I. ORIGIN AND EVOLUTION OF THE MOON
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Abstract. A dual origin of lunar formations by both exogenous and endogenous mechanisms is now
generally accepted. These processes are normally equated with impact and volcanism respectively, but
many aspects of the latter cannot be readily identified with present-day terrestrial volcanism. It is
proposed that lunar volcanism involved large volumes of gases and volatiles, so that ‘fluidization’ of
particulate systems occurred. Terrestrial fluidization structures and model studies are described and
illustrated. Certain lunar rilles and transient phenomena are also suggested to result from degassing of
the interior. Some possible applications of fluidization to Mars and the synthesis of electropolymers
are mentioned.

When Galileo turned his telescope on the Moon he was able to distinguish broad,
dark, uniform plains — the maria — and a multitude of ring-shaped structures which
have come to be called ‘craters’. Subsequent centuries of Earth-based telescopic
study enabled maps to be drawn on a scale limited mainly by atmospheric aberrations
[1]. In the last few years automatic and manned lunar probes have vastly increased
our knowledge of lunar topography, [2, 3] and added direct measurements of a
number of physical and chemical properties. [4] In particular, it has been shown that
the far side of the Moon is extensively cratered, the maria being almost entirely
confined to the Earth-facing hemisphere.

The Mariner 4 television pictures of 1965 demonstrated that Mars too is cratered;
a discovery confirmed and amplified by Mariners 6 and 7. It is suspected that Mercury
and the larger satellites of Jupiter are similarly marked, so it would seem that the
cratering mechanism — whatever it may be - has been of widespread importance in the
evolution of the Solar System. However, the proximity of the Moon naturally renders
it the major source of data.

1. Impact vs. Volcanic Origins

At one time two major schools of thought could be distinguished for the origin of
lunar craters: those supporting impact in some form on the one hand, and those
favouring volcanism on the other [5]. However, even before the advent of space
probes the boundary was becoming less distinct, each school having accepted a
modicum of the claims of the other to produce a number of dualistic approaches.
[1, 2, 6] None has met with universal acceptance, the chief point of dispute being the
ratio between impact and volcanic structures.

Proponents of the impact hypothesis pointed to the expected ubiquity of debris and
collision processes (especially in the youth of the Solar System) and drew attention to
the circular characteristics resulting from the explosive impact of bodies colliding at
cosmic velocities. [7] Considerable emphasis was placed on plots of crater diameter
vs. depth — the interpretation of which has not passed unchallenged. [6, 8, 9]
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The rival school stressed the alignments and groupings that may be distinguished
among the lunar craters as evidence for an endogenous mechanism, and drew analo-
gies with terrestrial calderas and other volcanic formations. [10-14] However, those
terrestrial calderas formed by destruction of the apex of a volcanic cone are elevated
above the surrounding terrain, [15] while collapse calderas are not remarkable for
their circularity. [16] And why are there no large ‘intact’ parent structures on the
Moon? A more fundamental objection is the absence on the Moon of evidence for the
active convection which has led to plate tectonics, continental drift and fold moun-
tains on Earth, and provided an energy source for the restricted distribution of
volcanic belts along the edges of moving plates. [17, 18] It would seem that if an
endogenous mechanism has contributed to the shaping of the lunar surface, then it
must be very different from that which is normally identified with present-day terres-
trial volcanism. [19] Several authors have suggested that some form of ‘gassy’ endo-
genous process is responsible. [8, 15,18]

It is particularly desirable that any postulated mechanism be capable of the forma-
tion of both single and multiple craters by a comparatively quiet, gentle process
extending over an appreciable period of time - as contrasted with the sudden destruc-
tive violence of impact or explosive evisceration. [1, 11, 20-23] The general rule that
where lunar craters intersect the broken formation is the larger points to the available
energy diminishing with time. [24]

2. A Return to First Principles

As neither impacts nor conventional volcanism satisfactorily explain all aspects of the
morphology of the lunar surface, let us return to first principles to search for additional
or alternative mechanisms. It is now many years since Urey promulgated the idea of a
cold accretion process in the early stages of planetary evolution. [25] There now seems
to be a very general agreement that such a process did indeed occur, although argu-
ment continues over mechanism, time-scale, and many other important factors.

