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Abstract The lava flow field southwest of Arsia Mons, Mars has complex volcanic geomorphology.
Overlapping flows make observations of their total lengths and identification of their source vents impossible.
Application of flow emplacement models, which rely upon physical parameters such as flow length, using
only the exposed flow may produce inaccurate estimates of effusion rate, viscosity, and yield strength. We use
an established terrestrial thermorheological model (PyFLOWGO), modified to Mars conditions, to estimate
effusion rates, viscosities, yield strengths, and possible vent locations for five Mars flows. Our investigation
found a range of effusion rates from 2,500 to 6,750 m? s~! (average of ~4,960 m?3 s~!). These results are an
order of magnitude higher than terrestrial channelized basaltic flows. Corresponding modeled viscosities

and yield strengths ranged from 9.4 x 103 to 6.6 X 10° Pa s (average of 5.5 x 10* Pa s) and 66 to 381 Pa
(average of 209 Pa), respectively. A novel secondary application of PYFLOWGO that assumes upslope channel
narrowing provided estimates of the entire channel length, which is on average four times longer than the
exposed portions. Projecting these lengths upslope shows that four of the five flows may have a common vent
location, which shares morphologic similarities to other Tharsis region vents. This modeling approach for
partially-exposed lava flows makes it possible to not only determine eruptive parameters, but also to estimate
total channel lengths and thereby identify possible source vents.

Plain Language Summary Volcanism is a critical component of Mars' surface formation and
evolution. Some of the most recent volcanic activity occurred southwest of Arsia Mons, a volcano in the Tharsis
Volcanic Province. A major limitation for studying flows in this region and elsewhere on Mars is that the sources
of these flows are not known because their upper/near-vent parts are commonly buried. We used a novel modeling
application for five flows southwest of Arsia Mons to first estimate eruption and flow parameters (e.g., flow rate
and viscosity) and then, a possible vent location. We measured flow dimensions (e.g., channel width and length)
to corroborate model results. Modeled flow rates are approximately 10 times higher than estimated for large flows
on Earth but are within the range of prior modeling results for Mars. Lava flow properties were similar to values
for flows on Earth, but lower in comparison to past studies of Mars. We also identified a potential source for four
of the five flows. These results show that the observed portion of a lava flow only represents a fraction of the total
flow length, and that high flow rates are necessary to produce the long flow lengths on Mars.

1. Introduction

A channelized lava flow indicates specific emplacement conditions, which can be modeled to determine emplace-
ment parameters such as effusion rate, flow duration, viscosity, and yield strength (e.g., Garry et al., 2007; Glaze
& Baloga, 2006; Hiesinger et al., 2007; Hodges & Moore, 1994). Previous studies have investigated channelized
flows on Mars at Ascraeus Mons, Pavonis Mons, and Arsia Mons (e.g., Baloga et al., 2003; Baloga & Glaze, 2008;
Garry et al., 2007; Glaze et al., 2009; Hiesinger et al., 2007). These studies were limited, however, to modeling
only the visibly exposed extent of a flow, as it is common for the proximal (i.e., near vent) portions of Martian
lava flows to be covered by younger, overlapping flows or obscured by aeolian mantling deposits. Modeling the
visible extent of a flow can provide useful insights into the emplacement mechanisms, but those results may
contain significant error if the modeled results presuppose that the input flow length equals the total length.

Channelized lava flows are commonly observed across the major volcanic provinces on Mars. Many of these have
well-developed central channels that can extend for over ten to hundreds of kilometers (Baloga et al., 2003; Carr
et al., 1977; Mouginis-Mark & Yoshioka, 1998; Zimbelman, 1985, 1998). They have been studied at Ascraeus
Mons, Olympus Mons, and Elysium Mons (e.g., Garry et al., 2007; Hiesinger et al., 2007; Hulme, 1976; Pasckert
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Figure 1. (a) Shaded relief image derived from the Mars Orbiter Laser Altimeter (MOLA)/ High Resolution Stereo Camera (HRSC) blended digital elevation model
(DEM) data set (Fergason et al., 2018), showing the Tharsis Montes volcanic region and the study area, outlined by the white box (14°-20.5°S, 122.5°-128.4°E).
There are ~21 lava flows with well defined central channels in the study area; we chose five representative flows based on size, areal distribution, and central channel
development. (b) THEMIS daytime TIR mosaic with the five flows outlined and numbered.

et al., 2012; Wilson & Mouginis-Mark, 2001). Across the Tharsis Montes, Arsia Mons has some of the youngest
and best-preserved channelized lava flows in the flow field southwest of the volcano (Crown & Ramsey, 2017).
Detailed mapping of the region has not identified distinct vents associated with a particular flow or group of
flows (Crown & Ramsey, 2017; Giacomini et al., 2012; Richardson et al., 2021).

Here we use the PYFLOWGO thermorheological model developed for terrestrial applications (Chevrel et al., 2018;
Harris & Rowland, 2001) and modified for Martian conditions to determine the emplacement and flow parameters
(e.g., the effusion rate, lava viscosity and yield strength) of a subset of the Arsia Mons channelized flows whose
aerial extent is not completely visible. These results are compared to past studies that used different modeling
approaches. Novel to this work is that we apply PyYFLOWGO a second time to each of the flows to constrain chan-
nel width rather than exposed channel length. This provides the ability to estimate the total channel length (e.g.,
exposed + buried portions). We then project these channelized lengths back upslope to search for potential vent
locations (Figure 1). An important caveat with the modeling method and results is that we constrain the model's
rheologic and topographic inputs with a terrestrial analog and current Mars datasets (see Section 2.4 and 2.5). We
do not explore the full range of plausible inputs, which would increase the uncertainty in the results presented.

1.1. Geologic Background

Arsia Mons is the southernmost of the Tharsis Montes (Figure 1a) with an elevation of 17.7 km, a diameter
of 300 km, and flank slopes averaging ~5° (Greeley & Spudis, 1981; Plescia, 2004). The flanks and caldera
floor are mostly composed of lava flows, which serve as the primary construction material (Mouginis-Mark &
Rowland, 2008). Arsia Mons has a well-developed, single-collapse summit caldera with a volume of ~4,000 km3
that has evidence of volcanism as recent as the last 150 Ma (Richardson et al., 2017). Emanating from the north-
east and southwest flanks are two large flow field aprons, both of which postdate and surround the main edifice
(Bleacher et al., 2007; Crumpler & Aubele, 1978; Garry et al., 2014; Scott & Zimbelman, 1995). The southwest
flow apron expands into and forms Daedalia Planum to the south. The five flows investigated for this study are
located in this region (Figure 1). This elevated plains region consists of overlapping lava flows emplaced during
the Hesperian and Amazonian Periods and is sparsely cratered (Berman & Crown, 2019; Chuang et al., 2016;
Scott & Tanaka, 1986; Tanaka et al., 2014). The regional slope decreases steadily from 5° along the base of Arsia
Mons to ~0° at the southern margin of Daedalia Planum (Crown et al., 2012). Despite this region being composed
of flows that display pahoehoe- and a'a-like end-members (Crown & Ramsey, 2017), volcanic vents have not
been identified (Crown & Ramsey, 2017; Giacomini et al., 2012; Richardson et al., 2021). Flows in the region
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1 . - of 22.5°-27.5°S and 120°-130°W have estimated ages of only a few 100 Ma
Set starting rheological I
conditions (Berman & Crown, 2019; Crown et al., 2015), indicating that they are some

l of the youngest on Mars. Using Visible and Infrared Mineralogical Mapping
Spectrometer (OMEGA), Thermal Emission Imaging System (THEMIS)
and Thermal Emission Spectrometer data, some lava flows in the Daeda-

p
Set starting channel

dmensions J lia Planum were found to contain mafic minerals consistent with basaltic to
p l tholeiitic basaltic composition (Giacomini et al., 2012; Lang et al., 2009).
Set slope profile This conclusion is also consistent with findings for several Arsia Mons flows
J studied by Warner & Gregg (2003), who used physical parameters of the
l flows (e.g., flow dimensions, ridge spacing, and amplitude) to estimate rheo-
(Catculate starting velocity logical properties consistent with basaltic to basaltic andesite compositions.
J
) ¥ 2. Methods
Apply heat loss models 11\ (Up-date R 2.1. PyFLOWGO
(" Calculate ioling rate T d FLOWGO, originally described by Harris & Rowland (2001), is a
and core temperature (Op-date flow thermal and self-adaptive, one-dimensional, analytical, thermorheological model applica-
¢ 4 rheological conditions ble to channelized lava flows. It tracks the heat gains and losses of an element
’Cal culate crystallizstion J of lava flowing down a channel at a calculated (or known, for active flows)
rate and crystal content | T eruption rate. FLOWGO recalculates all heat-dependent terms that affect the
J g Advance flow lava cooling in each modeling step, using them to determine the lava advance
( Calculate cooling rate < J rate down the channel (Figure 2). The heat losses are those due to radiation,
and core temperatura convection, conduction, and vapourization of precipitation (if applicable).
\L ’ The heat gains are due to latent heat of crystallization and viscous dissipation.
(" Calculate viscosity and Heat loss from the modeled lava is dominated by radiative heat flux, which is
yield strength ) a function of the temperature and effective emissivity of the lava's radiating
i surface, which consists of molten and crusted fractions (Ramsey et al., 2019;
Calculate velocity Rowland et al., 2004). Our analysis utilizes a new two-component emissivity
b, adaptation incorporated in the model that accounts for the difference in emis-
sivity between the exposed molten and cooler crusted surfaces. This has been
X shown to reproduce the emplaced flow length of an active basaltic lava flow
H::Q‘::eiz"" No more accurately than a single emissivity assumption (Ramsey et al., 2019).
Ve The original FLOWGO model was recoded and updated in the Python coding

language to PyFLOWGO, which allows for improved iteration and customi-
zation including the choice of viscosity modules (Chevrel et al., 2018). The
governing equation of the PYFLOWGO model continues to be the Jeffrey's

