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Adaptation of a Thermorheological Lava Flow Model for
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'Department of Geology and Environmental Science, University of Pittsburgh, Pittsburgh, PA, USA, Laboratoire Magmas
et Volcans (LMV), CNRS, IRD, OPGC, Université Clermont Auvergne, Clermont-Ferrand, France, *Observatoire
Volcanologique du Piton de la Fournaise, Institut de Physique du Globe de Paris, La Plaine des Cafres, France, “Institut de
Physique du Globe de Paris, CNRS, Université Paris Cité, Paris, France

Abstract Active volcanism was (and potentially still is) an important process that shapes the Venus
surface and its detection is a primary goal for the planned VERITAS and EnVision missions. Therefore,
understanding lava flow emplacement and timing on Venus is important. We adapt the terrestrial PyFLOWGO
thermorheological model to Venus conditions to assess the effects on channelized lava flow propagation. We
first initiate the model with terrestrial basaltic parameters and progressively adapt it to Venusian conditions

in five steps: (a) gravity, (b) ambient atmospheric temperature, (c) specific heat capacity and wind speed, (d)
atmospheric density, and (e) coupled convective and radiative heat flux. Compared to Earth, the slightly lower
gravity on Venus resulted in a lower flow velocity, a higher crust coverage, and a very minor increase in flow
length (0.1%). Increasing the ambient atmospheric temperature reduced heat loss and produced a (77%) longer
flow; whereas next accounting for the atmospheric specific heat capacity and wind speed increased the flow
length slightly more (81%). However, increasing the atmospheric density resulted in a shorter lava flow (13%)
due to more efficient cooling. Finally, accounting for coupled convective and radiative heat loss due to the
strong CO, infrared absorption resulted in an increase of the flow length (~75%). Although the model applies
only to channelized, cooling-limited flows, these results reveal that for the same effective effusion rate and
topography, a Venusian lava flow travels a longer distance than the equivalent flow on Earth and its cooling
should be detectable by future orbital instruments.

Plain Language Summary Lava flow length and velocity is partially controlled by the
environmental conditions of a planet (e.g., gravity, atmospheric temperature, and density). Observations reveal
that Venus volcanism is an important process that shaped its surface. However, the extreme surface environment
influences the emplacement of these lava flows differently than on Earth. In this study, we quantify the

impact of the Venusian planetary and environmental conditions on lava flow advance using the PyFLOWGO
model. Although this model is one-dimensional and applies only to channelized, cooling-limited flows, it is
exceedingly adaptable, and by far is the most cited model in the literature. Here, we adapt an Earth lava flow to
Venus conditions in five steps: (a) gravity, (b) atmospheric temperature, (c) atmospheric specific heat capacity
and wind speed, (d) atmospheric density, and (e) coupling atmospheric convective and radiative heat flux.
Compared to Earth conditions, the lava flow is most affected by the heat flux difference caused by the CO,-rich
Venusian atmosphere, which results in a 75% longer flow than the same flow on Earth due to the decrease in
heat loss to the atmosphere. Results for a 100 km Venusian lava flow indicate that it would be observable by the
upcoming missions.

1. Introduction

Past studies highlight similarities between the volcanic features of Earth and Venus and commonly identify
Venus as an important location to study planetary volcanism (Head & Wilson, 1986; Head et al., 1992; Ivanov &
Head, 2013). These studies identified shield volcanoes, lava flows, variable lava textures and possible exposed dikes
(e.g., Head et al., 1992; Ivanov & Head, 2013; Mouginis-Mark, 2016). More detailed investigations of the volcanic
regions on Venus (i.e., Mylitta Fluctus and Astkhik Planum) identified complex flow morphologies such as chan-
nelized lava flows with well-defined levees (Byrnes & Crown, 2002; MacLellan et al., 2021; Roberts et al., 1992).
These channelized, leveed flows are an important subset to understand because they typically form earlier in an
eruption when the effusion rate is higher. They are also indicative of specific emplacement conditions other than
effusion rate, such as higher lava velocities, and/or steeper topographic slopes (Gregg, 2017; Rowland et al., 2005).

FLYNN ET AL.

1 of 19


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-4410-3031
https://orcid.org/0000-0003-1201-5448
https://orcid.org/0000-0001-8911-9187
https://doi.org/10.1029/2022JE007710
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JE007710&domain=pdf&date_stamp=2023-07-08

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2022JE007710

The data returned by the Magellan mission launched in 1989 and the Venus Express Mission launched in
2005 have sparked debate around the potential for recent and possibly ongoing volcanic activity (D’Incecco
et al., 2017, 2021; Filiberto et al., 2020; Herrick & Hensley, 2023; Mueller et al., 2017; Smrekar et al., 2010).
Byrne and Krishnamoorthy (2021) proposed that the upcoming missions to Venus might observe active volcan-
ism. More recent work by Herrick and Hensley (2023) claims to identify new activity after reexamining Magellan
data. Progress in the study of Venusian volcanology relies heavily on the use of synthetic aperture radar (SAR)
data because the opaque atmosphere hinders most other wavelength regions. Current information of the surface
features is therefore dependent on the SAR image resolution. Any investigation that requires moderate to high
resolution images of the surface (e.g., volcanic mapping of fine scale details) is limited to 100-200 m/pixel SAR
images and 10-20 km (horizontal) and 50-100 m (vertical) resolution topographic data (Ford & Pettengill, 1992;
Saunders et al., 1992). Some regions of the planet have been imaged at a higher resolution SAR data (i.e., 75 m/
pixel) and topography (1-2 km/pixel horizontal) (Herrick et al., 2012); however, this spatial resolution is still
insufficient to identify more detailed lava flow morphology.

