Chapter 5

The Fire Inside
Volcanism and Tectonism in the Maria

To the casual observer, the dark maria of the Moon are very
striking. These smooth, low, dark plains cceupy about 16 per-
cent of the lunar surface area, but because most are on the near
side, they appear to make up a much higher fraction. A varicty of
ideas about the origin of the maria [lourished in the days belore
the space age. As models for the maria, such concepts as dried-
up riverbeds, huge bowls of dust, flows of volcanic ash, or
melted material ejected from basins, the largest craters on the
Moon, were all proposed. However, in his landmark 1949 hook,
The Face of the Moon, Ralph Baldwin presented convincing evi-
dence that the maria were floods of basalt, a common, dark,
iron-rich lava that is abundant on Earth.

Baldwin’s supposition did not remain unchallenged, and it
took the detailed examination of the Moon in preparation for the
Apollo missions, as well as the return ol samples of the maria, to
settle the issue. The maria indeed are made up of floods of lava,
but what is most striking from the returned samples is the age of
these lavas. The basalts returned by Apollo range in age from 4.3
to 3.1 billion years old, as old as the very oldest rocks on Earth.
(Earth itself is 4.5 billion years old, although rocks of that age
have not been found.) The ages of the mare basalt attest to the
extreme antiquity of the Moon’s surface. The returned lavas also
show some interesting chemical characteristics, including a
complete absence of any type of mincral that contains water,
minerals that nearly always occur in lavas on Earth. These prop-
erties, determined during the initial examination of the Apollo
samples, gave us a first-order understanding of the basic proper-
ties ol the Moon.
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Lunar Lava Flows

From pictures taken by telescopes on Earth, the maria appear
smooth and dark. The impression is that these plains fill in the
holes and depressions of the Moon, suggesting a fluid emplace-
ment. At close-up scales small, lobe-shaped scarps can be seen;
such scarps are very common in the lava flows of basalt found
on Earth (Fig. 5.1). These scarps can even be seen in some of the
best telescopic pictures of Mare Imbrium. Thus before the explo-
ration of the Moon by spacecraft, we had direct evidence for
emplacement of the maria by fluid flows. Needless to say, such
evidence did not convince the unbelievers; indeed, a few of them
remain unconvinced.

We obtained our first detailed look at the maria [rom the
robotic precursor missions sent to scout the Moon for Apollo,
The Ranger 7 spacecrafl was the first to return close-up pictures
of the Moon. Froem these images, we learned that the scale of
impact cratering continues downward to the limits of resolution
and that the maria are covered by the regolith. Lunar Orbiter
spacecraft took detailed pictures showing us a wide variety of
landforms most easily attributable to volcanism, including a
better view of flow fronts, small domes and cones, snakelike
rilles that scrved as conduits for molten lava (lava channels and
tubes), and irregular craters whose shapes are difficult to ex-
plain by impact origins. Surveyors 1, 3, 5, and 6 all performed
soft landings in the maria, giving us a close-up view of the sur-
face and telling us about the nature of the mare surface, includ-
ing the revelation of some dark rocks covered with small holes, a
morphology typical of lava samples.

The samples of the maria returned by the Apollo missions are
a form of common lava known as basalt. Basalt is a dark lava,
made up partly of minerals rich in iron (thus accounting lor
their dark color) and magnesium. The grain size of basalt is very
fine (usually less than 1 mm), a result of the very rapid cooling
(Plate 7). Like some Earth basalts, some lunar lavas have small,
bubble-like holes (vesicles), indicating that the magmas con-
tained gas during eruption. The first basalts returned from the
Moon were from the Apolle 17/ landing site in Mare Tran-
quillitatis. These rocks arc remarkable in several respects. The



Figure 5.1, Lava flows on Earth and the Moon. Top: a flow of basall
lava in Hawaii, showing a levecd channel within it. Note the lobate
margins of the flow. Bottom: (low lobes within Mare Imbrium on the
Moon. The flow at top {(arrow) displays a leveed channel, similar to
the Hawaiian lava flow.
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lunar lavas not only are devoid of water or hydrous phase {(re-
member that the hydrogen found in the soil is from the solar
wind, sce Chapter 4) bul also are depleted in all of the volatile
elemenis (lthose that have very low boiling temperatures), includ-
ing sodium, zinc, potassium, and phosphorous. Strangely (and
surprisingly), the Apollo 17 basalts have large amounts of tita-
nium, mostly in the form ol the mineral ilmenite, an oxide min-
eral of iron and titanium. The enrichment of the mare basalts in
iron and their depletion in aluminum, the cxact reverse of the
composition of rocks from the highlands (see Chapter 6), ac-
count for the relative darkness (low albedo) of the maria as op-
posed Lo the terrae,

Lavas from the Moon were found to contain some minor miner-
als that are not found in Earth rocks, One of these, another iron-
titanium mincral, was given the name armalcolite, in honor of
the Apollo 17 crew (the word comes from the first letters in the
names of the crew: Armstrong, Aldrin, and Collins). The composi-
tional properties of the lunar basalts reflect the unigue chemical
environment in which they formed: a small planet {resulting in
low interior pressures) depleted in volatile elements, containing
no water, and erupted onto a low-gravity surface in a vacuum.
The mare basalts are extremely old by terrcstrial standards. Ba-
salts from Apollo 11 crystallized as a series of lava flows that
erupted between 3.8 and 3.65 billion years ago. For comparison,
the largest areas of Barth covered by basalt are the floors of the
ocean basins, These basalts range in age from zero to about 70
million years old. So the mare lavas on the Moon, some of the
youngest lunar rocks, arc at least 50~ 100 times older than compa-
rable rocks from Earth! Basalts were being erupted on Earth be-
fore 3 billion years ago, but such rocks have been destroyed by
terrestrial geological activity.