[ Output results J

l equation for a Newtonian flow in an open channel, modified for a Bingham
[ En ] fluid, to determine the mean velocity (V,) of the lava in the channel:
V.= < dzplavag sin ﬂ > _ <§) < Yscore >
Figure 2. Workflow showing the main steps executed by the PyFLOWGO ‘ 3Miava 2 Thase—of—core
model (modified from Harris & Rowland, 2015). The region inside the 3 (€Y
dashed box indicates the model steps for calculating heat gain and loss. The + (l ) YScore
calculations within the dashed box are repeated for each “step” of the model 2 Thase—of —core

based on the chosen model step size until the flow has been assessed to
stop. Stopping conditions for the flow are discussed in Section 2.1. In Equation 1, YS is the

amount of shear stress required to deform the lava at the base of the flow's

is the yield strength of the fluid core, T,

core base-of-core

core, p,,., is lava density, 5, is the dynamic viscosity, d is the channel depth,
@ is the slope, and g is the acceleration due to gravity. Viscosity is determined by the choice of one of several
internal viscosity modules available to the user. Setting the yield strength to zero reduces the equation to the
original form of the Jeffrey's equation.

As with any lava flow model, PyFLOWGO relies upon several assumptions, which include: (a) the lava flow
velocity is defined by the initial effusion rate at the head of the channel with a measured depth and width (for an
older flow) or the effusion rate is calculated directly for an active flow using one of several approaches; (b) the
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flowing lava must be confined to an open-channel with no continuous roofing or tube formation; (c) the vertical
thermal structure of the lava is divided into three layers: a cooler basal crust, a homogeneous high-temperature
molten core, and a radiating upper surface; (d) the model only simulates the propagation of channel-confined lava
unhindered by the flow front or levee formation; and (e) the flow is cooling- rather than supply-limited, with stop-
ping conditions governed by one of several aspects of flow cooling. PYFLOWGO also has limitations including:
(a) it is unable to account for lava flow blockages/dams; (b) variable effusion rates; and (c) pahoehoe style flow
emplacement (see Discussion for further details).

Before initiating a PYFLOWGO model run, the starting parameters and choice of an internal viscosity module
are required (Figure 2). User-defined starting parameters (e.g., eruption temperature, viscosity, crystal frac-
tion, vesicle fraction) are entered to set the starting rheology and are typically based on data from known and
well-documented terrestrial flows, for example, Other physical parameters entered at the start include the initial
channel width and depth, the heat loss parameters (e.g., emissivity of the crust and molten lava, starting crust
cover fraction and temperature), environmental conditions (e.g., wind speed, ambient atmospheric temperature,
density, and specific heat capacity), the model propagation step size, and finally, the slope profile of an existing
flow (or that ahead of an actively-propagating flow). Numerous internal modules are included in PyFLOWGO to
determine flow-dependent parameters such as: viscosity (melt and relative), yield strength, crystallization rate,
vesicle fraction, effective crust cover, and crust temperature. For a full list of model options for PyFLOWGO see
Chevrel et al. (2018) and references therein. Where applying PYFLOWGO to a planetary environment, some of the
rheological and heat loss parameters are further constrained using a terrestrial analog (described in Section 2.3).

PyFLOWGO has three main stages: (a) determine the velocity of the lava at each new propagation step based on
Equation 1; (b) calculate the total heat loss from the lava during each propagation step along the slope profile;
and (c) determine the change in thermorheological conditions at each propagation step (Figure 2) (Harris &
Rowland, 2001, 2015).

As a cooling-limited flow slows down because of cooling and increasing viscosity, it spreads laterally, commonly
marking the end of the central channel, and will stop after it has cooled to an extent that its rheological behavior
impedes forward motion (Chevrel et al., 2018). In contrast, a supply-limited flow lacks the down flow trend of
increasing cooling rate and viscosity. Lava arrives at the flow front still relatively hot and with a lower viscosity
commonly resulting in a complex morphology due to breakouts from the stalled front (Rhéty et al., 2017). In prac-
tice, PYFLOWGO has one of three stopping conditions: (a) the modeled velocity reaches zero; (b) the modeled
temperature of the flow core reaches the point of solidus; (c) the modeled yield strength of the flow core increases
such that the flow is unable to advance.

2.2. Previous Modeling Efforts

Many previous studies have investigated the emplacement of Martian lava flows primarily using fluid mechanics,
wax analog experiments, various analytical and numerical models, as well as detailed flow measurements (e.g.,
Baloga & Glaze, 2008; Cattermole, 1987; Glaze & Baloga, 2006; Glaze et al., 2009; Griffiths & Fink, 1992;
Hauber et al., 2011; Hiesinger et al., 2007; Hulme, 1976; Peters et al., 2021; Wechsler & Kroll, 2006). A common
methodology for investigating Martian lava flows involves using the Graetz number to determine an effusion rate,
which is then used with the modified Jeffrey's equation to determine viscosity (Hiesinger et al., 2007; Pasckert
et al., 2012; Peters et al., 2021; Vaucher et al., 2009). The Graetz number, originally described for application to
lava flows by Wilson & Head (1983) and later by Zimbelman (1985), is a dimensionless number that character-
izes laminar flow in a conduit. It can be used to relate the rate of heat loss from a flow to the rate of heat advec-
tion within a flow along its length (Gregg & Fink, 1996). To use the Jeffrey's equation/Graetz number approach,
measurements of flow length, width, and height are required, as well as a knowledge or assumption of a constant
thermal diffusivity value. The Jeffrey's equation can be modified to derive viscosity if the appropriate inputs
are known (e.g., effusion rate, density of the lava, and flow dimensions). Peters et al. (2021) demonstrated how
uncertainty in the Graetz number produces a large range of calculated effusion rate and viscosity values. Recent
work has also highlighted how ranges in the measured slope values can impact the outputs of the standard rheo-
logic method (Russo et al., 2022). Furthermore, although this methodology has been widely used, it does not
account for any heat loss variations due to the atmospheric conditions, lava composition or temperature, nor the
rheological evolution of a flow as it advances, local topography, or the complex geometries of typical lava flows.
Finally, and relevant to this work, all past studies only investigated the visible portion of a flow. Particularly in
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this region of Arsia Mons, the observed flow lengths likely represent only a small fraction of the actual length.
Therefore, any modeled effusion rates and rheologic parameters based only on these exposed lengths may misrep-
resent the true flow conditions at the time of emplacement.

2.3. Application of PYFLOWGO to Mars

PyFLOWGO can either be applied to active channelized flows in a predictive approach to model the eventual
or observed channel length (e.g., Harris et al., 2019; Ramsey et al., 2019; Rowland et al., 2005; Thompson &
Ramsey, 2021), or applied to older flows using detailed measurements of their lengths and central channel dimen-
sions to estimate the eruptive conditions needed to create the flows (e.g., Beauchamp, 2017; Ramsey et al., 2019;
Rowland et al., 2002). In addition to these measurements, the starting thermorheological and surface thermal
structure conditions are necessary and typically provided using an analog flow. Prior studies have adapted the
original FLOWGO model for Martian environmental conditions and applied it to lava flows in several loca-
tions on Mars (e.g., Beauchamp, 2017; Rowland et al., 2002, 2004). The adaptation of PyFLOWGO to Mars
for this study follows the methods described in Rowland et al. (2002, 2004) by changing the gravity, ambient
atmospheric temperature, and atmospheric composition (Table 1). The methods used here differ from Rowland
et al. (2002, 2004), however, through the following improvements: (a) utilization of the two-component emissiv-
ity model for radiative cooling of the upper surface following the approach of Ramsey et al. (2019); (b) use of
a colder lava surface crust temperature (625 vs. 823 K) because of the colder ambient atmospheric temperature
(~210 K) following the approach of Beauchamp (2017); and (c) assuming that a greater percent of insulating
crust formed across the flow surface (also due to the colder ambient atmospheric temperature). From here, mode-
ling of individual flows is accomplished in a two-step procedure as done in Rowland et al. (2002). Two of the
multiple outputs of PYFLOWGO (modeled channel length and modeled channel width) are used to fit the actual
flows, whose measured channel dimensions can corroborate the model results.

