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Introduction:  The thickness of the solidified layer 

of what was once molten silicate material can be used 
as a geochronometer for certain geologic processes.  
For example, the thicknesses of the upper crust of an-
cient lava flows have been used to estimate the dura-
tion over which the flows were active [1].  Similarly, 
the thickness of the crust on drained ponds of impact 
melt constrains how long the melt was flowing [2].  In 
many studies the simple relationship between crustal 
thickness and time derived by [3] has been used.  Here 
the model from [3] is compared to numerical cooling 
models to understand the applicability of this model in 
settings outside of Hawaii.  

Numerical Model:  The model used in this study 
was developed to describe the initial cooling of pa-
hoehoe lava flows [4].  The model uses a fully-explicit 
finite-element method to solve the heat diffusion equa-
tion.  Unlike most other models for the solidification of 
silicate melts, it includes the effect of vesicles and the 
temperature dependence of the thermal properties 
(thermal diffusivity, density, heat capacity) as well as a 
crystallization model that allows for the release of la-
tent heat over the crystallization interval and the for-
mation of glass.  The model was successfully tested 
against field data from active pahoehoe flows in Ha-
waii [4].  Since the original publication, the model has 
been improved to allow runs over decades; work for 
extra-terrestrial conditions [5]; and include rain.   

Upper Crust of Terrestrial Lava Flows:  The 
numerical model was run for a wide variety of condi-
tions (Table 1).  Input parameters typical of Kilauea 
basalts on the coastal plains were used as the baseline 
case.  Inputs were varied over a large, but plausible, 
range.  The lava crust thickness was plotted against the 
square root of time and a linear fit, through the origin, 
was applied. 

After the first few minutes, in the absence of heavy 
rain, the growth of the lava crust is controlled by heat 
conduction. The crust thickness grows linearly versus 
the square root of time [3].  The slope of this fit is a 
measure of crust growth, 0.0556 m hr-1/2 for the base-
line case, with an R2 goodness of fit of 0.9995.  For 
high rainfall rates, significant heat is removed by non-
conductive processes as indicated by the lower R2 val-
ues for the linear fit.  The baseline case has a slope of 
0.0556 as opposed to the slope of 0.0779 found by Hon 
et al. [3] for Makaopuhi Lava Lake on Kilauea Volca-
no.  Makaopuhi was in an even higher rainfall area 
than the coastal flats of Kilauea (~600 cm/yr versus 
~200 cm/yr).  By inputting the higher rainfall seen at 

Makaopuhi, the model closely matches the Hon et al. 
[3] result.  We conclude that in areas of modest rainfall 
the crust will grow at only ~70% of the rate predicted 
by [3], a minor revision for previous studies. 

 
Table 1.  Effect of varying input parameters.  Base-

line case has an lava temperature (To) of 1135 °C, an 
ambient temperature (Ta) of 25 °C, 50% vesicularity, 1 
mm diameter vesicles, an atmospheric heat transfer 
coefficient (h) of 50 W m-2 K-1, an emissivity of 95%, 
and thermophysical properties appropriate for a Kilau-
ea tholeiite [4].  Glass forms without the release of 
latent heat for cooling rates above 10 °C/s at tempera-
tures above 900 °C.  Each model is run for 3x107 s.  
Parameter Value Crust 

Growth 
(m hr-½) 

R2 of 
Fit 

Delta to 
Baseline 

Rain 0 m/yr 0.0539 1.000 -3.1% 
Rain 0.2 m/yr 0.0540 1.000 -2.9% 
Rain 6 m/yr 0.0742 0.9687 +33% 
Rain 20 m/yr 0.1007 0.9406 +81% 
h 0  0.0546 0.9991 -1.8% 
h 100 W 

m-2 K-1 
0.0557 0.9996 0.2% 

Vesicularity 0% 0.0577 0.9998 +3.8% 
Vesicularity 25% 0.0558 0.9998 +0.4% 
Vesicularity 75% 0.0625 0.9940 +12% 
Ves. Diam. 0.1 mm 0.0549 0.9996 -1.3% 
Ves. Diam. 10 mm 0.0612 0.9998 +9.4% 

