thick over CON; red: 5 m thick over CON.

Discussion

In this section, we will discuss a limitation of our modeling approach and discuss
the processes we think might have led to the formation of the Vallis Schréteri rille that we
see today. In our simulations, we aimed to obtain maximum erosion rates for flows of
thickness comprised between 5 and 20 m and a range of eruption conditions. All of this
while allowing for the lava to flow over both a consolidated and unconsolidated lava
substrate. If we multiply the maximum erosion rate of 76 cm/day obtained for a 20-m thick
flow that is erupted at the liquidus temperature (1440°C) by 920 days (2.5 years), we obtain

a value of erosion depth of ~700 m, a value that is representative of the average depth of
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the Vallis Schroteri primary rille at the Cobra Head (Garry et al., 2008; Cataldo et al.,
2015). Instead, if we adopt the maximum erosion rate of 116 cm/day produced by
superheated lava erupted at a temperature of 1630°C, we will achieve the required erosion
depth in 604 days (1.6 years). Multiplying erosion rates by the time of flow duration is a
procedure that can be used to provide a first-order estimate of the approximate length of
time required to excavate the whole depth of a channel but cannot be used to derive an
exact estimate of erosion depths for any modeled scenario. As a lava flows downstream of
the source, it begins to incorporate progressively increasing portions of eroded substrate
material. At least some of this material becomes assimilated (melted) into the flowing lava,
which modifies the composition and physical properties of the flow. Kerr (2001) studied
thermal erosion by laminarly flowing lava and found that the thermal budget of a flow must
be higher than the energy required to melt the lava substrate by at least several factors for
thermal erosion to remain effective. The time that it takes for any portions of incorporated
substrate materials to become assimilated into the flow has the effect of lowering the
Reynolds number of the flow and diminishing the erosive power of the lava.

An important source of uncertainty for our 3-D model has to do with the fact that
eroded substrate materials do not become incorporated/assimilated into the flow. As a
result, the model is unable to predict the geochemical and geophysical evolution of the
flow over time and cannot be used to calculate erosion depths starting from any value of
maximum erosion rate. For instance, an erosion rate of 2.8 m/day by a 20-m thick lava
would imply that 14% of the actual thickness of the lava should become incorporated and

fast-assimilated into the flowing lava every day. A similar amount of substrate material
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would likely cause the flow to freeze! Keszthelyi et al. (2014) placed an upper limit on the
amount of substrate material that was likely entrained in the lava that flowed at Athabasca
Valles, Mars. Because substrate material is initially ~1000°C colder than lava, and the lava
will freeze if cooled ~100°C, the entrained substrate material should be no more than 10%
of the erupted volume. As a result, maximum erosion rates higher than ~1 m/day - assumed
to be uniformly distributed over the boundaries of an individual 20-m thick flow emplaced
across the whole cross-sectional area of the Vallis Schréteri primary rille — might be
irrealistic as they would account for more than 10% of the erupted lava volume. By
assuming for a flow to be able to entrain up to 1 m/day of substrate materials, it will take
~700 days (almost two years) for the flow to form a depression similar to that observed at
the Cobra Head. That said, we must remember that a similar value of erosion rate will
unlikely be preserved downstream of the lava source, especially if the flow is not thermally
insulated. Besides, a flow that travels at a speed of 10 m s™! will take ~4 hrs to reach the
flow terminus. For the flow to be able to erode deeper into the lava substrate, an efficient
mechanism of discharging for the lava is needed so that new lava will be able to flow over
the same path and erode deeper into the same substrate. The two reasons outlined make it
unlikely for a flow to be able to excavate the entire depth of the rille over a substantially
long period of time.

Another important fact that should be taken into consideration is that most highland
materials appear to outcrop at or near the Cobra Head (Garry et al., 2008) whereas LROC
NAC images show that a large fraction of the primary rille walls consists of a sequence of

lava layers (Mustard et al., 2011; Campbell et al., 2008), similar to the mare basalt layers
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that were observed by the Apollo 15 crew at Hadley Rille (Spudis et al., 1988). As a result,
the idea that the lava that flowed at the Vallis Schréteri primary rille might have eroded
into an unconsolidated material for the entire depth of the rille is challenged by available
imagery.

Was the primary rille of Vallis Schroteri entirely excavated by thermally and/or
thermo-mechanically eroding lava? The results of our 3-D model and the thermal
considerations previously discussed seem to challenge this idea. Furthermore, the regional
geologic context of a given rille should be evaluated before it is determined to what degree
mechanical and/or thermal erosion has been responsible for its development. As
discussed on pp. 159-160, Spudis et al. (1988) noticed that numerous structural and
depressions in the proximity of Hadley Rille were probably produced by regional
deformation associated with Imbrium basin adjustment and were later followed by basalt
flows that established the rille. The occurrence of scarps, cracks and grabens oriented in
directions radial and concentric to Imbrium basin, and trends of individual segments of
Hadley Rille which appear to be coincident with these regional structural patterns add
support to their idea. Something similar can be seen in the Vallis Schroteri region. The two
main trends of individual segments of the primary rille run in directions that are both
perpendicular and parallel to the regional structural patterns associated with the adjustment
that followed the formation of Imbrium basin. Finally, a closer inspection of the rille
reveals the same evidence for erosion by lava that Spudis et al. (1988) found at Hadley
Rille, which causes individual depression segments to connect, leading to smooth and

rounded corners. An important difference we find between the observations carried out by
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Spudis et al. (1988) at Hadley Rille and those made at the Vallis Schroteri primary rille is
the absence of constructional features at or near the Vallis Schroteri primary rille. That said,
evidence for at least a partly constructional origin for the primary rille might exist under
the surface. The occurrence of subsurface radial dikes inferred from the “Gravity Recovery
And Interior Laboratory” (GRAIL) data (Andrew-Hanna et al., 2013) might potentially

support this interpretation.

Conclusions

We have applied our new 3-D model of thermal erosion by turbulently flowing lava
to the primary rille of Vallis Schréteri on the Moon. The purpose of this investigation was
to find values of maximum erosion rates into the lava substrate at this lunar site and from
there discuss the likely process or processes that might have led to the formation of the rille
we see today. Eruption temperatures were assumed to vary from 1630°C (superheated lava)
to 1440°C (liquidus) and 1400°C (sub-liquidus) and flow velocities of 5 and 10 m s™! were
considered in the simulations. The flowing lava was assumed to flow over both a
consolidated and unconsolidated substrate. Maximum erosion rate values vary from a
minimum of 6.9 cm/day for lava erupted at T = 1400°C and flowing over a consolidated
substrate to 2.8 m/day for a 20-m thick lava erupted at T = 1630°C and flowing over an
unconsolidated substrate of granular regolith. Thermal considerations pose a limit on the
erosion rate values that can be used to calculate reliable values of erosion depths of the lava
substrate, and we find that any such rates within 1 m/day are likely to better predict the

geochemical and geophysical evolution of the lava over time, which is not a feature of the
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current model. Assuming a constant erosion rate over time, it might have taken almost two
years for the lava to excavate the Cobra Head, the lava source region of the primary rille.
The Vallis Schréteri rille outcrops on the Aristarchus Plateau, a tilted block that at
least in part is thought to have formed in response to the adjustment that accompanied the
formation of Imbrium basin. Structural patterms in the area appear to add support to the
idea that the rille is partly tectonic in origin and was then partially excavated by thermally
or thermo-mechanically eroding lava. Though we favor a combined tectonic and erosional
origin for the rille, a constructional origin cannot be ruled out — especially when looking at
the candidate dike structures inferred at depth by the (Gravity Recovery And Interior
Laboratory” (GRAIL). A network of lava tubes might exist at depth, a network through
which the lava might have been traveled out to the rille terminus while minimizing cooling
rates. That said, an efficient mechanism of discharge for the lava would be required in such

a scenario.
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5 PAPER 3: MOON, VALLIS SCHROTERI INNER RILLE (CATALDO

ET AL., IN PREPARATION)

Abstract

The first 3-D model of thermal erosion by turbulently flowing lava on the Moon
addresses the formation of the inner rille of Vallis Schréteri and provides erosion rates at
the rille bed and banks associated with 5-, 10- and 20-m-thick lavas erupted at liquidus,
sub-liquidus and superheated temperatures. Two steady-state flow scenarios are
considered: one in which lava is allowed to lose part of its internal heat by radiation from
the flow top into the lunar environment (scenario 1) and another in which it flows insulated
in a tube (scenario 2). Maximum erosion rates obtained from scenario 2 flows range from
3.6 cm/day for a 5-m-thick flow erupted at a sub-liquidus temperature of 1380°C and
traveling at a velocity of 5 m s to 98-105 cm/day for a 20-m-thick superheated lava
traveling at a velocity of 10 m s™'. All results consider a consolidated substrate of
composition identical to that of the lava and an unconsolidated substrate with
thermophysical properties analogous to those of lunar regolith (the latter for 10-m-thick
flows erupted at the liquidus temperature). Flow durations and volumes required for the
rille to develop fall within the range provided for high-volume eruptions at rille sites on
the Moon. First-time evidence of secondary flow circulation is found in lava channels at
meander bends. Secondary flow is well-studied in the river literature and appears to alter
the magnitude and distribution of erosion rates at the bed and banks of rille sections that

are cut along meander axes. The pressure gradients within the flow, which develop at
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meander bends, are responsible for variations in mainstream as well as cross-stream lava
velocities at the opposite sides of a bend. Secondary flow circulation is strongest in thick
flows that travel at a faster velocity, and lava temperature does not appear to have control
on it. Instead, increases in meander amplitude make secondary flow circulation stronger
and faster. This suggests that, by analogy with what is observed in river channels, once a
meander of a certain amplitude is generated, the amplitude of the same meander might
grow larger in time. Some of the gooseneck meanders found along the path of the inner
rille might have developed in a similar way over time. The found discrepancy in erosion
rates at the opposite sides of a bend might be partially counterbalanced by a process of
mechanical erosion acting at the outer bank (left bank in the simulations) of a meander
bend. Evidence in support of this suggestion may be found when looking at the distribution
of cross-stream velocities at rille cross-sections cut along meander axes. Mechanical

erosion might have been especially effective for flows that are 10-20 m thick.

Introduction

Vallis Schroéteri is the largest sinuous rille on the Moon and sits atop the Aristarchus
Plateau. This plateau consists of a block of ancient highland crust that was uplifted during
formation of the Imbrium basin (Moore, 1965; Guest, 1973; Zisk et al., 1977) as the crust
readjusted following the impact that occurred ~3.85 b.y. ago (Wilhelms, 1987). The
Aristarchus Plateau lies just outside the main topographic ring of the Imbrium impact basin
(Mustard et al., 2011), and rises 1-1.5 km above the surrounding Oceanus Procellarum

sloping away from it to the west (Zisk et al., 1977). The actual rille site consists of a large,
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primary outer rille and an inner rille that is much smaller and narrower and runs on the
primary rille’s floor. The larger rille is ~ 4.5 km in width (Garry et al., 2008) and runs from
the lava source (Cobra Head) to the channel terminus out to a downstream distance of ~150
km. The inner rille originates in a distinct crater within the Cobra Head (Zisk et al., 1977)
and is more sinuous than the primary rille and highly meandering. Before LROC imagery
became available, it was measured to be ~170 km long, ~640 m wide and ~95 m deep on
average (Garry et al., 2008). As regards the composition of the flowing lava, Clementine
data shows that low-titanium basalts characterize the Aristarchus plateau region (Zhang et
al., 2014), and the lava substrate is thought to have a composition of a “pure” ferroan
anorthosite (PFA, Warren, 1990) or analogous to the upper anorthositic crust (Mustard et
al., 2011). Alternatively, it might consist of the same lava that likely flowed within the
primary rille (Garry et al., 2008).

As of today, no evidence exists as to whether the inner rille lava flowed insulated
from the lunar environment (tubed flow) or uncrusted (open channel). Of course, tube-fed
lava is more likely than uncrusted lava to flow farther from the source, holding other flow
parameters equal because only a minimal amount of heat is dissipated (lost) into the
surrounding environment. In contrast, a lava that is uncrusted or only partially crusted over
dissipates part of its internal heat through the flow top, which causes the turbulent to
laminar regime transition to occur much earlier and closer to the lava source. While there
is no evidence that levees may exist along the edges of lunar rilles, Chappaz et al. (2014,
2017) found possible sub-lunarean extensions (potential tube structures) of surface sinuous

rilles at the Vallis Schroteri site using a combination of gravity anomaly analysis techniques.
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In this paper, we first present results obtained by applying the new 3-D model of
thermal erosion by turbulently flowing lava to the emplacement of very low viscosity, low-
Ti basaltic lava at the inner rille of Vallis Schréteri. Results refer to both uncrusted (scenario
1) and tube-fed (scenario 2) flow scenarios. The same results allow estimates of expected
flow duration and total lava volume to be made, which are needed to explain the observed
rille geometry. Finally, we show results of a theoretical study of erosion rate variations that
are related to local variations in flow velocities and temperatures at two channel cross-

sections cut parallel to two adjacent meander axes.

Objectives of current investigation

An important goal of the current investigation is that of obtaining values of
maximum and minimum erosion rates at the channel bed and banks for eruption
temperatures progressively decreasing from 1630°C to 1440°C (liquidus), and sub-liquidus
temperatures. Whereas the highest modeled eruption temperatures are consistent with the
previously modeled eruption and emplacement of superheated lavas on the Moon (Williams
et al., 2000), the sub-liquidus temperature values at which flow regime might still be
Newtonian are not known. Therefore, another important goal is to constrain such a
minimum lava temperature by inspecting the soundness of model outputs from a physics
standpoint. Investigating flow behavior and erosion rates at lava temperatures that are much
lower than the liquidus temperature might potentially reveal how flow patterns relate to
erosion rates at the channel bed and banks at downstream distances of several km from the

lava source.
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It is generally agreed that high effusion rates produce long lava flows (Walker,
1973; Hulme, 1974; Crisp and Baloga, 1990; Pinkerton and Wilson, 1994). Nevertheless,
following observations and heat budget estimates obtained at the Waha’ula tube, Hawaii,
Keszthelyi (1995) calculated that even basaltic tube-fed flows several hundred kilometers
long could have been produced by eruptions with effusion rates of only a few tens of cubic
meters per second. For such a scenario, lava cooling rates between ~0.5°C/km and 1°C/km
could have been common (Keszthelyi, 1995). Because of the possibility that the inner rille
lava might have flowed at both low and high effusion rates, all results shown here refer to
flows traveling at speeds of 5 and 10 m s (with the faster velocity value being used for
20-m-thick lavas only).

Another key objective of the present investigation is to conduct a fluid dynamic and
thermal modeling study of the lava flows at rille segments that extend no more than a few
km downstream of the lava source. The goal is to search for a potential correlation between
variations in flow patterns, temperature and other flow physical parameters and the
distribution of erosion rates at the channel bed and banks. Special emphasis is placed on
investigating how erosion rates vary at meander bends for changing flow thickness, flow
speed, channel width and meander geometry. To date, no assessment has yet been made on
how channel bank erosion relates to erosion at the channel bed because this important
aspect is not addressable by one- or two-dimensional models. When applied to sinuous
rilles or curved channels in general, a 3-D model has the unique advantage of revealing the
details of flow circulation and how flow velocity, viscosity and pressure at meander bends

relate to the same flow parameters at the channel centerline and bed. How does flow
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circulation at meander bends vary when varying temperature distribution within the lava?
Will the details of flow circulations be the same for uncrusted versus tube-fed lava? These
two different emplacement environments compel us to describe both scenarios and explore
how the vertical distribution of temperature for the two case studies might have related to
the details of flow circulation at the channel bed and banks. The other advantage of a three-
dimensional model lies in its ability to reveal spatial variations of erosion rates with

changing flow rate, flow temperature, and meander/channel geometry.

Method

A newly derived expression for the erosion rate into the lava substrate

Cataldo et al. (2022a, in revision) gave a concise yet complete description of the
model and how the same is implemented in the OpenFOAM finite volume C++ library of
solvers and utilities, a type of computational fluid dynamics (CFD) software. The same
authors also described how the simpleFoam solver was chosen out of the several ones
available within the OpenFOAM library itself and the modifications that were made to it.
Those changes reflected a need to incorporate a temperature model and temperature-
dependent viscosity into a solver that is commonly used in problems involving constant
temperatures and viscosities. In coupling a temperature model to the simpleFoam solver
that is used in steady-state turbulent flow scenarios, the first step is to find an energy
equation that is applicable to a fixed control volume and fits a scenario of turbulently
flowing lava. An energy equation can be written in terms of specific internal energy,

specific enthalpy, specific total enthalpy, or temperature. An energy expression written in
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terms of temperature assumes that the flow is Newtonian because the specific enthalpy of
the flow is only a function of pressure and temperature variations (Moukalled et al., 2016).
Such an assumption is consistent with a scenario of turbulently flowing lava for which lava
temperatures are assumed to be above or near the liquidus value. The energy equation that
is here normalized by density because lava can be treated as an incompressible fluid, is

given by:

VIVT] = V[ aVT] Eq. (1)

in which v is the velocity vector (v = vx, vy, vz), T is lava temperature, and oefr is defined
as the effective thermal diffusivity in that it accounts for both laminar and turbulent
contributions to diffusivity. The left- and right-hand sides of Eq. (1) are convection and
diffusion terms, respectively. Specifically, the effective thermal diffusivity, oefr, can be

expressed as:

Aeff = prrat Eq. (2)

in which v is the kinematic viscosity of the flow (ratio of dynamic viscosity, i, to density,

p), Pr is the laminar or molecular Prandtl number of the flow and o is the turbulent thermal

diffusivity, expressed as:

vt

o = o Eq. (3)
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in which vt is turbulent viscosity and Prt is the turbulent Prandtl number of the flow (a
constant that takes the value of 0.85 at the bed and banks). The oefr term plays a key role in
determining variations of erosion rate at channel boundaries, as it will be shown later.

Eq. (1) enabled derivation of a new erosion rate expression that is suitable for use
in the modified simpleFoam solver. The expression was obtained starting from the
available 1-D expressions of Hulme (1973), Huppert and Sparks (1985) and Williams et al.
(1998, 2000). Deriving an expression for erosion rate at the lava/substrate interface is a
conduction/diffusion problem that can be solved effectively by adopting a one-dimensional
approach (along the z or vertical axis perpendicular to the lava/substrate interface). By
assuming thermal equilibrium at the lava/substrate interface (channel boundary), we can

write:

ot
—p Cp Aefr o= = hp(T) — Trn) Eq. (4)

in which the left-hand side of the expression represents the heat diffused through the
interface and the right-hand side is the convective heat flux to the base of the flow.
Specifically, p is the bulk density of the flow, C; is the specific heat capacity of the lava,
hr is the convective heat transfer coefficient to the base of the flow, Ti is lava temperature
and Twm is the temperature at which the lava substrate melts. Hulme (1973) first and then
Huppert and Sparks (1985) and Williams et al. (1998, 2000) define the rate of advance of

the ground/lava interface (i.e., the melting rate) as:
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— hy(T)=Ty,)
g pg[cg(Tm_ T0)+Lg]

Eq. (5)

in which ug is the erosion rate expressed in m s™!, pg is the density of the lava substrate, Cg
is the specific heat of the ground, To is the temperature of the substrate away from the
interface and Lg is the latent heat of fusion of the ground. Given that the hr (Ti-Tm)
convection term is found both in Eq. (5) and Eq. (4), by solving Eq. (5) for that term and

then substituting it in Eq. (4), we get:
aT
—p Cp aefr an Ug Pg [Cg (T — TO) + Lg] Eq. (6)
And solving for ug, we obtain:

oT
—P Cp Keff 7
llg =
pg[cg(Tm_ T0)+Lg]

Eq. (7)

This expression is only a short step away from the final equation adopted in our model.
Due to the incompressibility requirement, both the numerator and denominator of Eq. (7)
are normalized by density. As a result, the final expression that is used in our model is

given by:
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oT
. — Cp Qeff n
€ Rlcg(Tm— To)+Lg]

Eq. (8)

in which R is a (pg/p) density ratio, i.e., a dimensionless quantity. For any simulation, the
only parameter that is not constant is the effective thermal diffusivity, oetr. Because of this,
any variation in effective thermal diffusivity is conducive to a proportional variation in

erosion rate, Ug.

A newly-derived expression for the convective heat transfer coefficient hr

The initial conditions of the model are to be specified at the lava source and channel
boundaries. This is shown in appendix A, which is dedicated to the OpenFoam code and
the key model input parameters. One of the boundary conditions introduced in this chapter
section is the temperature (and associated viscosity) of the lava at the lava/bed and
lava/banks interfaces. Previous models — though designed for laminarly flowing lava —
predict that the thermal structure of a flow should be such that lava temperature is highest
at the flow top and core and decreases down to the bottom of the channel (bed and banks)
(Kerr 2001, 2009; Siewert and Ferlito, 2008). The fact that the flowing lava is cooler close
to/at a channel boundary is intuitive because of the higher lava viscosity and much lower
flow velocity that becomes equal to zero at the lava/substrate interface. Siewert and Ferlito
(2008) provided an expression that enables determination of the temperature profile in lava
that flows in a laminar fashion, but no expression and experimental data are available for
a scenario of turbulently flowing lava. Even for lava that flows turbulently, thermal

diffusivity is limited by the low conductivity of basaltic lava (~1 W m K!). In turbulently
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flowing lava, most heat transfer occurs by advection and convection. Yet, regardless of
how well-mixed a turbulent flow might be, convection will never be able to neutralize
temperature differences between the top/core and bottom of a flow (if it did, convection
would come to a halt). This is also true for the thickest flows, even though for a scenario
of thick lava convection is stronger than for comparatively thinner flows (holding other
factors equal). The coefficient that defines the ability to transfer heat upward and
downward within a flow as well as from the flow bottom into the lava substrate is the
convective heat transfer coefficient ht, and we use it here to constrain - to a first order - the
likely distribution of temperatures between the flow top/core and bottom for flows that
vary in thickness between 5 and 20 m.

The numerator in Eq. (7) is identical to the left-hand size of Eq. (4) and both terms
are equal to the convective heat flux to the base of the flow that is found on the right-hand

size of Eq. (4). Starting from this, we can re-write Eq. (7) as:

hT(Tl_ Tm)
= E .
ug pg[cg(Tm_ T0)+Lg] d (9)

and solving for hr we obtain:

Ug {pg[cg(Tm_ T0)+Lg]}
(T1— Tm)

hy = Eq. (10)
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which is the expression adopted to determine the value of the heat transfer coefficient from

the bottom of the flow into the lava substrate.

Flow scenario 1: Heat loss by radiation from lava top

On Earth, flowing lava loses heat by radiation and convection from the flow top
and conduction into the ground. Due to the lack of an atmosphere, lunar flows cooled by
radiating heat into the lunar vacuum environment and conducting it into the lava substrate.
Even when modeling the cooling of thin and small Pahoehoe flow lobes in Hawaii, which
lose internal heat by radiation faster than a large, thick lava flow, Keszthelyi (1994) showed
that the first 5 minutes are dominated by cooling by radiation. We here provide a first order
estimate of the amount of heat that was likely lost through the flow top from the lava that
formed the Vallis Schroéteri inner rille. We then derive an approximate rate of temperature
decrease with time and downstream distance from the lava source. This task is applied to
flows of different initial temperature (from 1630°C down to 1380°C) and thickness (5 and
20 m) and flow velocities of 5 and 10 m s™'. The heat flux dissipated through the flow top

or energy output, Qr, can be estimated by the Stefan-Boltzmann relation:

Qr=o & [Ta* - Ta*] Eq. (11)

in which o is the Stefan-Boltzmann constant given as 5.67 x 10® W m? K™, ¢ is the
emissivity for radiation and is taken as 0.93 in the present computations (Harris, 2013), T

is the temperature at the flow top and Ta is the temperature of the lunar environment. The
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hotter a lava is, the higher is the loss of heat by radiation because temperature is a term
raised to the power of 4 in Eq. (9). Qr has dimensions of energy flux (energy per unit time
per unit area) and is expressed in units of W m or kg s. The presence of a unit of time in
the energy flux expression enables determination of flux at a downstream distance of 1 km
from the lava source for flows that travel at 5 and 10 m s™. Of course, a radiation model
accounts for how the convective heat transfer to the top of the flow relates to the heat lost
by radiation, whereas only an estimate of the heat lost by radiation is provided here. In this
study, it is shown how the vertical thermal structure of a flow that radiates heat into the
lunar environment compares with that of a lava that flows in a tube. This information is
then used to study how variations in the thermal and velocity structure of a flow (both
vertically and horizontally) affect the distribution of erosion rates at one or two
channel cross-sections. Appendix A (p. 372) shows the changes implemented
in the temperature file within the 0 folder (initial conditions) to obtain a scenario in

which lava loses heat by radiation into the lunar environment.

Flow scenario 2: Lava insulated from the lunar vacuum

As regards the tubed lava scenario, no heat is allowed to escape from the lava. The
lowest cooling rates are obtained for tube-fed flows that travel insulated from the
surrounding environment. Typical cooling rates of tube-fed lava are on the order of 1°C/km
and can go down to ~0.4°C/km (Keszthelyi, 1995). Because of the above, flows are likely

to travel a much greater distance from the lava source by keeping lava temperature high
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and causing the turbulent/laminar flow regime transition to occur at much greater

downstream distances. Appendix A (p. 373) shows the T file matching scenario 2 lavas.

Secondary Flow Circulation in Curved River Channels

Within the results section, mention is made of secondary flow circulation because
there is evidence for it at two cross-sections of the 1200-m-long rille segment under study.
The term is very common in the river literature. Water flowing through a bend must follow
curved streamlines to remain with the banks of the river. The water surface is slightly
higher near the concave bank than near the convex bank. As a result, at any elevation within
the river, water pressure is slightly higher near the concave bank than near the convex bank.
A pressure gradient results from the concave (outer) bank toward the convex (inner) bank
(Bowker, 1988). The higher pressure near the concave bank is accompanied by slower
water speed, and the lower pressure near the convex bank is accompanied by faster water
speed, and all this is consistent with the Bernoulli principle.

A secondary flow results in the boundary layer along the floor of the riverbed. The
boundary layer is not moving fast enough to balance the pressure gradient and so its path
is partly downstream and partly across the stream from the concave bank toward the convex
bank, driven by the pressure gradient (Hickin, 2003). The secondary flow is then upward
toward the surface where it mixes with the primary flow or moves slowly across the surface,
back toward the concave bank, a motion called helicoidal flow. On the floor of the riverbed

the secondary flow sweeps sand, silt and gravel across the river and deposits the solids near
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the convex bank, in similar fashion to sugar or tea leaves being swept toward the center of

a bowl or cup (Bowker, 1988).

