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Abstract-Results of calculations for the cooling of an impact melt sheet are reported for the sheet
sampled by the Apollo 17 Station 6 Boulder. The calculations were based on a two-stage cooling
model involving a short initial phase of thermal equilibration between small clasts and the surrounding melt, and a second phase of heat loss from the melt sheet to the surroundings. In the first
stage, the cooling is approximately logarithmic with time for about 90% of the overall change in
temperature of the melt. For a range of initial conditions, a uniform temperature is reached within
about 100 sec. This time is independent of the initial volume fraction of clasts. The dependence of
the final volume fraction of clasts on the initial temperature and the initial volume fraction of clasts
has been evaluated. Small clasts are preferentially digested, resulting in an increase in the mean clast
size.
In the second stage of cooling, the boundary conditions have a large effect on the cooling
behavior. Three sets of boundary conditions have been considered: (1) a melt sheet with essentially
infinite cold insulating layers on both sides; (2) a melt sheet with infinite insulation on one side and
radiation from the other side; and (3) a melt sheet with infinite insulation on one side and a thin cold
blanket on top. Results showing the relationship between the time to cool to 1300°K and 900°K and
the distance from the boundary are given for the first two sets of boundary conditions. The
instantaneous cooling rates at these temperatures are also discussed as a function of distance from
the boundary. Also considered is the thermal behavior with the third set of boundary conditions
(with a 1 m cold blanket on top). At short times, the cooling behavior for the third set of boundary
conditions is similar to that of the doubly-insulated case, while at long times the behavior is similar to
the case with radiation at the boundary.
·

I. INTRODUCTION

THE PRESENT PAPER REPORTS the results of calculations which have been
carried out for the cooling of an impact melt. The specific applications are made
to the clast-laden sheet sampled in the Apollo 17 Station 6 Boulder. Certain
aspects of the calculations are, however, applicable to the formation of other
impact-produced breccias with large abundances of clasts, that is, the recrystallized and vitric breccias. The calculations are carried out following the
two-stage cooling model of Simonds (1975). The initial stage of melt cooling
involves heat transfer between a superheated silicate liquid and enclosed cold
clasts, 0.01-10 mm across. The second stage of cooling involves loss of heat
from the melt sheet to its surroundings. The two stages must be modeled
2449
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separately because the dimensions differ by a factor of over 100 and the relevant
geometry of initially hot and cold regions is different.
The Apollo 17 Station 6 Boulder, which is actually a series of blocks, lies at
the foot of the North Massif in the Taurus-Littrow Valley. Simonds (1975)
argues that the boulder is a partial section through a horizontal sheet of impact
melt, at least 1 km long, lying about½ of the way up the 2 km high massif. The
boulder is inferred to consist of a series of units differing in vesicularity and
clast content (Heiken et al., 1973); but the narrow range in chemical composition
(Simonds, 1975) and ages (Cadogen and Turner, 1976) suggest that all are part of
a single melt sheet.
The melt sheet may have been either a flow at the surface which was
subsequently buried, or it could have been buried within a thick blanket of
ejecta. Because of this ambiguity, a number of different boundary conditions will
be treated to explore their effect. Such sheets of impact melt are formed of
mixtures of molten rock, fused near the point of impact, which is violently
mixed with fine-grained cold elastic debris. The fluid mixture is then laid down as
a horizontal layer in or near the crater of excavation. Some of the better known
melt sheets in terrestrial craters are at Mistastin Lake (Grieve, 1975), Manicouagan (Floran et al., 1976) and Papagai (Masaitis et al., 1975).
The fine-grained matrix samples from the boulder show a textural progression suggestive of a cooling gradient. Samples 76015 and 76215 have poikilitic
textures with 15 µ,m feldspar (typically Ans1--S9) set in pigeonite (typically Mg11--S1)
oikocrysts several millimeters long. Mineral clasts of plagioclase (An94-96) and
magnesian olivine make up 9-14% of the rocks. Less than 1% lithic clasts over
5 cm are visible in lunar surface photographs of the portion of the boulder
which yielded these samples. The intermediate textured portion of the boulder,
76315, has a subophitic to micropoikilitic texture with 15 µ,m feldspar and 50 µm
pigeonite; clasts over 5 cm make up a few percent of this portion of the boulder,
and mineral clasts make up about 14%. Again, the clast population is typically
plagioclase, more An rich than the matrix, and olivine equal or greater in Mg
than matrix olivine. The finest, most clast-rich, portion of the melt sheet, 76275
and 76295, has a fine subophitic texture with 10 µ,m feldspar and 30 µ,m
pigeonite. Lithic clasts over 5 cm make up about 5% and small mineral clasts,
still biased to refractory compositions, over 17%.

