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THERMAL EROSION - OBSERVATIONS ON TERRESTRIAL LAVA FLOWS AND 
IMPLICATIONS FOR PLANETARY VOLCANISM. Harry Pinkerton, Lionel Wilson and 
Gillian Norton, Institute of Environmental & Biological Sciences. University of Lancaster, 
Lancaster LA1 4YQ, U.K 

During recent fieldwork on 01 Doinyo Lengai in N. Tanzania two of the authors observed 
that small carbonatite lava flows were eroding their substrate at rates of a few rnillimetres / 
minute [I]. The resulting sinuous channels are similar, morphologically, to some lunar 
sinuous rilles. Here we assess how these channels formed, and compare measured and 
theoretical erosion rates at the base of active carbonatite and basaltic lava flows. 

Sinuous channels in volcanic areas can be formed by a variety of processes. Some are 
clearly collapsed lava tubes [21; others are constructional features [31; and it has been 
proposed [4. 51 that others form as  a consequence of thermal erosion at the base of long 
duration, turbulent lava flows. Sinuous channels on 01 Doinyo Lengai formed by each of the 
above processes. Some channels formed a continuous crust within a few metres of the vent. 
If there were no large increases in effusion rate, the roof was not destroyed, and flow 
continued for some time in these tubes, some of which collapsed after drainage forming 
collapsed channels. In the medial and distal parts of the flows, the channels were formed by 
the draining of leveed flows, thereby forming constructional channels. However, proximal 
flows formed by a two-stage process. Night observations of these barely incandescent (5900C) 
flows confirmed that, within a few seconds of being erupted from a vent, the margins of thin 
(<50 mm thick) flows cooled and were no longer incandescent. These flows were therefore 
unable to attain the widths dictated by a simple isothermal Bingham flow model 161, and the 
lava was constrained to flow between the cooled levees. Once flow was established in these 
channels for a few minutes. some of the flows began to erode the substrate, even when it was 
fresh, unflssured pahoehoe. The erosion of the substrate was particularly noticeable close to 
the vents and where the velocity increased due to the steepening in slope of the channel base. 
The lava was also undercutting the channel walls. In plan view, these channels are 
remarkably similar to lunar sinuous rilles. Erosion rates and amounts decreased 
systematically downstream, and fresh pahoehoe blocks which were immersed in the flows 
were eroded, the erosion rate on the upstream facing side being almost ten times that on the 
downstream side. These observations are consistent with thermal rather than mechanical 
erosion. 

Measurements of the erosion rate at the base of a small channel, at a distance of less than 
1 metre from its source, indicated that the erosion rate remained constant, over the period of 
observation, at  2 mm/ min.. The channel dimensions and measured velocities of lava in this 
channel are shown in Table 1. Eruptive temperatures of 5900C were measured in the field, 
and the thermal diffusivity and apparent viscosities were measured to be 4x10-8 m2s-1 and 3 
Pas respectively [I]. Subsequent measurements in the laboratory allowed other thermal 
properties of the carbonatites to be measured [7]. These include latent heat of fusion (120 
k~kg-I) ,  specific heat capacity (1.2 k J k g - l ~ - l  at 2000C), and a solidus temperature of 4800C. 
Using these values, theoretical erosion rates can be calculated using existing heat transfer 
models for lava flows [4,5,8,9]. Using the values in Table 1, it can be shown that flow is 
laminar in the channel being studied, supporting the view [4.5,81 that thermal erosion is 
possible even under laminar flow conditions. While most workers have concentrated on the 
efficiency of thermal erosion under turbulent flow conditions, Hulme [4,8] contains a 
comprehensive theoretical treatment of erosion under laminar flow conditions. 

The laminar flow equations in [4,81 can readily be re-expressed to give the erosion rate, 
E(x) at any distance, x from the vent as: 

(Tc - Tm) 
E ( x )  = 

p [ L +  c(Tm-To)]  
where Tc is the temperature of lava at its source; Trn is the solidus temperature of the ground: 
To is the temperature of the ground before lava flows over it; p is the density of the lava flow; 
L is the latent heat of fusion of the ground and c is its specific heat; k is the thermal 
conductfvity; u is the mean flow velocity; and K is the thermal diffusivity. 

