the terra material contains a large
amount of the mineral anorthite, which
has low density and a high melting
point. Similar ideas based on the pre-
liminary results of this alpha-scattering
experiment have recently been pre-
sented by Anderson et al. and Wood
et al. (14).

As indicated above, the differentia-
tion process that produced this crust
on the moon had some similarities to,
but in general was different from, the
process that occurred on earth. A par-
ticular difference was in the apparent
behavior of uranium and thorium. On
the earth, the granitic crust is enriched
in these elements relative to the basalts.
The Surveyor data on the alpha radio-
activity of the lunar surface (27) indi-
cate a lower uranium content at the
terra site of Surveyor 7 than at Mare
Tranquillitatis. The data of Luna 10
(22) also gave some indication of a
lower content of radioactive elements
in the terrae than in the maria. Thus,
there is no evidence for an enrichment
of uranium in the terrae of the moon.
On the moon, in the absence of an oxi-
dizing medium and water, it may be
that both uranium and thorium fol-
lowed the chemistry of 44 elements
and stayed with elements such as tita-
nium and zirconium. The rather high
concentration of these elements, which
appears to be a characteristic of mare
material, may mean that on the moon,
in contrast to the assumed situation on
earth, the heat production due to the
radioactive decay of the heaviest ele-
ments has been buried below the crust.
At early times this factor could have
been an important one in the history
of the moon.
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Phobos: Preliminary Results from Mariner 7

Abstract. Analysis of an image of Phobos on Mariner 7 frame 7F91 indicates
that the martian satellite is larger and has a darker surface than had previously
been thought. The limb profile measures 18 by 22 kilometers and is elongated
along the orbital plane. Phobos has an average visual geometric albedo of 0.065
lower than that known for any other body in the solar system. It seems probablei
that Phobos did not form by accretion around primordial Mars, but was captured

at some later time.

An objective of the Mariner 69 tele-
vision experiment (I) was to photo-
graph one or both of the two martian
satellites, Phobos and Deimos, under
conditions which would lead to esti-

mates of their physical size and re-
flectivity. Throughout the far-encounter
sequences of photographs taken by
Mariners 6 and 7, Phobos and Deimos
moved in and out of the field of view,

Fig. 1. Phobos as recorded on Mariner frame 7F91, with a X 15 enlargement (insert).
A part of Syrtis Major is seen near the top. The phase angle is 22° and the range is
130,900 km to Phobos and 137,000 km to the martian surface.
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alternately passing across and behind
the disk of Mars. In addition to this
random coverage, far-encounter frames
6F40 and 6F41 were timed so that
both Phobos and its penumbral shadow
on the martian surface could be simul-
taneously recorded (2). We have posi-
tive identification of the image of
Phobos seen against the disk of Mars
on three frames (7F69, 7F79, and
7F91) and tentative identification on
three others (6F39, 7F53, and 7F66).
We have been unable to identify either
Phobos or its shadow on 6F40/41, and
no convincing images of Deimos have
been located. However, it is important
to emphasize that computer processing
of the Mariner 69 far-encounter pic-
tures is still in a preliminary state, and
that additional data regarding the satel-
lites may emerge as processing tech-
niques improve.

Only on frame 7F91 is the projected
area of Phobos greater than a few pixels
{picture elements), and I report here the
results of preliminary measurements de-
rived from the raw data of this frame.
First-order noise removal, geometric
correction, and photometric decalibra-
tion have been applied by hand, pixel
by pixel, to the immediate part of
7F91 that includes and surrounds the
image of Phobos (Fig. 1).

From smoothed photometric profiles
of scan lines and pixel columns across
the image of Phobos, I obtained a
series of isophotometric contours that
define the dark image of Phobos
against a semibright region in Aeria
just west of Syrtis Major. As seen by
the spacecraft at a phase angle of 22°,
the surface brightness of this part of
Mars was approximately 1315 mlam,
The actual isophotometric contour cor-
responding to the geometric edge of
Phobos cannot be precisely determined
because knowledge of the combined
electronic-optical, point-spread function
of the Mariner television system is
limited. However, quite independently
of our knowledge of image smear, it is
possible to assess accurately the total
light removed from the uniformly bright
surface on which the soft-edged image
of Phobos is seen. This is found to be
27,000 mlam-pixels and represents the
product of the area of the geometric
projection of Phobos and the difference
between the martian surface brightness
and the mean surface brightness of
Phobos. This relation in turn defines
the reflectivity of Phobos in terms of
its physical size (3).