Thermal analysis
The first comprehensive analysis of temperature distributions in cooling
igneous bodies was carried out by Jaeger (1957). This author started with a
simplified theory of heat flow in a magma initially at a uniform temperature. The
magma was taken to cool by conduction into country rock having the same
thermal properties as the magma. Realistic complications were added by
including latent heat of fusion and convection (Jaeger, 1968). Several geometries
were considered, including two finite sheets, in contact, a finite sheet beneath a
deep cover of cold rock, and flows with irregular boundaries.
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Provost and Bottinga (1972) numerically solved the heat flow equation for a
lava flow of initially uniform temperature cooling by radiation on the upper
surface and conduction into a cold basement. They considered the rate of
growth of crusts developed in both the upper and lower regions of the flow, and
applied their solution to the Apollo 11 basalt, 10022. The study of lunar basalt
crystallization and possible chemical fractionation are treated in the paper by
Walker et al. (1976).
In an analysis relevant to cooling a melt by heat flow to cold clasts, Carslaw
and Jaeger (1959, p. 240-241) considered the change in temperature with time of
a molten material upon introducing a spherical particle initially at a different
temperature. They also considered the change in temperature of the sphere as a
function of time. The melt was assumed to be well stirred, i.e., to have an infinite
thermal conductivity. Analytical expressions were provided for the temperature
at various positions within the sphere, as well as for the average temperature of
the melt, as functions of time. The effects of various volume fractions of the
spherical particle material can be evaluated by considering different ratios of the
heat capacity of the particle to that of the melt; and information of this type was
provided by Carslaw and Jaeger (1959).
As indicated above, the present work was undertaken to explore in detail the
implications of a two-stage cooling process for the thermal histories of impact
melts, with the calculations carried out for a body the size of the Apollo 17
Station 6 Boulder. Calculations of this form should have broad applicability to
impact melts, and to the cooling of other melts in which cold material is picked
up by a molten liquid.
The first stage of the cooling process of a melt-clast mixture involves rapid
cooling due to the presence of the cold clasts. The clasts absorb heat from the
melt; and in the process, some or all may melt and be incorporated into the
molten liquid. As will be seen below, the melt-clast mixture reaches thermal
equilibrium very quickly. The rapid first-stage cooling is followed by a second
stage of much slower cooling, in which heat is conducted from the melt to the
surroundings through conduction and radiation into space.
Three sets of parameters must be specified for the calculations:
(1) The thermophysical properties of the melt, clasts, and country rock

including thermal conductivity and heat capacity as a function of temperature, latent heats of fusion, and melting points.
(2) The initial temperatures in the hot and cold regions of the clasts and melt
in the first-stage calculations, and the melt sheet and country rock in the
second-stage calculations.
(3) The geometry of the initially hot and cold regions, i.e., the size and spatial
distribution of clasts in the first-stage calculations, and the thickness of
the sheet and any insulating areas as well as the position of any boundaries radiating into free space in the second-stage calculations.
Examination of the effects of varying the initial temperature distributions and
the size of the hot and cold regions not only provides insight into the absolute
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magnitudes of cooling rates for the melt sheet sampled in the boulder, but also
allows extension of the two-stage cooling model to other types of impactproduced lithologies (Simonds et al., 1976b; Phinney et al., 1976).
II.

THERMAL MODEL

The lateral dimensions of the melt sheet are assumed to be large compared
with its thickness, so the heat flow problem can be reduced to the onedimensional heat flow equation:
(1)

Here p is the density; Cv is the heat capacity, assumed a function of temperature, T; t is the time; and kTH is the thermal conductivity.
Equation (1) has been solved by replacing the differential equation by its
backward difference analog:
C (T)

P

p

Ti,n+l -

at

Ti,n = k

™

Ti+l,n+l - 2T;,n+l + Ti-1,n+l
(aX)2

(2)

where n indicates a point in time where the solution is known and i indicates a
point in space. The appropriate boundary conditions were applied and the
solution found by the Thomas Tridiagonal method (von Rosenberg, 1969).
In this problem, the heat capacity-and sometimes the boundary conditions-are functions of temperature, which makes the equation nonlinear. The
correct solution was approached by using the temperature at time n to predict
the coefficients at time n + 1. The procedure was iterated using the predicted
values for time n + 1 to calculate the solution at that time again. This was
repeated as many times as required; only 1 to 3 iterations were needed for the
short-time (first-stage) problem, while as many as 5 were sometimes used for the
long-time (second-stage) problem. The solution converged quickly, particularly
when the change in temperature or time interval was small. At very long times,
the results sometimes became unstable, resulting in severe oscillations about the
correct solution, particularly at the surface where the temperature was changing
quickly. This problem was corrected by averaging the results of previous
iterations in calculating future iterations.
The latent heat of fusion was taken into consideration using the assumption
of Jaeger that the latent heat (L) is liberated uniformly over the temperature
range between the liquidus (TL) and the solidus (Ts), so the heat capacity in that
range can be replaced by:

c~ = cp +TL~ Ts

(3)

