tion with a difference between extremes
of about 0.2 mbar. The minimum occurs
about 4 hours after noon and the maxi-
mum at about 4 hours after midnight.
Figures 1 to 4 exhibit this diurnal behav-
ior even though the digitization in-
crement of the data is a substantial frac-
tion of the amplitude detected. The mean
pressure for sols 1 to 3 is 7.65 mbar. It is
worthy of note that an amplitude of 0.1
mbar is in excess of 1 percent of the
mean. On Earth, that would be a diurnal
amplitude greater than 10 mbar, very
much larger than what is observed
(about 1.5 mbar).

Finally, we note that neither the magni-
tude nor the direction of the measured
winds is consistent with the aeolian
(wind-formed) features identified in land-
er images (8). We conclude that these fea-
tures were produced during another mar-
tian season, or another epoch.
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The Surface of Mars: The View from the Viking 1 Lander

Abstract. The first photographs ever returned from the surface of Mars were ob-
tained by two facsimile cameras aboard the Viking | lander, including black-and-
white and color, 0.12° and 0.04° resolution, and monoscopic and stereoscopic im-
ages. The surface, on the western slopes of Chryse Planitia, is a boulder-strewn deep-
ly reddish desert, with distant eminences—some of which may be the rims of impact
craters—surmounted by a pink sky. Both impact and aeolian processes are evident.
After dissipation of a small dust cloud stirred by the landing maneuvers, no sub-
sequent signs of movement were detected on the landscape, and nothing has been
observed that is indicative of macroscopic biology at this time and place.

On 20 July 1976, at 1613 after local
Mars midnight. the Viking 1 spacecraft
touched down on the surface of Mars and
immediately began transmission of
photographs to Earth. Camera 2 on the
Viking 1 lander obtained the first photo-
graphs ever returned from the surface of
Mars—a high-resolution view of the
vicinity of Viking lander footpad 3 in the
near field (Fig. 1) and a low-resolution
panoramic view of the middle to far field.
including the sky of Mars (Fig. 2).

The Viking lander camera (/, 2) is basi-
cally a multispectral radiometer with an
optical-mechanical scanning mechanism
that determines both the image raster
and the field of view. It features an array
of 12 silicon photodiodes consisting of
four broadband channels with selectable
focus for high-resolution imaging. one
broadband channel for rapid surveys, six
narrowband (about 0.1 um) channels for
multispectral imaging (color and near-in-
frared). and one narrowband channel for
scanning the sun. The instantaneous
fields of view are 0.04° for the four high-
resolution channels and 0.12° for the oth-
er channels. The field of view ranges in
elevation from 40° above to 60° below the
horizon, and in azimuth from 0° to
342.5°. The camera scanning rates are
synchronized to the lander data transmis-

sion rates of 16,000 bit/sec to the two or-
biters as relay stations and 250 bit/sec di-
rectly to Earth. Image data can also be
secured at preferred times and stored on
a lander tape recorder for later transmis-
sion to take advantage of favorable imag-
ing periods (for example. sun elevation
angles).

High sensitivity is obtained over a
wide dynamic range with only 6-bit en-
coding by the use of six commandable
linear gains and 32 offsets. This approach
was expected to require some initial tri-
als in selecting optimum dynamic ranges
after landing (3). However, once the at-
mosphere and surface brightness was ap-
proximately characterized from initial
image data, it was possible to select opti-
mum dynamic ranges for subsequent im-
agery and radiometry experiments.

General geological setting. The Vi-
king 1 landing site (22.47° = 0.15°N,
48.0° + 0.5°W, areographic coordinates)
is located about 130 km to the east of
Lunae Planum. on the western slopes of
the large depression. Chryse Planitia (¢).
The Chryse basin is about 5 km deep and
the landing site lies about 2 km higher
than the floor. Lunae Planum is separated
from the more sparsely cratered Chryse
Planitia by an irregular, scarplike bound-
ary. Viking orbiter imagery shows a num-

Fig. 1. This high-resolution picture of footpad number 3 and the adjacent surface is the first
image ever returned from the surface of Mars. The large rock near the center is about 10 cm
across. Some of the rocks have a vesicular appearance: one in the upper right has a horizontally
banded texture. Some of the texture in the smooth parts of the surface was probably produced
during landing: in particular a few elongate pits near the center appear to have been produced by
the impact of small pebbles thrown out by the rocket exhaust. Sediment, including small
pebbles or clods, has been deposited in the concave footpad. At left are angular rocks with
adjacent sediment piles. At right center is a rock which seems to have been moved about its own
length to the right. It is just conceivable that the retrorocket exhaust during landing produced
this offset. Refer to Fig. 3 for an orthographic sketch map of this terrain.
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Fig. 2. This low-resolution panorama of the martian landscape was taken on sol 0 by camera 2. The left side, where part of the surface sampler is
visible, is looking east-northeast on Mars. The other edge is northwest. The sky is brighter in the direction of the setting sun. Some of the
irregularities on the skyline, particularly the one to the southeast, may be parts of the raised rims of impact craters. A shallow depression occurs
in the foreground just to the right of center, and may be a shallow 3-m-diameter impact crater, possibly a secondary. At this resolution an object

6 m in size subtends one picture element at the nominal horizon. The apparent horizon sinusoid is an artifact of camera tilt (see also Fig. 5).

ber of large, scoured channels that
emerge from the edge of Lunae Planum
and trend eastward toward the landing
site. However, no specific evidence for
channeling can be seen at the landing site
itself. Rather, the site can be charac-
terized as topographically smooth at the
scale of the orbiter photographs. The
principal contributions to topographic
relief are craters and ridges similar to
those on the lunar maria. Some of the
ridges west of the landing site appear
to postdate the fluvial features; in other
cases they are clearly cut by the chan-
nels. The regional plains unit is sparsely
cratered and may be interpreted as com-
posed largely of volcanic deposits: lunar-
like ridges and uniformly flooded craters
are both in evidence.

