
from the last southern solstice storm to 
cause a value of r comparable to that 
found at the current epoch. 

One possible source of the current sus- 
pended soil material is a hypothetical ma- 
jor dust storm that occurred during the 
previous spring season of the northern 
hemisphere. (Currently it is slightly past 
the summer solstice in the northern hemi- 
sphere.) However, earth-based polar- 
imetric observations of Mars show no 
evidence for dust clouds on a planet- 
wide scale from December 1975 to early 
May 1976 (10). Alternatively, the current 
optical depth could largely be due to the 
cumulative effect of many local dust 
storms during the recent past. Such a 
proposal is consistent with localized 
darkenings observed in Mariner 9 images 
subsequent to the decline of the great 
dust storm of 1971 (11), and with evi- 
dence for more recent localized dust 
storms obtained from polarization mea- 
surements of Mars made by a Franco- 
Soviet experiment aboard the 1974 orbit- 
ers of the Mars series (12). 
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are presented. 

Our earlier report on physical proper- 
ties (1) covered the first 8 sols (2) on 
Mars. This report now includes data 
through sol 36. The landing site of the 
spacecraft was characterized by two 
physically different "soil" types (3), an 
ideal situation for measuring differences 
in soil properties. Footpad 2 penetrated a 
soft material to a substantial depth 
whereas footpad 3 barely penetrated at 
all. Figure 1 shows a sketch map of the 
location of these two soil types. As a re- 
sult of the normal surface sampler opera- 
tions to obtain "samples" (3) for the biol- 
ogy experiment, gas chromatograph- 
mass spectrometer experiment (GCMS), 
and x-ray fluorescence experiment 
(XRFS), soil properties experiments 
were carried out. Seven trenches were 
dug in the surface of the so-called 
"Sandy Flats" and the "Rocky Flats" 
areas. Figure 2 shows these areas before 
and after acquisitions were obtained. 
During the delivery of the soil some of 
the surface material fell from the collec- 
tor head of the surface sampler and was 
blown by the surface winds, making pos- 
sible an interpretation of particle size. 
Images of the collector head show (Fig. 
3) that soil adheres to its surface after ac- 
quisition and is partially removed after 
exposure to vibration and winds; this al- 
lows analysis of adhesion and depth of 
the surface layer. After delivery to the 
three active soil analysis experiments, 
the material remaining in the collector 
head was purged onto the surface. Purge 
site images provide yet another physical 
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properties experiment (Fig. 4). A small 
comminutor or grinder is included in the 
GCMS processing assembly; the current 
drawn by the comminutor motor during 
grinding is recorded and provides some 
indication of the type of material being 
comminuted. A complete list of the exper- 
iments used to date to obtain estimates of 
soil properties is given in Table 1. We 
present here a brief description of the im- 
mediate environs of Viking 1 and a sum- 
mary of the techniques employed to de- 
duce these properties. 

Environs. The surface in the immedi- 
ate vicinity of Viking 1 consists of an 
area with fine-grained materials (Sandy 
Flats), and a rocky area set in a matrix of 
finer-grained material (includes Rocky 
Flats) (Fig. 1). Fine-grained materials, 
which occupy 12 to 14 percent of the 
sample field, were deformed by small 
fragments and grains propelled by rocket 
engine exhausts (1) that produced small- 
rimmed to rimless craters and tracks 
aligned along radials centered on each 
retro-engine (Fig. 5). Footpad 2 pene- 
trated this material, producing open fis- 
sures and both monoclinal and anticlinal 
flexures of the surface near the footpad 
(Fig. 5). Isolated open fractures also oc- 
cur several meters from the footpad; 
these fractures may be natural or may re- 
sult from the landing. The thickness of 
the fine-grained material increases from 
the mapped boundary near the early 
sample sites toward footpad 2. This is 
further shown by the depths of trenches 
and the penetration of footpad 2. Some 
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The "Soil" of Mars (Viking 1) 

Abstract. The location of the Viking 1 lander is most ideal for the study of soil 
properties because it has one footpad in soft material and one on hard material. As 
each soil sample was acquired, information on soil properties was obtained. Al- 
though analysis is still under way, early results on bulk density, particle size, angle of 
internal friction, cohesion, adhesion, and penetration resistance of the soil of Mars 

The "Soil" of Mars (Viking 1) 

Abstract. The location of the Viking 1 lander is most ideal for the study of soil 
properties because it has one footpad in soft material and one on hard material. As 
each soil sample was acquired, information on soil properties was obtained. Al- 
though analysis is still under way, early results on bulk density, particle size, angle of 
internal friction, cohesion, adhesion, and penetration resistance of the soil of Mars 



surfaces of this fine-grained material 
have small irregular sinuous ridges a frac- 
tion of a centimeter in diameter (Fig. 2a) 
that are reminiscent of "swash marks" 
commonly seen near the berms of 
beaches where spent waves have retreat- 
ed back to the sea leaving a sinuous ridge 
of sand. These swash marks were prob- 
ably formed by the deposition of fine de- 
bris entrained in retro-engine exhaust 
gases. 