The composition of the solid primordial material appears to be most closely
approached by the Type 1 carbonaceous chondrites, but this would have been asso-
ciated with a much greater mass of volatile material — water, carbon dioxide, ammo-
nia, methane, etc. — in the form of ices. [26] These grains of ‘dirty ice’ are suspended
in the hydrogen and helium of the primeval solar nebula. There are obvious parallels
with Whipple’s theory of the composition of cometary nuclei, [27] and with the
presumed compositions of the Jovian planets. (Recently, it has been shown that under
certain conditions even hydrogen may condense on interstellar grains, |28] and that
comets are associated with enormously larger clouds of hydrogen, oxygen, and other
volatiles than was previously suspected [29]).

Let us now suppose this icy material to accrete into protoplanets without passing
through any intermediate high-temperature stage. It would seem likely that a sub-
stantial proportion of the volatiles would thereby be incorporated in the interiors of
the growing bodies. [26] However, when a certain size is achieved, gravitational and
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radioactive heating result in warming-up and consequent degassing. [1, 8, 26, 30-33]
This could be concomitant with the final stages of accretion— when impact heating and
modification of the surface is also important — and would seem to lead to a situation
where we have gasses rising through a deep, particulate, outer shell. Initially, the
gases would be expected to be largely methane, ammonia, carbon dioxide and water
vapour; but with increase of temperature at depth hydrogen and carbon monoxide
would become dominant. [34] The evolution of only 109 volatiles from the mass of
the Moon gives 19 tonnes/cm? to be lost from the lunar surface.

3. Fluidization

Now it has long been established by experiment and practice in quite different con-
texts that if a stream of gas is introduced beneath a bed of solid, particulate material,
then a series of phenomena may be distinguished as the rate of flow is gradually
increased: [35, 36]

(I) Atvery low rates the gas merely percolates through the stationary bed.

(II) As its velocity increases there comes a point at which the viscous drag on the
particles becomes equal to their weight. The bed then begins to expand and to display
many of the properties of a liquid — such as flow, wave, and buoyancy phenomena.
It is than said to be ‘fluidized.’

(II1) With somewhat greater gas flow the fluidized system becomes more expanded,
less dense, and flows even more easily.

(1V) With still greater gas flow ‘bubbles’ appear in the ﬂuldlzed bed, giving the
appearance of boiling. But, of course, the bubbling bed need not really be hot at all;
and the ‘bubbles’ show many features which render them quite distinct from bubbles
in true liquids. [37]

(V) Finally, with still greater gas flow, this phase passes into one of pneumatic
transport of the particles in the gas stream.

The turbulent motion and intimate contact between solid and gaseous phases make
fluidized beds very efficient in the exchange of heat and mass, and in the promotion of
chemical change. They are therefore finding wide application in technology today. [38]
Industrial practice and theoretical investigation commonly employ spherical particles
of narrow size range, and such irregularities as agglomeration, channelling and
slugging in the fluidized bed are minimized by careful engineering design.

It has been suggested [39] that conditions for widespread fluidization were tempo-
rarily achieved on the young Moon and other bodies destined to become the terrestrial
planets: this is the sought-for ‘gassy endogenous process’ mentioned above. The
duration of intense activity would be comparatively short, but it is expected that
regionalised, and later localised and sporadic, escape of gas from the interiors would
persist over a long period - indeed, up to the present time (see below).

This hypothesis provides a necessary mechanism for the effective removal of heat
from the interiors of the evolving bodies, [40] while exposure to the hot reducing gases
would result in extensive and efficient chemical alteration of the original material,
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including reduction of iron and transport or loss of a proportion of volatile elements
and those forming volatile hydrides or halides. As the gas flow diminishes so the depth
which can be held in the fluidized state decreases, and the resulting static levels can be
indurated by sintering, pressure, and chemical alteration.

This model leads to the accumulation of massive primordial atmospheres around
the larger proto-planets, [41] making it necessary to appeal to the enhanced solar
wind from a hotter, younger, Sun passing through a T-Tauri stage to drive them off.
[26, 42] This also removes heavy volatiles like mercury, which are hard to lose by
a Jeans mechanism.