On the basis of regional relations, sev-
eral models for the recent history of the
site are possible: (i) the Chryse plains
are predominantly volcanic, but the fluvial
channels to the west have emplaced a
smooth deposit in the landing area; (ii)
the Chryse plains are volcanic and in
part are younger than the channel depos-
its, particularly in the landing area; or
(iii) the channel deposits are younger
than the plains, but do not reach the land-
ing site area. Among the processes in-
ferred to have operated at the landing
site are fluvial activity, flood volcanism,
ridge formation, impact cratering, aeo-
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lian abrasion and transport, and chem-
ical weathering. The last three of these
processes have operated most recently.
Orbiter pictures indicate that impact cra-
tering has modified the area since the em-
placement of the plains surface. The gen-
eral indication from crater densities on
various surfaces is that volcanism and
fluvial modification of the region were
not separated greatly in time (4).
Description of the surface of Mars.
We first describe the initial images
returned by the Viking lander cameras.
The first high-resolution picture of Mars
(Fig. 1) covers some 57.5° in azimuth in
the near field. A circular arc concentric
with the camera and of radius 1.9 m
would pass through the center of the im-
age. A map of objects in this near-field
photograph is displayed in Fig. 3. The
large fractured rock in the upper left of
Fig. 1 is about 20 cm across. Both blocky
and angular rocks are apparent, as well
as finer-grained lower-albedo matrix ma-
terial between the rocks reminiscent of a
desert armor or pavement in which the
fine-grained particles have been trans-
ported by aeolian processes, leaving be-
hind coarser material similar to a gravel.
Many of the rocks are fairly angular.
Such rocks indicate (i) that the rock was
recently produced or fractured; (ii) that
the rock, if ancient, was long buried and
shielded from erosional processes and

only recently exhumed to view; or (iii)
that the rock is old but that aeolian or
other erosional processes in this region
of Mars are feeble.

Several larger rocks exhibit irregular
and pitted surfaces, and the large rock in
the upper left of Fig. 1 displays inter-
secting linear cracks. Extending down-
ward from this rock toward the camera is
a linear vertical dark band, which may be
due to a partial obscuration of the mar-
tian landscape for some tens of seconds
due to clouds or dust intervening be-
tween the sun and the surface (5). Asso-
ciated with several of the rocks are ap-
parent signs of wind transport of granu-
lar material. Sand and dust were
deposited during landing inside the foot-
pad near its contact with the support
strut. Small streaks and small pits near
the footpad were probably caused by the
landing event, the footpad kicking out
material on contact with the surface.

Much detail is clearly evident in shad-
ows; the illumination of shadows may be
due both to the significant light scattering
by dust in the martian atmosphere and to
reflection off the surface of the space-
craft itself. The sun is to the right and
shadows are cast to the left.

In the Viking 1 sol 0 panorama (Fig. 2)
a view of about 300° was photographed
in a single image. It consists of 2500
lines, each comprising 512 picture ele-
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ments. Each picture element subtends
0.12° at the camera in this survey mode.
The panorama is here described in se-
quence from left to right.

The deployed Viking meteorology
boom, seen toward the east-northeast,
was caged before deployment in the
white cradle seen directly below. The
out-of-focus spacecraft component seen
in the southeast foreground of the pan-
orama is the housing for the Viking
sample arm, which is not deployed at
this time. The arm and its housing are
pivoted toward the spacecraft. On the
ground can be seen the shadow of the me-
teorology boom.

The parallel lines in the sky are an arti-
fact of the intensity digitization of the Vi-
king lander camera and are not real fea-
tures. However, the change of bright-
ness from horizon toward zenith (and
from east to southwest) is accurately re-
flected in this picture, obtained in late
martian afternoon. At the eastern hori-
zon to the left is a plateaulike promi-
nence much brighter than the foreground
material, perhaps because it is illuminat-
ed directly by the low sun. The plateau
may be the rim of a large impact crater.

The topography of the landing site is
gently rolling (as is dramatically revealed
by fusing the stereo pair on the cover). In
the foreground, interblock regions are
darker than blocks; in the background, in
contrast, blocks are darker than inter-
block regions. The martian nominal hori-
zon is approximately 3 km away; how-
ever, nearby hills obscure our view of
large segments of the far horizon, and
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distant eminences may project above the
nominal horizon.

At the left of the panorama is a field of
apparent small sand dunes, across which
extends a band of dark boulders which
continues across the panorama to the
southwestern horizon. Subparallel, sinu-
ous ridges are superimposed on the fine-
grained patch in the eastern foreground.

The dark knob on the southern hori-
zon may be composed of one or more
large boulders. The dark, relatively rock-
free foreground region to the southwest
is a shallow, circular depression. This de-
pression and others like it may be sec-
ondary craters. A horizontal cloud stra-
tum can be made out about halfway be-
tween the horizon and the top of Fig. 2 in
a southerly direction.

In the west foreground is the low-gain
S-band antenna for receipt of commands
from Earth. It is in front of the radio-
isotope thermoelectric generator
(RTG-2), which provides the spacecraft
with its electrical power. Several projec-
tions on or near the horizon may repre-
sent the remains of distant impact cra-
ters.