The chemical composition of the mare basalts has an interest-
ing side effect. In systems of melted rock (magma), the viscosity
(how “runny” a liquid is) of the liquid depends on the composition
and temperature of the magma. The low amounts of aluminum
and alkali elements and the high amount of iron in the lunar
magmas, coupled with their relatively high temperature at extru-
sion, result in lavas that have extremely low viscosity. The viscos-
ity of erupted lunar lava is about the same as motor oil at room
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temperature, much more fluid than terrestrial lava. Such runy,
fluid flows spread out great distances, and this property, in addi-
tion to the low lunar gravity, accounts for the great lengths (up to
hundreds of kilometers) that lava flows can reach on the Moon.
Such a fluid character to the lava also explains the tendency of
mare lavas Lo form low, broad structures rather than steep-sided
volcanoes and to be crupted in lava channels, as are many basalt
lava flows on Earth, such as the volcanoes of Hawaii,

Mare basalts from the other Apollo missions largely confirm
the initial impressions gathered from the study of the first rocks
brought back from the Moon, with some surprises and interest-
ing variations. Lavas from the second mission, Apollo 12, are
lower in titanium than the Apollo 11 basalts and 600 (o 700
million years younger (Apollo 12 lavas formed about 3.1 billion
years ago). Once again, these lavas are low in volatile elements
and very rich in iron. The lower titanium and younger ages of
the Apollo 12 basalts confirmed thay the maria were not erupted
as a single, massive flood of lava across the surface all at one
time but rather were formed in an extended process that in-
volved different batches of magma erupting in different places
at different times. In short, the samples told us about the compli-
cated volcanic history of a small planet with its own geological
evolution.

Mare basalts from the other two mare landing sites extended
our picture of mare volcanism, perhaps somewhat misleadingly.
Apollo 15, which landed just inside the rim of the basin contain-
ing Mare Imbrium (Fig. 3.6), returned low-titanium basalts of
slightly older age than those from Apollo 12; these lavas crys-
tallized about 3.3 billion years ago. Apollo 17, landing on the
edge of Mare Serenilatis, returned very high titanium basalts,
similar to those from Apollo 11 bui of a differcnt age, about 3.7
billion years old, These results suggested to some scientists that
the Moon had a fairly simple volcanic history, with early erup-
tions of high-titanium lavas and late eruptions of low-titanium
lavas. The conclusion was also drawn that the Moon “died” vol.
canically after the Apollo 12 lavas erupted at 3.1 billion vears, a
totally unwarranted conclusion that even today persists in lunar
folklore.

In addition to the basalt samples veturned from the mare
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landing sites, little fragments of lava have been found in sam-
ples from the highlands as well. These basalts occur in two prin-
cipal ways: as small rocks in the regolith ol highland sites and as
fragments of volcanic lava in highland breccias. The former oc-
currence of mare basalt is likely to result from the deposition of
a ray from a crater on the maria, distant from the highland site.
Examples are several fragments of high-titanium basalt from
the Apollo 16 regolith. Becausc secondary craters from the large
impact crater Theophilus occur near the site (Fig. 3.8), we infer
that these rocks were thrown to the site by the formation of this
crater and that they represent a sample of the distant Mare
Nectaris. So we can characterize the rocks of distant maria if
plausible candidate craters can be identified.

In contrast, mare basalt [ragments in highland breccias offer
clues to the variety and ages of the earliest phase of lunar
voleanism. These breccias from the highlands were assembled
before 3.8 billion years ago; therefore, the lava fragrments within
them must be older than this. Some of the mare basalts arc large
enough to date by measuring their radioactive isotopes. We find
that mare lavas were extruded well before 3.9 billion Years ago.
The oldest mare basall yet found is about 4.2 billion vears old,
only slightly younger than the age of the solidification of (he
crust. Other fragments date from between 4.1 and 3.9 billion
years and display a variety of chemical compositions. Curiously,
most of the ancient mare basalt [ragments tend to have rela-
tively high contents of aluminum compared with the basalts
from the “main phase” of marc cruptions, although a few groups
of high-aluminum basalt date from this later era as well.

Basall is created by partially melting rocks composed mostly
of the iron- and magnesium-bearing minerals olivine (a green
mineral whose gem version is known as peridot) and pyroxene (a
mineral group that includes jade on Earth), From the relatively
high density of the mantle, we know that it is largely made up of
the minerals olivine and pyroxene. Radioactive, heat-producing
elements, such as uranium, madec the early mantle very hot—in
some places, hot enough (o partially melt. These blobs of melt
coagulate deep in a planet’s interior and slowly migrate up-
ward, wherc they may force their way to the surface and be
extruded onto a planetary surface as a lava flow,
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The chemistry of basaltic magmas tells us approximately
where they lormed within the Moon and whal processes have
alfected them subsequently, Our study of the mare basalts re-
veals that many regions of the mantle underwent melting epi-
sodes al several depths over a very long period of time, a period
at least 700 million years long and more likely 1-2 billion years
long. These melted pockets found their way to the surface
through cracks that they propagated or through the fractures
induced by the formation of the giant craters and basins of the
highlands. However, only a very tiny percentage of the mantle
has been melted to make basalt. Although the maria appear
prominent (Fig, 2.1), the lavas are relatively thin compared with
the volume of the crust as a whole. It is estimated that the mare
basalts probably account for less than 1 percent of the total
volume of the crust.