Input parameters: Lava temperatures and velocities

The input values of the new 3-D model encompass physical, thermo-physical and
turbulence parameters of the flowing lava. The temperature of the lava at time of eruption
is taken to vary from 1630°C (superheated) to 1440°C (liquidus), and anywhere from
1400°C to 1340°C (sub-liquidus). Given that the modified simpleFoam solver only works
in the presence of Newtonian flow conditions, chosen sub-liquidus temperatures must
comply with that flow regime requirement. One of our goals is to identify a minimum sub-
liquidus temperature value for which obtained results are consistent with one another and
remain sound from a physics standpoint. Clementine data shows that low-titanium basalts
characterize the portion of the Aristarchus plateau where the rille is found (Zhang et al.,
2014), and the chosen liquidus temperature of 1440°C is that of the lunar low-Ti picritic
basalt sample 12002 (Walker et al., 1976). Superheated lavas might have been erupted on
the lunar surface at temperatures up to ~200°C above their liquidus value, if their rising
speed through the crust was sufficiently high to minimise heat loss to the surrounding rocks
(Arndt, 1994; Kerr et al., 1996). The 1630°C value was first suggested by Wieczorek et al.
(2000) and then chosen by Williams et al. (2000) to calculate erosion rates into the lava
substrate by superheated lavas on the Moon. The initial kinematic viscosity of the lava is
taken to be equal to 1.38 x 10* m? s™!, the equivalent of the dynamic viscosity value of 0.4

Pa s reported in Williams et al. (2000). Our model adopts the Dragoni et al. (1986)
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temperature-dependent viscosity relationship that — though it was originally used for the
purpose of investigating flow behavior in the Bingham laminar regime — can be used to
model the evolution of temperature and viscosity in turbulently flowing lava so long as
flow rate is fixed (a scenario for which flow height and velocity are both independent of
lava yield stress and flow regime is Newtonian, Dragoni et al., 1986). The vertical
distribution of temperatures within the flow is analogous to that modeled by previous
authors (Kerr, 1996; Siewert and Ferlito, 1998), with higher temperature values at the flow
top and core and lower values at the channel bed. Also, we assume for lava temperature
and viscosity at the channel banks to be the same as those at the channel bed. As regards
scenario 1 (lava radiating heat into the lunar environment), the choice of different initial
temperature values for flows of different thickness was dictated by the fact that thick lava
retains heat better than thin flows. As lava is erupted, exposure to the lunar vacuum causes
lava temperatures to drop almost instantly to values that depend on the initial lava
temperature and flow thickness. The temperature drop shown in Table 5.1a, which is
always within 40°C of the eruption temperature, is probably underestimated. Yet, a limited
temperature drop is here assumed because the simpleFoam solver can only deal with
turbulent flow and, hence, temperatures that are consistent with that assumption. Of course,
a lava that is erupted at a temperature of 1630°C will not have this problem until
temperatures fall below the liquidus value. Nevertheless, the 40°C temperature drop is also
applied to a scenario of superheated lava for the sake of consistency. The actual
temperature values at the channel bed and banks were chosen based on our understanding

of how convective heat flux is transported to the base of the flow. Holding the initial lava
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temperature and viscosity equal, the higher the flow thickness the higher the convective
heat transfer (the term found in the numerator of Eq. 7) through the flow and the
temperature gap between flow core and channel boundaries. Also, the value of the heat
transfer coefficient, hr, is higher for a flow that is thicker than another one, holding other
factors constant. The heat transfer coefficient expression (Eq. 8) was obtained by re-
arranging the erosion rate expression. As a result, a range of temperature values are initially
assigned at the channel boundary and only those values that turn out to provide physically
consistent results for the chosen input parameters (lava temperatures, thicknesses, and
velocities) are considered in the results section.

Initial flow velocities are determined by physical parameters such as the slope of
the ground, lava thickness, acceleration due to gravity and friction coefficient. On the
Moon, the acceleration due to gravity is a constant that is equal to 1.62 m s and causes
flows to travel at comparatively slower velocities than on Earth (holding other factors
constant). Flow velocities are calculated for flows that are 5 and 20 m thick, according to
the following re-arranged expression from Jarvis (1995) that was also adopted by Williams

et al. (1998, 2000):

8g h si
/% Eq. (12)

in which h stands for flow thickness and A is a friction factor expressed in terms of the

Reynolds number of the flow, as follows:
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A=[0.79 In Re — 1.64] 2 Eq. (13)

Here, we adopt the Reynolds number expression chosen by Wilson and Head (2017) in

their paper discussing steady-state eruptions at lunar rille sites, which is given by:

Re=4Uh p/pn Eq. (14)

in which U is lava horizontal velocity and p is dynamic viscosity. By using Egs. (12) and
(13) combined, velocity values of 4.2, 6.6 and 10.2 m s™! are found for lava thicknesses of
5, 10 and 20 m, respectively. The values adopted in our simulations are rounded up to 5, 7
and 10 ms..

The thickness of individual flow units on the Moon has been a subject of debate
over the last few decades. Astronauts on the Apollo 15 mission observed and photographed
layered lava flows in the walls of Hadley Rille and found individual flow units < 1 m in
thickness intercalated with units 10-20 m thick and even thicker (Howard and Head, 1972,
Howard et al., 1972; Swann et al., 1972; Spudis et al., 1988; Vaniman et al., 1991). Recent
Lunar Reconnaissance Orbiter (LRO) images of individual layers, interpreted to be
sequences of mare basalt flow units, range between 2 and 14 m in thickness (Robinson et
al., 2012). Considering these findings, the values of lava thickness adopted in this study

are 5, 10 and 20 m.

Thermophysical parameters

201



Tables 5.1 (a, b) illustrate the key thermophysical parameters of the lava thought to
have formed the Vallis Schroteri inner rille for the two scenarios of interest. The laminar
or molecular Prandtl number of the flow ranges from a minimum of 570 for a superheated
lava that is erupted at a temperature of 1630°C to a maximum of 64,069 for a lava that
flows at a sub-liquidus temperature of 1340°C. The higher Prandtl value occurs at the
lava/substrate interface of a 20-m-thick flow for which the kinematic viscosity calculated
for a lava temperature of 1340°C is equal to 7.5 x 10 m? s! (equivalent to a dynamic
viscosity of 21.8 Pa s). For the 20-m-thick insulated flow, the choice of lower freestream
and interface temperatures compared to their radiating counterpart values was made for the
purpose of testing whether flow conditions might still be Newtonian or not. The specific
heat capacity of the lava is equal to 1570 J kg! °C! at the liquidus temperature and above
(Williams et al., 2000), and the specific heat of the lava substrate (consolidated) is chosen
at the effective temperature of melting of the ground (Temg=1160°C, from Williams et al.,
2000). The value of the latent heat of fusion of the substrate, Lg, is taken to be equal to 4.25

x 103 I kg (Williams et al., 2000).

Among the parameters that are not shown in the Table, the turbulent thermal diffusivity,

o1, is an input parameter of the model and we take it equal to 10~ and 0 m? s”! at the source and

lava/substrate interface, respectively. The turbulent thermal diffusivity, ot is equal to zero at the

lava/substrate interface because flow velocity is zero there and, hence, there is no turbulent

component of motion either. The temperature at which a basaltic substrate melts is Tmg =

1080°C (from Williams et al., 1998, 2000). The effective temperature (accounting for substrate

viscosity) at which a basaltic substrate melts is Temg = 1160°C (from Williams et al., 1998,
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2000) and the ambient temperature of the ground, far from the lava/substrate interface, is Ta =
0°C. The turbulent Prandtl number can take values comprised between 0.7 and 0.9 and is here
equal to 0.7 and 0.85. The former value applies to the freestream whereas the higher value is

assumed to occur at the channel bed and banks.

Table 5.1a — Scenario 1 (flow radiating heat into the lunar environment). Model thermophysical
parameters. Lava is assumed to be erupted at the liquidus temperature but, once in contact with
the lunar environment, it cools down to sub-liquidus values. The last sub-scenario refers to lava
that is erupted superheated. For each individual sub-scenario, lava is assumed to be 5 and 20 m
in thickness, and travel at a horizontal velocity, Uy, that is equal to 5 m s™! for the thinner flows
and 5 and 10 m s for 20-m-thick lava. The temperature drop (at time of eruption) that is
undergone by the flowing lava is likely much higher than the one shown here (see text). The
illustrated sub-liquidus values are calculated by the Stefan-Boltzmann expression and refer to
a downstream distance of 1 km from the source. The decrease in temperature is higher for flows
that are thinner and slower. The lava substrate is assumed to be consolidated and identical in
composition to the flowing lava. The suffix “int” stands for interface (channel bed and banks);
“T1” stands for “lava temperature”, “h” is lava thickness, “freestream” is the channel region that
is farthest from channel boundaries. Pr is laminar (molecular) Prandtl number, C; is specific
heat capacity of the lava, Cy is specific heat capacity of the lava substrate, L is latent heat of
fusion of the lava substrate. Values of the turbulent Prandtl number, Prt, are not shown here and
are equal to 0.7 in the freestream and 0.85 at the channel bed and banks. The turbulent
thermal diffusivity, a, is not shown and is equal to 10 m? s™! and 0 at the lava source and the
channel interface, respectively.

Input thermophysical parameters — Scenario 1. Lava radiating heat into the lunar
vacuum

Sub-liquidus temperatures

Ti Tint h Ux Pr_freestream Pr_interface Lg Cp_freestream Cg

°C °C |m |ms! |# # m?s? m?s2°C! | m?s2oC!
1400 | 1380 |5 5 6396 13,832 | 4.25x 10° | 1550 1500

Ti Tine |h | Ux 4391 20,256 | 4.25x10° | 1555 1500

°C °C |m |ms"!

1410 | 1370 {20 |5

Ti Tine |h | Ux 3635 16,737 | 4.25x10° | 1557 1500

°C °C |m |ms?!
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1415 | 1375 {20 |10

Superheated lava

Ti Tt |h | Ux 575 576 425x10° | 1570 1500
°C °C m s’!

1590 | 1570 |5 5

Ti Tt |h | Ux 574 577 4.25x10° | 1570 1500
°C °C m s’!

1600 | 1560 |20 |5

Ti Tt |h | Ux 573 574 425x10° | 1570 1500
°C °C m s’!

1605 | 1565 |20 | 10

Table 5.1b — Scenario 2 (lava flowing insulated in a tube). Model thermophysical parameters.
Values refer to three main sub-scenarios: a) Lava is erupted at the liquidus temperature; b) lava
is erupted at sub-liquidus temperatures that are within 60°C of the liquidus value; c) lava is
superheated and eruption temperature is 190°C higher than liquidus (Wieczorek et al., 2000).
Each sub-scenario refers to flows that are 5 and 20 m thick and travel at horizontal velocities
of 5 and 5 and 10 m s°!, respectively. The latent heat of the flowing lava, Li, is always equal
to 425,000 m? s. The turbulent thermal diffusivity, a, is equal to 10 m? s™ and 0 at the lava
source and the channel interface, respectively.

Input thermophysical parameters — Scenario 2. Lava flowing insulated (in a tube)
Liquidus temperature

Ti Tint h Ux Pr_freestream Pr_interface Lg Cp_freestream Cg
°C °C m |ms! |# # m? s~ m?s?°C! | m?s?°C’!
1440 | 1420 | 5 5 1410 3016 425x10° | 1570 1500
Ti Tt | h Ux 1410 6473 425x10° | 1570 1500
°C °C ms’!

1440 | 1400 [ 20 |5

Ti Tt | h Ux 1410 6389 425x10° | 1570 1500
°C °C ms’!

1440 | 1400 | 20 | 10
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Sub-liquidus temperatures

T Tint h Ux 13,711 29,654 425x10° | 1540 1500
°C °C m |[ms’!
1380 | 1360 | 5 5

Ti Tint h Ux 13,693 64,069 425%x10° | 1540 1500
°C °C m |[ms’!
1380 | 1340 |20 | 5

Ti Tine |h | Ux 13,693 64,069 | 4.25x10° | 1540 1500
°C °C |m |ms!

1380 | 1340 | 20 |10

Superheated lava

Ti Tine |h | Ux 570 572 425x10° | 1570 1500
°C °C |m |ms!

1630 | 1610 |5 5

T Tint h Ux 570 572 425x10° | 1570 1500
°C °C m |[ms’!
1630 | 1590 |20 | 5

Ti Tine |h | Ux 570 570 425x10° | 1570 1500

°C °C m |[ms’!

1630 | 1590 | 20 | 10

The model assumes steady-state flow conditions, an assumption justified by the
likely long-lasting duration of eruptive events associated with the formation of lunar
sinuous rilles (Wilson and Head, 2017). The lava substrate is modeled as consolidated. For
reference, the chapter dedicated to the sensitivity analysis describes the impact of an
unconsolidated substrate on erosion rates. The thickness of individual lava layers is taken
to be equal to 5 to 20 m for reasons that are well-explained in the sensitivity analysis

chapter.
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The geometry of the rille

As part of the current investigation, new measurements obtained from high-
resolution LROC NAC images provide a length of ~200 km and an average width of ~160
m. The width value can locally increase up to ~320 m, although these higher values are
only measured in the proximity of goose-neck meander axes, where the channel is always
wider than at other rille sections. The inner rille extends ~50 km farther downstream of the
primary rille, and cross cuts the distant wall of the larger channel before it finally reaches
its terminus point in Oceanus Procellarum. As soon as the inner rille cross cuts the primary
outer rille wall, the channel becomes narrower (~100 in width), meanders become rare, of
shorter wavelength (~650 m) and lower amplitude (~250 m). The rille remains moderately
sinuous until it reaches its terminus point in Oceanus Procellarum. The high-resolution
LROC NAC images show that, out to a downstream distance of ~125-150 km from the
Cobra Head (lava source), channel corners are well rounded (a likely sign of
thermal/thermo-mechanical erosion) and meanders are similar to those located in the
upstream portions of the rille.

The inner rille is locally characterized by very sinuous, goose-neck meanders out
to a downstream distance of ~145 km from the lava source (only a few km upstream of the
point where the inner rille cuts through the primary rille wall), and meanders that are more
flattened in shape. The average meander wavelength is measured to be ~800 m, though
values are found to vary down to ~650 within ~40 km of the rille terminus, and up to ~1200

m at rille portions that are closer to the lava source. A close inspection of goose-neck
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meanders reveals that they occur in association with narrow mounds that might have acted
as obstacles, thus compelling the flow to follow a loopy path around them.

Based on the recent measurements obtained from available high-resolution LROC
NAC images of the Vallis Schroteri inner rille, a range of grid geometries was chosen and
dealt with in the sensitivity analysis (S.A.) chapter. The baseline geometry adopted here
consists of a channel that is 160 m wide and has meander wavelength and amplitude of 800
m and 300 m, respectively. The only difference is that lower- and upper-end values are
used for lava thickness (5 and 20 m) instead of the 10-m value adopted in the S.A. This
geometry displays channel meanders that are more flattened than the goose-neck meanders

that characterize other portions of the rille.

Turbulence parameters

Table 5.2 shows the initial values of turbulent kinetic energy k and specific
turbulent dissipation ® used in the SST k- model, calculated at the 1200-m-long rille
section of interest. This mesh geometry is representative of a limited portion of the Vallis
Schréteri primary rille though it is ideal for the purpose of determining maximum erosion
rates at/near the lava source. Also, a 1.2-km-long mesh allows for a high cell resolution
(the closest grid cell to the channel bed/banks is 0.5 m away from the walls) due to the
much lower computational cost involved. The lower the values of k, the less kinetic energy
is dissipated within the flow. As shown in Table 5.2, the lowest value of turbulent kinetic
energy k is found for a 20-m-thick superheated lava whereas the highest belongs to a 5-m-

thick flow that is erupted at a sub-liquidus temperature of 1380°C. A lava with a
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temperature of 1380°C is associated with a flow viscosity that is more than an order of
magnitude higher than that associated with a flow erupted at the liquidus temperature (4.4
Pa s versus 0.4 Pa s at Tiiq). Another feature worth noticing is that k values are always equal
to zero at channel boundaries because flow velocity is zero there. Because there is no lava
motion, no turbulence dissipation processes take place at close contact with the
lava/substrate interface. As regards specific turbulence dissipation (w) values, the lowest
is found at the inlet (lava source) of a 20-m-thick flow that travels at a horizontal velocity
of 5 m s!. The highest o value is found at the channel boundary (@ _int value), where flow
viscosity is highest, and refers to a 20-m-thick flow that is erupted at a sub-liquidus
temperature of 1380°C with an interface temperature of 1340°C and a dynamic viscosity
of 21.8 Pass.

Turbulence intensity values (not displayed in the table) are comprised between a
minimum of 4.8 x 102 and a maximum of 2.8 x 10~ and are indicative of a low turbulence
intensity (lower than 0.5%). Turbulence intensity decreases for increasing flow rates and
Reynolds number of the flow. As a result, it is higher for thinner lava flows and lower-
temperature, higher-viscosity lavas. For flows of the same thickness, lower flow rates are
characterized by slightly higher values of turbulence intensity and much lower values of k
and o than those associated with higher flow rates.

Table 5.2 - Model input parameters. Mesh properties and calculated turbulence parameters
for the adopted SST k- turbulence model and the two investigated eruption scenarios. The
length of the investigated rille segment is 1.2 km (from the lava source) and cell resolution
is 0.5 m at channel boundaries. Variations in meander wavelength, A, and amplitude, 2A,
do not affect turbulence parameters values. All values refer to eruption temperatures in the
range 1630°C-1380°C and flow kinematic viscosities in the range 1.4 x 10 m? s (for

superheated and liquidus lavas) to 7.5 x 10 m?s™! (for Tin=1340°C). “Hydr. radius” stands
for hydraulic radius (see sensitivity analysis chapter for a detailed description). As regards
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turbulence parameters, k is turbulent kinetic energy and o is specific turbulence dissipation
(see sensitivity analysis chapter); the suffix “int_field” refers to the flow core or freestream
lava that is far from boundaries (bed and banks); kinlet is turbulent kinetic energy at the lava
source; kiwop and wwp are not shown here because they are calculated in the model.
Turbulence intensity values (not displayed in the table) are comprised between a minimum
of 4.8 x 10 and a maximum of 2.8 x 10 and are indicative of a low turbulence intensity
(always lower than 0.5%).

Geometry of the meandering channel

Flow depth (h) | Length (I) | Width (w) | Hydr. radius | Meander A | Meander 2A
m m m m m m

5 1200 160 4.7 800 300

20 “ «“ 16.0 “ “

Scenario 1 (flow radiating heat). Calculated input turbulence parameters - SST k-

model (from Menter, 1993)

h Ti Tint. | Ux Kint field Kinlet Kint int_field | Oinlet Oint.
m |°C |°C |ms! |m?’s? m? s m?s? |s! 5! 57!
Subliquidus temperature

5 1400 | 1380 | 5 3.6x10° [ 7.0x 102 | 0.0 4.8 1.5 49
20 | 1410 | 1370 | 5 72x10° [4.7x 102 | 0.0 1.4 3.5x10! |73
20 | 1415 | 1375 | 10 1.2x10° | 1.5x 10" | 0.0 2.8 6.3x10" [ 59
Superheated lava

5 1590 | 1570 73x10° [4.7x 102 | 0.0 4.8 1.2 0.4
20 | 1600 | 1560 2.1x10° [3.5x102 | 0.0 1.4 3.0x10! |04
20 | 1605 | 1565 | 10 43x10°% | 1.2x10" | 0.0 2.8 56x10" [ 0.4

Scenario 2 (insulated flow). Calculated input turbulence parameters - SST k-w model
(from Menter, 1993)

h Ti Tint. | Ux Kint fid Kinlet Kint. Oint fld | Oinlet Oint
m |[°C |°C |ms!|m?s? m? s m?s? | s’ st s
Liquidus temperature

5 1440 | 1420 73x10° | 4.7x102 | 0.0 4.8 1.2 1.0
20 | 1440 | 1400 2.2x10% {3.5x102 | 0.0 1.4 3.0x 107 |22
20 | 1440 | 1400 | 10 8.6x10° | 1.2x10" | 0.0 2.8 6.0x 10" | 2.2
Subliquidus temperature

5 1380 | 1360 | 5 8.1x107 | 8.6x102 | 0.0 4.8 1.6 10.8
20 | 1380 | 1340 |5 24x10° [ 6.3x102 |0.0 1.4 41x101 | 24.1
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Erosional patterns at the rille bed and banks

20 ‘ 1380 ‘ 1340 | 10 47x10° | 2.1x10" | 0.0 2.8 7.5x 107 | 24.1

Superheated lava

5 1630 | 1610 | 5 73x10% | 4.7x102 | 0.0 4.8 1.2 0.4

20 | 1630 | 1590 |5 2.1x10° |3.5x102 | 0.0 1.4 3.0x10" | 0.4

20 | 1630 | 1590 | 10 43x10° | 1.2x 10" | 0.0 2.8 56x107" |04
Results

The most consistent pattern observed in every single section considered, regardless

of the geometric characteristics of the section itself, is the presence of two regions of

thermal erosion enhancement that are located at or in proximity of meander troughs (the

right bank at a channel cross-section cut parallel to bend 1 axis, in shown computer

simulations) and over the bends. The lowest values of thermal erosion are found at meander

apexes (the left bank at the mentioned channel cross-section), and this appears to always

be the case regardless of channel geometry and assumed flow rates. Figs. 5.1 (a, b, ¢) show

the described distribution of erosion rate changes at the bed and banks of a 1200-m-long

and 20-m-thick channel section. Erosion highs at the bed are always found within a few

meters of either of the two banks or within several meters (~25 m) of the right bank, as

shown in Fig. 5.1a.
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EROSION RATES AT THE BED OF A 1200-M-LONG RILLE SECTION

T bed: 1400°C

ce - Tlig: 1440°C; Ux: 7 m/s Erosion low

Erosion high - ) right bank

Erosion high

Erosion high
left bank

Erosion low

Figure S.1a. Planar view that shows how erosion rate distribution varies at the bed of a
1200-m-long rille section. Lava source is on the left and flow motion is rightward. Erosion
highs are concentrated at or near bend troughs whereas lows are found at bend apexes.

EROSION RATES AT THE LEFT BANK OF A 1200-M-LONG RILLE SECTION

T_left bank

Lava source - Tlig: 1440°C

Erosion high

Erosion low

Figure 5.1b. Planar view that shows how erosion rate distribution varies at the left bank of
a 1200-m-long rille section. Lava source is on the left and flow motion is rightward.
Erosion highs are concentrated at or near bend troughs whereas erosion lows are found at
bend apexes.
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Figs. 5.1 (b, c¢) reveal a similar distribution of erosion rates at the left and right banks of
the channel section of interest. Changing eruption conditions and flow parameters cause
erosion highs and lows to migrate downstream or upstream of their original locations (as
shown in the sensitivity analysis chapter) though such shifts are usually on the order of a
few meters or tens of meters. Because of this, they are usually difficult to visualize at the
image scale provided in Fig. 5.1.

In the sensitivity analysis chapter, a two-fold approach was adopted in the study of
the distribution of erosion rates within the channel section of interest. Erosion rates were
measured across the entire rille section and then at one or two cross-sections of the channel
that were cut parallel to bend axes. The former approach provides a precise “mapping” of
erosion highs and lows at the bed and reveals how those highs and lows relate to the highs
and lows found at bed/bank contacts. While this approach proves especially useful in the
context of a sensitivity study, it is not strictly needed in this analysis. The results obtained
at one and occasionally two cross-sections of the rille will reveal the details of flow
circulation at meander bends and how those affect erosion rate magnitudes and their

distribution at the bed and banks of two adjacent rille bends or meanders.
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EROSION RATES AT THE RIGHT BANK OF A 1200-M-LONG RILLE SECTION

Lava source — Tlig: 1440°C; Ux: 7 m/s Erosion low

Erosion high
r(islon igl > Erosion high

Figure 5.1¢. Plan view that shows how the erosion rate distribution varies at the right bank
of a 1200-m-long rille section. Lava source is on the left and flow motion is rightward.
Erosion highs are concentrated at or near bend troughs whereas lows are found at bend
apexes.

Scenario 1 - Cooling rates for the inner rille lava

In scenario 1, lava is assumed to lose heat through the flow top by radiation into
the lunar environment. Here, Stefan-Boltzmann expression is used to provide a first order
estimate of lava cooling rates (see Table 5.3) for flows that travel at velocities of 5 and 10
m s\, At time of eruption, lava temperature is assumed to be equal to 1440°C (liquidus),
1380°C (sub-liquidus) and 1630°C (superheated lava). The radiant emittance, Qr, has
dimensions of energy output (energy per unit time per unit area) and is calculated for both
temperature values. Using this piece of information together with the previously calculated
lava velocities of 5 and 10 m s™!, the time taken by the flow to travel a downstream distance
of 1 km from the source is found. The total energy output through the flow top (out to the

traveled distance of 1 km) is then used to derive the cooling rate (°C/km) at the flow top.
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Table 5.3 shows how the cooling rate through the flow top varies depending on the initial
temperature of the lava and the flow rate. The higher the eruption temperature, the higher
the radiant emittance through the flow top. Expectedly, the highest value at time of eruption
(7.1 x 10° kg s> or W m?) refers to superheated lava and the lowest is obtained from sub-
liquidus lava. Lava that flows at a horizontal velocity of 10 m s™! takes a shorter time to
travel the 1-km distance from the source and the total energy output through the flow top
is lower than that produced by a flow that travels at a velocity of 5 m s™'. The highest
cooling rate of 10.1°C/km is thus associated with a flow that travels at 5 m s and is erupted
at a temperature of 1630°C whereas the lowest (5.2°C/km) is obtained from sub-liquidus
lava that flows at 10 m s'. How do we provide an estimate of the distance to the
turbulent/laminar transition? Simulations obtained by assuming an eruption temperature of
1340°C (and a corresponding dynamic viscosity of 21.8 Pa s) show that flow conditions
are unlikely to be Newtonian because unrealistic and physically inconsistent results are
obtained. Because of this, the 1340°C temperature value is used to mark the
turbulent/laminar regime transition and the calculated cooling rates are used to obtain a
first order estimate of the distance traveled by the lava till that temperature is reached. The
approach adopted here — while being very simplistic — is applicable to a range of eruption
temperatures and flow rates. As a result, lava that is erupted at a temperature of 1630°C
and travels at a velocity of 10 m s might be able to flow turbulently out to a downstream
distance of ~48 km from the source. In contrast, a flow erupted at a sub-liquidus
temperature of 1380°C and traveling at a velocity of 5 m s”! might do so only for about 4.5

km.
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Table 5.3 — Scenario 1 (lava radiating heat into the lunar vacuum). The lava is assumed to
erupt at the liquidus temperature (1440°C), at a sub-liquidus temperature (1380°C) and at
a temperature of 1630°C (superheated lava). This table provides a first-order estimate of
lava cooling obtained by using Stefan-Boltzmann expression, three values of eruption
temperature for the Vallis Schroteri inner rille lava and the calculated flow velocities of 5
and 10 m s, Te is temperature of eruption; Te is here identical to Tsuf, the initial lava
temperature at the flow top; Ta is ambient temperature or temperature of the lunar
environment; ¢ is Stefan-Boltzmann constant; € is emissivity through flow top; Qr is energy
output through flow top; tikm is the time taken by the flow to travel the 1-km distance from
the lava source; Qrat =11 is the total energy output through the flow top out to the 1-km
distance from the source; C.R. is the cooling rate of the lava; Diam is the distance to the
turbulent/laminar regime transition.

