




A THREE-DIMENSIONAL PLOT of the Orientale (top) and Mendel
Rydberg basins depicts physical differences between the older Mendel
Rydberg and the younger, fresher Orientale.

how rocks deeply buried in the
Moon's lower crust and upper
mantle were churned up by the
impacts. It has also uncovered the
nature of the largest impact fea
ture in the solar system.

M
ulti-ring impact bas
ins are huge impact
craters, typically lar
ger than 300 kilome

ters in diameter, that contain
circular, concentric rings of moun
tains rather than central peaks
found commonly in smaller
craters. These basins are scattered
all over the Moon and are some of
its oldest features. They were cre
ated in the early days of the solar
system by collisions of asteroid
sized bodies with the Moon.

In many ways, basins create the
geological framework of the
Moon. The impacting bodies
throw millions of cubic kilometers
of material hundreds of kilometers
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across the face of the Moon. They
dig tens of kilometers deep into
the crust, bringing up rocks from
great depths and exposing parts of
the Moon that would otherwise be
inaccessible. The basins' large,
multiple rings and rims form the
mountain ranges of the Moon. The
basins act as large regional depres
sions in which lava and ejecta
from other basins and craters can
collect.

Some basins are filled by dark
lava, but others are not. Many on
the far side of the Moon have only
a thin or partial infilling of lava.

THE IMBRIUM BASIN FORMS as
an asteroid-sized body strikes the
Moon 3.9 billion years ago. The
100-km body excavated a 1,200
km hole, which cooled into a basin
and flooded with molten basaltic
rock from 3.8 to less than 3.0 bil
lion years ago.
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Before Clementine, lunar geolo
gists had to painstakingly map
small mountains, scarps, and ridge
trends to outline the rings of
ancient impact basins. Clemen
tine's mapping of the Moon identi
fied over 40 of these features, some
obvious, like the Orientale basin,
and others inconspicuous to the
point of near-invisibility.

C
lementine has provided
fresh insight into lunar
basins. Perhaps the
biggest surprise from

Clementine came from the space
craft's laser altimeter experiment,
which measured the global shape
of the Moon. (Although three of
the Apollo missions carried laser
altimeters, their orbits confined
them to regions close to the equa
tor.) In this experiment, a laser on
the spacecraft fired pulses of light
at the Moon once per second. By
carefully timing how long it took
for the light beam to travel from
the spacecraft to the lunar surface
and back again, the distance from
the spacecraft to the surface could
be determined precisely. From an
altitude over 400 km above the
Moon, Clementine scientists could
determine the distance to the sur
face to within 50 meters, or an
error of about 1 part in 10,000. The
spacecraft's position was tracked
by radio, so Clementine scientists
knew exactly where it was at all
times. Subtracting the craft's orbit
from these measurements pro
duced the elevation, or topogra
phy, of the lunar surface.

In addition to showing the
global shape of the Moon, the laser
altimeter has provided a new look
at the basins of the Moon. The
Mendel-Rydberg basin is a good
case-in-point. This feature was
detected by planetary scientist
William K. Hartmann in 1962. As
seen from Earth and in Lunar
Orbiter photographs, it is an
obscure feature, a vague circular
area that appears relatively
smooth and has a quasi-circular
terrain. Before the Clementine
results, the lack of topographical
information prevented the sheer
scale of the basin from being
appreciated. When I first saw the
topographic data from Clemen
tine, I was astonished at Mendel-

Rydberg. Instead of a vague
indentation of the surface, the
basin was almost 600 km in diame
ter and 5 km deep, nearly as deep
as its neighbor, the obvious and
very fresh Orientale basin, which
measures 930 km in diameter and
7 km deep. The contrast between
the old, almost invisible Mendel
Rydberg and the fresh-looking
Orientale was as stark as you
could get, yet their relative
amounts of relief are similar.

Mendel-Rydberg was the first
of a series of obscure, ancient
basins revealed by Clementine. As
Clementine orbited the Moon, the
spacecraft confirmed and then
measured the depth of one basin
after another. The basin known as
Coulomb-Sarton was so nearly
obliterated that before Clementine
lunar geologists weren't even sure
how many rings it had, or even if
it really existed. Yet the profiles
provided by Clementine showed
that this basin was indeed real. At
about 500 km in diameter and 6
km deep, it is as deep as the
youngest, freshest basin of its size
on the Moon.