These limitations result in higher measurement uncertainties (i.e., length, width, and thickness) that are required
for flow modeling, which in turn calculates the emplacement dynamics and rheological parameters (i.e., viscos-
ity and yield strength) (e.g., Baloga & Glaze, 2008; Peters et al., 2021). Many of these models assume that lava
flow emplacement is controlled by a cooling-limited rheology that dictates flow stoppage when the viscosity
becomes too high due to cooling and crystallization (Pinkerton & Wilson, 1994). Well-known equations devel-
oped for terrestrial lava flows have been applied extensively to other terrestrial bodies to determine emplacement
conditions and properties, including flow viscosity, yield strength, and effusion rate (e.g., Danes, 1972; Hiesinger
et al., 2007; Hulme, 1974, 1976; Pieri & Baloga, 1986; Vaucher et al., 2009). Other more advanced models that
account for the environmental conditions and complex flow processes have also been developed and adapted to
investigate planetary lava flows (e.g., Baloga & Glaze, 2008; Flynn et al., 2022; Rowland et al., 2004).

In this study, we adapt the FLOWGO model (Harris & Rowland, 2001) to Venus in order to examine how the
emplacement of a channelized basaltic lava flow would differ from the same flow emplaced on Earth. Our goal is
to determine an average emplacement time and cooling rate of these flows to provide a baseline estimate for the
planned future missions. FLOWGO is a robust, easily adapted, and well-tested thermorheological model with a
long history of Earth (e.g., Harris & Rowland, 2001; Harris et al., 2022; Ramsey et al., 2019; Rhéty et al., 2017,
Rowland et al., 2005; Wantim et al., 2013; Wright et al., 2008) and Mars applications (e.g., Flynn et al., 2022;
Rowland et al., 2002, 2004). This one-dimensional model computes the thermal budget of a control volume
of lava in a channel and tracks the resulting cooling, viscosity, and velocity down a slope for a given constant
effusion rate. The thermal budget is calculated based on three main heat loss fluxes: radiation of the hot surface,
forced atmospheric convection at the contact between flow surface and atmosphere, and conduction through the
basal layer, in addition to the heat gain through crystallization. The model assumes a constant channel depth and
variable width to accommodate for the constant effusion rate and ensure volume conservation downflow. The
flow regime is considered laminar flow and controlled by Bingham rheology. Although the model is constrained
to open-channel, cooling-limited lava flows, it nonetheless serves an important role to track the evolution of lava
flow dynamics with well-validated results for this type of lava flow.

Observations of Venusian flow fields have identified multiple locations (e.g., Derceto Plateau, Turgmam Fluctus,
Mylitta Fluctus) with distinct channels and cooling-limited flow emplacement features (Byrnes & Crown, 2002),
making FLOWGO appropriate for modeling this subset of Venusian lava flows. Here, we adapt the model to
Venusian conditions, changing the planetary and environmental parameters to track the incremental changes that
each produces. The results give insight into the emplacement dynamics (including maximum run out distances,
velocity, crust cover, heat flux, and timing) of a flow that potentially could be emplaced during data acquisition
from the suite of instruments on the upcoming missions to Venus.

2. Modeling Approach

To quantify the effects of a planetary environment on the emplacement of a channelized lava flow, we adopt a
similar methodology as Rowland et al. (2004), who used the lava parameters of a well-known Hawaiian lava flow
as the input into FLOWGO, which was adapted for Mars conditions. We opted to use the lava flow produced by
Cone II (Figure 1) during the 1975 Great Tolbachik Fissure Eruption (GTFE) (Fedotov et al., 1991). This flow
was initially selected because the rheological parameters were previously calibrated using FLOWGO (Table 1)
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"= 1975 Cone Il
3 Flow

Figure 1. Location of the Cone II lava flow emplaced during the Great
Tolbachik Fissure Eruption in 1975. (a) Tolbachik volcanic complex located
on the Kamchatka peninsula, Russia. The base image is the hill-shaded global
DEM v3 from Advanced Spaceborne Thermal Emission and Reflection
Radiometer. The Tolbachik volcanic complex is comprised of two main
edifices: Ostry and Plosky Tolbachik and to the south is the Tolbachik Dol
(“valley”), an north-northeast alignment of cinder cones indicated by the white
dotted line. The red box indicates the Cone II channelized flow shown in

(b). (b) High resolution image of the Cone II lava flow used as an analog for
this study. False color image from the Planets RapidEye Sensor (~5 m/pixel,

visible), acquired on 18 June 2014.

Tolbachik
- &' X tholeiitic and alkaline) (Ashley & Ramsey, 2019; Basilevsky & Head, 2003;

Tolbaclk Dol 2 s 4 2 ; 10 September 1975, the largest cone (Cone II) produced a ~5 km long basal-

(Ramsey et al., 2019). Moreover, several other factors lead to its use as an
analog for this study. The composition of the Cone II flow is similar to that
determined on Venus from the Venera and Vega series landers as basalt (i.e.,

Nikolaeva & Ariskin, 1999). Additionally, the major element composition
(e.g., MgO and Al,O,) for the GTFE fall within the same range determined
by the Venera and Vega landers (Churikova et al., 2015; Filiberto, 2014).
Investigation of Venusian flows morphology also supports a basaltic compo-
sition (Gregg & Sakimoto, 1996; Wroblewski et al., 2019).

The Tolbachik volcanic complex is located on the Kamchatka Penin-
sula, Russia and is comprised of two volcanoes, Ostry Tolbachik and
Plosky Tolbachik (Figure 1). In 1975, a large eruption produced an
north-northeast alignment of cinder cones, associated lava flows, and ash
fall referred to as Tolbachik Dol (Fedotov et al., 1991). Between 6 July and
5 tic lava flow with well-developed levees ~30 m above the local topography
(Figure 1) (Ramsey et al., 2019).