It is generally agreed that the present atmosphere and hydrosphere of the Earth are
(with the exception of free oxygen) derived by secondary degassing processes. [43, 44]
The Moon is insufficiently massive to retain a permanent atmosphere. [45]

4. Fluidization on the Earth

Any structures formed by the primary degassing of the proto-Earth could not be
expected to survive the turmoil of further accretion and the subsequent convective
history. Present-day examples must necessarily be on a restricted scale.

The best-known natural fluidized systems are nuées ardentes: remarkable forms of
volcanism where particulate material is suspended in, and transported by, the asso-
ciated hot gases. [46] They can be extremely destructive — as was the type example
which erupted from Mt. Pelée to overwhelm the town of St. Pierre in Martinique in
1902. [47] Nuées ardentes are infrequent in modern volcanism, and the few recent
examples have fortunately been confined to sparsely-inhabited areas. However, they
appear to have been much more common in the geological past, apparently erupting
from fissures to lay down vast deposits in the American Middle West, South America
and New Zealand. [48] With loss of the fluidizing gas the mass settles and compacts:
the hotter central region of the flow commonly undergoes sintering and thermal
alteration to produce hard, crystalline rocks now known as welded tuffs or ignimbrites,
but at one time mistaken for true lavas. Thereis, understandably, a paucity of informa-
tion on the mechanics of nuée ardente flow; but important observations were made by
Perret, [47] while more recently McTaggart [49,50] and Brown [51] have contributed
laboratory experiments and calculations. Salient points are

(a) Compositions range from nearly basic to acid.

(b) Temperatures of emplacement range from 7001000 °C.

(c) The presence of fine material markedly increases the mobility, whereas addition
of quite large amounts of coarse material to a bed of fine particles produces only a
small change in characteristics. Surprisingly low rates of gas supply are sufficient for
fluidization if fine material is present.

(d) There is little lateral sorting according to size: enormous blocks may be ‘rafted’
for miles. Perret [47] shows photographs of both rounded and angular examples, as
well as of the block-littered surface of the spent flow. The fine material may be seen
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to contact the entire perimeter of a block - there is no trace of the concave depression
that would be produced by its fall as an aerial projectile.

(e) Once a thick bed of particles is fluidized, considerable time is required for it to
deflate completely. (A problem familiar to the manufacturers and packers of numerous
powdered products.)

(f) True lavas may be found co-existing with ignimbrite deposits, having flowed
over the surface or been intercalated between layers.

Doris Reynolds [52] first promoted the wider application of fluidization in geology,
suggesting that certain intrusive granites were emplaced by this mechanism. Her
ideas were taken up and extended by Holmes [53], who demonstrates the applicability
of fluidization to the Swabian tuffisite pipes, kimberlite diamond pipes, and other
diatremes. Of particular significance in the present context is Holmes’ discussion of
what he terms ‘fluidization craters’ — flat-floored ring structures with low ramparts
found in the Rift Valley region of Africa. Holmes illustrates his textbook with a
photograph of Lake Nyamununka — a ring crater about 2 miles in diameter — for
which he believes fluidization to offer the only possible genesis. (For location of this
crater see ref. 54.) The border between ‘fluidization craters’ and the gas-explosion
structures called ‘maars’ is not well-defined: research is urgently required on the
entire spectrum of types. Ollier [55] points out that maars are usually associated with
basaltic rather than acidic igneous activity, and gives cross-sections of various exam-
ples, some with igneous masses (tholoids) extruded within the crater. The Wangoom
maar in Australia would be a fluidization crater in Holmes’ terminology. [56]

King and Sutherland [57] believe fluidized transport occurred in the carbonatite
complexes of eastern Uganda. A review of fluidization as a volcanological agent was
presented by Reynolds [58] at a recent meeting of the Geological Society of London
devoted to this topic.