The initial application of the model here focuses only on the visible section of a channelized flow. A typical
PyFLOWGO model run begins with certain assumptions and choices of internal modules (Table 1). The baseline
for the model's input parameters is established using a terrestrial analog (in our case, the Tolbachik 2012-2013
eruption) (Table 1). Only three input parameters (eruption temperature, starting crystal fraction, and crystals
grown during cooling) are iteratively refined, within plausible limits, to best fit the exposed channel length
(Table 1). These three parameters were chosen to keep model integrity in regards to the Tolbachik analog flow
and because they are variable in the literature (Plechov et al., 2015). The iterative fitting of the exposed chan-
nelized flow length is considered complete once the modeled channel length matches the observed channelized
flow length to <5%. Matching the observed channel length to <5% is a higher accuracy requirement than prior
terrestrial applications of the model (Rowland et al., 2005). The primary result of this step is to determine an
effusion rate necessary to produce the exposed channel length. The modeled effusion rate is then used in a second
application of PyFLOWGO to determine the total channelized flow length by constraining the observed channel
width rather than the channelized flow length. Only flows that have an observable channel terminus can be used
in this modeling. Consistent with previous applications of PyFLOWGO to Martian lava flows (i.e., Rowland
et al., 2002, 2004) a constant slope of 2° is used for all modeling (see Discussion for further details).

Using the calculated effusion rate and rheologic variables from Step 1, the second application of the model runs
iteratively, narrowing the initial channel width upslope for each model run (Tables 2 and 3). This approach assumes
channel narrowing the closer it is to the source and is based on observed channelized lava flows on both Earth and
Mars (Cashman et al., 2013; Dietterich & Cashman, 2014; Peitersen & Crown, 1999). Here, we assume the chan-
nel exists all the way back to the source from the first downflow location where the channel is seen in the images.
Lava flows with channels present from their sources to their distal ends after the eruption has ceased are observed
on Earth (e.g., Ganci et al., 2020; Ramsey et al., 2019) but have not been seen in the southwest (SW) Arsia Mons
flow field. The PyFLOWGO second stage modeling step is considered complete once the measured final channel
width matches the modeled channel width to <5%. The final channel width is determined at the last location that
the central channel is visible. The results of this modeling yield an estimated total channel length, in addition to the
flow's core temperature, viscosity, yield strength, mean velocity, and crust fraction during formation.

Once the modeled total channel length is determined, it is projected back upslope, following the regional aspect
(slope direction) and generated slope vectors. The regional aspect and slope vectors upslope from each flow are
calculated from the mars orbiting laser altimeter (MOLA )/high resolution stereo camera (HRSC) (~200 m/pixel;
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Table 1
All PyFLOWGO Input Models and Parameters That Were Used for the Martian Lava Flow Modeling
Units Tolbachik Mars Mars best fit
Module name
Crystallization rate model Basic Basic Basic Harris and Rowland (2001) and Chevrel et al. (2018)
Melt viscosity model VFT VFT VFT Giordano et al. (2008)
Relative viscosity model ER ER ER Einstein-Roscoe (ER) model from Chevrel et al. (2018)
Yield strength model Ryerson Ryerson Ryerson Ryerson et al. (1988)
Crust temperature model Constant Constant Constant Harris and Rowland (2001) and Chevrel et al. (2018)
Effective crust cover model Basic Basic Basic Harris and Rowland (2001) and Chevrel et al. (2018)
Vesicle fraction model Constant Constant Constant Harris and Rowland (2001) and Chevrel et al. (2018)
Measured Parameters
Starting channel width m 30 Measured for each flow Measured from CTX
Starting channel depth m 6.1 Measured for each flow Measured from MOLA PEDR
Average slope ° 2 2 2 Measured from MOLA/HRSC DEM
Variable parameters
eruption temperature K 1,355.15 1,355.15 1,300.15 to 1,355.15 Ramsey et al. (2019) and this study
crystal fraction 0.25 0.25 0t00.25 Ramsey et al. (2019) and this study
crystals grown during 0.37 0.37 0.2 to 0.37 Ramsey et al. (2019) and this study
cooling
effusion rate m’/s 278 Different for each flow Ramsey et al. (2019)
Fixed Parameters
Step size m 10 50 Harris and Rowland (2001), Chevrel et al. (2018), and
this study
gravity m/s? 9.81 3.7 3.7
Lava state
density dre kg/m? 2,630 2,630 2,630 Ramsey et al. (2019)
vesicle fraction 0.06 0.06 0.06 Ramsey et al. (2019)
Radiation parameters
Stefan-Boltzmann sigma W/m%*K* 5.67E—08 5.67E—08 5.67E—08 Ramsey et al. (2019)
emissivity epsilon crust 0.95 0.95 0.95 Ramsey et al. (2019)
emissivity epsilon uncrusted 0.6 0.6 0.6 Lee and Ramsey (2016) and Ramsey et al. (2019)
Conduction parameters
basal temperature K 773.15 773.15 773.15 Ramsey et al. (2019)
core base distance 19 19 19 Ramsey et al. (2019)
Convection parameters
wind speed m/s 5 5 5 Ramsey et al. (2019)
wind friction factor 0.0036 0.0036 0.0036 Ramsey et al. (2019)
air temperature K 273.15 210.15 210.15 Ramsey et al. (2019) and this study
air density kg/m? 0.4412 0.0212 0.0212 Ramsey et al. (2019) and this study
air specific heat capacity J/kg x K 1,099 860 860 Ramsey et al. (2019) and this study
Thermal parameters
buffer °C 140 140 140 Harris and Rowland (2001)
crust cover fraction 0.9 0.9 1 Ramsey et al. (2019) and this study
alpha —0.16 —0.16 —0.00756 Ramsey et al. (2019) and this study
crust temperature °C 773.15 773.15 625.15 Ramsey et al. (2019) and this study

Melt viscosity parameters
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Table 1
Continued
Units Tolbachik Mars Mars best fit
a_vft Pas —4.55 —4.55 —4.55 Volynets et al. (2015)
b_vft J/mol 6,887.303 6,887.303 6,887.303 Volynets et al. (2015)
c_vft K 527.44 527.44 527.44 Volynets et al. (2015)
Crystal parameters
solid temperature K 1,253.15 1,253.15 1,253.15 Ramsey et al. (2019)
latent heat of crystallization J/kg 350,000 350,000 350,000 Harris and Rowland (2001) and Chevrel et al. (2018)

Note. For a full breakdown of abbreviatio

ns in the table see Chevrel et al. (2018).

+3 m vertical resolution) blended digital elevation model (DEM) using the standard tools in ArcGIS (Fergason
et al., 2018). The back projected channel lengths are used to search for potential vents using visible data from the
context camera (CTX) and topographic analysis from the MOLA/HRSC DEM.

PyFLOWGO calculates heat loss and rheologic parameters for a well-established channelized lava flow. This does
not include the zone of shear and dispersed flow that extends beyond the channel. For terrestrial flows this may be
aregion of <1-2 km within a multiple kilometer to tens of kilometers long flow (Dietterich & Cashman, 2014;
Lipman & Banks, 1987). For Martian lava flows this dispersed zone can extend for a few kilometers or up to
50 km and comprise anywhere between 5% and 24% of the observable flow length (Table 2).

2.4. PyFLOWGO Initiation

A combination of terrestrial analog measurements from an active basaltic lava flow and detailed flow meas-
urements for the five Arsia Mons flows were used to apply and constrain PyFLOWGO under Martian condi-
tions. Using an analog data set is consistent with previous applications of FLOWGO to Mars (Beauchamp, 2017;
Rowland et al., 2002, 2004), where rheological parameters from the 1984 Mauna Loa lava flow (Rowland
et al., 2002, 2004) or the 2010 Piton de la Fournaise flow (Beauchamp, 2017) were used. Here, the 2012-2013
eruption of the Tolbachik volcanic complex (Russia) is used. This eruption and its lava flows make a compel-
ling analog for three reasons: (a) they are compositionally similar (basaltic trachyandesite) to prior studies of
Mars igneous rocks (Filiberto, 2017; Sautter et al., 2015); (b) the largest (Leningradskoye) flow shares similar
morphological characteristics (a large, long channelized flow with well-defined lateral levees), and preexisting
topography (having a constant low slope) to those flows observed in the southwest Arsia Mons flow field; and
(c) the eruption was investigated previously using an array of remote sensing datasets acquired during the Lenin-
gradskoye flow emplacement to constrain the PYFLOWGO results. The necessary rheological variables have
been further constrained through a combination of remote sensing, field data, and laboratory sample analysis
(Ramsey et al., 2019). Using an established, previously investigated, terrestrial analog for PYFLOWGO greatly
improves the accuracy and iterative run time. We also use the same internal PyFLOWGO module choices as
the Ramsey et al. (2019) study for the crystallization rate, melt viscosity, relative viscosity, yield strength, crust
temperature, effective crust cover, and vesicle fraction (Table 1).