Scenario 1 (flow radiating heat). First order estimate of lava cooling rate from flow
top. Estimate obtained by using Stefan-Boltzmann expression

Ux Tesurf | Tswt | © € Qratt=0 | tikm | Qratt=t1 C.R. Diam
ms! | °C °C W m?ZK* | # kg s’ s kg s °C/km | km

5 1440 | 1440 |5.67x10%[0.93|4.6x10°|200 |3.7x10' |9.1 11.0
10 1440 | 1440 [5.67x10% (093 |4.6x10°| 100 | 4.6x 10" |54 18.5

5 1380 | 1380 |[5.67x10%|0.93 [4.0x10°|200 |3.2x 10" | 8.8 4.6
10 1380 | 1380 |[5.67x10%]0.93 |4.0x10°| 100 | 4.0x 10" | 5.2 7.7

5 1630 | 1630 |5.67x10%(0.93 | 7.1x10°|200 |5.7x 10 | 10.1 28.7
10 1630 | 1630 |5.67x10%[0.93 |7.1x10°|100 | 7.1x 10" | 6.0 48.3

Scenario 1 - Erosion rates at channel cross-section 400

This section describes results relevant to a rille section that is identical to that
considered in the sensitivity analysis chapter, i.e., cross-section 400, which is cut along
bend 1 trough and is shown here again for the sake of completeness (see Fig. 5.2). As
previously mentioned, lava temperatures are assumed to be 30-40°C lower than their values
at time of eruption, the exact value depending on flow thickness. In this section, the

erosional power of both sub-liquidus and superheated lavas will be explored. Fig. 5.3
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illustrates the erosion rates distribution at the bed of a 5-m-thick lava with a sub-liquidus
temperature of 1400°C and traveling at a horizontal velocity of 5 m s™\. As for the other 5-
m-thick flows, the temperature chosen at the lava/substrate interface is 20°C lower than the

freestream value (i.e., equal to 1380°C).

View of channel bed

Cross-section 400

Right bank

Figure 5.2. Plan view of rille bed for the 1200-m-long channel section of interest. Bend 1
axis is located at the lava source and cross-section 400 is cut through bend 1 trough at a
downstream distance of 400 m from the lava source (left). The erupted lava flows toward
the right end of the channel.

Maximum erosion rate values of 5.6 cm/day are obtained within ~10 m of the bed/right
bank contact. While moving toward the bed/left bank contact, erosion into the substrate
decreases at an almost constant rate till the distance of 40 m from the contact is reached.
Within 40 m of the left bank, erosion rates decrease faster to a minimum of 0.1 cm/day that
is obtained within 1 m of the bed/left bank contact.

Fig. 5.4a shows erosion rates at the left bank of channel cross-section 400.

Maximum erosion rates of 0.37-0.38 cm/day are found at the bank top and from there down
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to a vertical distance of ~2 m from the bank/bed contact. Within 2 m of the contact, erosion
rates drop to a minimum of 0.09 cm/day. Erosion rates at the right bank are shown in Fig.
5.4b. For progressively decreasing vertical distances from the bank top to the underlying
rille bank/bed contact, the erosion rate distribution appears very similar to the one shown
in Fig. 5.4a (left bank), though the actual values are higher. Maximum values of 3.2-3.4
cm/day are found starting at the bank top and from there down to a vertical distance of ~2
m from the bank/bed contact. Within 2 m of the contact, erosion rates drop till a minimum

value of 1.8 cm/day is reached at the contact itself.
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Figure 5.3. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the bed
of channel cross-section 400, a section cut through bend 1 trough. Results for a 5-m-thick
lava flowing at the sub-liquidus temperature of 1400°C and a velocity of 5 m s'. Lava
temperature at the bed is equal to 1380°C. Maximum erosion rate values of 5.6 cm/day are
obtained within ~10 m of the bed/right bank contact. While moving toward that contact,
erosion into the substrate decreases at an almost constant rate till the distance of 40 m from
the contact is reached. Within 40 m of the left bank, erosion rates decrease faster to a
minimum of 0.1 cm/day that is obtained within 1 m of the bed/left bank contact.
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Figure 5.4a. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the left
bank of rille cross-section 400. A 5-m-thick lava flowing at the sub-liquidus temperature
of 1400°C and a velocity of 5 m s™'. Lava temperature at both channel banks is equal to
1380°C. Maximum erosion rates of 0.37-0.38 cm/day are found at the bank top and from
there down to a vertical distance of ~2 m from the bank/bed contact. Within 2 m of the

contact, erosion rates drop till a minimum value of 0.09 cm/day is reached at the contact
itself.
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Figure 5.4b. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the right
bank of rille cross-section 400. Results refer to a 5-m-thick lava at the sub-liquidus
temperature of 1400°C and flowing at a horizontal velocity of 5 m s™'. Lava temperature at
this bank is equal to 1380°C. The distribution of erosion rates with progressively
decreasing vertical distances from the underlying rille bed appears very similar to the one
shown in Fig. 4a (left bank). Erosion values are higher though. Maximum values of 3.25-
3.41 cm/day are found at the bank top and from there down to a vertical distance of ~2 m
from the bank/bed contact. Within 2 m of the contact, erosion rates drop till a minimum
value of 1.8 cm/day is reached at the contact itself.
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We next consider a 20-m-thick lava flowing at a temperature of 1410°C and a velocity of
5ms!. Fig. 5.5 shows a plan view of the channel bed and the associated erosion rates. The
source and freestream lava temperatures are assumed to have dropped 30°C below liquidus
at time of eruption. The interface temperature is taken to be equal to 1370°C, i.e., 40°C
lower than the lava freestream value. Lava source is on the left and flow motion is
rightward. Once again, erosion highs (up to ~15.0 cm/day) are concentrated at or near bend

troughs whereas lows are found at bend apexes.

SCENARIO 1 - LAVA RADIATING HEAT INTO THE LUNAR VACUUM

T_bed: 1370°C

depth: 20 m
0m

1410°c; Ux: 5 m/s

Figure 5.5. Plan view that shows how erosion rates vary at the bed of a 1200-m-long rille
section. Scenario 1 (lava radiating heat into the lunar vacuum). Erosion rates are referred
to a 20-m-thick lava of temperature equal to 1410°C (temperature dropped by 30°C at time
of eruption) and flowing at a horizontal velocity of 5 m s'. The lava/substrate interface
temperature is taken to be equal to 1370°C, i.e., 40°C lower than the lava freestream value.
Lava source is on the left and flow motion is rightward. Once again, erosion highs (up to
~15.0 cm/day) are concentrated at or near bend troughs whereas lows are found at bend
apexes.

Fig. 5.6 shows the erosion rates distribution at channel cross-section 400. Maximum

erosion rates of 13.8 cm/day are obtained within ~10 m of the bed/right bank contact. While

221



moving toward the bed/left bank contact, erosion into the substrate decreases at an almost
constant rate out to ~60 m from the same contact. Then, values level off out to ~30 m
from the contact. From that point on, erosion rates decrease faster and then slowly
increase again within 10 m of the contact. A minimum value of 0.2 cm/day is finally

reached within 1 m of the bed/left bank contact.

Cross-section 400 m
Channel bed
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Channel width - m
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Figure 5.6. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the bed
of rille cross-section 400. Lava is 20 m thick and flows at the sub-liquidus temperature of
1410°C and a velocity of 5 m s”'. Temperature at the bed is 1370°C. Maximum erosion
rates of 13.8 cm/day are obtained within ~10 m of the bed/right bank contact. While
moving toward the contact, erosion into the substrate decreases at an almost constant rate
out to ~60 m from the contact itself. Then, values level off and remain almost constant out
to ~30 m from the contact. From that point on, erosion rates decrease faster and then
slightly increase within 10 m of the contact. A minimum value of 0.2 cm/day is finally
reached within 1 m of the bed/left bank contact.

.51
Cross-section 400 m
- Left channel bank
o
\\
551
5 \
45
g -
€
[4]
ﬁ 35
=
g
i .
25
\
24
\
154
14
054
U T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Channel/lava depth - m

223



Figure 5.7a. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the left
bank of rille cross-section 400. Results refer to a 20-m-thick flow at 1410°C, which travels
at a velocity of 5 m s'. Lava temperature at the bank is equal to 1370°C. Erosion rates
increase from a value of 6.1 cm/day at the bank top to a maximum of 6.8 cm/day at a
vertical distance of ~7 m from the bank top. From that point on, they decrease faster and
faster until they literally drop to a minimum of 0.2 cm/day within ~6 m of the left bank/bed
contact.

At the left bank of cross-section 400 (Fig. 5.7a), erosion rates increase from a value of 6.1
cm/day at the bank top to a maximum of 6.8 cm/day at a vertical distance of ~7 m from the
bank top. From that point on, they decrease faster and faster until they literally drop to a
minimum value of 0.2 cm/day. The sharpest drop occurs within ~6 m of the left bank/bed
contact. Fig. 5.7b shows erosion rates on the opposite bank (right bank). Erosion rates
increase from a value of 12.7 cm/day at the bank top to a maximum of 13.4 cm/day at a
vertical distance of ~7 m from the bank top. Then, they decrease (first at a fast and then a

slower rate) till a vertical distance of ~3 m from the underlying bank/bed contact is reached.

The sharpest decrease in erosion rate finally occurs within ~3 m of the left bank/bed contact.
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Figure 5.7b. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the right
bank of'rille cross-section 400. Results refer to 20-m-thick lava at a temperature of 1410°C,
which travels at a velocity of 5 m s”!. Lava temperature at the bank is equal to 1370°C.
Erosion rates increase from a value of 12.7 cm/day at the bank top to a maximum of 13.4
cm/day at a vertical distance of ~7 m from the bank top. Then, they decrease (first at a fast
and then slower rate) till a vertical distance of ~3 m from the underlying bank/bed contact
is reached. The sharpest decrease in erosion rate finally occurs within ~3 m of the left
bank/bed contact.
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Last, a 20-m-thick flow that travels at a velocity of 10 m s™! is considered. Lava freestream

and interface temperatures are 1415°C and 1375°C, respectively (Fig. 5.8).

SCENARIO 1 - LAVA RADIATING HEAT INTO THE LUNAR VACUUM

T_bed: 1375°C

va depth:
length:

T_subliq: 1415°C; Ux: 10 m/s

Figure 5.8. Plan view that shows how erosion rates vary at the bed of a 1200-m-long rille
section. Scenario 1 (lava radiating heat into the lunar vacuum). Erosion rates are referred
to a 20-m-thick lava of temperature equal to 1415°C (temperature dropped by 25°C at time
of eruption) and flowing at a horizontal velocity of 10 m s™!. The interface temperature is
taken to be equal to 1375°C, i.e., 40°C lower than the lava freestream value. Lava source
is on the left and flow motion is rightward. Once again, erosion highs (up to ~31.9 cm/day)
are concentrated at or near bend troughs whereas lows are found at bend apexes. Erosion
highs are doubled compared to those produced by lava of the same thickness that flows at
S5ms,

For this sub-scenario, lava temperature is assumed to have dropped only 25°C below the
liquidus value at time of eruption. Erosion rates reach maximum values of ~30 cm/day at
the bed (at/near bend troughs), i.e., they are doubled compared to the values obtained for a
20-m-thick lava that flows at a slower velocity (5 m s™!). Fig. 5.9 shows the distribution of
erosion rates at the bed of channel cross-section 400. Maximum erosion rates of 29.0

cm/day are obtained within ~10 m of the bed/right bank contact. Values are higher by a

factor of 2.1 than those produced by a 20-m-thick flow that travels at 5 m s™\. While moving
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toward the bed/left bank contact, erosion into the substrate fast decreases and then levels
off within ~60 m of the interface and out to ~30 m from it. From that point on, erosion rates

drop rapidly, then increase briefly and finally drop to a minimum of 3.8 cm/day within 1

m of the bed/left bank contact.
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Figure 5.9. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the bed
of rille cross-section 400. Lava is 20 m thick and flows at the sub-liquidus temperature of
1415°C and a velocity of 10 m s!. Temperature at the bed is 1375°C. Maximum erosion
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rates of 29.0 cm/day are obtained within ~10 m of the bed/right bank contact. Values are
higher by a factor of 2.1 than those produced by a 20-m-thick flow that travels at 5 m s™.
While moving toward the bed/left bank contact, erosion into the substrate fast decreases
and then levels off at ~60 m from the contact and out to ~30 m from it. From that point on,
erosion rates drop off and then increase briefly within 10 m of the contact. A minimum
value of 3.8 cm/day is reached within 1 m of the bed/left bank contact.
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Figure 5.10a. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the
left bank of rille cross-section 400. Results refer to a 20-m-thick flow at 1415°C, which
travels at a velocity of 10 m s™. Lava temperature at the bank is equal to 1375°C. Erosion
rates increase from a value of 13.4 cm/day at the bank top to a maximum of 15.4 cm/day
at a vertical distance of ~7 m from the bank top. From that point on, they decrease faster
and faster until they drop to a minimum value of 3.4 cm/day at the left bank/bed contact.
The fastest drop in erosion rates occurs within ~3 m of the contact. Erosion rates are
doubled compared to those obtained at the left bank by the same flow traveling at a slower
velocity (5 m s™).

At the left bank (Fig. 5.10a), erosion rates increase from a value of 13.4 cm/day at the bank
top to a maximum of 15.4 cm/day at a vertical distance of ~7 m from the bank top. From
that point on, they decrease faster and faster until they drop to a minimum value of 3.4

cm/day at the left bank/bed contact. The fastest drop in erosion rates is found within ~3 m
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Figure 5.10b. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the
right bank of rille cross-section 400. Results refer to 20-m-thick lava with a temperature of
1415°C and a horizontal velocity of 10 m s™. Lava temperature at the bank is equal to
1375°C. Erosion rates increase from a value of 28.1 cm/day at the bank top to a maximum
of 29.6 cm/day at a vertical distance of ~7 m from the bank top. Then, they decrease (first
at a fast and then slower rate) till a vertical distance of ~3 m from the underlying bank/bed
contact is reached. The sharpest decrease in erosion rate finally occurs within ~3 m of the
contact. The minimum erosion rate of 8.5 cm/day is found at the contact itself.
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of the bank/bed contact. Once again, erosion rate values are doubled compared to those
generated at the left bank by the same flow traveling at a horizontal velocity of 5 m s!. Fig.
5.10b shows results referring to the right bank of cross-section 400. Erosion rates increase
from a value of 28.1 cm/day at the bank top to a maximum of 29.6 cm/day at a vertical
distance of ~7 m from the bank top. Then, they decrease (first at a fast and then slower
rate) till a vertical distance of ~3 m from the underlying bank/bed contact is reached. The
sharpest decrease in erosion rate finally occurs within ~3 m of the left bank/bed contact.
The minimum erosion rate of 8.5 cm/day is found at the contact itself.

The next task is to explore the erosional power of superheated lava that radiates
heat through the flow top. We start with a 5-m-thick flow that travels at a velocity of 5 m
s-!. Lava temperature is equal to 1590°C and the temperature at the lava/substrate interface
is 1570°C. Fig. 5.11 shows the erosion rate distribution at the bed of cross-section 400.
Maximum erosion rates of 27.2 cm/day are obtained within ~10 m of the bed/right bank
contact. Values are higher by a factor of ~4.8 than those produced by the 5-m-thick sub-
liquidus flow that travels at 5 m s™! (see Fig. 5.3). While moving toward the bed/left bank
contact, erosion into the substrate fast decreases and then levels off at ~40 m from the
contact and out to ~35 m from it. From that point on, erosion rates drop very rapidly. A

minimum value of 4.0 cm/day is reached within 1 m of the bed/left bank contact.
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Figure 5.11. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the bed
of rille cross-section 400. A 5-m-thick superheated lava with a temperature of 1590°C and
flowing at a velocity of 5 m s™'. Temperature at the bed is 1570°C. Maximum erosion rates
of 27.2 cm/day are obtained within ~10 m of the bed/right bank contact. Values are higher
by a factor of ~4.8 than those produced by the 5-m-thick sub-liquidus flow that travels at
5 m s (see Fig. 5.3). While moving toward the bed/left bank contact, erosion into the
substrate fast decreases and then levels off at ~40 m from the contact and out to ~35 m
from it. From that point on, erosion rates drop very rapidly. A minimum value of 4.0
cm/day is reached within 1 m of the bed/left bank contact.
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Fig. 5.12a shows the erosion rate distribution at the left bank. Erosion rates rapidly increase
from a value of 5.1 cm/day at the bank top to a maximum of 6.7 cm/day ~3 m down from
the bank top. From that point on, they decrease and then drop to a minimum of 3.9 cm/day
at the left bank/bed contact. The fastest drop in erosion rates occurs within ~1 m of the
contact itself. Erosion rates are ~1.8 orders of magnitude higher than those obtained by a

5-m-thick lava with a temperature of 1400°C and a flow velocity of 5 ms™.
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Figure 5.12a. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the
left bank of rille cross-section 400. Results refer to a 5-m-thick flow at 1590°C, which
travels at a velocity of 5 m ™. Lava temperature at the bank is equal to 1570°C. Erosion
rates rapidly increase from a value of 5.1 cm/day at the bank top to a maximum of 6.7
cm/day ~3 m down from the bank top. From that point on, they decrease and then drop to
a minimum of 3.9 cm/day at the left bank/bed contact. The fastest drop in erosion rates
occurs within ~1 m of that contact. Erosion rates are found to be higher by ~1.8 orders of
magnitude than those obtained at the left bank by a flow of identical thickness, with a
temperature of 1400°C and traveling at the same velocity.
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Figure 5.12b. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the
right bank of rille cross-section 400. Results refer to a 5-m-thick superheated lava at a
temperature of 1590°C and flowing at a velocity of 5 m s™'. Lava temperature at this bank
is equal to 1570°C. Erosion rates slightly increase from a value of 16.9 cm/day at the bank
top to a maximum of 17.3 cm/day ~3 m down from the bank top. From that point on, they
fast decrease and then drop to a minimum of 9.0 cm/day at the left bank/bed contact. The
fastest drop in erosion rates occurs within ~1 m of the contact. Erosion rates are found to
be higher by a factor of ~5.1 than those obtained at the right bank by a flow of identical
thickness, with a temperature of 1400°C and traveling at the same velocity.
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Fig. 5.12b shows the erosion rate distribution at the right bank of cross-section 400. Erosion
rates slightly increase from a value of 16.9 cm/day at the bank top to a maximum of 17.3
cm/day ~3 m down from the bank top. From that point on, they fast decrease and then drop
to a minimum of 9.0 cm/day at the left bank/bed contact. The fastest drop in erosion rates
occurs within ~1 m of the contact. Erosion rates are found to be higher by a factor of ~5.1
than those obtained at the right bank by a flow of identical thickness, with a sub-liquidus
temperature of 1400°C and traveling at the same velocity.

The next sub-scenario deals with a 20-m-thick superheated lava at a temperature of
1600°C and flowing at a velocity of 5 m s™!. Temperature at the flow boundaries (bed and

banks) is taken to be equal to 1560°C. Max erosion rates of ~55.1 cm/day are found at the

SCENARIO 1 - LAVA RADIATING HEAT INTO THE LUNAR VACUUM

T bed: 1560°C

- T_sup_heat: 1600°C; Ux: 5 m/s

Figure 5.13. Plan view that shows how erosion rates vary at the bed of a 1200-m-long rille
section. Scenario 1 (lava radiating heat into the lunar vacuum). Erosion rates are referred
to a 20-m-thick superheated lava with T = 1600°C (temperature dropped by 30°C at time
of eruption) and flowing at a velocity of 5 m s™!. Temperature at channel boundaries is
taken to be equal to 1560°C, i.e., 40°C lower than the freestream value. Lava source is on
the left and flow motion is rightward. Once again, erosion highs (up to ~55.1 cm/day) are
concentrated at or near bend troughs whereas lows are found at bend apexes. Erosion highs
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are doubled compared to those produced by lava of identical thickness that flows at a
temperature of 1410°C and a velocity of 5 m s,

1200-m-long channel section of interest, as shown in Fig. 5.13. The distribution of erosion
rates at the bed of cross-section 400 is shown in Fig. 5.14. Maximum erosion rates of 50.7
cm/day are obtained within ~10 m of the bed/right bank contact. While moving toward the
contact, erosion into the substrate decreases at an almost constant rate out to ~70 m from
the same contact. Then, it decreases at a slower rate out to ~30 m from the bed/left bank
contact. From that point on, erosion rates decrease faster and then slightly increase again
within 10 m of the bed contact with the left bank. A minimum value of 8.0 cm/day is finally
found within 1 m of the contact. Compared to a sub-liquidus lava of temperature T=1410°C
and identical thickness and flow velocity, erosion rates are found to be higher by a factor
of 3.7. Fig. 5.15a shows erosion rates at the left bank of cross-section 400. Erosion rates
increase from a value of 23.4 cm/day at the bank top to a maximum of 28.8 cm/day at a
vertical distance of ~10 m from the bank top. From that point on, they decrease faster and
faster until they drop to a minimum of 8.0 cm/day at the left bank/bed contact. The fastest
drop in erosion rates occurs within ~3 m of the same contact. These values are higher by a
factor of 4.2 than those obtained at the left bank by a flow of lower temperature (T=1410°C)
and identical thickness and velocity. The distribution of erosion rates at the right bank is
shown in Fig. 5.15b. Erosion rates increase from a value of 50.5 cm/day at the bank top to
a maximum of 53.8 cm/day at a vertical distance of ~7 m from the bank top. Then, they
decrease faster and faster to a minimum of 15.8 cm/day at the right bank/bed contact. The

sharpest decrease in erosion rate occurs within ~3-2 m of that contact.
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Figure 5.14. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the bed
of rille cross-section 400. The superheated lava is 20 m thick and flows at a temperature of
1600°C and velocity of 5 m s™'. Temperature at the bed/banks is 1560°C. Maximum erosion
rates of 50.7 cm/day are obtained within ~10 m of the bed/right bank contact. While
moving toward the bed/left bank contact, erosion into the substrate decreases at an almost
constant rate out to ~70 m from the contact. Then, it decreases at a slower rate out to ~30
m from the same contact. From that point on, erosion rates decrease faster and then slightly
increase again within 10 m of the contact. A minimum value of 8.0 cm/day is finally
reached within 1 m of that contact. Compared to a sub-liquidus lava of temperature
T=1410°C and identical thickness and flow velocity, erosion rates are found to be higher
by a factor of 3.7.
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Figure 5.15a. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the
left bank of rille cross-section 400. Results refer to a 20-m-thick superheated lava of
T=1600°C, which travels at a velocity of 5 m s™'. Lava temperature at the bank is equal to
1560°C. Erosion rates increase from a value of 23.4 cm/day at the bank top to a maximum
of 28.8 cm/day at a vertical distance of ~10 m from the bank top. From that point on, they
decrease faster and faster until they drop to a minimum value of 8.0 cm/day at the left
bank/bed contact. The fastest drop in erosion rates occurs within ~3 m of the bank/bed
contact. These values are higher by a factor of 4.2 than those obtained at the left bank by a
flow of lower temperature (T=1410°C) and identical thickness and velocity.
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Figure 5.15b. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the
right bank of rille cross-section 400. Results refer to a 20-m-thick superheated lava at a
temperature of 1600°C, which travels at a velocity of 5 m s™'. Lava temperature at the bank
is equal to 1560°C. Erosion rates increase from a value of 50.5 cm/day at the bank top to a
maximum of 53.8 cm/day at a vertical distance of ~7 m from the bank top. Then, they
decrease faster and faster to a minimum of 15.8 cm/day at the left bank/bed contact. The
sharpest decrease in erosion rate occurs within ~3-2 m of the same contact.
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The last sub-scenario has to do with superheated lava that is 20 m in thickness and
flows at a velocity of 10 m s™!. The freestream lava temperature is taken to be equal to
1605°C (a drop of 25°C from the prior-to-erupting value of 1630°C is assumed to have
occurred), and the temperature at the bed and banks is T=1565°C (40°C lower than the
freestream value). Fig. 5.16 shows a plan view of the bed with erosion rate values and their

spatial distribution across the 1200-m-long rille section of interest.

SCENARIO 1 - LAVA RADIATING HEAT INTO THE LUNAR VACUUM

T _bed: 1565°C

Figure 5.16. Plan view that shows how erosion rates vary at the bed of a 1200-m-long rille
section. Scenario 1 (lava radiating heat into the lunar vacuum). Erosion rates are referred
to a 20-m-thick superheated lava of T = 1605°C and flowing at a velocity of 10 m s™'. The
interface (bed and banks) temperature is taken to be equal to 1565°C. Lava source is on the
left and flow motion is rightward. Once again, erosion highs (up to 104.1 cm/day) are
concentrated at or near bend troughs whereas lows are found at bend apexes. Maximum
erosion rates are higher by a factor of ~3.3 than those associated with a lava of identical
thickness and velocity but lower in temperature (T=1415°C).

Fig. 5.17 shows the erosion rate distribution at the bed of cross-section 400. Maximum
erosion rates of 96.0 cm/day are obtained within ~10 m of the bed/right bank contact. While

moving toward the bed/left bank contact, erosion into the substrate decreases at an almost
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constant rate out to ~70 m from the interface. Then, erosion rates level off out to ~50 m

from the bed/left bank contact.
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Figure 5.17. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the bed
of rille cross-section 400. The superheated lava is 20 m thick and flows at a temperature of
1605°C and a velocity of 10 m s!. Temperature at the bed/banks is 1565°C. Maximum
erosion rates of 96.0 cm/day are obtained within ~10 m of the bed/right bank contact. While
moving toward the bed/left bank contact, erosion into the substrate decreases at an almost
constant rate out to ~70 m from the contact. Then, erosion rates level off out to ~50 m from
the same contact. From that point on, erosion rates fluctuate a bit (while still decreasing)
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until they drop to a minimum of ~16.0 cm/day at the bed/left bank contact. The sharpest
drop occurs within ~10 m of the same contact. Compared to a sub-liquidus lava of
temperature T=1415°C and identical thickness and flow velocity, erosion rates are found
to be higher by a factor of 3.3.

