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Interstellar Molecules
1. Molecules as Probes of Interstellar Space
A. What is Interstellar Space?

The human eye is sensitive to electromagnetic waves in the wavelength range
0.37u to 0.75u. The atmosphere of the earth is transparent over a slightly
wider wavelength range and a black body of temperature v 4000 °K radiates
its maximum energy at A = 0.75u; with increasing temperature this energy
maximum is shifted towards shorter wavelengths. Stars, which in a first approx-
imation may be considered as black bodies with surface temperatures ranging
from 3000 °K to 50000 °K, were for a long time the most conspicuous celes-
tial objects and hence dominated the interest of astronomers. However, obser-
vations suggesting the existence of a circumstellar or even interstellar gas go
back as far as the 17th century. Then it was the ionized part of the interstellar
gas, the so-called HII regions, which attracted the interest of astronomers. An
HII region is formed when a massive star of high surface temperature almost
completely ionizes a large volume of the surrounding gas. This ionized gas or
plasma radiates strong recombination lines in the visible range and a strong
Bremsstrahlung continuum in the radio frequency range. One of the most
spectacular HII regions is the Orion Nebula. Fig. 1 shows the radio contours
superimposed upon an optical picture of the He-line emission. The contour
lines are curves of constant radio emission; the black areas are regions of strong
optical emission. A white wedge can be seen, extending from the East to the
peak of the radio emission; this wedge has no counterpart in the radio picture.
Some component of interstellar space appears to block the optical radiation
without affecting the radio radiation. This component is interstellar dust; its
typical grain sizes are of the same order of magnitude as the optical wavelengths,
so that they attenuate light heavily yet do not affect radio waves at all. Some
other examples of the attenuation of light by dust clouds are shown in Figs.

10 and 11.

The detection of interstellar gas again goes back to observations of stars.
In 1904, lines of singly ionized Ca were discovered in absorption in the spec-
trum of the binary star § Ori and it became clear that these lines were not
associated with the stellar atmosphere but rather with the interstellar space
between this star and the sun. However, three decades elapsed before the con-
ception of interstellar matter as a gas, mostly hydrogen and helium intimately
mixed with dust particles, emerged and became generally accepted.

About 1940, three interstellar radicals were detected through their UV
absorption lines in stellar spectra. This made it clear that interstellar matter
had another component: Interstellar molecules.

A major step forward in our knowledge of interstellar matter was made
in 1951 with the discovery of the first interstellar spectral line in the radio
range, the famous A21 cm hyperfine structure line of atomic hydrogen. Most
of our present knowledge of the distribution and physical state of interstellar
matter in our Galaxy is based on observations of this line. At first it looked as
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if the interstellar gas were rather uniformly distributed in interstellar space,
with an average density of about 1 H-atom cm™3 and a kinetic gas temperature
of about 100 °K. It took another 15 years before it was realized that the dis-
tribution of interstellar gas was highly inhomogeneous in both temperature
and density. There exist cool and dense clouds embedded in a hot and tenuous
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Interstellar Molecules

gas. The physical state of many of these clouds has been investigated by
means of the A21 cm line in absorption against background radio sources. In
the denser clouds hydrogen exists probably in molecular form, H,, and there-
fore such objects cannot be observed by means of the A21 ¢m line. H, has no
observable transitions in either the radio frequency or the optical wavelength
range.

Apart from interstellar matter, the space between stars is filled with pho-
tons and cosmic particles. The UV field at wave lengths > 912 A, the ionization
limit for hydrogen, is the result of integrated starlight and it plays a dominant
role in the formation and destruction of molecules. At wavelengths below 912 A,
most photons are absorbed by ionization of hydrogen in the immediate vicinity
of the stars from which they originate. Only at wavelengths shorter than 100 A
is the ionization cross-section of hydrogen sufficiently reduced to permit pho-
tons to travel long distances through interstellar space. Fig. 2 shows a composite
spectrum of interstellar UV and X-ray radiation as observed or estimated for the
solar vicinity. The soft X-rays, together with the subcosmic (low-energy) part
of the cosmic radiation play an important role in the heating of the interstellar
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Fig. 2. Estimated interstellar UV photon flux and observed X-ray photon flux (according
to Mezger, 1972). Between 13.6 eV and about 90 eV absorption of UV and X-ray photons
by the interstellar gas is severe
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gas, but as far as we know are of little importance for the destruction of inter-
stellar molecules.

To summarize: the distances between stars are larger by many orders of
magnitude than their diameters. The interstellar space, however, is not empty;
it is filled with gas, dust particles and radiation consisting of both photons and
high-energy particles. The density and temperature of the gas vary over a wide
range. In the vicinity of very hot stars a large volume of interstellar gas is almost
fully ionized.

B. Stars and Interstellar Matter

The model of the evolution of the Universe that fits most of the relevant ob-
servations is the “big bang” model, which postulates that this evolution was

- started some 10 years ago by expansion from a highly condensed state. In the
very first minutes of this evolution hydrogen and possibly helium were formed.
Later, when free electrons and protons had recombined, radiation decoupled
from the expanding matter; the redshifted radiation of the primordial fireball
nowadays fills the Universe as a black body radiation field with a radiation
temperature of Ty, = 2.7 °K. Its presence sets a lower limit for the temperature
of interstellar material. In later stages of the expansion of the Universe, conden-
sations formed with total masses of some 102 M, or less; they then contracted
and, because of their inherent angular momentum, formed flat rotating gas
clouds. These we observe today as stellar systems or galaxies. Stars in the mass
range between 0.1 and 100 Mg gradually condensed out of the gas. In our own
Galaxy, 90% or more of the original gas has been transformed into stars. A star
spends most of its lifetime in the “main sequence” burning hydrogen into
helium in its core. This main sequence lifetime depends critically on the mass
of the star, ranging from about 10° years for a star of 50 Mg to 10° years for
a star of slightly less than 1M The fact that we observe massive stars at pre-
sent shows that stars are still forming out of the interstellar matter. Conversely
we know that stars can reach their final stable “white-dwarf” stage only when
their mass has decreased to less than 1.4 My Various observations pertaining
to mass loss from stars support this picture. Quite obviously stars and inter-
stellar matter are not two separate entities. There exists a continuous accretion
of matter into stars and replenishment of interstellar matter by mass ejection
from evolving stars.

The intermediate stages between interstellar matter and the formation of
protostars are seen in very dense and very cool clouds of interstellar matter.
The dense clouds mentioned in the first paragraph cannot be investigated by
means of the A 21 cm line, or any optical transition, but only by means of mole-
cular lines in the radio frequency range. This is why interstellar molecules are
so important in modern astrophysics. Molecular lines contain much informa-
tion on the physical state of these dense and cool clouds. Moreover, the abun-
dance of interstellar molecules itself can shed light on the physical conditions,
including the radiation field in dense clouds, once we more fully understand

6
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the processes responsible for the formation and destruction of molecules in
interstellar space.

The determination and interpretation of element abundances plays an
ever-increasing role in our effort to understand the evolution of the Universe.
Molecular lines may not contribute to the determination of element abundances
but they already play an important role in the determination of isotopic ele-
ment abundances, and these in turn can be used to discriminate between various
possible thermonuclear reaction chains.

C. Scope of this Review Paper

The following sections deal with: II the physical conditions in interstellar
space, III observations of interstellar molecules and their interpretation, in-
cluding relevant laboratory measurements, and Section IV experimental and
theoretical investigations of the processes of formation and destruction rele-
vant to interstellar molecules. This review covers primarily the interstellar
matter proper and refers only briefly to observations of molecules in circum-
stellar shells, or molecule formation in protostellar nebulae. Table 1 sets out
certain quantities which are used in astronomy and are necessary to an under-
standing of this paper.

Table 1. Compilation of quantities commonly used in astronomy

1 parsec (pc) = 3.0856 x 1018 cm = 3.2615 Light years
1 Kiloparsec (kpc) = 103 pe
1 Astronomical Unit (AU) = 1.4951385 x 1013 cm
1 Solar radius (Rg) = 6.9598 x 10** cm
1 Solar Mass (M) = 1.989 x 1033 gr
Gas density ny in H atoms, expressed in terms of total density p, on the basis of observed
cosmic element abundances
_r
g-cm™3

H atoms x cm ™

1year = 3.155 6926 x 107 sec

"H 3] =4.27x 1023

11. Interstellar Space and Interstellar Matter
A. Introduction

Our Galaxy is one of billions of similar stellar systems which together make
up the observable universe. The total mass of our galaxy is 1.8 x 101 M.
About 10% of that mass is in the form of interstellar matter whose principal
constituents are gas and fine dust particles. The dust and gas appear to be
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mixed, with the dust accounting for about 1% of the mass of the interstellar
matter.

Table 2 indicates the chemical composition of the interstellar gas (i.e. its
most abundant elements). Column 2 gives the abundance relative to hydrogen
in number of atoms. The last four columns give the first and second ionization
potentials of the element (in eV) and the equivalent wavelength of ionizing
photons.

Table 2. Abundances and ionization potentials of the most abundant elements

Element Abundance relative First ionization potential Second ionization potential
to hydrogen oV A oV A

H 1.0 13.6 912.0

He 1.0 x 1071 24.6 504.4 54.4 227.9
C 23x107% 11.3 1101.2 24.4 508.6
N 1.3x107% 14.5 853.3 29.6 419.0
0 6.0 x 10~ 13.6 910.7 35.1 353.1
Ne 20x 104 21.6 574.1 41.1 301.9
Na 4.4 x 106 5.1 2413.0 47.3 262.2
Mg 4.4 x10~5 7.6 1621.9 15.0 824.8
Al 2.2x 107 6.0 2071.9 18.8 658.7
Si 4.8x103 8.1 1521.4 16.3 758.8
S 21x103 10.4 1197.1 23.4 529.8
Ar 7.1 x 1078 15.8 786.9 27.6 448.9
Ca 2.5x 10 6.1 2028.8 11.9 1044.7
Fe 3.2x 1075 7.9 1575.4 16.2 766.3

Elemental abundances with exception of He are average values from Unséld (1972, private
communication). lonization potentials as given in Allen, 1963 (Astrophysical quantities,
2nd edit. The Athlone Press, University of London 1963).

Hydrogen is the most abundant element (70% by mass), followed by
helium (28% by mass). Elements heavier than helium account for the remain-
ing 2%. The available evidence indicates that hydrogen and helium were created
during the earliest evolutionary phases of the universe (i.e. in the “big bang™)
whereas the heavier elements may have been synthesized more slowly by ther-
monuclear reactions in stars and somehow returned to the interstellar medium.
Known phenomena involving extensive mass loss from stars include supernovae,
novae, and planetary nebulae. However, the details of the processes which led
to the present chemical composition of the Galaxy (and of the Universe) are
far from being understood. The composition of the interstellar dust is unknown.
Molecular ice, silicates, and graphite have been suggested.

The stars are concentrated to a flat disk of diameter about 40 kpc and
width about 500 pc, and to a spherical bulge of diameter about 2 kpc in the
central region (see Fig. 3). The plane of symmetry of the disk is called the

8
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Fig. 3. Distribution of stars and interstellar matter in the Galaxy. The lower part of the
diagram is a cross section perpendicular to the galactic plane. Globular clusters are the
oldest stellar systems and must therefore have been formed in the early evolutionary
stages of the Galaxy. The mass of the stars, however, forms a flat layer with a “nuclear
bulge” in the center. The interstellar matter forms an even flatter layer which widens up
towards the edges of the Galaxy.

The upper left part of the diagram shows the column density of stars, hydrogen gas and
HII regions as a function of the distance « from the galactic center. Stars and interstellar
matter rotate around the center of gravity of the Galaxy. The rotational (orbital) velocity
is given as a function of w on the right of the upper diagram. At the distance of the sun
this velocity is 250 km/sec; it takes the sun 2.5 x 108 yr to complete one rotation around
the galactic center
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“galactic plane”’. The interstellar material is more closely confined to the ga-
lactic plane than are the stars. Within 4 kpc of the galactic center, the half-
density width of the gas layer is about 100 pc. Between galactic radii 4 and
10 kpc, the width increases to 200 pc, and between 10 and 20 kpc it increases
further to about 600 pc. Whereas the highest density of stars occurs in the
central part of the Galaxy, the bulk of the interstellar gas lies between galactic
radii 4 and 16 kpc. Therefore, in the vicinity of the sun at galactic radius 10 kpc
and close to the galactic plane, the average proportion of gas to stars is consider-
ably higher than the overall value of 10%; observations indicate that it is about
30%.

Within 4 kpc of the center, the average gas density close to the galactic
plane is ny; & 0.3 cm™ 3, increasing to about 0.7 cm™ 3 between galactic radii
4 and 10 kpc and then decreasing again at greater distances. However, the den-
sity and temgerature of the interstellar gas are far from uniform; local densities
as high as 107 cm™3 are known and higher densities are suspected. It is proba-
bly in these small regions of high density that complex polyatomic molecules
are formed.

The highly flattened disk of the Galaxy is due to the fact that the entire
system is rotating. The angular velocity decreases with increasing distance from
the galactic center. From the center to a distance of about 800 pc there is a
very flat and rapidly rotating gas cloud which contains several 107 M; this is
called the “nuclear disk”. The gas in the central region out to a distance of
about 4 kpc appears to be flowing outwards with velocities of the order of
100 km/sec. At 4 kpc, the radial motion appears to be braked and a piling-up
of gas forms an expanding (at about 50 km/sec) ring-shaped feature referred
to as the “3-kpc” arm.

Outside the “3-kpc” arm, the spiral arms are the dominant large-scale
structure. Most of our present knowledge concerning the large-scale distribution
of the interstellar gas in our Galaxy is based on observations of the A21 cm
hyperfine structure line of the hydrogen atom. Extensive surveys of the A21
cm emission led to the large-scale distribution of interstellar gas as shown in
Fig. 4. This distribution is certainly not a clear-cut spiral pattern, but rather
consists of a number of extended features of increased gas density, referred
to as “material” and “‘density wave” spiral arms. The gas density in these spiral
arms may be as much as ten times higher than the density of the gas in inter-
arm regions. The observations also reveal large variations in the kinetic gas
temperature, from values as high as several 10® °K in the interarm regions to
values considerably below 10 °K in some regions of higher density in the
spiral arms.

The principal features of the spiral structure are believed to be maintained
by a pattern of density waves. This pattern rotates about the galactic center
like a rigid body with an angular velocity that is lower than that of most of
the material. Thus, the material of the Galaxy (i.e. both stars and gas) flows
through the pattern and as it enters the density wave, the gas is strongly com-
pressed. There are also less important elements of the spiral pattern that rotate
with the material; these are called “material” arms, as against “density-wave”

10
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Fig. 4. Superimposed maps of the neutral hydrogen distribution in the Galaxy as inter-
preted by Kerr and by Weaver. The points marked “L” denote regions that Kerr interprets
as markedly deficient in neutral hydrogen. Dashed lines and hatched areas indicate where
the location is uncertain, not regions where the hydrogen is weak or strong. The radius of
the solar circle is 10 kpc. Galactic longitude is shown around the edge of the map

arms. Fig. 5 shows a very schematic representation of the density structure
(i.e. width and separation of spiral arms) in the vicinity of the sun. P and S
are thought to be density-wave spiral arms, O appears to be a material arm.
The sun is located near the edge of the arm O. It may be noted that this pic-
ture of the spiral structure in the vicinity of the sun is based on both optical
and radio observations, whereas the large scale structure of the interstellar gas
(Fig. 4) is based only on observations of the A21 c¢cm hydrogen line and kine-
matic distances, which become highly uncertain towards the galactic center
and anticenter. Kinematic distances are obtained from a model for the rotation
of the Galaxy due to Schmidt. This model relates the circular orbital velocity
of the gas to the distance from the galactic center (see Fig. 3).