To adapt the model to Venusian conditions, a five-step protocol was applied.
Step one decreases the gravity from 9.81 to 8.87 m/s? and is referred to here as
the “Small-Earth” case. Step two increases the ambient atmospheric tempera-
ture from 273 to 740 K (Basilevsky & Head, 2003), which is referred to as the
“Hot-Small-Earth” case. For step three, the atmospheric specific heat capac-
ity is changed from 1,099 to 1,181 J/kg K and the wind speed decreased from
¢ . 5 to 1 m/s (Basilevsky & Head, 2003; Lebonnois et al., 2010), both referred
w L to as the “Venus-light” case. The fourth step, defined as the “Venus-Heavy”
\ ) case, increases the atmospheric density from 0.4412 to 67 kg/m? (Basilevsky
1975 & Head, 2003). Finally, the fifth step incorporates the atmospheric heat
flux model proposed in Snyder (2002), the “Simulated-Venus” case. Each
¢ \ of these steps is progressive, building upon the prior changes. Under the
| _ b “Simulated-Venus” conditions, we also perform tests to find the effusion rate
4 b that would reproduce a 100 km long Venusian lava flow.

Lz

(.
- j
S

To limit the number of model variables assessed, two assumptions are also
made. (a) All initial cases use an effective effusion rate of 700 m?/s, which
is the value determined by Ramsey et al. (2019) to reproduce the Cone II
lava flow length. (b) All model runs are conducted over a constant 1° slope,
which removes the impact of slope-change on the results and is consistent
with larger-scale topography observed across Venus (Byrnes & Crown, 2002;
Flynn et al., 2021; Mouginis-Mark, 2016; Roberts et al., 1992). All modeling
is conducted using the PyFLOWGO model (https://github.com/pyflowgo/
pyflowgo), which is the Python-coded version of FLOWGO that allows high
flexibility for changing parameters (Chevrel et al., 2018).

2.1. Effects of Venusian Gravity (‘“‘Small-Earth”)

Decreasing the gravity has a direct influence on the modeled mean velocity (V,.,.) of lava traveling down the

ean
channel. PyFLOWGO calculates mean velocity using a variation of Jeffreys equation (Equation 1):

mean = [—”"““‘gd2 Sine] -3, 1 <ﬂ>3 0
L/ N 27, 2\ 71

where 7 is the channel shape factor, obtained via 3(1 + d/w)? (Wilson & Parfitt, 1993), © is the underlying slope
in radians, g (m/s?) is the gravitational acceleration, p, ,, (kg/m?) is the bulk lava density, 7, (Pa s) is the bulk
viscosity of the lava, and 7, (Pa) and 7, (Pa) are the lava yield strength and basal shear stress, respectively.
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Figure 2. Evolution in modeled channel length with distance for the mean flow velocity, crust cover fraction, and the core
temperature (from top to bottom) for the “Earth” and “Small-Earth” cases. The gray region indicates the stopping range
between the two cases.

The effect of reducing the gravity from 9.81 to 8.87 m/s? and keeping all other parameters the same results in a
slight increase in flow length. The baseline “Earth” case traveled a distance of 17.33 km over the constant slope,
whereas the “Small-Earth” case traveled 17.36 km, a 0.1% increase. The average mean lava velocity in the channel
was 0.23 m/s compared to 0.24 m/s for “Earth” (Figure 2). The slightly lower velocity for the “Small-Earth” case
results in an average of 0.1% more insulating crust to form on the flow surface, which lowers the radiative heat loss
allowing the flow to travel farther. This result is counter to those presented in Rowland et al. (2004) where adapting
FLOWGO to the Martian environment. That study found that a decrease in gravity results in a shorter flow length
but emplaced over a longer time period. We attribute the difference in results to model improvements made regard-
ing how changes in rheology and heat flux are calculated (Chevrel et al., 2018; Ramsey et al., 2019; Thompson &
Ramsey, 2021), rather than gravity. Based on this initial step and all other factors being equal, a Venusian lava flow
would have a higher crust cover percent than an equivalent terrestrial flow at the same point in its emplacement.

2.2. Effects of Ambient Atmosphere (‘‘Hot-Small-Earth”)

Next, the ambient atmospheric temperature was increased from 273.15 to 740 K in the model; however, all the other
atmospheric variables (e.g., density, composition, wind speed) were left the same as those on Earth. This is referred to
as the “Hot-Small-Earth” case. An atmospheric temperature of 740 K for the Venusian ambient atmospheric temper-
ature is based on reported values from the prior landers; however, the surface temperature does vary across the planet
with elevation and latitude, as it does on Earth (Basilevsky & Head, 2003; Pollack et al., 1980). We first test the effect
of a high atmospheric temperature at 740 K and then the effect of atmospheric temperature variation. Because a higher
atmospheric temperature results in a warmer surface temperature, we also test the effects of a warmer basal layer.

2.2.1. Atmospheric Temperature

The difference between the “Earth” and “Hot-Small-Earth” cases is notable with a 22 km (~77%) modeled flow
length increase (Figure 3). Other differences between the two cases are a decrease in heat loss to the surrounding
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Figure 3. Variation in modeled channel length with distance from the vent for convective heat flux, radiant heat flux, and
core temperature (from top to bottom) for the “Earth” and “Hot-Small-Earth” cases. The gray region indicates the stopping
range between the two cases.

atmosphere and hence, a flow core that remains hotter longer. At a given distance, the “Hot-Small-Earth” lava
flow lost less heat through radiation and atmospheric convection than the “Earth” case. An increase of flow length
due to hot ambient atmosphere is consistent with the previous studies for Venus (e.g., Head & Wilson, 1986).
The higher flow core temperature results in a lower rate of increase in both viscosity and yield strength at a given
distance from the vent, thus allowing the flow to travel a longer distance (Figure 4).

