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where V,, is the preamplifier voltage for the ith
channel imaging the magnctlc material, V| ¢ is
the equivalent for imaging one of the test patch-
es, C; is a channel-dependent calibration con-
stant, and 7,(\) is the channel dependent transfer
function, which is the product of the camera
optical throughput, solar irradiance, atmospher-
ic transmittance, and photosensor responsivity;
p(N)p, is the normal albedo of the magnetic mate-
rial, and ¢,,(i,e,g,\) is its photomctnc function,
where iis the incidence angle, e is the emission
angle, g is the phase angle, and A is the
wavelength. p(Agrc and ¢grc(i,e,g,\) are the
corresponding functions for one of the test
patches. Since the test patches have a Lamber-
tian photometric function (/0), and since the
blue, green, red, and IR 1 channels can be
approxnmatcd as smgle wavelength samples, this
equation reduces to:
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Abstract. Forty-six days after Viking [ landed, Viking 2 landed in Utopia Planitia,
about 6500 kilometers away from the landing site of Viking 1. Images show that in
the immediate vicinity of the Viking 2 landing site the surface is covered with rocks,
some of which are partially buried, and fine-grained materials. The surface sampler,
the lander cameras, engineering sensors, and some data from the other lander exper-
iments were used to investigate the properties of the surface. Lander 2 has a more
homogeneous surface, more coarse-grained material, an extensive crust, small rocks
or clods which seem to be difficult to collect, and more extensive erosion by the retro-
engine exhaust gases than lander 1. A report on the physical properties of the mar-
tian surface based on data obtained through sol 58 on Viking 2 and a brief descrip-
tion of activities on Viking I after sol 36 are given.

This report is primarily concerned
with Viking 2 lander (VL2) data; how-
ever, some of the results obtained on Vi-
king 1 after sol 36 will be reported. Ear-
lier reports (1, 2) on the ‘‘soil”’ (3) proper-
ties of Mars were based on data obtained
during the first 36 sols ) of Viking 1
lander (VL1).

The dynamics of both landings were
similar—an almost vertical descent dur-
ing the last 10 seconds and a ‘‘soft”
touchdown—but minor variations oc-
curred. The activities of the surface sam-
pler on VL2 were also similar to those
carried out on VL1 with the addition that
samples were obtained from under rocks
for the biology and gas chromatograph—
mass spectrometer (GCMS) experi-
ments.

The surface materials in the sample
field at Utopia Planitia can be described
as blocks and fragments set in a matrix of
finer-grained material  (Figs. 1-3).
Beyond the sample field, small dunes
(pitted by rocks propelled by the engine
exhausts) indicate a local wind direction
near 320°. Blocks within the sample field
attain dimensions of 0.65 by 0.23 m. Be-
cause of the viewing angles, the third di-
mension of blocks normally cannot be
measured and much of the interblock sur-
face is obscured. Finer-grained materials
between rocks and fragments are present
as fillets, small drifts, a weak platy crust,
and subcrust materials; small clods and
rock fragments are abundant everywhere
between the rocks. Unlike the VL1 site
at Chryse where the sample field could
be divided into an area underlain by very
fine-grained material and a rocky area (/,
2), Utopia Planitia is more uniform. The
sample field at Utopia Planitia near
footpad 3 and the ejected shroud are rel-
atively rock-free, but materials there

appear similar to those elsewhere (Fig. 2).

Deposits of cross-bedded drifts super-
posed on a rocky substrate, which cov-
ered extensive areas at the VLI site, are
virtually absent at Utopia Planitia. The
rocky, deflated appearance of the VL2
site is consistent with orbital images of
the site, in particular, and the region
from 44°N to 48°N in general. Orbital im-
ages of the northern latitudes show par-
tially stripped lava flows and ejecta blan-
kets, hexagonal to reticulate structural
patterns enhanced by erosion and defla-
tion, secondary craters standing in stark
relief because of deflation, and deflation
hollows. These features are found in the
general area of the VL2 landing site.
There is no evidence for a thick aeolian
mantle of fines or dune deposits as had
been expected by many members of the
landing site selection team.

Touchdown. Landing conditions for
both VL1 and VL2 were close to nomi-
nal, with the exception of an anomaly
which occurred during the last 0.4 sec-
ond of the VL2 decent when there was a
sudden reduction in the velocity at touch-
down. Nominal conditions during the
last 10 seconds before landing are verti-
cal descent at a constant velocity of 2.44
m/sec and a horizontal attitude con-
trolled by the lander radar and guidance
system. The thrust of the descent en-
gines is terminated upon contact of the
footpads with the surface. The time inter-
val between surface contact and the be-
ginning of thrust decay is about 20 msec,
and the decay time constant is about 30
msec. Touchdown parameters are given
in Table 1.

The average leg stroke on VLI was
larger than on VL.2. These data were at
first surprising because both landers
nominally appeared to have the same ki-
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Fig. 1. Mosaic‘of thq forgground from camera 2 on VL2. The surface sampler housing is to the far left, and footpad 3 is to the far right. Erosion
from retro-engine 2 is evident (either side of the vertical black line). During the touchdown sequence, material was deposited in the footpad and
the footpad impacted the rocks to the front.

netic energy at touchdown, yet a much
larger fraction of this energy was re-
moved by the energy absorbers in the pri-
mary struts on VLI than on VL2. Leg 2
and leg 3 strokes determined from stroke
gages and leg travel for VL2 are the same
(footpad 1 is not in the field of view) and
imply that the load limiters at the secon-
dary strut attachment did not yield so
that energy dissipation was essentially
due to the crushing of the honeycomb
tube-core cartridge of the primary
struts. This result suggested that a larger
fraction of the remaining energy must
have been removed by the penetration of
the VL2 footpads into the martian sur-
face but a comparison of the footpad pen-
etration of the two spacecraft indicates
that the opposite is true.