Footpad 2 is about 16.5 cm below the 
adjacent surface and is filled with the 
fine-grained material. At footpad 3 and in 
the region near retro-engine 3, where 
fines have been eroded away exposing a 
hard substrate, the fine-grained material 
is thin. Thicknesses are probably irregu- 
lar in detail because the general scene 
has a profusion of blocks and fragments; 
rocks several meters away to the east 
protrude through the fine-grained materi- 
al (4). Within the rocky part of the 
sample field, roughly 25 percent of the 
area is exposed rocks both on and partial- 
ly beneath the surface. These rocks and 
exposures of rocks vary from 2 cm to 
several tens of centimeters in diameter. 
Accessible areas for sampling here are 

less than 25 percent because of the size 
of the collector head and the spacing be- 
tween the rocks and rock exposures. Be- 
tween rocks, fine-grained material is 
commonly present as thick wind tails on 
the south-southeast sides of rocks 
aligned in a southeast direction, and as 
thinner deposits between rocks and wind 
tails. Locally, these fine-grained materi- 
als have been stripped away exposing 
small fragments and tips of larger rocks 
about 0.5 cm in diameter at the surface. 
The general character of the rocky part 
of the surface probably looks the same at 
depth as it does at the surface. 

The soils. The surface layer of Mars 
(5) can be described in terms of such 
properties as bulk density, particle den- 
sity, particle size distribution, cohesion, 
adhesion, angle of internal friction, and 
penetration resistance. Most of the ex- 
periments listed in Table 1 provide data 
on more than one of these properties. 
For some of the soil properties a range of 
values is obtained. Table 2 summarizes 
present estimates of these properties de- 
duced from various Viking 1 data 
sources. The methods used here to esti- 
mate these martian soil properties are 

FOOTPAD 1 

Fig. 1. Plan view of Viking 1 lander showing the spacecraft, the spacecraft orientation, salient 
spacecraft parts, distribution of surface materials, the location sample sites, and surface distur- 
bances relevant to the physical properties experiment; RTG, radioisotope thermoelectric gener- 
ator; ICL, initial computer' load; TD, touchdown. Arrows near windblown deposits from the 
first biology experiment acquisition indicate that fines were transported beyond the mapped pat- 
tern. Acquisitions in the area of fine-grained material occurred on sol 8 and sol 14 (GCMS-2). 
Acquisition in rocky area for GCMS-2 occurred on sol 31. The attempted acquisition for XRFS- 
2 occurred on sol 34. The second acquisition for the biology experiment occurred on sol 36. 
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similar to those techniques used during 
the lunar Surveyor Program (6). 

Touchdown dynamics. Lander kinetic 
energy existing at the instant of touch- 
down is absorbed by the landing gear sys- 
tem during leg stroking, by footpad slid- 
ing and penetration into the martian sur- 
face, and by the descent engine as the 
thrust decays after the engine shutdown 
signal that is initiated at footpad contact 
(1). The effective coefficient of sliding 
friction developed between the footpad 
and martian surface material as the foot- 
pad slides laterally during leg stroking is 
estimated to be about 0.6; this corre- 
sponds to an angle of 31? between the nor- 
mal to the footpad plane and the result- 
ant ground reaction force. Estimates of 
martian penetration resistance under 
footpads 2 and 3 are given in Table 2. 
The material under footpad 2 may be a 
very soft layer, overlying a more com- 
petent one, such as occurs under footpad 
3. It is possible, therefore, that the soil at 
footpad 2 is even less resistant than 
noted in Table 2. 