A continuation of the right foreground
of the panorama (Fig. 4) reveals the color
chart for lander camera calibration, the
mirror for the Viking magnetic proper-
ties experiment, the microdot [see (22)],
and parts of a 10 by 10 inch grid on the
upper surface of the lander, as well as
the high-gain S-band antenna now prop-
erly deployed for direct communication
between the spacecraft and Earth. A rock
can be made out just to the left of the

S-band antenna support, which appears
to be undercut on one side and partially
buried by drifting grains on the other.
In the right background are patches of
smooth fine-grained material which de-
fine the beginning of a large dune field off
to the right of the picture; its contin-
uation is seen in the sol 3 panorama (Fig.
S).

The survey taken on sol 3 (Fig. 5) com-
pletes coverage of the approximately 60°
of azimuth not covered on the sol 0 pan-
orama (Fig. 2). A map of objects in this
panorama is shown as Fig. 6. In the north-
east is seen the upper part of the strut
of footpad 2 and the deployed meteo-
rology boom which extends through the
right center of the image. Continuing from
the vicinity of the spacecraft toward the
horizon behind the meteorology boom is
an irregular field of fine-grained material
in the form of large ripples and dunes.
Both dark and bright rocks extend into
this part of the scene. The bright rocks
form a small rocky hill just above the
RTG housing in the image center and con-
tinue across the foreground. Several of
these rocks, particularly those in the right
foreground, are adjacent to depressions
apparently scoured by the wind. Dark
rocks are abundant to image right farther
from the spacecraft and are partly cov-
ered by the dunes. An especially promi-
nent dark rock in the northeast (about
8 m away) is about 3 m wide and 1 m
high. Several other large dark boulders
are seen toward the horizon. In general,
the far horizon appears as a bright band.
Horizon detail is particularly prominent

793



to the right, where an accumulation of
large boulders and possible outcrops can
be seen (see Fig. 7).

Blocks and their size distribution. The
images display an impressive abundance
of blocks of many sizes and shapes. The
blocks near the spacecraft are coarsely
granular, possibly breccias formed by im-
pact processes. Other blocks are pitted,
possibly reflecting a vesicular texture.
One block has an indication of rough
striations. suggestive of layered basalt.
On the horizon, which is about 3 km
away for a spherical surface, at least
three topographically high regions remi-
niscent of crater profiles can be seen
(Figs. 2 and 5). The change is brightness
of the surface from dark near the sun to
bright at 180° away in azimuth is primari-
ly due to illumination: features are back-
lit close to the sun and frontlit 180° away.

Any azimuth alignment of long axis di-
rections of blocks remains to be deter-
mined. If such alignment does not exist.
the implication is that streamlining by
fluid (water or wind) has not occurred. or
has since been altered. That inter-
pretation is consonant with the angular-
ity of most of the blocks. Several rocks
in the field of view do, however, exhibit
unusual shapes. South of southeast (Figs.

2 and 5) are two peculiarly shaped
rocks, one of which has a tapering cy-
lindrical cross section, while the other
has an elongated concave indentation
in its upper surface. Although the an-
gularity of the blocks may be due to
wind-faceting, the lack of clustering of
facets in particular azimuths argues
against this hypothesis.

Rocks of unusual forms can be pro-
duced by various physical weathering
processes such as frost shattering, spall-
ing. and aeolian sandblasting. Some of
these unusual forms resemble tech-
nological artifacts or biological forms (6).
Care must be exercised in interpreting
the rocks seen in the Viking pictures.
Some rocks in these pictures appear to
have unusual shapes and surface mark-
ings, which are, however, due to high-
lights and shadows cast by irregularities
on the rock surface. The true shapes of
rocks can be determined only by viewing
them at a variety of illumination angles.

Very few craters can be discerned on
the panoramas (Figs. 1 and 5). Our
first estimate is that crater area densities
on the martian surface are several orders
of magnitude below impact saturation for
crater sizes less than about 50 m. How-
ever, there may be a number of shallow
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secondary craters that would be difficult
to detect from our perspective. In addi-
tion, some of the smooth patches on the
survey images may be craters filled with
sand or dust.

Interblock regions are covered by or
composed of smooth to granular surfaces
(Fig. 8). The smooth surfaces are prob-
ably fine-grained sediments. Analysis of
the .high-resolution imagery indicates
that the fines are < several hundred
micrometers in size.

Block size distributions were tabulat-
ed using the sol 0 survey image for a re-
gion from southeast to southwest and
from — 15° to — 40° in elevation (see
Fig. 3). Those coordinates translate
to a 15.48-m? area on Mars with a poorest
resolution of 1 cm and a best resolu-
tion of 0.4 cm. Counts were truncated
below three times the poorest resolution.
The resulting size distribution, normal-
ized to 100 m?, is shown in Fig. 9, along
with counts from Surveyor 3 and Survey-
or 7 locations on the moon (7). The block
size distribution is similar to that ob-
tained with Surveyor 7, which landed
within one crater radius of Tycho, a cra-
ter 85 km in diameter. The Surveyor 7 lo-
cation is unique in lunar landings, exhib-
iting a surface with a thin regolith and
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Fig. 3. Orthographic sketch map of terrain immediately surrounding the Viking 1 lander. The following units are found: mottled and pitted blocks
(heavy lines); (a) angular blocks with smooth, flat sides; (b) bright, smooth, rounded blocks; (d) mottled surface having smooth, dark patches of fine-
grained material; () hummocky surface composed of small clods emplaced during landing; (fp) fractured, pitted, and grooved surface resulting from
disturbances during landing; (p) pebbly surface having a less reddish hue than the undifferentiated surface, and interpreted to be an aeolian lag
gravel; (r) fine sinuous ridges on smooth surface; (s) undifferentiated surface having small blocks interspersed with fine-grained material of
generally reddish hue; (ss) smooth surface with few blocks; (¢) tapering reddish deposits on the lee side of boulders, interpreted to be wind tails;
(vd) very dark surface composed of fine-grained smooth material that is deposited mostly in depressions, and against and on top of some boulders;
and horseshoe-shaped depressions interpreted to be scour marks on the windward side of blunt blocks (shown in Fig. 10).
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abundant blocks. Tycho is only 100 mil-
lion years old (8) and, within a crater ra-
dius. postcratering events have served
only to excavate blocky ejecta, with min-
imum generation of fine-grained regolith.
With more data on larger block sizes, the
size distribution curve would allow (9)
estimates to be made on the landing
hazard due to blocks.