The ambient atmospheric temperature (7, ) is a parameter included in the equations used to determine the
amount of heat lost through radiation and forced atmospheric convection. Heat loss due to radiation (Equation 2)
from the lava surface to the atmosphere is expressed as follows:

Oraa = Ceett Ty W 2

where 6 (W/m/K) is the Stefan-Boltzmann constant, ¢, is the effective emissivity of the lava, T, (K) is the
effective radiation temperature and w is the channel width (m). Effective emissivity is a recent addition to
PyFLOWGO (Ramsey et al., 2019; Thompson & Ramsey, 2021). Here we use the model presented in Thompson
and Ramsey (2021) that computes the effective emissivity based on a linear relationship with the effective radia-
tion temperature of the lava (Pieri & Baloga, 1986).

Atmospheric temperature directly influences the flow's effective radiation temperature (7;) (Equation 3), which
is calculated using a two-component model for the lava surface, a cooler crust surface and an un-crusted hotter
lava surface (Crisp & Baloga, 1990; Pieri & Baloga, 1986; Pieri et al., 1990).

Ter = [fcrust (Tzrust - T:tmo) + (1 - fcrust) (T:ot — T:mm)]o'zs (3)

For Equation 3, T, is the
crust temperature, and 7} , is the hot component of the exposed lava surface. The various model options available
to calculate f, ., T and T}, can be found in detail in Chevrel et al. (2018). For this study, the model choices
are shown in Table 1.

is the temperature of the ambient atmosphere, . is the fraction of crusted lava, T,

crust
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Figure 4. Variation in modeled channel length with distance from the vent for viscosity and yield strength for the “Earth”
and “Hot-Small-Earth” cases. The gray region indicates the stopping range between the two cases.
Ambientatmospheric temperature also directly affects heatloss due to forced atmospheric convection. In PyFLOWGO,
heat loss from the lava surface due to forced convection of the atmosphere is calculated using (Equation 4):
Qconv = hconv(Tconv - Tatmo)w (4)
where h,,, is the convective heat transfer (W/m?K) and T, (K) is the characteristic surface temperature.
Convective heat transfer is directly linked to atmospheric conditions and is defined as (Equation 5):
heony = UCHpatmonatmo (5)
where U is the wind speed (m/s), C,, the wind friction factor as defined by Greeley and Iversen (1987), p,...
(kg/m?) is atmospheric density and Cp,,,, the atmospheric heat capacity (J/kg K). Characteristic lava surface
temperature is then defined as (Equation 6).
1084 _ 133 133)1075 6
—_— 650 K 710 K Tconv - [fcrustTcrust + (1 - fcrust) (Thot )] ( )
— 660 K 720 K
— 270 K —— 730K Between the “Earth” and “Hot-Small-Earth” cases, there is ~1.9 X 10® W/m
= — K —— 740K .
o 1074 638 PR 758 K and ~9.5 x 10° W/m less heat loss per model step due to the atmospheric
::l:) E 700K —— 760K convective and radiative heat flux, respectively. This comparison is useful
= E to highlight the heat loss processes on a planetary body with a high ambient
] E 106 / atmospheric temperature and how it influences the rheology and flow length
% L / (i.e., volcanic exoplanets deemed “lava worlds”).
O
2.2.2. Atmospheric Temperature Variations
105 4
Atmospheric temperatures across the Venusian surface vary from ~755 to
0 10 20 30 40 ~650 K at the highest elevation on Venus (Maxwell Montes) (Basilevsky
Distance (km) & Head, 2003). To assess how this surface variation impacts the emplace-

Figure 5. Differences in modeled channel length with distance from the vent
versus convective heat flux for a range of atmospheric temperatures expected
on the Venus surface. The gray region indicates the stopping range for all

modeled temperatures.

ment of a channelized lava flow, the ‘“Hot-Small-Earth” case was rerun
multiple times using atmospheric temperature increments from 650 to 760 K
(Figure 5). There is a positive correlation that occurs between an increase in
atmospheric temperature and channel length.
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Figure 6. Differences in modeled channel length with distance from the vent versus conductive heat flux for a range of basal
temperatures plausible for the Venusian surface. The gray region indicates the stopping range for all modeled temperatures.

For every 10 K increase in atmospheric temperature the channelized lava flow lengthened by ~1.6 km on aver-
age, with a greater increase in length occurring at the higher ambient atmospheric temperatures (Figure 5). At an
atmospheric temperature of 650 K, the flow's channel length is 26.8 km, which increases to 45.4 km at 760 K. The
increase in channel length is predominantly due to the decrease in atmospheric convective heat loss (Figure 5),
and the results are similar to trends in previous modeling (e.g., Zimbelman et al., 2000). For the remainder of
the work, an atmospheric temperature of 740 K is used because this value has been repeatedly measured at the
surface from multiple landers (Basilevsky & Head, 2003).