The latent heat of fusion and heat capacity of the melt have been approximated
by those of diopside 103 cal g- 1 and .251 + .265 x 10-4 T-.69 x 104 T-2 cal g- 1°K- 1
respectively (Birch et al., 1942).
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The thermal conductivity was taken as 4 x 10-3 cal cm- 1 sec- 1°K- 1 , as value
typical for glass-forming silicate liquids at modest temperatures. At high temperatures, radiative transport can make a significant contribution to the heat flow
in transparent materials. For iron-rich materials, such as the boulder composition, their large optical absorption coefficients make the radiative contribution to kTH quite small, at least up to temperatures of 1500°K. For this
reason, a constant value of the thermal conductivity was employed in all
calculations reported here. In future work, the effects of a temperaturedependent kTH on the first-stage cooling will be explored. Such effects have
previously been explored in the heat flow calculations of Hopper et al. (1974)
concerned with other lunar melts.
(a) Short-time (first-stage) problem

The short-time problem has been represented by a small region (1 cm in
extent) of melt containing a random distribution of clasts. The clasts in the melt
are all assumed to melt at the liquidus for the melt, 1310°C. The value for the
liquidus temperature is based on the experimental studies of the 14310 composition by Walker et al. (1972). This approximation of uniform clast melting
underestimates the fraction of clasts digested, since in the natural situation some
clasts would melt at temperatures less than the liquidus. The melting of xenoliths
in a melt is, however, not a process of complete chemical equilibrium since
substantial time is required for the material digested from the clast to diffuse into
the melt; and as will be seen below, the process of clast-melt thermal equilibration is extremely rapid. In effect, many clasts are surrounded by melts of
essentially their own composition, greatly increasing the effective melting point
above the equilibrium temperature for the composition of the melt. Observations
of abundant quartz clasts in the impact melt sheet at Manicouagan (Simonds et
al., 1976b; Floran et al., 1976) and at Mistastin Lake (Grieve, 1975) where quartz
crystallizes late in the paragenetic sequence support this suggestion. Because of
the assumption that all clasts melt at the single liquidus temperature of 1310°C,
rather than melting over a range of temperature including lower temperatures,
the approach used here should underestimate the degree of clast digestion. This
type of treatment should, however, indicate the extent of clast digestion during
the short time required for equilibration.
The initial temperature distribution is assumed to be bimodal, with cold clasts
all at one temperature and hot melt all at another temperature. The lack of
lamellae or textures suggestive of recrystallized feldspar glass suggests that the
clasts still visible in the boulder were not exposed to shock pressures of over
150 kbar.
Such low shock pressures are compatible with shock heating of clasts to
temperatures of no more than 200°C (Ahrens and O'Keefe, 1972). For purposes
of calculation, all clasts are assumed to start at 100°C. The initial temperatures of
impact melts are now known and the calculations treat a broad range, from the
liquidus to 2500°K. Studies of Ries glasses by Horz (1965) and El Goresy (1965)
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suggest several hundred degrees of superheat, and numerical calculations such
as those of O'Keefe and Ahrens (1975) also support the suggestion that the initial
melt is substantially superheated.
The 1 cm representative region of the cooling melt was divided into 1000 ten
micron units for purposes of the calculations. The clasts still visible in thin
sections of the boulder range in size down to about 50 µ,m, beyond which
recognition becomes difficult. As will be discussed below, there are reasons to
expect the preferential digestion of smaller clasts. Most of the clasts visible in
sections range from 50 to 500 µ,m. The size distribution used for the calculations
is approximately that of an immature lunar soil. In particular, particles of a log
normal size distribution, with a median size of 100 µ,m and a standard deviation
of log 4 were placed in the region of melt. This was done by using computergenerated random numbers, which determined if a clast would exist at a point. If
so, the particle size was chosen using a method which relies on the central limit
theorem (Hammersley and Handscomb, 1965), and generates numbers in a
normal distribution.
It should not be inferred from the assumed size distribution of the clasts that
soil material with abundant glass and agglutinates is the dominant material
incorporated into the boulder. If the melt sheet and clasts were excavated from a
crater even as small as a few kilometers across, agglutinate-bearing soil would
make up a trivial fraction of the volume excavated. The use of soil grain size
data is merely to provide a convenient range for poorly sorted material.
Only mineral clasts smaller than a few millimeters in size were treated, both
because they are volumetrically more important than the larger lithic clasts and
because they are the only ones significantly digested into the melt. In the
calculations, the particle size was rounded to the nearest 10 µ,m, and the
requisite number of clast units were initialized at the starting clast temperature
of 100°C. The clasts could melt when the temperature at a point exceeded the
liquidus and such a point was then considered part of the melt. This should
underestimate the amount of clast digestion by a small amount.
For simplicity, the thermal properties of the clasts were taken as identical to
those of the melt. In work presently underway, this last assumption is being
relaxed, by including clasts with a range of melting points.
It is implicit in the calculations that the hot and cold materials are mixed very
quickly. While sizable thermal gradients must exist in the melt immediately after
its formation, velocities of several km sec- 1 are expected for the melt (O'Keefe
and Ahrens, 1975) which presumably mix the liquid well. The extreme chemical
homogeneity of impact melts such as those found at Manicouagan (Floran et al.,
1976), Papagai (Masaitis, 1975), and Ries (von Engelhardt, 1967; Strahle, 1971)
as well as the boulder itself (Simonds, 1975) support the assumption of thorough
mixing of the liquid in times shorter than are required for thermal equilibration
and crystallization. In all but the finest-grained samples, 76275 and 76295, the
clasts appear to be evenly distributed throughout the melt, hence the assumed
random distribution of clasts appears to be valid. In the finest samples, lines of
clasts-1 mm wide and up to a few centimeters long-were found. These contain
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over 50% clasts, many of which are touching. Although the problem of these
high local concentrations of clasts was not specifically modeled, examination of
the effects of high concentrations of clasts used in some runs, and the local
effects seen in those runs with two clasts nearly in contact, indicate the nature of
the effects.
It has been assumed in the calculations that there is no heat flow into or out
of the 1 cm system, that is:

