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The Apollo Program and the Geology
of the Moon

David S. McKay
Introduction In the past 5 years the Apollo program
has resulted in an almost explosive development in our
concepts of the character and evolution of the moon. It
is now clear that we must think of the moon as a sepa-
rate planet with a unique composition, a unique set of
rocks, and a unique history. Yet by studying the moon

we will clearly gain new insight into the origin and
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history of the earth. So it is very important for earth
scientists to be aware of some of the basic data about
. the moon and some of the current speculation about its
evolution.
Broad structural features On the broadest scale the
moon is devided into highland and lowland or maria
areas. The highlands appear to be primarily an-
orthositic, anorthositic gabbro, and noritic in composi~
tion, the darker maria areas are covered by basaltic
lava flows, the most obvious morphologic features in
both areas are compact craters which may display a
variety of features including long rays of ejecta, swar-
ms of secondary craters and complex slump and fault
patterns. Radial and transverse dune-like features
ass ociated with some craters have been interpreted
as depositional forms from outward flowing ejecta
which was possibly fluidized by impact-vaporized rock.
The circular lunar basins such as Imbrium are huge
impact craters which have been partially or completely
filled with volcanic lava flows subsequent to the original
formation by impact. Photographs from lunar orbit
show flow fronts, wrinkle ridges and other features
which are associated with these volcanic lava flows.
Apollo Missions Keeping in mind these broad scale
features lets briefly review the Apollo missions. Of the
six successful missions, two visited mare lava sites, two
visited highland sites and two visited mixed areas.
Apolle 11 (Mare Tranquillitatis) Showed that the
mare areas contained actual volcanic lava with a com-
position roughly similar to terrestrial basalt but also
different enough to be readily identified as extrater-
restrial. The major minerals in these lavas are cli-
nopyroxene, plagioclase, olivine and ilmenite but they
contain various accessory minerals including several
new minerals never found on earth, the Apollo 11
basalts were formed over a period of time ranging from
3.9 x 10°t0 3.5 X 10° years ago. Another rock type, an
indurated breccia, was also found by the astronauts.

This breccia contains fragments of basalts, anorthosites,

glass, and minerals in a fine-grained matrix of sintered

glass.

A soil layer about 4m thick was found to cover
bedrock at the Apollo 11 site, this soil is made of rock,
mineral, and glass fragments and was formed by the

extensive bombardment by meteorites over the very

long time period since the lava flows were formed.

An interesting feature of the Apollo 11 samples is the
presence of small meteorite craters on the surfaces of
rocks and soil particles. In the absence of any atmos-
phere, even the smallest micrometeorites arrive at the
lunar surface with high velocity and form craters when
they hit solid objects. With the Scanning Electron
Microscope, craters as small as 100A have now been
observed. The micrometeorites which made these pits
could not have been more than a few unit cells in
diameter.

The Apollo 12 Mission was also to a mare lava area
(Oceanus Procellarum) and the returned rocks in-
cluded a variety of basalts, generally of lower TiO,
content compared to Apollo 11 basalts. The age of the
Apollo 12 basalts is younger and extends down to
about 3.2 X 10° years.

The Apollo 12 soil contained small particles of ropy
glass which are rich in K,O, rare earth elements, and
P. This material, called KREEP after these elements,
subsequently proved to be a major lunar composition
type and most of the Apollo 14 rocks are of this com-
position. KREEP is relatively rich in U and Th and can
consequently be mapped with gamma ray instruments
from lunar orbit.

The Apollo 14 Mission was the first visit to a high-
land site (Fra Mauro) and the rocks found there were
mainly breccias, comlex polymict rocks formed by
impact. Many of the breccias were thermally meta-
morphosed and vapor-derived crystals were formed
in vugs during this metamorphism. These rocks were
formed in hot ejecta blankets of unknown thickness.
One interpretation is that most of the rocks at the Ap-
ollo 14 site were ¢jecta from the huge impact which
formed the Imbrium basin. An alternative interpreta-
tion is that these rocks were formed in smaller more
local impacts. In any case most of the breccias were
formed about 4 X 10? years ago.