Fire Fountains: Ash Deposits on the Moon

Both the Apollo 15 and the Apolle 17 missions returned some
unexpected volcanic material. Small glass beads were found in
abundance at both sites: clear emerald-green glass at the Apollo
15 sile and black-and-orange glass from the Apollo 17 site (Plate
6). These glass samples are homogencous in their basaltic com-
position and do not contain the debris of mineral fragments that
characterizes the impact-melied agglutinates from the regolith.
The surfaces of these glass beads, which have been studied by
electron microscope, have small glassy mounds (Fig. 5.2) made
up of a variety of volatile elements including lead, zinc, and
halogens such as chlorine. The Apollo 15 green glasses are very
rich in magnesium and extremely low in titanium (an unusual
composition for a lunar magma), whereas the orange-and-black
Apollo 17 glass is rich in titanium. Once these glasses were recog-
nized from these two sites, where they occur in abundance,
small varieties of similar material were recognized at every
other landing site. Morc than twenty varieties of volcanic glass
are currently known.

Thus these glasscs are of voleanic, not impact, origin, and
they represent the products of a spray of low-viscosity lava into
space. In Hawaii, eruplions of lava are sometimes accompanied

Figure 5.2. SEM image of the surface ol a volcanic glass sphere,
showing coating by mounds of material. These coatings arc made of
volatile elements such as sullur, zinc, and lead and are additional
evidence for the origin of these glasses in volcanic [ire [ountains.
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Figure 5.3. A fire fountain of lava in Hawaii. Such eruptions are
nm:mmm when a volatile-rich basaltic magma is releascd m.oH,ﬁ a
relatively small source vent under high-driving pressure, creating a
spray of fine lava droplets. On the Moon such eruptions wuu.on_ :ncm the

dark mantle deposits seen in so i
. s some areas (Fig. 2.16). U.S. Ge i
Survey photograph. e : Geclogical

_u.% very large sprays of magma from the vent. Such spray erup-
tions are called fire fountains (Fig. 5.3) and result in a deposit of
ash around the eruptive vent. The ash { rom Hawaii consists of
glass that has a basaltic composition and is frequently coated by
m. layer of volatile elements. On the basis of similar characteris-
tics, we infer that the lunar glasses represent the products of _.:,m
fountains that existed on the Moon over 3 billion years ago. Omm
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difference between the lunar and the Hawaiian ash deposits is
that so far no samples of lava corresponding to the lunar ashes
in composition and derived from the same magma have been
recognized.

The glasses arc also evident as regional deposits. During the
systematic mapping it was noted that parts of the highlands and
maria are blanketed with a very dark material (Fig. 2.16). In the
early days of lunar mapping, darkness was often equated with
geological youth, and these regional dark deposits were thought
to represent Lhe ash deposils of young volcanism. Tn fact such a
concept was responsible in part [or the selection of the Apollo 17
landing site near the margin of one of these regional deposits. Tt
was predicted that this material was volcanic ash because it
typically occurs in the vicinity of irregular craters of volcanic
origin and indiscriminately covers all previous terrain. The prin-
cipal occurrences of these regional deposits are around the mar-
gins of filled mare basins, such as those on the Aristarchus Pla-
teau (Plate 8), Sulpicius Gallus, Rima Bode T (Fig. 2.16), and
Taurus-Littrow (the Apollo 17 landing site). The Apollo 17 ash is
indeed of volcanic origin, but it is old (3.5 billion years), not
young.

Several large craters on the Moon have deformed and frac-
tured floors. Along some of thesc fractures are small (typically a
few kilometers in size) irregular craters surrounded by a dark,
smooth material (Fig. 5.4). These craters are probably volcanic
vents surrounded by ash deposits. They are the lunar equivalent
of the cinder cones found in terrestrial volcanic ficlds. To create a
cinder cone, magma from depth is squirted out through a very
narrow conduit. The release of the low-viscosity lava under high
pressure through a small vent causes the lava to spray into a
“mist” of liquid-rock droplets. The spray of droplets quickly cools
in flight, and each droplet lands back on the Moon as a small bead
thrown on a ballistic path, like a pebble launched from a sling-
shot. Millions of such beads are made during an eruption, build-
ing up a deposit of dark ash that surrounds the vent.

Phase chemistry allows us to determine which minerals can
coexist al certain temperatures and pressures. Studies of the
phase chemistry of volcanic glasses have given us a great deal of
insight into the very deep interior. It appears Lhat these glasses
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Figure 5.4. The crater Alphonsus (119 km diameter), a fractured-floor
crater that has small, dark-halo craters of volcanic origin. These
craters may indicate an intrusion of basalt beneath the crater floor.

were generated by the partial melting of an olivine-rich mantle
at depths of about 400 km within the Moon. Moreover, unlike all
ol the mare basalts, the glasses appear to be largely unmodified
from their chemical composition at their point of origin. Such a
w&mmoz indicates that the magmas from which the glasses
__oamm must have ascended very rapidly up through the Moon
from deep within the mantle, with little chemical modification
from their point of origin. The glasses then erupted into a violent
spray at the surface. As such, lunar voleanic glass is our best
sample of the deep interior and is an important material for
determining the bulk composition of the Moon.