From that point on, erosion rates fluctuate a bit (while still decreasing) until they drop to a
minimum of ~16.0 cm/day at the bed/left bank contact. The sharpest drop occurs within
~10 m of the contact. Compared to a sub-liquidus lava of temperature T=1415°C and
identical thickness and flow velocity, erosion rates are found to be higher by a factor of 3.3.
The distribution of erosion rates at the left bank of cross-section 400 is shown is Fig. 5.18a.
Erosion rates increase from a value of 44.4 cm/day at the bank top to a maximum of 54.8
cm/day at a vertical distance of ~10 m from the bank top. From that point on, they decrease
faster and faster until they drop to a minimum value of 16.0 cm/day at the left bank/bed
contact. The fastest drop in erosion rates occurs within ~3 m of the contact. Erosion rate
values are higher by a factor of 3.6 than those obtained at the left bank by a flow of lower
temperature (T=1415°C) and identical thickness and velocity. Fig 5.18b shows erosion
rates at the right bank. Erosion rates increase from a value of 96.0 cm/day at the bank top
to a maximum of 102.5 cm/day at a vertical distance of ~7 m from the bank top. Then, they

decrease faster and faster to a minimum of 29.5 cm/day at the left bank/bed contact. The

sharpest decrease in erosion rate occurs within ~3 m of the same contact.
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Figure 5.18a. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the
left bank of rille cross-section 400. Results refer to a 20-m-thick superheated lava of
T=1605°C, which travels at a velocity of 10 m s™. Lava temperature at the bank is equal to
1565°C. Erosion rates increase from a value of 44.4 cm/day at the bank top to a maximum
of 54.8 cm/day at a vertical distance of ~10 m from the bank top. From that point on, they
decrease faster and faster until they drop to a minimum value of 16.0 cm/day at the left
bank/bed contact. The fastest drop in erosion rates occurs within ~3 m of the bank/bed
contact. Erosion rate values are higher by a factor of 3.6 than those obtained at the left bank
by a flow of lower temperature (T=1415°C) and identical thickness and velocity.
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Figure 5.18b. Scenario 1 (lava radiating heat through the flow top). Erosion rates at the
right bank of rille cross-section 400. Results refer to a 20-m-thick superheated lava of
T=1605°C, which travels at a velocity of 10 m s™. Lava temperature at the bank is equal to
1565°C. Erosion rates increase from a value of 96.0 cm/day at the bank top to a maximum
of 102.5 cm/day at a vertical distance of ~7 m from the bank top. Then, they decrease faster
and faster to a minimum of 29.5 cm/day at the left bank/bed contact. The sharpest decrease
in erosion rate occurs within ~3 m of the same contact.
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Scenario 1 — The convective heat transfer coefficient ht

In scenario 1, results pertaining to sub-liquidus and superheated lavas flowing at
velocities of 5 and 10 m s! are shown. Values of the convective heat transfer coefficient
hr are calculated by Eq. (10) at the left and right bank tops as well as at the bed in the
proximity of the bed/right bank contact. As a result, each value of hr is associated with a
specific erosion rate and the two values (hr and erosion rate) vary in proportion. Williams
et al. (1998, 2000) calculated values of the convective heat transfer coefficient, hr, at the
lava substrate for a range of lava temperatures and compositions while also accounting for
viscosity variations within each substrate type. Here, different values of hr are obtained at
discrete locations along the axis of rille bend 1 (see Fig. 2.2a). The changes in the value of
hr reflect variations in flow properties that are explained in the theoretical section of this
chapter. Table 5.4 illustrates values of the convective heat transfer coefficient, hr, at the
rille boundaries (bed and banks), calculated from erosion rate values obtained at the bed
and banks of rille cross-section 400 (bend 1). Values of hr vary drastically depending on
the portion of cross-section 400 that is considered. If other things are equal, for a flow that
Table 5.4 — Scenario 1. Values of the heat transfer coefficient, hr, at the lava substrate (bed
and banks) at inner rille cross-section 400 (section cut parallel to the axis of bend 1). hr
values are obtained from Eq. (10). All results refer to the two sub-scenarios (sub-liquidus
and superheated) in the text. Flow velocities are 5 m s™! for the 5-m-thick lava and 5 and
10 m s! for the 20-m-thick flow. Suffixes “swo1omsv” stands for 5 to 10 meters from right
bank; “bed/eft bank” indicates that the value is measured at the contact (where the two
boundaries meet); “right bank #md” and “left bank #md”” indicate that the hr value is measured at

the right or left bank, # meters down from the bank top (here 3, 7, or 10 meters down from
the bank top).

SCENARIO 1 - Values of the heat transfer coefficient, hr, at the lava substrate (bed and
banks)

Tiava | Tintert | h | Ux hT beds | ht bed/ | hT right | hT right hT left | BT left bank
to10mfrb left bank bank top bank #md bank top | #md
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°C °C m |ms’! TJm?2gtec!

1400 | 1380 19.8 0.4 11.5 12.0 3md 1.3 1.4 3md

)]
9]

1590 | 1570 | 5 5 515 7.6 32.0 32.83mda | 9.7 12.7 3md

1410 | 1370 |20 |5 51.0 0.7 47.0 49.6 1md | 22.6 | 25.2 7md

1600 | 1560 |20 |5 98.5 15.5 98.1 104.5 7md | 454 | 55.9 1omd

1415 | 1375 120 | 10 104.8 | 13.7 101.5 | 1069 7md | 48.4 |55.6

1605 | 1565 |20 |10 184.1 |30.7 184.1 |196.6 7ma | 85.2 | 105.1 1omd

is 5 m in thickness, the highest values are always found at the bed/right bank contact. For
a 20-m-thick flow that travels at a velocity of 5 m s!, values of hr at the bed and right bank
are very similar if the temperature of the lava is below the liquidus. For a lava that is
superheated, hr values at the right bank become greater than those at the bed, which is even
more so once the flow is allowed to travel at the velocity of 10 m s™'. Another interesting
result has to do with the noticeable discrepancy in ht values between the left and right bank.
Regardless of lava temperature and velocity, hr values are always higher at the right bank
than at the left bank. Besides, erosion rates at the bed are higher in the proximity of the
bed/right bank contact, which suggests that some process is likely responsible for erosion
enhancement in that portion of rille cross-section 400. This result is consistent with what

found in the sensitivity analysis chapter.

Scenario 1 — Summary

Scenario 1 groups flow sub-scenarios for which lava is assumed to have been
exposed to the lunar environment. As a result, lava underwent cooling by losing internal
heat by radiation through the upper surface (flow top). Because of this assumption, no flow

is assumed to have been erupted at the liquidus temperature and only sub-liquidus
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temperatures are considered here. An exception is represented by lavas that might have
been originally superheated, and erupted at temperatures much higher than the liquidus
value. In the “Results” section and within the sub-section titled “Scenario 1 - Cooling rates
for the inner rille lava”, Table 5.3 shows that only superheated lavas might have traveled a
non-negligible (28-43 km) distance downstream of the source prior to transitioning to
laminar flow conditions. The sub-section titled “Scenario 1 - Erosion rates at channel cross-
section 400” shows erosion rates into the rille bed and banks, produced by flows that are
5- and 20-m-thick and travel at velocities of 5 m s (5- and 10-m-thick lavas) and 10 m s~
! (20-m-thick lavas only). All erosion rates refer to lava eruption temperatures that range
from 1630°C (superheated lava) to 1400°C (sub-liquidus lava). The highest erosion rates
(at the bed and banks) of ~96-102 cm/day are associated with 20-m-thick lavas erupted at
a temperature of 1605°C (superheated lava) and traveling at a velocity of 10 m s (Figs.
5.17 and 5.18 a, b). The lowest erosion rates of ~0.4-5.0 cm/day are produced by a 5-m-
thick lava traveling at a velocity of 5 m s™! and erupted at the sub-liquidus temperature of
1400°C (Figs. 5.3 and 5.4 a, b). Analogous to what shown in the sensitivity analysis chapter,
the magnitude and spatial distribution of erosion rates at the rille bed and the two banks of
channel cross-section 400 (section cut through bend 1 axis) is very heterogeneous for
reasons that are explained at the end of this chapter in the section titled “Theoretical study”.
Neverthless, a consistent pattern of erosion is found at the rille bed and banks. The highest
erosion rates are always located at the bed within a few meters of the bed/right bank contact
and at the right bank, either at the bank top or within 4-6 m of the bank/bed contact. The

latter scenario suggests that undercutting might have occurred over discrete portions of the

248



rille banks. The last section titled “Scenario 1 — The convective heat transfer coefficient hr”
illustrates the values of the convective heat transfer, hr, into the rille bed and the two banks.
The highest values of hr (184.1-196.6 ] m? s °C™) are associated with a 20-m-thick
superheated lava, the lowest (0.4-19.8 J m™ s™! °C"!) with a 5-m-thick lava erupted at a sub-
liquidus temperature. At the rille bed, the highest values of hr are found within ~10 m of
the bed/right bank contact, and at the right bank they are located either at the bank top or
within 4-6 m of the bank/bed contact. The variation of hr values is consistent with the

illustrated magnitude and spatial distribution of erosion rates.

Scenario 2 — Erosion rates at channel cross-section 400

This section describes erosion rates obtained at cross-section 400 by assuming that
lava flows were insulated from the lunar environment. For such lavas, there is no heat loss
through the flow top and a larger amount of heat is retained within the flow, holding other
factors equal. Results for the sub-scenarios illustrated in Table 5.1b and Table 5.2 are
shown here: (1) flows erupted at the sub-liquidus temperature of 1380°C; (2) at the liquidus
temperature of 1440°C; (3) at the temperature of 1630°C (superheated lava). Here, the two-
fold objective is to first test the maximum erosion rates achieved by lavas that flow at
liquidus and above-liquidus (superheated) temperatures and then identify the minimum
sub-liquidus temperature at which Newtonian flow conditions may still apply. Because of
the latter objective, the sub-liquidus lava is assumed to erupt at a temperature that is 20-
30°C lower than that adopted in scenario 1. Fig. 5.19 shows a plan view of the bed at cross-

section 400. A 5-m-thick flow is erupted at the sub-liquidus temperature of 1380°C and
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travels at a velocity of 5 m s'. Temperature at channel boundaries is equal to 1360°C (20°C

lower than the eruption value).

SCENARIO 2 - LAVA INSULATED FROM THE LUNAR ENVIRONMENT (IN A TUBE)

T bed: 1360°C

: 1380°C; Ux: 5 m/s

Figure 5.19. Plan view that shows how erosion rates vary at the bed of a 1200-m-long rille
section. Scenario 2 (lava flowing insulated in a tube). Erosion rates are referred to a 5-m-
thick lava of T = 1380°C and flowing at a velocity of 5 m s™!. Temperature at channel
boundaries is taken to be equal to 1360°C. Lava source is on the left and flow motion is
rightward. Once again, erosion highs (up to 3.7 cm/day) are concentrated at or near bend
troughs whereas lows are found at bend apexes.

Fig. 5.20 shows erosion rates at the bed of cross-section 400. Maximum erosion rate values
of 15.3 cm/day are obtained within ~10 m of the bed/right bank contact. While moving
toward the bed/left bank contact, erosion into the substrate decreases at an almost constant
rate till the distance of ~50 m from that contact is reached. Within 25 m of the same contact,

erosion rates decrease faster to a minimum of 2.0 cm/day that is obtained within 1 m of the

bed/left bank contact.
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Figure 5.20. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of
channel cross-section 400, a section cut through bend 1 axis. Results for a 5-m-thick lava
at the sub-liquidus temperature of 1380°C and traveling at a velocity of 5 m s™. Lava
temperature at the bed is equal to 1360°C. Maximum erosion rate values of ~3.6 cm/day
are obtained within ~10 m of the bed/right bank contact. While moving toward the bed/left
bank contact, erosion into the substrate decreases at an almost constant rate till the distance
of ~45 m from that contact is reached. Within 30 m of the contact, erosion rates decrease
faster till they reach a minimum of ~0.1 cm/day within 1 m of the contact itself. Despite
flowing insulated from the lunar environment, the lower temperature of this lava (1380°C)
compared to that assumed for the counterpart flow seen in scenario 1 (1400°C) produces
erosion rates that are lower by a factor of 1.5.
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Fig. 5.21a shows the distribution of erosion rates at the left bank. Maximum erosion rates
of ~0.3 cm/day are found at the bank top and from there they decrease at a constant rate
until a vertical distance of ~2 m from the bank/bed contact is reached. There, they have a
value of ~0.3 cm/day. Within 2 m of the contact, erosion rates drop faster to a minimum of
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Figure 5.21a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
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of rille cross-section 400. A 5-m-thick lava at the sub-liquidus temperature of 1380°C and
flowing at a velocity of 5 m s™!. Lava temperature at both banks is equal to 1360°C.
Maximum erosion rates of 0.33 cm/day are found at the bank top and from there they
decrease at a constant rate down to a vertical distance of ~2 m from the bank/bed contact,
where they reach a value of ~0.27 cm/day. Within 2 m of the contact, erosion rates drop
faster till a minimum value of 0.035 cm/day is obtained at the contact itself. Compared to
the counterpart flow of scenario 1, erosion rates are lower by a factor of ~1.1, a likely
consequence of the lower eruption temperature (even though the flow is insulated from the
lunar environment).

~0.04 cm/day at the contact itself. Compared to the counterpart flow of scenario 1, erosion
rates are lower by a factor of ~1.1, a likely consequence of the lower eruption temperature
(even though the lava flows insulated from the lunar environment). Erosion rates at the
right bank of cross-section 400 are shown in Fig. 5.21b. Erosion rates of 2.1 cm/day are
found at the bank top and from there they increase until they reach a maximum of ~2.2
cm/day at a vertical distance of ~2 m from the underlying bank/bed contact. Within 2 m of
the contact, erosion rates drop till a minimum value of 1.7 cm/day is reached at contact
itself. The maximum erosion rate is lower than that produced by the analogous flow of

scenario 1 by a factor of 1.5, a likely consequence of the lower temperature of the lava

(1380°C versus 1400°C).
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Figure 5.21b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. Results refer to a 5-m-thick lava at the sub-liquidus temperature
of 1380°C and flowing at a velocity of 5 m s™!. Lava temperature at this bank is equal to
1360°C. Erosion rates of 2.1 cm/day are found at the bank top and from there they increase
until they reach a maximum of 2.24 cm/day at a vertical distance of ~2 m from the
underlying bank/bed contact. Within 2 m of the contact, erosion rates drop till a minimum
value of 1.7 cm/day is obtained at the contact itself. The maximum erosion rate is lower
than that associated with the analogous flow of scenario 1 by a factor of 1.5, a likely
consequence of the lower temperature of the lava (1380°C versus 1400°C).
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The next sub-scenario deals with a flow that is 20-m-thick, is erupted at a temperature of
1390°C and travels at a velocity of 5 m s™! (Fig. 5.22). Temperature at channel boundaries
is equal to 1350°C. Running a simulation for a 20-m-thick lava erupted at T=1380°C
requires a boundary temperature of 1340°C, which leads to physically inconsistent results.
In other words, the value of 1340°C appears to be incompatible with the assumption of
Newtonian flow conditions. Fig. 5.22 shows a plan view of the bed with the associated

erosion rate values. This run shows that even a temperature of 1350°C at the channel bed

SCENARIO 2 - LAVA INSULATED FROM THE LUNAR ENVIRONMENT (IN A TUBE)

T_int = 1350°C

: 1390°C; Ux: 5 m/s

Figure 5.22. Plan view that shows erosion rates distribution at the bed of a 1200-m-long
rille section. Scenario 2 (lava flowing insulated in a tube). Erosion rates are referred to a
20-m-thick lava of T = 1390°C, which travels at a velocity of 5 m s™!. Temperature at rille
boundaries is taken to be equal to 1350°C. Lava source is on the left and flow motion is
rightward. Once again, erosion highs (up to 9.1 cm/day) are concentrated at or near bend
troughs whereas lows are found at bend apexes.

and banks might be too low for flow conditions to still be Newtonian. To follow, evidence

is provided in support of this statement. Fig. 5.23 shows erosion rates at the bed of cross-
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section 400. Maximum erosion rates of 8.5 cm/day are obtained within ~10 m of the
bed/right bank contact. While moving toward the bed/left bank contact, erosion into the
substrate decreases at an almost constant rate out to ~65 m from the contact. Then, values
level off and remain almost constant out to ~40 m from the same contact. From that point
on, erosion rates decrease faster and then slightly increase again within 10 m of the contact.
At the contact, a minimum value of 0.1 cm/day is found. Erosion rates are lower by a factor

of 1.6 than those associated with the identical flow of scenario 1 that is erupted at a slightly
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Figure 5.23. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of rille
cross-section 400. Lava is 20 m thick, at the sub-liquidus temperature of 1390°C and travels
at a velocity of 5 m s”'. Temperature at the bed is 1350°C. Maximum erosion rates of 8.5
cm/day are found within ~10 m of the bed/right bank contact. While moving toward the
bed/left bank contact, erosion into the substrate decreases at an almost constant rate out to
a distance of ~65 m from the contact. Then, values level off and remain almost constant
out to ~40 m from that contact. From that point on, erosion rates decrease faster and then
slightly increase again within 10 m of the contact. A minimum value of 0.1 cm/day is
finally reached within 1 m of the same contact. Erosion rates are lower by a factor of ~1.6
than those associated with the identical flow of scenario 1 erupted at a slightly higher
temperature (1410°C) and traveling at the same velocity.
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higher temperature (1410°C) and travels at the same velocity. The distribution of erosion
rates at the left bank is shown in Fig. 5.24a. Maximum erosion rates of ~2.8 cm/day are
found at the bank top and then decrease progressively faster till they reach a minimum
value of ~0 cm/day at the bank/bed contact. This plot shows a trend that has not been seen
in previous simulations, including those referred to the baseline model (see sensitivity
analysis chapter). The trend suggests that a boundary temperature of 1350°C might be too
low for flow conditions to still be Newtonian. Fig. 5.24b shows erosion rates at the right
bank of cross-section 400. Maximum erosion rates of ~3.8 cm/day are found at a vertical
distance of 2 m from the underlying bank/bed contact. At the bank top, erosion rates are
equal to ~2.2 cm/day and then progressively decrease till they reach a value of 1.6 cm/day
within ~8 m of the bank/bed contact. From that point on, they resume increasing till they
reach the maximum of ~3.8 cm/day. The trend shown in this plot in unusual and, once
again, it might suggest that a boundary temperature of 1350°C is inconsistent with the

assumption of Newtonian flow conditions. Hence, displayed results might not be accurate.
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Figure 5.24a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
of rille cross-section 400. A 20-m-thick flow erupted at the sub-liquidus temperature of
1390°C and traveling at a velocity of 5 m s™'. Lava temperature at both banks is equal to
1350°C. Maximum erosion rates of 2.79 cm/day are found at the bank top and from there
decrease progressively faster till they reach a minimum of ~0 cm/day at the bank/bed
contact. This plot shows a trend that has not been seen in previous simulations, including
those obtained from the baseline model (see sensitivity analysis chapter). The trend
suggests that even a boundary temperature of 1350°C might be too low for flow conditions
to still be Newtonian.
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Figure 5.24b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. A 20-m-thick lava erupted at the sub-liquidus temperature of
1390°C and flowing at a velocity of 5 m s™. Lava temperature at the two banks is equal to
1350°C. Maximum erosion rates of 3.83 cm/day are found at a vertical distance of ~2 m
from the underlying bank/bed contact. At the bank top, erosion rates are equal to 2.24
cm/day and from there progressively decrease till they reach a minimum value of 1.6
cm/day within ~8 m of the bank/bed contact. From that point on, they resume increasing
till they reach the maximum of 3.83 cm/day. This plot shows one more trend that has not
been seen in previous simulations, including those referred to the baseline model (see
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sensitivity analysis chapter). This unusual trend might also suggest that a boundary
temperature of 1350°C is perhaps too low for flow conditions to still be Newtonian. Hence,
results might be not 100% accurate.

The next sub-scenario deals with a flow that is erupted at the temperature of 1380°C, is 20
m in thickness and travels at a velocity of 10 m s™'. Temperature at channel boundaries is
taken to be equal to 1340°C. The intention is to test how increasing flow rates might impact

flow conditions and, hence, the reliability of results. Fig. 5.25 shows the usual plan view

of the bed with associated erosion rates and their spatial distribution.

SCENARIO 2 - LAVA INSULATED FROM THE LUNAR ENVIRONMENT (IN A TUBE)

T_bed: 1340°C

Tsubliq: 1380°C; Ux: 10 m/s

Figure 5.25. Plan view that shows erosion rates magnitude and their spatial distribution at
the bed of a 1200-m-long rille section. Scenario 2 (lava flowing insulated in a tube).
Erosion rates are referred to a 20-m-thick lava of T = 1380°C, which flows at a velocity of
10 m s”!. Temperature at rille boundaries is taken to be equal to 1340°C. Lava source is on
the left and flow motion is rightward. Once again, erosion highs (up to 13.3 cm/day here)
are concentrated at or near bend troughs whereas lows are found at bend apexes.

The magnitude and spatial distribution of erosion rates at the bed of cross-section 400 are

shown in Fig. 5.26. Maximum erosion rates of 12.3 cm/day are obtained within ~10 m of

the bed/right bank contact. While moving toward the bed/left bank contact, erosion into the
261



substrate decreases at an almost constant rate out to ~60 m from the contact. Then, values

remain almost constant out to ~35 m from the bed/left bank contact. From that point

on, erosion rates decrease faster and then slowly increase again within 10 m of the

same contact. A minimum value of 0.1 cm/day is finally reached within 1 m of the contact
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Figure 5.26. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of rille
cross-section 400. Lava is 20 m thick, is erupted at the sub-liquidus temperature of 1380°C
and travels at a velocity of 10 m s™'. Temperature at the bed is 1340°C. Maximum erosion
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rates of 12.3 cm/day are found within ~10 m of the bed/right bank contact. While moving
toward the bed/left bank contact, erosion into the substrate decreases at an almost constant
rate out to a distance of ~60 m from the contact. Then, values remain almost constant out
to ~35 m from that contact. From that point on, erosion rates decrease faster and
then slowly increase again within 10 m of the same contact. A minimum value of 0.1
cm/day is finally reached within 1 m of the bed/left bank contact.

Fig. 5.27a shows erosion rates at the left bank. Maximum erosion rates of ~4.7 cm/day are
found at the bank top and from there they decrease to a minimum value that closely

approaches 0 cm/day at the bank/bed contact. This plot shows a trend similar to that shown
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Figure 5.27a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
of rille cross-section 400. A 20-m-thick lava is erupted at the sub-liquidus temperature of
1380°C and travels at a velocity of 10 m s™!. Lava temperature at the two banks is equal to
1340°C. Maximum erosion rates of 4.74 cm/day are found at the bank top and from there
they decrease to a minimum value that approaches 0 cm/day at the bank/bed contact. This
plot shows a trend somewhat similar to that referred to a 20-m-thick lava erupted at a
temperature of 1390°C and flowing at a velocity of 5 m s™.
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by a 20-m-thick lava erupted at a temperature of 1390°C and flowing at a velocity of 5 m

s'l. The magnitude and distribution of erosion rates at the right bank is shown in Fig. 5.27b.
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Figure 5.27b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. A 20-m-thick lava is erupted at the sub-liquidus temperature of
1380°C and travels at a velocity of 10 m s™'. Lava temperature at the banks is equal to
1340°C. Maximum erosion rates of 9.9 cm/day are found at a vertical distance of 5-7 m
from the underlying bank/bed contact. At the bank top, erosion rates are equal to 3.55
cm/day and then decrease till they reach a value of 3.35 cm/day within ~7 m of the bank
top. From that point on, they fast increase till they reach the maximum of 9.9 cm/day. Then,
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they drop drastically till reaching a minimum value of 3.25 cm/day at the bank/bed contact.
This plot shows a trend that is analogous to the one shown in the previously investigated
flow sub-scenario.

Maximum erosion rates of 9.9 cm/day are found at a vertical distance of 5-7 m from the
underlying bank/bed contact. At the bank top, erosion rates are equal to ~3.5 cm/day and,
from there, slowly decrease till reaching a value of ~3.3 cm/day within ~7 m of the bank
top. Then, they rapidly increase until they reach the maximum of 9.9 cm/day. At that point,
they drop drastically till a minimum value of ~3.2 cm/day is found at the bank/bed contact.
Once again, this plot shows a trend that is analogous to the one displayed in the previously
investigated sub-scenario. In other words, it appears that an increase in lava velocity from
5to 10 m s allows for Newtonian flow conditions to be maintained even for a lava
temperature of 1340°C, which is 100°C lower than the liquidus value. The faster flow rate
allows for the simulation to run and produces results that look almost identical to those
referred to a flow temperature of 1350°C (10°C higher).

The next scenario refers to a 5-m-thick lava that is erupted at the liquidus
temperature (1440°C) and travels at a velocity of 5 m s™!. Fig. 5.28 shows a plan view of
the bed with erosion rates and their spatial distribution over the 1200-m-long rille section
of interest. The highest values of 15.8 cm/day are higher than those associated with the
previously investigated 5-m-thick sub-liquidus lava by a factor of 4.3, which represents a

substantial increase.
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SCENARIO 2 - LAVA INSULATED FROM THE LUNAR ENVIRONMENT (IN A TURBE)
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Figure 5.28. Plan view that shows erosion rate values and their spatial distribution at the
bed of a 1200-m-long rille section. Scenario 2 (lava flowing insulated in a tube). Erosion
rates are referred to a 5-m-thick lava of T = 1440°C (liquidus), and traveling at a velocity
of 5 m s™!. Temperature at rille boundaries is taken to be equal to 1400°C. Lava source is
on the left and flow motion is rightward. Once again, erosion highs (up to 15.8 cm/day
here) are concentrated at or near bend troughs whereas lows are found at bend apexes.

Erosion rates at the bed of cross-section 400 are shown in Fig. 5.29. Maximum erosion
rates of 15.3 cm/day are found within ~10 m of the bed/right bank contact. While moving
toward the bed/left bank contact, erosion into the substrate decreases at an almost constant
rate out to a distance of ~55 m from the contact. Then, values remain almost constant out
to ~25 m from the bed/left bank contact. From that point on, erosion rates decrease faster
and then slowly increase within 5 m of the contact. A minimum value of 2.0 cm/day is
reached within 1 m of the bed/left bank contact. Maximum erosion rates are higher by a

factor of ~4.2 than those associated with the sub-liquidus lava (T=1380°C) of identical

thickness and velocity.

267



Cross-section 400 m
Channel bed

Erosion Rate - cm/day

Left hank Right bank

2

i 20 40 80 50 100 120 140 160
Channel width - m

Figure 5.29. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of rille
cross-section 400. Lava is 5 m thick, is erupted at the liquidus temperature (1440°C) and
travels at a velocity of 5 m s™!. Temperature at the bed is 1400°C. Maximum erosion rates
of 15.3 cm/day are found within ~10 m of the bed/right bank contact. While moving toward
the bed/left bank contact, erosion into the substrate decreases at an almost constant rate out
to a distance of ~55 m from the contact. Then, values remain almost constant out to ~25 m
from the contact. From that point on, erosion rates decrease faster and then slowly increase
within 5 m of the same contact. Finally, a minimum value of 2.0 cm/day is reached within
1 m of the bed/left bank contact. Maximum erosion rates are higher by a factor of ~4.2 than
those associated with the sub-liquidus lava (T=1380°C) of identical thickness and velocity.
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Fig. 5.30a shows erosion rates at the left bank. Erosion rates rapidly increase from a value
of ~2.9 cm/day at the bank top to a maximum of ~3.6 cm/day ~3 m down from the bank
top. From that point on, they decrease and then drop to a minimum of 2.0 cm/day at the
left bank/bed contact. The fastest drop in erosion rates occurs within ~1 m of the bank/bed
contact. Erosion rates are found to be higher by a factor of 10.9 than those obtained at the

left bank by a flow of identical thickness and velocity and with a temperature of 1380°C.
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Figure 5.30a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
of rille cross-section 400. Results refer to a 5-m-thick flow erupted at the liquidus
temperature and traveling at a velocity of 5 m s™'. Lava temperature at the bank is equal to
1400°C. Erosion rates rapidly increase from a value of 2.92 cm/day at the bank top to a
maximum of 3.61 cm/day ~3 m down from the bank top. From that point on, they decrease
and then drop to 2.0 cm/day at the left bank/bed contact. The fastest drop in erosion rates
occurs within ~1 m of the bank/bed contact. Erosion rates are found to be higher by a factor
of 10.9 (more than an order of magnitude) than those obtained at the left bank by a flow of
identical thickness and velocity, and erupted at a temperature of 1380°C.
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Figure 5.30b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. Results refer to a 5-m-thick lava erupted at the liquidus
temperature and flowing at a velocity of 5 m s™'. Lava temperature at the two banks is equal
to 1400°C. Erosion rates of 9.3 cm/day are found at the bank top and from there they
increase until they reach a maximum of 9.52 cm/day at a vertical distance of ~2 m from
the underlying bank/bed contact. Within 2 m of that contact, erosion rates drop till a
minimum value of 5.1 cm/day is reached at the contact itself. The maximum erosion rate
is higher than that produced by the sub-liquidus lava of identical thickness and velocity by
a factor of 4.3.
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The erosion distribution at the right bank is shown in Fig. 5.30b. Erosion rates of 9.3
cm/day are found at the bank top and from there they increase until they reach a maximum
of ~9.5 cm/day at a vertical distance of ~2 m from the underlying bank/bed contact. Within
2 m of the contact, erosion rates drop till a minimum value of 5.1 cm/day is reached at the
same contact. The maximum erosion rate is higher than that produced by the analogous
sub-liquidus lava by a factor of 4.3.

