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Introduction:  Volcanism is a ubiquitous planetary 
process [1], with evidence for basaltic flows observed 
on every terrestrial planet in the Solar System.  How-
ever, active eruptions have only been observed on 
Earth and Io, and thus studies of extraterrestrial lava 
flows are in large part constrained by the final geome-
try of those flows.  Final geometry is a complex result 
of many factors, including, but not limited to, lava 
composition and rheology, temperature, cooling rate, 
effusion rate, crystal abundance, volatile content, and 
underlying topography [2].  Typically, few of these 
parameters are well known for any particular flow, and 
therefore lava flow modeling must make simplifying 
assumptions, such as utilizing an idealized rheology.   
     Many studies have successfully used simplified 
models to characterize flow evolution [2], especially 
for cases of purely molten lava without a brittle or vis-
coelastic crust that can be approximated by a Bingham 
fluid [e.g., 3–5].  Here, we use the finite element 
method (FEM) to study flow rates of sheet-like basaltic 
lavas after crustal formation.  We explore a wide pa-
rameter space with the goal of learning about the simi-
larities and differences between lava flow evolution on 
Earth and Mars.  For Earth, our parameter space is 
inspired by observations of the McCartys lava flow in 
New Mexico [6, 7].  For Mars, our parameter space 
comes from observations of flows within the north-
eastern Cerberus Fossae 2 unit [8, 9].   
 

 
 
Figure 1.  Schematic of our modeled lava flow showing an 
example cross-section of the flow structure down-slope (top) 
and cross-slope (bottom).   
 
     Methodology:  We use the multi-physics FEM 
software Elmer to solve the Navier-Stokes equations 