aT
ax
= o at

X = o, 1

(5)

The calculations were carried out for times ranging over several orders of
magnitude. Initially the time increments were small, 10-3 sec, both because there
were very steep temperature gradients and because with larger time increments,
the difference equation would not be a good approximation to the differential
equation. As the temperature gradients decreased, the time increments used in
the calculations were increased. The clast-melt mixture was found to approach a
completely uniform temperature quite slowly, relative to the initial very rapid
change of temperature; in this range of approach to a uniform temperature, a
time increment of 10 sec was used in the calculations. A uniform temperature
was taken as being achieved-marking the end of first-stage cooling-when the
range of temperatures in the 1 cm region became less than l0°C.
The initial melt temperatures used in the calculations ranged from the
liquidus temperature to a superheat of 1000°C. The calculations were used to
provide information about the rate of cooling due to the included clasts, the
maximum temperature to which a clast is raised, and the fraction of clasts which
remain when the uniform temperature is reached-all as a function of the
superheat and the initial volume fraction of clasts in the melt.
(b) Long-time (second-stage) problem

The setting of the melt sheet from which the boulder was derived is poorly
known, and the calculations of heat flow from the melt sheet to the surroundings
are largely intended to show the effect of varying the boundary conditions rather
than to give precise values for the cooling rate as a function of position and time.
These calculations are done independently of the short-term calculations. The
only constraint laid on the long-term calculations by the results of the short-term
calculations is that the initial temperature of the melt is at or below the liquidus
to account for the preservation of observed clasts in the melt.
Solutions to the heat flow equation have been obtained for slabs of melt of
different thicknesses, initial temperatures, and boundary conditions. The
thicknesses used in the calculations have ranged from 1 to 200 m. Only the
results for a 10 m melt sheet, appropriate for the Apollo 17 Station 6 Boulder will
be discussed here. The initial temperature for the 10 m melt sheet was taken as
1500°K, a representative value for the uniform temperature reached at the end of
first-stage cooling.
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The country rock beneath the melt sheet was taken as cold (initially 273°K)
material with the same thermal properties as the melt sheet. In all cases, the
lower boundary condition was the same: at 30 m below the lower edge of the
melt, the temperature was taken as constant at 273°K for all times. For the range
of times covered by the calculations, the use of this condition with a cold region
30 m in thickness is equivalent to an infinite body below the cooling melt sheet.
The melt sheet from which the boulder is derived is now covered with more
than a kilometer of debris. It is not known, however, how much of this material
covered the sheet at the time of emplacement. Three different types of boundary
conditions above the melt sheet were therefore considered in the calculations:
(1) The melt sheet is covered with a cold blanket identical to the insulating
layer (30 m thick) beneath it. Since the melt sheet and surroundings are
symmetrical about the center of the sheet for this case, the heat flow problem
was solved for only one half of its thickness. If Y is the thickness of the slab
(10 m) and X = 0 is the center of the melt sheet, the boundary conditions are:
(a)

(b)

ax

aT(O t)

.