Previous eruptions that produced large open channel flows such as the 1984 eruption of Mauna Loa or the
2007 eruption of Kliuchevskoi are not as suitable for modeling the flows in our study region because they were
emplaced on much steeper constant slopes (~5° and ~27°, respectively) as compared to the much lower (~0°-2°)
slopes of the Arsia Mons flow field. Finally, because of the numerous flows present in the SW Arsia Mons
flow field, the exact pre-flow topography of the underlying surface is not known. Therefore, we assume that
the pre-flow topography is similar to the current average flow field and upslope topography of these flows (see
Discussion for further details). Slope values are calculated from the MOLA/HRSC DEM in ArcGIS.

2.5. Flow Observations and Measurements

Initial identification of five channelized lava flows in the study region was made using the thermal infrared (TIR)
mosaic (~100 m/pixel) created from THEMIS nighttime data (Christensen et al., 2004). Channelized lava flows
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Table 2
Characteristics of Five Arsia Mons Flows Determined Using CTX Data for Flow Lengths (Observed) and Widths, and
MOLA PEDR Data for Channel Depths

# of channel Measured Starting Final Average Median Starting
width total flow Channel channel channel channel channel channel
measurements  length (km) (%) width (m) width (m) width (m) width (m)  depth (m)

Flow 1 128 176 72.3 460 3,479 1,022 + 73 635 31
Flow 2 61 64 93.7 784 1,127 738 +29 713 71
Flow 3 53 55 94.6 316 4,303 1,175 + 105 923 48
Flow 4 128 152 83.6 279 3,627 1,129 + 67 896 26
Flow 5 45 47 93.6 1,180 1,508 1,047 + 42 1,008 28

commonly exhibit a distinctive pattern in the TIR nighttime images due to the presumed infilling of their central
channels by fine-grained, low thermal inertia eolian material. This fine-grained fill shows a clear temperature
difference compared to the rocky, higher thermal inertia flow levees (Simurda et al., 2019). Detailed flow meas-
urements required for the PYFLOWGO modeling were made using (~6 m/pixel) CTX data (Malin et al., 2007).
CTX also provides sufficient spatial coverage to allow the detailed flow measurements of the channel and flow
widths to be made along the entire observable flow as well as characterize the surface morphology of the flows.

For each flow investigated, the flow margins were digitized and central channel width measurements made
every 1,000 m along the channel length in ArcGIS using the CTX data (Figure 3d) for later comparison to the
modeled channel widths. The central channel is defined here as the region between two identifiable levees.
This comparison follows from previous terrestrial lava flow investigations that used PYFLOWGO (e.g., Chevrel
etal., 2018; Ramsey et al., 2019). Total flow width measurements were also made every 1,000 m. Finally, to apply
PyFLOWGO to an inactive lava flow, the starting channel width and depth are required. Ideally, these channel
dimensions are made at/near to the vent. Because this location is not visible, the measurements are taken at the
first location that the channel is seen. These measurements provide a starting flux rate from which the model
propagates the flow down the channel. To calculate the starting channel depth, MOLA Precision Experiment
Data Point Records (PEDR) data (~160 m spot size, ~300 m along track spacing and 37 cm effective vertical
resolution) were used (Figures 3b and 3c). Channel depth estimates were made as close as possible to where
the central channel is first visible in the CTX data. This location is referred to as the “starting channel depth”
throughout the rest of the manuscript. PEDR data were taken perpendicular to the lava flow's central channel and
were averaged together to determine the height of the channel and surrounding surfaces. The local elevation is
calculated by averaging the PEDR points on either side of the flow as a proxy for the preexisting topography. The
number of PEDR points used for the preexisting topography depends upon the space available between adjacent
lava flows. The starting channel depth is then determined by subtracting these two measurements. Channel depth
measurements are not performed down flow because PYFLOWGO holds the channel depth constant accounting

rgzlr:zl;asrison of the Measured Channel Flow Length and Width to the Best Fit Model Results
Measured Modeled Visible Starting Modeled Measured
channel length  channel length channel channel width starting width ~ Width change median
(km) (km) length (%) (m)* (m)® downslope (%)¢  slope (°)
Flow 1 127 530 242 460 110 76.1 0.18
Flow 2 60 417 13.2 784 110 86.0 0.45
Flow 3 52 124 47.6 316 135 57.3 0.43
Flow 4 127 524 243 279 65 76.7 0.36
Flow 5 44 319 13.8 1,180 160 86.4 0.35

Note. Slope for each flow was determine using MOLA/HRSC profiles.

“Measured at upslope location where channel is first identified in image data. YAt vent location, predicted by matching
final channel width. °*Channel width change from where the channel is first visible upslope to last visible channel location
downslope.
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Figure 3. (a) THEMIS daytime TIR mosaic showing Flow 1 outlined in black. (b) Context camera (CTX) image (G15_024125_1596) of the exposed channel and
levees. The red dots show the MOLA PEDR data used to calculate initial channel depth. Black line with white dots indicates the starting location of the central
channel width measurements. (c) Cross-sectional profile derived from the MOLA data. The blue shading indicates the width of the central channel. (d) CTX image
(PO8_004188_1622) of Flow 1 further downflow highlighting the well-defined central channel and levees. White dots, spaced at 1000 m intervals, indicate where
channel width measurements were made.

for changes in modeled velocity by varying the channel width. A nearly uniform channel depth along the length
of the flow is consistent with many terrestrial observations (Lipman & Banks, 1987). The observable flow and
channel length are also measured (Tables 2 and 3), but the modeled portion of the flow is limited to where the
central channel is visible.

3. Results

The Mars-modified version of PYFLOWGO was applied to the five selected flows in the southwest Arsia Mons
flow field (Figure 1). These flows were chosen because they are representative of the many channelized lava
flows in the study region covering the range of lengths, visible morphologies, and amount of exposure. From
the measurements and application of the PYFLOWGO model, the effusion rates were first determined. Next, the
measured channel widths were compared to the results from the second application of PYFLOWGO to assess the
accuracy of the model. Finally, the modeled channel length for the entire flow was projected upslope to a poten-
tial source location. Four of five flows appear to be part of a discrete flow field associated with a potential vent
location that we investigate further.
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3.1. Flow Descriptions

CTX images were used to identify morphologies and measure various properties of the central channel (where
visible) for each flow. A Pearson Correlation coefficient was used to assess any relationship between the meas-
ured central channel width and the total flow width.

The five flows are all elongate, sinuous and can generally be broken into two groups, “short” flows (Flows 2,
3, and 5) and “long” flows (Flows 1 and 4). The central channel texture varies from knobby to darker and less
rugged. At the distal end of the flows, the channels are lost where the flows spread laterally into broad lobes. All
flows in CTX images have rugged surfaces with a higher albedo than the surrounding terrain. Each shares the
same characteristics as the “bright, rugged flows” described in Crown and Ramsey (2017). The flow morphol-
ogy and rugged upper surfaces are also similar to the flows investigated by Hiesinger et al. (2007) at Ascraeus
Mons. Hiesinger et al. (2007) and Zimbelman and McAllister (1985) proposed that these are a'a flows. Based on
the CTX observations of the flows at Arsia Mons and lacking small-scale flow morphological descriptions, we

continue to use the “a'a-like” terminology of Crown and Ramsey (2017) for these flows. Below are more detailed
descriptions and measurements for each flow.

Flow 1 (long): This flow has significant variations in total flow width along its length, possibly due to irregu-
lar pre-flow topography (Figure 4). The total exposed flow length is 176 km with a central channel observed
for 127 km. Over the exposed length, the width of the channel increases downflow at an average rate of
23.7 m/1,000 m. The change in channel width does not follow a linear progression and is more similar to an expo-
nential function. The observable extent of Flow 1 covers an area of 1,370 km2. For comparison, the 2012-2013
Tolbachik eruption produced a flow field of ~36 km? and the 2018 Kilauea eruption flow field covered ~10 km?
(Dietterich et al., 2021; Kubanek et al., 2017). Flow margins have two scales of sinuosity: one due to variable
levee development and the other (smaller scale) due to spreading of individual lateral lobes (Figure 4c). In some
locations, there appear to be multiple generations of lateral flow growth and levee emplacement. Flow margins
are well defined along much of the extent of the flow but the flow is also buried or partly embayed in some
locations by adjacent flows. The lateral margins of the flow exhibit knobby to ridged textures and are noticeably
more rugged than channel surfaces. The channel is well defined over 72% of the flow length. The surface of the
channel is darker and less rugged than the surrounding flow surface and is less sinuous than channels in the short
flow category. The boundary between the channel and flow surface changes in ruggedness and albedo, whereas
in other locations, it is denoted by linear ridges or troughs. In some locations, the linear features and flow textures
suggest that the channel may have narrowed over the duration of the flow. Channel obstructions (potentially
solidified lava blocks rafted downstream) are observed in a few locations but are less common than in the “short”
flows. These features have the appearance of islands and are referred to as such throughout the rest of the manu-
script. The channel widens significantly near the flow terminus, where the flow appears to exhibit some minor
branching (i.e., lateral pulses of lava extend downslope) (Figure 4d).