At least three possible impact craters
can be seen in the sol 0 survey image,
providing positive evidence for one proc-
ess capable of producing a regolith. The
angularity of the block also argues for
production by fracturing. most likely by
mechanical crushing. The possible bed-
rock outcrops on the sol 0 survey images
between —4° and —7° elevation south of
southwest together with the fact that
boulders seem to become larger close to
the rim of the possible crater south of
southeast argues for production of reg-
olith by impact into coherent strata. But
a range of other processes may also be
operating, as already mentioned.

Evidence for aeolian activity. To the
south of the spacecraft, several features
commonly found on desert floors can be
seen. Small, flat patches of pebbly
ground lie at a lower level than adjacent
fine-grained materials (Fig. 8). This peb-
bly surface has the appearance of a lag
gravel, indicating scouring by wind and
removal of fine-grained material. Cres-
centic depressions occur adjacent to
some boulders. Opposite the scour
marks, some boulders exhibit fine-
grained deposits with thin ridge crests.
The consistent direction of these depos-
its and the presence of scour marks sug-
gest that both are caused by the wind ac-
tion, scours being on the windward, tails
on the leeward sides of the boulders.
Such features resemble wind tails com-
monly observed in terrestrial deserts,
where sand accumulates in the aerody-
namically quiescent zone immediately
downwind of obstacles. Very prominent
scour marks on boulders can be seen to
the east of the spacecraft (Fig. 10).

The indicated wind direction derived
from measurements of the directions of
43 tails of fine-grained material in these
images is 197° = 14° clockwise from the
north. A similar wind direction can be in-
ferred from the accumulation of fine-
grained material adjacent to the large
boulder visible just below the high-gain
antenna, if the material has accumulated
downwind (Fig. 4). In a larger scale of
kilometers to tens of kilometers, Mariner
9 (10) and Viking orbiter (¢) imagery re-
veal both bright and dark streaks in the
lees of craters and other obstacles. The
flow direction indicated by Mariner 9
bright streaks is about 225° clockwise
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Fig. 4. This is a part
of the sol 0 panorama,
directly adjacent to
(and to the right of)
the region shown in
Fig. 2. The boulder
seen just above the
reference test chart
has a patch of dune
material piled on its
left side. One of three
reference test targets
used to calibrate the
cameras is in the cen-
ter of the image. Just
to right of the test tar-
get is a plaque with
the microdot signa-
tures of the 10,000
participants in the Vi-
king program.

from north, suggesting that dominant
sediment transport occurs during major
dust storms. Mariner 9 bright streaks are
most likely produced by high winds act-
ing on deposits of fine-grained material
recently settled out of the atmosphere
during the last stages of the 1971-1972
global dust storm (/0).

An extended field of apparently fine-
grained material is also visible to the east
of Viking 1. Brightness variations within
this field suggest transverse dune crests.
The lower left-hand corner of the survey
image contains curvilinear dark lines that
may be ripple crests.

The areas containing abundant wind
tails and fine-grained deposits are bright
and relatively redder on the color im-
ages. The pebbly areas of lag are slightly
less red. A third material is considerably
grayer in color and lower in albedo. It is
very fine-grained and smooth in appear-
ance, and occurs both banked against the
bases of some boulders and astride the
tops of others (Fig. 3). It also thinly cov-
ers the ground in this area, and causes
the surface to look slightly mottled. This
dark material may be superposed on red
sand although the contrary possibility is
not ruled out. It could be material moved
by winds at the saltation threshold, or
deposited from a cloud of dust raised
during landing. It may be significant that
this dark material does not have the red
color that is present on the other fine-
grained material associated with the wind
tails.

Surface coloration. The striking red-

dish coloration of the martian surface, re-
vealed by Viking lander photography
(cover), has of course been anticipated
by telescopic and naked-eye observa-
tions extending to prehistoric times. But
we now see that the coloration applies to
boulders, rocks, and fine grains; indeed
it is a rare patch of the accessible surface
which is not vividly reddened. The ob-
served color hues and saturations are,
we believe. accurately rendered (/17);
from terrestrial experience they are
strongly reminiscent of limonite.

Limonite is a poorly defined mixture
of minerals, comprised chiefly of goe-
thite and hematite and often written as
FeO - OH - nH,0. It has been proposed
before for Mars on a variety of photo-
metric and polarimetric grounds (/2).
However, it seems clear from analysis of
the Mariner 9 infrared spectrometric ob-
servations of dust suspended in the mar-
tian atmosphere that this dust, at least,
cannot be composed primarily of limonite
(13). It is a natural suggestion that the
limonite is present as a relatively thin
coating of ‘‘desert varnish,”” as first
proposed by Binder and Cruikshank
and Van Tassel and Salisbury (/2). The
uniformity of this coating on the martian
surface suggests that the coloring mech-
anism is efficient and is operating in
geologically recent epochs.