One can resolve the problem by con-
sidering data on valve settings of the de-
scent engines just prior to VL2 touch-
down. During the last 0.43 second, the
thrust levels of engines 1, 2, and 3 in-
creased by about 14, 81, and 91 percent,
respectively, because “the terminal de-
scent and landing radar system locked
onto a false target. The impulse associat-
ed with the increase in the total thrust
level is about 1360 newton-sec and pro-
duced an incremental velocity change of
about 0.49 m/sec. The velocity of VL2 at

surface contact is near 1.98 m/sec and
less than the nominal descent value of
2.47 m/sec which prevailed before the
thrust suddenly increased. This smaller
velocity is compatible with the smaller
leg strokes on VL2. Since the character-
istics of the leg force-stroke are known,
the energy absorbed by the primary strut
in each leg is readily determined from the
observed stroke. The energies absorbed
by the stroking of the primary struts are
970 and 550 newton-m for VL1 and VL2,
respectively, for the average stroke val-
ues listed in Table 1. Because the kinetic
energies associated with the touchdown
velocities (Table 1) are 1900 and 1170
newton-m for VL1 and VL2, respective-
ly, the ratio of the energy absorbed by
the primary strut stroking to the initial ki-
netic energy is 51 and 47 percent, respec-
tively. From these corrected velocity
and energy values one concludes that the
energy ratios of both landers are roughly
the same and that about half the kinetic
energy present at touchdown was re-
moved by primary strut stroking. More
detailed energy balance calculations will
be made at a later date.

Spacecraft tilt. Both landers are tilted
more than indicated by the leg strokes,
suggesting variations in the elevations of
the local terrain. Leg stroking on VLI ro-

Table 1. Touchdown parameters for VL1 and VL2.

Parameter VLI VL2

Touchdown velocity (m/sec) 2.49 1.98
Latitude 22.46°N 47.97°N
Longitude 48.01°W 225.67°W
Leg 1 stroke, by stroke gauge (cm) 7.0 2.5t03.2
Leg 2 stroke, by stroke gauge

(and footpad travel) (cm) 3.2(2.8) 7.6 (7.6)
Leg 3 stroke, by stroke gauge

(and footpad travel) (cm) 8.3(8.3) 1.3 (1.3)
Footpad 1 penetration (cm) No data No data
Footpad 2 penetration (cm) 16.5 2.5
Footpad 3 penetration (cm) 3.6 0t0 0.3
Leg azimuth (east of north) 321.9° 209.1°
Tilt angle (relative to gravity vector) 3.0° 8.2°
Tilt azimuth (east of north) 285.2° 277.7°
Landed mass (kg) 613 600
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tates the plane of the spacecraft 1.9° to a
plane through the bottom of the foot-
pads. This tilt is along the same azimuth
but smaller than the 3° tilt of the space-
craft with respect to the gravity vector
measured with the guidance and control
system and that determined from the ho-
rizon viewed by the cameras. This obser-
vation implies that the footpad plane is
tilted 1.1° relative to the horizontal and
the general surface defined by the hori-
zon. Leg stroking on VL2 rotates the
plane of the spacecraft 2.2° relative to
the footpad plane. Tilt measured by the
guidance and control system is 8.2° and
much larger than 2.2°. Tilt with respect
to the local horizon measured with the
cameras is 8.3° along an azimuth of 280°.
Thus, 6° of tilt must be accounted for by
local conditions. One or more footpads
must be resting in a depression or on a
rock. The presence of rocks adjacent to
footpad 3 (Figs. 1 and 2) and footpad 2 of
VL2 suggests that the footpads them-
selves may be resting on rocks. Shallow
linear depressions are also visible in the
field of view so that it is entirely possible
that footpad 1 of VL2 may be in a depres-
sion.

Soil erosion. Figure 1 reveals evidence
of soil erosion in the vicinity of engine 2
(left side, foreground). The erosion ap-
pears to be a scrubbing of the surface
which removed a small layer of fines, ex-
posing the coarser material below. These
erosional results are similar to those that
were obtained in Earth-based tests con-
ducted under simulated martian condi-
tions with a lunar nominal soil as the
plume impingement surface. In the
Earth-based tests only a surface scrub-
bing of fine material was observed on lu-
nar nominal soil in either compacted or
uncompacted density states. No test pro-
duced a crater below the engine deeper
than S cm, and no test deposited a layer
deeper than 8 mm or removed a layer
deeper than 2 mm anywhere in the
sample field area.

For a short time interval just prior to
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thrust termination on VL2, the anoma-
lous increase in thrust subjected the sur-
face to almost a doubling of the plume im-
pingement pressure and to the viscous
shearing stresses exerted along the gas-
surface interface. Thus, it is likely that a
larger dust cloud resulted from V1.2 than
from VLI.

These higher surface disturbance
stresses are also consistent with the
larger erosional area near engine 2 on
VL2 by comparison with VL1. (Com-
pare, for example, the plan view shown
in Fig. 2a with that in Fig. 2b.)

The rapid increase and subsequent
shutdown transient on VL2 disturbed
soil which subsequently landed inside of
footpad 3. Material apparently was also
deposited in the undeployed S band an-
tenna dish. This phenomenon has been
observed often in Earth-based tests dur-
ing the shutdown transient. In such tests,
soil has been observed to rise nearly ver-
tically ‘and follow a high arching trajec-
tory. Such a disturbance in the case of
VL2 was fortuitous because it provided
information concerning particle size dis-
tribution down to the resolution of the
camera system (about 0.7 mm due to the
overlapping of image scans). Some of the
results from the particle size distribution
investigations are included later in this
report.

Surface sampler activities. These ac-
tivities for VL2 were similar to those for
VL1 with important exceptions: (i) the
period of intensive operations was longer
for VL2 (through sol 58 for VL2 as com-
pared with sol 41 for VL1); (ii) rocks
were nudged and pushed, and samples
were obtained from the newly exposed
surfaces beneath the rocks; (iii) endeav-
ors to collect coarse materials were not
entirely successful for VL2; and (iv)
small, thin, platy objects up to several
centimeters in diameter were lifted to
form a dome, dragged, and excavated by
the surface sampler. Surface sampler ac-
tivities related to the physical properties
experiment for VL2 are summarized in
Table 2.

After ejection of the protective shroud
() on sol 1, a shadowed picture was tak-
en beneath retro-engine 2, but small (cen-
timeter size) linear depressions extended
in a direction consistent with engine ori-
entation relative to the local surface. Pic-
tures repeated on VL2 sol 57 with better
lighting will be analyzed later.