2.2.3. Basal Temperature Variations

The higher ambient atmospheric temperature of Venus also results in a warmer ground temperature, which impacts
the heat loss to the ground through conduction (@, ,)- The conductive heat loss is defined in the PyFLOWGO
model (after Keszthelyi, 1995) (Equation 7):

Tcore — Tbase
—_—w

annd = Kiava
hbase

@)

where K|, is the thermal conductivity of the lava (W/mK), T
temperature of the basal layer (K), and Ay, is the thickness of the basal layer (m). For terrestrial studies, it is
assumed that the underlying surface temperature is elevated by the overlaying active flow. For example, a basal
temperature of 773 K was used for the terrestrial model case (Table 1) (Ramsey et al., 2019). However, to assess
the effects of a warmer substrate, its temperature is increased by 100 K increments up to 1173 K. This end member
value is below the solidus temperature determined for the terrestrial case (i.e., 1253 K). Anything above the soli-
dus temperature would promote thermal erosion, which has been proposed as a possible mechanism occurring

on Venus (Zimbelman et al., 2000). However, it is outside the current capabilities of PYFLOWGO to simulate.

is the lava core temperature (K), T, is the

ase

The “Hot-Small-Earth” case using a basal temperature of 773 K produced a channel length of 39.4 km, which
increased to 40.3 km at 1173 K. Each increase of 100 K to the basal temperature, therefore, resulted in a slightly
lower conductive heat loss and a ~200 m increase in channel length (Figure 6). This increase is not significant
relative to the other variations produced by the modeled changes thus far. Therefore, a basal temperature of 773 K
is used for the remainder of the cases. The limited influence of conductive heat flux is also consistent with that
determined for Martian channelized flows (Rowland et al., 2004).

2.3. Effects of Atmospheric Heat Capacity and Wind Speed (‘*‘Venus-Light”)

Compositional differences between the atmosphere of Earth and Venus affect its specific heat capacity. For terres-
trial lava flows, a specific heat capacity of 1,099 J/kg/K is commonly used (e.g., Harris & Rowland, 2001; Harris
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Figure 7. Variation in modeled channel length with distance from the vent for convective heat flux and core temperature for
the “Earth” and “Venus-light” cases. The gray region indicates the stopping range between the two cases.

et al., 2022; Ramsey et al., 2019). Here, we use 1,181 J/kg/K based on the reported atmospheric composition
(Lebonnois et al., 2010). Furthermore, the average wind speed on Venus determined through direct and indirect
measurements ranges from 0.3 to 1 m/s (Basilevsky & Head, 2003). We therefore reduce the wind speed from an
average of 5 m/s used for Earth modeling to 1 m/s.

The “Venus-light” case produced a lava flow with a channel length of 41.1 km, a 4% increase from the “Hot-Small-
Earth” case and an 81% increase from the “Earth” case (Figure 7). This increase in channel length is predom-
inantly due to the decrease in heat loss through forced atmospheric convection. On average, the “Venus-light”
case loses 1.9 x 10® W/m less heat per unit step of the model through atmospheric convection than the “Earth”
case. The lower heat loss from atmospheric convection due to reduced wind speed is consistent with terrestrial
observations of lava flows (Keszthelyi et al., 2003).

Thus far, all planetary and environmental changes made to the model for Venus conditions have resulted in an
81% increase in the lava flow channel length.

2.4. Effects of Atmospheric Density (“Venus-Heavy”’)

The next change examines the effects of Venusian atmospheric density on the propagation of a channelized
lava flow. The atmospheric density of Venus (67 kg/m?) is two orders of magnitude greater than that of Earth
(0.4412 kg/m?) (Lebonnois & Schubert, 2017), resulting in a difference in atmospheric pressure 92 times that
of Earth (Read, 2013). Because of this, the modeled channel length for the “Venus-Heavy” case only reached a
distance of 15.1 km, which is 92.5% shorter than the “Venus-light” run; and a 13.5% decrease compared to the
“Earth” case (Figure 8). Atmospheric density directly affects the heat loss calculated by increasing the efficiency
of convection (Equation 4), which results in a higher cooling and crystallization rate and thus, higher viscosity
and yield strength (Figure 9). Although the “Venus-Heavy” case does result in more crust cover, it is not suffi-
cient to offset the large convective heat loss.

Basilevsky and Head (2003) reported that the atmospheric density can vary between 36 kg/m*® on mountains to
74 kg/m? in deep depressions. To assess the impact on the model from this variability, we performed additional
modeling using atmospheric density values every 5 kg/m? between 35 and 75 kg/m? (Figure 10). As expected, the
results indicate that with decreasing atmospheric density, the forced atmospheric convective heat loss becomes
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Figure 8. Variation in modeled channel length with distance from the vent for convective heat flux and core temperature for
the “Earth” and “Venus-Heavy” cases. The gray region indicates the stopping range between the two cases.

less efficient, causing the flow to retain more heat and travel slightly further (Figure 10). At the lowest atmos-
pheric density, the channel length is 21.7 km, whereas at the highest it is 14 km. This is an 8.7 km decrease
in length, caused by the ~1.8 x 10° W/m increase in convective heat loss per unit step of the model for every
5 kg/m? increase in atmospheric density. In summary, a flow is 43% shorter emplaced in lowest elevations of
Venus compared to the highest.

2.5. Coupled Convective and Radiative Atmospheric Heat Flux (‘“‘Simulated-Venus™)

Snyder (2002) proposed that the dense CO, rich atmosphere of Venus causes coupling of the convective and radi-
ative heat flux, as opposed to the Earth's atmosphere. The coupling of these two processes results in a reduction
of heat flux and the emplacement of a longer lava flow. Using the lava flow surface temperature cooling curve
presented in Snyder (2002), we incorporated an approximation of the proposed coupled convective and radiative
atmospheric heat flux using Equation 8:

QSnyder = (107 . 10_13 Tsurf4'SSW) + 1000 (8)

where Qg 4., is the coupled radiative and convective heat flux (W/m). However, instead of a uniform lava
surface temperature, as used in Snyder (2002), we use the effective surface temperature (7,,) that accounts
for the temperature differences between the crusted (7,) and un-crusted surface (T,,) of the lava flow
(Equation 9).