The next flow is erupted at the liquidus temperature, travels at a velocity of 5 m s°!
and is 20 m thick (Fig. 5.31). Maximum erosion rates are higher by a factor of ~3.5 than

those associated with the sub-liquidus lava (T=1390°C) of identical thickness and velocity.

SCENARIO 2 - LAVA FLOWING INSULATED FROM THE LUNAR ENVIRONMENT (IN A TUBE)

cl
Channel/lava depth: 20
M 80

ce - Tlig: 1440°C; Ux: 5 m/s

Figure 5.31. Plan view that shows erosion rates and their spatial distribution at the bed of
a 1200-m-long rille section. Scenario 2 (lava flowing insulated in a tube). Erosion rates are
referred to a 20-m-thick lava of T = 1440°C (liquidus), and traveling at a velocity of 5 m
s'l. The boundary temperature is taken to be equal to 1400°C. Lava source is on the left
and flow motion is rightward. Once again, erosion highs (up to 31.7 cm/day) are
concentrated at or near bend troughs whereas lows are found at/near bend apexes.
Maximum erosion rates are higher by a factor of ~3.5 than those associated with the sub-
liquidus lava (T=1390°C) of identical thickness and velocity.
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Fig. 5.32 shows erosion rates magnitude and their distribution at the bed of cross-section

400. Maximum rates of 29.1 cm/day are found within 10 m of the bed/right bank contact.
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Figure 5.32. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of rille
cross-section 400. Lava is 20 m thick and flows at the liquidus temperature (1440°C) and
at a velocity of 5 m s™\. Temperature at the bed is 1400°C. Maximum erosion rates of 29.1
cm/day are obtained within ~10 m of the bed/right bank contact. While moving toward the
bed/left bank contact, erosion into the substrate decreases out to a distance of ~50 m from
the contact. Then, values remain almost constant out to ~25 m from that contact. From that
point on, erosion rates decrease faster and then slowly increase within 10 m of the contact.
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A minimum value of 3.9 cm/day is reached within 1 m of the bed/left bank contact.
Maximum erosion rates are higher by a factor of ~3.4 than those associated with the sub-
liquidus lava (T=1390°C) of identical thickness and velocity.

While moving toward the bed/left bank contact, erosion into the substrate decreases out to
a distance of ~50 m from the contact. Then, values remain almost constant out to ~25 m
from that contact. From that point on, erosion rates decrease faster and then slowly increase.
A minimum value of 3.9 cm/day is finally reached within 1 m of the bed/left bank contact.
Maximum erosion rates are higher by a factor of ~3.4 than those associated with a sub-
liquidus flow of identical thickness and velocity. Fig. 5.33a shows the magnitude and
distribution of erosion rates at the left bank. Erosion rates increase from a value of 17.2
cm/day at the bank top to a maximum of ~17.3 cm/day at a vertical distance of ~4 m from
the bank top. From that point on, they decrease faster and faster until they drop to a
minimum value of 3.6 cm/day at the left bank/bed contact. The fastest drop in erosion rates
occurs within ~3 m of the contact. Erosion rates are higher by a factor of ~6.2 than those
produced at the left bank by a sub-liquidus lava (T=1390°C) of identical thickness and
velocity. Erosion rates at the right bank are shown in Fig. 5.33b. Maximum erosion rates
of 30.9 cm/day are found at the bank top and they decrease to a value of 23.4 cm/day down
to a vertical distance of ~6 m from the underlying bank/bed contact. The sharpest decrease
in erosion rate occurs within ~3 m of the same contact. Finally, the minimum erosion rate
of 8.6 cm/day is found at the contact. Maximum erosion rates are higher by a factor of ~
8.1 than those generated at the same bank by a sub-liquidus flow of identical thickness

and velocity.
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Figure 5.33a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
of rille cross-section 400. Results refer to a 20-m-thick lava erupted at the liquidus
temperature and traveling at a velocity of 5 m s™'. Lava temperature at the bank is equal to
1400°C. Erosion rates increase from a value of 17.2 cm/day at the bank top to a maximum
of 17.35 cm/day at a vertical distance of ~4 m from the bank top. From that point on, they
decrease faster and faster until they drop to a minimum of 3.6 cm/day at the left bank/bed
contact. The fastest drop in erosion rates occurs within ~3 m of the bank/bed contact.
Erosion rates are higher by a factor of ~6.2 than those generated at the left bank by a sub-
liquidus lava (T=1390°C) of identical thickness and velocity.
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Figure 5.33b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. Results refer to a 20-m-thick lava erupted at the liquidus
temperature and flowing at a velocity of 5 m s™'. Lava temperature at the bank is equal to
1400°C. Maximum erosion rates of 30.9 cm/day are found at the bank top and they decrease
to a value of 23.4 cm/day down to a vertical distance of ~6 m from the underlying bank/bed
contact. The sharpest decrease in erosion rate occurs within ~3 m of the contact and the
minimum erosion rate of 8.6 cm/day is found at the contact itself. Maximum erosion
rates are higher by a factor of ~ 8.1 than those produced at the same bank by a sub-
liquidus flow of identical thickness and velocity.
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The next sub-scenario deals with a 20-m-thick flow that is still erupted at the liquidus

temperature but is now flowing at a faster velocity (10 m s™') (Fig. 5.34).

SCENARIO 2 - LAVA FLOWING INSULATED FROM THE LUNAR ENVIRONMENT (IN A TUBE)

Figure 5.34. Plan view that shows erosion rates and their spatial distribution at the bed of
a 1200-m-long rille section. Scenario 2 (lava flowing insulated in a tube). Erosion rates are
referred to a 20-m-thick lava of T = 1440°C (liquidus), traveling at a velocity of 10 m s!.
The boundary temperature is taken to be equal to 1400°C. Lava source is on the left and
flow motion is rightward. Erosion highs (up to 59.2 cm/day) are concentrated at or near
bend troughs whereas lows are found at/near bend apexes. Maximum erosion rates
are higher by a factor of ~4.4 than those associated with a sub-liquidus lava of
identical thickness and velocity.

Erosion rates at the bed of cross-section 400 are shown in Fig. 5.35. Maximum erosion
rates of 54.5 cm/day are obtained within ~10 m of the bed/right bank contact. While
moving toward the bed/left bank contact, erosion into the substrate decreases out to a
distance of ~50 m from the contact. Then, values remain almost constant. From that point

on, erosion rates drop and then slowly increase within 10 m of the contact. A minimum

value of 7.9 cm/day is finally reached within 1 m of the bed/left bank contact. Maximum
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erosion rates are higher by a factor of ~4.4 than those produced by a sub-liquidus flow

of identical thickness and velocity.
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Figure 5.35. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of rille
cross-section 400. Lava is 20 m thick and flows at the liquidus temperature (1440°C) and
at a velocity of 10 m s™!. Temperature at the bed is 1400°C. Maximum erosion rates of 54.5
cm/day are obtained within ~10 m of the bed/right bank contact. While moving toward the
bed/left bank contact, erosion into the substrate decreases out to a distance of ~50 m from
the contact. At that point, values remain almost constant. Then, they drop and slowly
increase again within 10 m of the contact. A minimum value of 7.9 cm/day is finally
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reached within 1 m of the bed/left bank contact. Maximum erosion rates are higher by a
factor of ~4.4 than those associated with the sub-liquidus flow of identical thickness and
velocity.

The distribution and magnitude of erosion rates at the left bank can be seen in Fig. 5.36a.
Erosion rates increase from a value of 31.4 cm/day at the bank top to a maximum of 32.0
cm/day down to a vertical distance of ~7 m from the bank top. From that point on, they
decrease faster and faster until they drop to a minimum value of 7.6 cm/day at the left
bank/bed contact. The fastest drop in erosion rates occurs within ~2 m of the contact.

Erosion rates are higher by a factor of 6.7 than those found at the left bank of a sub-liquidus
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Figure 5.36a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
of rille cross-section 400. Results refer to a 20-m-thick lava erupted at the liquidus
temperature and traveling at a velocity of 10 m s™'. Lava temperature at the bank is equal
to 1400°C. Erosion rates increase from a value of 31.4 cm/day at the bank top to a
maximum of 32.0 cm/day down to a vertical distance of ~7 m from the bank top. From that
point on, they decrease faster and faster until they drop to a minimum value of 7.6 cm/day
at the left bank/bed contact. The fastest drop in erosion rates occurs within ~2 m of the
contact. Erosion rates are higher by a factor of ~6.7 than those generated at the left bank
by a sub-liquidus lava (T=1390°C) of identical thickness and velocity.
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Figure 5.36b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. Results refer to 20-m-thick lava erupted at the liquidus
temperature and flowing at a velocity of 10 m s”!. Lava temperature at the bank is equal to
1400°C. Maximum erosion rates of 58.3 cm/day are found at the bank top and they decrease
to a value of 40.1 cm/day down to a vertical distance of ~3 m from the underlying bank/bed
contact. The sharpest decrease in erosion rate occurs within ~3 m of the left bank/bed
contact. Finally, the minimum erosion rate of 16.8 cm/day is found at the contact.
Maximum erosion rates are higher by a factor of ~5.9 than those produced at the same
bank by a sub-liquidus flow of identical thickness and velocity.
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lava (T=1390°C) of identical thickness and velocity. Finally, Fig. 5.36b shows erosion rates
at the right bank of cross-section 400. Maximum erosion rates of 58.3 cm/day are found at
the bank top and they decrease to a value of 40.1 cm/day down to a vertical distance of ~3
m from the underlying bank/bed contact. The sharpest decrease in erosion rate occurs
within ~3 m of the left bank/bed contact. Finally, the minimum erosion rate of 16.8 cm/day
is found at the contact. Maximum erosion rates are higher by a factor of ~5.9 than those

produced at the same bank by the sub-liquidus flow of identical thickness and velocity.

SCENARIO 2 - LAVA FLOWING INSULATED FROM THE LUNAR ENVIRONMENT (IN A TUBE)

T bed: 1610°C

Figure 5.37. Plan view that shows erosion rates and their spatial distribution at the bed of
a 1200-m-long rille section. Scenario 2 (lava flowing insulated in a tube). Erosion rates are
referred to a 5-m-thick superheated lava of T = 1630°C, flowing at a velocity of 5 m s!.
The boundary temperature is taken to be equal to 1610°C. Lava source is on the left and
flow motion is rightward. Erosion highs (up to 29.4 cm/day) are concentrated at or near
bend troughs whereas lows are found at/near bend apexes. Maximum erosion rates are
higher by a factor of ~1.9 than those generated by the sub-liquidus lava of identical
thickness and velocity.

The last sub-scenario deals with 5- and 10-m-thick flows that are erupted at the very high

temperature of 1630°C (superheated lava) and flow at velocities of 5 m s (5-m-thick lava)
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and 5 and 10 m s™! (20-m-thick lava). A plan view of the rille bed with erosion rates and
their spatial distribution across the 1200-m-long rille section is shown in Fig. 5.37 and is
referred to a 5-m-thick lava with initial velocity of 5 m s!. Fig. 5.38 shows the distribution
and magnitude of erosion rates at the bed of cross-section 400. Maximum erosion rates of
27.9 cm/day are obtained within ~10 m of the bed/right bank contact. While moving toward
the bed/left bank contact, erosion into the substrate decreases out to a distance of ~40 m
from the contact. Then, values remain almost constant out to ~25 m from that contact. From
that point on, erosion rates drop and then slowly increase within 5 m of the contact. A
minimum value of 4.3 cm/day is finally reached within 1 m of the bed/left bank
contact. Maximum erosion rates are higher by a factor of ~1.8 than those produced by a
liquidus flow of identical thickness and velocity. Erosion rates at the left bank are
shown in Fig. 5.39a. Erosion rates rapidly increase from a value of 6.1 cm/day at the
bank top to a maximum of 7.6 cm/day ~3 m down from the bank top. From that point
on, they decrease and then drop to a minimum of 4.3 cm/day at the left bank/bed contact.
The fastest drop in erosion rates occurs within ~1 m of the contact. Erosion rates are
found to be higher by a factor ~2.1 than those generated (at the left bank) by lava

erupted at the liquidus temperature and of identical thickness and velocity.
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Figure 5.38. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of rille
cross-section 400. Lava is 5 m thick and superheated (T=1630°C) and flows at a velocity
of 5 m s™'. Temperature at the bed is 1610°C. Maximum erosion rates of 27.9 cm/day are
generated within ~10 m of the bed/right bank contact. While moving toward the bed/left
bank contact, erosion into the substrate decreases. Then, values remain almost constant out
to a distance of ~25 m from the contact. From that point on, erosion rates drop and then
slowly increase within 5 m of the contact. A minimum value of 4.3 cm/day is finally
reached within 1 m of the bed/left bank contact. Maximum erosion rates are higher by a
factor of ~1.8 than those produced by a liquidus flow of identical thickness and velocity.
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Figure 5.39a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
of'rille cross-section 400. Results refer to a 5-m-thick superheated lava (T=1630°C), which
travels at a velocity of 5 m s™!. Lava temperature at the bank is equal to 1610°C. Erosion
rates rapidly increase from a value of 6.1 cm/day at the bank top to a maximum of 7.6
cm/day ~3 m down from the bank top. From that point on, they decrease and then drop to
a minimum of 4.3 cm/day at the left bank/bed contact. The fastest drop in erosion rates
occurs within ~1 m of the bank/bed contact. Erosion rates are found to be higher by a factor
of ~2.1 than those generated at the left bank by liquidus lava of identical thickness and
velocity.
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Fig. 5.39b shows the distribution and magnitude of erosion rates at the right bank. Erosion
rates of 17.6 cm/day are found at the bank top and from there they increase until they reach
a maximum of ~17.7 cm/day at a vertical distance of ~2 m from the underlying bank/bed
contact. Then, erosion rates drop till a minimum value of 9.2 cm/day is reached at the
contact. The maximum erosion rate is higher by a factor of ~1.9 than that produced by a

liquidus lava of identical thickness and velocity.
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Figure 5.39b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. Results refer to a 5-m-thick superheated lava (T=1630°C)
flowing at a velocity of 5 m s™'. Lava temperature at this bank is equal to 1610°C. Erosion
rates of 17.6 cm/day are found at the bank top and from there they increase until they reach
a maximum of 17.75 cm/day at a vertical distance of ~2 m from the underlying bank/bed
contact. Then, erosion rates drop till a minimum value of 9.2 cm/day is reached at the right
bank/bed contact. The maximum erosion rate is higher by a factor of ~1.9 than that
produced by a liquidus lava of identical thickness and traveling at the same velocity.
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The next sub-scenario deals with a 20-m-thick flow that is erupted at a superheated
temperature of 1630°C and flows at a velocity of 5 m s'. The temperature at the bed and

banks is equal to 1590°C (Fig. 5.40).

SCENARIO 2 - LAVA FLOWING INSULATED FROM THE LUNAR ENVIRONMENT (IN A TUBE)

T_bed: 1590°C

ed: 1630°C; Ux: 5 m/s

Erosion rate at channel bed - cm/day
10 pds] 30 40

b e—

Figure 5.40. Plan view that shows erosion rate values and their spatial distribution at the
bed of a 1200-m-long rille section. Scenario 2 (lava flowing insulated in a tube). Erosion
rates are referred to a 20-m-thick superheated lava of T = 1630°C and flowing at a velocity
of 5 m s”'. The boundary temperature is taken to be equal to 1590°C. Lava source is on the
left and flow motion is rightward. Erosion highs (up to 55.9 cm/day) are concentrated at or
near bend troughs whereas lows are found at/near bend apexes. Maximum erosion rates are
higher by a factor of ~1.8 than those associated with a liquidus lava of identical thickness
and velocity.

Fig. 5.41 shows the erosion rate distribution and magnitude at the bed of cross-section 400.
Maximum erosion rates of 50.7 cm/day are obtained within ~10 m of the bed/right bank
contact. While moving toward the bed/left bank contact, erosion into the substrate
decreases at an almost constant rate out to a distance of ~70 m from the contact. Then,

values keep decreasing though at a slower rate out to ~25 m from the bed/left bank contact.

From that point on, erosion rates drop and then slowly increase within 10 m of the contact.
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A minimum value of 8.0 cm/day is finally reached within 1 m of the contact. Maximum
erosion rates are higher by a factor of ~1.7 than those associated with a liquidus flow of
identical thickness and velocity. Erosion at the left bank is shown in Fig. 5.42a. Erosion
rates increase from a value of 28.5 cm/day at the bank top to a maximum of 29.7 cm/day
down to a vertical distance of ~10 m from the bank top. From that point on, they decrease
faster and faster and drop to a minimum value of 8.0 cm/day at the left bank/bed contact.
The fastest drop in erosion rates occurs within ~3 m of the contact. Erosion rate values are
higher by a factor of ~1.7 than those produced at the left bank by liquidus lava of identical
thickness and velocity. Fig. 5.42b shows the magnitude and distribution of erosion rates at
the right bank of cross-section 400. Erosion rates of 54.9 cm/day are found at the bank top
and from there they decrease at a progressively faster rate and reach a minimum of 15.4
cm/day at the right bank/bed contact. The fastest decrease in erosion rate occurs within a
vertical distance of 3-2 m of the contact. The maximum value is higher by a factor of ~1.8

than that obtained by the liquidus lava of identical thickness and velocity.
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Figure 5.41. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of rille
cross-section 400. Lava is 20 m thick and superheated (T=1630°C) and flows at a velocity
of 5 m s™'. Temperature at the bed is 1590°C. Maximum erosion rates of 50.7 cm/day are
obtained within ~10 m of the bed/right bank contact. While moving toward the bed/left
bank contact, erosion into the substrate decreases at an almost constant rate out to ~70 m
from the contact. Then, values keep decreasing - though at a slower rate - out to ~25 m
from the contact. From that point on, erosion rates drop and then slowly increase within 10
m of the contact. A minimum value of 8.0 cm/day is found within 1 m of the bed/left bank
contact. Maximum erosion rates are higher by a factor of ~1.7 than those associated with a
liquidus flow of identical thickness and velocity.
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Figure 5.42a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
of rille cross-section 400. Results refer to a 20-m-thick superheated lava (T=1630°C) that
flows at a velocity of 5 m s™'. Lava temperature at the bank is equal to 1590°C. Erosion
rates increase from a value of 28.5 cm/day at the bank top to a maximum of 29.7 cm/day
down to a vertical distance of ~10 m from the bank top. From that point on, they decrease
faster and faster and drop to a minimum value of 8.0 cm/day at the left bank/bed contact.
The fastest drop in erosion rates occurs within ~3 m of the contact. Erosion rates are
higher by a factor of ~1.7 than those generated at the left bank by a liquidus lava of
identical thickness and velocity.
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Figure 5.42b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. Results refer to a 20-m-thick superheated lava (T=1630°C)
flowing at a velocity of 5 m s™'. Lava temperature at the bank is equal to 1590°C. Erosion
rates of 54.9 cm/day are found at the bank top and from there they decrease at a
progressively faster rate and reach a minimum of 15.4 cm/day at the right bank/bed contact.
The fastest decrease in erosion rate occurs within a vertical distance of 3-2 m of the contact.
The maximum value is higher by a factor of ~1.8 than that produced by a liquidus lava of
identical thickness and velocity.

292



The last sub-scenario deals with a 20-m-thick superheated lava (T=1630°C) that flows at a
velocity of 10 m s™!. The temperature at the channel bed and banks is equal to 1590°C. This
is by far the flow expected to produce the highest erosion rates among those considered
until now. Fig. 5.43 shows a plan view of the bed with erosion rate magnitudes and their

spatial distribution across the 1200-m-long rille section. At the 1200-m-long rille section,

SCENARIO 2 - LAVA FLOWING INSULATED FROM THE LUNAR ENVIRONMENT (IN A TUBE)

T bed: 1590°C

Figure 5.43. Plan view that shows erosion rate values and their spatial distribution at the
bed of a 1200-m-long rille section. Scenario 2 (lava flowing insulated in a tube). Erosion
rates are referred to a 20-m-thick superheated lava of T = 1630°C and flowing at a velocity
of 10 m s, The interface temperature is taken to be equal to 1590°C. Lava source is on the
left and flow motion is rightward. Erosion highs (up to 106.2 cm/day) are concentrated at
or near bend troughs whereas lows are found at/near bend apexes. Maximum erosion values
are higher by a factor of ~1.8 than those associated with a liquidus lava of identical
thickness and velocity.

maximum erosion values are higher by a factor of ~1.8 than those associated with the
liquidus lava of identical thickness and velocity. Values of erosion at the rille bed are shown
in Fig. 5.44. Maximum erosion rates of 96.0 cm/day are obtained within ~10 m of the

bed/right bank contact. While moving toward the bed/left bank contact, erosion into the
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substrate decreases at an almost constant rate out to a distance of ~70 m from the contact.
Then, values keep decreasing - though at a slower rate - out to ~50 m from the bed/left
bank contact. From that point on, erosion rates decrease at a faster rate even though the
trend is discontinued due to the presence of a couple of steps in which erosion rates stop
decreasing. A minimum value of 16.0 cm/day is finally reached within 1 m of the bed/left
bank contact. Maximum erosion rates are higher by a factor of ~1.8 than those associated

with the liquidus flow of identical thickness and velocity.
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Figure 5.44. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the bed of rille
cross-section 400. Lava is 20 m thick and superheated (T=1630°C) and flows at a velocity
of 10 m s™'. Temperature at the bed is 1590°C. Maximum erosion rates of 96.0 cm/day are
obtained within ~10 m of the bed/right bank contact. While moving toward the bed/left
bank contact, erosion into the substrate decreases at an almost constant rate out to ~70 m
from the contact. Then, values keep decreasing - though at a slower rate - out to ~50 m
from the contact. From that point on, erosion rates decrease at a faster rate even though the
trend is discontinued due to the presence of a couple of steps in which erosion rates stop
decreasing. A minimum value of 16.0 cm/day is finally reached within 1 m of the bed/left
bank contact. Maximum erosion rates are higher by a factor of ~1.8 than those associated
with the liquidus flow of identical thickness and velocity.
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Fig. 5.45a shows the distribution of erosion rates at the left bank. Erosion rates increase
from a value of 53.4 cm/day at the bank top to a maximum of 56.0 cm/day at a vertical
distance of ~10 m from the bank top. From that point on, they decrease faster and faster
and drop to a minimum value of 15.9 cm/day at the left bank/bed contact. The fastest drop
in erosion rates occurs within ~2 m of the same contact. Erosion rate values are higher by
a factor of ~1.8 than those obtained at the left bank by liquidus lava of identical thickness
and velocity. Finally, erosion rates at the right bank are shown in Fig. 5.45b. Values of
104.9 cm/day are found at the bank top and from there they decrease at a progressively
faster rate and reach a minimum of ~29.9 cm/day at the right bank/bed contact. The fastest
decrease in erosion rate occurs within a vertical distance of 3-2 m of the contact. The
maximum value is higher by a factor of ~1.8 than that obtained by a liquidus lava of

identical thickness and traveling at the same velocity.
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Figure 5.45a. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the left bank
of rille cross-section 400. Results refer to a 20-m-thick superheated lava (T=1630°C) that
flows at a velocity of 10 m s™'. Lava temperature at the bank is equal to 1590°C. Erosion
rates increase from a value of 53.4 cm/day at the bank top to a maximum of 56.0 cm/day
at a vertical distance of ~10 m from the bank top. From that point on, they decrease faster
and faster and drop to a minimum value of 15.9 cm/day at the left bank/bed contact. The
fastest drop in erosion rates occurs within ~2 m of the contact. Erosion rates are higher by
a factor of ~1.8 than those obtained at the left bank by liquidus lava of identical thickness
and velocity.
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Figure 5.45b. Scenario 2 (lava flowing insulated in a tube). Erosion rates at the right bank
of rille cross-section 400. Results refer to a 20-m-thick superheated lava (T=1630°C)
flowing at a velocity of 10 m s™'. Lava temperature at the bank is equal to 1590°C. Erosion
rates of 104.9 cm/day are found at the bank top and from there they decrease at a
progressively faster rate and reach a minimum of 29.95 cm/day at the bank/bed contact.
The fastest decrease in erosion rate occurs within a vertical distance of 3-2 m of the contact.
The maximum value is higher by a factor of ~1.8 than that generated by a liquidus lava of
identical thickness and traveling at the same velocity.
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Scenario 2 — The convective heat transfer coefficient hr

This section shows how values of the convective heat transfer coefficient, hr, vary
depending on eruption conditions (temperature and flow velocity), lava thickness and
location in the channel section of interest. As for scenario 1 flows, the hr values shown in
Table 5.5 are calculated at rille cross-section 400 (bend 1, see Fig. 2.2a). Results confirm
that hr values increase with increasing lava temperatures, thickness and flow rates.

Table 5.5 — Scenario 2. Values of the heat transfer coefficient, hr, at the lava substrate (bed
and banks) at inner rille cross-section 400 (section cut parallel to the axis of bend 1). hr
values are obtained from Eq. (10). All results refer to the three sub-scenarios (sub-liquidus,
liquidus and superheated) in the text. Flow velocities are 5 m s™! for the 5-m-thick lava and
5 and 10 m s™! for the 20-m-thick flow. Suffixes “swlomfiv” stands for 5 to 10 meters from
right bank; “ved/teft bank” indicates that the value is measured at the contact (where the two
boundaries meet); “right bank #md” and “left bank #md” indicate that the hr value is measured at
the right or left bank, # meters down from the bank top (here 3, 7, or 10 meters down from
the bank top).

SCENARIO 2 - Values of the heat transfer coefficient, hr, at the lava substrate (bed and
banks)

Tiava | Tintert | h | Ux h1 bed/s | ht bed/ | Ot right | hT_right hT left | AT left bank
to10mfrb left bank bank top bank #md bank top | #md

°C °C |m |ms’! Jm?s!eC!

