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Introduction: Previous experiments [1] have
demonstrated that the log of thermal conductivity
exhibits a linear relationship to the log of the particle
size, and that the exact nature of this relationship
depends on the atmospheric pressure.  This
relationship can be used to estimate the particle size
of surficial deposits on Mars using thermal inertia
determinations from the Mariner 9 Infrared
Radiometer [2], the Viking Infrared Thermal Mapper
[3,4], and the Mars Global Surveyor Thermal
Emission Spectrometer [5,6].  These particle size
estimates can then be used to characterize the
surficial units and interpret their nature and possible
origin, as several studies have done with previous
estimates [e.g., 7-9].

Particle size and atmospheric pressure are not the
only parameters that control the thermal conductivity
of particulate materials, however.  As discussed in
prior publications [10,11], the transfer of thermal
energy due to collisions of gas molecules that exist
between the particles is the predominant mechanism
of thermal conduction in porous sediments not under
vacuum.  The mean free path of gas molecules at the
Martian surface varies between 2 and 32 µm,
depending on the temperature and atmospheric
pressure, and is approximately the same order of
magnitude as the effective distance over which
conduction takes place between the particles.
Conduction primarily occurs near the points of
contact between the particles [12].  The effective
conduction distance is therefore approximately one-
sixth the particle diameter or less [13].  Under these
circumstances, gas molecules are as likely to collide
with the solid particles as they are with each other,
and the average heat transfer distance between
particles will determine how fast heat will flow
through a particulate material [14].  Particle size and
shape and the bulk density of the particles are factors
that will affect the average heat transfer distance
between particles and therefore the thermal
conductivity of the material.  This study addresses the
effect of bulk density.

Previous Results:  The thermal conductivity of
37-62 µm sized crushed basalt have been measured at
various densities [15].  Most of these experiments
were performed under vacuum over a range of
different temperatures.  At vacuum the thermal
conductivity nearly triples as the density increases
from 790 kg m–3 to 1500 kg m-3, for temperatures

ranging from 150 to 350 K.  There is however a
decrease in thermal conductivity as the material
increases in density from 880 to 980 kg m-3.  The
phenomenon of decreasing thermal conductivity with
increasing bulk density had been observed previously
[16] for materials of very low bulk density (colloidal
silica and perlite), also at vacuum.

Some of these measurements were also done
under atmospheric pressures similar to those on Mars
[15].  However, the emphasis was on studying the
effect of temperature on thermal conductivity under
Martian atmospheric pressures, and there was never
any more than 3 different bulk densities measured for
any given temperature.  There is also considerable
scatter in this data set, such that clear interpretation
of their results is not easy.

Samples: Six suites of samples were chosen for
investigation.  Three of the suites involve minerals
crushed into angular particles and sieved into three
different particle size ranges.  These samples consist
of (a) 25–30 µm quartz, (b) 63–75 µm olivine (AZ-
1), and (c) 150–180 µm olivine (AZ-1).  The other
two suites were chosen to study the effects of particle
shape on thermal conductivity, but are ideal for bulk
density studies as well.  These are (a) kaolinite, and
(b) kyanite.  After the initial results for the kaolinite
sample were obtained, a decision was made to
include a crushed sample that is << 15 µm.
Diatomaceous earth was chosen since the particle
sizes are within the desired range, they are neither
flat like the clay, nor rounded like the glass beads,
nor even like the crushed minerals, and is readily
accessible with no additional processing required.

The thermal conductivities for the quartz sample
were measured over a range of carbon dioxide
atmospheric pressures ranging from 0.1 to 80 torr.
Subsequently, thermal conductivities have or will be
measured for carbon dioxide atmospheric pressures
ranging from 0.1 to 20 torr.

The thermal conductivity of the quartz sample
was measured at eight different bulk densities:  740,
850, 970, 1090, 1210, 1390, 1490, and 1590 kg/m3.
The thermal conductivity of the kaolinite sample has
been measured at six different bulk densities so far:
250, 350, 440, 540, 650 and 750 kg/m3.  The other
bulk densities that will be studied for the kaolinite
will depend on how compressible the sample is.
Similarly, the bulk densities examined for the
kyanite, two olivine samples, and the diatomaceous
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earth will depend on how low the initial packing
density is and how compressible the sample is.

In each case, the samples are added to the sample
holder as previously described [1], and the lower
bulk density of the sample, compared to previous
samples with similar particle sizes, is due to the
particle shape deviating from spherical.  Subsequent
densities are prepared by dropping the sample holder
from an approximate height of 1 cm.  This is done
until a significant compaction is observed and
additional sample is added to the top of the sample
holder.  The procedure is repeated until sufficient
compaction is obtained.  Only a thin layer of new
material is added at a time, so that the new layer will
also compact with subsequent drops.  Additions are
continued until a difference in bulk density of
~100 kg m-3 is obtained.

Experimental Procedure: In this study, the line-
heat source method is used to measure the thermal
conductivity of sample materials, since it is relative
simple and has a proven reliability [17,1].  The
laboratory set up was previously described in detail
in [1].  The computer and analog to digital circuit
board have been upgraded in order to obtain better
resolution in the temperature measurements.

A detailed error analysis of the thermal
conductivities measured in this laboratory was
presented in [1].  The typical precision of the thermal
conductivity measurements in this study is ±5%.  For
low and high values of the thermal conductivities
measured in this study, the precision errors reach
±15%.  The electronic upgrades did not significantly
affect assessment of instrumental precision, as these
upgrades were made primarily to improve the ease in
data collection and precision improvements were
minor.

Measurements produced in this lab were shown
[1] to match those produced by [18] and [19], which
are likely to be the most accurate thermal
conductivity measurements previously obtained
under Martian atmospheric pressures [1].

Results. The thermal conductivity of the 25-30
µm quartz sample increases with increasing density,
and the relationship between the thermal
conductivity and the density can be well fit with a
linear curve for each pressure, with correlation
coefficients better than 0.96, and often better than
0.98.  For 1 torr, 5 torr and 20 torr, the % increase in
thermal conductivity from 740 to 1590 kg m-3 (a
115% increase) is 56%, 31%, and 76%, respectively.

The initial packing of the kaolinite sample was
significantly less dense than the quartz sample.
Curiously the thermal conductivity steadily decreased
slightly but significantly over all pressures from those

measured for 250 kg m-3 to those measured for those
measured for 750 kg m-3, with the exception of a
slight increase in thermal conductivity at 550 kg m-3.

Results from the completion of this suite and the
other suite of samples will be reported at the meeting
in March.

Discussion: The cause of the drop was speculated
to have something to do with the shift in dominance
from the solid thermal conductivity to the radiative
thermal conductivity at vacuum [15].  As the
kaolinite sample was measured under CO2

atmospheres ranging up to 20 torr, this explanation
cannot adequately include this suite of measurements.
Speculation on a possible mechanism will be
withheld until other thermal conductivity vs. bulk
density studies can be completed with other low
density materials.  These measurements could be
important, as the results would apply to regions on
Mars where dust cover is extensive.  If the dust
deposits are derived from atmospheric settling, then it
may be expected that the upper layers, at least, also
have very low bulk densities.

In contrast, many regions of Mars are undergoing
active erosion.  These areas may be exposing deposits
that have previously endured significant overburden
and may have higher bulk densities than deposits
formed at the surface.  Preliminary results indicate
that the increase in thermal conductivity due to this
increase in bulk density should is significant, but
relatively minor, for Martian atmospheric pressures.
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