Two methods were used to evaluate
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the specific isophotometric contour that
represents the true geometric limb pro-
file of Phobos. In the first method, in-
tensity profiles across the small black
reseau spots on the vidicon faceplate
were used to estimate the point-spread
function of the system. The second
method related the integrated bright-
ness of Phobos as seen from the earth
(4) to the total light that Phobos re-
moves from the martian surface in
frame 7F91, both of which are de-
pendent on the average reflectivity and
mean radius of the satellite. A solution
arises from the fact that these two
parameters are characterized by dis-
tinctly different functional relations be-
tween the mean radius and the average
reflectivity (Fig. 2). However, a phase
correction must be made because the
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Fig. 2. Relation between the radius and
average geometric albedo of Phobos for
(i) a mean opposition magnitude of
+11.6 (a) with = 0.1 magnitude un-
certainty limits; and (ii) obstruction of
light from the martian surface, corrected
for phase coefficients of 0.04 (b), 0.03
(¢) and 0.02 (d). The intersection of (a)
and (c) gives a mean radius of 10 km and
an average geometric albedo of 0.065.

1 Pixet

T scan
17.5 km

Equatorial Plane

S

0lar illumination

Phobos
7F91

225 km—

Fig. 3. Limb profile of Phobos in frame
7F91. The size of a single television pic-
ture element (pixel) and vidicon scanning
direction is indicated. The orbital plane
of Phobos (not shown) lies nearly in the
martian equatorial plane. Geometric cor-
rections and coherent noise removal have
changed the shape from that seen in the
raw version (Fig. 1).

difference in phase angle between the
terrestrial telescopic observations (ap-
proximately 0°) and 7F91 (22°) cannot
be ignored. Gehrels (5) has suggested
that the phase coefficient probably falls
within the range 0.025 to 0.030 magni-
tude/degree, and I accepted the aver-
age as a nominal value.

These two methods gave consistent
results. The point-spread function esti-
mated from the reseau intensity pro-
files led to a Phobos limb profile mea-
suring 18 by 22 km. With Gehrels’
estimate for the phase coefficient, the
second method gave a mean radius of
10 km, somewhat larger than earlier
estimates (6), and average reflectivities
of 0.065 and 0.038 at phase angles of
0° and 22°, respectively. I refer to the
zero-phase reflectivity hereafter as the
geometric albedo. Figure 3 shows the
limb profile of Phobos in frame 7F91
as suggested by the above analysis.

Before proceeding further it would
be appropriate to define the sources of
error. Figure 2 shows the effects of the
estimated 10-percent uncertainty in the
integrated brightness (4) and the 0.02
to 0.04 limits of the assumed phase co-
efficient (5) of Phobos. These uncer-
tainties have very little effect on the
mean radius, and even the geometric
albedo is confined to range between
0.059 and 0.074. In reporting these re-
sults I am still unable to include those
errors introduced by certain poorly un-
derstood nonlinear properties of the
Mariner vidicons. However, estimates
of the magnitude of these errors sug-
gest that the effects will be small in
comparison to those described above.

The most significant result of this
study is the very low geometric albedo
(0.065) of Phobos. This value is lower
than that known for any planet, satel-
lite, or asteroid in the solar system.
Previously, the smallest known value
was 0.100, the geometric albedo of
Mercury; the geometric albedos of the
moon and Mars average 0.115 and
0.154, respectively (7).

Just why Phobos should have so dark
a surface is not immediately obvious,
Darkening of surface silicates by solar
proton bombardment as observed on

‘the moon does not explain the still

lower reflectivity of Phobos, because
Phobos receives less than 50 percent
of the solar particle flux received by
the moon. Perhaps the low albedo of
Phobos can be explained by its rela-
tively dust-free surface. Like all small
satellites and asteroids, ‘Phobos has a
correspondingly small escape velocity
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of 12 m/sec (8). However, unlike small
asteroids which can encounter meteor-
itic dust approaching with negligible
relative velocity, Phobos must suffer
impacts from particles moving with
relative velocities of not less than 0.9
km/sec, nearly 100 times greater than
the escape velocity. This general rela-
tion between impact and escape veloci-
ties will occur for any very small satel-
lite moving deep within the gravitational
field of its massive primary. We might
then imagine Phobos, and perhaps
Deimos as well, as having a surface
continuously sputtered clean by mete-
oritic particles.

