Proceedings of the Third Lunar Science Conference
(Supplement 3, Geochimica et Cosmochimica Acta)
Vol. 3, pp. 3255-3263
The M.L.T. Press, 1972

Lunar soil porosity and its variation as estimated from
footprints and boulder tracks

W. N. Houston, H. J. HOVLAND, and J. K. MITCHELL

University of California, Berkeley, California
and

L. I. NamIQ
Baghdad, Iraq

Abstract—Statistical variation in lunar soil porosity has been assessed through analyses of astronaut
footprints and imprints made by rolling boulders. The mean porosities and standard deviations were
found to be about the same for the level, intercrater areas for each of the four Apollo sites. For 273
observations of footprint depth at the four sites combined, a mean porosity of 43.37; and a standard
deviation of 2.8 % were obtained for the upper 15 cm. The analyses indicate a gradually decreasing
porosity with depth, although local deviations from this pattern are known to occur. The equivalence
of mean porosity and standard deviation for the four Apollo sites suggests that the lunar processes
affecting the porosity of the upper few cm may have reached a steady state.

Porosities of crater rim material and crater and rille slopes were found to be somewhat higher,
with an average value of about 46 to 47 %, but occasionally much higher.

The variations in porosity were found to occur on a relatively small scale—probably of the order
of a few meters. This result indicates that it is very unlikely that the porosity at a given lunar traverse
station stop could be characterized by one or two core tube samples.

INTRODUCTION

SEVERAL CORE TUBE DENSITY VALUES have been obtained during the Apollo 11-15
missions (Mitchell et al., 1972), but the number of values is typically too small to
yield a statistical variation, especially at any one landing site. The wide range in
porosity which may be inferred from the core tube results suggests that lunar soil
porosity may best be described in terms of statistical parameters.

Statistical variations in lunar soil porosity have been derived from study of two
sources of lunar data: (1) astronaut footprints—Apollo 11, 12, 14, and 15, and (2)
boulder tracks—Lunar Orbiter Missions 11, I1I, and V.

Photographic coverage of a large number of footprints is available for each land-
ing site, and these footprints have been analyzed as indicators of average soil porosity
within the top 15 cm of lunar soil. These data were derived primarily from photo-
graphs of generally level intercrater regions, plus some crater rims.

Variation in porosity of lunar soil has also been derived from the study of tracks
(imprints) made by boulders rolling down slopes. These analyses have led to estimates
of the average lunar soil porosity in the upper few meters on crater and rille slopes.
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ANALYSIS OF FOOTPRINTS
Depth estimates from photographs

The first step in the analysis of footprints was the measurement of footprint
depths from the photographs from each Apollo mission. The known length and width
of the astronaut boot and the treads on the bottom of the boot were used to establish
scale for the measurement of the footprint depth. The depth of each footprint was
measured in several places and averaged. In cases where the depth could not be
measured directly, the length of the shadow cast by the up-sun wall of the imprint
and the sun angle were used to compute the depth. Footprints indicating that the
astronaut did not apply his weight evenly, e.g., where the heel dug in deeply and the
toe did not touch, were not analyzed.

Calibration of depth estimates

After all footprint depth estimates had been made for the Apollo missions, a
series of tests was made for calibration purposes. Footprints were made in a lunar
soil simulant and photographed and the depths were estimated from the photographs.
The footprint depths were subsequently measured directly with a scale in the labora-
tory. The average difference between the values measured directly and those estimated
from the photographs was about 15, and a correction of this magnitude was then
applied to the estimated footprint depths for the Apollo missions.

Conversion of footprint depth to porosity

An extensive model testing program using a lunar soil simulant and finite element
analyses of footprints as plateload tests (including an accounting for the effect of
reduced gravity) was used to develop a correlation between astronaut footprint depth
and average soil porosity in the top 15 cm. The lunar soil simulant (designated LSS
No. 2) is described by Houston and Namiq (1971). Its grain size distribution curve
is very near to the average distribution curve for returned samples from the Apollo
missions, and the simulant has been found to represent the mechanical properties of
the lunar soil well.

The model tests and theoretical analyses are described in detail by Namiq (1970).
The correlation curve, presented in Fig. 1, represents the final result of these analyses.
This curve was used to convert each footprint depth to porosity.

Histograms and statistical parameters

The porosity values were grouped initially by Apollo mission and, in addition,
subgroupings were made for each set of data to see if local and regional variations
could be distinguished. Porosity values for crater rims were also separated from values
for intercrater areas.

Subsequently, various combinations of data groupings were made for additional
analyses. For each set of data the mean and sample standard deviation were com-
puted, and all the results are given in Table 1. Shown also in Table 1 are the results
from the Boulder Track Analyses, described in a later section.
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Fig. 1. Predicted variation of footprint depth with average porosity in the top 15 cm
for the lunar surface.