B. Interstellar Dust and Stellar Radiation Field

Interstellar space is permeated by radiation of all wavelengths originating from
the stars. However, below 912 A, which is the ionization potential (Lyman

11
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l 8Kpc

GALACTIC CENTER

Fig. 5. Schematic representation of the spiral structure in the vicinity of the sun. S and P
refer to density wave spiral arms, O to a material arm

continuum limit) of hydrogen, photons can ionize hydrogen and are therefore
usually absorbed in the immediate vicinity of the star from which they originate.
At wavelengths longer than the Lyman continuum limit, the principal source

of attenuation is the interstellar dust. Dust grains both absorb and scatter light;
the combined effect is called extinction. Fig. 6a shows a typical extinction curve.

Extinction { mag.)

1 1 1 ] I | | | |

4 6 8 10

LA (h)—>

Figs. 6a und b. a) Typical observed interstellar extinction curve from the IR through the
optical range to the UV. b) Schematic representation of the optical part of the extinction
curve, defining the quantities Ay, Ay and R

12
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It increases rapidly with decreasing wavelength. The extinction is measured in
magnitudes. From optical observations of stars, it is easy to determine the
relative extinction or color excess E = Ag — A, with Ag and A4 - the total
extinction at wavelengths B (= 4400 A) and ¥ (= 5500 A). On the assumption
that the extinction curve is similar in all directions in space, the total extinction
in the visual is (Fig. 6b)

Ay=RE withR=3.0x03 €8]

determined from observations. The optical depth 7 is related to the extinction
A, at any wavelength A by

™= 1086 | mag @

1 Ay
mag

A plane wave propagating through a dust layer of optical depth 7 is conse-
quently attenuated by the amount exp {—7; } . The shape of the extinction
curve in Fig. 6a can be explained by assuming a mixture of grains with a wide
range of grain sizes. Most effects observed at optical wavelengths can be ex-
plained by dielectric grains of size @ ~ 0.15u. To explain the extinction in the
far UV, one needs typical grain sizes between 0.02 and 0.05u, depending on
the material.

The albedo of a dust grain is defined as the ratio of its scattering cross
section to its cross section for total extinction. From the observations, values
of the albedo as high as 0.9 at A ~ 1500 A are obtained. A particle with no

L x 10" erg em K’
12
3 . Interstellar Radiation Field
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\
\
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Fig. 7. Intersteliar UV radiation field in the vicinity of the sun, estimated by Witt and
Johnson (1972) on the basis of the albedo of dust grains determined from OAQ-2 ob-
servations
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dielectric losses does not absorb radiation but only scatters it, and the albedo
is, therefore 1.0. However, most materials do not behave like a pure dielectric
in the far UV but absorb strongly. Hence a value of the albedo of about 0.5 is
expected in contradiction to the observations. If most of the extinction is due
to scattering, the effective optical depth of the dust for calculating the diffuse
radiation field is much smaller than the value given by Eq. (2). In fact, Watson
and Salpeter (1972a, b) use, for the attenuation of UV radiation by a dust
layer of optical depth 7, =0.92 4, the approximation

Iyy=Iouve??™ (3)

independent of wavelength, with I, yv the UV flux-density at the surface of
the cloud. Densities of the UV flux in unprotected regions of interstellar space,
as estimated by Habing (1968), are given in Table 3. More recent estimates of
the interstellar UV radiation by Witt and Johnson (1972) are given in Fig. 7.
Note especially the increased UV flux densities shorter than 2200 A, which are
the result of the high albedo of interstellar dust grains in this wavelength range.

Table 3. Density of interstellar UV radiation according to Habing (1968)

AA 1000 1400 2200

up x 1020 ferg/(cm3 A) 4000 5000 3000

Most molecules observed to date in interstellar space can be dissociated by
UV radiation of wave lengths longer than 912 A. In fact, their average lifetimes
in interstellar space are < 100 yr, unless they are protected by a dust layer
(Section IV. E). This, and the fact that surface reactions on dust grains play
an important role in the formation of interstellar molecules (see Section IV.
(), explains at least qualitatively the association of dense dust clouds and
molecules in interstellar space.

If gas and dust are homogeneously mixed, there must be a universal relation
between the column density of hydrogen Ny (i.e. the number of hydrogen
atoms per cm? integrated along the line of sight) and the corresponding extinc-
tion 4, measured in magnitudes caused by the dust grains. The best determina-
tion to date of this relationship is that of Savage and Jenkins (1972):

{—Lﬂ 2} =1.7x10% [-A—”} @)

atoms cm™ mag

Two hypotheses about the origin of interstellar dust seem to be under
consideration at the moment. The first assumes that grains condense in inter-
stellar space, and the second that they condense in stellar atmospheres and
envelopes. Another hypothesis combines these two, suggesting that condensa-

14
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tion nuclei form in circumstellar nebulae and the bulk of the material of the
grains consists in the form of more volatile species that could condense in inter-
stellar space. Arguments in favor of the second hypothesis are given by Woolf
(1972) and are based on studies of infrared emission and absorption of dust.
Observations of the Orion nebula indicate the presence of silicates, but there

is no evidence of iron or carbon. Furthermore observations of the galactic
center and the Orion nebula show that the solid core of the grains may be
covered by a mantle of ice whose mass is about 10% that of the silicate mass.

C. Cloud Structure and Kinetic Temperature of the Interstellar Gas

In the interarm region (see Figs. 4 and 5 of the large scale spiral structure of
the interstellar gas), one observes a hot and tenuous gas in which are embedded
small condensations of relatively dense and cool gas, referred to as “cloudlets™.
Observations to date place rather wide limits on the kinetic temperature of the
hot gas, viz. 700 °K < Ty, <6300 °K. The average density of the hot gas ap-
pears to be low, of the order of 0.2 to 0.02 atoms cm™3. The cloudlets have
typically a density of some 10 atoms cm™>, a total mass of some 10 M and
a kinetic temperature of less than 100 °K. These cloudiets, which have an
average extinction of <4, > =0.26™ per cloud, appear to be responsible for
the average optical extinction of about 1 visual mag per kpc of the interstellar
gas. In these cloudlets the OH A18 cm and the H,CO A6 c¢m lines may be ob-
served in absorption against continuum radio sources, and the Lyman reso-
nance bands of molecular hydrogen are seen in absorption against hot stars.
For interstellar gas in an equilibrium state, the kinetic temperature is
determined by the condition that the energy input, which is primarily due to
ionization, is equal to the energy loss, which occurs primarily through inelastic
collisions, i.e. collisional excitation of atoms and ions resulting in the escape of
radiation. The most important collisionally excited lines are Lyman « at high
temperatures, and CIT A156u and CI A610u at low temperatures. Since the inter-
stellar gas in the interarm region has temperatures above 1000 °K, the heating
of the gas must be due to relatively energetic particles or photons such as sub-
cosmic rays or soft X-rays. Once the ionization rate £ is fixed, the temperature
of the gas depends only on the density. Because the heating of the gas is pro-
portional to the gas density while the cooling by collisional excitation is pro-
portional to the square of the density, the temperature of the gas decreases
with increasing gas density (Fig. 8a). The product of the temperature T and
the particle density » is proportional to the pressure (Fig. 8b). We see from
this curve that a hot and tenuous gas (T ~ 10* °K, n ~ 10~ cm™3) can be
in pressure equilibrium with cool and dense condensations (7 < 10* °K,
n > 10 cm™?). This model explains qualitatively the coexistence of dense, cool
gas cloudlets in the hot interarm gas. It also predicts the degree of ionization
in each component. The predicted density of free electrons is given in Fig. 8b.
Note that the two-component model of cool and dense condensations embedded
in a hot and tenuous gas appears to reflect a general characteristic of the inter-
stellar gas that is not related to its large-scale structure such as spiral arms.
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Fig. 8a. Eguilibrium temperature of a gas heated by cosmic rays, ionization rate ¢ =

4 x 10716 sec~1. The temperature rise at about 0.3 cm~3 is associated with the inability
of a low-density gas to cool rapidly by fine structure transitions; the flattening below

0.2 cm™3 is due to Lyman-& cooling. If various ions effective in cooling (such as carbon)
are locked up in grains, the temperature of the gas in clouds ("\v 10 cm‘3) will be higher
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Fig. 8b. Equilibrium pressure (n + n¢)T and electron density. The existence of two stable
regions (dp/dp > 0) permits two phases, F and H, to exist in pressure equilibrium. Phase
F is identified with the intercloud medium, and H, with clouds. Carbon depletion lowers
the density and increases the temperature of the cloud gas. The electron density in clouds
is about 10 times the classical value of HI regions, 4 x 10~% njg. The value in the inter-
cloud medium is about 2 x 102 cm™

D. “Dark” and “Black” Clouds and the Formation of Stars

Observations of the interstellar gas show the existence of another type of
cloud, much denser and more massive than the cloudlets. These clouds appear
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to be related to the large-scale structure of the interstellar gas, since they are
located mainly in spiral arms and in the nuclear disk. The density and total
mass of these clouds are so high that subcosmic particles and soft X-rays will
be absorbed in the outer layers. Thus, the thermal balance of these clouds is
not the same as that in the cloudlets. Fig. 9 shows a qualitative picture of the
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Fig. 9. Estimated change of kinetic gas temperature and equilibrium temperature of dust
grains as a function of the distance r to the surface of the cloud. The calculation assumes

a linear change of density n = r, a constant ionization rate by subcosmic particles and pene-
tration of UV photons A>>912 A into the cloud only from the outside. Absorption of
subcosmic particles is neglected. The upper scale indicates the optical depth of the dust
grains in the visual

change of kinetic gas temperature in a gas cloud as a function of distance from
the surface of the cloud. We have assumed a linear increase in density towards
the center of the cloud but have neglected attenuation of the subcosmic radia-
tion. Thus, the decrease in temperature is primarily due to the increase in density.
In the oute? layers the kinetic gas temperature is still determined by the heat
input provided by ionizing subcosmic particles. At point A, however, this heat
input becomes negligible compared to heat input by photons in the wavelength
range 912 to 1100 A which can ionize carbon. This mechanism provides an
equilibrium temperature of about 12 °K, independent of the density. At point
B, all photons that can ionize carbon are absorbed and the CII region ends.
The temperature then drops to a value limited by the 3 °K black body back-
ground radiation and is controlled by the temperature of the grains and the
ionization by high energy cosmic rays on the one hand, and saturation of the
cooling transitions on the other.

The temperature of dust grains is a measure of the equilibrium between
heating by absorption of stellar light and re-emission in the far IR. In free
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interstellar space, dielectric grains attain a temperature of about 17 °K. With
increasing optical depth of the gas layer, the heating of the dust grains and
consequently their temperature decreases. This decrease is very siow. Only

at an optical depth of dust grains 7, ~ 50 (in the visual) will the grain tempera-
ture drop to values of the order of 5 °K (Werner and Salpeter, 1970). Beyond
point B, it is not quite clear whether dust grains will provide the dominant heat-
ing or cooling mechanism of the gas. The minimum kinetic gas temperature of
about 2.7 °K is determined by the microwave background radiation.

As long as so little is known about the interstellar particle and photon
radiation fields which provide the heating of the interstellar gas, one should
not put too much faith in estimated equilibrium temperatures of dense gas
clouds such as shown in Fig. 9. However, at least qualitatively it appears to be
correct that dense condensations in the interstellar gas have low kinetic tem-
peratures. In fact, gas-kinetic temperatures as low as 5 °K have been observa-
tionally determined in the center of dark clouds.

Whenever the gravitational forces in a condensation become large enough
to overcome the internal pressure of the gas, the condensation will begin to
contract. The superiority of the gravitational forces is thereby increased and
the contraction must eventually lead to the formation of stars in which, once
thermonuclear reactions have started in their cores, the gravitational forces are
balanced by gas and radiation pressure. Gravitational contraction will start once
the mass of a gaseous condensation of hydrogen density ny and kinetic tem-
perature Ty exceeds a critical value, known as the Jeans mass

Mjeans =32 Tk3/2 (5)
MO nH1/2'

In interstellar clouds of high density and low temperature, stellar masses
can, according to Eq. (5), become gravitationally unstable and contract. Ob-
viously, these clouds must represent the first stages in the evolutionary path
which leads from condensations in the interstellar gas to main sequence stars.
Computations-show that in the denser interstellar clouds most of the atomic
hydrogen is tied up in H, molecules (Hollenbach ef al., 1971). It is therefore
impossible to investigate the physical state of such a cloud by means of A21-cm
line observations. Molecular lines, on the other hand, are excellent indicators
for the very cool and dense clouds. It is one of the most fascinating aspects of
molecular spectroscopy that it provides, at last, an observational method for
the investigation of objects which lie along the evolutionary path leading from
a cloud of interstellar gas to a star cluster.

Within a distance of 1 kpc from the sun, dense interstellar clouds can be
observed optically because they attenuate the light of stars located behind them.
Fig. 10 shows as an example the dust clouds Barnard 1968 and 1972 which are
seen as dark areas in an otherwise rather uniform field of stars. Fig. 11 shows
another dust cloud, the “horsehead nebula“, silhouetted against the bright back-
ground of an emission nebula (HII region). Most of the extended dust clouds
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are not as conspicuous as these objects and their extinction is obtained by labo-
rious star counts. Fig. 12 shows, as an example, a contour map representation
of the Taurus cloud, located in the direction of the anticenter and at a distance
from the sun of about 100 pc (Mezger, 1971). The contour lines are lines of
constant extinction in visual magnitudes. We see that the Taurus cloud extends
over several tens of degrees, with an average extinction® between 1™ and 2™.