Phobos is elongated in the plane of
its orbit (Fig. 3). The elongation along
the line of sight is of course unknown,
but we can infer from Fig. 3 that the
ratio of maximum to minimum diam-
eter is at least 1.3, a significant de-
parture from spherical symmetry. This
result should not be surprising for a
small rigid body, which is unable to
adjust its physical surface to a gravita-
tional equipotential surface. It does sug-
gest, however, that Phobos did not form
by accretion as it orbited within the
planetesimal cloud around primordial
Mars, but may have been captured in
its present form at some later time.
That Phobos may have had its origin
within the asteroid belt is not an un-
reasonable supposition. ’

Finally, the true anomaly of Phobos
was advanced approximately 2 to 3°
with respect to its ephemeris position.
Uncorrected - geometrical distortion in
the far-encounter photographs limits
the accuracy to which we can measure
the areocentric position of Phobos at

present. In a later paper we expect to
be able to report improved orbital ele-
ments of Phobos.

BRADFORD A. SMITH
The Observatory, New Mexico
State University, Las Cruces 88001
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Paleomagnetism and Gondwanaland

Abstract. Lower Paleozoic data now available for all the southern continents
enable a unique reconstruction of Gondwanaland to be determined from paleo-
magnetic measurements alone. This reconstruction is corroborated by the
computerized fit of the continental shelves and the matching of geological age

provinces.

We have recently completed some
paleomagnetic measurements on lower
Paleozoic formations from India (1)
and Australia (2). For the first time,
lower Paleozoic paleomagnetic data are
available for each of the southern
continents. These data, together with
the upper Paleozoic results, now make
it possible to reconstruct Gondwana-
land uniquely from paleomagnetic re-
sults alone. The. purpose of this report
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is to present such a reconstruction and
to show that it is supported by the
geological evidence previously used to
favor an alternative Gondwanic con-
figuration.

Early paleomagnetic studies of vari-
ous Mesozoic rock formations from
the southern continents (3, 4) demon-
strated the occurrence of relative move-
ment between these land masses since
Mesozoic times (4). The African and

Austrialian results (4) showed that
during the Mesozoic era the pole re-
mained stationary with respect to both
continents, so that, in effect, only one
average Mesozoic pole position was
determined for each. A single pole
places a continent in latitude and azi-
muthal orientation, but the longitude
remains indeterminate. Thus the con-
figuration of the southern land masses
prior to continental drift could not be
determined uniquely from the Mesozoic
data. However, the relative positions of
two or more continents can be deter-
mined without ambiguity from paleo-
magnetic data if they have remained
in a fixed position relative to each
other during a period in which sub-
stantial polar wandering occurred (5).
Results from Africa (6) and South
America (7) indicate that this condi-
tion was satisfied during most of the
Paleozoic. era, for it has been shown
that the polar-wander paths for the
two continents are almost coincident
for most of the Paleozoic if the South
Atlantic is closed (8).

Briden has noted that Paleozoic pale-
omagnetic poles from the Gondwanic
continents tend to group about three
stable positions that occur in the inter-
vals Cambrian to Lower Devonian, De-
vonian to Lower Carboniferous, and
Upper Carboniferous to Permian, re-
spectively (9). These “quasi-static in-
tervals” were separated by short periods
of time in the Devonian and Carbonif-
erous, during which the pole moved
from one stable position to the next.
We may therefore reconstruct the rela-
tive locations of the Gondwanic con-
tinents during the Paleozoic if the re-
spective paleomagnetic poles corre-
sponding to at least two of these stable
positions are determined. Our new re-
sults for the lower Paleozoic of India
and Australia complete these require-
ments for four of the five Gondwanic
continents. However, the single lower
Paleozoic pole for Antarctica (I10) is
sufficient to define its position because
of constraints imposed by the adjoin-
ing continents.

In Table 1 the paleomagnetic poles
that have been determined for the
Paleozoic of each of the southern con-
tinents have been summarized. In each
case the result has been derived through
the use of cleaning techniques, so that
we can be reasonably sure that sec-
ondary components of magnetization
have been removed and that the pri-
mary component is represented by the
result. '
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