Rock nudging and pushing on VL2
was remarkably successful, and the po-
tential scientific yield is high because of
the acquisition of samples from newly ex-
posed surfaces that were shielded from
ultraviolet radiation and aeolian deposi-
tion. The behavior of rocks during nudg-
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Fig. 2. (a) Plan view of VL2 showing the spacecraft and its orientation, locations of sample
sites, locations of selected rocks [rocks 2, 3, 4, and 5 were named from characters in the book
Wind in the Willows (13); rock 6 was so named because of its shape; rock 8 was simply named
(Other rock); the rock 1 name stands for Initial Computer Load (14)], and surface disturbances
relevant to the physical properties experiment; RTG, radioisotope thermal generator; acquisi-
tion, rock push, and purge times are summarized in Table 2. (b) Plan view of VLI, showing
activities through sol 91; TD, touchdown.
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ing and pushing varied. Rock 1 (ICL) did
not move, perhaps because it is deeply
buried. Rock 3 (Mr. Badger) moved in a
complicated way. During the first push
(sol 34), Mr. Badger probably tilted up,
rotated counterclockwise (as viewed in
Fig. 2), and translated about 10 cm (Fig.
3r). A picture taken just prior to that in
Fig. 3r shows that the collector head was
trapped and leﬁpggi upon by Mr. Badger,
driving the collectar head to the right.
The second push was accompanied by
tilting and skidding as shawn by the
smooth-appearing skid marks in Fig. 3s.
Rock 7 (Notch) plowed and furrowed
while rotating clockwise (Fig. 3n). Rock
6 (Bonneville) merely tipped backward
away from the lander (Fig. 3j). None of
the rocks noticeably spalled or chipped
while being nudged and pushed; these re-
sults suggest that a thick weathered rind
is not present on them. Thus, the surface
materials may be a mixture of weathered
products and unweathered rocks.

On sols 46, 47, 57, and 58 the prime
goal was to deliver ‘‘rocks’’ from the
Beta and Alpha sites (Fig. 2a) to the x-
ray fluorescence experiment (XRFS).
No sample was found to be present in the
XRFS chamber. The same result ob-
tained when the sol 8 ‘‘coarse fraction”
from the biology acquisition was purged
into the XRFS funnel on sol 13. Examina-
tion of the purge site after the sol 28 biol-
ogy acquisition also gave no evidence for
purged coarse material. Thus, it appears
that the smaller lumps in Fig. 3, a and 1,
are chiefly from weakly cohesive clods

Fig. 4. Purge sites from VL2. (a) The site before any material was purged on to the surface
(event L.L.T. 001 092856 Fr 22 A007/001; sun from right; SEA, 47.7°). The site is located
between the two large rocks at the bottom of the picture. (b) The purged material (coarse
fraction) from the GCMS sample (GCMS-1) obtained on sol 21 (event L.L.T. 023 070941 Fr 22
A178/023; sun from right; SEA, 24.2°). Note the rock (2 to 3 cm) which was purged (arrow). (c)
the purge site after the collection of the first biology sample (Beta site) may show several
millimeter-sized particles. The fines were delivered to the instrument and the coarse particles
purged (event L.L.T. 030 113747 Fr 22A251/030; sun from right; SEA, 59.2°). (d) Physical
properties purge site from the Alpha acquisition (PP1) (event L.L.T. 057 093259 Fr 106 C044/

057; sun from right; SEA, 18.3°).

of materials with grains finer than 2.0
mm etched out by weathering and wind.
Rocks are present, however, because
one about 2.7 cm in diameter was purged
along with finer ones after the sol 31
(GCMS) acquisition from the Bonneville
site (Fig. 4b), and finer ones < 2.0 mm)
were purged after the sols 29 and 30
XRFS acquisition (Fig. 4¢).

Small, thin, platy objects suggesting a
surface crust are ubiquitous. They are
particularly evident at the Bonneville
site (Fig. 3, f, g, and h) where they have
been domed by trenching (Fig. 3g), have
slid along the surface by the backhoe dur-
ing retraction (Fig. 3h), and have

churned up (Fig. 3, j and k). Some have
been exposed by engine exhaust erosion
(Fig. 1) and other trenching operations
(Fig. 3c, backhoe pile). These objects
may be chiefly fractured, weakly cohe-
sive, platy, soil clods, but others may be
rocks because larger rectangular rocks
with planar surfaces occur elsewhere in
the sample field.

Martian soil properties. A variety of
martian soils have been accessible to
VLI and VL2, and a number of essen-
tially qualitative tests have been carried
out to assess their properties. A number
of objects, including spacecraft com-
ponents and fragments of martian rock,