= O; 1.e., no heat flow across the center of the sheet
T(3.5 Y,t)

(6)

= 273°K

For the time scale covered by the calculations, this boundary condition is
equivalent to a very thick layer of debris on top of the melt sheet.
(2) The melt sheet represents a surface flow with no insulating layer above it.
The melt then cools by conduction into the cold region below and by radiation
into space on top. If X = 0 is the top surface of the melt, the boundary
conditions for this case are:
(a)

(b)

T(4 Y,t) = 273°K
D TH aT(O,
ax t) -_

a€

T 4 (0

(7)
,

f

)

Here e is the emissivity of the melt and a is the Stephan-Boltzman constant.
(3) There is a thin, cold (initially 273°K) insulating layer on top of the melt
sheet, such as would be expected if debris from the impact event immediately
fell on top of the melt sheet. If X = 0 is the top surface of the insulating layer
above the melt sheet, Y is the thickness of the melt sheet, and Z is thickness of
the upper insulating layer, the boundary conditions for this case are:
(a)

T(Z + 4 Y,t) = 273°K

(b)

aTa~ t)

(8)

= aeT4(0, t)

Upper insulating blankets of 1 and 5 m were used to explore this boundary
condition. These are thin enough that conduction through them and radiation
from the top surface into space is appreciable.

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System

1976LPSC....7.2449O

Heat flow in impact melts

2457

The calculations for second-stage cooling were used to provide information
about the cooling rates at different temperatures and various locations in the
melt sheet, as well as the time required for various parts of the sheet to cool to
selected temperatures of interest. When combined with the results of the
first-stage cooling calculations together with measurements of viscosity and
crystal growth rates, the results of calculations for second-stage cooling can
provide useful insight into thermal histories of selected lunar samples as well as
an explanation for their microstructures (e.g., Uhlmann and Klein, 1976). In the
present paper, the results of the thermal calculations will be applied to the Apollo 17
Station 6 Boulder.

III.

RESULTS AND DISCUSSION

(a) First-stage cooling

Over much of the temperature range covered by first-stage cooling the
average temperature of the melt-clast mixture is found to vary approximately
logarithmically with time. In a typical case, the change in average melt temperature reaches 90% of its final value within about 1 sec, which marks the end
of the logarithmic cooling. Thereafter, the cooling rate decreases considerably;
and final thermal equilibration occurs after about 100 sec. Although the average
temperature drops quickly and smoothly, the local temperature at various
locations in the melt shows a considerable range over much of the first-stage
cooling period.
The final volume fraction of clasts in the melt after a uniform temperature is
reached varies with the initial melt temperature and initial fraction of clasts as
shown in Fig. 1. The final clast content of the uniform temperature melt is a
function of three parameters: the initial melt temperature, the initial volume
fraction of clasts, and the distribution of clast sizes. The first two variations are
illustrated in Fig. 1, and both are found to be important. As shown in the figure,
regions can be defined where various final clast contents are expected.
The detailed locations of these regions depend on the average size and
distribution of sizes of the clasts initially present in the melt. For example, if the
melt is initially superheated by as little as 200°C, small isolated clasts will melt
(see Fig. 2). If, however, a small clast is located near a large clast, it will not melt
unless the superheat of the melt is sufficient that the large clast also starts to
melt. Some isolated clasts, even if they do not melt, are often raised to quite high
temperatures. During first-stage cooling, the average clast size generally increases. Although the clasts do not grow, the small ones disappear completely
while the larger ones become only slightly smaller by partial melting.
The time required for the melt-clast mixture to reach a uniform temperature
is found to be approximately independent of the initial volume fraction of clasts
and the initial temperature of the melt. These times are generally in the range
about 100 sec. The time for such thermal equilibration depends strongly,
however, on the particle size of the clasts. Several computer runs were made
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Fig. 1. Final volume fraction of clasts after first-stage cooling as a function of initial
temperature and initial volume fraction of clasts.

with the same distribution of particles, but with particle sizes 10 times as large as
those cited above and the thickness equilibrated taken as 10 cm rather than 1 cm.
As might be expected from a heat transfer problem, the larger section cooled to
the same uniform temperature as the smaller section, but it took 100 times as
long for the uniform state to be achieved. This indicates an equilibration time
which varies as the square of the clast-system size.
According to the results of Carslaw and Jaeger (1959) the time for thermal
equilibration of a melt-particle system increases somewhat as the volume
fraction of particles decreases. In contrast, the present results indicate an
equilibration time which varies only slightly if at all with volume fraction of
clasts. The difference between the two results is associated with the random
distribution of clasts of various sizes used here vs. a single particle in a melt of
various heat capacities (in various amounts of melt).
For a given volume fraction of melt, Carslaw and Jaeger (1959) found the
time for thermal equilibration increases as the square of the particle diameter. A
similar result was found in the present work, when mean particle sizes are
compared (for similar distributions of sizes). The times required for the melt
temperature to reach 90% of its final value are shorter by a factor of 3-10 for the
Carslaw and Jaeger treatment than for the present results. This difference is
likely associated in large part with the assumption of an infinite thermal
conductivity used previously vs. the finite value used here, and also with the use
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of spherical geometry in the previous calculations vs. the one-dimensional model
used here.
Essential to the present results is the assumption that the 1 cm region of the
melt containing small clasts can be taken as representative of the melt-clast
mixture as a whole. This assumption should be valid provided the cooling
behavior is not dominated by a few large clasts which fall beyond the distribution used in the calculations-an d even in that case, the effects of the large
clasts should be most pronounced in the final portion of first-stage cooling (as
the uniform temperature is approached), and should be rather minimal in the
initial portion of most rapid temperature drop (logarithmic cooling).
In the present calculations, no clasts larger than 1 mm were allowed, since
there were no clasts smaller than 10 µm to balance them in the log-normal
distribution. The larger clasts could significantly decrease the local cooling rate,
but statistically these large clasts are not important. On the other end of the
scale, the presence of clasts smaller than 10 µm would serve to increase the
cooling rate in the initial period of very rapid cooling. More generally, it seems
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clear from the present results that a melt sheet containing many small clasts,
which are initially much colder than the melt, will experience very rapid cooling.
In some cases, this cooling can be fast enough to produce glassy materials
(see, e.g., Uhlmann and Klein, 1976). Of more immediate import for the
present paper, the very short times required for the melt-clast mixture to reach a
uniform temperature suggest that division of the cooling process into two
separate stages, with quite different characteristic times, is highly realistic.
(b) Second-stage cooling