Tust ot

Tsurt = Tcrustfcrust + T'hot (1 - fcrust) )

This representation of a modeled lava flow surface is more characteristic of observed lava flow surfaces (Ramsey
etal., 2019; Thompson & Ramsey, 2021). Incorporating Equation 8 into PyFLOWGO together with all the inputs
from the “Venus-Heavy” case produced a 38.3 km flow (Figure 11). This is a 75.3% increase in flow length
compared to “Earth” and an 86.9% increase over the “Venus-Heavy” case. The 23.2 km increase in flow length
compared to the “Venus-Heavy” case is due to the average decrease in heat flux of ~1.4 X 107 W/m per model
step (Figure 11). Although this is only a first-order approximation of the equations from Snyder (2002), this result
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follows his proposed trend and does account for all the environmental varia-
bles explored in the prior steps. For the remainder of the work presented, we
use the “Simulated-Venus” case.

2.6. Effusion Rate

With the model fully adapted to the Venus environment, a final step examines
the effusion rates required to reproduce a channelized flow on Venus. This
is done by increasing the effusion rate in PYFLOWGO until a desired flow
length is matched. Here, we model a 100 km long channelized lava flow with
the baseline “Simulated-Venus” rheological and topographic parameters. An
effusion rate of ~1,950 m?¥/s is required to produce this flow, compared to
~4,700 m>/s for an equivalent terrestrial flow. Thus, a lower effusion rate on
Venus produces the same channel length flow as on Earth. For context, recent
large terrestrial eruptions such as the Tolbachik 2012-2013 event produced
an ~16 km long channelized flow with an initial maximum average effu-
sion rate of ~440 m3/s (Belousov et al., 2015). Additionally, the 2014-2015
Holuhraun and 2018 Kilauea eruptions produced channelized lava flows,
~17 and ~12 km long respectively, with instantaneous peak effusion rates

versus convective heat flux for a range of atmospheric densities observed and
expected on the surface of Venus. The gray region indicates the stopping range

for all modeled atmospheric densities.

et al., 2019; Pedersen et al., 2017).

between 100-~350 m3s and ~350-~1,700 m?/s, respectively (Patrick
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Figure 11. Variations in modeled channel length with distance from the vent for the total heat budget for the “Earth,”
“Venus-Heavy,” and “Simulated-Venus” cases. The gray region indicates the stopping range between the “Venus-Heavy” case
and the “Simulated-Venus” case.

It is important to note that PyFLOWGO accounts for the environmental conditions responsible only for heat
loss from the lava flow and not the conditions at the vent that might affect parameters such as the effusion rate.
Furthermore, atmospheric pressure is expected to have an impact on the size of volcanic edifices formed, with
larger edifices at higher elevations and smaller at lower elevations (Head & Wilson, 1992; Keddie & Head, 1994).
Despite the model's inability to account for the at-vent conditions, we do observe the expected trend with lava flow
length and atmospheric density (atmospheric density being correlated with elevation on Venus) (see Section 2.4
and Figure 10).

3. Discussion

In this study using the PyFLOWGO model we show that a lava flow having terrestrial characteristics but
emplaced on Venus would be substantially longer (up to 81%) for a majority of the planetary and environmental
conditions analyzed. We find that the heat loss due to atmospheric convection is higher on Venus than on Earth
due to the denser atmosphere, which dominates the flow cooling and produces a shorter (up to 21%) channel
length (Figure 12). However, due to the dense CO, rich atmosphere and the subsequent coupling of convective
and radiative atmospheric heat flux, a Venusian flow should travel (up to 75.3%) further than the Earth equiva-
lent (Figure 12). This modeling result is consistent with observations of the volcanic provinces across the planet
that show channelized lava flows appear to be longer than those observed on Earth. We postulate, based on the
modeling results here, that the flow length difference is simply due to environmental conditions rather than the
need to invoke unusually high effusion rates.