Fig. 11. The “‘horsehead” nebula, another dust cloud, seen projected against an HII region,
ie. an extended ionized cloud of interstellar gas

There are smaller regions in this cloud (indicated in the diagram as hatched areas)
where the extinction attains values of 5™ to 8™. These are the “dark clouds*
proper shown in Fig. 10 and 11 and referred to in the reports of many radio-
astronomical investigations. In these dark clouds, the two central OH A 18 cm
lines are observed in quasi-thermal emission, the CO A 2.6 mm line is, seen in
probably Local Thermodynamic Equilibrium (LTE) emission and the H,CO

A 6 cm line is seen in anomalous absorption against the 3 °K background radiation.
Interpretation of the emission lines indicates that densities in dark clouds are

of the order of 10% particles cm ~3 and kinetic gas temperatures are as low as

5 °K (Mezger, 1971; Heiles, 1971). Eq. (5) tells us that under these conditions
gas clouds in the order of one solar mass are gravitationally unstable and con-

Q) gt not otherwise specified in this paper extinction is expressed in magnitude and refers
to the visual band at A= 5500 A.
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tract. At least in some cases, fragmentation processes will lead to the simul-
taneous formation of stars of lower mass, as witnessed by the presence of many
T-Tauri stars (believed to be protostellar objects) whose positions in the Taurus
cloud are indicated by crosses in Fig. 12.
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Fig. 12. Contour map of the visual extinction in the Taurus cloud. The shaded areas
represent “dark clouds” of small diameter with visual extinction ranging from 5M to gM,
Also indicated are the positions of T-Tauri stars and quasi-thermal OH emission

Dark clouds have been catalogued most recently by Lynds (1962). Although
their distances are rarely known, Hollenbach ez. al. (1971), with some plausible
assumptions, have estimated physical parameters for Lynds dust clouds. Their
results are given in Table 4.

Table 4. Parameters for the clouds in Lynds’ catalogue (according to Hollenbach et al.,
1971)

; N Q <R> n; <M>
pc cm—3 Mo
1...... 215 0.125 6.65 48 1000
2...... 312 0.17 6.5 100 1900
..., 520 0.175 5.0 200 1700
4...... 560 0.061 3.0 440 800
So..... 495 0.008 1.1 1500 135
6...... 175 0.0017 0.85 2400 102
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The data for the clouds are divided into categoriesj =1 throughj =6, where
j is equal to the average extinction in magnitudes. If the clouds are assumed to be
spherical, the optical depth to the cloud center 7, is approximately 0.7 /. NV;is the
number of j-type clouds observed, multiplied by 1.3 to allow for areas not cover-
ed by Lynds’ survey, and £ is the total solid angle subtended by the ; clouds in
the j-th group. These clouds are estimated to lie between 100 and 1000 pc from
the sun. The last three columns in Table 4 give the average radius, gas (number)
density and total mass of the clouds.

Low-mass stars appear to be formed predominantly in dark clouds like the
Taurus cloud. The total stellar mass spectrum ranges from stars of 0.08 Mg to
stars of mass about 50 M. In stars of mass < 0.08 My, central temperatures
never attain values at which hydrogen-burning will be initiated. What determines
the upper limit for steflar mass of = 50 M, is not yet fully understood. The mass
spectrum of stars decreases rapidly with increasing stellar mass. This indicates
that it becomes increasingly difficult for massive stars to form out of the inter-
stellar matter. O-stars of mass M = 15 M, have effective (surface) temperatures
T,sr = 30,000 °K and therefore emit a large fraction of their total radiation in
the far UV at wavelengths A < 912 A, the ionization limit for hydrogen. These
massive stars, therefore, are capable of ionizing a large fraction of the surround-
ing interstellar gas, and thus form HII regions which can be observed in the radio
and optical ranges. HII regions are at present the best indicators for regions in
interstellar space where massive stars (the so-called OB-star clusters and associa-
tions) are formed.

In dark clouds some O-stars occasionally form and, in turn, generate a small
HII region like the Orion Nebula (Fig. 1). Formation of low-mass stars over an
extended period of time > 107 yr and the occasional appearance of an O-star
seems to be typical for star formation in material arms. In genuine density-wave
spiral arms in which the inflowing interstellar gas is compressed by as much as a
factor of eight, the formation of O-stars occurs at a much higher rate and correspon-
dingly the “giant HII regions” observed in density-wave spiral arms require a larger
number of O-stars to account for their ionization. Which are the types of clouds
out of which giant HII regions and their associated O-stars form? This question
has been investigated by Scoville (1972) by means of the COX 2.6 mm line. He
finds that the column density of hydrogen inferred from observations of the CO-
line ranges from 10?2 to 3 x 10?3 H atoms cm ™. Such clouds would have a visual
extinction between 6™ and 180™ and the term “black clouds‘ used by Scoville
to discriminate these objects from the ”dark clouds® in regions like the Taurus
cloud is certainly justified. The linewidths observed in black clouds are 4 to 40
times wider than the linewidths of about 1 km/sec typical of dark clouds. These
large linewidths appear to be the result of large-scale motions.

Observations made with high angular resolution revealed for one of the black
clouds in the nuclear disk a quasi-rigid-body rotation. Kinetic gas temperatures
in black clouds appear to be higher than in dark clouds, which implies that they
contain some source of heating. The average density in black clouds is of the
order of 103 particles cm™but, in some condensations, may go as high as 10°
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to 107 particles cm~. Radii of black clouds range from 10 to 30 pc and masses
range from 10% to 10° M.

E. Summary

Interstellar matter accounts for about 10% of the total mass of the Galaxy. It
forms a flat layer about the galactic plane and takes part in the general rotation
of the stars around the center of the Galaxy. The average density of the inter-
stellar gas in the galactic plane is between 0.3 and 0.7 atoms cm ™. Dust parti-
cles of typical size 0.02 u to 0.15 u but of unknown composition are well mixed
with the interstellar gas. H and *He account for 98% of the total mass of the gas.
It appears that the chemical composition of the interstellar gas as given in Table 2
is rather uniform throughout the Galaxy (and possibly throughout the universe).

Both density and kinetic temperature of the interstellar gas vary over a wide
range. It appears to be a basic characteristic of the interstellar gas that dense
(g = 10 cm ) and cool (T < 100 °K) cloudlets of some 10 Mg are embedded
in a hot (T, > 1000 °K) and tenuous (ny < 0.2 cm™>) gas. Apart from this cloud-
let structure, there exists a large-scale structure in the interstellar gas including
material and densitywave spiral arms and the nuclear disk. Within these features,
the average gas density is higher by a factor of about ten than that of the interarm
gas. It is predominantly in these large scale features that other types of clouds, i.e.
”dark* and “black® clouds, are observed. These clouds are much more massive an
and have much higher densities than the cloudlets. Their kinetic gas temperature
is usually very low. These clouds are the regions where stars are born and also where
most of the interstellar molecules are observed.

Interstellar space is filled with radiation, both high energy particles (cosmic
rays) and photons whose spectrum ranges from y-rays and X-rays through the UV
to the microwave region. In the context of interstellar molecules two components
of this latter radiation are of special importance: the UV radiation with wave-
lengths longer than 912 A which controls both formation and destruction of
interstellar molecules, and the 2.7 °K black-body radiation, a relic of the “big
bang” which in the absence of other interactions such as collisions determines
the Local Thermodynamical Equilibrium (LTE) of molecules. Soft X-rays and
subcosmic particles may contribute to the heating of the interstellar matter.

A more detailed compilation of observations pertaining to the interstellar
gas is given by Mezger (1972).

23



G. Winnewisser, P. G. Mezger and H.-D. Breuer

I11. Observations of Interstellar Molecules

A. Introduction

Within the last four years, nearly 30 different molecules have been identified
in the interstellar gas clouds of our Galaxy. This advance has been made pos-
sible in part by improved techniques of radio astronomy, and has added a large
variety of new interstellar molecules to the list of the three radicals CN, CH,
and CH*, known from their ultraviolet spectra since before 1940 (Adams,
1947; Swings and Rosenfeld, 1937; McKellar, 1940). The discovery in 1963
of the A18 cm radio spectrum of OH by Weinreb ef al. was the first identifica-
tion of an interstellar molecule by radio astronomy. Thus, up until 1968, only
four interstellar molecules were known to exist, leading to the generally accepted
conclusion that simple free radicals were the main interstellar molecular con-
stituents in a highly dilute gas (< 1 particle cm™3), subject to ionizing ultra-
violet radiation.

However, the detection of radio spectral lines in the frequency range of
about 22 to 23 GHz from the polyatomic molecules NH3 and H,O (in 1968
and 1969) by Cheung et al. and the discovery of the organic molecule H,CO
(in 1969) by Snyder et al. marked the beginning of a long series of discoveries.
From these and all subsequent discoveries it became evident that dense and
cool condensations of the interstellar matter are particularly rich in molecules.
It is in the “dark™ and “black” clouds (described in Section II. D) that rather
complex organic molecules are being found. Fig. 13 presents the electromagnetic
spectrum from about 1 A (108 cm™1) to 10'® A (102 cm™'). Shown sche-
matically are atmospheric absorption, the different techniques employed by
astronomy and the various molecular effects occurring throughout this range.
For wavelengths shorter than the 3000 to 10 000 A “‘visible window”, atmo-
spheric absorption in the upper layers (higher than 50 km) of the atmosphere
is very strong and effectively blocks all transmission. With the exception of a
few well-defined windows between 1u and 24u, the infrared radiation is mainly
absorbed by water and carbon dioxide in the lower layers of the atmosphere
below 30 km. In the radio region, rotational transitions of H,O and the pressure-
broadened spin-reorientation transitions of molecular oxygen, O,, cause atmo-
spheric absorption in some well-defined bands. With the exception of these
regions, the transmission is good beginning at about 1 mm and reaching out
to a few meters where the ionosphere becomes opaque. The development of
balloon and airplane techniques is now opening up the infrared region to
astronomical observations, while rockets and satellites are making the ultra-
violet region of the electromagnetic spectrum accessible for the first time.
Furthermore, as is indicated in Fig. 13, different types of molecular transitions
occur in each region of the electromagnetic spectrum: electronic transitions
in the ultraviolet region, vibrational transitions in the infrared, and pure rota-
tional transitions throughout the far infrared, the millimeter- and microwave
regions.
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A molecular transition arises from a particular pair of energy levels. The
energies of these levels depend upon the electronic configuration, the geometry,
the masses, and the force field of the molecule. In the radio region, the majority

of the transitions occur between rotational

energy levels which correspond,

classically speaking, to the end-over-end rotation of the molecules. For radio
astronomical observation only rotational levels within the electronic ground

state, which for most stable molecules is a

15 state, are sufficiently populated

to be detected. To a first approximation the rotational levels have a character-
istic grouping which is determined by the molecular geometry, that is whether
the molecule is a linear, a symmetric-top, or an asymmetric-top molecule. In
Table 6 (to be discussed later) the molecules OCS, HCN, and HCC—CN are

linear molecules for which, as for diatomic
of inertia about the bond axis is zero. NHg
metric-top molecules in which two of the t

molecules, the principal moment
, CH3CN, and CH3CCH are sym-
hree principal moments of inertia
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are equal. All the other molecules are asymmetric-top molecules, with none
of the three principal moments of inertia being equal. The magnitude of the
moments of inertia (their inverses are the rotational constants), which depend
on the masses and internuclear distances, determine the location of the rota-
tional energy levels and thus the transition frequencies

veE— (6)

where E, and E| are the energies of the upper and lower states of the molecule,
respectively. Fortunately, however, not every pair of levels can give rise to a
transition; only certain pairs do so, as governed by the selection rules.

With the exception of the OH and NHj transitions, all interstellar molecu-
lar lines observed to date in the radio range are pure rotational transitions.
Although the microwave spectra of a great many molecules were studied in
the laboratory during the last twenty years, a surprisingly large number of
molecules including H,CS, H,CNH, NH,CHO, NCO, HCO, HNO have only
recently been detected or investigated in any detail in the laboratory. The
first three of these molecules have subsequently been detected in interstellar
space, emphasizing the importance of laboratory spectroscopy for the unequiv-
ocal identification of interstellar molecules and the assignment of their spectra.

These discoveries could hardly have been brought about without the ex-
tensive knowledge of energy levels, selection rules, transition probabilities and
spectra assembled by laboratory spectroscopy for a very wide range of mole-
cules. Microwave spectroscopy in the centimeter- and millimeter-wave regions
is a well-established research field; for further information the reader is referred
to the books by Gordy and Cook (1970), and Townes and Schawlow (1955),
and.to a recent review on millimeter-wave spectroscopy by Winnewisser et al.
(1972). Reviews on interstellar molecules are given by Snyder (1972) and
Rank et al. (1971).

B. Observations
1. Theory of Line Emission and Absorption

Consider a gas which is exposed to radiation at the resonant frequency v. The
molecules undergo transitions between the lower and the upper energy levels.
In the case of statistical equilibium the number of molecules per unit time
undergoing transitions from the lower state to the upper state (= absorption)
equals the number of molecules making the reverse transition (caused by
spontaneous and stimulated emission)

n Uy By =ny ( U, By tAy ) @)
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where n, and #; represent the number of molecules in the upper and lower
energy levels, respectively, and u,, is the energy density of the radiation field.
By, represents the Einstein coefficient of absorption, whereas By; and 4, are
the Einstein coefficients of induced and spontaneous emission. Quantum
mechanical calculations show that for isotropic radiation and non-degenerate
energy levels

83
By = 3}1—2 ™ 12 =B 3

where pp, is the dipole moment matrix element. Introducing the degeneracy
of the levels with g,, and g; as the statistical weights of the levels u and 1 it
follows from Eq. (8)

8 By =8&u " Bul ©

Furthermore the Einstein coefficient 4, may be given in terms of the B coef-
ficients by use of Planck’s radiation law

8 h v3
Aul = 3
c

Apy (10)
&u

and with Egs. (8) and (9) one obtains

- 64n* v3 1y 12

3hcd (1

ul

The absorption coefficient o, the fractional change in energy density per

h . .
unit length, is - times the net absorption per cm® per second®

< hv
[olyao="2 {n By —n, Bu) (12)
v=0 :
hy Hy &
=" mB {1—;“-—‘}
c 17 gu N

In the case of local thermodynamical equilibrium (LTE) at a temperature T,
the distribution of the molecules over different states is given by the Boltzmann
distribution:
h
LW W
Su

(13)

b} In astrophysics this quantity is often referred to as “absorption coefficient, corrected
for stimulated emission”.
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However, if there is no thermodynamic equilibrium, as is common for inter-
stellar cases, it is convenient to define between two energy levels an excitation
temperature T, which is determined by fitting the observed molecular distribu-
tion to the Boltzmann formula, Eq. (13).

Thus, the correction term for stimulated emission becomes

1-Tu 8oy IkTex (142)
&u n
hy hy
~1_— - + ~
Sl gt )=
for hy <<kT,x (14b)

Or in convenient units for numerical calculations, where T4 is measured in
units of the absolute temperature scale (°K)

v
GHz

Tox >>%’-’=4.8x10-2-[ 1A } (15)

m—l

=144 {
C

Excitation temperatures in interstellar molecular clouds are typically
3 °K < T,y <50°K, and thus the approximation (14b) looses its validity in the
shorter mm-wavelength region.

The observable quantity in astronomical work, however, is not the absorp-
tion coefficient per unit length, but the opacity or optical depth 7, i.e. the
absorption coefficient ¢ integrated over both the entire path length L along
the line of sight and the line profile

oo L o 2 g _
,dv={dl o ,dv= —— -28(1—¢ kTex) Y 16
(f" £ ! v 8mv? g1< ! (16)

This equation is obtained by using equations (IIL. 6, 7 and 8). Here N} =

L

| md1 represents the number of molecules in the lower energy level contained
0

in a column of cross section 1 cm? along the line of sight. This quantity is
referred to as the column density of the molecules in the lower level and is
directly obtained from astronomical observations.