Understanding the mantle is one of the Holy Grails of lunar
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science. Although the phase chemistry of the volcanic glass is
the best sample of this remote region recognized to date, finding
an aclual chunk of the material that makes up the mantle would
be the best way to comprehend this remote and inaccessible
region. The rapid movement of magma through a large section
of the Moon during the eruption of the glasses sugpgests another
possibility. Small [ragments of the surrounding rock may be
ripped from the walls of the conduit through which the magmas
rise. Such fragments (called xeroliths, meaning “stranger rock,”
because they are nearly always of a composition very diflerent
from the host rock) are found in some lava flows and ash depos-
its on Earth. It is possible that xenoliths from the mantle might
someday be found in the ash deposits of the Moon.

Both the fountain nature of the eruption and the small coalings
of volatile materials on the glass surlaces (Fig. 5.2) indicate that
pockets of gas and other volatile elements existed deep with the
Moon during the main era of mare volcanism over 3 billion years
ago. Such an inference is also supported by the vesicles that are
found in some samples of marc basalt (Plate 7). The composition
ol this gas phase is sometlhing ol a mystery. It certainly is not
water vapor (which accounts for almost all of the volatile phase in
terrestrial volcanoes) because there is a total absence of water-
bearing phases and oxidized material in the marc basalts. The
reduced chemistry of lunar lavas makes us think that the gas
phase might have been carbon monoxide. A detailed search for
trapped bubbles of ancient gas within the glass spheres has not
been successful to date, but the quest continues.

Basin Filling and Lava Flooding of the Moon through Time

As mentioned above, the maria were not erupted all at once as a
massive flood of lava. The Moon underwent a long and pro-
tracted volcanic evolution, characterized by different degrees of
interior melting and different types of eruptions of diffcrent com-
positions at different places over a long period of time. The pro-
duction ol magma through time is an important basis [or recon-
structing lunar thermal evolution. Such information allows us
Lo comparc the Moon with the other terrestrial planets to under-
stand the many ways thal planets lose their heat.
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Discrete, single flows of mare basalt appear to be rare, Al-
though many units in the maria have a uniform density of im-
pact craters (denoting continuity of age) and a single color, they
appear Lo be made up of many thin, small lava {lows. High.
resolution photographs sometimes reveal scarps or moats oceur-
ring around impac craters; these scarps may delineate very
thin flow lobes (less than a couple of meters thick). The spectacu-
lar lava flows within the Imbrium basin (Fig. 5.1) are often used
in textbooks to illustrate the volcanic nature of the maria, bat
these flows are unique on the Moon, and their appearance proba-
bly indicates a specialized set of eruption circumstances (e.g.,
the rapid inflation of the crust and the discharge of a large
magma body over a short period of time). For the most part, the
maria appear to form a smooth, nondescript surface, and dis-
crete flows are not visible. It is likely that the maria consist of a
complex series of relatively thin lava flows, in which subsequent
regolith production and impact erosion have completely de-
stroyed any original volcanic texture,

Eruptions of mare basalt were rare events, even at the height
of lIunar volcanic activity, between 3.8 and 3.0 billion years ago.
Although the maria appear to dominate the Moon, especially on
the near side, the visible mare deposits make up much less than
I percent of the volume of the crust. The total accumulated
thickness of lava in most mare deposits varies widely but is
typically less than a fow kilometers, and large areas of basalt
may be thinner than 100 m. In part we know this because of the
abundance of highland debris mixed into the mare soils. As men-
tioned in Chapter 4, this fraction may approach 60 to 70 percent.
Because most of this debris is derived from rocks beneath the
local bedrock, the implication is that the stack of mare flows is
thin.,

There is a tendency to think of the maria as a hotbed of geo-
logical activity on the Moon, at least in the past. Certainly there
has been activity in the maria, but consider the time spans in-
volved in this activity. At the Apollo 17 site, several different lava
flows are represented among the samples. The oldest flows are
3.86 billion years old, but samples of flows of similar COmMposi-
tion have a variety of ages, some as young as 3.55 billion years,
In addition, lavas in another group, of different composition, are
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also about 3.5 billion vears old. Thus, at this one site, we have
cvidence for at least four (and perhaps more) separate F:.S
flows, emplaced over a period of more than 0.3 billion (300 mil-
lion) vears. This geologically “active” area of the Moon has Um.mn
completely quiet lor a period of time longer than 42”3.758 E.m
has cxisted on Earth, except for a few months of activity. If this
isn’L the epitome of inactivity, what would be? . o
The very long lengths of time between the cxtrusions of indi-
vidual lava flows suggest that these ancient flows may have
been exposed to space for extended periods. Thus ,mmn: vwmm#
flow probably had enough time to develop a layer of :.wmor& on
its surface. Subsequent flows might have covered this mmﬂw:ﬁ
regolith with a layer of lava. Such a burial Opens an exciling
possibility: If buried regolith could be found, studies Qn Fw dust
grains in them would give us a snapshot of the a.mn:w:oa and
particle outpul of the Sun and the galaxy, not as it is now G:w as
it was over 3 billion years ago. The regolith is a “lime capsule” of
extraordinary magnitude! Layers of ancient regolith could be
accessed through exposure in crater, rille (Fig. 4.2), or .mam_ums
walls—anyplacc that layers of lava (the stratigraphy) might be
exposed. . .
The volume of material erupted during a volcanic episode
determines the shape of he resulting landform. Massive crup-
tions of large volumes of magma produce long, tonguc-shaped,
lobate flows, not unlike the flow of molasses poured out onto a
tabletop. Such eruptions typically are emitted from long, slot-
like vents that permit great volumes of lava to reach the surface
quickly. Smaller volumes of lava that come out from a narrow,
more localized vent (such as a single-pil crater) can produce a
variety of other interesting landforms. If the volume of lava
erupted cools on limescales similar to the rate of magma m.:@ﬁ;
to the vent, small volcanoes form and may assume a variety ol
different shapes (Fig. 2.15). Typically, lunar volcanoes [lorm
domes of low relief, a few hundred mcters high and a few kilome-
lers across. Such landforms rescmble the small basaltic shields
found in certain volcanic regions of Earth, such as Iceland and
the Snake River plain of Idaho.
Other domes appcar to be slightly larger and steeper (Fig. m..mv.
One of the most spectacular areas in the maria is the Marius Hills,
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Figure 5.5. Smali volcanic concs in Mare Serenilatis. Cones are
typically made of cinders and ash, buit on the Moon, cinder cones
would have a very low profile because of the greal distance material
is threwn in the low lunar gravity.