5. Fluidization on the Moon

The first description of a fluidized bed (although not by this name) appears in Robert
Hooke’s ‘Micrographia’ of 1665 [59], where he describes the appearance and proper-
ties of a bowl of ‘boyling alabaster’ (hot calcium sulphate dihydrate losing its water of
hydration). Later in the same book this remarkable man compares the structures left
on the surface of the alabaster with the craters of the Moon! It would seem that the
application of fluidization to the origin of lunar surface features does, in fact, antedate
both the volcanic and impact theories! The idea lay fallow for three hundred years,
until independently resurrected by a number of workers [39, 60-64] in the 1960’s as a
result of growing interest in space exploration. However, two earlier papers which
contain the germ of this idea should not be overlooked. [65, 66]

Particularly important is the work by O’Keefe and Adams [67], which includes a
mathematical treatment of proposed lunar ash flows. They show that the amount of
gas required to induce fluidization is inversely proportional to the square of the
gravitational attraction at the site: lunar flows therefore require only 5'5 of the gas
content of their terrestrial counterparts. It seems reasonable to expect the terrestrial
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fluidization crater Lake Nyamununka mentioned above to be equivalent to a 10-12
mile diameter ring structure on the Moon.

The only study of the effect of reduced pressures on fluidization appears to be that
of Miller and King. [68] They found that the effect of vacuum is to cause the top
surface of the bed to erupt into a dilute phase and produce extensive elutriation. They
suggest that any lunar flows must therefore have been accompanied by an extensive
dilute phase, soon falling back after the end of the eruption. A sufficiently elevated
temperature would presumably result in melting, as individuals, of a proportion of the
suspended grains; surface tension then pulling them into the glassy spheres found in
fly-ash and the returned lunar samples. [69-71]

Experimental craters have been produced in the laboratory by Emmons [62],
Mills [72] and Schumm. {73] Mills found that ring structures were generated at the
surface of a slowly-collapsing, aggregative, inhomogeneous fluidized bed. In such an
environment the gas does not escape uniformly, but instead finds and maintains

Fig. 1. Model single crater. Note the concentric slump terraces and the flow structures on the right.
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Fig. 2. Model craters. A second, smaller, crater has been produced at a short distance from the
single crater shown in Figure 1.

certain channels of preferential escape. [74] (Discontinuities are inherent consequences
of the fundamental equations of fluidization [75]) It was observed that

(a) A structure with a strong tendency towards a circular plan is produced inde-
pendently of the shape of the area of enhanced gas release, and its diameter may exceed
the depth of the bed.

(b) Formations may be abruptly intercepted by the walls of the apparatus.

(c) A large, shallow, depression in the original bed may be transformed into a flat-
floored, raised-rim crater by fluidization of its interior.

(d) The height of the structures could be small compared with their diameter,
strong side-lighting being required to delineate them clearly. It was later found that the
relief is controlled by the degree of overall (or ‘background’) fluidization. A high level
of mobility ‘dissolved’ any structure, a moderate level produced craters with shallow
slopes, and an immobile background resulted in craters of funnel-like section.
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Fig. 3. Model craters. A second crater has been produced nearer an original large single crater,
resulting in penetration. Note how the smaller crater intrudes the larger, producing a talus slope (but
otherwise little destruction) within it.

(e) The process of formation is comparatively gentle, and may operate over an
extended period of time with quiescent intervals.

(f) The extent to which two or more structures interact with one another depends
on their distance apart and sequence of formation. Figures 14 illustrate this.

(g) Concentric slump terraces appear within the ring as the gas supply diminishes
and bed contraction ensues.

(h) The terminal stage is commonly the formation of small craterlets within the
ring. Tapping the apparatus at this stage often results in transient activity confined
to these craterlets.

(i) The lobate flows apparent in the illustrations might be termed the results of
nuées froides — they were neither true liquids nor hot.

(j) The effect of bed depth is illustrated by Figures 5-7. A shallow bed results in a
large number of ‘blowholes’, but as the depth increases these tend to be replaced by
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Fig. 4. Model craters. Dimultaneous production of craters may result in either a straight dividing
wall or coalescence of the two structures, depending on the amounts of gas involved. Here we see a
coalescent structure bearing resemblances with, for example, the
lunar crater Fauth.

zones of fluidization and a smaller number of escape channels. Certain areas on the
Moon exhibiting excess crater numbers (e.g. the lunar ‘playas’) might well be associat-
ed with terminal gas release through a thin particulate cover.