Table 1 shows the effects of the different boundary conditions on the cooling
of a 10 m thick slab from an initial temperature of 1500°K. The cooling rate is
seen to be a complicated function of location, time, and boundary conditions.
For example, Fig. 3 shows the temperature as a function of time for various
locations in the melt sheet for the case when the sheet is covered by a 1 m cold
blanket. Figure 4 shows the temperature as a function of position in the melt
sheet at various times for the three boundary conditions treated.
There is significant heating of the insulating layer beneath the melt sheet, but
the assumption that it is 30 m thick is reasonable: the characteristic distance for
heat flow in 108 sec is approximately
X

= (DTHt) 112 = 6.3 m

(8)

The temperature of 1300°K was chosen for particular attention, since it
approximates the temperature at the end of crystallization. At lower temperatures, grain growth and solid state phase changes can still contribute to
changes in morphology. Considering as a group all three sets of boundary
conditions on the 10 m melt sheet, crystallization should be complete throughout
the sheet in 0.6-1.1 yr. The top surface of the melt sheet crystallizes in 1.9-2.6
days, save in the case of radiation directly from the top of the sheet, where the
surface crystallizes in only 25 min. The presence of only 1 m of insulating
material on top of the melt sheet is enough to slow the cooling rates to a range
similar to those expected for a thick insulating blanket on top. For all three sets
of boundary conditions, the cooling rates near the bottom of the melt sheet are
closely similar.
According to Jaeger (1968), near the boundaries between the melt and the
insulating layers, the distance of an isotherm from the boundary is proportional
to t 112 • Hence the mean cooling rate at a given temperature, defined as the
temperature range through which a point cools divided by the time it takes to
cool through this range, is proportional to y- 2 , where Y is the distance from the
boundary. The solutions determined in this paper for the doubly insulated melt
sheet show this dependence only over a limited range of temperature and
distances from the boundary. At 1300°K, for example, departures from the y-z
dependence are seen for distances from the boundary greater than about 2 m.
Such departures from the y- 2 dependence are expected whenever the finite
extent of the cooling body becomes significant (the y-z dependence is strictly
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Table 1. Cooling of 10 m sheet from 1500°K.
Temperature

Location

Instantaneous Time to cool to
temperature
cooling rate

(a) Insulated on both sides
1300°K
l.0°Kday- 1
Center
Edge
78.5°Kday- 1
0.73°Kday- 1
1200°K
Center
Edge
33.8°Kday- 1
0.57°Kday- 1
1100°K
Center
Edge
6.0°Kday- 1
1000°K
0.38°Kday- 1
Center
o.18°Kday- 1
Edge
900°K
0.13°Kday- 1
Center
Edge
0.19°Kday- 1

3.5 x
1.7 x
4.5 x
3.2 x
6x
9.2 x
8x
3x
1.1 x
7.5 x

(b) Radiation from top of melt
0.14°K sec- 1
1300°K
Top
1.57°K day- 1
Center
0.13°K sec- 1
1200°K
Top
l.8°Kday- 1
center
0.09°K sec- 1
1100°K
Top
l.8°Kday- 1
Center
1000°K
0.07°K sec- 1
Top
l.3°Kday-'
Center
900°K
0.04°K sec- 1
Top
0.96°Kday- 1
Center

1.5 x 10' sec
2.0 x 107 sec
2.3 x 1()3 sec
2.4 x 107 sec
3.2 x 10' sec
2.9 x 107 sec
4.4 x 10' sec
3.5 x 107 sec
6.3 x 10' sec
4.3 x 107 sec