Footpad penetration. Footpad 2 (Fig. 
5) penetrated and possibly slid into the 
martian surface material a distance of 
16.5 cm and is no longer visible. An ar- 
cuate depression of the surface corre- 
sponds to its perimeter. Materials have 
collapsed toward the footpad, filling it to 
a depth of 9 to 11 cm and leaving a small 
scarp 1 to 2 cm high and an arcuate 
subtle ridge some 22 cm from the edge of 
the footpad. Small disturbances of the 
surface producing monoclinal and anti- 
clinal ridges occur up to 60 cm from the 
edge of the footpad. The monoclinal 
ridges extend to the greatest distances in 
the clockwise direction toward retro-en- 
gine 2. Open fractures transect these 
ridges. If the martian surface material 
fails by general shear (7), the geometry 
of the monoclinal surface deformation, 
the scarp, and evidence for flowage of 
material into footpad 2 could be ex- 
plained in terms of clockwise rotation of 
the footpad 2 during landing as viewed in 
Fig. 5. Evidence of general shear is 
found for the footpad 2 type of material 
at the excavation sites where the flanks 
of the far end of the trenches have been 
domed. A question about the bulk den- 
sity of the material penetrated by foot- 
pad 2 arises because the penetration is 
large. Such large penetrations in very 
fine-grained weakly cohesive materials 
could arise for several reasons: (i) the 
lower gravitational acceleration, g, on 
Mars; (ii) positive pore pressure result- 
ing from the compression of the material 
during penetration; (iii) topographic ir- 
regularities that reduce the surface area 
available to resist stresses during failure 
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by general shear; and (iv) the topology of 
the penetrating object. The gravitational 
acceleration has been studied (8), and 
the data indicate that penetration is in- 
versely proportional to the 0.14 power of 
g so that penetrations for a given rigid 
projectile on Mars would be 1.15 times 
larger than on Earth. Positive pore pres- 
sures have been assessed in small-scale 
experiments (9), which indicated that 
penetration was a direct function of the 
ambient pressure and an inverse function 
of the density. The effect of topography 
is well known (7). The best estimates of 
the local topography around footpad 2 in- 
dicate that penetration occurred on the 
slope of a dune-like surface which would 
favor a larger penetration than on a level 
surface. Footpad shape is important (10) 
since flat footpads penetrate less than 
hemispherical ones for the same mass 
per unit projected area and velocity. A 
skirt was added to the hemispherical Vi- 
king footpad for this reason. If allow- 
ances for gravitational acceleration, ex- 
perimental data on ambient pressures, lo- 
cal topography, and footpad shape are 
made, empirical scaling (11, 12) indicates 
that the resulting penetration of footpad 
2 is consistent with a weakly cohesive, 
fine-grained material with a bulk density 
between 1.4 and 1.6 g/cm2. 

Wind removal of particles. After acqui- 
sition on sol 8 (Fig. 2b), a disturbed sur- 
face region was detected which extended 
from the near end of the sampling area 
back toward the spacecraft (Fig. 1). The 
disturbance was caused by a trail of parti- 
cles falling from the collector head as it 
retracted after acquisition. Coarser frag- 
ments or pits caused by such fragments 
appear near the sampling area, and the 
grain size of the disturbance diminished 
toward the spacecraft. Upon location of 
the particle trail seen in the photographs 
on a horizontal plane through the foot- 
pads, we determined that it did not lie di- 
rectly below the track of the collector 
head. The particle trail lay from 7.5 to 
12.5 cm north of the surface projection of 
the track (to the left as viewed by camera 
1, making allowance for spacecraft tilt). 
An examination of the meteorological 
data (13) for sol 8 (Table 3) shows that 
samples were acquired at times when the 
martian wind was strong, at about 10 m/ 
sec. This wind direction is appropriate 
for transporting soil and rock fragments 
dropped from the collector head to their 
observed surface locations. The marks 
on the surface appear to be pits formed 
in the relatively soft soil material by fall- 
ing rock fragments. It is possible to carry 
out some calculations to ascertain the 
range of sizes of rock fragments moved 
by the wind. The important parameter is 
1 OCTOBER 1976 

the ratio of the lateral wind drag force to 
the particle weight, FIW. The particles 
are assumed to be spherical with radius r 
and a specific gravity of 2.8, appropriate 
to rock. The drag is not very much differ- 
ent if the particles are nonspherical. The 
drag coefficient CD varies inversely with 
the Reynolds number Re of the particle 
in the air flow. For these particles at the 
recorded wind velocities, Re varies from 
about 10-2 for spheres about 1 to 2 /m in 
diameter up to about 102 for spheres a 
few millimeters in diameter. At low Re 
values, up to about Re = 50, the flow 
around the small particles is viscous and 
the drag coefficient is inversely propor- 
tional to the Reynolds number (14). 