The limonite stain observed on the
fines and rocks of terrestrial deserts is
produced by the oxidation and hydration
of the mafic minerals of the rocks them-
selves, and in most cases these rocks are
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igneous. If the limonite observed on the
martian rocks and fines were produced in
the same way, then the stain must be a
fossil from an earlier period in martian
history when the atmosphere was richer
in H,O and O, than it is today: limonite
cannot be formed by the usual weath-
ering processes under the current mar-
tian atmospheric conditions. However,
there is considerable evidence to suggest
that at least liquid water was abundant
on the surface in the past and so the pos-
sibility that the limonite surface stain is a
fossil is not without support. Alternative-

w

ly (14). the limonite could have been pro-
duced by photooxidation of the mafic
minerals in the rocks in the presence of
the small amounts of water currently
available in the martian surface environ-
ment. This process occurs on Mars and
not on Earth because of the high mar-
tian surface flux of solar ultraviolet radia-
tion. At the present, neither of these two
modes of origin for limonite can be ex-
cluded and it seems possible that both
have played a role in producing the rusty
color of the martian surface on images by
Viking 1.

Atmospheric properties. Images ob-
tained by the Viking lander cameras of-
fer a unique opportunity to study sepa-
rately the surface and sky of Mars. Ex-
cept for studies of the planetary limb,
Mars light observed from above its atmo-
sphere typically contains contributions
from both the sky and the surface.

All quantitative estimates of sky and
surface brightness are based on ground-
based calibration of the cameras before
launch (2). Little change in camera re-
sponse has been observed since launch
on the basis of periodic use of the inter-

Fig. 5 (top). The second panorama was taken on sol 3 with camera 1. The central region reveals the landscape not previously imaged in Fig. 2. The
large boulder northeast of the lander is about 8 m away and about 3 m high. Behind the surface sampler arm is a small dune field. Refer to Fig. 6 for
sketch map of this landscape. This panorama, combined with Fig. 2, provides stereo coverage of about 240° in azimuth. Fig. 6 (bottom). Viking
lander 1, sol 3, camera 1 survey panorama terrain sketch map, compiled from enlargements of returned Viking 1 lander images. The sketch
map covers an azimuth range of about 300°. Several terrain units were mapped. The scene is dominated by light and dark blocky surface ma-
terial (bsl and bsd) with block sizes ranging from centimeters in the near field to tens of meters near the horizon. The blocks are frequently
angular and show no obvious preferential orientation. Block surface density is relatively uniform on the scale of tens of meters, although the
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nal calibration lamps—at least for the
photodiode channels used in the mea-
surements discussed in this report. More
reliable data reduction must also include
the use of at least one of three reference
test charts on the lander (see Fig. 4).
These charts consist of calibrated color
and gray reflectance patches. However,
their use for absolute radiometric camera
calibration is made difficult because the
exact amount of light falling onto the ref-
erence test chart is difficult to assess. To-
tal lighting includes contributions from
direct sunlight as well as skylight, some

NE

of which may be reflected off the lander
structure onto the charts.

Asillustrated in Figs. 1 and 5 and on the
cover, the brightness of the martian sky
is comparable to that of the surface. This
skylight is produced by air molecules
and suspended particles, which scatter
the sunlight incident on the atmosphere
from above and reflected by the surface
from below. Preliminary quantitative
studies of imagery from the first week of
Viking 1 lander operations, as discussed
below, provide estimates of the relative
contributions from particles and mole-

E

cules, the abundance of suspended parti-
cles. their composition, time variation,
and mean size.

The relative importance of the contri-
butions of air molecules and particles to
the observed skylight can be assessed by
examining its observed absolute bright-
ness. We express this brightness in terms
of r, the ratio of the observed brightness
to that expected from a perfectly reflect-
ing Lambert scattering surface at Mars’
distance from the sun which is illuminat-
ed by sunlight falling normal to its sur-
face. For the sol 0 panorama, r = 0.2 at

SE

LEGEND
- SMOOTH SURFACES, DARK
- SMOOTH SURFACES, LIGHT
- SMOOTH SURFACES, ACCUMULATION
- DUNES (PROVISIONALLY)

- BLOCKY SURFACES, DARK
- BLOCKY SURFACES, LIGHT
- INDIVIDUAL BLOCKS

- OUTCROP, LIGHT

- FAR HORIZON

- NEAR HORIZON

- CRATER RIM

- LINEATION

distribution is patchy at smaller scales. In the bs!/ and bsd units, there are interblock areas of fine-grained loosely consolidated material with
variable albedo: light (ss/) and dark (ssd) surface materials are mapped. An ssa unit is used to denote an accumulation of smooth material,
probably emplaced by aeolian processes. The (d) material is assumed to be a dune field. Three small lineaments have also been mapped, including
two lineaments in one of the light outcrop (o/) units and what appears to be a fracture or ledge in the largest block in the scene. Possible crater
rims on the horizon are delineated by vertical arrows where considered fairly definite. Blocks are outlined where prominent due to size or where
intersecting a terrain contact. The near horizon is denoted by n and the far horizon is denoted by f. The nominal horizon is calculated to be about 3
km distant. Compass headings are indicated across the top of the scene.
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Fig. 7. This blocky surface extends from a few meters from the lander out to the highest point on
the local horizon (150 = 75 m). There are several smooth mounds in the background that appear
to be dunes of windblown sediment. At the right in the middle of the frame is a patch of
fractured and jointed rock that may be an outcropping.

an elevation angle of 15° and an angular
distance B of 90° from the sun. Some-
what smaller values pertain at larger g
and somewhat larger values at smaller 3.
The effective wavelength of the survey
diode used for this picture. weighted by
the transmittance characteristics of the
camera and the solar spectrum, is = 0.73
um. For an optically thin Rayleigh scat-
tering atmosphere, the measured surface
pressure of the landing site, and the
above geometry, we find (/6) that the val-
ue of r expected solely from molecular
scattering is ~ 0.0003 times the observed
value of r. Thus almost all the sky bright-
ness is due to scattering by particles pres-
ent in the atmosphere.