T
he astonishing depths of
some of these obscure
basins combined with
information on the

Moon's gravity field uncovers
some important clues to lunar his
tory. Impact craters and basins
expose material from different
depths within the Moon's crust.
Small craters a few kilometers in
size reveal the upper few hundred
meters of the crust. The larger
craters, such as Tycho (85 km
diameter), expose material from a
few to tens of kilometers' depth;
such depths sample the upper to
middle levels of the lunar crust.
The basins, being the largest fea
tures, churn up the deepest levels
of the crust. The inner rings of
these large basins expose rocks
from beneath the layer of impact
processed debris; lunar geologists
can then look at the original struc
ture of the pristine, intact crust.
Some basins are so large they may
well reveal the entire crust, expos
ing the upper levels of the lunar
mantle for inspection.

Clementine also allows scien
tists to look deeper into the Moon.

MAY 1996 53



A BULLSEYE STRIKE in blue marks the Orientale basin in this Clemen
tine false-color topographic map.

When a large body strikes a
planet, the material blown out of
the resulting hole creates a deficit
of mass. This deficit shows up as a
gravity anomaly. The material that
has been removed to make the
hole results in an area of slightly
lower gravity than surrounding
areas. One might expect that all of
these basins would show negative
gravity anomalies, as they are
large holes in the lunar surface.
Radio tracking data from Clemen
tine, however, show that many 
but not all - of these basins have
either no gravity anomaly or even
have a positive anomaly.

This reveals something about
how the Moon responds to a large
impact. When big impactors
struck, carving out a hole and cre
ating a basin, dense material from
the mantle rose up beneath them
almost immediately. This uplift
occurred as millions of cubic kilo
meters of crustal debris were

ejected. Immediately the basin sta
bilized, which explains why such
ancient features are still preserved
in such a pristine way. Early in
lunar history, this upsurge did
occur quickly, thus canceling the
gravity anomaly. Later, as the
Moon grew cooler, the rebound
was only partial and incomplete.
Today, a basin might have no
compensation because the outer
rind of the Moon is cold and stiff
enough to leave the hole.

Clementine results not only
have verified previously mapped
basins but have uncovered new
ones. The crater Cruger, east of the
Orientale basin at 17° S, 68° W, lies
near the center of a newly recog
nized large depression, almost 400
km across and about 3-4 km deep.
Cruger is partly flooded with
mare lava, which may have
resulted from its location on the
floor of this ancient basin. Why
basins and lava are associated is

not yet clear, but may be related to
crust thinned and cracked by
impacts, which allows lava to seep
through onto the surface.

In another example, the eastern
end of Mare Frigoris has a circular
depression about 500 km across
and 2 km deep. This area contains
maria and high, smooth plains,
and is surrounded by quasi-circu
lar tracts of cratered terrain. These
features probably indicate an
ancient, nearly obliterated basin.
As lunar geologists continue to
examine the topographic data in
detail, they will no doubt map
many more impact depressions.
This mapping will allow us to
reconstruct the impact history of
the entire Moon.

O
ne of the most spectac
ular discoveries from
Clementine was the
revela tion of the true

dimension of the biggest impact
crater in the solar system. Lunar
geologists had known about the
South Pole-Aitken basin for a long
time. In his study of lunar basins,
William Hartmann mapped sev
eral large mountains near the
Moon's south pole and suggested
that because lunar mountains are
always associated with basins, a
large basin probably existed on the
far side. In 1968, the Soviet Zond 6
spacecraft returned stereo pho
tographs that indicated a depres
sion on the far side of the Moon.
Careful geologic mapping had rec
ognized huge mountains on the
far side and patches of mare lava
in the south-central far side high
lands. These observations sug
gested the presence of a basin, an
ancient feature over 2,000 km
across.

It took Clementine's global sur
vey to reveal this feature in all its
glory. The South Pole-Aitken basin
is named for two geographic fea
tures that it spans: the south pole
and the 130-km-diameter crater
Aitken at 16° S, 173° E. The basin
has an approximate diameter of
2,500 km and, at its deepest, is
over 13 km from rim crest to basin
floor - more than twice as deep
as earlier estimates.