The concept of ‘regional fluidization’ is shown diagrammatically in Figure 8. Tt is
essential that this scheme be clearly distinguished from any hypothesis involving
bubbles in viscous liquids. [5] Not only is it impossible to form very large bubbles, [76]
but the liquid phase would flow back level again! [77] However, the property of the
moving cavities (‘bubbles’) in boiling fluidized beds of bringing up patches of under-
lying material [37] may be relevent to the genesis of lunar dark-halo craters.

Although bearing many visible resemblances with the surface of the Moon, [78]
it is freely conceded that these laboratory simulations are not true-scale models, and
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Fig. 5. Result of passage of gas through a bed of rock powder 4" deep.

that the greatest caution is required in extrapolating them to any natural situation.
Similar objections apply to cratering experiments with accelerated dust-size particles.
All these experiments are perhaps best considered as aids to the conception of hypo-
theses to be tested in the field — in the manner so successfully used by Kuenen [79] in
his pioneering work on marine turbidity currents.

Murray, Spiegel and Theys [80] have published a preliminary attempt to quantify
aspects of fluidization on the Moon. Unfortunately they employed data derived from
the secondary degassing of the Earth, thereby arriving at an unacceptably low value
for the period during which large-scale fluidization could be simultaneously supported
over the entire surface of the Moon. Substituting the above-mentioned value of
19 tonnes/cm? for degassed volatiles gives the more realistic figure of 103 yr.

It must also be reiterated that it is not suggested that fluidization is the only mecha-
nism shaping the lunar surface. Impact craters occur on Earth, and must surely be
represented on the Moon. The constitution of the impacting bodies was at one time
generally considered to be identical with that represented by the meteorites in our
museums, but in view of the surprisingly low concentration of such meteoritic material
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Fig. 6. Result of passage of gas through a bed of rock powder 1” deep.

in returned lunar samples [81-83] there is now an increasing body of opinion that
weakly-cohesive or icy masses were important, and might even have predominated.
The possibility of base surges [84] and fluidization induced by their impact [85]
should be considered. [86, 87]

6. The Deeper Structure of the Moon

Loss of all but traces of its volatiles leads to the following picture of the present-day
Moon

I - A fragmented and particulate surface layer, containing much fine material and
up to several metres deep. [88-90]

I1 - A sintered, heterogeneous, vesiculate breccia crust some 3-5 km thick, gradually
passing into —

III - Increasingly compacted rubble and breccia making up a thick mantle.

1V — A small core, probably with no distinct boundary.

This model appears to be in accord with the low density, seismic observations,
[91-93] and measurements of the electrical characteristics of the Moon. [94, 95]
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Fig. 7. Result of passage of gas through a bed of rock powder 2” deep.

The crystalline material in the returned lunar samples indicates that actual melting
has occurred within or below the maria (perhaps with the assistance of extra energy on
the Earth-facing hemisphere) to allow true lavas and igneous differentiation products
to form. Lava may flow out at the surface (wrinkle ridges?) or be injected between
other deposits (giving domes as ‘quelkuppen’ [46]). However, the returned lunar
basalts cannot represent the bulk composition of the Moon, for transformation to
eclogites at depth would give too high a density. [96] It is considered more likely that
local melting beneath the maria has occurred, rather than that the Moon has ever
been molten on a global scale. [97, 98] Mackin’s [64] scheme for the origin of maria
allows material to be brought into the basin from the edges, thus giving rise to
mascons.

7. Lunar Rilles
Two distinct types of rille are immediately obvious — the straight and the sinuous —
although intermediate and other forms may be found on further study. Straight rilles

(Figure 9) extend for tremendous distances over the lunar surface, maintaining their
linearity without regard to surface topography. [2, 3] Craters are divided with no sign
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Fig. 8. Successive stages of regional fluidization. a, Release of gas from depth; b, bed expansion,

with doming over channel of preferential escape; C, lateral flow of basal fluidized system beneath a

disperse cloud; d, gas flow diminishing-activity subsiding within the ring structure; bed contraction

is accompanied by ring slumping; e, cessation of gas flow and general consolidation results in an
approximately circular depressed area surrounded by a raised wall.

of diversion by cone sheets, feeder pipes, or dykes of strong igneous rock. The de-
pression of the floor of a crater-crossing rille is similar in both mare and ramparts. [99]
The orientation of straight rilles seems to follow a pattern — the lunar grid — indicative
of an endogenous origin. [2, 100]