107 sec
1()5 sec
107 sec
10' sec
107 sec
10' sec
107 sec
107 sec
10' sec
107 sec

(c) 1 m cold blanket on top, radiation from its surface

1300°K

Top
67.1°K day-'
Center
1.8°K day-'
1200°K
Top
40.0°K day-'
Center
1.8°K day-'
1100°K
Top
9.8°K day-'
Center
1.3°K day-'
1000°K
Top
5.3°K day-'
Center
1.3°K day-'
900°K
Top
3.6°K day- 1
Center
1.0°K day- 1
(d) 5 m cold blanket on top, radiation from
1300°K
Top
67.0°K day-'
Center
1.0°K day- 1
1200°K
Top
26.7°K day-'
Center
1.1°K day-'
1100°K
Top
2.9°K day-'
Center
0.83°K day-'
1000°K
Top
0.31°K day-'
Center
0.67°K day-'
900°K
Top
0.50°K day-'
Center
0.30°K day-'

2.1 x 10' sec
2.2 x 107 sec
3.9 x 10' sec
2.7 x 107 sec
9.5 X 10' sec
3.3 x 107 sec
2.3 x 106 sec
4.0 x 107 sec
4.2 x 106 sec
4.8 x 107 sec
its surface
2.3 x 10' sec
2.9 X 107 sec
4.1 x 105 sec
3.6 x 107 sec
1.5 X 106 sec
4.6 x 107 sec
1.6 x 107 sec
5.8 x 107 sec
3.7 X 107 sec
7.3 x 107 sec
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Fig. 3. Variation of temperature with time for various locations in a 10 m melt sheet
covered by a 1 m cold blanket on top. Distances measured from the boundary between
melt sheet and cold blanket on top. A= at boundary; B = 2.5 m from boundary; C = 5 m
from boundary; D = 10 m from boundary.

valid only for a body which is large relative to the scale of thermal diffusion). In
the present case, the temperature of the center of the melt sheet departs from
the initial temperature only when the 1300°K isotherm is about 2 m from the
boundary; and hence the finite extent of the body is important at distances of
2 m or more at 1300°K. At greater distances from the boundary, the time
required to cool to 1300°K is smaller than predicted by the y-z dependence. For
example, the 1300°K isotherm reaches 2 m from the boundary in about 107 sec,
and reaches the center of the melt sheet (5 m from the boundary) in 3.5 x 107 sec.
The instantaneous cooling rate at 1300°K-i.e., the rate at which a particular
location in the melt cools through a given temperature-is found in the present
work to be proportional to y-z, at least for the region within 1.8 m of the
boundary. This cooling rate was not considered by Jaeger (1968). From a
location of 2 m into the melt sheet to the center of the sheet, the instantaneous
cooling rate in our calculations remained approximately, constant through the
range of 1300°K. As cooling proceeds, the differences in cooling rate at different
positions decrease until at 900°K the instantaneous cooling rate does not vary by
more than a factor of 2 over the entire melt sheet. Similarly, the time to reach
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Fig. 4. Temperature profiles through a 10 m melt sheet for 3 sets of boundary
conditions at times of 1()5, 107, and 1()8 sec. In all cases, a 30 m cold basement is taken
below the melt; - - = 30 m cold blanket above sheet; - - = 1 m cold blanket above
sheet and radiation from top surface of blanket; -----=radiation directly from top
surface of melt.

900°K is fairly uniform throughout the melt sheet. The boundary cools to 900°K
in about 7.5 x 107 sec, while the center of the melt sheet reaches this temperature
at 1.1 x 108 sec.
Provost and Bottinga (1972) did not consider cooling rates directly; rather
they derived an expression for the velocity at which the upper crust (nearer the
radiating boundary) grows:
y r:x