Fig. 3. Sample sites from VL2 (all L.L.T. times refer to the time of
start of the picture scan). (a) Beta site before acquisition [event
L.L.T. 006 (sol) 173000 (hours, minutes, seconds) Fr 21 (lander
number, camera number) A044/006 (picture number/sol); sun from
left; SEA (sun elevation angle), 25.0°]. (b) Beta site after acquisition
(15) for the first biology (Biology-1) experiment on sol 8 (event L.L.T.
015 165959 Fr 21 A110/015; sun from left; SEA, 28.9°). (c) Beta site
after acquisition for the second biology sample (Biology-2) on sol 28
(event L.L.T. 028 180459 Fr 21 A230/028; sun from left; SEA, 16.8°).
(d) Beta site after acquisition for the XRFS experiment (XRFS-2) on
sol 46 (event L.L.T. 047 114550 Fr 21 B141/047; sun from right; SEA,
57.0°). The black lines were introduced in the analog-to-digital con-
version on Earth and will be corrected in later versions. The *‘fuzzy’’
appearance of the picture is due to the use of the red-sensitive diode.
(e) Beta site after acquisition of the second part of the XRFS sample
(XRFS-2) on sol 47 (event L.L.T. 050 173000 Fr 21 B195/050; sun
from left; SEA, 19.4°). (f) Bonneville site before acquisition. The site
is the “‘crack” a little to the right of the center of the picture (event
L.L.T. 000 172959 Fr 22 A005/000; sun from left; SEA, 25.6°). (g)
Bonneville site after first acquisition for the organic chemistry experi-
ment (GCMS-1) on sol 21 (event L.L.T. 021 173959 Fr 22 A162/021;
sun to left; SEA, 21.7°). (h) Bonneville site after first acquisition on sol
29 for the XRFS experiment (XRFS-1) (event L.L.T. 029 141959 Fr 22
A 242/029; sun from right; SEA, 57.5°). (i) Bonneville site after second
part of first acquisition for XRFS on sol 30 (XRFS-1) (event L.L.T.
030 111810 Fr 22 A247/030; sun from right; SEA, 58.1°). (j) Bonneville
rock during the nudge sequence with the collector head of the surface
sampler in contact with the rock on sol 45 (event L.L.T. 045 101139 Fr
22 B116/045; sun from right; SEA, 49.6°). (k) Bonneville rock after
retraction of the surface sampler boom on sol 45. The rock fell back
almost in the same location (event L.L.T. 045 101454 Fr 22 B117/045;
sun from right; SEA, 50.0°). (I) Alpha site before acquisition (event
L.L.T. 000 172959 Fr 22 A005/000; sun from left; SEA, 25.6°). (m)
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Alpha site with ccllector head in surface during physical properties
sequence (event L.L.T. 056 142945 Fr 22 C023/056; sun from left;
SEA, 45.9°). (n) Physical properties trench at the Alpha site after
removal of the collector head (event L.L.T. 056 172759 21 C031/056;
sun from left; SEA, 18.3°). (o) Third XRFS acquisition trench (XRFS-
3) at Alpha site after first pass (event L.L.T. 057 094059 22 C045/057;
sun from right; SEA, 44.2°). (p) Second part of third XRFS acquisition
(XRFS-3') at the Alpha site (event L.L.T. 058 093900 22 C053/058;
sun from right; SEA, 43.8°). (q) Mr. Badger (rock 3) site before rock
push and sample acquisition from a newly exposed surface under the
rock (event L.L.T. 000 172959 Fr 22 A005/000; sun from left; SEA,
25.6°). This picture is a continuation of (I) above. (r) Mr. Badger after
first push on sol 34 (event L.L.T. 034 104810 Fr 22 B030/034; sun from
right; SEA,55.0°). (s) Mr. Badger after second push exposing its
bottom (event L.L.T. 037 122436 Fr 22 B047/037; sun from right;
SEA, 59.0°. (t) Acquisition site for the second GCMS sample
(GCMS-2) from under the newly exposed surface of rock 3 on sol 37
(event L.L.T. 044 115841 Fr 22 B115/044; sun from right; SEA, 57.8°).
The use of the red-sensitive diode accounts for the fuzzy pic-
ture. (u) Notch rock (rock 7) before acquisition for biology on
sol 51 (Biology-3) under the rock (event L.L.T. 036 070059 Fr
21 B040/036; sun from right; SEA, 21.7°). (v) Notch rock after
a ‘‘nudge’ on sol 45 to determine if the rock is movable (event
L.L.T. 045 103259 Fr 21 B121/045; sun from right; SEA, 52.1°).
(w) Notch rock after a ‘‘push’” and sample acquisition on sol 51
for biology (Biology-3) (event L.L.T. 051 102459 Fr 21 B204/051;
sun from right; SEA, 50.4°). (x) Backhoe after penetrating surface
at Bonneville (event L.L.T. 021 101058 Fr 22 A 154/021; sun from
right; SEA, 52.2°). (y) Backhoe after penetrating surface at the Beta
site (event L.L.T. 028/16113 Fr 21 A227/028; sun from left; SEA,
35.3°). (z) Backhoe after penetrating into the GCMS-1 trench rim at
Bonneville (event L.L.T. 029 134038 Fr 22 A239/029; sun from right;
SEA, 55.9°).
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have also impacted the surface, per-
mitting interpretations of some soil prop-
erties from the surface deformations de-
veloped. In general, a consistent picture
has emerged.

Fortunately, VL1 arrived in a location
where one of its footpads rested on a rela-
tively dense, rocky soil, and another on a
relatively loose granular deposit. Both
visible VL2 footpads rest on a rocky soil
similar to that under at least one of the
VL1 footpads. Of the soils encountered,
the most interesting from a physical
point of view is the loose material at the
VLI site.

This soil has been penetrated to a
depth greater than 16 cm by footpad 2,
and, in fact, it is possible that the footpad
has gone completely through a fairly thin
coating of the soil and rests on a harder
underlying surface. The soil has appar-
ently flowed around the footpad after the
impact and completely hides it from
view. On Earth this behavior is consist-
ent with that of fine-grained soils in a rel-
atively very loose condition with porosi-
ties greater than approximately 60 per-
cent and densities of about 1 g/cm?.
However, if the footpad came to rest in
the soil which it penetrated, the pene-
tration by footpad 2 is also consistent
with a weakly cohesive, fine-grained ma-
terial with a bulk density between 1.4
and 1.6 g/lcm?® (2). Further tests on Mars
will be required to distinguish between
the low-density (1 g/cm?® and high-den-
sity (1.5 g/lcm?®) models. Tests in a terres-
trial laboratory (5) appear to indicate that
the presence of air in soil pores contrib-
utes to the flow phenomenon. It is not
clear what part the martian atmosphere
played in the footpad impact, but, if the
presence of an atmosphere was impor-
tant, this loose martian soil may be even
more porous than the above figures,
based on Earth tests, suggest. The weak-
ness and porosity of the soil are con-
firmed by the presence of numerous pits
caused, in the vicinity of VLI, by rock
fragments and soil clods ejected by the
interaction of the descent engine exhaust
with the martian surface.

The same soft soil material was also
tested by the surface sampler in the
course of obtaining material for the scien-
tific instruments. The nature of the sam-
pler’s interaction with the surface sug-
gests a varying but thin (a few centime-
ters thick) soil cover over a harder
substratum. The record of motor cur-
rents, as an indication of soil resistance
forces during sampler-soil interaction, is
inconclusive. The motor currents have
generally been small, but they may also
have developed by contact of the sam-
pling head with the hard underlying layer
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Table 2. Surface sampler activities related to the physical properties investigation on VL2. List-
ed local lander times (L.L.T.) correspond to: (i) time of the extension command for shroud ejec-
tion; (ii) time of the command for the collector head to open just before extension; (iii) time of
the extension command for nudges and pushes; and (iv) time of the vibration command for purg-
es. Positions from the surface sampler potentiometer readouts are as follows: azimuths mea-
sured from a line 80° counterclockwise from the (+)Y, direction (direction from camera 2 to
camera 1). Azimuths should be reduced by 0.3° because of boom override due to lander tilt;
extensions are reported here in inches (1 inch = 2.54 cm) to be consistent with engineering units
used for the surface sampler systems and represent the increase in the length of the boom from
the stowed position; elevations are measured from the Z-Y plane (plane parallel to the upper
surface of the lander body) passing through the surface sampler elevation axis; (+) is angle be-

low plane, (—) angle above plane; N.A., not applicable.