Flow 2 (short): The central channel is defined for 60 km of the flow's 61 km observable length. Both the total
flow width and central channel width are fairly uniform with fluctuations due to variable lateral spreading of
levees (Figure 5b). The rate of channel width increase downflow is less than that of Flow 1 at 5.7 m/1,000 m
and more variable. The exposed flow has an area of 186 km?. The channel morphology, definition, and width
vary noticeably. Some channel segments are sinuous (i.e., up-flow) but most are relatively straight with distinct
depressed surfaces relative to the adjacent levees. Small islands are present within the central channel in many
locations (Figure 5c). Channel definition gradually declines toward the flow terminus where a broad flow front is
observed. Both the flow surface and levees are knobby at small-scales with the levees having slightly larger and
more prominent ruggedness with some alignment of the knobs.

Flow 3 (short): Flow 3 is similar to Flow 2 in morphology and texture (Figure 6). The measured flow length is
55 km, with the central channel visible for 52 km, and a flow area of 245 km?. A difference between the two
flows is the variability in channel widening downflow (76.6 m/1000 m) (Figure 6b). The rate of channel growth
follows a similar exponential trend to that of Flow 1. The central channel has a more distinct linear to curvilinear
boundary with lateral levees over much of its length and has a more clearly lowered surface relative to the levees.
This change in levee structure becomes clear toward the end of flow (Figure 6d). Several elongated islands are
present in the central channel (Figure 6c).
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Figure 4. (a) THEMIS daytime TIR mosaic showing Flow 1 outlined in black. The black boxes indicate the regions shown in (c and d). (b) Plot of the central channel
and total flow width measurements made using context camera (CTX) data. (c) CTX image (G15_024125_1596) of the black box in (a). The red arrows indicate the
central channel, whereas the white arrows indicate an older central channel levee. (d) CTX image (P11_005177_1606) of the red dashed box in (a). The black line with
white dots indicate the central channel and the black arrows show the locations on either side of the central channel where branching occurred.

Flow 4 (long): The upper two-thirds of the exposed 152 km flow have a fairly uniform width, whereas the lower
third widens prominently and has large scale sinuosity. Flow texture is knobby but less rugged than Flow 1
(Figure 7). The channel, measured at 127 km, is sinuous and noticeably variable in width (Figure 7b), and the
channel surface is clearly smoother than the surrounding flow surface (Figure 7c). The channel has an average
rate of widening downflow of 26.3 m/1,000 km and follows a similar exponential trend as Flows 1 and 3. The
observable flow covers an area of 758 km?. Along the channel's length small islands are evident. About a third
of the way down there is a 10 km segment of the central channel that is poorly defined on the northern side. This
may be due to interaction with the adjacent flow. Along this section the channel becomes less sinuous, contains
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Flow 2: Measured Width Data
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Figure 5. (a) THEMIS daytime TIR mosaic showing Flow 2 outlined in black. The black boxes indicate the regions shown in (c) and (d). (b) Plot of the central channel and
total flow width measurements made using context camera (CTX) data. (c) CTX image (B20_017611_1624) of the black box in (a). The white arrows indicate three examples
of islands that are present inside the central channel. (d) CTX image (B20_017611_1624) of the red dashed box in (a). The black arrows indicate a disruption in the levee and
channel. One interpretation of this feature is a potential blockage that may have occurred during the emplacement of the flow and caused the wider levee to the south.

islands elongated in the flow direction, and the channel exhibits lower relief relative to the levee surface. Line-
aments define the channel margins downflow and become more distinct (i.e., linear ridges) as the flow widens
significantly in its distal segment (Figure 7d). Here the channel surface is knobby with irregular lineaments that
suggest differential flow and crustal plates.
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Figure 6. (a) THEMIS daytime TIR mosaic showing Flow 3 outlined in black. The black boxes indicate the regions shown in (c) and (d). (b) Plot of the central channel
and total flow width measurements made using context camera (CTX) data. (c) CTX image (B20_017611_1624) of the black box in (a). The white arrows indicate two
examples of islands that are present inside the central channel. The islands are elongated in the direction of the central channel. (d) CTX image (P06_003555_1604) of
the red dashed box in (a). The black arrows show lower relief levees closer to the distal portion of the flow. This is different than the higher relief channels seen in (c).
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Figure 7. (a) THEMIS daytime TIR mosaic showing Flow 4 outlined in black. The black boxes indicate the regions shown in (c) and (d). (b) Plot of the central channel
and total flow width measurements made using context camera (CTX) data. (c) CTX image (P02_001854_1636) of the black box in (a). The white arrows indicate
stacked curve linear features along the central channel. These may indicate varying levels of the lava flow as it was emplaced. (d) CTX image (P02_001854_1636) of
the red dashed box in (a). The black arrows show lower relief levees closer to the distal portion of the flow. This is similar to the features observed with Flow 3.

Flow 5 (short): The total flow length is 47 km with the central channel visible for 44 km (Figure 8). It is morpho-
logically similar to Flows 2 and 3 but covers the smallest area at 152 km?. The up-flow channel is more sinuous
and less well-defined than downflow, where it is more linear to curvilinear. Numerous islands are present along
the central channel (Figure 8c). Flow 5 is similar to Flow 2 in regards to the similar rate and trend of channel
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Figure 8. (a) THEMIS daytime TIR mosaic showing Flow 5 outlined in black. The black boxes indicate the regions shown in (c) and (d). (b) Plot of the central channel
and total flow width measurements made using context camera (CTX) data. (c) CTX image (B20_017400_1634) of the black box in (a). The white arrows show a large
island in the central channel. (d) CTX image (G10_022147_1632) of the red dashed box in (a). The black arrows indicate the distinct linear boundary at the distal flow
front which is unusual in comparison to the other flows.

widening of 7.4 m/1000 m. Toward the flow terminus the channel widens and has distinct linear boundaries,
which consists of a broad, spreading lobe with some parallel ridges at the front (Figure 8d). The surface texture
of the channel and flow terminus suggest differential flow and crustal plates.

3.2. PyFLOWGO Results

During the application of PyFLOWGO, each of the model runs stopped due to the core reaching a solidus
temperature of 1253 K (based on the Tolbachik analog flow), as opposed to the other stopping criteria: (a) the
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Figure 9. Plots of the modeled and measured central channel width versus the channel length. Flows 1, 3, and 4 show a statistically significant fit (r? values of 0.92,
0.91, and 0.87, respectively). Flows 2 and 5 do not (+? values of 0.49 and 0.01, respectively).

velocity reaching zero or (b) the yield strength of the flow core increases to a point where advance is impossible.
For this step, each modeled channel length matched the measured channel lengths to <5%. For step 2, each final
channel width matched the measured channel width to <5%. To further determine how well the model replicated
other aspects of the flow's emplacement, the measured channel widths were compared to the modeled channel
widths along the visible portion of each flow using a correlation coefficient. Channel width is allowed to vary in
PyFLOWGO as a function of the velocity and the constant channel depth constraint. There is a notable decrease
between the modeled starting channel width where compared to the observed starting channel width (Table 3).
Flows 1, 3, and 4 showed a good fit between the measured and modeled channel widths (+> values of 0.92,
0.91 and 0.87, respectively) (Figure 9). However, Flows 2 and 5 did not show a statistically significant match
(r? values of 0.49 and 0.01, respectively) (Figure 9). In addition to modeled channel length and channel width,
PyFLOWGO also calculates the heat loss, core temperature, crystallization rate, crystal content, viscosity, yield
strength, and flow velocity. Important to this study is to determine the actual channel lengths in order to locate
vent source area(s) and also to assess whether prior modeling studies, relying only on the visible portions of the
flows, produced accurate results. In addition, the PyYFLOWGO modeling needed to determine the total channel
lengths also produces the effusion rate, viscosity, and yield strength for each flow, which can be compared to
past studies.

3.2.1. Effusion Rates

The average modeled effusion rate for the five flows was 4,960 m?s~!, ranging from 2,500 to 6,750 m3 s~! (Table 4).
These values are an order of magnitude higher than recent terrestrial eruptions, including the 2012-2013 Tolba-
chik eruption (~247-440 m?3 s~') and the 2018 Kilauea eruption (without pulses, ~400-500 m? s~') (Dvigalo
et al., 2013; Kubanek et al., 2017; Patrick et al., 2019).