2a 2b 

Thus, under the assumed martian condi- 
tions, only the flow around the largest 
particles a few millimeters in diameter is 
just beyond the viscous regime. With 
this condition, from equations for the 
drag and weight of a spherical particle, 
Fig. 6 has been drawn for an assumed 
wind of 10 m/sec. With the surface sam- 
pler at a height of 1.0 to 1.5 m above the 
surface, the ratio of observed lateral drift 
to vertical fall of the particles dropped 
from the surface sampler is between 0.05 
to 0.125. In Fig. 6, this number corre- 
sponds to a range of particle sizes. It can 
be seen that the radii of equivalent 
spheres vary from about 1.5 mm (0.05 ra- 
tio) to 0.9 mm (0.125). 

2c 

2e 2f 2g 2h 
Fig. 2. Lander camera images of acquisition sites: (a) Sandy Flats before acquisition [event 
L.L.T. (lander local time) 008 064759 Fr 11 A 055/008; sun is from the left at an elevation angle 
of 17.5?]. (b) Sandy Flats acquisition trench for the biology experiment on sol 8 (event L.L.T. 
008 084859 Fr 11 A 058/008; sun is from the left at an elevation angle of 43.5?). (c) Sandy Flats 
acquisition trench after one acquisition for the biology experiment, two acquisitions for GCMS, 
and two acquisitions for XRFS on sol 8 (event L.L.T. 008 141959 Fr 11 A 065/008; sun is from 
the right at an elevation angle of 63.0?). (d) Sandy Flats acquisition trench after a single acquisi- 
tion for GCMS (GCMS-2) on sol 14 (event L.L.T. 014 101027 Fr 11 A 098/014; sun is from the 
left at an elevation angle of 61.7?). (e) Sandy Flats acquisition trench for the biology experiment 
on sol 36 (event L.L.T. 036 141441 Fr 11 B 058/036; sun is from the right at an elevation angle of 
63.7?). (f) Rocky Flats before acquisition (event L.L.T. 001 074759 Fr 12 A 003/001; sun is from 
the left at an elevation angle of 30.0?). (g) Rocky Flats acquisition trench for GCMS on sol 31 
(GCMS-3) (event L.L.T. 031 134959 Fr 12 A 243/031; sun is from the right at an elevation angle 
of 69.4?). (h) Rocky Flats disturbance produced during the sol 34 acquisition attempt for XRFS 
(XRFS-2) (event L.L.T. 034 125500 Fr 12 B 030/034; sun is from the right at an elevation angle 
of 81.6?). Trenches are typically 5 to 10 cm in width. Plowed material in the lower part of image 
is typically 9 cm in width. Fragments in the disturbed area of (h) are 2 to 4 cm. Note generally 
dark area in (b) which represents dynamic deposition of particles entrained by the wind and 
large fragments; pits and possibly clods in (c) represent droppings after the second acquisition 
for XRFS. Leftward displacement from the trench azimuth is due to the gravity and wind. 
Sinuous "swash-marks" and a subtle ridge may be seen in (a). 
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3a 3b 
Fig. 3. Lander camera images of the collector 
head after: (a) the first acquisition for XRFS 
on sol 8 (event L.L.T. 008 104952 Fr 11 A 060/ 
008; sun is from the left at an elevation angle 
of 70.1?); (b) location of the second GCMS ac- 
quisition on sol 14 (GCMS-2) (event L.L.T. 
020 144959 Fr 11 A 118/020; sun is from the 
right at an elevation angle of 55.9?). All of the 
collector head is dirty in (a); there is a "high- 
water" (soil) mark (arrow) in (b). 

We conclude, therefore, that the 
clearly marked trail of particles or par- 
ticle impact pits lying about 10 cm to one 
side of the ground track of the surface 

sampler was caused by rock fragments in 
the size range of 2 to 3 mm in diameter 

falling off the collector head and blown 
to that side at the time of boom retrac- 

tion. Finer sizes of particles are deflect- 
ed progressively greater distances and 
give rise to textural or albedo differences 
in the martian surface farther downwind 
(Fig. 2c). However, if the surface distur- 
bance is caused not by solid rock frag- 
ments but by clods or clumps of bulk den- 

sity ?1 to 13 that of the rock, then the ra- 
tio F/W (of a clod) for a given size will be 
two to three times that of a rock frag- 
ment. This means that, if the observed 
trail of disturbance was caused by soil 
clods instead of rock fragments, the soil 
clods would be about twice the rock frag- 
ment size previously estimated, or 4 to 6 
mm in diameter. It seems likely that the 
100 or 200 cm3 of soil collected by the 
sampler contains appreciable numbers of 
rock fragments in the size range of a few 
millimeters. 