L.L.T. Surface sampler positions
Item Activity . Azi-  Exten- Eleva-
Sol Hour, Minutes, Seconds muth sion tion
(deg) (inches) (deg)
a  Shroud ejection 01 10 52 41 255.4 10.2 38.9
(see Fig. 2a)
b  Biology-1, 08 16 10 20 124.7 85.2 23.1
sample (Beta, 91.7
see Fig. 3b) 79.6
¢ GCMS-1, sample 21 10 10 19 216.3 93.6 30.0
(Bonneville, 88.8
see Fig. 3, 97.3
gandh) 91.2
d  Purge (GCMS-1) 21 10 53 46 190.4 39.9 36.3
(see Fig. 4b)
e  Biology-2, 28 16 10 31 126.0 85.2 23.1
sample (Beta, 91.7
see Fig. 3¢) 79.6
f  Purge 28 17 44 46 190.4 39.9 36.3
(Biology-2)
g  XRFS-1, sample 29 13 39 56 217.5 93.0 29.4
(Bonneville, 99.4
see Fig. 3, h 90.9
and 1) 30 10 39 56 217.5 93.0 30.0
99.4
90.9
h  Purge (XRFS-1) 29 14 05 45 190.4 39.9 36.3
(see Fig. 4c) 30 11 05 45 190.4 39.9 36.3
i Rock 1| nudge 30 11 29 34 186.4 75.4 33.2
(ICL, see 78.6 30.6
Fig. 3m)
j Rock 3 push 34 10 39 40 201.1 84.4 30.6
(Mr. Badger, 96.5 30.0
see Fig. 3r) 82.0
k  Rock 3 push 37 10 06 55 200.5 81.1 29.4,28.1
(Mr. Badger, 101.2
see Fig. 3s) 82.0
1 GCMS-2, sample 37 16 14 48 201.1 93.0 28.8
(under Mr. Badger, 84.1
see Fig. 3t) 87.0 20.5, 30.0
93.6
37 16 51 50 201.1 93.0 29.4
84.1
87.0 20.5,30.6
93.6
m  Purge (GCMS-2) 40 16 0l 01 192.9 39.9 36.3
n  Rock 6 nudge 45 10 10 28 217.5 99.1 25.6,26.2
(Bonneville, 103.0
see Fig. 3, 98.0
and k)
o  Rock 7 nudge 45 10 22 07 105.8 84.1 23.1,22.4
(Notch, see 87.1
Fig. 3v) 60.2
p  XRFS-2, sample 46 13 07 52 123.5 85.2 23.1
(Beta, see 91.7
Fig.3,dande) 83.1
46 13 47 52 123.5 85.2 23.7
91.7
83.1
47 13 07 52 123.5 85.2 23.7
91.7
83.1
47 13 47 52 123.5 85.2 23.7
91.7
83.1
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Table 2 continued : rather than by soil interaction. The ap-
pearance of the sample trenches and

Surface sampler positions

L.L.T. trench walls is consistent with that of an
Ttem Activity V Azi-  Exten- Eleva- excavation in a weakly cohesive (10° to
; muth  sion tion 10¢ dyne/cm?) fine-grained material.
Sol  Hour, minutes, seconds ; y g .
(deg) (inches) (deg) Some of the material behavior deduced
q  Purge (XRFS-2) 46 13 16 34 123.5  83.1 -11.0 from the performanc.e of thei XRES ex-
40.2 periment is also consistent with this con-
46 13 56 34 1235 831 1O clusion 6).
40.2 . . .
' articles experi-
g 13 16 34 1235 8.1 —110 Generally, all mineral p pe
40.2 ence surface interaction forces on con-
47 13 56 34 1235 831 11.0 tact with each other. With larger parti-
40.2 cles (larger than 100 um) these surface
r  Rock7push st 06 2 49 106.4 ggg 21.8,21.8 g, ces are unimportant in comparison
g0t§h’)see 602 with the bulk forces arising from the
s Biollséyg, 51 06 55 35 107.1  93.6 20.5 mass of the particle in the g_ravxtatnonal
sample (under 78.1 field. Consequently, deposits of such
Notch, see 88.0 155,218 Jarge particles tend to exhibit fairly
Fig. 3w) ggg dense packing arrangements (porosities
t  Purge st 09 03 49 1904 439 36.3 less than 50 percent) as the particles roll
(Biology-3) or slide over one another under grav-
u  Physical Properties-1, 56 14 15 58 180.9 88.0 28.8 itational forces. With smaller particles,
Alsal:nple, t%rppgra;ures 14 33 12 ggg the surface forces are more important
(Alpha, see Fig. 3m .
v Physical 56 14 41 58 8.5 18.6 0.3
properties 14 58 44 120.9 18.6 28.1 / ) )
i i 1 18 120.9 18.6 33.2 Items: (a) Shroud ejected at 3.2 m/sec, struck a roc
mggmﬁ.catlon ig 83 48 118.4 18.6 33.2 near footpad 3 at 3.7 m/sec, ricocheted from the
mirror image ' : ' rock, impacted the surface 0.6 m beyond the rock,
of front porch and came to rest 1.1 m bey(l)lnd the rock; the rlocl§
near footpad 3 moved a small amount as a result of
an.dtf ootpgd 2 the impact. (b) Trenched by extending after sur-
(p.1c ure via face contact and then retracting; trench about 40 cm
mirror 1) . long from rim to rim, 7.6 cm wide from rim to rim;
w  Physical 57 06 49 37 2554  N.A. 40.1 coarse fraction purged to“tl]le XRFS fl:innel bl:it go
properties 06 52 4 251.6 N.A. 40.1 ‘ gaemng:]e ;;*:s received; small lumps in and around the
: S probably chiefly clods. (c) Trenched
re?ro-engm.e 2 06 54 3 2478 N.A. 40.1 by retracting after surface contact, then extending
(pictures via followed by retracting; trench about 25 cm long, 5.6
boom mirror 2) cmnwide aL th«(ejl far tip,'7a3 Em widﬁa a}t1 the ne:;r (tiip; the
o . collector head tunneled beneath the crust doming
X Purge (Physxcal 37 07 00 16 192.3 39.9 36.3 surface, crust near the far tip. Platy fragment of
Properties-1) (see crust about 7 cin in diameter and 1 cm thick was
Fig. 4d), coarse moved hby 2t(l)ue bacékhoe‘ 2(_;1) Pur%ed materiaél
i larger than 2.0 mm; fragment 2.7 cm in diameter an
partlgles 1 57 08 08 29 180.3 75.2 33.2 additional finer grains or clods 2 mm and
XRFS-3, sample ' : ' larger. (e) Trenched by extending after surface
(Alpha, . 81.7 contact and then retracting. Trench about 40 cm
see Fig. 3,n . . 63.3 long, 7.6 cm wide. ) Plalrged rpaterial sgould be
R . 3.2 larger than 2.0 mm; no evidence for purged coarse
and o) 1 08 33 2 180.3 ;;1? % 33 articles. (g) Trenched by extending after sur-
) ace contact and then retracting; first acquisition ex-
63.3 tension lifted a rock at the far end of the trench about
58 08 08 29 179.0 75.2 32.5 0}.14 cm; lzl\‘lrge c;l>lfz;rt‘y fragme;ts of cn;st ig agld arc;und
the trench an é-grained material in debris pile at
81.7 the tip (Fig. 3h); the trench in Fig. 3i is 28 cm long,
63;3 7.7 cm wide at the far end, 9.4 cm wide at the near
58 08 53 29 179.0 752 32.5 end; material at the far end has spread laterally to
81.7 . the trench azimuth because of rock; rectangular frag-
- 63.3 ment about 3 cm on an edge and 1 cm thick. (h)
: o Purged material larger than 2.0 mm; a large fragment
z  Purges 57 08 12 40 180.3 gjj : “{gg has lllveerl; disbpiaceddgng purg(e;;iiq mgtegaé 5 rlnm and
- ' 08 57 40 180.3 . —-18. smaller has been added. i) Nudged by elevating
(XRES-3) : ;7; 08 12 40 179.0 64.4 ~18.0 after surface con:iac(;, then extendingé :ind tﬁlen r;~
: : ' tracting; commanded extension was 83.1 inches; the
58 08 57 40 179.0 64.4 —18.0 rock d;sd not move. (j) Pushed by elevating after