Table 1. Statistical parameters for all data sets.

Number Standard
of Mean  deviation
observa- porosity of
Data source Description of data source tions, N #min % sample, s
All data 33 43.8 2.2
Apollo 11 All data less crater rims 30 433 1.8
Crater rims only 3 48.4 2.0
All data 119 43.8 3.6
Apollo 12 All data less crater rims 88 42.8 3.1
Crater rims only 31 46.5 4.8
Near LM less crater rims 28 439 2.5
All data 42 43.9 2.3
Apollo 14 All data less crater rims 38 433 2.2
Crater rims only 4 50.1 2.9
All data 129 43.6 2.8
All data less crater rims 117 434 29
Apollo 15 Crater rims only 12 46.0 1.8
ALSEP Pan less crater rims 35 43.0 2.2
Near LM less crater rims 35 43.8 2.2
Near Soil Mechanics Trench, Station 8 13 44.1 2.2
Apollos 11, 12, 14, & 15—all data 323 43.8 3.0
Apollos 11, 12, 14, & 15—all data
less crater rims 273 43.3 2.8
Apollos 11, 12, 14, & 15—<crater rims
Combinations as noted only 50 46.7 4.0
Apollos 11, 14, & 15—all data 204 43.7 2.6
Apollos 11, 14, & 15—all data less
crater rims 185 433 2.6
Apollos 11, 14, & 15——crater rims only 19 47.2 2.1
Boulder track analyses 19 locations on lunar surface as noted
in Hovland (1970) 69 43.9 6.6
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As examples to show the shapes of the porosity distributions, histograms were
prepared for each mission using all data points and are shown in Fig. 2. These histo-
grams show a slight but definite skewness toward lower porosity, but a bell-shaped
normal distribution curve provides a fair fit for these data. A normal distribution was
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assumed for the statistical analyses which follow.

Comparative analyses

A comparison of data derived from Apollo 11, 14, and 15 (see Table 2) was made
using Student’s ¢ test and the F distribution, and no statistical difference in either the
means or sample variances was found at the 5% significance level.
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Fig. 2a. Apollo 11 footprint data.
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Fig. 2b. Apollo 12 footprint data.
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Fig. 2c. Apollo 14 footprint data.
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Fig. 2d. Apollo 15 footprint data.

Table 2. Comparative statistics for all data points for all Apollo missions

Number of Mean Standard
observations porosity deviation of
Data source N nin Y sample, s
Apollo 11, all data 33 43.8 2.2
Apollo 12, all data 119 43.8 3.6
Apollo 14, all data 42 43.9 23
Apollo 15, all data 129 43.6 2.8
Apollos 11, 12, 14, & 15, all data 323 43.8 3.0
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A similar comparison was made between the Apollo 12 data (s = 3.6, Table 2)
and the collection of data from Apollo 11, 14, and 15 (s = 2.6, Table 3). Although the
means were not significantly different, the standard deviation was found to be sig-
nificantly higher for the Apollo 12 data.

Closer examination of the data in Table 1, however, shows that the relatively high
standard deviation for the Apollo 12 data is due almost entirely to the high standard
deviation of the Apollo 12 crater rim porosities (s = 4.8, Table 1). When the standard
deviations for all data exclusive of crater rims for Apollo 12 (s = 3.1, Table 1) and
Apollo 11, 14, and 15 (s = 2.6, Table 1) were compared, there was no difference at
the 59 significance level.

Furthermore, a comparison of the standard deviation for the Apollo 11, 14, and
15 crater rim porosities (s = 2.1, Table 4) with the Apollo 11, 14, and 15 data without
crater rims (s = 2.6, Table 3) showed that the crater rims had slightly less variance,
but not significantly less at the 59 significance level.

To study further the possible differences between the variation in porosity on crater
rims and in generally level intercrater areas, a comparison was made between the
standard deviations for crater rims for all Apollo missions (s = 4.0, Table 4) and
for intercrater areas for all Apollo missions (s = 2.8, Table 3). The crater rims were
found to have a significantly higher standard deviation; however, as explained above,
the relatively high standard deviation for the crater rims for the collection of all Apollo
missions is due to the strong influence of the high value for Apollo 12. Thus the Apollo
12 data suggest that crater rims have higher variation than intercrater (generally
level) areas, but Apollo 11, 14, and 15 data suggest that the variation is about the same
or slightly less for crater rims than in intercrater areas.

These differences may well arise out of the difficulty in arbitrarily classifying a foot-
print as being either on a crater rim or in between craters. Some judgment is required

Table 3. Comparisons showing effect of removing crater rim values.