the complex area of many small domes in Oceanus Procellarum
mentioned in Chapter 2 (Fig. 5.6). The domes of the Marius Hills
appear to be slightly steeper than the basalt shields mentioned
above. On Earth such dilferences in shape are caused by diller-
cnees in the composition of the lava, with steeper domes contain-
ing more silica and less iron and magnesium than do the low,
broad shield volcanoes. The causes for steep domes on the Moon
are less well understood but appear to be related to styles and
rates of extrusion rather than to lava composition. Eruptions of
shorter duration, possibly mixed with minor interludes of ash
eruption, would build up a construct with steeper slopes than
would the quiet effusion of the very fluid, low-viscosity lavas.
Domes and cones on the Moon are seldom [ound in isolation
but often occur as fields of volcanoes within the maria. The
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Figure 5.6. The Marius Hills volcanic complex. This arca consists of a
series of cones, domes, ridges, and sinuous rilles, all situated on a
broad, regional upwarp in the maria. It may be the lunar equivalent
of the large volcanic shields we see on other terrestrial plancts, such
as Olympus Mons on Mars.

Marius Hills display many domes and cones, which occur on the
summit of a broad topographic swell. The complex is several
hundred meters high and has a blister-like profile (Fig. 5.7},
suggesting that it may be the lunar equivalent of shield volca-
noes found on Earth, Venus, and Mars. The Riumker Hills in
northern Oceanus Procellarum form another volcanic complex,
similar in appearance to the Marius Hills but smaller. Small
basaltic shields, such as those found near Hortensius (Fig. 2.15),
occur in several locations near the margins of Maria Imbrium,
Nubium, and Serenitatis. The last type of central-vent volcano
on the Moon is the cinder cone, typilied by irregular, dark-halo
craters found along fractures in some crater floors (Fig. 5.4).
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Marius Hills
“Shield”

Figure m..u. ﬂf.nm-&ﬁcbmu.o:mr perspective topographic rendition of
the gm.icm Hills based on Clementine lascr altimetry. The shape of
voleanic field suggests that this area is a lunar shield volcano,

These leatures are surrounded by ash deposits (as shown by
HmBOmm,mmmem data) and are often associated with the voleanic
modification of large craters that originally formed by impact.
B} One common landform of the maria descrves special mention,
if only because (he Apollo 15 mission (July 1971) was sent specifi-
cally to investigate one ol them (Fig. 3.6). Sinuous rilles are
narrow, winding valleys that occur primarily within the maria.
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Some originate in highland terrain, but all trend downslope and
empty into mare material. Many rilles begin in irrcgular craters
(Fig. 3.6), some of which are surrounded by dark mantle mate-
rial. Before the Apollo missions, many ideas were advanced lor
the origin of these features, including their origin as water-cut
stream channels. However, the absence of any water on the
Moon, the basaltic nature of the maria, and the irregular shapes
of these features all have led to the consensus that rilles are lava
channels, some of which were partly roofed over to [orm lava

tubes (Fig. 5.8).

Figure 5.8. Hadlcy Rille, a lava channel-tube in Mare Imbrium, site
of the Apollo {5 landing. Evidence from Hadley Rille confirmed that
sinuous rilles on the Moon are features created by flowing lava.
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The Apollo 15 mission was sent to Hadley Rille, just inside the
rim of the Imbrium basin (Fig. 3.6). Hadley is one of the largest
sinuous rilles on the Moon, being over 100 km in length, 1 to 3
kim wide, and up to 1 km deep. The rille begins in an elongate,
irregular crater in the Apennine Mountains, winds itg way
through the matia, snaking back and forth through the maria,
and finally becomes shallow and appears to merge into a com-
plex set of fractures north ofthe Apollo 15 site (Fig. 3.6). The rille
was examined at its rim near the landing site, where the rille iy
L5 km wide and 300 m deep (Fig. 5.8). Samples of basalt col-
lected on the rille edge are probably the only samples in ihe
Apollo collections that were taken from bedrock. A ledge of bed-
rock seen in the orbital photographs probably consists of this
mare basalt unit (Fig. 4.2). Layers of mare lava are exposed in
the walls of Hadley Rille, with all layers confined to the upper
60 m of the rille. Color data from the Clementine mission con-

basalt (Plate 8).