For an elevation angle of 10° and a
scattering angle of 50° on the sol 0 pan-
orama, r = 0.3. To estimate the extinc-

tion optical depth 7 we assume that 7 < |
and thus that the observed skylight is
principally due to singly scattered sun-
light. We find (/6) that @1 = 0.2, where
@, and p are, respectively, the single
scattering albedo and the scattering
phase function at 50°. For many different
phase functions p = 1 at 50°. Also. at a
wavelength of 0.73 um, @,= 1 because
of the high brightness of Mars in the red.
Thus 7=0.2. and the amount of sus-
pended particles in the martian atmo-
sphere over the Viking | lander is com-
parable to values typical of continental
areas on the earth. This value for 7 is in-
tended merely as an order of magnitude
estimate.

The cover picture indicates that the
sky is an orange cream to pink. We employ
the color composite obtained on sol 1 to

Fig. 8. This picture illustrates the variety of rock textures from smooth to extremely pitted or
vesicular. Near the center is a pebbly patch that is probably analogous to a terrestrial lag gravel.
Most of the rocks in this scene have depressions on the presumed windward side and elongated
piles of sediment to the lee. There are numerous small pits, particularly in the lower center, that
probably formed during landing, as material thrown out by the retrorocket exhaust impacted

near the lander.
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obtain C = r(red)/r(blue). where r(red)
and r(blue) are, respectively, r values for
the sky in the red and blue pictures. A
value C = 1 implies a gray sky. while
C > 1 means preferential scattering of
red light. Note that C is independent of
the spectrum of the incident sunlight,
while the color pictures shown on the
cover exhibit the product of C and the so-
lar spectrum. From observed values of r
and ground-based calibration of the cam-
era, we find that C = 2.5. However, com-
parison of r for the test charts with val-
ues predicted from the ground-based cali-
bration indicates that the latter give
values of C that are about 25 percent too
large. With this correction we find that
C = 1.9. Part of the discrepancy could be
caused by a contribution to the light in-
cident on the test chart from a red-col-
ored sky. Inany event, 1.9 < C < 2.5.

These values of C provide information
on particle composition. The two leading
candidates are soil particles blown into
the atmosphere by strong winds and wa-
ter ice particles formed by atmospheric
condensation. Very small ice particles—
that is, ones much smaller than the
wavelength of visible light—will have a
much larger cross section for scattering
blue than red light. and thus C < 1.
Larger ice particles will have extinction
cross sections more nearly comparable
in the two colors. Because ice is very
transparent at visible wavelengths. the
extinction cross section will be identical
with the scattering cross section. Hence,
at most angles of scatter. C = 1 for ice.
Allowance for light reflected from the
surface and subsequently reflected again
by the atmospheric particles slightly in-
creases C to about I.1. Thus the ob-
served value of C is inconsistent with val-
ues expected from ice particles. How-
ever C significantly > 1| is consistent
with the presence of red surface particles
suspended in the atmosphere. Surface
particles large enough to have com-
parable extinction cross sections in blue
and red light would preferentially absorb
blue light while preferentially scattering
red light. A conservative lower bound on
the mean particle radius needed to meet
this condition is 0.1 um. Several lines of
evidence suggest that the particles sus-
pended in the great 1971 martian dust
storm were ~ 1 um in radius (/3).

The sky brightness values obtained on
different days for similar lighting geome-
tries are very similar. suggesting that we
are not witnessing a transitory or iso-
lated dust storm passing over the landing
site (none was detected by Viking orbital
photography), but rather a background
aerosol that is present over large areas of
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the planet for much of a martian year.
The martian season of our observations
is antipodal to the times when global dust
storms arise. The optical depth of this
background aerosol may vary on time
scales of months, but the important point
is that 7 may be appreciable much of
the time.

The presence of large quantities of par-
tially absorbing dust particles in the at-
mosphere implies that the dust particles
are an important source of atmospheric
heating. As a result, the lapse rate in the
upper portion of the troposphere may be
more subadiabatic and the height of the
convection zone during the day may be
shallower than values pertinent to dust-
free conditions. Also, a considerable
depth of the lower atmosphere may un-
dergo significant diurnal temperature
fluctuations, which may in turn generate
diurnal variations in atmospheric pres-
sure and winds; in contrast, when there is
no suspended dust the atmosphere is
warmed chiefly from the surface, and
only a shallow lower region of the at-
mosphere would experience significant
diurnal temperature fluctuations. It is in-
teresting to note that rather large diurnal
fluctuations in surface pressure and
winds have been detected by the Viking
lander meteorology experiment (/7).