L
N can, however, be related to the total column density, N = [ ndl, i.e. the
0
total number of molecules per cm™2 along the line of sight, through the rota-
tional partition function @y, by the following expression

exp (_El/kTex)

M=N'g1' Q
T

amn
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where E| is the energy of the lower level 1 and
0, = T gy FilkTex ()
i

where the summation extends over all quantum numbers. The latter quantity is
calculated under the assumption that the population of all rotational levels is de-
termined by a Boltzmann distribution with T = T, i. e. one assumes local thermo-
dynamic equilibrium (LTE). In interstellar space, however, observational results
show more or less strong deviations from LTE.

Evaluation of the partition function in the general case of an asymmetric rotor
molecule is rather tedious. However, for rigid diatomic or linear molecules charac-
terized by the rotational constant B (in MHz), the partition function can be cal-
culated by replacing the summation over the total quantum numberJ by an inte-
gral

0 zf(2J+l)exp<— w) kT,
0

~ X for kT >>hB (19
KT dr B (19)

which is a good approximation even for interstellar conditions. Now a general re-
lation between the integrated optical depth of a molecular line and the total co-
lumn density N can be derived by substituting Egs. (17) into Eq. (16)

- , ~
j 7, dv= ¢ Alu(l _e—?!kaTex> gu M N 20)
gmv? O

0

Thus, the determination of the total column density N depends heavily on an
accurate determination of Ty, the optical depth 7,, and the evaluation of the
partition function Q.

The determination of Ty and its interpretation in terms of the physical con-
ditions which exist in interstellar clouds is an intriguing task of molecular radio
astronomy. Two limiting cases are readily considered: i) if the rate of collisionally
induced transitions Gy is small compared to the radiative rate Ay then Ty is de-
termined by the 2.7 °K radiation field and ii) if the reverse is true, then Tey ~ Ty,
the kinetic temperature of the gas

Tbb =2.7°K for Cul <<Aul (21)
Tex =
Tk for qll >> Aul
Typical kinetic gas temperatures in dense interstellar clouds are Ty, << 30 °K
but may in some cases reach values of v 80 °K (e. g. the Orion molecular cloud).

The relation between excitation temperature T, and kinetic gas temperature
Tx is further discussed in Sections 1. E and IIL. F,
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2. Molecular Lines in the Optical and UV Range

The electronic spectra of molecules are always seen in absorption against the
continuum spectrum of a bright background star with high effective tempera-
ture. Strong extinction of the starlight by intervening dust clouds often makes
the background star too faint for observation; this excludes from optical obser-
vations the molecule rich dark clouds commonly observed by radio techniques.
With the notable exception of CN and H,, all detected molecular absorption
lines in the optical or UV region are due to transitions from the lowest rota-
tional level of the vibrational and electronic ground state to various (rotationally
and) vibrationally excited energy levels within a higher electronic state. In this
case the correction factor for stimulated emission becomes unity, and Eq. (20)
reduces to

oo

2

c gu
T,dv= —— A, —— N, 22
,([ v 87TV2 lu g+ 8 tot ( )

In the optical region a detailed measurement of the line profiles is usually dif-
ficult, and for absorption lines it has therefore become usual to measure an
absorption line by its equivalent width W, defined in frequency units (W, =

LXWy) ,
w,={a —-Ii)du=f(1 —e ™)dv (232)

where I, is the intensity in the line and 7, is the intensity in the adjacent con-
tinuum spectrum. The general relation between W, and MV, is called the “curve
of growth” which, depending on the value of the optical depth, has three
characteristic parts. The equivalent width is i) on the “linear section” if 7, <<1,
in which case Eq. (23a) can be expanded to yield with Eq. (22) a linear rela-
tionship between W, and N

W= [, dveN (23b)

and ii) on the “flat section” if 7, > 1. Then the exact formula Eq. (23a) has to
be used and the functional dependence of the curve of growth is determined

by the detailed shape of the profile function iii). If the lines become very strong
(7, >> 1) the line profile function should be determined by the radiation
damping wings, and the line is in the “square root section” of the curve of
growth for which

W, <+/N (23¢)

The Lyman lines of HI and the Lyman resonance bands of H, fall in the latter
category. The column density of H, is then obtained (Carruthers, 1970) by
comparing the equivalent widths measured in the stellar spectrum and in the
laboratory spectrum, from which a column density Ny, = 1.3 (+0.9, —0.65) x
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10?° cm™2 has been derived in the direction of ¢ Persei. The large error margins
are essentially determined by the low intensity of the continuum in the stellar
spectrum which causes large uncertainties in the measurements of equivalent
width.

Just as hydrogen is the most abundant element, so molecular hydrogen H,
appears to be the most abundant molecule in space. In 1970 Carruthers dis-
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Fig. 14. Energy levels of the free radical CN showing the observed optical and radio
transition. The violet band is observed against ¢ Ophiuchi (Thaddeus and Clauser, 1966)
and the radio frequency transitions are measured in the Orion nebula (Jefferts et al.,
1970). In the interstellar optical spectra quadrupole hyperfine and spin-doubling struc-
ture are entirely unresolved and therefore the rotational levels can be approximated as
though the electronic states were 1. However, these splittings are partly resolved in the
radio frequency region but we note that only one component of the spin doublet has
been observed )
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covered the Lyman resonance absorption bands B! T, —X! Zg (V'-v" =0-0,
..... , 7-0) of interstellar H, (see Table 5) in the far ultraviolet spectrum of
only one star, £ Persei, by employing special observing techniques such as
windowless photo-multipliers and LiF coatings on all optics. Results from the
OAO—Copernicus satellite confirm the suggested high abundance of the H,
molecule (Spitzer et al. 1973).

Strong H, lines have been reported in 11 reddened stars (£ (B — V') > 0.10).
Considerably less or no H, absorption was detected in unreddened stars. Large
column densities have been reported in higher rotational levels (up to J = 6)
which correspond to an excitation temperature between 150° and 200 °K. The
ratio of ortho-hydrogen (J = odd) to para-hydrogen (J = even) correspond to
about 80 °K. Absorption of two lines of the Lyman bands of HD were also
reported in nine stars, indicating a ratio of HD/H, ~ 10~6. However, in the
star B Cen a deuterium to hydrogen ratio of M(D)/N(H) = 1.047 (0.125,
—~0.112) x 107° has been determined. (Rogerson et al. 1973).

CO has been detected in the interstellar absorption spectrum of { Ophiuchi
and has thus become the second interstellar molecule to be detected by rocket
ultraviolet spectroscopy. Smith and Stecher (1971) have detected eight transi-
tions in the fourth positive system of '2C1%0 and four of *3C!®0, which yielded

a 12C/13C ratio of 105. It seems likely that interstellar molecular detections in
the vacuum ultraviolet will follow, especially of polyatomic molecules like H,O.

The optical spectrum of CN provided the first determination for the mea-
surement of the microwave background radiation temperature. The electronic
transitions are not only seen from the lowest ground-state level (V = 0) but
also from the first excited rotational state (N = 1). From the intensity ratio
of the two lines R(0)/R(1) v 5 McKellar (1940) derived a rotational tempera-
ture of 2.3 °K for the interstellar medium. This temperature is close to the
measurement of 2.7 °K for the isotropic background radiation (Penzias and
Wilson, 1965). Thus the significance of the optical transitions of CN is that
they provide a measurement of the 2.7 °K background radiation at a wave-
length of 2.6 mm, From a recent analysis of the R(1)/R(0) and P(1)/R(0) line
ratios the presently most accurate value of the background intensity has been
derived to be Ty, (2.64 mm) = 2,78 + 0.10 °K (Thaddeus, 1972). Fig. 14 sum-
marizes both optical and radio results on CN, although it must be born in mind
that these observations are done in different interstellar environments, i.e. in
low and high-opacity clouds, respectively. From the energy level scheme it is
clear that radio frequency detection of the lower spin component would con-
firm the assignment and simultaneously yield accurate ground state constants,
not yet obtained from microwave measurements.

Note Added in Proof. The lower spin component J = 1/2— 1/2 of the N =
1 - O transition of CN has now been detected by Penziaser al., 1973.

3. Radio Observations

In dark clouds the dust protects the molecules from dissociation by UV radia-
tion. This protection is presumably even better in the case of Scoville’s black
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clouds (see Section II. D). However, unlike optical and UV radiation, radio
waves are not affected by interstellar dust and can penetrate these clouds and
interact with the molecules. The radio observations of molecules are our main
source of information about conditions inside these clouds. In Table 6 we list
all molecules identified to date in interstellar space by radio techniques and
give a summary of the results obtained. The first column of Table 6 gives the
chemical formula and the name, the second indicates other isotopes which

have been detected. The next three columns indicate the spectroscopic assign-
ment of the transitions, their frequencies for the most abundant isotopic species,
and the energy of the upper of the two levels involved in the transition. The
transitions listed are representative but not complete. The next column indicates
by a Y if other transitions have been observed. We have added in Appendix a
complete listing of all observed interstellar molecular transitions, along with
their distribution amongst the six most productive molecular sources. Some
transitions show hyperfine structure; when this has been observed it is indicated
by a Y in the next column. In those cases the theoretical centre frequency is
quoted. The last three columns contain some astrophysical information:
whether the lines appear in absorption (A), emission (E), or maser emission
(ME); the total column density along the line of sight; and the approximate
number of sources in which the molecules have been detected. In the follow-
ing a brief discussion of the physical significance of these quantities will be
presented.

Radiation intensities are referred to the radiation of a black body. In the
radio frequency range it is convenient to express line intensities in equivalent
line brightness temperatures, since the surface brightness B, of a black body

B, = i_lzc Ty forhv <<kT, (24)

is directly related to its brightness temperature Ty, . This is the Rayleigh-Jeans
approximation of Planck’s radiation law, and is valid throughout the cm-wave-
length range and — with a few exceptions — in the millimeter wavelength range
as well.

In radio astronomy multichannel or autocorrelation (Fourier) spectro-
meters are used which simultaneously cover the whole line profile. Consider
amolecular cloud observed against a source of continuum radiation of a given
brightness temperature. The continuum brightness temperature is the sum of
the 2.7 °K isotropic background radiation Ty, of a continuum source (such as
an HII region or a supernova remnant) which may be in the line of sight and
located behind the molecular cloud. A specific molecular transition with optical
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depth 7, :;md excitation temperature T, has an observable brightness tempera-
ture 7'y ©

T'L= {Tex (1 —¢" ™)+ (Top + Te) e} (252)

Here, the first term represents the line emission proper from the molecular
cloud. The second term describes the attenuation of the continuum radiation
due to absorption by the molecules.

With the center frequency of the spectrometer shifted outside the line pro-
files the measurement yields the unattenuated continuum temperature

T’C = Tbb + Tc (25b)
The line profile proper is obtained by subtraction of (25b) from (252)
Ty =T, ~T'e= {Tex =(Top +To)} (=€) (250)

It is readily seen from Eq. (25¢) that if Ty, + T > Tex, the molecular line will
appear in absorption, whereas if Ty, + 7T, < Tex, the line will appear in emission.
If there is no continuum source in the line of sight, T, = 0, and if collisional
transitions are slow compared with radiative transitions induced by the isotropic
background radiation, the molecules equilibrate with the 2.7 °K radiation,
Tex = Ty, and the observable line brightness temperature according to Eq.
(25¢) is Ty, = 0. Therefore, if a molecular line is seen in emission its excitation
temperature Ty > T,y . This condition imposes a lower limit on the gas density
of the emitting cloud (Section III. E). The continuum temperature of galactic
radio sources decreases rapidly with frequency (T, & »~21 for thermal sources
and typically T, « » =27 for nonthermal sources). Therefore, molecular lines
are seen in absorption only in the cm-wavelength range, whereas all molecular
lines in the mm-wavelength range are seen in emission (see Table 6).

If 7, >> 1 it follows from Eq. (25c¢) that T}, = Ty, ie. in this case the
observation yields directly the excitation temperature of the line. For optically
thin clouds (7, << 1) seen in emission one obtains

Ty =(Tex —Te —Top) " 7y (26)

Furthermore, one can generally use approximation (14b) for the correction
factor for stimulated emission. Hence according to Egs. (16 and 20) the optical
depth of radio molecular lines is inversely proportional to the excitation tem-
perature

©) The observable quantity in radioastronomy is the antenna temperature T j, which
is related to the brightness temperature 7', by Ty 1, = ngT’L, provided the solid angle
4 subtended by the cloud is large in comparison to the antenna solid beam angle 2 4.
Here npg is the beam efficiency of the radio telescope which is typically ng = 0.7. A
more general relation is Tp 1, = ngT'L 4/Q2A-
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¢ 1
T, dv « ny dl= 27
Joyave 7 Jmar= ot @7)

Therefore, the fractional column density &V; (and the total column density N
according to Eq. (20)) can only be obtained from the optical depth if Ty is
known. If a gaussian line shape is assumed, integration of the observed line
profile yields

oo

[ Ty dv =Ty smax x 1.065 Av = (Tey —To—Tip) x J 7, dv (28)
0 0

Here, Ty, max is the peak temperature of the line and A the total line width
between half intensity points. Substitution of Eq. (27)|in (28) shows that

f Trdv « Ny if Toy >> |Typ + T¢ |. Thus for optically thin lines in emission it
0

becomes possible to evaluate the fractional column density N, from the observed
integrated line profile. However, in the case of rotational lines the transition from
the fractional to the total column density according to Egs. (19) and (20) again
requires the knowledge of Tey. Thus the general uncertainties in the determina-
tion of column densities are usually rather large. The column densities derived
from emission lines are more reliable than those obtained from absorption lines.
In case of strong deviations from LTE (such as the OH or H, O maser emission
sources) no column densities can be estimated at all. All the uncertainties inherent
in the determination of column densities put large error margins on the quantita-
tive values given in column 9 of Table 6. These error margins are further increased
if column densities are converted into volume densities using the relation n =
NJ/L, owing to uncertainties in the estimated depth L of the molecular cloud. How-
ever, some conclusions can be drawn. For example a comparison of the total col-
umn densities presented in Table 6 suggests indeed that free radicals like OH or
CN are by no means overabundant with respect to stable diatomic molecules like
CO or CS or even polyatomic molecules like H,CO, HCN, or CH; CN:

For four molecules Vanous 1sot0plca]ly substituted species have been obser-
ved. Besides observations of 13C, 180 and *70 substitutions in CO and H,'3CO,
H,C'80 and '®0H.