 
As indicated in the original publication of the nu-

merical model [4], the efficiency of cooling by the 
wind and vesicularity have a strong influence on the 
cooling of the surface.  However, these parameters 
have markedly less effect on the rate of crust growth 
(≤5% effect crust growth rate).  This is because (a) 
over a period of weeks and months the cooling of the 
interior of the flow is limited by the ability of heat to 
conduct through the crust, not for heat to be removed 
from the surface and (b) the insulating effect of vesi-
cles is largely offset by the reduced density of the ve-
sicular lava.  It is worth noting that very high vesicu-
larity leads to higher sensitivity to rainfall and a greater 
likelihood of deviating from the linear relationship 
between crust thickness and the square root of time.  
Vesicle size has a relatively large effect (~10%) over 
the size range of 0.1-10 mm.  This is because larger 
vesicles allow more heat to be transported via thermal 
radiation across the cavity [6]. 
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Extra-terrestrial Lava Flows: There are major 
differences in environmental conditions on the differ-
ent planetary bodies with evidence for silicate lava 
flows.  Most obvious is the lack of rain or substantial 
atmosphere for Io, Mars, the Moon, and Mercury.  
These bodies experience a very wide range of back-
ground temperatures, depending on latitude and time 
of day.  The mean surface temperature was used for the 
model runs but a flow radiating to deep space was also 
investigated.  This would be appropriate for lava flows 
in shadowed craters near the poles of Mercury and the 
Moon.  For Venus, cooling by atmospheric convection 
is very large.  There are many unanswered questions 
about atmospheric cooling of lava flows [7], but most 
theoretical formulations have the heat transfer coeffi-
cient directly proportional to the atmospheric density 
and wind speed.  The atmosphere at the surface of Ve-
nus is roughly 100 times denser than the Earth's.  
However, winds are expected to be quite low, perhaps 
only a few m/s.  Therefore a heat transfer coefficient 
20 times larger than our baseline case was used.   

 
Table 2. Results of extra-terrestrial model runs. 

Case Inputs Crust 
Growth 

R2 of 
Fit 

Delta to 
Baseline 

Deep 
Space 

Ta=4 K, 
Rain=0, h=0 

0.0541 
m hr-1/2 

0.9997 -2.7% 

Io Ta=120 K, 
Rain=0, h=0 

0.0541 
m hr-1/2 

0.9997 -2.7% 

Mars 
Moon 

Ta=240 K, 
Rain=0, h=0 

0.0535 
m hr-1/2 

09997 -3.8% 

Venus Ta=750 K, 
Rain=0, 
h=1000 

0.0404 
m hr-1/2 

1.000  -27% 

Mercury Ta=440 K, 
Rain=0, h=0 

0.0504 
m hr-1/2 

0.9999 -9.4% 

Low-Ti 
Basalt 

To=1300 °C, 
Tg=1100 °C 

0.0567 
m hr-1/2 

0.9992 +2.0% 

Anortho-
site 

To=1300 °C, 
Tg=1000 °C 

0.0483 
m hr-1/2 

0.9998 -13% 

 
In general, the effect of extra-terrestrial environ-

ments has little effect on the growth of the lava crust.  
The lack of cooling by rain on other planetary bodies is 
largely offset by the colder temperatures on Io, Mars, 
and the Moon.  In those cases, the crust is a few per-
cent thinner than on Earth for any given time.  On Ve-
nus, the high ambient temperature results in the upper 
crust growing significantly (25-30%) slower than the 
terrestrial baseline case.  Similarly, the higher tempera-
ture at Mercury results in crust growth ~10% slower 
than on Earth.  It should be noted that the model pre-
dicts that the temperature of the lava surface will be 
quite different on the different planetary bodies.  How-

ever, the thickness of the crust is not very sensitive to 
the temperature of the flow top, as long as it is signifi-
cantly below the eruption temperature.  The conclusion 
is that the thickness of the upper crust on extraterrestri-
al lava flows can be used as a geochronometer the 
same way as on Earth and intuition gained from terres-
trial analogs are readily applied in these settings.   

Impact Melts:  The liquid rock generated by im-
pacts, if it does not include a large volume of entrained 
cold material, should cool in much the same way as 
lava flows.  The similarity in flow dynamics to lava 
flows (especially near-vent pahoehoe flows) is sup-
ported by the similar morphologies between the two 
types of flows [2].  However, the chemical composi-
tion of these silicate melts can be quite different from 
terrestrial basalts or even lava flows on the parent 
body.  In particular, lunar anorthosites have no extru-
sive volcanic equivalent.  In order to investigate the 
effect of melt composition on the rate of crust growth, 
we input thermal parameters appropriate for a low-Ti 
lunar basalt and a lunar anorthosite.  Both of these 
compositions have substantially higher liquidus tem-
peratures than the baseline Kilauea basalt (1348 °C and 
1381 °C versus ~1200 °C).  The density, latent heat, 
and heat capacity of the lunar basalt is also substantial-
ly higher than the Kilauea basalt.  Anorthosite has a 
relatively high heat capacity and low thermal conduc-
tivity.  The temperature dependence of these thermal 
properties is pronounced at the lower temperatures that 
can be reached in extraterrestrial settings.  In particu-
lar, at cryogenic temperatures the heat capacity of most 
materials, including silicates, approaches zero [8].  
Thermal conductivity increases dramatically at very 
low temperatures for most silicates but not those con-
taining substantial plagioclase.  The net effect of these 
composition-related changes is hard to predict without 
numerical modeling.   

   The results are summarized in Table 2.  The anor-
thosite melt forms a crust 13% slower than the baseline 
Hawaii case.  The lunar basalt, despite its ultramafic 
composition, has a crust growth rate 2% faster than the 
baseline.  Overall, this shows that even dramatic 
changes in composition do not significantly affect the 
rate at which the crust grows on a silicate melt. 
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