Particle size. Images of the purge site 

(Fig. 4) when combined with other space- 
craft-surface material interactions yield 
information on particle sizes. The largest 
particles observed in the two depres- 
sions produced by the purged residue 
from the sol 8 acquisitions are as large as 
5 mm in diameter. Since the screen open- 
ings in the collector head are 2 mm in di- 
ameter, 5-mm particles would have been 
retained in the collector head. Finer ma- 
terial is possible but the frequent and vio- 
lent vibrations of the collector head dur- 

ing sample delivery combined with a low 
cohesion of the fine-grained material re- 
duce the likelihood of purging clods of 

fine-grained surface materials. Samples 
are delivered to the biology experiment 

Table 1. Physical properties experiments for sol 0 through sol 41. Soil properties were deduced 
from experiments 1, a, b, c, d; 2, a, b, c; 3, a, b, d; and 5, e. 

Experiment Measurement/observation Derived quantities 

1. Touchdown dynamics a. Velocity vectors Penetration resistance 
b. Stroke gauge position Density 
c. Engine erosion Particle size 
d. Footpad interaction Cohesion 

2. Surface impacts a. Shroud ejection Cohesion 
b. Boom latch pin ejection Cohesion 
c. Purge site Particle size 

3. Surface disturbance a. Trenches Particle size 
b. Wind action on sample Particle size 

material during delivery 
c. Rock moved Particle size 
d. Motor current during Cohesion, friction 

trenching angle 
4. Comminutor a. Motor current during Soil type 

grinding 
5. Environment a. Ultraviolet-degradable coatings Ultraviolet integrated flux 

b. Temperature sensor on Surface temperatures 
footpad 

c. Temperature sensor on Surface temperatures 
collector head 

d. Deposition of soil on grid Particle size 
during delivery 

e. Soil adhering to lander parts Adhesion 
6. High resolution a. Sample observed by magni- Particle size 

fication mirror 
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Fig. 4. Purge site for sol 8 acquisition (event 
L.L.T. 026 120100 Fr 11 A 149/026; sun is 
from the left at an elevation angle of 86.5?). 
There is evidence for only two purges (ar- 
rows) (out of five attempted purges); purge 
areas appear to be depressions, and small frag- 
ments up to 0.5 cm in diameter can be seen in 
the depressions. 

through an additional 1.5-mm screen. 
Since material was delivered, particles 
smaller than 1.5 mm must be present. 
However, some of the material appears 
to be much finer because the surface be- 
came smooth and reflective when com- 
pressed and rubbed by parts of the soil 

acquisition hardware. This effect is illus- 
trated by material piled up by the back- 
hoe during retraction in the biology ex- 

periment trench (Fig. 2b), which was 
tamped by the boom near the pin re- 
tractor and adaptor plate. Smoothed 
material appears elsewhere within the 
biology experiment trench, the XRFS 
trench (Fig. 2c), and the GCMS trench 

(Fig. 2d). 
The sol 31 GCMS acquisition trench 

(Fig. 2g) and sol 34 XRFS acquisition 
(Fig. 2h) provide data on particle size 
that is consistent with preacquisition ex- 

pectations (Fig. 2f) that the particles are 
larger than at the sol 8 site. Within the 
GCMS trench, small clods or fragments 
5 mm in diameter and smaller are visible 
and rocks 1 to 7 cm in diameter have 
been disturbed and moved. The unusu- 
ally large motor currents observed dur- 

ing comminution in the GCMS processor 
are consistent with coarse cohesionless 

grains or granular materials. Since mate- 
rial delivered to GCMS passed through a 
2-mm screen, it is evident that particles 
smaller than 2 mm are present at the sol 
31 site. Fragments up to 4 cm in diameter 
were excavated during the XRFS acquisi- 
tion. Fragments purged at a new purge 
site were up to 1 cm in diameter. It ap- 
pears that the mean grain size of the sur- 
face material is significantly larger at the 

Rocky Flats sol 31 site than it was at the 
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sol 8 and sol 14 Sandy Flats acquisition 
sites. 