Wilson e al (1972) have recently reported the first positive *SN isotopic
detection in an astronomical source. They observed in the Orion molecular
cloud the J = 2 | transitions of the rare hydrogen cyanide isotopic species
H'3C!*N and H'2C'*N whose rest frequencies are 172677.7 MHz and 172108.1
MHz, respectively (Winnewisser et al. , 1971). For these two molecules and in
almost all the other isotopic abundance determinations, which can presently be
given only with large error margins (" 20 %—50 %), the isotopic ratios are found
to have essentially terrestrial values.
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There seem, however, to be two exceptions:

i) in the center region of our galaxy (Sgr A and Sgr B2) the 1>C/'C ratios
are most likely to be in the range from 20 to 50 (Whiteoak and Gardner, 1972),
which is smaller than the terrestrial value of 89. .

ii) deuterium has not been detected in interstellar space until very recently,
when Jefferts et al. (1972) reported the detection of the two lowest rotational
transitions of DCN in the Orion molecular cloud. They found the emission of
the J =2~ 1line of D¥2C!¥N to be almost as intense as the H'2C!* N line. Pre-
viously a 15N/ #N ratio of " /300 was derived (Wilson et. al., 1971), thus imp-
lying that in the Orion molecular cloud the D/H ratio of hydrogen cyanide is
about the same value, which is an order of magnitude greater than the terres-
trial value. However, direct determinations of the interstellar D/H ratio by means
of the A 92 cm hyperfine structure line of atomic deuterium (analog to the
A 21 cm line of atomic hydrogen) by Weinreb (1962) and Cesarsky et al. (1972)
are more in agreement with the terrestrial abundance. The disagreement bet-
ween the ratios DCN/HCN and D/H probably indicates that some form of che-
mical fractionation is taking place.

C. ldentification of Interstellar Molecules

Because of the high precision with which the frequencies of the interstellar
lines can be measured (better than 1 part in 10°) there remains usually little
doubt about the positive identification of the molecular species, despite the
fact that only a few transitions out of the whole rotational spectrum of any
one given molecule have been observed to date in the radio frequency range.
Confirmation is obtained from observations of other rotational transitions, or
from the detection of possible fine-structure components, or from observations
of corresponding transitions of isotopically substituted species. However, some
uncertainty still remains in the identification of formic acid, HCOOH, whose
1,0—1,, transition is located in between two '® OH resonances. An indepen-
dent search for the 15, —0qo transition for formic acid was negative (Snyder
and Buhl, 1972). Similarly the identification of H,S and H,O still rests on only
one observed interstellar radio transition and awaits further confirmation by
the detection of other transitions.

With the exception of CN, all molecular identifications of interstellar lines
are based on direct laboratory measurements. The location of the CN radio tran-
sitions can be predicted from laboratory ultraviolet data (Poletto and Rigutti,
1965) and is found to be in reasonable agreement with the positions given by
the interstellar observations. However, the hyperfine structure (electric quadru-
pole and nuclear spin-electronic spin interaction) cannot be uniquely assigned;
therefore an element of caution has to be maintained until more observational
evidence — either from interstellar or iaboratory measurements — confirms the
assignment. (See Note Added in Proof p. 33).

There is also an increasing number of radio lines for which identification
based on laboratory spectra has not been possible (see Table 6) suggesting that
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some of these lines may come from molecular transients, possibly radicals or
even molecular ions difficult to obtain under laboratory conditions.

The positive identification of the carrier of these unassigned lines is of
extreme importance to a better understanding of the formation mechanisms
presently under discussion (Section IV).

However, by gathering more interstellar experimental data on other possible
transitions, the assignment of these lines could be obtained by making use of
the combination principle, which is often used to unequivocally assign compli-
cated laboratory spectra. Furthermore, for one particular molecule and in one
given cloud, the detection of as many molecular transitions as possible is re-
quired for rather different reasons. A detailed interpretation of the physical
conditions (LTE and non-LTE effects) existing in a molecular cloud will only
become possible if many molecular levels — and preferably connecting ones —
have been studied by detection of the corresponding transitions between them.
Molecular rotational transitions occur over a very wide wavelength region (see
Fig. 13). It will therefore be necessary to cover not just a small range but rather
the entire portion of the radio spectrum accessible to ground-based radiotele-
scopes. The millimeter-wave region will be particularly useful since

i) molecules which can be studied in the centimeter-wave region have usually
not only more but also stronger lines at higher frequencies (see II1. D) and

ii) light molecules such as CO, CN, HCN, H, S, H, 0, and others have few
if any transitions below 60 GHz.

These are the principal reasons why more than 50 % of all interstellar mole-
cular lines detected to date lie in the millimeter-wave region, although the observ-
ing equipment available is much less sensitive for the millimeter-wave region than
for the cm-wavelength range.

Furthermore it remains to be pointed out that many molecules of potential
astrophysical interest have been sought in interstellar clouds but have not been
found. Some of the notable negative resuits include cyclic molecules and NO,
H,C,0 and others. However, at the present time it seems premature to draw
definite conclusions since the detection limits are barely below the expected
line intensities. We may note that CH, which is expected to exist in interstellar
space (Section IV) has no allowed pure rotational spectrum. However, Dorney
and Watson (1972) have shown that a centrifugally induced dipole moment
exists which produces a complicated forbidden rotational spectrum in the radio
frequency and microwave regions. The particular transitions are very weak and
have not yet been observed in the laboratory.

D. Laboratory Spectroscopy Relevant to Astronomical Observations

Observations of interstellar rotational transitions of CH; OH and H, S at 0.8 GHz
and 169 GHz, respectively, indicate the wide frequency range now available to
radio astronomy. Extension of earthbound observations to 300 GHz can be ex-
pected in the near future. The development of sensitive narrow-band IR detectors
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in conjunction with high-flying airplanes, balloons and the post-Apollo space
shuttle program will probably open the way for spectroscopy in the far IR. All
these observations require, however, extensive laboratory work, both for success-
ful planning and for interpretation of the observational data. We discuss below
some aspects of laboratory microwave spectroscopy pertaining to the inter-
pretation of interstellar molecular radio transitions.

In microwave and millimeter wave laboratory spectroscopy an essentially
monochromatic source is tuned over the spectral line to be measured. The out-
put power of this source is collimated through an absorption cell containing
the sample gas at low-pressure (1072 to 10~> mm Hg) and is focussed onto the
detector. The molecular absorption is indicated as a sharp decrease in the voltage
output of the detector. The intensity of a microwave transition may be repre-
sented by the absorption coefficient &’ (v) per unit length. An expression for
this quantity is obtained by combining Eqs. (9 through 13) and assuming
hv << kT, as is generally the case for the radio frequency region

, 8 7 ny v?|u)?
a(V)= ——— - f@ 29
()= S 1) (29)

Here, 1y is the number of molecules per cm® in the lower level, u the electric
dipole transition matrix element, 7, the excitation temperature of the mole-
cule and f(v) the line shape function normalized to

}of(v) dv=1.
0

The other quantities have their usual meaning.
If the number of molecules in the lower state n, is expressed in terms of the
total number of molecules per cm™> by means of Eq. (17),

ny = neXp (_El/kTex)/Qr’

one finds that the absorption coefficient for dipole transitions increases approxi-
mately with »? at low frequencies and decreases exponentially when the energy
of the lower level E'; becomes comparable to kT .

As an illustration of Eq. (29), the peak absorption coefficients a'p,x for the
rotational transitions (/ + 1, K = 0) < (J, K = 0) of methylcyanide, CH3CN, have
been plotted, as shown in Fig. 15. Assuming thermodynamic equilibrium with
T.x = 150 °K, the strongest rotational lines occur for the J = 23-22, K=0
transition at a wavelength A = 0.7 mm. Each J transition is split by centrifugal
distortion effects into (J + 1) different K components. This K structure is ex-
plicitly given for the J = 6 < 5 transition and it may be noticed that, because
of the different nuclear statistical weights, the strongest line of this transition
is the K= 3 line.

A comparison may be made between the calculated J = 6—35 transition of
CH;CN on the one hand and the interstellar and laboratory spectra on the other
shown in Figs. 15 and 16. The latter figure presents the emission lines observed
by Solomon et al. in Sgr B2 and the laboratory spectrum of this transition ob-
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Fig. 15. Plots of the peak absorption coefficients of the K = 0 lines of different J transi-
tions for methylcyanide. The variation of intensity for the different X components is
shown for the J = 6 — 5 transition. The inset gives the wavelength region in which the
strongest rotational lines occur for various symmetric top molecules. The excitation tem-
perature is assumed to be 150 °K
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Fig. 16. Comparison of the interstellar emission spectrum of CH3CN with the laboratory
absorption spectrum of the J = 6 — S transition. The interstellar emission spectrum is
seen in the direction of Sagittarius B2, and shows the various values of X (Solomon et al.,
1971). The line shapes of the laboratory spectra resemble a first derivative

served in absorption by one of us (G.W.). The observed line intensities for both
cases are compared in Section III. F.

For some symmetric-top molecules (with different rotational constants B)
of astrophysical interest, the calculated optimum spectral region of the strongest
absorption lines (Tex = 150 °K) lies between 0.5 mm < Agpy < 2.0 mm. These
values shift towards longer wavelengths for lower excitation temperatures. Simi-
larly, as is shown in the inset of Fig. 15, heavier molecules characterized by a
smaller rotational constant B have their optimum absorption at longer wave-

lengths.
The energy levels of NH;, H,CO, and H,O will be discussed in somewhat

greater detail. In the first place they may be considered representative of the en-
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ergy levels of symmetric and asymmetric tops and secondly, they serve to demon-
strate some of the interesting features of interstellar molecular spectra related
to the excitation and de-excitation of molecular transitions.

1. NH;-molecule

The first few rotation-inversion levels of NH; are presented in Fig. 17. They are
specified by the quantum numbers J, the total rotational angular momentum,

INTERSTELLAR NH,
Ecm’
ORTHO PARA PARA ORTHO PARA
150 H
 wa<am]
- - -
o —
- -
- - T
300 .~ - -
_l_x\ MET) *
aa—[] [ 2eu
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o
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/
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INTERSTELLAR SPACE
1 2 3 4

Fig. 17. Energy levels of the rotation-inversion spectrum of ammonia. The quantum
numbers (J,K) are given for each level. The heavy arrows indicate the inversion transitions
detected in interstellar space and their frequencies in MHz. Thin arrows indicate the rotation-
inversion transitions located in the submillimeter wave region. Dashed arrows indicate

some collision induced transitions
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and K, its projection along the symmetry axis, and the parity. Because of the
inversion motion of the nitrogen atom through the piane of the hydrogen atoms,
each level is split into two inversion levels. Transitions between these levels give
rise to the well-known inversion spectrum in the microwave region near 23 GHz.
Fig. 17 indicates for-the (2,2) transition the nuclear quadrupole hyperfine
structure (1N nucleus) which is readily observed in the laboratory not only
for this but for all transitions. Under interstellar conditions, however, only the
strong AF = Q transitions can be seen. The interstellar microwave transitions
corresponding to the inversion doublets (J, K) = (1,1), (2,2), (3,3), (4,4), and
(6,6) were detected by Cheung et. al. (1968). Since these initial observations,
emission from the energy levels (J, K) = (2,1) and (3,2) has also been observed
(Zuckerman et al. 1971). It may be noted that the strong rotation-inversion
transitions of NHj fall in the submillimeter-wave region (> 500 GHz) and have,
therefore, not yet been detected in interstellar space. It may be further noted
that the lowest energy level in each X stack is metastable since transitions to
lower lying levels are forbidden by the AK = 0 dipole selection rule.
Furthermore, the NH3 molecules consist of two nuclear spin modifications
of total spin 3/2 (parallel) and 1/2 (antiparallel). The Fermi statistics of the
three hydrogen nuclei divide the NH; rotational energy levels into an ortho-
and para-species, respectively, depending on whether K is a multiple of 3 or not.
Transitions between the two modifications are strongly forbidden. As a further
consequence, for K= 0 only alternating levels occur.

2. H,CO-molecule

The energy levels of formaldehyde, H, CO, like those of any slightly asymmetric
rotor, differ from the energy levels of a symmetric top in that every level with

K # 0 shows a splitting caused by the asymmetry of the molecule. This is ge-
nerally referred to as K-doubling and produces (2J+1) distinct rotational sub-
levels for each value of J. With increasing asymmetry, the K-doubling is increa-
sed, and finally the correspondence between the levels of a symmetric- and an
asymmetric-top molecule is lost. The asymmetry is proportional to the difference
in the moments of inertia around the b and ¢ axes. Transitions between the K-
doublets (AJ = 0, or Q — branch transitions) occur for a large number of mole-
cules in the cm-wave region, whereas transitions between different J levels (R-
branch transitions AJ = +1) often lie in the millimeter-wave region. This is illu-
strated in Fig. 18, where the lowest energy levels of H, CO are shown together
with the allowed AK, = 0 rotational transitions. The energy levels are commonly
specified by the values of J, K, and K in the form Jg, g, where K, is the pro-
jection of the total quantum number J along the a axis and K, that along the
c-axis. Just as the ammonia molecules are classified into ortho-and para-species,
formaldehyde molecules exist in these two forms as well, now depending on
whether the quantum number K, is even or odd. It may be noted that any asym-
metric rotor molecule whose geometry allows an interchange of identical nuclei
(here hydrogen) by a 180° rotation about one of the principal molecular axes
exists in both ortho- and para-forms.
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Fig. 19. Rotational energy levels of H,O divided into para- and ortho-species and sorted
according to K. The strongest dipole transitions are indicated by thin lines. Heavy arrows
indicate some microwave and millimeter wave transitions, together with the transition
frequency in MHz. Double arrows indicate transitions of potential astrophysical interest
which may appear in maser emission. It may be noted that these four transitions are the
only way out of the series of lines with Ko =J
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3. H,O-molecule

Similarly water may be classified as either ortho-water or para-water. Its rotation-

nal energy levels are plotted in Fig. 19, sorted according to the value of K, and

its nuclear spin modifications. Here the K, K =eo (e =even, o = odd), and the
~oe energy level set forms the ortho levels, and the ee and oo set the para-levels.

This results in the lowest state of ortho-H,O being the 14, level which is about
24 cm™ above the ground state level Oyq of the para-form. The pure rotational
spectrum of water vapor is very complex and most of its strong transitions are
found to lie in the far infrared region, with only one low J transition occuring
in the centimeter wave region (6,4 —5,3 = 22 235.07985 MHz) and only one in
the entire millimeter-wave region (33250 = 183 310.117 MHz). Throughout
the submillimeter-wave region (< 800 GHz) presently accessible to laboratory
spectroscopy by means of microwave techniques 13 more transitions have been
observed (De Lucia et al., 1972), some of which have been entered on the dia-
gram and may have astrophysical significance.

E. Interpretation of Observed Lines

In Section B we have discussed how the basic quantities of line emission and
absorption, the excitation temperature Tex and optical depth 7 can be deter-
mined from observations. Energies required for rotational excitation are gen-
erally low enough (< 200 cm™ ") so that the rotational levels are expected

to be populated even at the very low kinetic temperatures of the interstellar
molecular clouds. On the other hand, with a few exceptions such as H, O and
NH3;, one may assume that only the lowest energy levels of interstellar mole-
cules are populated. Under these conditions the observable fractional column
density V; may not deviate appreciably from the total column density N of a
molecule, which can be computed by means of Eq. (17) on the assumption of
LTE.