In general, the five flows investigated are at the lower end of calculated values by Warner and Gregg (2003) for
Arsia Mons (5,600—43,000 m? s~') and at the upper range of those for Elysium Mons by Pasckert et al. (2012)
(994,452 m? s~1). The Warner and Gregg (2003) study focused on large sheet-like flows, which likely accounts
for their higher modeled effusion rates. Pasckert et al. (2012) investigated flow morphologies similar to this
study. Both Warner and Gregg (2003) and Pasckert et al. (2012) utilized the Graetz method for determin-
ing effusion rate, which is different from our study. Finally, Flow 4 of our study was also one of the flows
studied by Glaze et al. (2009), in which they modeled a much lower effusion rate of 25 m?® s~! (compared to
3,900 m? s~! here). Glaze et al. (2009) used a hybrid model that accounts for the creation of levees during a
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Table 4
Best-Fit Model Run Results for Effusion Rate, Viscosity, and Yield Strength for the Five PyFLOWGO Flows Modeled

Effusion rate Average Median Minimum Maximum Maximum yield
(m?s!) viscosity (Pas)  viscosity (Pas)  viscosity (Pas)  viscosity (Pas) stength (Pa)

Flow 1  5.40 x 10° + 300 7.27 x 10* 4.25 x 10* 2.31 x 10* 6.70 x 10° 381
Flow2 6.25x 10° + 250 7.07 x 10* 5.05 x 10+ 2.81 x 104 2.85 % 10° 124
Flow3  2.50 x 10° + 150 3.18 x 10* 1.79 x 10* 9.47 x 10° 2.84 x 10° 124
Flow 4  3.90 x 10° + 150 4.49 x 10* 2.33 x 10* 1.21 x 10* 6.15 x 10° 352
Flow5 6.75 x 10° + 200 5.66 x 10* 4.11 x 10* 2.31 x 104 2.14 x 10° 66

Note. Morphometric variables used in these modeling results are the depth of the channel where is it first identified and the
modeled channel width at the inferred vent location.

flow's progression. This hybrid model can best be described as a volume-limited model, whereas PyFLOWGO
is cooling-limited.

3.2.2. Viscosity

To determine melt viscosity, we used one of the PyFLOWGO internal viscosity modules (Giordano et al., 2008)
for the interstitial melt viscosity in association with the Einstein-Roscoe module for computing the effect of crys-
tals (Table 1). The Einstein-Roscoe module is one of eight options available in PYFLOWGO, and was used for
the terrestrial analog study of Ramsey et al. (2019). The average viscosity for the five flows was determined to
be 5.5 X 10* Pa s. Values ranged from 9.4 x 103 to 6.6 X 10° Pa s (Table 4). The model also describes the change
in viscosity over the length of the channel. The viscosity values are within the range determined for large terres-
trial eruptions such as the 2012-2013 Tolbachik and the 2018 Kilauea eruptions (Belousov & Belousova, 2017;
Soldati et al., 2021).

We use the PYFLOWGO modeled viscosity at the point of flow cessation to compare to other models/stud-
ies. The five flows are in the range of calculated values found by Warner and Gregg (2003) for Arsia Mons
(10*-107 Pa s) and similar to those determined by Vaucher et al. (2009) for flows in the Central Elysium Planitia
(CEP) (6.9 x 10?2 to 2.5 x 10° Pa s). Our modeled values are slightly below the average found at Ascraeus Mons
by Hiesinger et al. (2007) (4.1 X 10° Pa s). Finally, Flow 4 had a lower calculated final viscosity (6.1 X 103 Pa s)
than the value (1.0 X 10° Pa s) reported in Glaze et al. (2009).

3.2.3. Yield Strength

PyFLOWGO also calculates yield strength as a function of lava temperature and crystallinity (Ryerson
et al., 1988). See Chevrel et al. (2018) for specific details on the equations used. PYFLOWGO calculates the
change in yield strength at each step until the flow stops. We then report the yield strength at the end of the
flow, for direct comparison to other studies that calculate yield strength after the flow has been emplaced (e.g.,
Hiesinger et al., 2007; Peters et al., 2021; Vaucher et al., 2009). The average yield strength for the five flows was
209 Pa and ranged from 66 to 381 Pa (Table 4). Yield strengths determined for Flows 1 to 4 are similar to those
measured for channelized basaltic flows at Mt. Etna (280-590 Pa) (Sparks et al., 1976) and slightly lower than
those of the Holuhraun 2014-2015 basaltic eruption (316-2,511 Pa) (Kolzenburg et al., 2018). Our results are
also similar to those found for the leveed flows in the CEP by Vaucher et al. (2009) (5-173 Pa). However, they
are noticeably lower than those calculated by Hiesinger et al. (2007) at Ascraeus Mons (677-4.91 x 10* Pa) and
channelized flows in Peters et al. (2021) using the self-replication lava flow model (1.4 x 103 to 3.6 x 10* Pa),
both of which are much higher than typical basaltic flows.

3.3. Finding Potential Vent Locations

Following determination of the total modeled channel lengths, the five flows all project upslope to locations
close to the base of Arsia Mons on the southern flow apron. Projected starting points for Flows 1, 3, and 5
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Figure 10. The five flows of the study with the back projected tracks shown

Mons (Figure 10). An error ellipse is shown around each of the possible
flow initiation points that is based on the uncertainties in the CTX and
MOLA data. Specifically, these ellipse areas represent the propagation in
the modeling of the errors in measuring the starting channel width (+6 m)
and depth (+1 m). However, Flow 2 and had a much poorer statistical fit
between the measured and modeled channel width from Step 2 (Figure 9).
This is likely due to effusion rate variations/pulses or channel blockages,
each of which would cause variations in flow velocity resulting in changes
to the channel width that are beyond the scope of PYFLOWGO. This then
would result in a higher uncertainty in the modeled effusion rate, which is
calculated from the first application of PYFLOWGO. Modeling the total
channel length in the second application of PYFLOWGO uses the effusion
rate plus the dimensions of the channel where it first is visible to initiate
the narrowing upslope assumption. Therefore, although the results shown in
Figure 9 do not have a direct bearing on estimating the total channel length
and possible vent locations, they do add further uncertainty. For example,
a slightly lower effusion rate would result in a shorter overall flow length
that would cause the Flow 2 error ellipse to shift downslope closer to those
of Flows 1, 3, and 5. It is possible, therefore that all of the flows except for
Flow 4 originate from the same location. This is corroborated by examining

by dashed lines. Back projection is done by using a 2° slope and following the patterns of other flows seen in the CTX data. Their surface morphology
the regional aspect and slope vectors. Colored ellipse represent the error suggests that Flows 1 to 3 and 5 emanate from the same area and extend
range associated with the context camera (CTX) and MOLA measurements. to the south, developing into multiple larger, distinctive flows downslope

The dashed line around the ellipse for Flows 2 and 5 indicate the increased
uncertainty in those results based on our initial modeling (in this figure).

(Figure 11c¢).

Flows 1,3 and 5 (and possibly 2) cluster together in the same region, whereas  [pyegtigation of the area within the ellipses for these four flows identified

Flow 4 projects back to a different area. White star shows the location of the
possible vent source (Figure 11). Base image is MOLA/HRSC blended DEM

hillshade.

a possible source (Figure 11a). The feature is a long (~48 km) sinuous
rille with a measured average width of ~873 m using the CTX data. The
inner walls of the rille show layering in the upper sections, suggesting
that it could be composed of consolidated material, likely overlaping lava
flows (Figure 11b). The layering characteristics observed are similar to
linear vents to the east of Arsia Mons identified by Hauber et al. (2009).
Visual investigation of the shadows cast into the rille indicates that it is deeper and wider at its northern
extent and gradually becomes shallower and narrows to the south. The depth of the feature at its south-
ern terminus (~207 m) was determined from three MOLA PEDR transects. Its location relative to the
volcano's summit is consistent with terrestrial rift-analogs such as Hawai'i, the Galapagos, and Tolbachik,
where large volume, channelized flows commonly originate from rift-aligned vents on the lower flanks
rather than at the summit caldera (Rowland et al., 2002). This process was observed in the 2018 Kilauea
eruption where multiple channelized flows originate from the same vent over the course of an eruption
(Mouginis-Mark et al., 2022). Flank aligned vents have also been observed at Ascraeus and Pavonis Montes
(Bleacher et al., 2007).

Investigation of the back-projected region for Flow 4 using both CTX and MOLA did not reveal any obvious
vent structures; however, this does not preclude the presence of vents in this region, which has a moderately-high
dust-cover index derived from IR data. That observation indicates thicker dust mantling that could obscure a
potential vent (Ruff & Christensen, 2002). Younger lava flows, pyroclastic deposits, or tephra fallout could also
have covered any vents in the error ellipse region of Flow 4.