Sheer size apart, lunar geolo
gists had hints from earlier mis
sions that the South Pole-Aitken
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CLEMENTINE'S TOPO MAP of the entire Moon reveals prominent
basins on the near side (in blue) that include Imbrium, Crisium, and
Nectaris, all at least partly filled with mare basalt, accounting for the rela
tive smoothness of the near side.

basin was important to the compo
sition of the lunar surface. The
Apollo 15 spacecraft found terrain
just inside the rim of the basin
with elevated amounts of iron and
the radioactive element thorium.
In 1990, the flyby of the Galileo
spacecraft showed that terrain
inside the South Pole-Aitken basin
was strangely darker than the typ
ical highlands. Clementine map
ping has revealed that this basin
contains large amounts of iron and
titanium in its floor. The far side of
the Moon has two major types of
terrain, it turns out: the inside of
the South Pole-Aitken basin and
everything else.

The immense size of the South
Pole-Aitken basin provides a clue
as to how it may have formed. The
Moon's far side crust is about 70
km thick on average, so by any
reckoning, the South Pole-Aitken
event must have excavated nearly
the entire crust of the Moon from a
large area, throwing this material
across the face of the lunar globe.
Just as significantly, this excava
tion would have exposed material
buried deeply in the basin's inte
rior, possibly including rocks from
the mantle of the Moon itself.

On the basis of what lunar geol
ogists know about the Moon from
the Apollo samples, Clementine
scientists suspect that the mantle
of the Moon is made up of rocks
very rich in magnesium and iron

and contains little, if any, of the
light-colored mineral plagioclase,
so common in the crustal rocks.
When the Clementine color data
are fully analyzed, the interior of
the South Pole-Aitken basin may
provide a detailed picture of these
rocks that make up the lower crust
and upper mantle of the Moon.

The South Pole-Aitken basin
may not be the only huge impact
feature on the Moon. Several years
ago, geochemist Peter Cadogan
proposed that the near side of the
Moon had another gigantic impact
basin, a feature over 3,000 km
across, that he named the Gargan
tuan basin. Astronomer Ewen
Whitaker carefully mapped hun
dreds of features on the near side
and concluded that there is indeed
a giant impact basin, 3,200 km
across, a feature he named Procel
larum basin, after the large
expanse of maria in it. The rim of
this feature is roughly outlined by
the western shore of Oceanus Pro
cellarum, Gassendi, Pitatus, Sacro
bosco, the eastern shore of Mare
Tranquillitatis, Macrobius, Atlas,
and the north shore of Mare Frig
oris.

Procellarum basin has since
been invoked as the explanation
for many lunar things, including
the localized nature of maria on
the near side, the separation of
rock types in the lunar highlands,
and the Moon's pattern of tectonic

features. Now Clementine's topo
graphic data reveal the true nature
of the Procellarum basin.

There is indeed a regional
depression in the Procellarum area
and the western shoreline of
Oceanus Procellarum is remark
ably circular. However, the basin
is not well developed in its eastern
and southern regions. The central
highlands stand higher than the
rim. Impact basins always show
lower topography inside of their
rim crests. The irregularity of the
Procellarum rim and the elevated
segments inside the rim crest
show it is a depression and not an
impact crater.

It is likely a coalescence of sev
eral smaller basins, a concentric
pattern related to the large and
prominent Imbrium basin, or
some combination. It could also
have an internal origin because the
early Moon was extremely hot and
hot bodies can form depressions
from the movements of liquid
rock.

Clementine's laser altimetry
data have provided a new and dif
ferent look at the Moon. They
have revealed the extreme lumpi
ness of our nearest planetary
neighbor, with a total topographic
range of over 16 km, almost twice
what had been anticipated. This
wide range of relief is almost as
great as that seen on the geologi
cally different Earth and is caused
almost exclusively by the presence
of huge, ancient impact basins.

The detailed measurements of
lunar basins returned by Clemen
tine will allow us to better under
stand how they formed, how deep
they are, and the structure of the
underlying lunar crust.

Because these features formed
on all of the terrestrial planets
early in their histories, including
Earth, understanding these fea
tures on the Moon will provide a
better appreciation of what hap
pens when asteroid-sized bodies
smack into planets. 0

Paul D. Spudis is ageologist at Hous
ton's Lunar and Planetary Institute.
He was deputy leader of the science
team on the Clementine mission. His
current research focuses on impacts
and volcanism on the planets.
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