3.1. Previous Modeling Studies

As highlighted in Wilson and Head (1983) Venusian eruptions could have larger effusion rates due to the higher
planetary crustal temperature that would limit magma cooling during ascent. Other studies have used flow dimen-
sions to determine effusion rates for Venusian lava flows based on empirical relationships, with values ranging
from ~1 x 103 to 1 X 107 m3/s (Gaddis, 1989; Head & Wilson, 1986; Head et al., 1993; Lancaster et al., 1995).
For example, Head and Wilson (1986) performed an analysis of open channel flows on Venus, finding that
for gradual slopes (<1°), effusion rates greater than 1 X 10* m%/s are required to emplace flows longer than
100 km. However, our results for a similar slope and flow length scenarios require an effusion rate that is an
order of magnitude lower (~1,950 m?/s), and more similar to larger eruption rates found on Earth. Our estimated
effusion rates are lower than previous studies because PYFLOWGO enables a more refined and adaptable heat
budget model (i.e., the effective emissivity model Ramsey et al., 2019; Thompson & Ramsey, 2021; and the
coupled radiation-convection model, Snyder, 2002). Additionally, prior studies investigated a range of lava flow
morphologies and lengths, which could contribute to the large range in effusion rate values. Certain lava flow
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Figure 12. Variation in modeled channel length with distance from the vent for the heat loss terms for each of the cases from
the “Earth” to “Simulated-Venus”; (a) radiative heat flux, (b) conductive heat flux, (c) convective heat flux, and (d) total
heat flux. The “Simulated-Venus” case is not shown on plots (a) and (c) because the radiant and convective heat fluxes are
coupled.
morphologies (i.e., sheet flows, lava tubes, channels) and textures (i.e., ‘a‘a and pahoehoe) are related to higher
or lower effusion rate values (Gregg, 2017).
High effusion rate eruptions can also produce turbulent flows reflected by larger Reynold's numbers (>2,000).
Such eruptions may have produced the very longest flows and/or the sinuous rilles/canali seen on Venus
(Head et al., 1991; Komatsu et al., 1992; Sakimoto & Gregg, 2001). However, Head and Wilson (1986)
investigated several long Venus lava flows (36-2,821 km) that required moderate to high effusion rates
for emplacement, and found Reynolds numbers no higher than 75. Using the Reynolds number equation
presented in their paper and the viscosity, lava density, and velocity from the “Simulated-Venus” 100 km
flow case, we calculated a Reynolds number of 0.15, which clearly indicates that our modeled channelized
flows are laminar.
The effects of the Venusian environment on the propagation of channelized, cooling-limited lava flows have also
been investigated using a variety of analytical techniques, and analog environments, which produced contradictory
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results (Crumpler et al., 2000; Gregg & Greeley, 1993; Head & Wilson, 1986; Hultgrien, 2001; Snyder, 2002).
For example, Gregg and Greeley (1993) determined that lava flows, specifically those associated with Venusian
canali, have a greater heat loss (due to atmospheric convection and radiation) than an equivalent flow on Earth.
However, the flows travel farther due to the development of a thick insulating crust that keeps the lava liquid over
a greater distance. These findings are similar to those from Head and Wilson (1986), who identified heat loss by
atmospheric convection as the dominant cooling mechanism for open channel lava flows. Specifically, they found
that for temperatures above 900 K, the heat loss is about 1.5 times greater than that of an equivalent terrestrial
flow. Their study also concluded that lava flows on Venus should cool quicker but ultimately travel farther due to
the thicker insulating crust forming early in the flow's emplacement. Our “Venus-Heavy” results agree with those
prior studies in that convective heat flux is greater on Venus; however, we propose that this should result in a
shorter flow length due to the increased efficiency of convective heat flux, with all other emplacement conditions
being equal.

In contrast to those findings, Snyder (2002) determined that convective and radiant heat loss is actually reduced
due to the strong infrared CO, absorptions (e.g., ~2.7, ~4.2, and ~15.4 pm) combined with the dense atmos-
phere. This reduction in heat loss causes the flows to cool 30%—40% slower, thus producing longer flows
(Snyder, 2002). We incorporate an approximation of the proposed coupled convective and radiative atmospheric
heat flux in PyFLOWGO, the “Simulated-Venus” case. This resulted in a longer lava flow than the equivalent
terrestrial case, consistent with the results predicted in Snyder (2002), and observations of channelized lava flows
on the Venusian surface.

Importantly, the original work of Snyder (2002) assumed that the lava flow's surface has a uniform emissivity
of 1.0. This is inaccurate and can have quantifiable impacts on the derived radiative heat flux (i.e., Ramsey
et al., 2019; Thompson & Ramsey, 2021). Although the Snyder's (2002) approximation is an improvement
to the PyFLOWGO model and provides results that are consistent with observations of Venusian lava flows,
additional detailed laboratory studies of lava emission in a CO,-rich environment are needed to fully validate
the results.

Our results for the first three adaptation steps initially followed the same trend predicted by prior stud-
ies, which showed that environmental conditions on Venus should promote an increased channel length
compared to an equivalent terrestrial lava flow. However, in the “Venus-Heavy” case, our results indicate
that the atmospheric density significantly increases the efficiency of convective heat loss, resulting in shorter
modeled channel lengths. This result is similar to the conclusions of Head and Wilson (1986) and Gregg and
Greeley (1993), who conclude that convective heat loss is a critical factor in the emplacement of a Venu-
sian lava flow; however, they invoke a thicker, insulating crust and long-duration, high-volume eruptions to
produce the longer flows. However, neither of these studies considered the effects of the coupled convective
and radiative heat flux. Here we show that this results in a longer lava flow (~75%) than the Earth equivalent.
A lower effusion rate can indeed produce the longer channelized flows seen on Venus without the need to
invoke a thicker insulating crust. However, PYFLOWGO is not currently able to replicate increasing crust
thickness downflow nor a flow that becomes fully confined to a tube, neither of which are expected at clearly
defined open channelized flows. Rather, a crust cover fraction (of a unconstrained thickness) in the model
relates to the surface radiative and convective heat flux equations (Equations 2 and 5). Thus, an increase
in crust cover results in reduced radiative and convective heat flux, but never to the point of affecting the
conductive heat loss from the top of the flow or producing a lava tube. Our results do show that the open
channelized lava flows on Venus should have a higher crust cover fraction compared to the equivalent terres-
trial flow (Figure 9).

A prior study applied an older version of the FLOWGO model to Venusian canali (Harrington &
Williams-Jones, 2017). However, the emplacement mechanisms for canali are theorized to be different from
those of channelized lava flows (i.e., require thermal and/or mechanical erosion), or require exotic compositions
(Gregg & Greeley, 1993; Komatsu et al., 1992). Therefore, FLOWGO may not be appropriate to reproduce the
emplacement of the canali features, barring changes to the internal workings and assumptions of the model.
Using the model to investigate Venusian channelized lava flows is appropriate, however, and assumes that the
processes that form the channels are similar or the same to those on Earth. For example, the observations of
Venusian channelized flows indicate that the surface texture is similar to terrestrial ‘a‘a flows (Campbell &
Campbell, 1992), potentially indicating similar channel formation mechanisms.
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3.2. Emplacement Time and Volume Estimates

An objective for the upcoming orbital Venus missions (i.e., VERITAS and EnVision) is to search for very recent
or newly active volcanic activity (Helbert et al., 2019; Smrekar et al., 2022). Important considerations in the
search for new volcanic activity are the volume and emplacement time of the lava flows. In other words, would
a new channelized flow be large enough or stay hot long enough for its thermal emission to be detected with the
near infrared instruments?

