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THREE-DIMENSIONAL MODELLING OF LEVEED LAVA FLOWS; S. Sakimoto, 
Geodynamics Branch, NASAIGoddard Space Flight Center, Greenbelt, MD 2077 1, S. Baloga, 
Proxemy Research Inc., 20528 Farcroft Lane, Laytonsville, MD 20882, and J. Crisp, Jet 
Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91 109. 

Eruption rates and lava flow emplacement times are important factors in understanding planetary 
volcanism. For planetary lava flows featuring well-developed central channels and lateral 
embanking levees, lava flow rates and emplacement times have been estimated from measured 
morphological parameters, such as levee and channel widths, using the isothermal Bingham flow 
model of Hulrne (e.g., [I-51). The isothermal assumption and the arbitrary fitting of a static two- 
dimensional model to a three-dimensional problem have been criticized, but no definitive 
replacement has emerged in the literature to date. Through the use of numerical modeling, we are 
investigating the validity of the theoretical assumptions and approach used by Hulme for leveed lava 
flows that have fully developed central channels. The goal of this study is to identlfy the conditions 
for which the Hulme approach provides a reasonable approximation and to isolate the parameter 
regimes that require a more refined theoretical treatment of flow emplacement. 

The Hulme model [2] is based on the concept that levee dimensions can be used to obtain a 
quantitative constraint on the properties of the active flow in the central channel. Due to the 
difficulty and complexity of modeling an unconfined flow of Bingham material that may have 
changing rheological parameters, many assumptions and approximations must be made to translate 
the original concept into a mathematical model with planetary implications. Besides the isothermal 
assumption, the other critical assumptions of Hulme's treatment are: (I) Flow in the central channel 
is steady and laminar, (2) The transverse profile of the flow is the parabolic shape that would be 
obtained if there was no active central channel, (3) The levee is separated from the channel by a 
vertical boundary, as shown in Fig. 2, (4) The basal shear stress is equal to the yield strength 
throughout the levee, (5) The flow of lava in the central channel flow has no dynamical influence on 
the deformation of the levees, and (6) All of these conditions apply at any station along the path of 
the flow. Hulme implicitly also assumes several other conditions with his choice of solutions: (7) 
Symmetry about the flow centerline, (8) No shear stress at the flow surface, (9) No slip at the 
channel flow base, (10) Identical Bingham rheology parameters for the channel and levee, and (1 1) 
For flux rate calculations, flow width is much greater than flow thickness. 

We retain Hulme's assumptions (1) and (2), so that the transverse profile of the flow is parabolic 
and has a fixed height and width at all stations along the path of the flow pig. 1). In addition, we 
keep Hulme's implicit assumptions (7), (8), and (9). No mass, momentum, or energy is transferred 
across a symmetry boundary, which is also shear-stress free, so that the z velocity distribution is then 
continuous across the centerline. We have additionally simplified Hulme's assumption (4) to that of 
no slip anywhere along the flow base, extended the analysis to three dimensions, and allowed 
different rheological parameters to be assigned to the levee and channel lavas. A schematic of the 
numeric solution is shown in Fig. 1. The x direction is from the flow center to the margin, the y 
direction is from the flow base to the top, and the z direction is downhill. Our solutions are obtained 
from three-dimensional numerical solutions of the laminar incompressible Navier-Stokes equations 
generalized for an isothermal Bingham rheology. For a typical fifth order spectralelement solution 
where the solution is determined at 25 nodes in each grid cell, the channel and levee cross sections 
have several grid cells each. A dozen sets of cross sections are assembled along an assumed steady- 
state portion of the flow length. 

One of the terrestrial flows analyzed by Hulme [2] was the 1942 Mauna Loa flow, and we have 
used Hulme's reported flow parameters to set up a half kilometer long three-dimensional 
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numerical model of it. He used a total flow width of 305 m and a height of 11 m, and assumed a 
particular parabolic profile for the cross-sectional shape of the flow. For a yield strength of 8400 N/ 
m2 and a plastic viscosity of 1.7 x 1 6  Pa s, his predicted levee widths are 57 m. The total flow 
length is approximately 27 km, and like many terrestrial and planetary basalts, it has a relatively 
constant width modulated by small-scale topographic variations. This suggests that steady eruption 
and flow conditions leading to a fully developed central channel are appropriate assumptions. 

Since Hulme assumed that the area under his critical height did not move, the only way we have 
been able to reproduce his scenario of a channel bounded by two stationary levees in an isothermal 
three-dimensional model of the 1942 Mauna h a  flow is to assign the levee material (material B in 
Fig. 1) either an effectively infinite yield strength or an effectively infinite plastic viscosity. Our 
three-dimensional model reproduces Hulme's results for this flow when such a rheological 
difference is assigned. However, when both materials are assigned the same rheology, the shear on 
the levee side (even if the levee is initially motionless) erodes the levee until the Bingham velocity 
distribution stretches smoothly across the entire width of the flow and no stationary levee remains. 
This implies that Hulme's application of a two-dimensional static solution to a three-dimensional 
lava flow and the assumption and/or prediction of stationary levees may be inappropriate if the flow 
is isothermal and there are no rheological differences between the channel and levee material. 
Our initial results from the numerical modeling suggest that (1) low aspect ratio charmeltlevee 

flow morphologies with a relatively constant width (<< length) are incompatible with the suite of 
assumpti~ns employed by Hulrne, (2) rheologic properties for stationary embanking levees must be 
at least slightly different from those of the central channel, and thus (3) different thermal states for 
lava in the central channel and the levees must be considered to obtain a self consistent, steady-state 
model for channelized planetary lava flows. 
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Figure 1. Model Schematic. Axes directions, origins, and Figure 2. Flow diagram for Hulme's 2-D analytic 
symmetry plane are as indicated. Materials A and B are solution. The dark gray material below the critical 
each assigned independent Bingham rheologies. depth (c,) was assumed stationary, resulting in a 

levee width of w b. 
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