Acquisition site analysis. An inter- 
active computerized video photogram- 
metric system has been developed (15) to 
make possible vertical profiling and ele- 
vation contouring of the stereoscopically 
imaged surroundings of the lander. Fig- 
ure 7 illustrates a set of vertical profiles, 
overlaid by the system, onto the camera 
1 (left) image of the first biology exper- 
iment trench dug on sol 8. The longitudi- 
nal profiles (extending diagonally from 
the lower right to the upper left) are 2 cm 
apart; the transverse profiles (parallel to 
the lower edge of the image) are 5 cm 
apart. The central longitudinal profile 
(second from left in Fig. 7a) is plotted in 
Fig. 7b; one of the transverse vertical 
profiles (fifth up from the bottom in Fig. 
7a) is plotted in Fig. 7c. The trench is ap- 
proximately 20 cm long, 5 cm wide, and 
4 cm deep. The sol 8 acquisition trenches 
for the GCMS and XRFS experiments 
were excavated to a depth of about 4 to 6 
cm below the original surface (Fig. 2, a- 
c, and Fig. 7, a-c). The sol 14 trench 
(GCMS-2), which is about 12 cm closer 
to the boundary, was excavated to a 
depth of only 2.3 cm (Fig. 2d). Images of 
the collector head are consistent with 
trench depths. The collector head after 
the first acquisition for the XRFS experi- 
ment was everywhere covered with fine- 
grained material and appeared to be 
filled with soil (Fig. 3a) whereas the col- 
lector head image after the sol 14 acquisi- 
tion (GCMS-2) had a "high-water" mark 
about 4.0 cm above its base, showing 
that the fine-grained material may be un- 
derlain by a hard substrate. A small de- 
viation in the azimuth of the sol 8 XRFS 
trench to the right of that for the sol 8 bi- 
ology experiment trench (for which the 
commanded azimuths were identical) in- 
dicates that a buried rock deflected the 
boom at that site. Trench walls of the sol 
31 trench (GCMS-3, Fig. 2g) are knobby 
and similar in appearance to the sur- 
rounding surface. An acquisition on sol 
34 in this area (XRFS-2, Fig. 2h) brought 
fragments up to 4 cm in diameter to the 
surface, which is consistent with the 
abundance of exposed rocks at the in- 
tended site. Comminutor motor currents 
in the GCMS processor were rather large 
compared to those of the sol 14 acquisi- 
tion; this finding suggests that the matrix 
of the fines in the sol 31 sample passed 
easily through the 2-mm processor 
screens and required crushing. No such 
large currents were observed for the sol 
14 sample of the fine-grained material 
that was crushed on sol 21. 

The surface sampler goes through the 
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Table 2. Soil properties deduced from Viking 1 data (1). Lunar soil is included for comparison 
and because the nominal engineering design soil model was based on the lunar soil (11). 

Mars (Viking 1) Lunar 
Property 

Sandy Rocky Depth 
Flats Flats 0 to 0.01m 0.1 to 3 m 

Bulk density (porosity) (g/cm3) 1 to 1.6 1.8 1.0 to 1.3 1.5 to 2.1 
Particle size (surface and near surface) 

~ 10 to 100 t,m (%) 60 30 30 to 60 
100 to 2000 zm (%) 10 30 30 to 35 

Angle of internal friction (deg) 20? to 40? 40? to 45? 35? to 50? 
Penetration resistance (dyne/cm2/cm) 3 x 104 6 x 105 3 x 105 
Cohesion (dyne/cm2) 103 to 104 104 
Adhesion (dyne/cm2) 101 to 102 102 to 103 
Coefficient of sliding friction 0.55 to 0.65 0.5 to 1 

Table 3. Summary of wind conditions on sol 8 (6). The motions of the surface sampler are listed 
as EXT, extend; UP, elevate upward; RET, retract; PURGE, empty material on surface. The 
azimuth of the wind is defined as the direction from which the wind is blowing. 

Acquisition and purge Acquisition and pue Wind Gusts (examples) Time span time on sol 8 

Ve- Ve- Ve- Azi- Ve- Azi- Min- Sec- locity locity Min- Sec- Hr ute ond Motion muth ute Hr 
sec) (deg) sec) (deg) 

Biology experiment 
7 5 57 EXT 6.3 229.6 8 36 55 
7 8 21 UP 4.2 218 15.9 230.8 8 38 25 
7 11 17 RET 
8 39 39 PURGE 9.25 230 

GCMS experiment 
9 4 19 EXT 7.8 182.8 9 57 28 
9 6 43 UP 9.5 222 14.2 202.5 9 58 58 
9 9 39 RET 
9 32 43 EXT 
9 35 07 UP 9.5 214 
9 38 03 RET 
9 53 55 PURGE 9.6 212 

XRFS experiment 
10 46 42 EXT 
10 49 16 UP 9.25 188 
10 54 14 RET 
11 10 48 PURGE 8.7 184 
11 33 42 EXT 3.7 154.4 11 44 49 
11 36 16 UP 8.8 177 11.1 191.4 11 46 19 
11 41 14 RET 
11 57 48 PURGE 8.5 168 

Table 4. Summary of forces derived from motor current readings during the extend (EXT) and 
retract (RET) motions of the surface sampler in the Sandy Flats area. During sample acquisition 
more than one attempt was sometimes made to assure that an adequate sample was collected 
(7). 