4. Discussion

The PyFLOWGO based modeling results of effusion rate, viscosity, and yield strength fall within the ranges of
prior studies of Arsia Mons and other volcanic regions, which helps to validate the model's applicability to Mars
(Table 5). However, PYFLOWGO, as with any lava flow emplacement model, is not capable of accounting for
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Figure 11. (a) Context camera (CTX) mosaic showing the potential source/vent for Flows 1, 3, and 5 (and possibly Flow
2) (feature is centered at 14.5°S, 237.5°E). The black solid and dashed line boxes indicate the regions shown in (b) and (c),
respectively. (b) The layering along the rille wall (indicated by white arrows) is similar to that seen in linear vents identified
east of Arsia Mons (Hauber et al., 2009). Base image for (b) is from the HiRISE instrument (ESP_068341_1655). (c) Lava
fan emanating from the end of the rille structure (shown by the blue line), which develops into a full flow field further south.
The black lines indicate lava channels, and the red arrows denote lava flows.
Table 5
Compilation of Effusion Rate, Viscosity, and Yield Strength Calculations From Literature
Source Volcano Effusion rate range (m?/s) Viscosity (Pa s) Yield strength (Pa)
Hulme (1976) Olympus Mons 380 to 470 2.3 % 10° to 6.9 x 10° 8.8 X 103 to 4.5 x 10*
Zimbelman (1985) Ascraeus Mons 18 to 60 6.5 x 10° t0 2.1 x 108 3.3 x 10° to 8.3 x 10*
Cattermole (1987) Alba Patera 155t0 5.8 x 103 1.3 x 10°to 1.9 x 10° 1.9 x 103 to 2.8 x 10*
Lopes and Kilburn (1990) Alba Patera 700 to 1 x 10° NA NA
Wilson and Mouginis-Mark (2001) Elysium Mons 3.4 x10°to 1.3 x 10* NA NA
Warner and Gregg (2003) Arsia Mons 5.6 X 10° to 4.3 x 10* 1.6 X 10* to 1.6 x 108 2.5% 10° t0 3.9 x 103
Basilevskaya and Neukum (2006) Olympus Mons 24 to 137 1.4 x 10° to 2.8 x 107 900 to 3.6 x 10*
Hiesinger et al. (2007) Ascraeus Mons 23 to 404 1.8 x 10* to 4.2 x 107 677 to 4.9 x 10*
Glaze et al. (2009) Tharsis 25 to 840 3.0 x 105 t0 3.6 x 10° NA
Vaucher et al. (2009) Central Elysium Planitia 19 to 8 x 10* 2t02.5x%x10° 100 to 500

Pasckert et al. (2012)
Peters et al. (2021)

Elysium Mons

Tharsis

99 to 4.4 x 103
0.3 to 3.5 x 10*

1.2 x 10° to 3.1 x 107
9.4 x 10* to 7.4 x 107

380 to 1.5 x 10*
800 to 3.6 x 10*

Note. Values for each of these studies were calculated through a variety of methods, including flow measurements, terrestrial values for basaltic lava flows (density,
yield strength), Graetz number, Jeffrey's equation, and/or individually designed models.
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all relevant processes. Discrepancies in results relative to those in the literature can be attributed to the different
methods used to determine the emplacement and rheologic parameters, and the varied flow morphologies inves-
tigated. In its standard approach, PyYFLOWGO enables the capability to model the rheological properties of the
visible portions of lava flows by fitting their channel lengths. Here, we have expanded beyond prior terrestrial
PyFLOWGO modeling efforts to examine the same flow from two different perspectives (modeling both channel
length and width). The first application to the visible portion of the flow relies on the assumption of constant
channel depth to fit the exposed channel length and derive an effusion rate (as well as rheologic parameters). The
second application, uses that effusion rate and fitting of the exposed channel width to estimate the total channel
length, and thus approximate a vent location upslope. During this second application of modeling the total chan-
nel length, rheological properties are also determined. These results represent the total channel extent rather than
just the exposed portion.

The modeled channel lengths range from 124 to 530 km (Table 3). These lengths are ~4 times longer than
the observed/measured lengths of the exposed parts of the channels. Channelized flows of these lengths would
suggest long lived eruptions and sustained subsurface magmatic pathways. Although the modeled lengths are
longer than typically observed for channelized flows around Arsia Mons (presumably due to burial), lengths of
this magnitude are observed in other regions on Mars, including channelized flows associated with Ascracus
Mons flows (Garry et al., 2007) and the leveed channel system that supplies the flow field southwest of Tyrrhenus
Mons (Crown et al., 2020).

4.1. Interpreting Model Results

As highlighted by Warner and Gregg (2003), interpreting planetary rheological modeling results requires caution.
PyFLOWGO is no exception and we highlight a few points that should be considered before interpreting the
effusion rate, viscosity, and yield strength results.

A steady or constant effusion rate is not common over the entire course of any terrestrial eruption, though it
can be for significant portions. There is no reason to believe this should be different on Mars. Almost all erup-
tions have variable effusion rates with a general decrease over time (Bonny et al., 2018; Harris et al., 2000).
PyFLOWGO only uses a single effusion rate for a model run, best described as an effective effusion rate. As
defined by Rowland et al. (2005), an effective effusion rate is used to reproduce the maximum channel length that
a cooling-limited flow can reach and is roughly half the maximum effusion rate (Rowland et al., 2005). Follow-
ing this relationship, the maximum effusion rate for the five flows investigated here would be ~13,500 m3 s~
However, the relationship between effective and maximum effusion rate is not well constrained.

Comparing results from Steps 1 and Step 2 upon flow cessation shows that there is not a significant difference in
modeled final values of flow viscosity (Figure 12a) (Table 6). However, there are significant differences in the
downflow rate of change in rheologic parameters and how well the modeled channel width matches the measured
channel width. Using Flow 1 as an example, the average rates of change of viscosity are 5.0 and 1.2 Pa s per m
for Steps 1 and 2, respectively. The rate of viscosity change produced in Step 2 of the modeling is more similar
to what has been observed for terrestrial basaltic lava flows of 2.6 Pa s per m (e.g., Harris et al., 2007); whereas,
the rate of viscosity change in Step 1 is nearly double to that observed for terrestrial basaltic flows. There is
also a much improved correlation between the measured channel widths and modeled channel widths in Step
2 (Figures 12b and 12c). The modeled channel widths from Step 2 closely match the measured channel widths.

Comparison of the Step 2 modeled viscosity and yield strength results to those in the literature shows that our
values are at the low end of the range of previous estimates (Table 5). Two of the input parameters that were
used from the Tolbachik analog during the first PyFLOWGO application were the starting crystal fraction and
crystals grown during cooling. The crystallinity of the lava flow has a direct impact on both the viscosity and
yield strength (see equations in Chevrel et al. (2018)). Comparing the values from Tolbachik for starting crystal
fraction and crystals grown during cooling to other lava flows modeled using PYFLOWGO (i.e., Mauna Loa
1984, Mauna Ulu 1974, and Piton de la Fournaise 2010) we found the starting crystal fraction to fall within a
normal range, but the percent of crystals grown during cooling to be lower. For Tolbachik the percent of crystals
grown during cooling is 37% whereas for the other three studies it ranged from 45% to 89% (Chevrel et al., 2018;
Ramsey et al., 2019). Increasing the starting crystal fraction and/or crystals grown during cooling of the modeled
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Figure 12. (a) The difference in viscosity for Flow 1 between Step 1 and Step 2 of the PyFLOWGO modeling method. (b and ¢) compare the model channel width and

the measured channel width for Step 1 and Step 2, respectively.

Table 6

Comparison of the Model Results for Viscosity From PyFLOWGO for Steps

1 and 2 for the Five Flows Modeled

lava flow will directly increase the yield strength and viscosity, and by extension decrease flow length and veloc-
ity (Wantim et al., 2013).