However, the assumption of LTE for molecules in interstellar space is highly
doubtful. In fact— as will be shown in the following Section — there are a num-
ber of observational results which clearly indicate deviations from LTE emis-
sion and absorption in interstellar space and, as soon as more interstellar mo-
lecular transitions will be observed, LTE distributions may well turn out to be
the exception rather than the rule.

The population of the molecular energy levels in interstellar space is deter-
mined by microwave and infrared radiation and by collisions with various col-
lision partners (including dust grains) having kinetic temperatures between
5°K and < 100 °K.

Whether the excitation temperature Toy of a particular transition u — [ is
dominated by the microwave radiation field or by the kinetic gas temperature
depends on the ratio of collisionally induced transitions to spontaneous transi-
tions, as outlined by Eq. (21).

For typical microwave transitions (A ~v 1 cm and dipole moment u v 1
Debye = 1078 electrostatic units), spontaneous and induced emission rates are
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of the order of 10" to 10™*2 seconds, whereas for typical interstellar conditions
(density 7 v 10% fem®, v v 10* em/sec) the transition rates for collisions are of
the order of about 10%7 sec or roughly one year. Thus the transition rates of the
two effects are similar and since their magnitudes cannot easily be given a priori,
the population distribution within a pair of energy levels cannot generally be
predicted. The fact, however, that many molecular lines are seen in emission
indicates that the excitation mechanism at work must be faster than the radia-
tive transition rates. If collisions are responsible for the excitation, it becomes
possible to give a lower limit to the density of the collision partner by assuming
that the probability of spontaneous emission Ay, is small compared to the pro-
bability of a collisionally induced transition Cy; =n <oy v > . This yields a lower
limit for the density of the emitting cloud,

64n*|u® 1

"2 S hTogS B

(30)

Here g, is the cross section for a collisionally induced transition and v is the
thermal velocity of the colliding particle, <ogv > is the average value of ov for

a Maxwellian velocity distribution. Assuming a typical dipole moment of 1 Debye,
0=10"" cm™,, = 5 x 10* cm/s, one obtains the density 7 R 10> /A3. Thus for
the detection of an emission line in the centimeter-wave region (A = 1 cm) the
density within the cloud is expected to be of the order of 10® cm™3. On the

other hand, a detection of a millimeter-wave transition in emission at A = 1 mm
requires densities of the order of 10° to 10° particles/cm?3.

As a consequence, one finds that molecular lines located in the centimeter-
wave region, particularly of molecules with medium dipole moments, are ideal
thermometers for the investigation of interstellar clouds with medium gas densities
10®—10* cm=. It may be noted, however, that CO, despite its millimeter-wave
transition, belongs to this class of molecules which is thermalized at relatively
low densities due to its small dipole moment (1 = 0.11 Debye). Furthermore, at
medium cloud densities of 102 —10° neutral particles, transitions induced by
free electrons may be possible although the electron densities are low (see Fig. 8b).
Whether this is an important mechanism in exciting molecular rotational lines is
not clear. Millimeter-wave transitions of molecules with large dipole moments
such as H,CO, CS, HCN on the other hand are ideal for probing denser clouds
(108 cm—3). In the case of CO, it seems likely that the kinetic temperature T
is close to the excitation temperature Ty of the molecules which, in the direc-
tion of the central part of the Orion nebula reaches a peak temperature of
80 °K (Penzias et al., 1971). Furthermore, the temperature decreases smoothly
with increasing distance away from the dense central core. In “dark clouds”

(see Section II. D) it is lowered to about 2 degrees above the isotropic back-
ground radiation. As the molecular energy level schemes increase in complexity
(for polyatomic molecules) the interpretation of Ty in terms of the physical
properties of the clouds becomes considerably more difficult and uncertain.
However, with every new molecular line detected specific and independent
information on the population distribution is obtained.
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Fig. 20. Spectra of the 19 — 14 transitions for three isotopic species of formaldehyde

seen in absorption against the radio source Sagittarius B2. The ordinate is the ratio of
line/continuum antenna temperatures. The profiles are aligned at a velocity of 62 km/sec
with respect to LSR. The center of the H141(3 recombination line for a velocity of 62 km/sec
is indicated on the H213C160 profile (from Gardner et al., 1971)

Fig. 20 shows the observed interstellar molecular lines of various isotopic
species of formaldehyde, H,CO, as detected by Gardner ez al., 1971. This
particular line, the lowest asymmetry-doublet transition 1,4 — 143, is seen in
absorption in the continuum radiation of the strong radio source Sgr B2, which
is located behind the molecular gas cloud. Frequency is plotted along the ab-
scissa and the ordinate is intensity, expressed in the ratio of line-to-continuum
antenna temperatures. For all three formaldehyde isotopes the continuum
temperature is T, >> Ty, — Tex . This is the case because the formaldehyde
molecules are in approximate equilibrium with the microwave background
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radiation and therefore Ty, ~ Tex ~ 0. Thus according to Eq. (250) the plot-

ted quantity Ty /T, ~ (1 — e~ ") for H,'2C'€0, whereas for H,}3CO and H,C'20
this quantity becomes proportional to the optical depth of the line (Eq. 26)
from which the relative isotopic abundance is estimated. The emitting clouds
have a radial velocity of yg of +62 km/ sec?. This radial velocity introduces

a line shift with respect to its rest frequency v of Av=v — .

”R=—%c 31

The minus sign is due to a convention in astronomy, i.e. a “redshift” (Av < Q)
corresponds to a recession of the observed object. Radial velocities play a very
important role in astrophysics because they. allow estimates of the (kinematic)
distance of the emitting object.

For optical depth 7 << 1 the observed interstellar molecular lines usually
have a gaussian shape. This is to be expected, since collisional broadening,
which causes the Lorentzian line profile, should be negligible and become
important only at gas densities 1012 — 10" cm™3. If thermal motions of the

molecules were the only source of line broadenmg the line half power width
(i.e. the width between half power pomnts) would be given by

112
Avp = 2;)—1“ [ln z—ka—k} 32)

with m the mass of the emitting molecule. However, in nearly all cases one ob-
serves linewidths which are considerably broader than one would expect on
the basis of independent determinations of the kinetic temperature of the
emitting or absorbing molecules. In this case one attributes the additional
broadening to turbulent velocities, characterized by the rms turbulent velocity
< vt >1ms- Then the line width becomes

2w | 7 1/2
AvD=—:—L ln{y:nk+~< >}} ! (33)

However, as a result of the relatively large beamwidth of radiotelescopes the
apparent turbulent velocities of molecular clouds are partly the result of large-
scale systematic motions, such as rotation.

9 Radial velocities are given with respect to the Local Standard of Rest (LSR) which
accounts for both the motion of the earth and the local group of stars.
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F. Observed Deviations from Local Thermodynamical Equilibrium

There are some particularly interesting phenomena encountered in the observa-
tion of interstellar molecular spectra: the experimental data show that the rota-
tional distribution is, in most cases, anomalous. There is no common single
excitation temperature which can describe the interstellar population distribu-
tion over the energy level manifold in terms of a Boltzmann distribution.

From the preceding discussions it is evident that at least four different tem-
peratures have to be considered which under laboratory conditions are all equal:
the excitation temperature T, of the molecule, defined by the relative popula-
tions of the levels, the kinetic temperature T, corresponding to the Maxwellian
velocity distribution of the gas particles, the radiation temperature T,,q, assum-
ing a (in some cases diluted) black body radiation distribution, and the grain
temperature Tqy. With no thermodynamic equilibrium established, as is com-
mon in interstellar space, none of these temperatures are equal. These non-
equilibium conditions are likely to be caused in part by the delicate balance
between the various mechanisms of excitation and de-excitation of molecular
energy levels by particle collisions and radiative transitions, and in part by the
molecule formation process itself. Table 7 summarizes some of the known
distribution anomalies. The non-equilibrium between para- and ortho-ammonia,
the very low temperature of formaldehyde, and the interstellar OH and H,O
masers are some of the more spectacular examples.

An example of non-equilibrium has been observed in the interstellar
spectrum of methyl cyanide. In comparing the K-structure of theJ =6 — 5
transition of interstallar CH3CN detected in the direction of Sgr B2 (Solomon
et al., 1971} with the laboratory spectrum (see Fig. 16) it becomes evident
that the K = 2 line seems to be missing in the interstellar spectrum. This can
only be intefpreted by concluding that for some unknown reason the K = 2
energy levels are considerably depopulated. No explanation has been given so
far; however, this effect should be substantiated by the detection of the con-
necting higher and lower J rotational transitions.

Note Added in Proof. Recent observations by Solomon ez al. 1973 show
that the K = 2 line is present at or near its expected intensity. Thus this puz-
zling result of the first detection has been in error.

In contrast to the CH3CN situation, the spectra of interstellar ammonia
give considerable insight into excitation and de-excitation mechanisms. From
the observed intensities of the interstellar ammonia lines it has been derived
that the excitation temperature 7', determined from the relative intensities of
the (1,1) and the (2,2) lines, is notably lower than the excitation temperature
T3 determined from the intensities of the (1,1) and (3,3) lines. Thus the (3,3)
level shows an excess population over the (1,1), (2,2) levels. In other words,
ortho-ammonia is not in equilibrium with para-ammonia. However, a more
detailed study of the two para-ammonia levels (1,1) and (2,2) also reveals that
their relative populations are not given by a simple Boltzmann factor for each
of them. The (1,1) level has population in excess over the Boltzmann distribu-
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Table 7. Observed non-Boltzmann distributions within the rotational levels of
several interstellar molecules

Molecule Anomalous spectral features Excitation temperature
OH Maser emission Tex <0
H,0 Maser emission Tex < 0;
NH3 Anomalous distribution for
para(K=1,2,...)vs Tex(para) =35 °K
ortho (K=3,...)levels Tex(ortho) =50 °K
H,CO Anomalous absorption of Tex ~0.8 ~ L.8°K
110 - 111 level
CH30H Anomalous distribution for
A,E(, Eg levels Tex<0?)

tion. This type of inequilibrium could be explained by collisions of NH3 mole-
cules with H, molecules. Extensive laboratory experiments by Oka and collabo-
rators (1970) support this explanation by demonstrating clearly that the K
quantum number is changed in units of 3h in NH;-rare gas or NH3—H, colli-
sions. In the energy diagram of ammonia, some of the collisionally allowed
transitions are indicated by dashed arrows. Thus, for example, collisional transi-
tions can transfer molecules from the (2,2) level to the (1,1) — as well as to the
(2,1) level. Molecules in the (2,1) level decay by radiation very quickly into the
(1,1) level, giving it the observed excess population. Oka’s experiii. snts show
further that transitions between ortho- and para-ammonia are “forbidden” even
in collisions. Thus the observed excess population of the interstellar ortho-level
cannot be explained by the collisional mechanism. Furthermore, it can be shown
(Okaer al., 1971) that AK = 3 radiative transitions are weakly allowed, although
only between levels of the same species. By this mechanism the (3,3) level can
decay to the (2,0) level in a time span of about 40 years. At low temperatures
interstellar ortho-ammonia may be produced more efficiently than para-ammonia.

Recently, however, emission from the (2,1) and (3,2) levels has been ob-
served (Zuckerman et al., 1971). These levels radiatively decay in a very short
time to the lower levels (see energy diagram). Thus collisional excitation of
these levels would require molecular densities of probably 107 of 108 cm™3,
so that these transitions should be ideal for investigating the dense cores of
black clouds.

Another striking example of non-equilibrium conditions in interstellar
space is the observation of the anomalous absorption of H,CO in various K -
type levels. The A6 cm rotational transition 149 — 15, has been found in ab-
sorption in many galactic continuum sources (i.e. HII regions and supernovae
remnants), even when their continuum temperatures are only a few degrees,
indicating that the excitation temperature of the A6 cm line must be very low

3
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close to the 2.7 °K of the microwave background. It was, however, completely
unexpected that the line could still be seen in absorption in many dark nebulae
where no continuum background source is located beyond the dark cloud.
According to Eq. 26 this result means that the excitation temperature of this
line must be lower than 2.7 °K (Palmer ef al., 1969). This phenomenon is refer-
red to as anomalous absorption of the microwave background radiation by the
H,CO A6 cm line. Formaldehyde has thus become the second molecule next to
CN to produce clear evidence of the existence of a microwave background radiation.

In the absence of any interactions, the population of the formaldehyde
levels would rather quickly ("v 10° sec) reach equilibrium with the 2.7 °K
radiation. Anomalous absorption, however, implies that a widespread and
fast-pumping mechanism must exist which cools the levels below 2.7 °K.
Several mechanisms have been proposed to explain this low excitation temper-
ature: i) in terms of collisions with atomic or molecular hydrogen followed by
radiative de-excitation (Townes and Cheung, 1969); ii) small deviations in the
microwave background radiation near 2 mm (Solomon and Thaddeus, 1971);
iii) molecules formed in higher rotatimal levels decay down to lower rotational
levels undergoing “adiabatic cooling” as they follow the radiative dipole selec-
tion rules (Oka, 1970); iv) by infrared pumping caused by shock-heated layers
in gravitationally unstable dust clouds (Litvak, 1970).

Although observational and theoretical evidence seems to favour some of
the proposed mechanisms more than others it still remains open as to which
one produces the refrigeration effect. A more direct selection between the pro-
posed models may become possible from the detection of other K-type doublets
of formaldehyde in anomalous absorption and also of similar transitions of
structurally related molecules like H,CS, H,C,0.

In contrast to this “anti-maser” action in formaldehyde, H,O and OH are
observed in maser emission. Collisional or radiative pumping is thought to
maintain the population inversion between the two levels. As photons pass
through the cloud, they are amplified by stimulated emission of radiation. The
maser emission of H,O is possibly the most unusual of the observed anomalies,
both from an astrophysical and a spectroscopic point of view. This is not the
place to discuss details of the various models suggested, we would refer to con-
centrate on some of the general features observed in the maser emission spectra.

One of the striking features of interstellar maser emission is the enormous
intensity the maser lines have. In the case of water, the brightness temperature
for the source W49 reaches about 10'° °K. Furthermore, the line widths of the
observed lines are extremely narrow, typically only a few ten of kHz. Both
properties, intense and narrow emission lines, are intrinsic indications of maser
emission. It has been found that the angular size of all interstellar maser sources
is very small, i.e. much smaller than the spatial resolution obtained with large
single dish radiotelescopes. From long baseline interferometry, however, an
upper limit has been placed on the apparent source size of about 0.002 seconds
of arc (for W49 = 0.0003”, Orion = 0.001”") (Hills et al., 1972), which, for
example, at the distance of Orion, 450 pc, makes this particular water vapor
source about 1/2 AU in size. This is comparable with the diameter of a red
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giant star. Furthermore, the maser emission of OH and H,O does not occur at

a single frequency but consists generally of many peaks corresponding to dif-
ferent Doppler shifts. For H,0, the Doppler shifts in W49 range from

—180 km/sec to +210 km/sec. Other pronounced spectral features include the
observed change in line intensities in a time scale as short as a few days and the
occurrence of polarization which may reach about 20% linear polarization for
H,O0 but is often much higher for OH sources, where in some cases 100% circular
polarization has been observed, presumably caused by the difference in the
Zeeman effect of the two molecules, i.e. the greater sensitivity (of the order of
" 10%) of the OH molecule to a magnetic field.