1380 | 1360 | 5 5 14.1 0.7 8.2 8.7 3md 1.3 <13

1440 | 1420 | 5 5 45.7 6.9 27.8 28.4 8.7 10.8 3md

1630 | 1610 | 5 5 52.2 9.5 32.9 33.2 3md 114 |14.2

1390 | 1350 |20 |5 34.8 0.4 9.2 15.7 114 | <114

1440 | 1400 |20 |5 94.2 15.9 100.0 | <100.0 55.7 | 56.2 4md

1630 | 1590 |20 |5 99.2 21.1 107.4 | <1074 |55.8 | 58.1 iomd

1380 | 1340 | 20 | 10 53.1 0.9 15.8 42.7 1amd | 20.5 | <20.5

1440 | 1400 | 20 |10 176.4 | 33.0 188.7 | <188.7 101.6 | 103.6 7md

1630 | 1590 | 20 | 10 187.8 1425 2053 [ <2053 104.5 | 109.6 iomd

A 5-m-thick lunar lava that flows over a substrate with a slope of the ground as low as 0.2°

(value measured at the inner rille location) can only travel at a velocity that is no faster than
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5 m s’!. This constrains the amount of erosion attainable by 5-m-thick flows by making
values of ht smaller than those associated with flows that travel at a faster velocity. In other
words, hr and erosion rates vary in proportion, as can be inferred by looking at Eq. (10).
The most intriguing result is the big difference in hr values at different channel locations,
which is remarkable even for the same flow. For a superheated lava that flows at a velocity
of 10 m s™!, hr values jump from a value as small as 42.5 I m? s™! °C"! at the bed/left bank
contact to a value of 205.3 J m™ s! °C™! at the top of the bank located on the opposite side
of the channel, an increase by a factor of ~4.8. When considering a flow thickness of 5 m
instead of 20 m, the ratio of the two values amounts to a factor of ~3.5. As seen before (in
scenario 1 and in the sensitivity analysis chapter), there is a substantial difference in erosion
rates at the two banks, with the right bank showing much higher values than the left bank.
The maximum hr values listed in Table 5.5 are higher than many of those shown in Table
5.4. This is partly a consequence of the higher initial temperatures assumed for scenario 2
lavas. Williams et al. (2000) found a value of hr equal to 217 J m™ s™! °C! for a 10-m-thick
flow of composition identical to that assumed here and erupted at the liquidus temperature.
The maximum hr value found for the baseline model, i.e., a 10-m-thick lava erupted at the
liquidus temperature and flowing at a velocity of 7m s, is equal to 88.9 Jm™2 s °C™!. This
value is smaller by a factor of ~2.4 than that found by Williams et al. (2000).

Even if channel boundaries have identical lava temperature and viscosity, values of
the convective heat transfer coefficient and the associated erosion rates are extremely

heterogeneous. It is necessary to investigate flow circulation in detail and localize the areas
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of thermal anomaly likely responsible for the heterogeneous distribution of hr and erosion

rates at channel boundaries. This is the subject of the following chapter section.

Scenario 2 — Summary

Scenario 2 includes flow sub-scenarios for which lava is assumed to have flowed
insulated from the lunar environment, within a tube. The flowing lava is assumed to have
preserved the temperature that originally had prior to erupting onto the lunar surface at the
lava source or within a downstream distance of ~1 km from there. As a result, this section
shows the highest erosion rates that might have been obtained by the flowing lava at the
Vallis Schréteri inner rille site. The sub-section titled “Scenario 2 — Erosion rates at channel
cross-section 400, shows erosion rates into the rille bed and banks, obtained by flows that
are 5- and 20-m-thick and travel at velocities of 5 m s™' (5- and 20-m-thick lavas) and 10
m s! (20-m-thick lavas only). All erosion rates refer to lava eruption temperatures of
1630°C (superheated lava), 1440°C (liquidus lava) and 1380°C (sub-liquidus lava). The
highest erosion rates (at the bed and banks) of ~96-104.9 cm/day are associated with 20-
m-thick lavas erupted at a temperature of 1630°C (superheated lava) and traveling at a
velocity of 10 m s™! (Figs. 5.44 and 5.45 a, b). The lowest erosion rates of ~0.3-3.6 cm/day
are produced by a 5-m-thick lava traveling at a velocity of 5 m s and erupted at the sub-
liquidus temperature of 1380°C (Figs. 5.3 and 5.4 a, b). The sub-liquidus temperature
assumed for scenario 2 flows (T=1380°C) is lower than that assumed for the counterpart
scenario 1 lavas (T=1400°C), which explains the lower erosion rates associated with

scenario 2 sub-liquidus lavas. Once again, the magnitude and spatial distribution of erosion
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rates at the rille bed and the two banks of channel cross-section 1 are very heterogeneous
for reasons that are explained at the end of this chapter in the section titled “Theoretical
study”. The identical pattern of erosion found for scenario 1 flows is found here because
the highest erosion rates are always located at the bed within a few meters of the bed/right
bank contact and at the right bank either at the bank top or within 4-6 m of the bank/bed
contact. The latter scenario suggests that undercutting might have occurred over discrete
portions of the rille banks. The last section titled “Scenario 2 — The convective heat transfer
coefficient hr” illustrates values of the convective heat transfer, hr, into the rille bed and
banks. The highest values of hr (187.8-205.3 J m? s! °C"!) are associated with a 20-m-
thick superheated lava, the lowest (0.7-14.1 I m? s™! °C™") with a 5-m-thick lava erupted at
a sub-liquidus temperature. At the rille bed, the highest values of ht are found within ~5-
10 m of the bed/right bank contact, and at the right bank they are located at the bank top.
As for scenario 2 lavas, the variation of hr values is consistent with the illustrated

magnitude and spatial distribution of erosion rates.

Theoretical study

Erosion rates and the thermophysical parameters diagnostic of change

This section aims to draw a connection between the erosion rates obtained at cross-
section 400 and 800 of the 1200-m-long rille section of interest and the details of flow
circulation and temperature distribution at rille bend axes. Only a few flow scenarios
expected to aid in interpretation will be investigated and presented here. Before doing so,

it might be worth looking at the erosion rate expression adopted in the 3-D model to gain
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a better understanding of the flow parameters that determine variations of it. The erosion
rate expression (Eq. 8) contains several flow parameters that, for a specific flow of interest,
are constant. Specifically, the values of the density ratio, R, the specific heat capacity, Cg,
the substrate melting temperature, Tm, the substrate ambient temperature far from the
lava interface, T,, and the latent heat of fusion, Lg are all constant for a single, individual
The only values that are subject to change are the effective thermal diffusivity, oefr, and the
temperature gradient perpendicular to the interface, 0T/On. Temperature changes are tied
to kinematic viscosity variations. Egs. (2, 3) show that changes in the value of the effective
thermal diffusivity, oefr, are driven by variations in kinematic viscosity and turbulent
viscosity. In the adopted SST k- ® model, kinematic and turbulent viscosity changes are
tied to variations of the k (turbulent kinetic energy) and o (specific dissipation rate)
parameters. Both k and o increase with increasing flow velocity (see Egs. 4, 6 in chapter
2) and their increase is especially evident in regions of strong velocity gradients. At the
bed and banks, the kinematic viscosity is held constant, and the turbulent viscosity is equal
to zero because there is no flow motion at all. As we move away from channel boundaries
(and prior to entering the region of freestream flow), both flow velocity and turbulent
viscosity increase, whereas kinematic viscosity decreases. All these changes occur to
various extents and cause variations in thermal diffusivity at the channel interface and,
ultimately, erosion rate changes. The following sections show how tracking the change of
the above-mentioned parameters at two channel cross-sections reveals the processes
contributing to the observed variation in erosion rate. The study is based on results obtained

from both the sensitivity analysis and the two scenarios presented before.
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Contributor to erosion rates magnitude and distribution across the channel

For all the performed simulations, maximum attention was paid to minimize any
discrepancy in initial flow conditions that might have a potential to affect downstream flow
and, hence, the magnitude and spatial distribution of erosion rates at channel bed and banks.
Notwithstanding this, the flowing lava is compelled to flow through a pre-defined channel
geometry and a component of the measured erosion rate enhancement results from flow
streamlines running into an obstacle represented by a specific bend portion. This has to do
with the inertia of the flow that manifests itself soon after the flow enters a curve and causes
lava to maintain the original direction of motion. It also appears to be the most important
contributor to the observed erosional trend at bend/meander flanks and is known in the
river literature as one of the leading forces behind meander migration (Lawler, 1993).
These areas of erosion enhancement are usually located at some distance (~50-150 m) from
meander axes in contrast to those associated with fluid processes occurring at meander axes,
which are found at bend troughs or within 10-15 m of there. For all the simulations
performed, the maximum erosion rates (at the bed and banks) that can be traced back to
this cause are always higher than those resulting from processes occurring at channel cross-
sections 400 and 800. In our simulations, the bend portions that show evidence for such a
mechanism of erosion enhancement are located on the right flanks of bend 1 and 2, and the

left flank of bend 2, as shown in Fig. 5.46.
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Figure 5.46. Plan view that shows erosion rates at the bed of a 1200-m-long rille section.
This figure shows one of the contributors to the observed magnitude and spatial distribution
of erosion rates. The arrows point at the bend portions flow streamlines run into and the
associated areas of erosion enhancement. This mechanism is well-known in the river
literature and is responsible for meander migration in rivers (Lawler, 1993). These areas of
erosion enhancement are located ~50-150 m away from meander axes other than those
associated with fluid processes occurring at meander axes, which are found at or within
10-15 m of bend axes.

While it is possible that, to some degree, this mechanism could also affect the magnitude
and spatial distribution of erosion rates at bend axes, the pattern of flow circulation

observed at channel cross-sections 400 and 800 is not found at bend flanks. Besides, the

pattern shows striking similarities with that displayed at river meanders.

Contributor to erosion rates at meander bends: Secondary flow circulation
A brief introduction to secondary flow as applied to river meandering was given in
the section titled “Secondary Flow Circulation in Curved River Channels”. The present

section illustrates several sub-scenarios that display strong secondary flow circulation at
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channel cross-sections 400 (bend 1) and 800 (bend 2) (see Figs. 2.2 a, b to locate cross-
sections). Most of them concern scenario 2 flows that are insulated from the lunar
environment. Referring to the sensitivity analysis chapter is needed for those lavas that
flow in channels of different meander amplitude and width because results apply to 10-m-
thick flows. The last few examples refer to scenario 1 flows (lava radiating heat through
the flow top). For each case study presented, a brief overview is provided of how erosion
rates at the bed and banks relate to changing fluid dynamic structures and lava temperatures
at cross-section 400. Also, results at cross-section 800 are reported for one flow sub-
scenario.

The first case study illustrates a 20-m-thick flow erupted at a sub-liquidus
temperature of 1380°C and traveling at a horizontal velocity of 10 m s™'. The reason behind
this choice is that secondary flow circulation appears to be especially strong and well-
developed in lavas that are thick and travel at fast speed. Though lava temperature is a key
factor controlling the magnitude of erosion rates, it is not the driving force behind
secondary flow circulation. The chosen scenario displays a large difference in erosion rates
at the channel bed (Fig. 5.26) and at the left and right bank (Figs. 5.27 a, b). Values at the
bed become progressively higher as the bed/right bank contact is approached and a
maximum is reached within ~10 m of the contact. Erosion rates differ noticeably from one
bank to the other, with right bank values that are higher by a factor of ~2.1 than those found
on the opposite bank. At the right bank, the erosion enhancement is found within 5-7 m of
the right bank/bed contact with values of ~9.9 cm/day that are much higher than the value

found at the top of the bank (~3.3 cm/day).
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Fig. 5.47 illustrates cross-stream or Uy velocity vectors that are perpendicular to the
mainstream flow direction (entering the page). In the central portion of the cross-sectional
view, flow vectors point in the direction of the left bank (left), whereas in the proximity of
the channel bed (bottom) the red arrows point in the direction of the right bank. Red arrows
mark presence of secondary circulation that is initiated at the left bank/bed contact where
lava is slower and flow pressure is higher than elsewhere. At the bed/right bank contact,
secondary flow reaches a maximum velocity of 1.9 m s™! and is then diverted up the right
bank. After reaching the flow top, it flows back in the direction of the left bank. There, it
falls off the edge of the bank and mixes with the secondary flow that runs parallel to the
bed. This section displays a well-developed scenario of helicoidal flow analogous to those

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)
Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank

Cross-stream velocity Uy - m/s
0 05 1

Figure 5.47. Cross-stream or Uy velocity vectors (perpendicular to direction of
mainstream flow, which enters the page). Rille cross-section 400, bend 1 axis. Sub-scenario
displaying a 20-m-thick flow that is erupted at the sub-liquidus temperature of 1380°C and
travels at a velocity of 10 m s™. The inset up to the right (plan view of channel bed) shows
where cross-section 400 is cut and the location of the right (up) and left (down) bank in the
channel. In the central and upper portions of the cross-sectional view, flow streamlines
point in the direction of the left bank (left) whereas in the proximity of the channel bed,
red arrows point in the direction of the right bank (right). Red arrows mark presence of
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secondary flow circulation that is initiated at the left bank (outer bend) where lava is slower
and flow pressure is higher than elsewhere. Secondary flow reaches a maximum velocity
of 1.9 m s! at the bed/right bank contact. At the right bank, secondary circulation moves
upward and then flows back in the direction of the left bank. There, it falls off the edge of
the bank and reaches the bed. This section displays a well-developed scenario of helicoidal
flow analogous to those described in the river literature.

found at river meanders (Lawler, 1993). To better understand how the newly found
secondary circulation relates to other flow parameters, Fig. 5.48 shows a cross-sectional
view that illustrates how flow pressure varies throughout cross-section 400. Kinematic
pressure is shown here because of the incompressibility requirement (pressure is
normalized by lava density). When lava is slower, flow pressure is higher (on the left), in
line with Bernoulli principle. Conversely, flow pressure is lower and flow velocity is higher
in cross-sectional portions close to the right bank. Secondary circulation arises due to the
pressure gradient that develops between the two section ends and flows parallel to the bed
from left to right. Figs. 5.49 and 5.50 illustrate how downstream velocity and lava
temperature vary at cross-section 400, channel bend 1. Fig. 5.49 confirms that downstream
velocity is much higher close to the right bank than near the left bank. At the bed/right
bank contact, flow velocity is faster than that found at the opposite end of the section by a
factor of ~3.6. Fig. 5.50a displays the variation of flow temperature at cross-section 400.
At the bed, lava temperatures progressively increase toward the right end of the section
(Fig. 5.50b), and a maximum temperature of 1383.6°C (3.6°C higher than the eruption
value) is reached within a few meters of the bed/right bank contact (at a location shown by

the grey arrow). This temperature trend is responsible for the observed increase in erosion

rates at the bed as the bed/right bank contact is approached (Fig. 5.26). The temperature
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increase extends approximately halfway up the bank, a find that is consistent with the
erosion rate enhancement shown in Fig. 5.27b. Interestingly, a minor increase in
temperature is also observed at the bed/left bank contact, a likely consequence of the strong

turbulent circulation occurring there (Fig. 5.47).

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)
Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank Right bank

10 Z Axk

Figure 5.48. Flow pressure P variation from one end of bend 1 to the opposite at rille
cross-section 400. Flow sub-scenario is described in Fig. 5.47. On the left side of the
section, red color marks areas with the highest values of pressure and, on the right, blue
color marks areas with the lowest values. Consistent with Bernoulli principle, lava flows
slower on the left and faster on the right. The pressure gradient is the driving force behind
secondary flow. Secondary flow circulation is initiated at the left end of the cross-section
and runs along the channel bed toward the opposite end of the section (right bank). The
gap in kinematic pressure between the left and right bank is equal to 64.2 m? s, the largest
value found in all the performed simulations.
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CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)
Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank Right bank

Downstrearn velocity Ux - m/s
£ 5 8 10

Figure 5.49. Downstream velocity Ux variation from one end of bend 1 to the opposite
(flow is entering the page). Rille cross-section 400, flow sub-scenario described in Fig.
5.47. On the left end, lava velocity ranges from ~3 to 5 m s™! whereas in the proximity of
the right bank (where bend trough is) it is accelerated to a velocity of 14.6 m s'. Such a
distribution in flow velocity arises from the pressure gradient that develops at the two bend
ends (apex and trough) and is consistent with Bernoulli principle.

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: w| end 1 trough is
Left bank: wh nd 1 apex is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)
Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank Right bank

Figure 5.50a. Distribution of lava temperature T from apex (left bank) to trough (right
bank) of bend 1 (mainstream flow is entering the page). Rille cross-section 400, flow sub-
scenario described in Fig. 5.47. In the proximity of the right bank, a temperature increment
of up to 3.6°C above the eruption value of 1380°C is obtained, as shown by the grey arrow.
The temperature increase extends approximately halfway up the bank, a find that is
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consistent with the erosion rate enhancement shown in Fig. 5.27b. A minor increase in
temperature is also observed at the bed/left bank contact, a likely consequence of the strong
turbulent circulation occurring there (Fig. 5.47).

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)
Bed/banks temperature: 1340°C (sub-lig))
Lava downstream velocity: 10 m/s

Left bank Right bank

Figure 5.50b. Distribution of lava temperature T (enhanced view of Figure 5.50a). Cross-
sectional temperature variations are easier to spot than in Fig. 5.50a. The same applies to
lava temperature variations at the bed as bed/bank contacts are approached. The areas of
temperature enhancement that occur at the two bed/bank contacts are better visible than in
Fig. 5.50a.

These results confirm that, at the bed and bed/right bank contact of rille cross-section 400,
secondary flow circulation is contributing to the observed increase in temperature and
erosion enhancement. Will secondary flow circulation at cross-section 800 look the same
as that at cross-section 400? The distribution of erosion rates at the bed of cross-section
800 is reversed and more irregular than that seen at cross-section 400 (Fig. 5.51). The
maximum value is found within a few meters of the left bank and, as erosion rates decrease
toward the bed/right bank contact, there are dips and fluctuations that are not seen at cross-

section 400. At the left bank, erosion rates are higher than those at the right bank by a factor

of ~3, with a maximum value of 11.0 cm/day at a vertical distance of ~5 m from the
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bank/bed contact. From bank top to bottom, the distribution of erosion rates is far from
homogeneous, with a value at the bank top that is a factor of ~3 smaller than the maximum

erosion rate of 11.0 cm/day.

Cross-section 800 m
Channel bed

oo
i

Erosion Rale - cm/day
~l

0

U 20 40 80 80 100 120 140 160
Channel width - m

Figure 5.51. Erosion rate distribution at the bed of rille cross-section 800, bend 2 (800 m
downstream of lava source). Flow sub-scenario is described in Fig. 5.47. Maximum erosion
rates of 13.1 cm/day are found within ~7 m of the bed/left bank contact. The spatial
distribution of erosion rates looks much more irregular than that found at channel cross-
section 400. While values tend to decrease as the bed/right bank contact (from left to right)
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is approached, fluctuations are more frequent than at bend 1 and even a dip occurs at a
horizontal distance of ~40 m from the bed/right bank contact.

Fig. 5.52 displays the distribution of cross-stream velocities (Uy vectors) at cross-section
800 for the identical 20-m-thick flow erupted at a sub-liquidus temperature of 1380°C and

traveling at a velocity of 10 m s'. At bend 2, secondary circulation flows parallel to the

bed but, this time, toward the left bank.

CROSS-SECTION 800 m - cut through bend 2 axis

Right bank: where bend 2 apex is

Left bank: where bend 2 trough is

Lava thickness: 20 m

Channel width: 160 m .
Lava temperature: 1380°C (sub-liq)

Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank e Right bank

Figure 5.52. Cross-stream or Uy velocity vectors (perpendicular to mainstream flow that
enters the page) at rille cross-section 800, bend 2 axis. Flow sub-scenario described in Fig.
5.47. The inset on the upper right shows where cross-section 800 is cut and the location of
the right (up) and left (down) bank in the channel. In cross-section, bend apex is on the
right (right bank) and trough is on the left (left bank). Flow is more turbulent and chaotic
than that seen at cross-section 400 (Fig. 5.47). There is evidence for secondary flow
circulation at the bed though blue arrows point toward the left bank (still where bend trough
is). The highly turbulent motion in the proximity of the bend apex appears to locally disrupt
secondary flow circulation that runs parallel to the bed. At the left bank, the maximum
velocity reached by secondary flow is equal to 1.3 m s and then flow is diverted upward.
Near the right bank, flow lines separate and go both upward and downward, the latter ones
mixing with secondary flow circulation at the bed. The helicoidal flow seen at cross-section
400 is disrupted by excess turbulence.
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The aspect that is consistent with results obtained at cross-section 400 is that secondary
flow runs parallel to bed and toward the bend trough. A more chaotic turbulent motion than
that observed at cross-section 400 dominates cross-section 800 and helicoidal flow is
disrupted by excess turbulence. Secondary flow circulation appears to be disrupted by
excess turbulence in more than one area, which probably explains the irregular distribution
of erosion rates at the bed shown in Fig. 5.51. Fig. 5.53 shows how flow pressure varies at

cross-section 800.

CROSS-SECTION 800 m - cut through bend 2 axis

Right bank: where bend 2 apex is
Left bank: where bend 2 trough is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)
Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank Right bank

Figure 5.53. How flow pressure P varies from one end to the other of bend 2 (mainstream
flow is entering the page). Rille cross-section 800, flow sub-scenario described in Fig. 5.47.
The distribution of pressure is reversed compared to that shown in Fig. 5.48 (cross-section
400). On the left end (left bank), flow pressure is much lower than that found in the
proximity of the right bank (right end of section).

The distribution of pressure is reversed compared to that shown in cross-section 400. On
the left side of the section, which is where the trough of bend 2 is, pressure is much lower

than the value found in proximity of the right bank (bend apex). Expectedly, the

distribution of downstream velocity (Fig. 5.54) is also reversed compared to that shown in
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Fig. 5.49 (cross-section 400). Lava travels much faster in the proximity of the left bank
than near the right bank, and the maximum velocity of 14.3 m s is slightly slower than
the value of 14.6 m s™! found at cross-section 400. Once again, the displayed distribution
of downstream velocities arises from the pressure gradient that develops at the two bend

ends (apex and trough) and is consistent with Bernoulli principle.

CROSS-SECTION 800 m - cut through bend 2 axis

chanze1 bea
Right bank: where bend 2 apex is [

Left bank: where bend 2 trough is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)

Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s.

Left bank Right bank
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Figure 5.54. It is shown how downstream velocity Ux varies from one end of bend 2 to
the opposite (mainstream flow enters the page) at rille cross-section 800. Flow sub-scenario
is described in Fig. 5.47. Distribution of velocity is reversed compared to that shown in
Fig. 5.49 (cross-section 400). Lava travels much faster in the proximity of the left bank
than near the right bank, and the maximum velocity of 14.3 m s is slightly slower than
the one found at the right bank of cross-section 400 (14.6 m s™). The displayed distribution
of flow velocity arises from the pressure gradient that develops at the two bend ends (apex
and trough) and is consistent with Bernoulli principle.

Finally, lava temperature variations at cross-section 800 are shown in Figs. 5.55 (a, b). In
the proximity of the left bank (where bend trough is), lava temperature is higher at the
bank/bed contact, as shown by the dark arrow. An increase in temperature of 2.4°C above

the original lava temperature (1380°C) is obtained at the bed/left bank contact, which is
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lower than that observed at the bed/right bank contact of cross-section 400. The lower
temperature increment is likely a consequence of the slower cross-stream (1.0 versus 1.9
m s) and downstream (14.3 versus 14.6 m s!) velocities at bend 2, which arise from the
lower pressure gradient that develops at the two bend ends. At the left bank of cross-section
800, the temperature increase extends approximately halfway up the bank, which is
consistent with the observed distribution of erosion rates at the same bank. The other dark
arrow points at another area of temperature increase (an increase that is lower than the one
on the left) at the right bank/bed contact. This area is likely responsible for the erosion
enhancement found at the right bank, halfway down from the bank top. Here, erosion rates
increase from a value of 1.0 cm/day at the bank top to a value of 3.7 cm/day at a vertical
distance of ~9.5 m from the bank/bed contact. The velocity gradients associated with the
vigorous turbulent motion shown in the vicinity of the right bank are likely responsible for
the observed increase in temperature and erosion rates. Finally, the green arrow points at
an area located ~40 m to the left of the right bank/bed contact. Here, an elongated, narrow
area of increased lava temperature sits on top of an area that is in contact with the bed and
is much cooler than the surroundings. The occurrence of the latter probably explains the
dip in erosion rates observed at the bed at a horizontal distance of ~40 m from the bed/right
bank contact (Fig. 5.51). Once again, the vigorous turbulence that characterizes this portion
of cross-section 800 along with the associated velocity gradients might be responsible for
the observed non-homogeneous spatial distribution of temperatures and erosion rates at the

channel bed. A higher level of complexity appears to characterize bend 2 compared to what
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CROSS-SECTION 800 m - cut through bend 2 axis

- e bea
Right bank: where bend 2 apex is

Left bank: where bend 2 trough is

Lava thickness: 20 m B

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)

Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank Right bank

Lava temperature T-deg C
1374 1376 378

Figure 5.55a. It is shown how lava temperature T varies from one end of bend 2 to the
opposite (mainstream flow enters the page). Rille cross-section 800, flow sub-scenario
described in Fig. 5.47. In the proximity of the left bank (where bend trough is), lava
temperature is higher at the bed/bank contact, in the area indicated by the dark arrow on
the left. An increase in temperature of 2.4°C above the eruption value of 1380°C is obtained
here, an increment that is lower than that observed at the bed/right bank contact of cross-
section 400. The temperature increase extends approximately halfway up the bank, a find
that is consistent with erosion rate distributions at the left bank. The other black arrow (on
the right) points at another area of temperature increase (an increase lower than the one on
the left) at the right bank/bed contact. This area is likely responsible for the erosion
enhancement found at the right bank, halfway down from the bank top. Finally, the green
arrow points at an area of low temperature close to the bed, which is likely responsible for
the dip shown in Fig. 5.51.
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CROSS-SECTION 800 m - cut through bend 2 axis

Right bank: where bend 2 apex is

e e i View of channe bed
Left bank: where bend 2 trough is

Lava thickness: 20 m

Channel width: 160 m ate. b

Lava temperature: 1380°C (sub-liq)

Bed/banks temperature: 1340°C (sub-liq)

Lava downstream velocity: 10 m/s

Left bank Right bank

iva Temperature T-deg C

Figure 5.55b. Enhanced view of the temperature variations shown in Fig. 5.55a, which
better shows how lava temperatures are irregularly distributed at the channel bed and
explains the irregular distribution of erosion rates in Fig. 5.51. The white arrow on the right
points at the cooler blue area indicated by the green arrow and described in Fig. 5.55a. The
arrow on the left shows the hottest spot located at the bed/left bank contact.

observed at bend 1. Once again, secondary flow circulation and the local downstream
velocity are likely responsible for the magnitude and spatial distribution of erosion rates at
the bed and the two banks.

Let us now consider a 10-m-thick lava that is erupted at the liquidus temperature
(1440°C) and flows at a velocity of 7 m s™! in a channel with meanders of a higher amplitude
(2A =400 m, Fig. 5.56) compared to the amplitude adopted in the baseline model (2A =
300 m). At the bed (Fig. 2.24, chapter 2), the maximum peak of erosion is located at a
horizontal distance of ~10 m (instead of ~6 m as in BM, Fig. 2.3) from the bed/right bank
contact, and another peak of erosion is found ~50 m away from the bed/left bank contact.

The latter peak is much smaller and only ~20 m away from the left bank in the lower

amplitude BM scenario. The two peaks are higher in value (37.1 and 24.0 cm/day,
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respectively) than those observed in the baseline model (28.8 and 18.9 cm/day). Figs. 2.25
(a, b) show that erosion maxima are found at the left bank top (Fig. 2.25a) and at a vertical
distance of 2-4 m from the right bank/bed contact (Fig. 2.25b). The right bank displays the
highest erosion rate value (25.6 cm/day versus 1.7 cm/day at the left bank). In the baseline
model, the maximum of erosion at the right bank is at the bank top (Fig. 2.4a) and the left
bank maximum is within 2-4 m of the left bank/bed contact (Fig. 2.4b). How does the
observed variation in erosion rates relate to the spatial distribution of lava velocity and
temperature at channel bend 1? Figs. 5.56 (a, b) show the velocity distribution at channel
cross-section 400 for the higher amplitude version of the baseline model. In the central
portion of cross-section 400 (Fig. 5.56a), flow lines point in the direction of the left bank
(left). Red arrows point at secondary flow circulation that commences ~50 m away from
the left bank compared to ~20 m away in the BM. The secondary flow travels faster and
faster as it approaches the bed/right bank contact and reaches a maximum velocity of 1.7
m s!. This likely explains the maximum of erosion ~10 m away from the bed/right bank
contact. The secondary circulation hits the lower-half of the right bank and flows upward
at a velocity of 1.5 m s™! (Fig. 5.56b), being likely responsible for the erosion enhancement
observed half-way up the bank (Fig. 2.25b). Then, it flows away from the bank and toward
the left bank (Fig. 5.56a). Flow lines hit the bed at a velocity of ~0.3 m s! (Fig. 5.56b),
~50 m away from the bed/left bank contact and are likely responsible for the secondary
peak of erosion observed at the bed in Fig. 2.24. Then, they hit the lower-half portion of

the left bank at a velocity of 0.9 m s' and move away from the upper-half portion of it (Fig.
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5.56b). Overall, this section displays a high level of flow complexity, especially in the

portion approaching the left bank (bend apex).