Using PyFLOWGO we can only estimate the time for the lava to travel in the channel from the vent to the flow
front based on the calculated velocity and the maximum flow length (Harris & Rowland, 2001). The initial
“Earth” model case would travel at an average velocity of 0.24 m/s and hence reach the flow front (17.3 km) in
55 hr. In the “Simulated-Venus” case, the lava would travel at an average velocity of 0.23 m/s in the channel and
reach the flow front (38.3 km) in 126 hr. For a 100 km-long simulated Venusian lava flow, it would take 179 hr.
By comparison, large terrestrial channelized lava flows (e.g., those from the 2018 Kilauea eruption) have channel
velocity of the order of 5-15 m/s (Dietterich et al., 2021).

Using the modeled channel widths and lengths produced from PyFLOWGO for the 38.3 and 100 km
“Simulated-Venus” flows, the surface area for each channel would be 15.5 and 42.8 km?, respectively. Incorpo-
rating the channel depth measurement used in the model (8.7 m), the volume for the two flows would be 0.13
and 0.37 km?, respectively. Both of these simulated flows would therefore be large enough to be observed with
the proposed spatial resolution of the Venus Interferometric Synthetic Aperture Radar (VISAR) and Venus Emis-
sivity Mapper (VEM) instruments on the upcoming VERITAS mission, for example, (Smrekar et al., 2022). An
important caveat is that PyFLOWGO does not account for the levee development or growth during the flow's
emplacement, and therefore the calculated surface area represents a minimum estimate (e.g., only the chan-
nel). Additionally, the channel depth is held constant throughout the model run, which is consistent with many
terrestrial flows (Lipman & Banks, 1987). However, any variation in channel depth would affect the calculated
flow volume.

Combining the calculated volumes for the simulated lava flows and the modeled effusion rates, we can deter-
mine emplacement times as well. Using the volumes for the “Simulated-Venus” flows of 38.3 and 100 km in
length, and an effusion rate of 1,950 m?%/s, the emplacement times would be 19 and 53 hr, respectively. The
calculated emplacement times presented here are for a single channelized lava flow and do not account for any
volcanic precursory activity, multiple flow emplacements, or the residual radiant energy released from cooling
flows (or other volcanic products) after an eruption has ceased. These emplacement times should be treated as
minimum estimates but provide a baseline for upcoming mission observations. In theory, based on the orbital
period (6.1-hr for phase I and 91-min for phase II) of the VERITAS mission and the calculated emplacement
times presented here, an actively cooling flow would be detected by the VISAR and VEM instruments (Smrekar
et al., 2022).

4. Conclusion

We adapted the terrestrial PyFLOWGO model to Venusian environmental and planetary conditions to assess how
each change affects the dynamics of a channelized lava flow emplacement. PyFLOWGO is the preferred model
of choice because it accounts for rheologic and thermal changes, is highly adaptable with different modules
available, and is easily modified for other planetary conditions. Our modeling was accomplished in five steps
by changing the following conditions: (a) gravity (i.e., “Small-Earth”), (b) ambient atmospheric temperature
(i.e., “Hot-Small-Earth”), (c) atmospheric specific heat capacity and wind speed (i.e., “Venus-light”), (d) atmos-
pheric density (i.e., “Venus-Heavy”), (¢) and coupling atmospheric convective and radiative heat flux (i.e.,
“Simulated-Venus”). The coupling of atmospheric convective and radiative heat flux causes significant change
between a Venusian channelized flow and its terrestrial equivalent. This resulted in a significant reduction in
overall heat flux and subsequently increased the flow length by ~75%.

Because lava flow length is positively correlated with effusion rate for most conditions, only moderately higher
effusion rates than those for typical terrestrial eruption are required to model the equivalent lava flows on Venus.
However, given the modeled rheologic properties of the studied lava flow and assumed environmental conditions,
the effusion rate determined here (1,950 m?/s) is at the very low-end range of past studies that used other models
(~1 x 10°>-1 x 107 m?/s) (Gaddis, 1989; Head & Wilson, 1986; Head et al., 1993; Lancaster et al., 1995).
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Alternatively, emplacement processes currently outside the ability of PYFLOWGO to reproduce could be a factor
in modeling Venusian lava flows (i.e., a thicker insulating crust and/or thermal erosion). Future work will focus
on developing improvements and adaptations to PyFLOWGO, including (a) laboratory validation of lava heat
flux in a CO, environment (Snyder, 2002), and (b) implementing variations in crust thickness in an open channel
as the flow advances.

With the three planned missions to Venus (i.e., DAVINCI+, VERITAS, and EnVision) in the next decade, new
surface emissivity data, improved atmospheric knowledge, higher resolution radar surface images, and topography
will become available. Specifically, one of the key science objectives of the VERITAS mission is to assess volcanic
activity across the surface of Venus (Smrekar et al., 2022). This will be accomplished using the VEM instrument to
search for elevated thermal emission associated with active volcanism, and the VISAR instrument to detect topo-
graphic changes caused by recent/active flows. Synergistic surface observations from the VERITAS and EnVision
missions will also aid in the search of active volcanism. Therefore, understanding the rate at which new lava flows
may be emplaced and cool is important for mission planning, science requirements, and data observations.

Data Availability Statement

The PyFLOWGO model is available for download at https://github.com/pyflowgo. All PyFLOWGO data
discussed in this paper are available to the public (Flynn, 2022).
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