Force (newtons) 

Acquisition EXT RET Acquisition Sol EXT RET Trench depth Remarks 
(dig) 4 sec- 2 sec- 4 sec- 

onds onds onds 

Biology (1st) 8 0 to 22 0 to 22 0 to 8.9 -3.8 cm below Fig. 2a before 
original surface acquisition; 

Fig. 2b after 
acquisition 

GCMS (lst) 8 0to 22 15.6 to 22 No image 
GCMS (2nd) 8 0 to 17.8 15.6 to 22 0 to 4.4 
XRFS (lst) 8 0 to 4.4 11 15.6 No image a. 2c after 

acquisitions 
XRFS(2nd) 8 0 13.3 to 24.4 -4 to 6 cm below 

original surface 
GCMS (2nd) 14 0 to 4.4 35.6 28.9 -2.3 cm below Fig. 2d after 

original surface acquisition 
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Fig. 5. Mosaic showing the area around footpad 2 (left three-quarters of the figure: event L.I 
012 083459 Fr 11 A 079/012; sun is from the left at an elevation angle of 40.6?; right one-qua 
of the figure: event L.L.T. 004 071159 Fr 11 A 022/004; sun is from the left at an elevation ar 
of 22.5?). Footpad 2 is inundated by fine-grained material at the left; a subtle depression co] 
sponding to the footpad is shown at left; a small scarp is seen at left; monoclinal and anticli 
wrinkles in the surface due to footpad deformations and open fractures are visible at the lo' 
right. Small tracks and rimmed to rimless craters formed by particles and fragments propel 
by exhaust gases from retro-engines 1 and 2 are present near the center of the mosaic. 

Reynolds Number 

10-2 l0-L 1 
Ratio Drag/Weight10 

102 

Fig. 6. Relation of particle size on Mars to the wind drag-weight ratio and Re during a wind of 
m/sec. 

0 

0D 

10 CM 
i -' '" 

Fig. 7. (a) Vertical profiles overlaid onto camera 1 (left) image of the first biology experim 
trench dug on Mars (event L.L.T. 008 064759 Fr 11 A 055/008; sun is from left at an elevat 
angle of 17.5?). Longitudinal profiles (extending diagonally from the lower right to the upper 1t 
are 2 cm apart; lateral profiles are 5 cm apart. (b) Central longitudinal vertical profile [secc 
from left in (a)] through the first trench dug on Mars. (c) Transverse vertical profile through 
trench [fifth from the bottom in (a)]. 
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following sequence of movements during 
acquisition: (i) extend (to the extension 
at which acquisition will commence); (ii) 
elevate down (continues until surface 
contact switch is actuated and stops mo- 
tion); (iii) extend (in martian soil, usually 
a distance of 15 cm); (iv) retract (a few 
centimeters in soil, to make sure that the 
leading edge of the sampler is not under a 

-T. rock); (v) elevate up (to clear surface); 
le and (vi) retract (in martian atmosphere). 

rre- Interaction of the sampler head with the 
inal martian soil occurs at the end of the first 
wer elevate down command and during ex- 
e tension and retraction. Motor currents 

required to drive the sampler are sam- 
pled twice (at 2 and 4 seconds) after the 
initiation of each movement. The greater 

10 the resistance to movement of the sam- 
pler, the higher the current, which can 
therefore be used as some measure of the 
resistance of the martian soil. A detailed 
description of motor current calibrations 
is found elsewhere (16), and only a pre- 
liminary analysis is given here. From an 
examination of the motor currents during 
the first biology experiment acquisition 
in sol 8 and terrestrial calibrations, we 
concluded that the extension peak load 
was in the range of 0 to 22 newtons. The 
retraction force deduced from the cur- 
rent measurements is in the range 0 to 
8.9 newtons. Table 4 summarizes the 
forces deduced from motor currents for a 
number of acquisition attempts. The sec- 
ond dig in the GCMS acquisition on sol 

1 14 gave an extension load that was very 
f 10 small, in the range of 0 to 4.4 newtons. 

However, in retraction, the highest mo- 
tor currents recorded to date were ob- 
served. The force is estimated to be 
about 35.6 newtons at 2 seconds and de- 
creased somewhat at 4 seconds to 28.9 
newtons. This result is compatible with 
the observed shallow depth of the soil at 
this site, and the influence of the pres- 
ence of a harder rocky substrate. 