Although all scientists agree that sinuous rilles are lava chan-
nels and tubes, the exact mode of formation remaing somewhat
contentious. On Earth, lava channels are created when a flow
that is extruded at moderate rates cools from the margins in-
ward; this cooling tends to confine the molten, active part of the
flow along a central axis. This axis becomes the channel and in
Some cases is bridged over to form a lava tube. In thisg mecha-
nism, lava channels are primarily constructional features, in
which the overflow of lava builds up levees and raises the topo-
graphic level of the flow axis. Lava can accumulate laterally on
the walls of the channel, narrowing the channel width; in fact
such narrowing away irom the vent is a common feature both of
lava channels on Earth and of sinuous rilles on the Moon. An-
other concept that has emerged in the last few years holds that
lava channels are primarily erosional features. The claim is that
the eruption of very high temperature, fluid lava would flow
turbulently and would solten, melt, and then remove underlying

mMaterial, forming a lava channel by erosion. In such a model the
sinuous depression in the maria consists of material removed by
the flow of liquid lava and incorporated into the mare deposits.

The occurrence in the highlands of rille source cralers that are
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cted to sinuous rilles by channel segments w.u ﬁm.ﬁ.m malte-
owbn.om. tes that some erosion has occurred. This eroded seg-
ne H‘: HomH ave becn enlarged by collapse, a process common in
e mea\ Jm In general, however, geoclogical evidence indi-
e o.rmﬂﬁwsc.ocm rilles and terrestrial lava tubes and nwmn.:m_m
N m..mm dominantly by construction. The large size of sinu-
o mn.,man rgued by some as evidence for erosion, can alsc be a
result mw_ MHW filling in of preexisting depressions, as clearly
nmmc_ww Hadley Rille, where the lava channel merges into pre-
MMW,M:m Mmzm%m north of the Apollo 15 landing site (Fig, 3.6).

Mare Tectonism: Deforming the Surface of the Moon
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i i ICuoUsS exceptions.
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i ecloth when the edges are pu
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. T T Al ~ .CH.G-
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ing the crust, and the resu : -L
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i =n found in the maria of the .
the solid planets and are often . the Moon.
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Figure 5.9. A graben

normal faults, with a down-dropped block between them. Most

m_,m_.ums on the Moon are found around the edges of the mascon mare
asins.

» & tectonic feature caused by two parallel,

that is bent or bowed oy tward, where the paint surface breaks
because of the strain. ,

The pattern of deformation of the crust is quite simple in con-
nmﬁ.r The circular mare basins fill with lava over an extended
ﬁ.mzoa of 250\ up to several hundred million years. As the mas.
sive weight of the lava accumulates, it loads the crust, which
E:ﬁ. accommodate this added weight. The center of the basin
sags inward, creating a regional stress field in which the interior
of the basin is under compression, forming wrinkle ridges, while
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the edges of the basin experience tension, creating faults and
grabens. This relation is beautifully illustrated by the patterns of
deformation around the Humorum and Serenitatis basins, where
we find arcuate grabens along the basin edge and circular wrin-
kle ridges inside the basin (Fig. 5.10). In a nutshell, this is the
tectonic story of the Moon. Nearly all the grabens and wrinkle
ridges correspond to this pattern of deformation, following the
regional trends created by the impact basins.

The History of Volcanism on the Moon

The earliest extrusions of lava on the Moon may have been the
outpouring of liquid rock onto the still-cooling, crusted-over
surface of the early Moon. Indeed, the line between volcanism
and crustal formation was probably indistinguishable in early
lunar history. The oldest unequivocal volcanism on the Moon is
represented by tiny chips of mare basalt from the Apollo 14
highland breccias, These fragments represent pieces of a lava
flow extruded onto the surface 4.2 billion years ago, a time so
remote that we can only guess at what conditions were like on
Earth. Volcanic cruptions probably were morc or less continu-
ous throughoult the period of the heavy bombardment between
4.3 and 3.8 billion years ago. Traces ol this epoch of volcanism
on the Moon can be found in the tiny fragments of lava in the
highland breccias but may also be evident as a chemical signa-
ture in cratered terrains. Some regions of the highlands appear
to contain relatively large amounts of iron (Plate 9). This iron
could represent unsampled highland rocks, but it could also
signily flows of iron-rich mare basalt that have been ground up
into the regolith of the highlands by the intensc impact bom-
bardment of early lunar history.

During the final phases of the heavy bombardment, 3.9 to 3.8
biilion years ago, several large, well-preserved basins formed.
These basins still have recognizable ejecta blankets, and the
smooth, far edges of their debris layers appear to fill craters and
other depressions in several areas. Such light plains have all the
compositional properties of highland rocks, and Apollo results
tell us that the light plains of the highlands are an impact forma-
tion, associaled with the Jarge multiring basins. However, some
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of these plains display small (1-3 ki diamcter) impact craters
whose ejecta are relatively dark (Fig. 5.11). Be careful not to
confuse these dark-halo impact craters with the dark-halo cin-
der cones lound along crater floor [ractures (Fig. 5.4). Dark-halo
jmpact craters are found in the light plains of the highlands and
clusicr in regional groups, such as in the Schiller-Schickard im-
pact basin (Fig. 5.1 1). Spectral observations of these craters indi-
cate that their low albedo is caused by mare basalt lava making
up the crater ejecta—yet this is an area of impact-made plains.
How can this be?