The terrestrial analog used for this study (Tolbachik 2012-2013 eruption)
emplaced basaltic trachyandesite lava. Historically, a Hawaiian basalt has
been used as a Martian analog (Mouginis-Mark et al., 2022). We acknowl-
edge that using a basalt or a basaltic andesite as an analog may have an

impact on the rheologic modeling results. However, as described previously,

Model  Starting viscosity ~ Final viscosity  Rate of change
step (Pas) (Pas) (Pa s per m) Tolbachik had numerous reasons that made it the preferred analog for this
Flow1  Step 1 231 x 10* 671 x 10° 5.03 study. Furthern.lore, thfa modeled viscosity values fell a.t the lower enq of the
ranges from prior studies; therefore, the use of a basaltic trachyandesite lava
Step 2 2.31 x 104 6.71 x 10° 1.22 . .
analog did not produce more viscous flows.
Flow 2 Step 1 2.81 x 10* 2.85 x 10° 4.29
Step 2 2.81 x 10* 2.85 % 10° 0.62 . . . .
&t 4.2. Comparison to Previous Modeling Studies
Flow 3 Step 1 9.47 x 103 2.84 x 103 5.16
Step 2 9.47 % 103 284 % 103 219 Flf)w 4is ont? of the six flows (tl.1e1r Flow 6) 1nYest1gated by Glaze et al. (2009)
using a hybrid model. The hybrid model combines two models of levee forma-
Flow4  Step 1 1.21 x 10* 6.58 X 10° 5.06 . . . .
tion (construction during passage of the flow front and growth along the entire
4 5
SiEp 2 2 e 1T Gl b Ll length of the flow) and detailed flow measurements in order to estimate volu-
Flow5  Step 1 2.31 x 10* 2.14 x 10° 4.36 metric flow rate, eruption duration, and viscosity (Glaze et al., 2009). For this
Step 2 2.31 x 104 2.14 x 10° 0.59 same flow, we determined an effusion rate of 3,900 m3 s~! and a maximum
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viscosity of 6.15 X 10° Pa s, compared to 25 m? s~ and 1.0 X 10° Pa s, respectively by Glaze et al. (2009). Their
hybrid model uses detailed flow measurements (flow length, central channel width, levee width, flow thickness),
but only assumes heat loss through the conductive cooling law used by Hon et al. (1994). PyFLOWGO accounts
for all heat losses and gains under Martian conditions.

The effusion rates determined by Glaze et al. (2009) are one to two orders of magnitude lower than previous
calculations for Martian lava flows (Table 5). Given the observed size of the central channel (average width
of 1,129 m) and modeled channel lengths (524 km) for Flow 4, larger effusion rates are likely required to
produce and maintain these channel dimensions. Sustaining a lower effusion rate over a longer period of time
would promote cooling and inhibit creation of the large-scale morphological features, such as the consistent,
large central channel and prominent levees (e.g., Kerr et al., 2006). Furthermore, effusion rates comparable
to those of large terrestrial flows produce a smaller flow size on Mars due to the gravity and cooling (e.g.,
Rowland et al., 2004). It is likely that neither model result is 100% accurate due to assumptions that fail to
adequately represent different complexities of the flow emplacement process. However, the results produced by
PyFLOWGO corroborate the observed flow morphological features and are consistent with other prior studies.
However, the primary advantage of using PYFLOWGO here is that we are able to also produce the entire channel
length for each flow and therefore, identify potential vent source regions, which is not possible with any prior
modeling study.

4.3. Model Limitations: Topography

Our modeling assumed a constant slope of 2°. This assumption is consistent with previous Martian applications
of PyFLOWGO (e.g., Rowland et al., 2002, 2004) and with other modeling studies of Martian flows where
the pre-flow topography is not known (e.g., Baloga & Glaze, 2008; Garry et al., 2007). Typically, terrestrial
applications of PyFLOWGO use a known pre-flow topographic profile derived from a high-resolution DEM
(Harris et al., 2016; Harris & Rowland, 2001). Other studies have shown that certain models are sensitive to
the DEM used and that a constant slope is not always appropriate for modeling planetary lava flows (Bilotta
et al., 2019; Flynn et al., 2021; Glaze & Baloga, 2007). To assess the assumption of a constant 2° slope, we
extracted a DEM profile adjacent to each flow from the MOLA/HRSC DEM. Each transect was devoid of
interference from the flow levees but due to the complicated nature of the flow field, it is unlikely to repre-
sent the true pre-existing topography. The median slopes over the lengths of all five flows were less than 0.5°
(Table 3). However, further upslope over the region used for the back projections, the slope is closer to 2° and
therefore each of the flows were likely emplaced over topography between 0.5° and 2°. This is corroborated
by the PYFLOWGO model results where the measured and modeled channel widths of Flows 1, 3, and 4
match well (Figure 9). This correlation is due either to the pre-flow topography being steeper and/or having a
constant slope; and/or the resolution of the MOLA/HRSC DEM, which smooths the topography to an extent
thus muting smaller scale topographic changes that could impact the flow's emplacement. The effect of low
resolution DEMs underestimating topography and thus slope has been observed on Earth (Kienzle, 2004) but
has not been sufficiently studied on Mars.

The use of a constant slope may not be suitable in the modeling of all flows on Mars, particularly for flows that
may have a complex emplacement history (e.g., Flows 2 and 5). Our back-projection modeling of these five
flows shows that 52%-86% of the channel lengths are buried up-slope by younger flows, meaning that their
initial emplacement could have been over more variable and steeper topography. Given the model results, the
complex nature of the Arsia Mons flow field, and the lack of pre-flow topography, the use of a constant slope
that is an average between the upper flanks of Arsia Mons and the lower plains of Daedalia Planum was assumed
appropriate.

4.4. Model Limitations: Emplacement Processes

As mentioned, the comparison between the measured and modeled channel widths for Flows 2 and 5 did not
show a significant correlation. A more detailed investigation of each of these flows revealed possible exam-
ples of emplacement processes that are beyond the ability of PYFLOWGO to reproduce. At ~53 km for Flow
2 and ~26 km for Flow 5, there is evidence that the central channel was blocked for an unknown period during

FLYNN ET AL.

22 of 26



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2022JE007467

the flow emplacement (Figure 6d). This is shown by the sudden widening of the flow width, combined with a
sudden change in flow texture, from a knobby central channel to large knobs and ridges along the central chan-
nel (Figure 6d). A blockage or lava flow dam would impact the continuous growth and formation of the central
channel. Replicating or accounting for roofing over, blockages, or lava flow dams is outside the capabilities of
PyFLOWGO. However, the channelized flow length and final channel width were still reproduced. This indicates
that the effusion rate and viscosity calculations for each of the flows were not significantly impacted. Combining
lava flow modeling with analyses of flow morphology enables a more complete interpretation of PyFLOWGO's
results.

5. Conclusions

Previous modeling studies of Martian lava flows have made use of fluid mechanics, wax analog experiments,
numerical models, and detailed physical measurements. Studies of Martian lava flows are typically limited by
burial of their proximal regions and commonly hindered by a lack of identifiable vents.

In this study, we applied a modified and well-constrained version of the PYFLOWGO model to five channelized
flows southwest of Arsia Mons. With the flexibility of PYFLOWGO, we were able to first determine the effusion
rates by modeling the exposed channel length. The effusion rates served as input to the second application of the
model, using measured channel widths to estimate total channel lengths as well as calculate the lava viscosities
and yield strengths. The accuracy of the model results was checked against image-based measurements of the
channel lengths and widths for each application of PyYFLOWGO. Our modeling determined that the lava flows in
the southwest Arsia Mons flow fields were emplaced with effusion rates an order of magnitude higher than those
common for larger, modern terrestrial eruptions. However, they had similar viscosities and yield strengths to the
terrestrial flows of the same composition as well as the results from prior studies. The rheological results also
place these flows into the basaltic compositional field.

The second application of PYFLOWGO attempted to match the final channel width to determine the full channel
length (and with those values, possible vent/source locations) which is unique to this study. It is the first time
that a model was used to estimate the total channel lengths of Martian lava flows that are not fully exposed in
order to search for possible vent locations. Results reveal that these flows are on average four times longer than
assumed based on mapping only the exposed portions. Model results show that four of the five flows investigated
(Flows 1, 3, 5, and possibly 2) back-project to a likely vent location in a region of a known lava flow source.
Although PyFLOWGQO in general, this methodology specifically, has limitations the results are promising and
can be corroborated with detailed morphologic studies, as was done here. Incorporating other plausible model
inputs (i.e., using a different terrestrial analog or topographic profile) will increase the range in the model results.
However, we believe the methods and results presented here are a strong foundation for future studies.

Due to the complicated nature of the flow field surface southwest of Arsia Mons and partial burial of older flows
by younger flows, flows cannot commonly be traced to their source vents. Our modeling approach estimates the
total channel lengths and potential source vent locations, suggesting flows southwest of Arsia Mons reach up to
~500 km in length. With the ability to connect more flows to potential vents, we can begin to compile a more
complete record of the SW Arsia flow field evolution. Identification of potential vents could also be utilized to
possibly determine subsurface magmatic pathways that have previously been unknown. This study has shown
that PyYFLOWGQO is an effective model to reproduce the emplacement conditions of Martian channelized flows.
Future applications of this approach include other flows in the Daedalia Planum, Elysium Mons, and other Thar-
sis volcanoes, as well other planetary environments (e.g., Venus and lo).

Data Availability Statement

All flow measurements and PyFLOWGQO results discussed in this paper are available to the public (Flynn, 2022).
The NASA datasets (CTX, HiRISE, THEMIS, and MOLA) used in this manuscript are publicly available through
online archives and catalogues including NASA's Planetary Data System (pds.nasa.gov) and JIMARS (jmars.asu.
edu): (a) HIRISE (McEwen, 2007); (b) CTX (Malin, 2007); (c) THEMIS (Christensen, 2002); and MOLA (Smith
et al., 2003).
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