Surface photometric properties. The
presence of a bright sky may imply that
skylight has made an important contribu-
tion to light from Mars observed by past
flyby and orbiter missions, and by
ground-based observations, and could
have biased previous estimates of the
surface albedo. This is substantiated by
very preliminary analysis of Viking orbit-
er and lander image data. While analysis
of Viking orbiter imagery (4) suggests
that the mean albedo in the landing el-
lipse is higher than the mean albedo of
Mars averaged over bright and dark
areas, analysis of initial Viking lander
imagery suggests that the local albedo
is lower than this average value. Alterna-
tively, the Viking lander may have
touched down in an area which has a low-
er albedo than the regional average, such
as near a dark-haloed crater or on a dark
streak.

Lander imagery data—both the sol 0
survey and the sol 1 color picture—were
reduced as follows. Images were divided
into small (20° by 20°) sections covering
the unobstructed portion of the martian
surface between the meteorology boom
and the RTG windscreen. The brightness
in each section was then calculated for a
flat surface using three theoretical photo-
metric functions: a near-Lambertian sur-
face, an empirical function (/5) based on
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Fig. 9. Block size distributions for Viking
lander 1 site, taken from the sol 0 survey
image (Fig. 2). Counts are plotted as in-
cremental frequencies per area. Error bars are
binomial sampling standard errors about most
probable values. Apollo 12 and Surveyor 7
plots are shown for comparison.

Mariner 9 data, and a lunar-type back-
scattering surface. These predictions (3)
were then compared with measured val-
ues of surface brightness averaged over
the same image sections. The best agree-
ment was found for an albedo lower than
the average Earth-based value for Mars
and for a lunarlike backscattering sur-
face. This result implies that, on the
scale of at least a few micrometers, the
surface may have a complex microrelief,
porosity, and fine-grain size distribution
not very dissimilar from those of lunar
regolith. Preliminary quantitative reduc-
tion of the sol 1 three-color images in-
dicates a surface reflectivity spectrum in
the visual wavelength range which is con-
sistent with Earth-based observations.

Motion detection and variable fea-
tures. The imaging investigation includes
a search for variations in the scene
caused by windblown dust, albedo
changes in the surface material, or, possi-
bly, motion of macroscopic organisms
(macrobes).

In the variable features experiment, a
half-dozen regions on the surface and a
grid target atop the lander are monitored
at 1- to 10-day intervals at similar sun ele-
vations. Preliminary studies have shown
no changes on the surface besides those
produced by ejection of the sampler arm
shroud and locking pin. The shroud eject
exposed a surface darker than the over-
lying material, and the area is being ex-
amined for albedo change due to dust
deposition and chemical weathering. The
grid target appears to be particle-free and

it therefore seems that material was not
raised to the level of the lander body (~ 1
m) after landing.

The motion of objects that are larger
than several picture elements appears
primarily as geometric distortion, rather
than blurring of detail as in film cameras.
It is difficult to classify the extent of geo-
metric distortion in a general sense, as,
for example, by recognition limits as a
function of object size and velocity, be-
cause the extent of geometric distortion
depends not only on these factors but al-
so on the direction of object motion (I8).
No obvious examples of this type of dis-
tortion have been observed. An example
of unusual features parallel to the scan di-
rection is seen in the leftmost portion of
the sol 0 picture (Fig. 1) of the footpad
).

There is a repeated scanning mode in
which the camera azimuth advance is in-
hibited and a scene which is one resolu-
tion element in angular width is repeat-
edly imaged with a period of either 0.22
or 14.13 seconds (Fig. 10). During the first
week of imaging this mode was exercised
for a total of about 35 minutes (primarily
at the longer period) during both middle
morning and late afternoon. The only
variations observed thus far can be ex-
plained by brightness changes caused by
sun movement during the imaging, and
elongation of shadows projected by large
rocks or the lander itself.

The dearth of observable changes to
date is consistent with the low seasonal
winds as measured by the meteorology
instrument. The theoretical wind veloci-
ty in the boundary layer required to in-
duce particle saltation (13) is several
times greater than the highest gust velo-
cities recorded (/6). However, the re-
peated scan technique is extremely sensi-
tive to changes as subtle as the vibration
of a single specularly reflecting particle
well below the resolution of the camera
optics, and it is possible that meteo-
rology results combined with such obser-
vations will yield the threshold velocity
for particle movement, during antici-
pated periods of higher winds later in the
mission.

Biology. With the discovery by the Vi-
king entry mass spectrometer (/9) and by
the lander gas chromatograph—-mass
spectrometer (20) of molecular nitrogen
in the martian atmosphere, all essential
prerequisites for a martian biology based
on terrestrial biochemistry have been sat-
isfied: CO,, H,0, N,, and sunlight. But
necessary conditions are, of course, not
the same as sufficient ones, and the ques-
tion must be settled experimentally. The
Viking 1 lander camera has a resolution
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Fig. 10. The semi-
circular depressions
around the two rocks

at the center of this
picture are clear evi-
dence of wind scour-
ing. Indirectly they
also demonstrate that
much of the surficial
material is in the size
range that can be
eroded and transported
by high winds. prob-
ably between 50 and
300 um. The larger
rock has a very rough
texture and appears to
be crudely banded.
Numerous small de-
pressions in the sur-
face around the rocks
probably formed at

landing. The darker -40

interiors of the pits

-40

suggest that subsurface fine material is darker than surficial material. The array of parallel bright
and dark lines along the right-hand edge of this picture is a representation of the repeated single-
line scan capability of the Viking cameras. The absence of left-right variability in this rescan mode

indicates no motion at this time and place.

ranging from a few millimeters in the
near field to 2 m at the nominal horizon 3
km away, when run in the high-resolu-
tion (0.04°) mode. Similar panoramic
photographs obtained in most places on
the land area of Earth would show
unambiguous signs of life—largely
grasses, bushes, and trees. No apparent
signs of life would be obtained by such
photographs taken on the surface of the
terrestrial oceans, which comprise some
60 percent of the surface area of the
earth, or in some desert and polar regions.
comprising at least a few percent of the
land area of the earth. While the Viking
biology experiments tend principally to-
ward microbiology, it has been thought
possible that large organisms also exist
on the planet (21), and one of the objec-
tives of the imaging experiment has al-
ways been (1) the search for such mac-
robes.