The dark-halo impact craters are excavating buried deposits
of mare basalt (Fig. 5.11). Because the plains that bury the lava
flows are themselves 3.8 billion years old, the basall llows that
they cover must be older than this. Thus a map that shows the
light plains of the Moon and that displays dark-halo impact
craters is a map of ancient maria—basaltic lavas that were em-
placed before 3.8 billion years ago. This remote-sensing evi-
dence for the regional extent of ancient maria complements the
sample evidence of tiny fragiments ol lava in highland breccias
and indicates that the carly Moon was a planct of active volca-
nism. The extent of the ancient maria is compatible with a
broadly declining rate of lava extrusion with time.

The “main phase” of mare volcanism began when the very high
rates of cratering typical of early lunar history declined o the
point where the lava lows were o longer destroyed and ground
up into powder soon atter they were extruded. This decline of the
impact lux was very rapid between 3.9 and 3.8 billion years ago,
leveling off after 3.8 billion years. From that time onward, the
extruded lava (lows were bombarded by impact, but the cra-
tering did not destroy the flows. These {lows make up the visible
maria. The earliest lavas from this period are the high-titanium
basalts of Maria Tranquillitatis and Serenitatis, basalts returned
by the Apollo 11 and 17 missions. These flows erupted between 3.8
and 3.6 billion years ago. The complete extent of early high-
titanium lavas cannot be determined because they are every-
where partly covered by younger flows. We suspect that they are
quite cxicnsive over the near side,

A long period of eruption of lower-titanium basalt followed,
from 3.6 billion years to an undelermined time, certainly as late
as 3.1 billion years ago but perhaps much later. Some of the lavas



THE FORMATION OF DARK-HALOED MPACT CRATERS

Formation of crust and early impact cratering

s

Extrusion of mare basalt

J

Emplacement of highland material os a result of Orientale event

Excavation of basalts by pest-Orientale impact

-

_upmﬁ.s,m 5.11. Dark-halo craters of impact origin (arrows) indicate
Wbopmd_. Emﬂm.e«o_nmamg. Such craters have excavated basalt from
_.mnmmﬁr the light-toned, highland plains of the Orientale basin. These
ava flows therefore predaie the basin, which is 3.8 hillion vears old
Below: a schematic shows the inferred sequence of events. .
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from this time were of the high-aluminum varicty, particularly in
the eastern maria, Crisium and Fecunditalis, as sampled by the
Soviet Luna 16 and 24 sample-return missions. These basalts
date from 3.6 to 3.4 billion years and have moderate to extremely
low titanium contents. Eruptions ol low-titanium lavas in Mare
Imbrium at 3.3 billion years ago (Apollo 15) and in Oceanus
Procellarum at 3.1 billion years {Apolle 12) followed. The lavas
from the Apollo 12 site are the youngest mare basalts in the sam-
ple collection.

The only other source of information on the age of mare lavas
is the relative age data provided by geological mapping. This
mapping shows that many different kinds of flows spilled out
onto the maria between the dated and sampled eruptions, pro-
viding for a continuous filling of the basins from 3.8 billion years
ago onward. A key piece of information for lunar volcanic his-
tory is one we do not have: What is the age of the youngest mare
basalt eruption on the Moon? This question has an important
bearing on the thermal history of the Moon; if we can discover
the age of the last eruption, we will know when the Moon “shut
down” thermally, at least to the point where no lava could gel
out of its interior.

Tn many books, onc reads that volcanism on the Moon stopped
about 3 billion vears ago. Such a statement is totally without
foundation. Many areas ol the maria have been identified as hav-
ing a lower density of impact craters than the sampled flows of
the Apollo 12 site (aged 3.1 billion years). The very young lava
flows with well-developed scarps in Mare Imbrium (Fig. 5.1) ap-
pear to have high contents of titanium and thorium {a radioactive
clement) and crater densities of a factor aboul two to three lower
than the lavas of the Apollo 12 site. Thus these Imbrium flows may
be 1.5 to 2 billion years old; we cannot estimate their absolute age
any more precisely than this.

Other relatively young flows are found around the Moon,
from Oceanus Procellarum in the west to Mare Smythii in the
east. One notable example is the Surveyor I landing site (the site
of the very first American landing on the Moon back in 1966)
within the lava-filled crater Flamsteed P in Oceanus Procel-
larum. Crater density suggests thai these lavas are some of the
youngest flows on the Moon, having an age possibly as low as 1
billion years old. Interestingly, television images returned by
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,w:.mé@nw 1 show that this site has the thinnest regolith of all
E.mHm Slles visited, a depth estimated to be between 1 to 1.5 m
&:Mw. F.a, comparison, the regolith at the Apollo 12 site As\?_n,v is
WMnM&ME wd\ the youngest sampled mare basalts} is about 4 m
i ﬁrm _um&m ﬂmmnq Emﬂﬂ@ﬁo@ regolith thickness reflects the age
e Smm M,on upon which it wmoEH_m. Thus we have an indepen-
P EWmo estimate the w&m:.,\m age of the Flamsteed P basalts
oot .:3.8\9, data, Hrwm.o lmages are consistent with an age
iy mm.m lavas of about 1 billion vears old.