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 400 m

Lava thickness: 10 m

Channel width: 160 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank ‘“": Right bank
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Figure 5.56a. Cross-stream or Uy velocity vectors (perpendicular to the downstream flow
direction that enters the page), rille cross-section 400, bend 1 axis. Results refer to a 10-m-
thick flow erupted at the liquidus temperature and traveling at a velocity of 7 m s™.
Meander amplitude is higher (2A=400 m) than the 300-m value adopted in the baseline
model and other simulations. In the central portion of the cross-section, flow lines point in
the direction of the left bank. Secondary circulation (red arrows) commences ~50 m away
from the left bank and flows in the direction of the right bank. At the left bank, lava is slow
and flow pressure is high. Here, flow lines only hit the lower-half portion of the bank itself.
The secondary flow reaches a velocity of 1.7 m s! in the proximity of the right bank, the
second fastest value in all performed simulations. This section displays a high level of flow
complexity, especially in the portion approaching the left bank (bend apex).
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CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 400 m

Lava thickness: 10 m

Channel width: 160 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank - Right bank
=
b

Figure 5.56b. Vertical velocity vectors or U, vectors (flow moving up and down the two
banks and at an angle from cross-stream flow elsewhere), rille cross-section 400, bend 1
axis. Results apply to the high-amplitude channel described in Fig. 5.56a. At the right bank,
secondary flow moves upward at a velocity of 1.5 m s! (blue arrows), which explains the
peak of erosion within ~10 m of the bank/bed contact. At the left bank, flow lines hit the
lower-half portion of the bank and move away from the upper-half of the bank (pale orange
arrows). This and the associated lava temperature variation (see Fig. 5.57) explain the
observed erosion rate maximum at the bank top. Within ~50 m of the bed/left bank contact,
flow lines hit the bed at a velocity of ~0.3 m s™! (dark orange arrows), which leads to the
secondary peak of erosion shown in Fig. 2.24.

Downstream velocity reaches a value of 11.5 m s™! at/near the right bank and the difference
in flow pressure between the two ends of the section is equal to 53.8 m? s2. The high
downstream velocity is a consequence of the pronounced low-pressure zone (according to
Bernoulli principle) that forms at the right bank in the presence of a high-amplitude bend,
and significantly contributes to the erosion rate maximum observed at/near the right bank.
The secondary flow circulation that develops from the pressure gradient at the two opposite

banks of cross-section 400 - while also contributing to the magnitude of erosion -

determines the spatial distribution of erosion at the bed and over the two banks. How does
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flow velocity relate to lava temperature? Fig. 5.57 shows that lava temperature is highest
at the bed/right bank contact (black arrow) where it increases by up to 4.2°C above the
original value of 1440°C. The temperature increase extends approximately halfway up the
bank, a find that is consistent with the erosion enhancement observed in Fig. 2.25b. The
red arrow points at another area of temperature variation (a lower increase compared to the
former) that is located at the bed/left bank contact. The presence of this area likely explains
the low erosion enhancement seen within ~1 m of the left bank/bed contact in Fig. 2.25a.
In general, temperature increments are highest where lava velocity is highest and flow lines

hit the bed and/or the two banks.

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 400 m

Lava thickness: 10 m

Channel width: 160 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank Right bank
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Figure 5.57. It is shown how lava temperature T varies from one end of bend 1 to the
opposite (mainstream flow is entering the page), rille cross-section 400, baseline model
with modified meander amplitude (2A=400 m). In the proximity of the right bank (where
bend trough is, as shown in the upper right inset), lava temperature reaches a value of
1444.2°C (black arrow), a value 4.2°C higher than the original lava temperature. The
temperature increase reaches up the bank top, but the peak value is found halfway up the
bank, a find that is consistent with the erosion enhancement seen in Fig. 2.25b. The red
arrow points at another area of temperature variation (a lower increase compared to the
former) that is located at the bed/left bank contact. The presence of this area likely explains
the erosion enhancement observed in Fig. 2.25a within ~1 m of the left bank/bed contact.
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How different are flow velocities and temperatures at cross-section 400 for the lower-
amplitude baseline model? Downstream velocity at the right bank is equal to 10.3 m s™!
and, thus, it is slower by a factor of ~1.1 than that associated with the higher-amplitude
counterpart scenario. The pressure difference at the two banks is equal to 31.0 m? s and
is lower by a factor of ~1.7 than that found at the higher-amplitude bend. The lower
pressure gradient is associated with slower secondary circulation and downstream
velocities. Figs. 5.58 (a, b) show how cross-stream and vertical velocities differ from those
seen in Figs. 5.56 (a, b). Secondary flow circulation (red arrows) commences ~50 m away
from the bed/left bank contact (high-pressure, low-velocity zone) and reaches a maximum
velocity of 0.9 m s™! (Fig. 5.58a) in the proximity of the bed/right bank contact, a value
lower by a factor of ~1.9 than that shown in Fig. 5.56a (higher amplitude bend). At the
right bank, the secondary flow moves upward at a maximum velocity of 0.7 m s (Fig.
5.58b), a value that is a factor of 2.1 lower than that obtained from the higher-amplitude
scenario. All these finds explain the lower magnitude and different spatial distribution of
erosion rates at the bed and banks of the lower-amplitude channel compared to the higher-
amplitude rille section. How do flow velocities relate to lava temperature for the lower-
amplitude baseline scenario? Fig. 5.59 shows that a temperature increment of 3.0°C above
the original temperature of 1440°C is observed at the bed/right bank contact of cross-

section 400.
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CROSS-SECTION 400 m - BASELINE MODEL

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 300 m

Lava thickness: 10 m

Channel width: 160 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank e Right bank

Figure 5.58a. Cross-stream velocity vectors or Uy vectors (perpendicular to the
downstream flow direction that enters the page) for rille cross-section 400, bend 1 axis.
Results refer to the baseline model, i.e., a 10-m-thick flow erupted at the liquidus
temperature of 1440°C and traveling at a velocity of 7 m s™!. Meander amplitude is 300 m.
Secondary flow circulation (red arrows) commences ~20 m away from the bed/left bank
contact. The secondary flow reaches a maximum velocity of 0.9 m s™! in the proximity of
the bed/right bank contact, a value lower by a factor of ~1.9 than that shown in Fig. 5.56
(higher amplitude channel). At the left bank, flow lines hit the bank head-on within ~4 m
of the bed/bank contact and at an angle from there to the bank top.

CROSS-SECTION 400 m - BASELINE MODEL

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 300 m

Lava thickness: 10 m

Channel width: 160 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank . Right bank

Figure 5.58b. View of vertical velocity vectors or U, vectors (blue and dark orange) that
324



track flow up and down the two banks and at an angle from cross-stream flow elsewhere)
at rille cross-section 400, bend 1 axis. Results refer to the low-amplitude BM scenario
described in Fig. 5.58a. At the right bank, secondary flow moves upward at a maximum
velocity of 0.7 m s (blue arrows), a value that is a factor of 2.1 lower than that found at
the higher-amplitude channel cross-section. The low Uz and Uy values found in Fig. 5.58a
and the temperature results shown in Fig. 5.59 explain the lower erosion rates within ~4 m
of the right bank/bed contact compared to those seen at the higher amplitude channel cross-
section. At the left bank, no vertical motion is observed, and the erosional pattern is almost
identical to the one observed at the higher amplitude cross-section.

CROSS-SECTION 400 m - BASELINE MODEL

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 300 m

Lava thickness: 10 m

Channel width: 160 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank Right bank

Lava temperature T- deg C
1434 1435 1436 1437 1438 1439 1440 1441 1442 1443.0
| | | |

Figure 5.59. It is shown how lava temperature T varies from one end of bend 1 to the
opposite (mainstream flow is entering the page), rille cross-section 400, baseline model
with standard meander amplitude (2A=300 m). In the proximity of the right bank (where
bend trough is), lava temperature reaches a value of 1443.0°C (black arrow), a value 3.0°C
higher than the original lava temperature and 1.2°C lower than that found at the higher
amplitude channel cross-section. The temperature increase extends all the way up the bank
top where the erosion maximum is found.

By making the channel of meander amplitude 2A =400 m thicker than 10 m, higher values
of downstream and secondary flow velocities (compared to those found so far) are obtained
at the bed/right bank contact of cross-section 400. The higher velocity values result in

higher erosion rates at both the bed and the two banks. Nevertheless, the spatial distribution
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of erosion rates at the two banks remains almost identical to that associated with the 10-m-
thick high-amplitude channel.

For a 10-m-thick channel that is wider than the standard baseline channel (width =
200 m instead of 160 m), the distribution of downstream and cross-stream velocities at
channel cross-section 400 changes dramatically. Fig. 2.31 (sensitivity analysis chapter)
shows that erosion rates at the bed are slightly lower (27.1 cm/day) than their BM
counterpart values (28.8 cm/day). At the left bank (Fig. 2.32a), a maximum erosion rate of
15.1 cm/day (higher than the BM counterpart value of 10.3 cm/day) is found at the bank
top rather than within 2-4 m of the bank/bed contact. At the right bank (Fig. 2.32b), the
maximum erosion rate is found at the bank top as well and is, once again, higher than its
BM counterpart (26.1 versus 24.4 cm/day). In drawing a wider channel, channel sinuosity
was held equal to ensure that any observed changes in erosion rate be tied to channel width
variations only. Fig. 5.60 shows the pressure difference that develops at the ends of cross-
section 400 for a channel that is 200 m instead of 160 m wide. The total difference in
kinematic pressure is equal to 36.7 m? s and, thus, is a bit larger than that found at the
same location in the narrower baseline channel (31.0 m? s2). The larger pressure difference
translates into faster downstream velocities at both the right and left banks compared to the

baseline counterpart velocities (Fig. 5.61).
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CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 340 m

Lava thickness: 10 m

Channel width: 200 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank Right bank

Kinematic pressure p - m2/s2
0 5 10

Figure 5.60. It is shown how flow pressure P varies from one end to the other of bend 1
(mainstream flow enters the page), rille cross-section 400. Results refer to a baseline model
(BM) in which channel width is modified and taken to be equal to 200 m instead of 160 m.
Left bank is a high-pressure (low-velocity) zone and right bank is a low-pressure (high-
velocity) zone. The difference in kinematic pressure between the two cross-sectional ends
is equal to 36.7 m? s and, thus, is a bit higher than that measured at the two ends of
cross-section 400 for the baseline model (31.0 m? s72).

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 340 m

Lava thickness: 10 m

Channel width: 200 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank Right bank

Downstreamn velocity Ux - m

10 109

Figure 5.61. It is shown how downstream velocity Ux varies from one end to the other of
bend 1 (mainstream flow enters the page), rille cross-section 400. Flow sub-scenario is
described in Fig. 5.60. Lava travels much faster at the right bank than at the left bank, and
the maximum velocity of 10.9 m s measured at the right bank is slightly faster than that
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found at the right bank of BM cross-section 400 (10.3 m s™'). Velocity at the left bank is
also slightly faster than its BM counterpart because flow pressure is not as high there, which
allows for a slightly faster flow velocity.

The interesting find is that the magnitude and distribution of cross-stream and
vertical velocities at section 400 are almost identical to those observed at cross-section 400
of the baseline model. As a result, any differences in the magnitude and distribution of
erosion rates are likely due to differences in downstream velocities and lava temperature
distribution at cross-section 400. Fig. 5.62 shows how lava temperature varies at cross-
section 400. In the proximity of the right bank, which is where bend trough is, lava

temperature reaches a value of 1443.03°C that is only slightly higher than the value of

1442.97°C (rounded up to 1443.0) found at cross-section 400 of the baseline model.

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Meander amplitude: 340 m

Lava thickness: 10 m

Channel width: 200 m

Lava temperature: 1440°C
Bed/banks temperature: 1412°C
Lava downstream velocity: 7 m/s

Left bank Right bank

10

Lava temperature T-deg C
143600 1437 1438 1439 1440 1441 1442 1443.03
I | | |

Figure 5.62. How lava temperature T varies from one end of bend 1 to the opposite
(mainstream flow is entering the page), rille cross-section 400, baseline model with
modified channel width (w=200 m instead of 160 m). In the proximity of the right bank
(where bend trough is), lava temperature reaches a value of 1443.03°C (black arrow),
which is only slightly higher than the value of 1442.97°C found at the same location in the
baseline channel. The temperature increase extends all the way up to the bank top where
the erosion maximum is. The higher erosion rate is likely a direct consequence of the faster
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downstream velocity in the proximity of the right bank because, locally, the distribution of
cross-stream and vertical velocities is identical to that found in BM. In the proximity of the
left bank and, especially, at the bed/left bank contact (red arrow), a region of lower lava
temperature is found, which explains the absence of a peak of erosion in the lower-half
portion of the bank. A higher lava temperature is found toward the bank top, which explains
the occurrence of the peak of erosion at the top of the left bank.

All results shown to this point pertain to scenario 2, i.e., they refer to flows for which no
heat is lost by radiation to space because lava travels in a tube, hence, insulated from the
lunar environment. Fig. 5.63 shows the cross-stream velocity distribution at channel cross-
section 400 for a 5-m-thick flow that travels at a velocity of 5 m s and flows at a sub-
liquidus temperature of 1400°C. After erupting at the liquidus temperature of 1440°C, the
flowing lava undergoes cooling through the flow top until its core temperature reaches a

temperature of 1400°C. The fastest secondary flow velocity is achieved at the bed/right

bank contact and is equal to 0.4 m s, which confirms the dependence of secondary flow

CROSS-SECTION 400 m - cut through bend 1 axis
SCENARIO 1: Lava losing heat by radiation from flow top

Lava thickness: 5 m

Channel width: 160 m

Lava temperature: 1400°C (sub-liq)
Bed/banks temperature: 1380°C (sub-liq)
Lava downstream velocity: 5 m/s

Left bank Right bank

-stream velocity Uy - m/s
0.1 0 0.1 0.2

Figure 5.63. Cross-stream velocity vectors or Uy vectors (perpendicular to mainstream
flow, which enters the page) for rille cross-section 400, bend 1 axis. Results refer to 5-m-
thick lava that flows at a sub-liquidus temperature of 1400°C and travels at a velocity of 5
m s, This lava undergoes cooling into the lunar environment through the flow top
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(scenario 1). The secondary flow reaches a maximum velocity of 0.4 m s in the proximity
of the right bank. This low velocity value confirms how strong the dependence of cross-
stream velocities is on lava thickness.

velocity on lava thickness. The distribution of cross-stream velocities is almost identical to
that found at cross-section 400 for the counterpart lava that flows insulated from the lunar
environment. Because heat is lost by radiation through the flow top, erosion rates measured
at bank tops should never be the highest. Fig. 5.64 shows the distribution of lava
temperatures at cross-section 400. A zone of lower lava temperature is found near the top
of the cross-section and extends downward by ~1/3 of the vertical distance that separates
the flow top from the bed. At the bed/right bank contact, the maximum temperature is equal
to 1399.7°C, i.e., it is 0.3°C lower than the lava core temperature. This find confirms that
the energy budget of the lava is reduced as heat is lost through the flow top. Near the left
bank, lava temperatures are much lower than anywhere else in the cross-section. The details

of flow circulation in this portion of the channel (Fig. 5.63) reveal that cooler lava flows

CROSS-SECTION 400 m - cut through bend 1 axis
SCENARIO 1: Lava losing heat by radiation from flow top

Lava thickness: 5 m

Channel width: 160 m

Lava temperature: 1400°C (sub-liq)
Bed/banks temperature: 1380°C (sub-liq)
Lava downstream velocity: 5 m/s

Left bank Right bank
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Figure 5.64. The distribution of lava temperature from one end of bend 1 to the opposite
(mainstream flow is entering the page), rille cross-section 400, flow scenario described in
Fig. 5.63. A zone of lower lava temperature extends from the flow top down to ~1/3 of the
vertical distance that separates it from the bed. At the bed/right bank contact, the maximum
lava temperature is 0.3°C lower than the original core temperature, which confirms that the
energy budget of the lava is reduced as heat is lost through the flow top.

from the upper half of the cross-section downward to the bed. Fig. 5.65 shows the
distribution of lava temperatures at the flow top and bed from one end to the other of cross-

section 400.
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Figure 5.65. The distribution of lava temperatures at the flow top and bed of cross-section
400. Lava core temperature (input model parameter) is equal to 1400°C (sub-liquidus). At
the bed, lava temperature is held constant at 1380°C whereas at the flow top it varies from
a maximum of ~1395°C near the right bank to a minimum of ~ 1384°C within ~15 m of
the left bank. Over the central portion of the section, flow top temperatures vary within
~1°C of 1393°C. Overall, flow top temperatures appear to vary within 5-16°C of the initial
core temperature of 1400°C.
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At the bed, lava temperature is held constant and equal to 1380°C (model input parameter),
whereas temperatures at the flow top vary from >1395°C near the right bank to ~1384°C
within ~15 m of the left bank. Over the central portion of cross-section 400, flow top
temperatures vary within ~1°C of 1393°C, being ~7°C lower than the core temperature
value of 1400°C.

Fig. 5.66 shows the distribution of velocities at bend 1 for a 20-m-thick superheated
lava that flows at a temperature of 1605°C and travels at a velocity of 10 m s'. The lava,
originally erupted at the superheated temperature of 1630°C, loses heat by radiation into
the lunar environment. Secondary flow circulation reaches a maximum velocity of 1.4 m
s at the bed/right bank contact. The cross-stream velocity distribution is almost identical

CROSS-SECTION 400 m - cut through bend 1 axis

SCENARIO 1: Lava losing heat by radiation from flow top

g 15005 View of channed bed
Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1605°C (sup-heat)

Bed/banks temperature: 1565°C (sup-heat)

Lava downstream velocity: 10 m/s.

Left bank . Right bank

Cross-stream velocity Uy - m/s
0 04 06 08

Figure 5.66. Cross-stream velocity vectors or Uy vectors (perpendicular to mainstream
flow that enters the page) for rille cross-section 400, bend 1 axis. Results refer to 20-m-
thick lava that undergoes cooling into the lunar environment through the flow top (scenario
1) and travels at a velocity of 10 m s™\. The secondary flow reaches a maximum velocity
of 1.4 m s™! in the proximity of the right bank. The distribution of cross-stream velocities
is almost identical to that found for the scenario 2 counterpart flow and once again shows
evidence of a well-developed helicoidal flow.
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to that found for the counterpart flow of scenario 2 (insulated lava). Fig. 5.67 shows the

distribution of lava temperatures at cross-section 400. A low lava temperature zone extends

CROSS-SECTION 400 m - cut through bend 1 axis
SCENARIO 1: Lava losing heat by radiation from flow top

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1605°C (sup-heat)
Bed/banks temperature: 1565°C (sup_heat)
Lava downstream velocity: 10 m/s

Left bank Right bank

Figure 5.67. The distribution of lava temperature from one end of bend 1 to the opposite
(mainstream flow enters the page), rille cross-section 400, flow scenario described in Fig.
5.66. A zone of lower lava temperature extends from the flow top down to ~1/4 of the
vertical distance that separates it from the bed. At the bed/right bank contact (black arrow),
the maximum lava temperature is 4.5°C higher than the core temperature value of 1605°C.
The red arrow points at the low-temperature zone that forms because of lava losing heat by
radiation into the lunar vacuum. The thickness of this zone is reduced compared to that
observed in a 5-m-thick flow. The temperature enhancement at the bed/right bank contact
and the lower thickness of the low-temperature zone at the flow top compared with that
seen in a 5-m-thick flow confirm the better ability thick lava has to retain internal heat.

from the flow top down to ~1/4 of the vertical distance that separates it from the bed. At
the bed/right bank contact, the maximum lava temperature is 4.5°C higher than the flow
core temperature of 1605°C. This result is in stark contrast with the decrease in temperature

observed at the same location in thin lava. The last two finds confirm that a 20-m-thick

flow has a better ability to retain internal heat than a 5-m-thick lava. Finally, Fig. 5.68
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shows the temperature distribution at the flow top and bed for the 20-m-thick superheated

lava that travels at a velocity of 10 m s™..
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Figure 5.68. The distribution of lava temperatures at the flow top and bed of cross-section

400 for a 20-m-thick superheated lava (T=1605°C) traveling at a velocity of 10 m s™\. At

the bed, lava temperature is held constant at 1565°C, whereas at the flow top it varies from

a maximum of ~1597°C near the right bank to a minimum of ~ 1594°C within ~15 m of

the left bank. Over the central portion of the section, flow top temperatures vary within

~0.5°C of 1595°C. Overall, flow top temperatures appear to vary within 8-11°C of the
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initial core temperature of 1605°C. In line with what seen in Fig. 5.67, a 20-m-thick flow
has a much better ability to retain internal heat than a 5-m-thick flow.

At the flow top, the variation of temperature is much more contained than that underone
by a 5-m-thick flow. Lava top temperatures only vary within 0.5°C of 1595°C across the
central portion of the flow and there is a gap of only 3°C between maximum and minimum

temperatures.

Physics behind the observed erosion rate enhancements

Figs. 5.47-5.66 show evidence for secondary flow circulation at two channel cross-
sections that are cut parallel to two bend axes. For the thickest flows, secondary circulation
forms a loopy pattern that closely reminds of helicoidal flow, as described in the river
literature. Ultimately, secondary flow circulation appears to be responsible for a localized
increase of lava temperatures and leads to erosion enhancement by impacting both
magnitude and distribution of erosion rates at discrete portions of the channel bed and the
two banks. How does this process work from a physics standpoint? At channel boundaries
(bed and banks), flow velocity is held equal to zero. Also, lava temperature and viscosity
are held constant. The SST k- turbulence model (Menter, 1993) adopts expressions for
turbulent kinetic energy k and specific dissipation rate ® that contain velocity terms. If
flow velocity increases, so do the values of k and . Besides, changes in flow velocity
contribute to lava temperature variations because the convective term (term containing a
velocity vector) is present in the temperature equation. Another important parameter that

also changes with k and o is turbulent viscosity, vt, as vt = k/@ (Menter, 1993). Turbulent
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and kinematic viscosity variations are also tied to lava temperature variations because the
two viscosity terms are part of the effective thermal diffusivity term (oeff) in the temperature
equation. All results show that the channel segments that experience high velocity (and
pressure) gradients are the meandering ones and, within those, the portions that are close
to the bed and banks where flow velocities rapidly decrease to zero. As soon as the flowing
lava enters a bend, the resulting pressure and velocity variations cause variations of k, o,
vt and T (lava temperature). Ultimately, variations of turbulent viscosity vt lead to
variations in the effective thermal diffusivity of the lava (aefr), which are responsible for
variations of flow temperature and erosion rates at the interface (see Eqs. 2 and 3, this

chapter).

Variations of k and vt at the rille bed and banks
Tracking down variations in turbulent kinetic energy and turbulent viscosity helps

locate temperature variations and, ultimately, areas of erosion rate enhancement. Fig. 5.69

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)
Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank Right bank
o = 0

Turbulent kinetic energy k - m2/s2
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Figure 5.69. It is shown how turbulence kinetic energy k varies at cross-section 400 for a
20-m-thick lava erupted at the sub-liquidus temperature of 1380°C and traveling at a
velocity of 10 m s™!. The highest values of k are found at the bed in the proximity of the
bed/right bank contact and at the right bank. At the latter location, values are highest from
the bottom halfway up the bank top. From there, they drop and then remain almost constant
up to the bank top. The oval-shaped region of high-k values on the left end of cross-section
400 is likely associated with the high-turbulence region observed in that channel portion.
A high-turbulence region is characterized by strong velocity gradients and an increase of k
is expected there.

shows the distribution of turbulence kinetic energy k at channel cross-section 400 for a 20-
m-thick lava erupted at a sub-liquidus temperature of 1380°C and traveling at a velocity of
10 m s™. The highest values of k are found at the bed in proximity to the bed/right bank
contact and at the right bank. At the latter location, values are highest from the bottom
halfway up the bank top. From there, they drop and then remain almost constant up to the
bank top. The oval-shaped region of high k values to the left appears to be associated with

the high-turbulence region observed at the same location in Fig. 5.47 and is characterized

by strong velocity gradients. Fig. 5.70 shows the other flow parameter that is diagnostic of

CROSS-SECTION 400 m - cut through bend 1 axis

Right bank: where bend 1 trough is
Left bank: where bend 1 apex is

Lava thickness: 20 m

Channel width: 160 m

Lava temperature: 1380°C (sub-liq)
Bed/banks temperature: 1340°C (sub-liq)
Lava downstream velocity: 10 m/s

Left bank Right bank

10 Z A

338



Figure 5.70. It is shown how turbulent viscosity, vt, varies for a 20-m-thick lava erupted
at the sub-liquidus temperature of 1380°C and traveling at a velocity of 10 m s'. The
highest values of vt are found at the center of the reddish area on the left end of the cross-
section. This area is found in a portion of the channel that shows an oval-shaped increment
of turbulent kinetic energy in Fig. 5.69, which is expected given that increments of k and
vt tend to occur at the same location (they both develop in the presence of velocity
gradients). That said, lower increments of vt (whitish in color) are seen right above the bed
and to the immediate left of the right bank (locations of highest k values in Fig. 5.69).
These increments are lower than the one seen on the left end of the cross-section because
viscosity is a “resistance to flow” and, hence, that resistance is lower in those portions of
the channel characterized by faster cross-stream velocities (regions parallel to the bed and
up the right bank).

velocity and temperature variations at channel cross-section 400: turbulent viscosity, .
The highest values of vt are found at the center of the reddish area on the left end of the
cross-section. This area matches the location of an oval-shaped increment of turbulent
kinetic energy in Fig. 5.69, which is expected given that increments of k and v: tend to
occur at similar locations (they both develop in the presence of velocity gradients). That
said, lower increments of vt (whitish in color) are seen right above the bed and to the
immediate left of the right bank (locations of highest k values in Fig. 5.69). These
increments are lower than the one seen on the left end of the cross-section because viscosity
is a “resistance to flow” and, hence, that resistance is lower in those portions of the channel

characterized by faster cross-stream velocities (regions parallel to the bed and up the right

bank).