— surface contact, then extending, and then retracting;
the rock was pushed about 10 cm away from the lander; rotated about 60° or 70° counterclockwise about vertical axis, and tilted about 45° about a horizontal axis; the
collector head went beneath the rock which leaned on the collector head, deflecting it to the right, and forced the excavation of a trench in front of the rock. k)
Pushed by elevating after surface contact, then extending, and then retracting; the rock was pushed an additional 12 or 13 cm away from the lander with little rotation;
commanded extensions compared with measurements of the rock indicate that the rock tilted backward and then forward to its present position. - (1) Trenched by
retraction after contact with the surface to clear debris away; then elevating, extending and deelevating to touchdown; then extending for sample acquisition, and then
retracting; trench about 30 cm long, 10 cm wide; sample was delivered to GCMS from the first acquisition although the surface sampler made two acquisitions. (m)
Purged material should be larger than 2.0 mm; no evidence for purged material. = (n) Nudged by elevating after surface contact and then extending; reversal of
elevations related to boom sag and overtravel; the rock rotated about a nearly horizontal axis, and points on the front surface of the rock were displaced upward about
1 cm during nudge (Fig. 3j); the rock fell back again after the retraction of the collector head, pushing materials from the trench rim into the trench (Fig. 3k). )
Nudged by elevating after surface contact and then extending; the rock rotated in a horizontal plane about an axis on the right side of the rock; the left edge of the rock
was displaced about 3.8 cm. (p) Final trench about 30 cm long, 8 cm wide; sampled to collect rocks but little or no sample was received; some fragments at the
surface may be rocks, but most are clods of soil (see also items b and f). (q) Purged material smaller than 2.0 mm; no evidence for purged material at the trench
site. (r) Pushed by elevating after surface contact, and then extending; rock rotated about 50° counterclockwise in a horizontal plane; translated about 24 cm from
the original position by sliding away from the gimbal axis of the surface sampler (Fig..3v). (s) Trenched by retracting to clear away possible contaminating debris;
then elevating, extending, and deelevating to surface contact; then extending for sample acquisition followed by retracting; backhoe trench about 7.6 cm wide; exten-
sion trench difficult to measure (trench length about 46 cm). (t) Purged material larger than 2.0 mm; some purged material, generally small grains (= 2.0
mm). (u) Trenched by extending after surface contact and then retracting; trench about 28 cm long and 6 cm wide near the tip; the trench is very shallow, probably
because of interference by excavated rock which is about 3 by 6 cm. (v) A picture of the front porch to study soil with magnification mirror; a series of three
pictures to determine the conditions of the footpad 2 temperature sensor and material around the footpad not viewable directly. (w) A series of three pictures to
study retro-engine erosion at touchdown. (x) A few objects, 0.5 cm and smaller, were purged from the collector head. (y) Trenched by extending after surface
contact and then retracting; the sol 57 trench is 56 cm long, 7.3 cm wide; the largest clods are 4.0 cm in diameter; deformation producing clods extends 7.0 ¢cm from the
rim in lateral directions; the sol 58 trench is the same size as the sol 57 trench but overlaps it and extends the lateral deformation only a small amount to the left. (2)
Material purged smaller than 2.0 mm.

§
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Table 3. Current best estimate of soil properties deduced from VL1 and VL2 data. Particles as
used here include clods as well as individual mineral and rock grains; thus the estimates of par-
ticle sizes must be considered approximate and preliminary. The frequency of rocks 10 cm and
larger at the VL2 site is twice as large as that at the VL1 site (8). The estimated density of

materials after delivery to the XRFS experiment is 1.1 = 0.15 g/cm? (6).