mmhwwmwwmmw fora moment a great “what if?” in the history of lunar
N ion. The momH.dm that volcanism died on the Moon at 3
H.ﬁ:wnmwmwwm was a direct consequence of the study of samples
N _w\ the b@o.h@ 12 mission, and as we have seen, these
. m:m out 3.1 gEo: years old. The Apollo 12 site was picked
i Ezﬁowsmﬁu\mﬁ landing owwﬂ to demonstrate the new concept of
vintt e an me. acapability Ewﬁ was essential if Apollo was to
Aoollo 1o wmwamoﬂm areas of the highlands. Mission planners for
el HM:UQ edthe mm%&.\cwm Spacecraft as the target site to test
Site mons myw ing. What if, instead, they had chosen the Survevor |
Gmmm ot amsteed P? H&m samples from Apollo 72 would have
oo mmo_: .8 _Mum w:.q _ billion years old. Instead of a Moon that
e %Mmmom y “died” over 3 billion years ago, we would have
almosy 3 7 .am.: sucha smallplanet could be voleanically active for
o mSu::.n ton years. What a startlingly different picture of -
il ot :_oﬂ would have emerged! As it is, we do not know (and
eruptin Hﬁ: we wmﬁ:,:. to the Moon) how long the Moon was

e <mm Emm and aiuoﬂ its thermal engine shut down.
o mm.w ast gasps Wm volcanism on the Moon may have oc-
Lichtonts out Noo million years ago. Ejecta from the crater
which & zﬂm Amm wsﬁ 20 km diameter) is covered by a lava flow,
bers bas 1. ﬂm ore younger than the crater (Fig. 5.12). Lichien-
the Menr Mv m_:a H‘m a member of the youngest class of craters on
cortais r.: ; mz.Swrmm of Em m.vmoHcE age of Lichtenberg are un-
ooz.ﬁrw.rwH %awgam of this size tend to have their ray sysiems
seans ,::w\ Hﬁ.wvm,ouwom on timescales of 500 to 1,000 million
probably M ichienberg, &.omm with its overlying lava flow, is
Youngee, HM%_M_%Q\ than 1 billion years. This mare unit is the

e a llow o.:E,mB:% recognized on the Moon.
Sum of the evidence suggests that the Moon has been vol-
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Figure 3.12. The rayed crater Lichtenberg (20 km diameter), partly
covered by lava. These lavas must postdate the crater. Because
Lichtenberg still shows rays, it must be young in absolute terms,
probably younger than 1 billion years. These mare lavas are thus
among the youngest basalts recognized on the Moon.

canically active for most of ils history. Massive extrusions of lava
probably began in dim antiquity, during the era when the Moon’s
crust was being ground to a pulp by very high rates of bombard-
ment. Extrusion of basalt continued throughout the era of basin
formation, including the eruption of the massive amounts of lava
that now underlie the highland plains deposited by the Orientalc
basin (Fig. 5.11). As basins ceased to form, large expanses of mare
deposits began to be preserved, forming the complex series of
overlapping lava flows and ash deposits that make up the visible
maria. Slow, prolonged filling of the near-side basins continued
for several hundred million ycars, gradually loading the crust
and deforming the filled basins by interior compression and exle-
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rior extension (Fig. 5.10). Some impact craters underwent vol-
canic modification, including interior flooding and the formation
of cinder cones on their floors (Fig. 5.4). Large-scale regional de-
posits of ash were erupted along the margins of some maria (Fig.
2.16). Younger lava deposits tend to be less voluminous than the
older deposits, indicating that the intensity of volcanic activity
has declined with time. The youngest lava flows are confined to
Procellarum and Smythii (Fig. 5.12). Some of these young erup-
tions may have occurred since 1 billion years ago, a time that
seems remotely old but, in (act, is “only yesterday” in the ancient
and silent world of the Moon.,

Chapter 6

The Terrae
Formation and Evolution of the Crust

The terrae (or highlands) of the Moon are the oldest exposed
parts of the original crust (Fig. 6.1). This overwhelming land-
scape of craters upon craters attestis to the lunar history of E:-
pact bombardment—the crushing, grinding, melting, and mix-
ing that the erust has experienced. Spectacular, multiring basins
(the largest impact craters of the Moon} cover large areas of the
highland crust, excavating to great depths and mixing crustal
materials on scales of tens of kilometers. Strange landforms that
were once puzzling can now be explained as products of this
basin formation. To understand this story, we must first read
through the overprint of impact. Smooth plains cover vast
tracts, some of which are ancient maria that are buried by the
debris blankets of the large basins. By looking at the highlands,
we look back to the earliest phases of lunar history—to the for-
mation of its crust, probably by large-scale, planetwide melting.

Breccias: Crushed, Fused, and Broken Bits of the Crust

As mentioned previously, a breccia is an aggregate rock madc up
of bits of preexisting rocks. We have already looked at breccias
in relation to the regolith, and their presence attests to the im-
pact bombardment that created the unit in which they are
found. In a similar manner, the breccias of the highlands are
mute testimony to the epoch of the necarly inconceivable vio-
lence that led to the formation of the cratered highlands. Virtu-
ally all of the samples returned from the highlands arc breccias
(Fig. 6.2). Six of the seven meteorites that come from the Moon
arc breccias. Indeed, because the entire outer layer of the Moon
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