From the spectroscopic point of view the negative temperature in H,O,
and thus the occurrence of maser emission, is surprising, since the 6,5 — 53
transition of ortho-water arises from rotational energy levels which are about
450 cm~ ! above the ground state level, usually too high to show any appreciable
populations. Furthermore, transitions from both levels down to lower levels
are strongly allowed, as indicated in Fig. 19 along with other strong transi-
tions due to spontaneous emission. If one follows these paths, one finds that
the water molecules are funneled by radiative transitions preferentially into
the J = K energy levels (Winnewisser, 1972a) to which the 6,4 level belongs.
Thus, once an excitation mechanism efficiently pumps the molecules into
higher energy levels (J 2 10), a population inversion between the two levels
may occur. It is interesting to note, as Oka (1971) has pointed out, that the
microwave transition which is observed in interstellar space, is the first way
out of the strongly populated Jo y and J; 5 levels. Similar considerations hold
for para-water whose 33 — 2, transition at 183.3 GHz is, therefore, of par-
ticular interest. On the basis of this model we might mention that H,S has a
similar energy level diagram. Two transitions could be expected to show maser
emission: 444 — 3,5; = 204.140 GHz of ortho-H,S and 3,3 — 259 =392.618 GHz
of para-H,S.

The fact that the emission from H,0 and OH comes from many different
but very intense spots (1 — 100 AU in linear dimensions) separated by distances
of about 10,000 AU lends support to the suggestion that this radiation is emit-
ted from massive protostars in their pre-Main Sequence adiabatic contraction state
(Mezger and Robinson, 1968; Mezger, 1971).

G. Conclusion and Summary

The very existence of molecules in interstellar space has provided considerable
new insight into the interstellar chemistry of our Galaxy. By providing birth
and certainly shelter to molecules like HCN, H,0, NH; and H,CO, known to
be important in reactions which synthesize amino acids, the interstellar environ-
ment is not nearly as hostile as had originally been assumed.

Since the detection of interstellar NH;, some 28 different molecules have
been identified by means of their radio lines. A steadily growing number of
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transitions in the radio region remains unidentified, since they cannot be as-
signed to spectra of presently known molecules. Most of the molecules espe-
cially the complex organic ones, are found predominantly in dark and black
clouds which are dense and cool condensations of the interstellar gas out of
which stars form. These regions cannot be studied by optical means nor by
the A21 cm atomic hydrogen line, but only by means of molecular lines. The
interpretation of observed molecular spectra allows us to learn more about the
physical conditions, the chemical pathways of molecule formation (see Section
IV), and the relative isotopic element abundances. So far the isotopes D, *C,
15N, 180 and possibly 34S (Zuckerman, 1972) have been found in various
molecular species.

In contrast to radio observations by which dense clouds are investigated,
optical observations yield information on dilute clouds only. Both methods
yield column densities and from these values space densities can be estimated.
Such results show that CO is probably next to H, the most abundant molecule,
whereas OH and H,CO though not the most abundant molecules seem to be
most widely distributed. Some of the more complex molecules are just barely
detectable by present radio techniques. Improved experimental techniques
will be paralleled by the detection of other molecules.

The location of an observed molecular radio transition in its energy level
scheme and its measured interstellar intensity contain important information
concerning the physical state of the molecular cloud in which the transition is
observed. It will therefore be an important task for future interstellar molecular
research to observe and measure as many transitions of any one molecule in
any one particular cloud. Doppler shifts, i.e. the difference in frequency be-
tween the rest frequency (known from laboratory measurements) and the
observed interstellar line frequencies, provide information on the large scale
motion of the molecular clouds while the linewidths indicate the turbulence
within the clouds.

Interstellar molecular lines are seen in absorption, emission and maser
emission. The fact that all millimeter-wave transitions are seen in emission puts
a lower limit on the density of the gas (n > 10® particles cm™3). If different
molecular lines can be observed for one given species then the intensities of the
transitions yield information as to whether the molecule is in LTE or not. In
most cases where more than one rotational transition for one molecule could
be observed these show more or less strong deviations from LTE. Striking devia-
tions from LTE are the maser emission of interstellar OH and H, O originating
from very localized sources (" 1/2 AU) suggesting very high densities (v 10°
particles cm™3), and the anomalous absorption of the H,CO A6 cm line which
furnishes evidence of the microwave background radiation at that wavelength.
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1V. Formation and Destruction of Molecules in Interstellar Space

A. Introduction

The existence of a large number of molecules and their concentrations in inter-
stellar space suggest that the interstellar medium is quite heterogeneous. Al-
though the chemical processes are likely to be different in the various regions
of space, it is possible to consider some common features of the life cyle of

an interstellar molecule. The important processes are the formation, the relaxa-
tion, and finally the destruction of a molecule. Formation and destruction are
not well understood processes.

Possibly best understood is the dissociation of a molecule as part of the
destruction process. All molecules observed to date in interstellar space can be
dissociated by absorption of UV photons of wavelengths A > 912 A (see Fig. 7).
Exchange reactions and adsorption on dust grains also contribute to the loss
of a particular molecule. In fact the lifetime of these molecules is less than 100 years
if they are not protected against the UV radiation, but does.increase by several
orders of magnitude in areas of strong shielding. The relaxation processes which
take place during the lifetime of a molecule are important for the understanding
of the observational data (see Section III) and in particular of the anomalous
population distributions which most likely are influenced by the formation
process as well. The formation of molecules is the least understood of the three
processes, and it is in this area where new ideas are needed. Although various
formation mechanisms have been discussed two main processes seem to con-
tribute to molecule formation. i) Gas phase reactions caused by binary collisions
in low and medium density clouds (ny, < 103 particles cm™3) produce diatomic
and possibly simple polyatomic molecules. lon-neutral gas phase reactions which
are known to be very fast may be important for clouds with densities 10% <
Ny, S 10® cm~3, whereas ii) surface reactions on dust grains are assumed to
be operative over a very wide range of cloud densities forming diatomic as well
as polyatomic molecules.

Interstellar molecules are observed in the cold component of the interstellar
gas which, together with the short lifetime of the molecules in unshielded regions
of space,shows that formation in stellar atmospheres or protosteliar nebulae
can not be their principal formation mechanisms provided the molecules are
not formed simultaneously with the dust and then blown out into the inter-
stellar medium,

The wide variety of interstellar molecules detected so far in our Galaxy
(see Table 6) are composed of the most abundant chemically reactive elements,
ie. H,C,N,/O, Siand S. The selection of detected molecules is influenced by
molecular and observational considerations: i) the molecules must be polar
ii) they must have sufficient vapor pressure for their laboratory spectra to be
known, iii) of the known spectra, only the most intense transitions can be ex-
pected to be observable in interstellar space, and iv) the frequencies of these
transitions have to be located within the Earth’s atmospheric windows Only
molecules which satisfy these conditions are amenable to radio techniques.
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This may have excluded from detection so far molecules containing the ele-
ments Fe and Mg which are of comparable abundance to Si and S. Further-
more, molecules which are expected to be abundant in interstellar space, such
as HCCH, CH,, CO, cannot at all or only with great difficulty be detected in
the microwave region.

Nevertheless the present observational evidence within its many limitations
indicates that closed-shell molecules are favored over open-shell molecules (i.e.
free radicals) at least in the molecule rich dark clouds seen in the direction of
Orion, W51, Sgr A and Sgr B2. In the latter two sources many stable and rather
complex organic molecules and molecular transients, which under laboratory
conditions are short-lived molecules, have been found in comparatively high
abundances, whereas few free radicals occur in these regions of space. It remains,
however, to be stressed that important clues on possible formation mechanisms
(and the possibility to differentiate between them) may be obtained in case it
can be proved that molecular ions such as HCO™, CCH™ and others may be the
carriers of these unidentified lines. Although the present list of interstellar mole-
cules gives an incomplete picture of the chemical conditions in space, it seems
that many of the observed interstellar molecules are related in that they can be
formed from molecular fragments to which successive hydrogen atoms and free
radicals have been attached. Following this scheme (Winnewisser, 1972) which
is shown in Table 8, one starts off with the elements of the second row of the
periodic table C, N, O, F or the 3rd row elements Si, P, S, Cl, and produces by
hydrogen addition successive hydride radicals, ready. to react with other hydro-
gen atoms, or with each other, or with interstellar molecules like CO, CN, CS
etc. to form the observed molecules. These reactions presumably take place on
grain surfaces. Hydrogen addition to the hydride radicals leads to the closed
shell hydride molecules like HF, H,O, NH3, CH,4 (and HCI, H,S, PH3, SiHy4
for the third-row elements). From these the more readily detectable molecules
H,0, NH; and H,S have been identified, suggesting that the other saturated
hydrides may be present as well in observable quantities in interstellar space.
On the other hand reactions of hydride radicals with each other lead to the
formation of astrophysically important, but often non-polar molecules such
as HCCH, H,CCH,, H3CCH;. Correspondingly HNNH, H,NNH, and in particu-
lar HOOH and HSSH, which are all polar, may very well be detectable in inter-
stellar space. Surface reactions of the hydride radicals with other radicals and
molecular fragments produce more complex molecules. For example cyano-
acetylene, HCC—CN may well have been formed this way. All detected inter-
stellar polyatomic molecules can be explained this way (see Table-8) and some
hitherto undetected, but important ones, can be predicted to exist in interstellar
space. Their observation or absence in interstellar space may then in conjunction
with laboratory results shed more light on possible chemical pathways.

The scope of this section is limited to a discussion of the formation and
dissociation processes of molecules in cool clouds of interstellar gas with den-
sities 7> 10 cm™ 3 and with kinetic gas temperatures Ty > 5 °K together with
some laboratory work related to the formation of interstellar molecules. Chem-
ical processes suggested to be operative in solar nebulae are briefly mentioned.
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B. Formation of Diatomic Molecules and Radicals in the Gas Phase

In low to medium density clouds (10 <z < 10® particles cm™ 3) radiative
association is one important mechanism for producing the diatomic radicals

CH and CH* as has been shown by Solomon and Klemperer (1972). These
primary reactions are followed by exchange reactions which produce CN, CO,
C, but not Hy, NO, N, and O,. Thus Solomon and Klemperer were able to
quantitatively account for Herbig’s (1968) optical observations made in the
direction of £-Ophiuchi. They made the assumptions that i) the UV radiation
field is intense enough that the major constituents of the gas are atoms or ions;
il) The atomic species are taken to be known fractions of the hydrogen density;
iii) the hydrogen density is of the order of 50 cm™3 and the temperature is
about 20 °K. The low temperature of interstellar space allows the occurrence
of exothermic gas phase reactions only and for the reactions to occur at an
appreciable rate they must proceed without activation energy. In addition the
low density restricts the reaction processes to binary collisions between ground-
state atomic systems, because the time between collisions is longer than the
radiative lifetime of all optical processes with the exception of hyperfine transi-
tions.

Two types of gas phase reactions are considered for the formation of di-
atomic molecules: i) radiative association, ii) chemical exchange reactions. The
rate constants® are either taken from laboratory experiments or estimated by
comparison with similar-reactions and if possible they are corrected for low
temperature conditions. Since rate constants are often not well known and
subject to major revision as new experimental data become available they are
a source of considerable uncertainty. For radiative association the reaction rate
is equal to the product of the rate of collisions and the probability that a photon
is emitted during the collision process (Bates, 1951). The general reaction scheme
is of the form

e) For areaction A + B —>C + D, the rate constant & is defined by the differential equa-
tion

where np and npg are the number densities of the reacting species A, B. If one of the
reaction partners (say B) is a photon, then the rate constant is defined

if, for example, the formation of Hy molecules is computed, all possible binary reac-
tions between different molecules, atoms, ions, photons, etc. have to be considered.
This yields according to the above-mentioned definitions, a set of steady state equa-
tions which involve the rate constants and the densities of the various reactants. The
latter quantities are then computed under the assumption of known rate constants.
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A+B~AB+hv (34)
In particular it turns out that the reaction
Ct+H->CH" + v (395)

is the initial step in the formation of the species CH*, CH, CN, CO and C,,
since the radiative recombination reaction

C+H~>CH+hv 36)

encounters several difficulties. The low abundance of neutral carbon® restricts
this reaction to the central core of dense clouds, but more fundamentally the
experimentally observed maximum of the potential curve of the relevant B>~
state (Herzberg and Johns, 1969), which has a height of about 500 cm™ ! relative
to the separated atoms, considerably reduces the molecular production rate
under interstellar conditions. It is interesting to note that the formation of CH
and CH™ by gas phase reactions of the form

(a)C+H,>CH+H

(b)C, + H, > 2CH

(c)CT+H,>CH+H" -335eV

(d)C*+H,>CH" +H—040eV

(e) C," +H, > 2CH" (37

which employ H, are unlikely, since they are endothermic. If, however, H,
should be vibrationally excited, with the vibrational energy exceeding the
endothermicity and noting that the vibrational relaxation is very slow, then
reactions 37¢ and 37d proceed with rate coefficients of 10~ ¢cm3 sec™!
(Stecher and Williams, 1972), thus dominating the production by grain-surface
reactions by several orders of magnitude. Similarly H, is not formed by radiative
association nor by the reactions CH+ H~ C + H, and CH* + H~>C" + H,
which are very slow. Thus H, does not enter in the model developed by Solo-
mon and Klemperer. Interstellar dust is believed to provide the principal mecha-
nism for H, formation.

) The jonization limit of C is considerably lower than that of hydrogen (see Table 1); on
the other hand in interstellar space the radiation density beyond of the Lyman contin-
uum is high enough to ionize most carbon. The transition region between the CII
region and the CI region is relatively sharp. CI regions occur only in the inner part of
dense clouds (see Section II. D).
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Table 9. Rate constants in cm3/(palt. sec) for radiative
association (Solomon and Klemperer, 1972)

CH* : (T <50 °K) 7x10-47
(T =100 °K) 3,5 x 1017
(T =200 °K) 2x10717

CH : (10°K < T<50°K) (3,0 — (T-20) - 0,06) - 10—17
(T ™ 100 °K) 3x10718

Once CH and CH" are formed by radiative association there exist several
channels by which they can be destroyed. Chemical exchange reactions which
are assumed to proceed at the classical collision frequency, unless there is evi-
dence to the cortrary, are for example the primary source for destroying CH
by converting it according to the reactions: CH* + 0> CO + H*,CH* + N>
CN+H™* and CH* + ¢ > CH into the species CO, CN and CH. According to the
nature of the reacting species one differentiates between ion-molecule, charge-
exchange and neutral-neutral reactions. The calculated rate constants for some
of the reactions are listed in Table 10.