Viking 1 Viking 2
Property
Sandy Flats  Rocky Flats ~ Bonneville and Beta
Bulk density (g/cm?) 1to 1.6 1.8 1.5t0 1.8
Particle size (surface and near surface)

10 to 100 wm (%) 60 30 30
100 to 2000 um (%) 10 30 30
Angle of internal friction 20° to 30° 40° to 45° 40° to 45°
Penetration resistance (dyne cm=2 cm™Y) 3 x 104 6 x 105 6 x 10°
Cohesion (dyne/cm?) 10%to 10* 104

Adhesion (dyne/cm?) 10t to 102
Coefficient of sliding friction 0.55t0 0.65

and particles coming in contact with one
another tend to stick at the contact
points. The degree to which they adhere
depends on the contact forces, whose
strength in turn depends on the cleanli-
ness of the particles. Forces due to van
der Waals and electrostatic interactions
as well as surface tension in the case of
grains surrounded by thin films of physi-
cally bound liquid water all play a part on
Earth; the relative contributions of these
forces are not known on Mars. The
amount of water (approximately 1 per-
cent by weight) recognized by the GCMS
experiment (7), if in liquid form, could

cause some cohesion in a fine soil, al-
though the film thickness is probably not
great enough to give rise to meniscus
forces. In consequence, the properties of
the fine-grained material adjacent to VL1
are consistent with those of a loose fine
soil probably drifted into place by the
martian wind. After deposition, depend-
ing on time and the processes at work,
cementation of the particles could also
occur.

Around and between the rocks and
rock fragments visible near both space-
craft are other soil areas. The material in
these areas seems to be denser and

stronger than the soil discussed above,
but, on the basis of the evidence of the
sampling tests, it exhibits no  unusual
strength or density. There appear to be
visual indications, at least in some areas,
that this soil may be somewhat cohesive,
or possibly cemented. This has given rise
to speculation that it is a “‘crust’’ of gran-
ular material cemented with some agent
(the word ‘“caliche’” has frequently been
used). Although this may be possible,
the idea does not get strong backing from
the results of all the sampling operations.
In a test in which the sampler backhoe
was brought down in such a possible
crust area, the contact switch stopped
the sampler when the backhoe had pene-
trated 1 cm into the crust (Fig. 3, x, vy,
and z). The force required to cause this
penetration is not great, about 10 new-
tons, and the penetration is about the
same as the sampler achieves in a medi-
um-dense, fine-grained, normal terrestri-
al soil (‘‘lunar nominal,”’ for example).
The appearance of plates or platy lumps
in the material disturbed by sampling is
also common in the case of tests on ho-
mogeneous, slightly cohesive or slightly
cemented normal terrestrial soils.

A summary of the soil properties from
VL1 and VL2 s given in Table 3. In spite
of the similarities in the soil properties at
both sites, there are important differ-
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Fig. 5. Footpad 2 temperature sensor plots. Data are obtained only when
certain engineering information is requested, and so there are often gaps in
the record. Each open circle is an average of from one to ten readings: (a)
VLI temperatures averaged over sol 21 through sol 40 for each 6-minute
] interval. The fifth-order harmonic fit (/6) was obtained for daylight hours.
The bars marked ‘‘shadow’’ indicate the time when the footpad sensor was
in the shadow. The other curve shows the predicted surface temperatures
i (I7). The one point at 153000 L.L.T. was obtained by the collector head
after being in the soil for 10 minutes. (b) The VL2 temperatures averaged
over sol 1 through sol 10 for each 6-minute interval. The bar marked
“shadow”’ indicates the time when the temperature sensor was in the
24t shadow of the lander and supported struts. The solid curve is the predicted

surface temperature (/7). The shift in the time for the footpad temperature
maximum is caused by shadowing of the sensor.
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Fig. 6. Lander camera pictures of surface sampler activities on VL1 subsequent to sol 36. (a) Rocky Flats before acquisition of XRFS-3 (event
L.L.T. 034 125500 Fr 12 B030/034; sun from right; SEA, 81.6°). (b) Rocky Flats after XRFS acquisitidn on sol 40 (XRFS-3); two passes or digs
were carried out at this site (event L.L.T. 053 140159 Fr 12 B138/053; sun from right; SEA, 65.8°). (c) Sandy Flats before acquisition of PP-1
(event L.L.T. 036 14141 Fr 11 B 058/036; sun from right; SEA, 63.7°). (d) Sandy Flats after physical properties acquisition on sol 41 (PP-1) (event
L.L.T. 079 Fr 11 B169/079; sun from right; SEA, 49.2°). The shadow on the left margin is the meteorology boom. (e) Sandy Flats acquisition
trench (lower half or right hand trench) for the biology experiment on sol 91 (event L.L.T. 091 090459 Fr 11 B180/091; sun at right; SEA, 47.2°). (f)
Top of VLI after purge of fines on sol 41 (event L.L.T. 041 16009 Fr 12 B107/041; sun from left; SEA, 38.7°). The reference test chart is located in
the middle of the picture to the left. The magnification mirror is located just above the center of the picture. The back of the backhoe (which
contains two magnets) and the front of the backhoe (in the magnification mirror) can be seen (I8).

ences. The frequency of occurrence of
rocks 10 cm and larger is twice as high at
the VL2 site as at the VL1 site, drifts and
dunes are absent near VL2, and more ve-
sicular rocks are present at the VL2 site
than at the VLI site (8).

Surface temperature measurements.
The VL2 parachute phase (9) footpad 2
temperature sensor (/) survived the
shock of touchdown. A complicated in-
solation function for this temperature
sensor on both landers prevents an imme-
diate analysis of the data. Figure 5, a and
b, shows temperature plots for both VL1
and VL2. Shadows from the main leg
support and secondaty supports cause
significant deviations from the expected
behavior. An attempt was made to image
the footpad sensor on VLI, but, because
of an improper boom position, the posts
where the thermocouples were mounted
was missed so that it is not yet known if
the sensor is buried or partially covered
with surface material. This footpad is
buried to a depth of about 16 cm (2). In
the case of VL2, footpad 2 is not buried
and penetrated only 2.5 cm so that it is
unlikely that this sensor is in contact
with the surface. Pictures will be ob-
tained of the footpad temperature sen-
sors via the boom-mounted mirror.

In addition to the footpad temperature
sensor, there is a thermocouple on the
bottom of the collector head intended to
show that a soil sample did not reach a
temperature more than 20°K above the
maximum expected surface temperature.
Each time the surface sampler boom or
collector head moved, a reading was ob-
tained. In particular, upon the command
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to close the collector head, temperature
readings were taken 2 and 4 seconds
later. Since the time constant of the
thermocouple was found to be of the or-
der of 10 minutes (/0), most readings are
in doubt. An experiment was conducted
in which the collector head was left in
the surface for 10 minutes. The point is
plotted in Fig. 5a. Because the thermo-
couple is physically bonded to the bot-
tom of the collector head, conduction ef-
fects are significant.