In the 2 X 10~7 percent of the surface
area of Mars accessible in varying resolu-
tions to the Viking 1 lander camera, and
in the first week of imagery, no apparent
signs of life have been detected—for
example, arrays of complex morphologi-
cal forms exhibiting elaborate bilateral
symmetry, or top-heavy forms in strong
mechanical disequilibrium. In the poly-
chromatic imagery there are no patches
of anomalous color to suggest photosyn-
thetic pigments. Comparison of both re-
peated single line scans and full pictures
reveals no relevant changes in the config-
uration of surface features. There are no
pits, hollows, or furrows which are
uniquely attributable to mobile orga-
nisms. nor were any other features dis-
cerned which might plausibly be con-
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sidered spoor. There are no objects
which are obvious artifacts of intelligent
life. Possible models of martian biology
exist in which organisms are. because of
the high ultraviolet flux. largely subsur-
face or largely coated with rocklike ultra-
violet shields; or in which the photosyn-
thetic pigments are red or black; or in
which. in order to obtain access to brief
periods of available liquid water, orga-
nisms live in shadows; or in which the
macrobes do not reside in this time or
place. The search for martian macrobes
or their fossil equivalents by the Viking
spacecraft will continue.

Lander orientation and geometry. The
position of the sun in the martian sky at a
specified place and time on Mars is
known from astronomical observations
of the relative location of Mars and the
sun. We therefore know something
about the expected shadows cast by the

“lander onto the martian surface at the

time and place of landing, and how these
shadows are likely to appear in the first
few pictures sent back by the lander cam-
eras. Since the lander is a very irregular
object, its shadow profile changes radi-
cally depending on how the lander is ori-
ented relative to the sun. From this infor-
mation we are able to ascertain to within
about 1° of accuracy the azimuth of the
lander relative to the sun by comparing
the shadow profile observed in the sol 0
panorama with the shadows cast by a
1/6 scale model of the lander. By more
careful comparison of shadows, we can
obtain an estimate of the lander tilt to an
accuracy of about 5°. We achieve this

comparison both by illuminating the -

model with a collimated light source to

simulate the shadow profile produced by
the sun, and by mathematically con-
necting particular shadow points with
the positions of objects on the lander
which cast them. Our result for lander
orientation is 321.4° = |° east of north
forleg 1, and < 5°for lander tilt.

We have also fit a plane to a series of
lines from the camera to points on the ho-
rizon for the survey picture, using the
method of least squares. From this we
determine the relationship between the
lander horizontal plane and the plane
that contains the seven vectors and the
coordinate system origin. We find an azi-
muth of 321° and a slope of 3.6°.

For comparison, planned orientations
were, respectively, about 324° and 0°.
The accelerometer readout gave, respec-
tively, 321.91° and 2.99°. The azimuth di-
rection of downward tilt is 285.17° clock-
wise from north. Thus, all data are con-
sistent with an orientation azimuth of
321° to 322°, and a slope of the lander
away from horizontal of 3° to 4°. These
values were employed in a computer
transformation of the apparent horizon
sinusoid (Figs. 2 and 5) to a horizontal
line (local relief excepted).
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Composition of the Atmosphere at the Surface of Mars:

Detection of Argon-36 and Preliminary Analysis

Abstract. The composition of the martian atmosphere was determined by the mass
spectrometer in the molecular analysis experiment. The presence of argon and nitro-
gen was confirmed and a value of 1 to 2750 = 500 for the ratio of argon-36 to argon-40
was established. A preliminary interpretation of these results suggests that Mars had
a slightly more massive atmosphere in the past, but that much less total outgassing

has occurred on Mars than on Earth.

The objective of the Viking molecular
analysis experiment is twofold: to detect
and identify the organic compounds, if
any, present in the surface of Mars, and
to determine periodically the composition
of the lower atmosphere (/). The central
part of the instrumentation for this experi-
ment is a mass spectrometer, coupled to a
gas chromatograph for the organic analy-
sis and, by way of a molecular leak, to a
gas sample reservoir. Although the in-
strument was designed primarily for the
detection of organic compounds in the
gas chromatographic mode (2), the mass
spectrometer’s high sensitivity (dynamic
range, six to seven orders of magnitude),
high mass range (m/e 12 to 200), and reso-
lution (1 : 200 at m/e 200; better at lower
mass) were used to advantage in deter-
mining the composition of the atmo-

sphere, particularly its minor con-
stituents. The penalty one pays for reso-
lution and sensitivity is a certain loss of
accuracy, mainly because the residual
background in the instrument becomes
more significant and the long-term repro-
ducibility of the fragmentation pattern is
lowered. ‘

Since the more important questions
concerning the composition of the mar-
tian atmosphere centered around the mi-
nor components and certain isotopic ra-
tios, an attempt was made to optimize
the experiment toward that goal. In par-
ticular, the detection of even traces of N,
was deemed to be extremely important
because previous data (3) suggested that -
it must be a minor component or could
be almost completely absent (¢). One of
the major problems in a mass spectromet-
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