Concluding remarks. From the physi- 
cal properties investigation based on the 
use of engineering data, lander images, 
and a limited amount of information from 
other scientific instruments, a range of 
soil properties was deduced. Most of the 
techniques used are simple, requiring 
minimal assumptions. It is expected that, 
as more refined analyses are accom- 
plished, the values given in this report 
will undergo some minor revisions. More 
importantly, detailed analyses are re- 

-quired to refine these results. 
ent During the planning and design phase 
ft) of the Viking mission, a wide range of 
)nd soil models was proposed (11) and used 
the in the design of the spacecraft: (i) loess, 

(ii) dune sand, (iii) lunar nominal soil, 
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(iv) lag gravel, and (v) bare rock. Viking 
1 successfully landed at a place that has 
all of these models-a credit to the engi- 
neers who designed and built the space- 
craft. These materials combine to pro- 
duce a scientifically interesting site. 
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Viking Orbital Colorimetric Images of Mars: Preliminary Results 

Abstract. Color reconstruction and ratios of orbital images of Mars confirm Earth- 
based measurements showing red/violet ratios for bright areas to be roughly 1.5 
times greater than dark areas. The new results show complex variation among dark 
materials; dark streaks emanating from craters in southern cratered terrains are 
much bluer than dark materials of the north equatorial plains on which Viking I land- 
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The use of color in distinguishing geo- 
logic materials is applied universally at 
various levels. Methods vary from visual 
inspection, the most common, to precise 
measurements of spectral reflectance. 
During the last several years, multi- 
spectral digital imaging systems have 
been developed and used both in Earth- 
based and spacecraft programs to study 
and map spectral reflectivity variations 
on Earth, the moon, and Mercury (1). 
These systems, far more sensitive to col- 
or variation than the human eye, provide 
images in which the subtle color varia- 
tions are related in spatial context to the 
regional geologic patterns and morpholo- 
gy. In the case of the moon, they have 
proved precise indicators of surface min- 
eralogy (2). The Viking orbiter imaging 
systems have provided, for the first time, 
data of this nature for Mars, the most col- 
orful of our neighboring terrestrial plan- 
ets. 

Spectrophotometric measurements of 
the reflectivity of Mars (0.3 to 2.5 ,um) 
made from ground-based telescopes (3) 
have shown that the spectral reflectance 
curves of bright and dark areas are broad- 
ly separable into two types, showing dif- 
ferent form and absorption features. 
Both bright and dark areas are extremely 
red, showing an abrupt rise in geometric 
albedo from 5 percent in the blue-ul- 
traviolet to 15 to 30 percent in the red, 
with bright areas showing the higher red 
reflectance. The strong ultraviolet-blue 
absorption has been attributed to several 
percent ferric oxide in the soils (4). In 
contrast to bright areas, the dark regions 
display a broad absorption feature be- 
tween 0.7 and 1.1 /m (3), which has been 
suggested as Fe2+ absorption (5). The 
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zone (< 1 ,/m). Further, aeolian abrasion 
is probably removed and disperses these 
thin alteration layers, exposing fresh fer- 
rosilicate in the dark areas and depos- 
iting the fine altered material elsewhere 
(4). Although the Viking orbiter cameras 
have lower spectral coverage and resolu- 
tion, their much higher spatial resolution 
allows an examination of the local geo- 
logic setting for each of the spectral 
types (6). In addition, from orbital resolu- 
tion it has proved possible to recognize a 
greater diversity of spectral types, ~occur- 
ring as units too small to resolve from the 
earth. Finally, by comparison with sur- 
face geochemical measurements at the 
landing site, the orbital data provide a re- 
gional context for materials that occur 
there. 

The Viking orbiter vidicon cameras 
are equipped with an array of filters cov- 
ering the visible spectrum from 0.35 to 
0.65 ,tm. Three-color images are ac- 
quired using the violet, green, and red fil- 
ters (0.45 + 0.02 ,tm, 0.53 + 0.04 p.m, 
and 0.59 + 0.03 atm). Color scenes can 
be reconstructed by photometrically cor- 
recting and balancing such images to syn- 
thesize blue, green, and red components. 
By acquiring multiple arrays of frames in 
each filter, three-color mosaics are built 
up covering large regions. The cover il- 
lustration (this issue) is an example in 
which 15 frames were shuttered (five in 
each of the three colors). The frames 
were acquired over a period of about 5 
minutes near apoapsis at a range of about 
32,500 km to minimize variations in view- 
ing and lighting angles < 1? among the col- 
or components. 

Digital processing involved (i) remov- 
ing variations in sensitivity across the 
fields of view to generate linear intensity 
scales for each frame, (ii) balancing spec- 
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