Discussion
This section is divided into two parts: the first aims to address the formation of the

Vallis Schroteri inner rille and discusses the likelihood for this structure to have formed
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due to a mechanism of thermal erosion or thermo-mechanical erosion. The second part
discusses the limitations of the approach adopted. Results pertaining to scenario 1 lead to
the conclusion that it is extremely unlikely for the lava that formed the inner rille of Vallis
Schréteri to have flowed turbulently from lava source to terminus. Table 5.3 shows that,
even allowing for a superheated temperature of 1630°C, the lava could have
flowed turbulently probably no farther than ~48 km from the lava source. Of course, this
is only a first-order estimate because the Stefan-Boltzmann relation that was used to
determine cooling rates only accounts for initial lava temperatures and velocities. No
account is taken of lava thickness. A lava that is thicker (i.e., of higher volumetric
flow rate in 3-D modeling) has a better ability to retain internal heat than a thinner
flow, holding other factors equal. Nevertheless, a lava that is 10- or 5-m-thick travels at
a slower velocity than 10 m s on the lunar surface and, thus, the error involved in this
estimate is unlikely to be sufficiently large to alter the result. This might also be true for
reasons that are discussed at the end of this section. Scenario 2 flows likely traveled
greater distances from the Cobra Head, the source region for both the inner and outer
rilles of Vallis Schréteri. Assuming cooling rates of 0.5-1.0°C/km (Keszthelyi, 1995),
lavas 10-20 m in thickness, erupted at the liquidus temperature of 1440°C and
flowing insulated from the lunar vacuum at velocities of 7-10 m s, respectively,
might have traveled downstream distances of 100-150 km. Finally, 10-20 m thick
superheated lavas erupted at a temperature that is 190°C higher than the liquidus value
might have been capable of flowing turbulently out to the rille terminus. Meanders of
wavelength and amplitude analogous to those defining the meanders located in the

upstream portions of the Vallis Schréteri inner rille occur at
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downstream distances of ~100-150 km from the lava source. This seems to support the idea
that thermal and/or thermo-mechanical erosion might have been very effective out to those
distances from the Cobra Head.

How long might have taken for the lava to excavate the rille bed and banks,
assuming thermal erosion only and a consolidated substrate of composition identical to that
of the lava? For scenario 2 lavas, maximum erosion rates at the rille bed of 42.8 cm/day
are found for a 20-m-thick lava erupted at the liquidus temperature and traveling at a
velocity of 10 m s, This flow would take 222 days to excavate the 95-m-deep (Garry et
al., 2008) bed, whereas a superheated lava of identical thickness and speed would take 99
days. Estimated flow volumes for 20-m-thick liquidus and superheated lavas, given the
rille length, width, and flow thickness, are equal to ~614 km? and ~274 km?, respectively.
A 10-m-thick lava erupted at the liquidus temperature and traveling at 7 m s would take
330 days, whereas the superheated version of it would take 182 days. For this thinner flows,
estimated lava volumes are equal to ~319 km? and ~176 km?, respectively. Finally, a 5-m-
thick lava erupted at the liquidus temperature and flowing at a velocity of 5 m s would
take 455 days, whereas its superheated version would take 340 days. The total volumes
required for this 5-m-thick lavas to excavate the rille bed are equal to ~157 and 117 km?>.
These newly calculated lava volumes are well within the 100-2000 km?® range of values
obtained by Wilson and Head (2017) for rilles of various size and excavated by flows
inferred to be 10-m-thick. While a 5-m-thick flow could also have excavated the inner rille,
10-20-m-thick lavas pose less severe time and thermal constraints to accomplish the same

goal. What would be the time required to carve a meander into the rock encasing the flow
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— based on thermal erosion only? Secondary flow circulation affects the distribution of
erosion rates at meander bends and, to a lesser extent, its magnitude (locally). The erosion
rate discrepancy observed at the left and right bend of a meander might suggest that the
two bends take different times to form. A 20-m-thick flow that is erupted at the liquidus
temperature and travels at a velocity of 10 m s™! would take ~324 days (duration obtained
by averaging maximum erosion rates at the left and right bank) to excavate a 140-m-deep
bend (average radius of bend curvature) into the rocks that encase the flowing lava. The
superheated version of the same flow would take ~134 days instead. A 5-m-thick lava
erupted at the liquidus temperature and traveling at a velocity of 5 m s would take on
average ~2.9 years (1085 days) to form a bend, whereas the same flow erupted at the
superheated temperature of 1630°C would take ~2.2 years (791 days). The long durations
associated with 5-m-thick lavas pose severe time and thermal challenges that might make
these events not as likely as those featuring thicker flow units. The total lava volume a 20-
m-thick flow would require to form a bend is equal to ~896 km? (if lava flows at the
liquidus temperature) and ~371 km? (if lava is superheated). For a 5-m-thick flow, total
lava volumes would range from ~375 km? (for lavas at the liquidus temperature) to ~273
km? (for superheated lavas). Once again, all of these values fall within the 100-2000 km?
range of values obtained by Wilson and Head (2017). It is important to remember that time
estimates are obtained from values of erosion rates that are assumed to remain constant
over time. While this might hold true for a rille section located at a fixed downstream
distance from the lava source (over a certain time), for increasing downstream distances

from the Cobra Head, erosion rates will be lower and excavation times longer than those
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illustrated here. Following the decrease in erosion rates with increasing downstream
distances from the lava source, meander amplitude decreases. Moreover, as lava becomes
progressively more viscous with decreasing temperatures and increasing distances from
the vent, it travels at a slower velocity and meander wavelength decreases as well.
Observational evidence obtained from LROC high-resolution NAC images shows that both
the meander wavelength and amplitude decrease once a downstream distance of ~145 km
is reached. This find strengthens the idea that the lava that formed the inner rille probably
flowed insulated from the lunar environment. Otherwise, it would be extremely difficult to
explain how meander amplitudes and wavelengths remain almost unchanged out to that
large distance from the lava source.

A very important find of the theoretical study has to do with the impact of changes
in meander amplitude on the strength and velocity of secondary flow circulation. Increases
in meander amplitude make secondary flow circulation stronger and faster. This suggests
that, by analogy with what happens in rivers, once a meander of a certain amplitude is
generated, the amplitude of the same meander might grow larger with time. Some of the
gooseneck meanders found along the path of the inner rille might have developed in a
similar way over time.

Based on the presented thermal erosion results, how could a well-developed bend
form in a lava channel? At both rivers and lava channels, the concave outer bend of a
meander (left bank of bend 1 at cross-section 400 and right bank of bend 2 at cross-section
800) is a high-pressure zone characterized by slower water/lava velocities and the convex

inner bend is a low-pressure zone with faster water/lava velocities. On the floor of a
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riverbed, the secondary flow sweeps sand, silt and gravel across the river and deposits the
solids near the convex, inner bank. This process leads to creation of D-shaped islands and
meanders through creation of cut banks and opposing point bars (Bowker, 1988), which
explains why the convex bank tends to be shallow and made up of these materials. On the
contrary, the concave outer bank tends to be steep and elevated due to heavy mechanical
erosion. Is there any evidence in the new 3-D model that could point at a potential role
played by mechanical erosion at the concave, outer banks of a meander bend? All figures
showing the distribution of cross-stream and vertical velocities at cross-section 400 reveal
the occurrence of a region of high-turbulence in the proximity of the left bank. Flows that
are 10-20 m in thickness reveal a high-turbulence region that is faster and better developed
than that found in thinner flows. For 20-m-thick flows traveling at velocities of 5 and 10 m
sl each cross-section shows a well-developed vortex with cross-stream and vertical
velocities in the range 0.5-1.2 m s! that are responsible for the observed enhancement in
thermal erosion over specific portions of the left bank and at the bed (within 10-40 m of
the bed/left bank contact). The same circulation could also promote a process of
mechanical erosion at the concave, outer bank (high-pressure, low velocity zone), which
could perhaps counterbalance (at least to some extent) the higher thermal erosion rates
obtained at the convex, inner bank (low-pressure, high-velocity zone).

The 3-D model approach presented here suffers from a few limitations. First, it does
not provide a real-time evolution of the flowing lava from source to terminus. Accurate
and reliable transient simulations of lava evolution over distance and time (lava is a

complex physical and chemical system) should require a treatment that be comprehensive

344



of the geochemical evolution of the flow. Williams et al. (1998, 2000) created a rigorous
model of thermal erosion by turbulently flowing lava that, while suffering from the
limitations imposed by the one-dimensional approach, it provides information on lava
composition and its geochemical evolution over time. It also accounts for a mechanism of
incorporation and assimilation of portions of eroded substrate into the flowing lava. A flow
that incorporates and eventually assimilates portions of eroded substrate, changes
composition. This lowers the Reynolds number of the flow, which, ultimately, leads to a
decrease in erosion rates. The assimilation of substrate materials into the flowing lava takes
up a part of the heat budget of the flow, which causes lava temperatures to decrease (at
least locally) and viscosities to increase. Running a real-time simulation from lava source
to terminus would introduce an error bar that is too large, until this level of complexity
becomes incorporated into the model.

From a thermodynamic standpoint, the new model does not account for heat loss
by conduction into the lava substrate. Thermal equilibrium is assumed at the lava/substrate
interface, which implies that the temperature at the interface is held constant at the value
of melting. For real-time flows, it takes about a week for the substrate to heat up and reach
the melting temperature (Lionel Wilson, personal communication), which suggests that
even a series of discrete, short-lasting events would likely be inefficient in excavating the
lava substrate. Lava flowing at a velocity of 10 m s™! could easily travel the entire distance
separating the Cobra Head from the rille terminus in ~5.5 hours but the erosive power of

the same flow would be negligible.
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The lava substrate is assumed to be both consolidated and unconsolidated (the latter
only applying to 10-m-thick flows erupted at the liquidus temperature and traveling at a
velocity of 7 m s!). Regardless of substrate characteristics, the amount of eroded material
that can become incorporated and eventually assimilated into the flowing lava depends on
flow parameters such as lava temperature, velocity, and thickness. Specifically, one
requirement must be met to prevent the flow from increasing its viscosity to the point that
it may freeze. The available heat energy content in the eroding lava flow must be larger by
at least several factors than the heat energy required to melt the substrate (Kerr, 2001,
Sewert and Ferlito,2008). Attention should be paid to this important aspect when modeling
erosion by lava, especially when dealing with flows that are not thick and their ability to

travel at high velocity is reduced compared to thicker lavas.

Conclusions

Chapter 5 presents results of the new 3-D model of thermal erosion by turbulently
flowing lava, as applied to the inner rille of Vallis Schroteri on the Moon. Lava and
substrate are assumed to be basaltic in composition, and the substrate is taken as
consolidated. The SST k- turbulence model and OpenFOAM software are used for each
steady-state simulation. Calculated maximum erosion rates refer to a ~1-km-long rille
segment located at the Cobra Head (lava source) and are obtained from 5- and 20-m-thick
uncrusted (scenario 1) and tube-fed (scenario 2) lavas. Flows are erupted at the liquidus
temperature (1440°C) and at a range of superheated and sub-liquidus temperatures, all of

which consistent with Newtonian flow conditions (solver requirement). Lower and upper
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values of flow thickness — 5 and 20 m - are considered, and the initial flow velocities of 5
and 10 m s™! are calculated from flow thickness and slope of ground. The highest erosion
rates of ~1 m/day are associated with scenario 2 flows erupted at a temperature of 1630°C
(superheated lava) and traveling at a velocity of 10 m s'. The lowest erosion rates are
produced by 5-m-thick flows erupted at a temperature of 1380°C (sub-liquidus lava) and
traveling at a velocity of 5 m s™!. Flow durations required to excavate the 95-m-deep bed
range from a minimum of 99 days for 20-m-thick superheated lavas traveling at 10 m s™!
to a maximum of 455 days for 5-m-thick liquidus lavas flowing at 5 m s”.. To form an
average-sized 140-m-wide bend, flow durations vary from 134 days (20-m-thick,
superheated lava) to ~ 3 years (5-m-thick, liquidus lava). Mechanical erosion, which is
unaccounted for in the presented model of thermal erosion, might have bridged the gap in
flow durations at the bed and banks (at least, to some extent). Perhaps the most important
result of the current investigation is the discovery of secondary flow circulation in lava
channels and at meander bends. Secondary circulation is well known in meandering rivers
and is responsible for meander generation and migration in time. At the Vallis Schréteri
inner rille, secondary circulation appears to affect magnitude and spatial distribution of
erosion rates at meander bends by first causing variations in downstream and cross-stream
velocities than then translates into temperature variations. A consistent pattern is observed
at any rille cross-sections that are cut parallel to meander axes. A cross-section cut parallel
to bend 1 reveals a consistent increase in erosion rates at a portion of the rille bed close to
the bed/right (inner) bank contact and at the right (inner) bank itself. In meandering rivers,

the maximum of erosion (mechanical) is always found at the left (outer) bank but the
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topography of river beds and banks changes both spatially and temporally. A new version
of the 3-D model will resolve the apparent discrepancy in erosion rates distribution at lava
and river meanders by incorporating the additional element of complexity that is

unaccounted for in the current version of the 3-D model.

348



6 DISCUSSION, CONCLUSIONS AND FURTHER WORK

Discussion

The new 3-D model has revealed a level of complexity that is not accessible by
available lower-dimensional models. It is the first model of thermal erosion by turbulently
flowing lava that addresses erosion at the rille bed and banks, with special emphasis on
erosion at meander bends. The model has revealed details of flow circulation that were
only known in the river literature, which now appear to have a potential to explain how
rille meanders might have formed and, possibly, evolved at the time lava was flowing at
the Vallis Schroteri rille site on the Moon. At the primary rille of Vallis Schréteri, the
model has added support to the idea that thermal erosion was unlikely responsible for the
formation of the up-to 700-m-deep and 4-km-wide depression found at this lunar site. At
the inner rille, it has shown that thermal erosion or thermo-mechanical erosion might have
led to rille formation and placed key constraints on eruption durations and total lava
volumes. Importantly, the model has provided first-time evidence for a mechanism of
secondary flow circulation at meander bends, which affects erosion rate magnitude and
distribution and might, at least, explain how meanders evolved over time. As a matter of
fact, secondary circulation is responsible for meander generation in river channels, a
process that is initiated prior to sediment transport from one bend to the opposite (Olesen,
1987; Camporeale et al., 2007).

Some of the implications of the modeling are here discussed. All results were

obtained from steady-state simulations of lavas erupted at a range of temperatures and flow
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velocities over a rille segment that extends for 1.0-1.5 km. As a result, no information on
the physical and geochemical evolution of the lava is available at the present time. That
said, specific results may cast light on the potential evolution of the lava in time.
Specifically, the initial lava temperature poses severe constraints on the distance from the
source an individual flow might be able to travel, while flowing in a turbulent fashion. The
occurrence of well-formed meanders at downstream distances > 100 km from the lava
source suggests that the erosive power of the lava might have still been high at those large
distances from the Cobra Head (source). Another possibility is that the “distant” meanders
might have developed from lava flowing laminarly and at slower flow rates than those
associated with turbulently flowing lava. Sakimoto and Gregg (2019) support an origin
from tube-fed and laminarly flowing lava for even large-scale sinuous rilles. What can be
said about the observed changing geometry of rille meanders? As already stated in the
section titled “The geometry of the rille” (Chapter 5), after the inner rille cross cuts the
primary outer rille wall (at a distance from the lava source of ~150 km), the channel
becomes shallower and narrower (~100 in width), meanders become rare, of shorter
wavelength (~650 m) and lower amplitude (~250 m). Results of the sensitivity analysis
chapter (Chapter 2) show that, for a flow of specified thickness, a reduction in lava
temperature and/or flow velocity is accompanied by a reduced erosive power. As lava
temperature decreases, flow viscosity increases and, at some point, flow regime transitions
from turbulent to laminar (the Reynolds number decreases until it reaches a value of ~2000)
and flow velocity decreases as well. The channel becomes shallower and narrower because

the ability of the lava to erode vertically into the bed and sideways (laterally) into the banks
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is reduced. Furthermore, a slower-traveling lava might likely develop meanders that are
smaller in wavelength. In rivers, the slower the velocity of the flow, the shorter the meander
wavelength. While affecting meander wavelength, a slower flow velocity also causes
meander amplitude to decrease. The theoretical study section of Chapter 5 shows that a
lower meander amplitude is associated with slower downstream and cross-stream
velocities at channel cross-section 400 (a section cut through the bend axis). Conversely, a
faster downstream and cross-stream velocity might have formed a rille with bends of a
higher amplitude. The inner rille of Vallis Schréteri shows both meanders of low
amplitudes and goose-neck meanders of very high amplitude. As already mentioned in the
section titled “The geometry of the rille” (Chapter 5), a close inspection of goose-neck
meanders reveals that they occur in association with narrow mounds that might have acted
as obstacles, thus compelling the flow to follow a loopy path around them. If that is the
case, the actual amplitude of, at least, a few goose-neck meanders might not have resulted
from the interplay of lava velocity and erosion. Instead, it might be a reflection of changing
topography. This interpretation is also consistent with the highly meandering nature of this
rille, i.e., with the fact that rille wavelength is shorter than that seen at many other rille sites
on the Moon. Meanders of very high amplitude might have required fast downstream and
cross-stream velocities, which might be inconsistent with the frequent occurrence of
meanders of a short wavelength along the inner rille path. Another possibility is that, at
least, some goose-neck meanders could have resulted from local variations in the
mechanical properties of the lava substrate. The goose-neck meanders that cannot be traced

back to the occurrence of an obstacle in the lava path might have developed from a process
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of differential erosion (likely mechanical because that would be more effective than
thermal over a short time period) within the lava substrate. Topography might then exert a
strong control on rille geometry.

The 3-D model has revealed how local variations in flow velocity and temperature
at rille cross-sections cut parallel to meander axes affect the magnitude and spatial
distribution of erosion rates over the bends. How could a meander form once lava starts
flowing downstream of the source? Topography might still exert the strongest control on
the onset of meandering. The occurrence of an obstacle in the way of the flowing lava or
local variations of ground slope initially cause the flow to deviate from a straight line. As
soon as water (or lava here) follows a curved trajectory, secondary flow circulation builds
up, which then initiates the process of meander generation (Bowker, 1988).

In the presented 3-D model, erosion maxima (thermal) are found at the bed in the
proximity of the bed/right bank contact and at the right bank, which is the equivalent of the
convex or inner bend in river meanders. The problem is that in rivers the maximum of
erosion (mechanical) is found at the concave or outer bend, which is where water travels
faster than anywhere else in the bend. Furthermore, at the outer bend water is deeper than
at the inner bend. In order to understand what is behind the observed discrepancy in flow
behavior at river and lava meanders, it is important to remember that the 3-D model predicts
the magnitude and distribution of erosion rates at meander bends before any changes in
bed and bank topography may occur. As a result, all the simulations run by the 3-D model
adopt a flat bed and flat bank geometry, and the thickness of the flowing lava is held

constant from one meander bend to the opposite and through the entire channel segment.
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In rivers, as soon as water follows a curved trajectory, secondary flow circulation induces
a cross-stream component of the shear stress, which leads to a transverse bed slope and
increases flow depth toward the outer bend (Olesen, 1987; Camporeale et al., 2007). This
redistributes momentum, causing velocities to increase toward the outer bend, which is
then followed by sediment transport toward the inner bend (Camporeale et al., 2007).
Currently, no evidence for such a mechanism of velocity redistribution toward the outer
bend exists at meandering lava channels. Nevertheless, the newly found evidence for
secondary circulation at rille cross-sections cut parallel to meander axes suggests that a
similar process might occur in lava channels as well. The described redistribution of
momentum toward the outer bend should then cause the peak of erosion (both thermal and
mechanical) to shift to the outer bend. Importantly, this may lay the foundations for further

work, which is outlined in the next section.

Conclusions

The new 3-D model of thermal erosion by turbulently flowing lava has, for the first
time, provided erosion rates at the bed and banks of a large, sinuous rille (the primary rille)
and a highly meandering one (the inner rille) at the lunar site of Vallis Schréteri. It has
shown that thermal erosion likely played a limited role in the formation of the primary rille
while tectonics and, to a lower extent, constructional processes might have shaped the rille
as it is. The model has also shown that thermal erosion was likely responsible for the
formation of the inner rille and has allowed for flow durations and lava volumes to be

constrained at this lunar site. Mechanical erosion might have led to the formation of, at
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least, a few goose-neck meanders, by exploiting spatial variations in the mechanical
properties of the lava substrate. Mechanical erosion could also have shortened flow
durations based on thermal erosion only, especially at meander bends where flow durations
were calculated to be slightly longer than at the rille bed. Last but not least, for the first
time a theoretical study has found evidence for secondary flow circulation at the meander
bends of a lava channel. This mechanism appears to be responsible for altering the
magnitude and spatial distribution of erosion rates over the bends and might have had an
important control in modifying bend geometry by analogy with what known from the river

literature.

Further work

A new version of the 3-D model could include a number of improvements. Based
on what described at the end of the discussion section, the first objective is that of building
a model version that may reproduce a spatial distribution of erosion rates analogous to that
shown in meandering river channels. The new version of the model should be able to
correctly predict meander evolution over time, and will do so by accounting for variations
in lava depth and friction at rille boundaries. The newly added level of complexity should
redistribute momentum, causing lava velocities to increase toward the outer bend, which
will lead to enhanced thermal erosion at the outer rille bend rather than at the inner bend
or meander trough.

A new version of the model should also address the geochemical evolution of the

flowing lava. To do so, it will allow for incorporation and assimilation of eroded materials
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at the bed and banks. A concentration equation will be written and included within the code
and boundary conditions will be modified so as to account for heat loss by conduction into
the lava substrate. At that point, both steady-state and transient simulations over the entire
rille length will better constrain the downstream distance at which the turbulent-laminar

transition might have occurred at the Vallis Schroteri site.
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CODE: TEMPERATURE FILE

alphat = turbulence->nut()/Prt;
alphat.correctBoundaryConditions () ;

volScalarField alphakEff ("alphaEff", turbulence->nu()/Pr + alphat);

volScalarField alphaEff2 ("alphaEff2"™, (turbulence->nu()/Pr +
alphat)*Cp_int/((densityRatic*Lg)+densityRatio*Cg*tempDiff));

/* Pr interr = Cp*up/Kerr inters */

fvScalarMatrix TEgn

(
fvm::div(phi, T)
fvm::laplacian (alphakEff, T)

fvOptions (T)
)i

TEgn.relax();
fvOptions.constrain (TEqgn) ;
TEgn.solve () ;

fvOptions.correct (T);

/* calculaticn of erosion rate at the lava/channel bed & bank
interface %/

const fvPatchlList& patches = mesh.boundary();
forAll (erosionRate.boundaryFieldRef (), patchi)
{
const fvPatché& currPatch = patches[patchi];

if (isA<wallFvPatch>(currPatch))

{
erosionRate.boundaryFieldRef () [patchi]=-8640000*
alphakBff2.boundaryFieldRef () [patchi] *T.boundary
FieldRef () [patchi] .snGrad();
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0 FOLDER: SCENARIO 1 TEMPERATURE

FoamFile
{
version A6
format S
class volScalarField;
location "onr;
object T

}

//*‘k**‘k*‘k‘k**********************//

dimensions [OO 0100 0];

internalField uniform 1415; // 25°C < Terupr (1440°C)

boundaryField
{
inlet
{
type fixedvValue;
value uniform 1415; // 25°C < Terwpt (1440°C)
}
outlet
{
type zeroGradient;
}
top
{
type fixedGradient;
gradient uniform -2.5; // heat loss by radiation
}
bed
{
type fixedValue;
value uniform 1375; // 40°C < Tinter (20 m flow)
}
leftbank
{
type fixedValue;
value uniform 1375; // 40°C < Tintet (20 m flow)
}
rightbank
{
type fixedvValue;
value uniform 1375; // 40°C < Tintet (20 m flow)
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0 FOLDER: SCENARIO 2 TEMPERATURE

FoamFile
{
versicn 2.0;
format ascli;
class volScalarField;
locaticn "o";
object T;

}

//~k***++*************************//

dimensions [OO0O 0100 0];

internalField uniform 1440;

boundaryField
{
inlet
{
type fixedValue;
value uniform 1440;
t
outlet
{
type zeroGradient;
}
top
{
type zeroGradient; // insulated flow
t
bed
{
type fixedValue;
value uniform 1400; // 40°C < Tinter (20 m flow)
1
leftbank
{
type fixedValue;
value uniform 1400; // 40°C < Tinter (20 m flow)
t
rightbank
{
type fixedValue;
value uniform 1400; // 40°C < Tiptetr (20 m flow)
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0 FOLDER: TURBULENT KINETIC ENERGY

FoamFile
{
version Pl
format ascii;
CkEmE volS3calarField;
location neT;
object ks

}

//%****~4<%%***%****%%‘k‘k*%%%****%%%%//

dimensions [0 2 -2 000 0Q]; // hydraulic radius hg = 16 m

internalFielduniform §.624e-06; // calcul. from Menter (1993)

boundaryField
{
inlet
{
type fixedValue;
value uniform 1.1702293e-01; // calculated
}
outlet
{
type zeroGradient;
}
top
{
type zeroGradient;
}
bed
{
type kgRWallFunction;
value uniform 0; // from Menter (1993)
}
leftbank
{
type kgRWallFunction;
value uniform 0; // from Menter (1993)
}
rightbank
{
type kgRWallFunction;
value uniform 0; // from Menter (1993)
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0 FOLDER: TURBULENT DISSIPATION

FoamFile
{
version 2hel3
format ascii;
class volScalarField;
location s Ol
object omega;

}

//*k*****‘k*‘k****‘k*‘k***************//

dimensions [0 0 -1 000 0];

internalField uniform 2.8125; // calcul., Menter (1993)

boundaryField
{
inlet
{
type fixedValue;
value uniform 0.557644; // calcul., Menter (1993)
}
outlet
{
type zeroGradient;
}
top
{
type zeroGradient;
}
bed
{
tyvpe ocmegaWallFunction;
value uniform 2.1856; // calcul., Menter (1993)
}
lefthank
{
type omegaWallFunction;
value uniform 2.1856; // calcul., Menter (1993)
}
rightbank
{
type ocmegaWallFunction;
value uniform 2.1856; // calcul., Menter (1993)
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0 FOLDER: TURBULENT VISCOSITY

FoamFile
{
version Py
format ascii;
class volScalartield;
location "Gy
object s

}

// ol s de A Pe e Wy e A He oM W Wl dd de M He s W e o Mo B

dimensions [02 -10020 01;
internalField uniform 1e-03;
boundaryField
{
inlet
{
tvpe fixedValue;
value uniform 1le-03;
}
outlet
{
e zerobradisnt;
}
top
{
tvpe alidgrs
}
bed
{
type nutkWallFunction;
value uniform 0;
}
leftbank
{
type mubkWallPunretden;
value uniform 0;
I
rightbank
{
type nutkWallFunction;
value uniform 0;
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0 FOLDER: TURBULENT DIFFUSIVITY

FoamFile
{
version Doely
format ascii;
class volScalarField;
location T .
cbject alphat;

}

//*%%*%***%%*%%%*%**%‘k%*%***%//

dimensions [0O2 -1 000 0];
internalField uniform 0.001;
boundaryField
{
inlet
{
type fixedValue;
value uniform 0.001;
}
cutlet
{
type zeroGradient;
}
top
{
type zersbradient
}
bed
{
type alphatJayatillekeWallFuncticn;
Prt 0.85;
value weiforn O3
}
leftbank
{
type alphatJayatillekeWallFuncticon;
Prt 0.85;
value welfore Oy
}
rightbank
{
type alphatJayatillekeWallFuncticon;
Prk 0.85;
value uniform 0;

377



	Binder1.pdf
	extraPage

	Cataldo_PhD_Dissertation_editedfinal.pdf