In 1885 Osborne Reynolds [101, 102] coined the term ‘dilatancy’ for the property
of close-packed granular masses of expanding in bulk with change of shape, due to the
increase of space between individual particles as they change their relative positions.
Reynolds’ interest in the phenomenon was confined to its application in his mecha-
nistic theory of the ether: the more practical role of dilatancy in geology had to await
the investigations of W. J. Mead. [103]
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Fig. 9. Part of the Sirsalis rille: an example of a long, straight rille. It is named from the 32 km
Sirsalis at upper right. (NASA/National Space Science Data Center; Orbiter 4 — 161H).
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In a modification of one of Reynolds’ experiments, Mead shows that if sand is
placed in an impervious elastic container (itself of negligible strength, such as a toy
balloon) and the air pumped out, then

(a) The mass becomes exceedingly rigid, and

(b) If the mass is stressed to failure it responds as a brittle solid, failing along

definite shear planes.
i. e. granular masses free to dilate deform by flow, but when dilation is prevented or
restricted by relatively slight confining pressure deformation causes fracture. This
manner of failure requires a minimum increase in volume, involving dilation only in
the shear zone.

It is suggested that the straight rilles are simply an analogous expression of tensional
failure in the weakly-cohesive lunar crust. Whether the tension is a result of cooling or
doming is not yet clear. The relief of pressure and extra space created along these deep
fractures (or set of closely-spaced fractures) permitted dilatancy and plastic flow to
occur, giving the present depressed flat floors of the rilles.

Besides providing an escape route for gases from below, Mead himself pointed out

National Space Science Data Center; Orbiter 5 — 96M).
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that this mechanism leads to lateral migration of any fluids contained in the sur-
roundings towards the zone of fracture and dilation. Movement and escape of gases
could lead to fluidization or maar-like excavations within the rille, depending on
quantity, rate, and point of release. The Hyginus rille (Figure 10) is put forward as an
example of a rille modified by such an escape of gas.

The form of the sinuous rilles has suggested to various workers that they have been
created by actual flow of some material — water, lava (in channels or tubes) or nuées
ardentes. [104] This is difficult to reconcile with the observable penetration of topo-
graphic highs, and the occasional breaks in continuity. [105, 106} It is considered
morelikelythatfineunderlyingtensional cracksare responsible, allowing gas release with

(a) The formation of closely-spaced craters which have coalesced, leaving only

their cuspate walls.

(b) Fluidized flow in those sections of a rille where the topography is appropriate.
These flows need be neither continuous nor hot.

In the absence of gas release the finest fractures remain masked by the super-
incumbent particulate material. Experimental investigations along these lines have
been conducted by Schumm [73] and Mills (unpublished).

8. Transient Lunar Phenomena

That a small amount of gas is even today being evolved from the Moon is suggested
by the temporary obscurations and light emissions known as transient lunar phenome-
na (TLP’s). Gas venting is also considered a likely candidate for the fixed-location
seismic signals observed on the Moon, [107] while the cold-cathode gauge left behind
by the astronauts has yielded some interesting preliminary results.

TLP’s continue to be observed and catalogued [108]: correlations with perigee [109]
and seismic events |110] have been reported. However, postulated origins in lumine-
scence or thermolominescence have proved inadequate [111, 112], leaving electro-
static glow discharges (generated by friction in dust-laden gas discharges) as almost
the only contender. [113, 114] This subject will be discussed at greater length elsewhere.

9. Application of Fluidization to Other Systems

The surface of Mars displays eroded craters of enormous size, rilles, ‘chaotic’ and
‘featureless’ ground. [115] There is some evidence for a Martian grid system, with its
implications for the participation of endogenous processess. [116] Fluidization has
been suggested as a possible cause of the featureless terrain of Hellas. [117]

The possibilities of electrostatically-charged fluidized systems for the abiogenic
generation of electropolymers and other necessary precursors of life have recently
been discussed by Sylvester-Bradley. [118] Carbonaceous chondrites may have
experienced a fluidized stage. [119]

It is concluded that fluidization has been of importance in many aspects of the
evolution of planets and satellites.
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