Following Hulrne [4] we assume that only 40% melting of the substrate is required before 
the rest can be removed by mechanical erosion. Latent heat values are therefore multiplied 
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by 0.4 for use in the equation. Measurements of the temperature of the substrate adjacent to 
the erosion channel indicate that To - 2000C is appropriate. The calculated erosion rates. 
shown in Table 1, support the view that the carbonatite channels were being eroded by 
thermal erosion under laminar flow conditions. It can also be seen that the use of turbulent 
flow equations would have underestimated the erosion rate by more than an  order of 
magnitude. These findings are at variance with the commonly held view that turbulence is 
required to generate thermal erosion channels. Having confirmed that thermal erosion 
under laminar flow conditions is more efficient for proximal carbonatite flows than when 
flow is turbulent, it is appropriate to ask whether laminar flow erosion is important in 
basaltic lava flows. 

Coombs et al. [lo. 111 have identified a number of tubes and channels on Hawaii which 
have erosional features which are compatible with thermal erosion. They carried out a 
detailed study of Kauhako Crater and channel, and concluded that thermal erosion under 
turbulent flow could account for the observed erosion of 5 to 10 metres. However. their 
calculated Reynolds number of 173 is clearly not fully turbulent. Here. we calculate erosion 
rates under laminar flow conditions assuming a discharge rate of 200 m3s-1. The values used 
in the present study are as  follows: Tc = 1428 K: Tm = 1338 K; To = 293 K: p = 1000 kgrn-3: L = 
500 kJkg-1; and c = 730 Jkg-1K-1 . Other values are shown in Table 2. It can be seen, in Table 
2, that the erosion rates under laminar flow conditions can account for the observed erosion 
of the Kauhako channel. The total volume of lava required (8.6~107 m3) is 29% of the erupted 
volume. 

Finally, using the thermal properties for basalts given above, together with the channel 
dimensions, discharge and viscosity data for the 1984 Mauna Loa eruption [12,13], calculated 
thermal erosion rates under larninar flow conditions vary from 0.22 m/day, llun from the 
vent, to 0.06 m/day, 4 . 5 h  from the vent. This eruption is not unique; many other terrestrial 
lava flows will have had higher discharge rates in channels of similar dimensions. It is 
therefore clear that thermal erosion under larninar flow conditions must take place in the 
proximal channels of many basaltic lava flows. Difficulties in measuring lava depths in 
active channels explain why this process has been recognised on only a few occasions. To 
date, most analyses of sinuous rilles and similar lava channels on the moon [I41 and Mars 
[I51 have assumed turbulent flow conditions: these measurements need to be re-assessed in 
the light of the present findings. We predict that, in most cases, somewhat lower effusion 
rates will be inferred for the formation of channels than has been assumed in the past. 
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Flow Viscosity Mean Flow Reynolds Distance Time before Erosion 
width velocity depth number from source melting begins rate Table 1. Calculated erosion rates in a 

l m  /Pas l m l s  I m  I m l h r s  I m m l m i n  
Laminar flow small channel on 0 1  Doinyo Lengai, 
0.21 3 0 .25  0.13 16 .04  0.1 0.00 2 .70  Northern Tanzania 
0.21 3 0 .25  0 .13  16 .06  1 0 .01  0 .85  
0.21 3 0 . 2 5  0.1 3 16 .04  1 0  0 . 0 8  0 . 2 7  
0.21 3 0 . 2 5  0 . 1 3  16 .04  1 0 0  0 . 8 2  0 .09  

Turbulent flow 
0.21 3 0 .25  0 .13  64 .14  1 0 0  1 .64  0 .04  

Flow Viscosity Mean Flow Reynolds Distance Erosion Erosion 
width velocity depth number from source rate after 50 hrs 

Table 2. Calculated erosion rates I m /pas I m l s  I m I m  l m l d a y  I m  

in Kauhako. Kalaupapa, Laminar 5 0  flow 1 5 0  4.5 0 .89  4 0  4 0 0  0 .23  11 .56  
Molokai, Hawaii 5 0  1 5 0  4.5 0.89 4 0  1 0 0 0  0.15 7 .28  

- - ~ ~ 

5 0  1 5 0  4.5 0 .89  4 0  2 0 0 0  0 .10  5 . 1 0  
Turbulent Flow 

5 0  1 5 0  4.5 0 . 8 9  1 6 0  2 0 0 0  0 .08  3 .98  
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