Activities on VLI since sol 36. The
third acquisition for the XRFS experi-
ment was obtained on sol 40 from the
Rocky Flats site. The coarse fraction
was delivered. Subsequent analysis of
the sample, based on the chemical com-
position (a bulk density), indicates that
the materials delivered were primarily
clods and not rocks (6). Figure 6a shows
the Rocky Flats site before acquisition of
the XRFS sample and Fig. 6b after acqui-
sition on sol 40; two passes or digs were
carried out. At the far end of the trench a
pile of rocks or clods was left after the ac-
quisition.

The right wall of the physical proper-
ties trench (left in Fig. 6d) slid back to-
ward the trench a small amount when the
collector head was retracted. This is part-
ly evidenced by the fact that the trench is
not as wide as expected. Material on the
front porch of the collector head was im-
aged by the magnification mirror (just to
the right of the reference test chart in
Fig. 6f). The picture was, however, out
of focus so that improved resolution was
not realized. After a picture of the back-
hoe magnets was obtained, the collector

head was rotated and vibrated, depos-
iting the fine fraction from Sandy Flats
on top of the lander as shown in Fig. 6f.
The fines formed a pile and ‘‘washed”’
over the grid, almost completely cov-
ering it. Subsequent pictures show that
this fine-grained material has moved, pre-
sumably by the winds which have been
reported to be as high as 15 m/sec (/).

The biology team acquired a third
sample on sol 91 at Sandy Flats (Fig. 6e).
A sample full signal was received, in-
dicating a successful delivery. However,
on the way to biology delivery, a partial
sample was inadvertently delivered to
the XRFS funnel. A subsequent examina-
tion of the surface sampler data verified
that the delivery sequence to the biology
funnel was as planned and had not includ-
ed those boom movements necessary to
deliver to the XRFS funnel as well. It is
now believed that, when the collector
head was rotated while positioned over
the biology funnel, the backhoe suddenly
released from a stowed position and pro-
pelled trapped surface material into the
XRFS funnel. Data received by the in-
organic chemistry team (/2) indicated
that ~ 20 cm?® of surface material was
now in their sample cell which pre-
viously had been empty. The backhoe ex-
planation, however, seems inadequate to
explain this large volume. No further sur-
face sampler activities will be attempted
on either VL1 or VL2 until after sol 171
(11 January 1977). It is expected that dur-
ing the Viking extended mission (1977)
more experiments will be done on VL1
and VL2. The surface properties will be
investigated further; the surface sampler
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will be used to do penetration tests, dig a
deep trench, and better determine the
particle size distribution.
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Abstract. A three-axis short-period seismometer is now operating on Mars in the
Utopia Planitia region. The noise background correlates well with wind gusts. Al-
though no quakes have been detected in the first 60 days of observation, it is pre-
mature to draw any conclusions about the seismicity of Mars. The instrument is ex-

pected to return data for at least 2 years.

A three-axis short-period seismometer
was delivered to the surface of Mars by
Viking Lander 2 on 3 September 1976
and began to operate at 00:53:01 G.M.T.
on 4 September shortly after noon, land-
er local time (L.L.T.) ().

An important first step in character-
izing the seismology of a planet is to de-
termine the level and nature of the back-
ground noise. In the case of Earth, the
main sources of background noise are
the ocean and the atmosphere. These
noises, termed microseisms, were stud-
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ied extensively in the early days of ter-
restrial seismology but are no longer of
much interest since they are now well un-
derstood. This ‘‘noise’’ in the case of a
first seismic experiment on Mars actually
contains useful micrometeorological in-
formation and must be well understood
before seismic events can be confidently
identified.

The ultimate goals of a seismic experi-
ment on a planet are to determine the lev-
el of seismic activity and the internal
structure. To achieve these requires a

long-lived seismic network. Secondary
goals are monitoring meteoroid impacts
and establishing the nature of the back-
ground noise.

Although Mars has such well-devel-
oped tectonic features as fractures, gra-
bens, and youthful-appearing volcanoes,
there is no evidence for the kind of plate
tectonics that is responsible for most of
the seismic activity on Earth. On the oth-
er hand, large areas of Mars appear to be
grossly out of hydrostatic equilibrium, as
evidenced by gravity anomalies which
are much more pronounced than those
on Earth or the moon (2). Substantial
stresses must exist in the interior in or-
der to support the nonhydrostatic shape
and, in particular, the young volcanic ter-
rains. Although the level of seismic activ-
ity on the moon is much less than that on
Earth, thousands of small quakes are re-
corded there each year by the Apollo
seismic network. We would therefore ex-
pect that seismic events also occur on
Mars, although their magnitude and fre-
quency cannot be estimated.

Description of the Viking seismome-
ter. The Viking seismometer package in-

‘cludes sensors, amplifiers, filters, auto-

matic event detectors, data compactors,
and temporary data storage. The in-
strument package, measuring 12 by 15 by
12 cm and weighing 2.2 kg, is located on
the top of the lander’s equipment bay
near the attachment of leg 1. The nomi-
nal power consumption is 3.5 watts. The
useful frequency range is 0.1 to 10 hertz
with a minimum ground amplitude reso-
lution of 2 nm at 3 hertz and 10 nm at 1
hertz. The maximum magnification is
218,000 at 3 hertz when the received sig-
nal is plotted at a scale of 0.436 mm per
digital unit of seismometer output. The
Viking instrument thus has a maximum
sensitivity equivalent to that usable at a
relatively quiet site on Earth (Fig. 1).
The sensors are three matched, orthog-
onally mounted (one vertical and two
horizontal), inertial velocity transducers.
In each sensor a mass-coil assembly is
supported on two booms by two elastic
hinges (Bendix Free-Flex) in such a way
that the flat transducer coil is poised be-
tween the facing poles of two channel
magnets arranged in series. Motion of
the frame causes the transducer coil to
move relative to the field of the magnets
and generates a signal that is proportion-
al to the relative velocity between the
coil and magnets. The undamped natural
frequency of each instrument is 4 hertz,
the coefficient of damping is 0.6, and the
generator constant is 177 volt m~* sec™'.
Each sensor is equipped with a calibra-
tion mechanism by which the mass may
be magnetically deflected approximately
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