Number of Mean Standard
observations porosity deviation of
Data source N niin % sample, §
Apollos 11, 14, & 15, all data 204 43.7 2.6
Apollos 11, 14, & 15, all data minus crater
rims (intercrater areas) 185 43.3 2.6
Apollos 11, 12, 14, & 15, all data minus
crater rims (intercrater areas) 273 43.3 2.8

Table 4. Crater rim statistics.

Number of Mean Standard
observations porosity deviation of
Data source N nin % sample, s
Apollos 11, 12, 14, & 15, crater rims only 50 46.7 4.0
Apollo 12, crater rims only 31 46.5 4.8
Apollos 11, 14, & 15, crater rims only 19 47.2 2.1

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


http://adsabs.harvard.edu/abs/1972LPSC....3.3255H

3260 W. N. Houston, H. J. HovLanD, J. K. MiITCHELL, and L. I. NamMIQ

in making this decision, and it is possible that these differences may be due to this
factor. Therefore the conclusion that the porosity variability is higher for crater rims
than for intercrater areas is only tentative and is not yet strongly supported.

After establishing equality of variance for the Apollo 11, 14, and 15 crater rims
and intercrater areas, equality of means was checked using Student’s ¢ test. The mean
for the crater rims (i = 47.2%;, Table 4) was found to be significantly greater than
the mean for the intercrater areas (7 = 43.3%, Table 3) at the 5% level—as well as
at the 0.5% level. Thus these two sets of data were combined as shown in Tables 1 and
3 and Fig. 3.

Except for the significantly higher mean porosity values on crater rims than for
intercrater areas noted above, no statistical difference was found between the mean
porosities for any of the groupings, subgroupings, or collections reported in Table 1.
As a matter of fact, the mean values were remarkably similar in magnitude, covering
a range of only 1.3%, excluding crater rim groupings, with most values falling in an
0.5%; band. These data suggest that, to the extent that the four Apollo sites represent
the lunar surface, the mean porosity in generally lever intercrater areas does not vary
significantly over the lunar surface.

Other interesting comparisons may be made by looking at the variations in
porosity within the Apollo 12 and 15 sites. The Apollo 15 subgroupings, for example
(see Table 1), show that both the mean and standard deviations for the relatively
localized areas associated with the ALSEP Pan, the LM, and Station 8 are not sig-
nificantly different from the corresponding values for the entire Apollo 15 site, nor
for the entire collection of Apollo sites. This comparison indicates that, although
variations in porosity exist on the lunar surface (a standard deviation of 2.5 to 3% in
porosity is appreciable), these variations apparently occur on a scale of only a few
meters—very likely less than a few tens of meters. Otherwise, porosity estimates from
within a relatively small area, such as near the Soil Mechanics Trench at Station 8,
would show smaller variation than for the Apollo 15 site as a whole.

The mean porosity at Station 8 (1 = 44.1%) does not differ significantly from the
mean values determined for the Apollo 15 site (7 = 43.6%), but it is considerably
higher than the value estimated at the Soil Mechanics Trench. Mitchell et al. (1972)
estimated n = 35-389, for the Soil Mechanics Trench from analysis of measured
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Fig. 3. Apollo 11, 14, and 15 footprint data.
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penetration resistance. It is pertinent to note, however, that because of surface dis-
turbance very few footprints from immediately around the trench could be analyzed.

Using the normal distribution assumption and only the porosity data gathered at
Station 8 from footprint analysis, 90% confidence limits for the true mean and
standard deviation may be computed to be 43.0 and 45.2% and 1.74 and 3.467;,
respectively. These values make it possible to conclude that the probability is at least
0.8 that 95%, of the porosity values around Station 8 fall within the range 36 to 527;.
Therefore, it appears that the porosity at the Soil Mechanics Trench is unusually
low—even with respect to the surrounding area—and that the porosity may change
appreciably over very short distances, perhaps as small as a meter or two.

A density range of 1.62 to 2.15 g/cm® with an average value of about 1.8 g/cm?
has been estimated by Carrier ef al. (1972) for the samples in the deep drill stem
obtained from the Station 8 area. Using an assumed value of specific gravity of 3.1,
this density range corresponds to a porosity range of about 31 to 489 with an average
of about 42%;.

ANALYSES OF BOULDER TRACKS

Determination of ¢ values

Theoretical analyses (Hovland and Mitchell, 1972; Hovland, 1970) of the de-
formation mechanism associated with rolling boulders have led to the development
of a relationship between the boulder track geometry and the mechanical properties
of the soil, including porosity, through correlation. Sixty-nine lunar boulder tracks
from 19 different locations on the moon were examined using lunar orbiter photo-
graphy. Measurements of the track widths show that some boulders sank considerably
deeper than others.

Using bearing capacity theory and an average value of cohesion of 0.5 kN/m?,
the average friction angle, ¢, of the lunar soil was estimated for each of the 69 boulder
tracks.