The Apollo 15 Mission visited the boundary region
between a mare area (Hadley Rille) and a highland
area (Apennine Front). The rover was used for the first
time on this mission and greatly increased the area
covered by the astronauts. As expected, the mare rocks
were basaltic lavas and the highland rocks were com-

plex impact breccias. Hadley Rille showed bedded lava
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flows in its walls and is interpreted as a giant collasped
lava tube.

One unexpected sample type copsists of small
emerald green glass droplets which are present in most
of the soil samples and in high concentrations in several
breccias and clods. The origin of this glassy material
has been the most reasonable interpretation now seems
to be that it is an ancient volcanic ash erupted at about
the same time as the mare basalts.

The Apollo 16 Mission visited an area (Cayley
Plains) typical of a flat highland unit thought to be
volcanic. To the surprise of many, the rocks were
again nearly all complex impact breccias and proof of
highland volcanism remained elusive. However several
highland rocks from Apollo 14, 15, and 16 have igneous
textures and may represent highland pre-mare vol-
canics, but the alternative that they are impact-melted
rocks in still a real possibility. The question remains
open.

The Apollo 17 The last and most ambitious mission
visited another boundary area between mare and
highland (Tourus-Littrow valley at the rim of Mare
Serenetatis) one highlight of this mission was the first
sampling of an “outcrop” which was actually a giant
boulder which had rolled down from an identifiable
horizon high on the mountain wall.

Another outstanding sample was the orange soil
from Sherty crater which proved to be made of tiny
glass droplets and their crystallized equivalents. As
with the similar green droplets from Apollo 15 the
origin of these droplets aroused considerable con-
troversy. The evidence now seems to form the hy-
pothesis that they are volcanic ash, possibly from fire-
fauntan type eruptions. The surface of these orange
and black droplets is highly enriched in volatile
elements including Cu, Zn, Ga, Se, Ag, Cd, Te, TI, Pb,
Bi, CL

These elements were apparently present (in various
complexes) in a volcanic gas phase at the time of
eruption and condensed on the surface of the droplets
in the cooler regions of the eruption cloud.

Current Investigations Although it is over two
years since the last Apollo mission, the lunar samples
are still under intensive investigation in about two

hundred laboratories throughout the world. Lunar

soil in particular has proven to be extremely complex
and a multidescriptive approach has been necessary
for any real insistent into the nature and evolution of
this soil. Analysis of the lunar volcanic rocks and com-
plex breccia is also advancing as newly developed
instruments such as the ion microprobe are applied.
In addition to lunar sample analysis, data is still being
received from the scientific stations (ALSEP) left at
most of the sites. This data includes seismic and
magnetic information and it is being used to refine
models of the lunar interior. The moon is clearly
differentiated into a crust, upper mantle, moonquake
zone at approximately 700 to 1000 km, and a lower
mantle which may be partially molten. The existence
of a small, possibly molten core is suggested but not
proven by the seismic data.
Summary of Lunar history

The moon has had a long complex starting with a
rapid accretion about 4.6 X 10° years ago. The rate of
the final accumulation of debris which formed the
moon was high enough that the energy released as heat
apparently melted at least the outer two hundred
kilometers. As this melted region cooled and crystal-
lized, large scale differentiation took place forming a
plagioclase rich crust and an upper mantle rich in
ferromagnesian minerals. By about 4.4 X 10° years
ago this crust was largely cooled and relatively rigid.
The crust was continuously bombarded during this
period and for several hundred million years afterwards
and the large lunar basins were formed by the largest
of these impacts. These large impacts tapered off and
essentially closed by about 3.9 x 10° years ago and
most of the basins were flooded with lava flows from
partial melting within the interior driven by heat from
radioactive decay. Lava flooding and possibly pyro-
clastic activity continued till about 3.0 X 10° years ago.
Since that time the moon has been only slightly
changed by meteorite bombardment and is no longer
volcanically active although some slight outgoing of the
interior may still be taking place through ancient
volcanic vents.

This history of the moon may serve as a window on
the early history of the earth and on the events which
may have established the initial major distribution of

elements within the earth’s crust. Ultimately the study
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of another planet, the moon, will increase our basic
understanding of our own planet Earth.
(NASA, Hohnson Space Center, Houston, Texas)
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