and map the stresses and velocities of lava flows.  We 
model flows with three layers as described by [10]: an 
exterior brittle crust, an underlying viscoelastic layer, 
and an interior molten core.  The brittle crust that does 
not flow and has temperature <800°C.  The underlying 
viscoelastic crust has temperature 800–1070°C.  The 
interior molten core behaves as a Bingham fluid with 
temperature >1070°C; however, it can become a purely 
Newtonian fluid at sufficiently high temperatures.  
Below these flow layers is the underlying topography, 
which may be a plane or have a more complex form.  
The basal boundary layer found in natural lava flows is 
taken to be part of this substrate base. An example 
schematic of our flow model is shown in Figure 1. 
     The McCartys lava flow is part of the Zuni–
Bandera volcanic field and is composed of porphyritic 
basalt [6].  Geological mapping of inflated pāhoehoe 
lobes [7] has yielded valuable datasets from which to 
derive parameters for flow modeling.  The study also 
makes several observations that our modeling can elu-
cidate.  For example, fractures up to 15 m in depth 
were observed on the steep slopes of the flow fronts, 
which constrains the brittle crust thickness to at least 
15 m; our models can map the state of stress under 
such geometry. 
     High Resolution Imaging Science Experiment 
(HiRISE) [11] observations of volcanic provinces on 
Mars [8] represent the most detailed imagery of lava 
flows outside the Earth-Moon system.  Of particular 
interest here is the northeastern region of Elysium 
Planitia, the Tartarus Colles lava flow [9].  As with the 
case of the McCartys flow, observations of the geome-
try of this Martian flow yield parameters and con-
straints for our modeling.  An analysis of HiRISE and 
MOLA data for the distal margins of the Tartarus 
Colles flow reveals that it includes two terraces, which 
are interpreted to be inflated lava-rise plateaus. The 
outer terrace typically has a thickness of 20–25 m and 
the inner terrace generally has a thicknesses of 55–60 
m.  These layers are generally thicker than what is ob-
served for terrestrial flows, and thus we allow for 
larger thicknesses of our modeled Martian flows than 
for our terrestrial ones. 
     Viscosity of the viscoelastic component of the crust 
is poorly constrained, although there are some experi-
ments suggesting that its viscosity is several order of 
magnitudes higher than the molten core [12].  Given 
the uncertainty in the appropriate viscosity value, we 
consider it as a free parameter in our model.  Rheology 
for the molten core layer is better known, but still a 
matter of debate.  It is often described as a Bingham 
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fluid, but can also be approximated by a power law 
rheology [13]; we adopt values measured from field 
observations [14] that have shown to be consistent 
with controlled experiments [15]. The relative thick-
ness of each layer is dependent upon the time since 
emplacement, as sheet-like basaltic flows undergo 
crustal thickening over time [10].  We vary density 
between 2000–3000 kg/m3.  Lower gravity of Mars 
will decrease flow magnitude relative to Earth for any 
rheology.  We assume laminar flow, based on observed 
low Reynolds numbers of basaltic flows [15].  
     Results:  Based on McCartys observations, we 
model a cross-slope cross-section pāhoehoe sheet flow 
on Earth with total thickness 20 m, flow side width 40 
m, and flow side shape as a quarter sine wave. Resul-
tant cross-slope flow velocities are shown in Figure 2.  
The rock density is 2500 kg/m3 and the underlying 
topography is flat.  Crustal thickness is half the total 
thickness, which is divided equally into an upper brittle 
crust and a viscoelastic layer.  Crusts have been ob-
served to form on sheet flows relatively quickly, so 
this model corresponds to a moment after the initial 
period of rapid inflation by molten core thickening and 
cooling-induced crustal growth [10]. The maximum 
flow velocity for this model is ~10 m/s.  The viscosity 
of the viscoelastic crust is 4 orders of magnitude 
greater than the molten core, which results in flow ve-
locities on the order of mm/min to cm/min in this 
layer.   
     Most basaltic sheet flows in the modern geologic 
record on Earth are not as thick as those observed in 
the McCartys flow.  We also ran a simulation with the 
same shape described above but with a thickness of 
only 5 m, and found maximum flow velocities of ~5 
m/s.  These velocities are lower than those observed 
for Etna flows (for example, the 4.5-m-thick Etna 1983 
flow had observed velocities as high as ~30 m/s [15]).  
This discrepancy may be due to steeper underlying 
topography for the Etna flows (Fig. 2 shows cross-
slope velocity, rather than down-slope) and fluid pres-
surization in the molten core caused by the influx of 
lava into the lava pathway system. 
     Figure 3 shows cross-slope flow velocities for a 
pāhoehoe-like sheet flow on Mars.  The parameters are 
the same as those of Figure 2, except that the flow 
thickness is 40 m and the flow side width is 80 m, and 
the gravitational acceleration is the Martian value of 
3.71 m/s2.  The maximum flow velocity for this model 
is ~8 m/s. 
     Discussion:  Free parameters we are exploring for 
their effects on flow behavior include flow thickness, 
underlying topographic slope, rheology of the molten 
core, rheology of the viscoelastic crust, pressurization 
of the molten core, and curvature of the flow front.  
Two competing effects between the terrestrial and 
Martian cases are the higher gravitational acceleration 

of Earth and the greater flow thicknesses of Martian 
flows.  We generally find that these effects are of the 
same in order of magnitude, and that the flow veloci-
ties of Martian flows tend to be close to those found in 
terrestrial flows (Figures 2 and 3).    
     Other parameters have trends in the expected direc-
tion; for example, more viscous rheology leads to 
lower flow velocities.  A parameter with a less obvious 
effect is curvature of the flow front and flow sides.  
We ran models with the same parameters as those 
shown in Figure 2 and 3, but varied the curvature of 
the flow sides. We find that a linear flow front yields 
smaller flow velocities than convex or concave ones.  
This is likely the result of steeper local slopes in 
curved fronts.  Different curvatures have been ob-
served to be associated with different types of fractur-
ing at the McCartys flow [7], and our mapping of flow 
velocities and stresses will be useful in understanding 
their formation.  Our ongoing work will further explore 
the space in the free parameters described above, cal-
culate down-slope flow velocities, and consider the 
roles of fluid pressurization in the molten core and a 
crust that breaks up as lobes inflate.   
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Figure 2.  Cross-slope flow velocities for a cross-slope 
cross-section of a 2D modeled lava flow on Earth.  See text 
for model parameters.  Lava is flowing outward. 
 

 
 
Figure 3. Cross-slope flow velocities for a cross-slope cross-
section of a 2D modeled lava flow on Mars.  Note that the 
spatial scale of the figure is the same as in Figure 2.  See text 
for model parameters.  Lava is flowing outward. 
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