Conversion of ¢ values to porosity

The relationship between ¢ and porosity for the lunar soil simulant (LSS No. 2)
as reported by Mitchell et al. (1972) was used to obtain porosity values which were
compared with porosity values determined from the analysis of footprints. It was
necessary to make a correction in the ¢ versus porosity curve for the lunar soil
simulant before the conversion to account for the higher average confining pressure
to which the soil under the rolling boulders was subjected.

Reduction of data and comparison with footprint results

The mean and standard deviation for the boulder tracks were computed to be 43.9
and 6.6% respectively, and the histogram is shown in Fig. 4.

The mean value is essentially the same as was obtained from the footprints des-
cribed in the preceding section, but the standard deviation is considerably higher—
suggesting that soil porosity is more variable on slopes and crater walls than on
generally level intercrater areas.
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Fig. 4. Boulder track data from Orbiter photographs.

The apparent agreement between the mean values for the boulder track and
footprint data may be misleading. Due to the large size of the boulders, the porosity
estimates obtained represent averages for the upper few meters, whereas the footprint
data represent average values for the upper 15 cm. It has been shown that porosity
generally decreases with depth (Mitchell et al., 1972; Houston and Namiq, 1971),
although local exceptions occur. Therefore, agreement between the average values
for boulder track and footprint data implies that the average porosity of the top
15 cm of the boulder track slopes must be higher than the value obtained from the
footprints for level intercrater areas. It is difficult to estimate precisely how much
higher, but reasonable estimates of porosity variation with depth as caused by com-
pression under self-weight (Houston and Namiq, 1971) suggest 2 or 3% higher. This
means that the average value for the top 15 cm on the boulder track slopes may be
of the order of 46 to 479, or about the same as was obtained for crater rims.

CONCLUSIONS

(1) Analyses of footprint depths within generally level intercrater areas indicate
that both the mean porosity and the standard deviation (for the top 15 cm) are essen-
tially the same for the four Apollo sites and are equal to 43.3 and 2.8, respectively,
for 273 observations. The corresponding 959 confidence limits are 42.9 to 43.79
and 2.6 to 3%, respectively, if normal distribution for porosity is assumed. Assuming
the four Apollo sites are representative of the lunar surface, it may be concluded that
the probability is at least 0.9 that the indicated porosity ranges in the table below
include 67 and 959 of the porosity values for level intercrater areas. The correspond-
ing values of density, angle of internal friction ¢, and cohesion ¢, as estimated from
lunar soil simulant properties (Mitchell et al., 1972) are shown also for comparison.

Range which Range which
Standard includes 679 of includes 959% of
Mean deviation  porosity values porosity values
Porosity, % 433 2.8 40-46.6 36.8-49.8
Density, assuming G, = 3.1, g(cm?3 1.76 1.66-1.86 1.55-1.96
Corresponding ¢ values 43° 19.5-47 36-51
Corresponding ¢ values, kN/m? 0.55 0.35-1.10 0.18-2.00
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(2) Crater rims are significantly softer than level intercrater areas, and footprint
data suggest that the average crater rim porosity may be about 46.79; with a standard
deviation of about 4%. The variation in crater rim porosity may be slightly higher
than for intercrater areas, but this conclusion is only tentative and may depend on
the arbitrary selection of the dividing line between crater rim and intercrater areas.

(3) The observed variations in porosity occur on a relatively small scale, probably
of the order of a few meters. The computed porosity at the Apollo 15 Station 8 Soil
Mechanics Trench was probably unusually low—even with respect to the immediately
surrounding area.

(4) Because variations in porosity probably occur on a relatively small scale, it
is very unlikely that one core tube, or even two, would be sufficient to characterize the
porosity at a given lunar traverse station stop, except for a very small area immedi-
around the core tube.

(5) The analysis of boulder track data indicates that the average porosity for the
top few meters for the 19 slope locations examined is about the same as the average
porosity for the top 15 cm at the Apollo sites, although the variability in boulder track
porosities is much higher. In view of the general decrease in porosity with depth, the
comparison indicates that the average porosity for the top 15 cm on the slopes and
crater walls is higher than for the corresponding depth range at the Apollo sites. This
difference has been roughly estimated to be about 2 or 3%. This indicates that soil
slopes and crater walls are softer than intercrater areas, and may have near-surface
average porosities close to that of crater rims. These findings are consistent with the
tentative conclusion that many slope and crater wall soil layers have been loosened
somewhat by downslope movements.

(6) The equivalence of porosity means and standard deviations for the inter-
crater areas of the four Apollo sites is consistent with the results of the MET track
studies (Mitchell et al., 1972). This equivalency suggests that the lunar processes
affecting the porosity of the upper 15 cm may have reached a steady state.
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