y-0.89
y r:x t0.53
(9)
or
t
where Y is the thickness of the upper crust (the distance from the upper
boundary). This expression is in close agreement with the present results for
cooling through the range of 1300°K for the case of radiation from the top
surface of the melt [case (2) above]. In the present work, it was found that
Y r:x t 052 for the top 4 m of the melt sheet.
Correspondingly, the time required for cooling to 1300°K for locations within
the top 4 m varies as y1. 92 _ These numerical results for cooling with a radiation
boundary condition are close to the t 112 and Y 2 dependences expected for the
doubly-insulated case when the finite extent of the melt is not significant. In the
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present case, with radiation from the top surf ace, the finite extent of the melt is
apparent when the 1300°K isotherm is about 2 m from the top surface; yet the
t 052 and y1.92 dependences continue to be followed to a distance from the
surface of 4 m. At distances greater than 4 m from the surface, the time to cool
to 1300°K increases less rapidly than predicted by the Y 2 dependence. The point
which takes the largest time to reach 1300°K (2 x 107 sec) is located about 6 m
from the surface. With greater distances from the surface, the time to cool to
1300°K decreases and approaches values similar to those obtained for the
doubly-insulated case as the lower boundary (with the basement layer) is
approached.
For the case of radiation from the top surface of the melt, the instantaneous
cooling rate at 1300°K is very high near that surface (see Table 1), and decreases
rapidly with distance into the melt until at the center it is nearly 4 orders of
magnitude lower than at the top surface. The cooling rate continues to decrease
with distance from the top surface until a minimum of 1°K day- 1 is reached at
7.5 m from the surface. Then it increases again to rates similar to those
calculated for the doubly-insulated case [case (1)] due to cooling to the basement.
At 900°K, by which temperature most transformations have ceased, cooling
continues very much in the same manner as at 1300°K. The surf ace cools quite
quickly (0.04°K sec- 1 at 900°K) compared with the center of the melt (where it is
about 0.96°K day- 1 at 900°K). The y-z dependence of instantaneous cooling rate
on distance from the surface holds to 2.5 m from the surface. Then it is
approximately constant at about 1°K day- 1 to about 6 m from the surface,
beyond which it decreases further to about 0.48°K day- 1 at the lower boundary.
The time required to cool to 900°K varies with distance from the surf aces in
the same way (following the Y 2 dependence) as the time required to reach
1300°K. At 900°K, this relation holds to about 3 m from the surface. Thereafter,
as before, the cooling times are smaller than predicted by the Y 2 relation. This
type of cooling causes the temperature maximum to shift toward the lower
boundary with longer times and lower temperatures. A maximum of 900°K
occurs at about 7 .5 m from the upper surface at 4.8 x 107 sec. The cooling
behavior with a radiation boundary condition on the top surface of the melt is
thus quite different from that for the doubly-insulated case. In the latter case, the
cooling rate at 900°K and the total time required to reach 900°K are not strongly
dependent on position in the melt sheet; whereas for the radiation boundary
condition, significant variations in cooling rate and time to cool are still observed
at 900°K.
As shown in Fig. 4, when there is a 1 m thick insulating layer on top of the melt
sheet, the temperature distribution at short times (105 sec) coincides with that for a
melt sheet with thick insulation on both sides. At intermediate times (107 sec), the
temperature distribution near the top surface is intermediate between the former
case and that with no insulating layer on top. At depths greater than half the
thickness of the melt sheet below the upper boundary, all three cases have the
same temperature profile. At long times (108 sec), the case with a thin insulating
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layer is similar to that with no insulating layer, and the temperature maximum has
shifted to the lower boundary.

IV.

CONCLUSIONS

The following conclusions may be drawn from the calculations of the present
study:
(1) The cooling behavior of a clast-laden melt can usefully be modeled in
terms of two distinct stages, the first involving heat flow from hot melt to cold
clasts and the second involving heat flow from the melt to its surroundings.
(2) The thermal equilibration of a hot melt-cold clast system takes place quite
rapidly, with equilibration times in the range of 100 sec being typical for clasts
having the size distribution typical of a lunar soil (median size of 0.1 mm).
(3) During the initial portion of first-stage cooling, the average temperature of
the melt-clast system decreases approximately logarithmically with time. At the
end of this period of logarithmic cooling, the temperature has decreased by some
90% of the difference between the initial temperature and the final temperature, in
a time which is short relative to 100 sec.
(4) The time of equilibration of the melt-clast system increases as the square
of the mean clast size.
(5) During equilibration of the melt-clast system, there is a preferential
digestion of small clasts in the melt. This results in an increase in the mean clast
size.
(6) During first-stage cooling, the heat flow process is determined not only by
the volume fractlon of clasts, but also by their spatial distribution. Small clasts
located near large clasts are protected from digestion in the melt, save when the
large clasts also start to melt.
(7) Second-stage cooling, which involves heat flow from the melt to the
surroundings, takes place on a time scale which is typically larger by orders of
magnitude than the time of thermal equilibration in first-stage cooling. This
provides support for the division of the thermal problem into two separate
problems.
(8) At short times of cooling the cooling behavior for 10 m sheets with a 1 or
5 m insulating layer above the melt sheet is similar to that for a sheet with an
infinite insulating layer, while at long times the behavior with a thin insulating
layer is similar to that with radiation directly from the top surface of the melt.
(9) For bodies in the size range of 10 m or larger and initial temperature of
1500°K or higher, the boundary condition of radiation from the top of the melt
results in faster cooling than the condition of conduction to another body.
(10) For the case with radiation from the top surface of the melt, the time to
cool to a given temperature increases approximately as the square of the distance
from the top surface, even beyond the point where the finite extent of the melt
sheet has become significant.
(11) For models with thick insulation both above and below the melt sheet, the
time to cool to a given temperature increases as the square of the distance from
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the boundaries of the melt sheet-but only for a sufficiently limited range of
temperature and distance from the boundary that the finite extent of the melt sheet
is not significant.
(12) When greater ranges of temperature and time are considered, the time to
cool to a given temperature increases less rapidly with distance from the boundary
than the (distance) dependence predicted for an infinite body.
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