Table 10. Rate constants in cm3/(part. sec) for chemical
reactions (Solomon and Klemperer, 1972)

Reaction Rate constant

Ton-Molecule

CH*+0 —=>CO"+H 1x107%
CH*+0 —CO +H'Y 1x10™2
CH*+N  —>CN +H* 1x10~°
CH'+C  =>Cyt +H 1x107%
CH +Ct —>c3+ +H 1x1079
CH*+H -=C +Hy 7.5 x 10~15 . 15/4
C;t+0  =CO +C 1x 1079
C;t+N  =CN +C* 1x1079

Charge-Exchange

cot+H —-co +H' 1x10-9
CNt+H  —CN +H' 1x10-9

Neutral-Neutral

CH +O —CO +H 4 x10-11
CH +C ~—>C, +H 4x10"11
CH +N —>CN +H 4 x19~11
C, +O0 =CO +C 3x10-11
C, +N  —=CN +C 3x 10~ 11
CN +O0 =CO +N 10~ Hexp(~1200/T)
CN +N =N, +C 1x 1013
CH +H —>C +H, 1x10~14
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There exists considerable experimental evidence that the reaction
CN + N > N, + C is several orders of magnitude faster (Kley, 1973) than the
value assumed by Solomon and Klemperer and in fact it seems to be the fastest
destruction mechanism for CN. In general, destruction of molecules or radicals
occurs by the interaction with UV photans and by exchange reactions. The
abundance of each molecular constituent is determined by equating the total
formation rate to the total destruction rate. Solomon and Klemperer solved
the rate equations for about 30 reactions. Table 11 compares the predicted
abundances for { Oph. assuming #y = 100 cm™—3 and T = 20 °K with the ob-
served column densities.

Table 11. Observed and predicted column
densities in cm ™~ for £ Ophiuchius (Solomon
and Klemperer, 1972)

Observed Predicted
CH 4.3-10!3 1.7 - 1013
CcH* 2.6-10%3 1.3-10!3
CN 8.3- 1012 6-1012
NH 8-10!2 0
OH 7- 1013 0
CcO : ? 24 - 104
CytCyt 2 7- 1012

For various cloud models which differ in hydrogen density, dimensions and
temperature, Solomon and Klemperer derive theoretical column-densities. For
the molecules considered these are in the range 10*° to 10!5 cm™2. A com-
parison with observations shows a general agreement considering all the limita-
tions imposed on the observational and theoretical determinations.

C. Molecule Formation on Grains

The formation of H, on grains is very sensitive to the residence time of the
physically adsorbed H atoms on the grain surface. The residence time is the
time elapsed between adsorption and desorption of atoms on the grain surface.
The molecule formation depends therefore on the grain temperature. Assum-
ing a perfectly regular surface, the H atoms would “evaporate” from the grain
surface before they could form H, molecules unless the grain temperature is
below a certain critical value Ty, which in the case of a perfect surface is

T,y < 13 °K. This critical grain temperature may be increased to T, = 25—

50 °K if one assumes surface irregularities which provide localized adsorption
sites to which the atoms are attached more strongly by the somewhat increased
adsorption energies. Since there is strong evidence that the grain temperatures
in HI regions are lower than 50 °K Hollenbach and Salpeter conclude that
every H atom which hits a grain and sticks to it leads to H, formation before
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desorption. For very small dust clouds with rg = 10 cm—3 and 7, = 0.1 the
fraction of hydrogen in molecular form, £, is calculated to be

2}’ZH2

= .. .~ % -3
72 ) 10 (38)

In denser clouds, however, the abundance of H, increases rapidly. With
gas densities > 10?2 cm ™2 and column densities corresponding to an extinction
in the visible of 4, > 0.5™ hydrogen is expected to be mainly in the molecular
form (Werner et al., 1970). Similar results are obtained by de Jong (1972) who
also includes low-energy cosmic radiation in his calculations which produces
electron densities in dark clouds sufficient to yield H, formation via associative
detachment H™ + H — H, + e proceeding with a rate constant k v 1.3 x 10™°
em?® sec™ ! at 300 °K. This reaction, however, is only of importance if forma-
tion of H, molecules on grains is for one reason or another inefficient.

The difficulty encountered with physically adsorbed atoms on perfect sur-
faces, namely the much too short residence time, can be circumvented not only
by introducing surface irregularities but also by chemisorption. On the basis
of chemisorbed atoms Stecher and Williams (1966) have calculated the forma-
tion rates for some diatomic molecules and radicals on the surface of graphite
and dirty ice grains. The important mechanism of interstellar molecule forma-
tion is the capture by an incident atom of an atom chemically bound to the
grain, to form a molecule by an exothermic chemical exchange reaction. The
reactions involved are then surface reactions and chemical exchange reactions.
Empty valences of the grains become occupied by atoms of the interstellar gas,
which are then chemically bound to the surface of the grain. Further collisions
by interstellar atoms with these surface complexes may lead to molecular rear-
rangement and in the case of exothermal reactions to a release of molecules to
the interstellar medium. A general reaction of this type may be written:

grain - X +Y - grain + XY (39)

Two different forms of grains have been specifically discussed: in the first
case formation on graphite is considered, the grains of which may be represented

by a hexagon ring.
Dcx+v—-®c+xv (40)

The C atom is a member of the graphite grain and serves to chemisorb the X
atom until molecule formation has taken place. The theory used in the calcula-
tions of formation rates on grains is collision theory (e.g. Polanyi, 1962). As
always assumed it is dependent on an activation energy 4, which may be re-
garded as the energy the incoming atom requires to overcome the repulsion of
the chemically bound molecule. The reaction rate is then proportional to

ny “ Amolecule o2 T2 exp (— A/kT) (41a)
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where ny and 7 p01ecyle are the number densities of the incident atoms and the
molecule. If this equation is applied to the special cases considered in Eqs. (39)
and (40) the molecular production rates can be written in a simplified form

Ry =b T2 eIT - p2 - £ (1) £ (T) (41b)

where @ and b are constants, p is the pressure in units of ny = 10 cm™ 3, £ (T)
is the fraction of atoms available on the grain surface for exchange and ¢ (T")
is a function allowing for the increase in grain cross-section for a negatively
charged grain approached by a positive ion (£ = 1 for neutral atoms). Various
cases have been considered and are listed in Table 12.

Table 12. Formation of molecules on graphite grains
(Stecher and Williams, 1966)

H ct 0 N
X
H H, CHD) OH NH
ct coly CND)
N N,

1) The excess charge is taken up by the grain.

In the second case molecule formation on dirty ice grains is considered
and found to be rather limited in that it produces only H, and CO since all
other reactions are endothermic. However these two molecules seem to be
most widely distributed.

The predicted equilibrium densities calculated under the assumption that
the destruction processes are mainly chemical exchange reactions and photo-
dissociation are not in very good agreement with the observed densities. This
may be due to the fact that only graphite and dirty ice grains were considered
and that other grain surfaces may have to be considered as well. Furthermore
the possibility of polyatomic molecule formation during these reactions can-
not be excluded and may therefore if properly taken into account alter the
derived results.

In a more recent paper by Watson and Salpeter (1972a) the formation of
interstellar molecules on the surface of grains is also discussed.

It may be concluded from their calculations that strong chemisorption of
atoms and radicals prevents not only molecule formation but ejection or de-
sorption from the grain surface as well. However, on top of the chemisorbed
layer physical adsorption is possible and the adsorbed particles can move over
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the whole grain surface either by thermal motion or by quantum mechanical
barrier penetration. Since hydrogen has the highest surface abundance the
most common reactions will be the formation of diatomic radicals like CH,
NH and OH.

Assuming that a large fraction of these radicals remains at the surface, they
can further react to form saturated molecules like CH,, NH3 or H,0. Reactions
of these molecules with radicals, which have some excitation energy, either as a
consequence of their formation or from the photodissociation of saturated mole-
cules, can then lead to more complex organic molecules. The branching ratio,
which determines the chemical composition of the products thus formed, de-
pends on the surface abundance of atoms and radicals and any possible ejection
mechanisms which may interrupt the reaction sequence.

The ejection mechanisms considered by Watson and Salpeter are mainly
photodesorption and ejection during molecule formation, the former being
the most important process. Other mechanisms involving interaction with
cosmic rays or with IR photons are of minor importance. Since ejection by
UV photons is highly unlikely in very dense clouds, condensation of the inter-
stellar gas and grain growth in the Watson-Salpeter-model would proceed with-
out limit, which of course is in contradiction to observations.

In a second paper Watson and Salpeter (1972b) calculate the abundance
of interstellar molecules as a function of the interstellar radiation field. For
unshielded regions Habing’s (1968) calculated values for the interstellar UV
radiation density are used (see Table 3). The connection between the gas den-
sity and the shielded UV light is established by introducing the parameter
£= % exp {2.5 7y}, n being the gas density. For photons with energies
above 11.3 eV the shielding factor increases rapidly because of photoabsorption
by carbon.

Relative abundances are calculated by assuming that every atom or mole-
cule with an atomic weight > 12 hitting an adsorbed atom or radical forms
some molecule. This leads to a rate of formation

n - -
Rg; =(E6) 10715 gec? 42)

In clouds with £ < 10 the combined abundances for molecules containing C,
N and O relative to atomic C, N and O are v 10~ %£. For moderate and heavy
shielding with & > 30 Watson and Salpeter predict

[CH] _[NH] _[OH] _[SH] _ 3-107%
[C]1 ~ IN] ~ [0] — [S] ~— (1+250¢7%)

“43)

For the other molecules and for & > 200 the following ratios are obtained
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160} | jg-4 2 (44)

(€l

[ON] ._ < [CS1, [Na] . INO] _ . _s
€ e N “3)

The high predicted abundance of CO s in agreement with the observational
results. The fact that NO has not been found in interstellar space may be due
to exchange reactions like N + NO - N, + O with appreciable rate constants.
The observed ratio [HCN] / [CN] is larger than the predicted value and suggests
either that HCN is produced directly on the grain or that CN destruction is
faster than estimated.

The result of these calculations shows that even in “normal” HI clouds
with £ v 1 and no strong extinction appreciable molecular abundances can
exist. The predicted values are:

[OH] / {H]~ 2 x 10~ [CH] / [H] v 1072 [H,0] / [H] v 107°;
[CO]/[H]Vv4 x 1078 [CN]/[H]Vv4 x 107°

Among other mechanisms which have been proposed for molecule produc-
tion in interstellar space three are worth discussing here briefly. According to
Sagan (1972) the organic material produced in the early history of the solar
system can be making contributions to interstellar organic chemistry because
of the dissipation of organic molecules during star formation and the subsequent
loss of comets to the interstellar medium. Hence the observed small molecules
may be degradation products of larger organic molecules.

The storage of highly reactive radicals in ice grains has been discussed by
Greenberg (1971). On local heating of these grains by cosmic rays or UV
photons, the radicals may start a chain reaction which leads to the explosion
of the whole grain. During the explosion complex organic molecules would be
formed and ejected into interstellar space.

The synthesis of organic molecules in Fischer-Tropsch reactions in early
solar nebulae has been suggested by Anders et al. (1971).

The difficulty with the mechanisms suggested by Sagan and by Anders-is
that molecules are usually found in dense clouds, where they are shielded from
the dissociating radiation. The lifetimes of the relevant molecules in unshielded
regions are too short to let them travel from any place outside a cloud into
the denser regions where they are observed.

D. Laboratory Experiments

At the moment very little information from laboratory-experiments is available
which is directly applicable to interstellar chemistry. Because of their tempera-
ture and pressure dependence, such well-known catalytic processes as Fischer-
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Tropsch etc. can under interstellar conditions hardly lead to formation rates
which would explain the observed abundances. Especially in the formation of
the more complex molecules the interstellar radiation field and the dust grains
seem to play an important role. In experiments simulating the Martian atmo-
sphere Hubbard er al. (1971) found that '*CO, and *C-organic compounds
are formed when a dilute mixture of **CO and water vapour in *>CO, or N,

is irradiated with UV light in the presence of soil or pulverized vycor. Among

other organic compounds formaldehyde and acetaldehyde could be identified.

The formation of the organic compounds occurs over a broad spectral range

below 3000 A.

In order to investigate the primary processes responsible for “photocatalytic”
reactions Moesta and Breuer (1968) performed experiments in which simple
gases, some examples of which are given later, were adsorbed on clean metal
surfaces and subsequently irradiated by UV light. The different metals used in
these experiments certainly do not resemble the chemical and physical composi-
tion of interstellar dust grains, but they at least offer well defined surfaces and
thus avoid introducing errors due to impurities which may lead to a misunder-
standing of the primary processes.

The main results of these experiments may be summarized in two points:
(1) as soon as adsorption occurs the absorption frequencies of the electronic

transitions of the primary molecules are shifted to longer wavelengths. This

fact is then used to irradiate the adsorbed molecules with light correspond-
ing to the shifted wavelength.

(2) Irradiation with wavelengths A > 2000 A leads to the formation of reactive
atoms or radicals on the surface which in turn can react with other adsorbed
species to form rather complex molecules.

Out of a large number of experiments three selected examples are presented

here. In a first experiment pure CO was adsorbed on a clean tungsten surface

and was irradiated by light of the wavelength A 2537 A. The results of the
mass spectroscopic study of the observed reaction products are summarized

in Table 13.

Table 13. Reaction scheme and mass
spectrum of CO on tungsten-surface
(H. D. Breuer and H. Moesta, 1971)

+ —-CO* .
ERTE A p—
C +CO —C,0
O +CO —>COy
(6] +C20 —>Cy0,y
C +C202 ‘>C302

It is assumed that in the primary reaction electronically excited CO* is formed
and decays into C and O atoms which then react with CO or the already formed
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molecular species to give the reaction products indicated in the last four lines
of Table 13. These end products can be monitored by their mass spectrum.
Because of its low adsorption energy CO, is desorbed almost completely while
the other products are only partially desorbed during the formation reaction.

In a second experiment a mixture of adsorbed CH4 and COin equal parts
was irradiated by radiation of X 2537 A. In this reaction the formation of H,CO
could be identified by its mass spectrum. This was clearly substantiated by an
additional experiment, in which the isotopic mass of D,CO was detected when
CH, was replaced by CD, as primary reaction partner.

As the number of primary reaction partners is increased, the observed mass
spectrum becomes rather complex and ambiguities occur in identification. As
a last example, we mention the photoproducts obtained by subjecting co-
adsorbed H,, CO and N, (in approximately equal parts) on tungsten surface to
UV radiation of A = 2537 A.

Table 14. Mass spectrum
obtained by irradiating H,, CO
and N, on tungsten-surface

mfe Molecule
26 CN

27 HCN

29 N,H

30 NO, N,H,
38 CaN

39 C,HN

40 CyH,N

41 CH;3CN
43 HNCO

44 CO,, NO
46 NO,

47 HCONH,
51 HC3N

In some cases the cross sections for molecule formation and desorption from
the surface could be estimated from the measured intensity of the mass peaks
and the known photon flux at the surface. The corresponding values are listed
in Table 15.

The fact that most of the observed photocatalytic reactions occur in the wave-
length region between 2000 A and 3000 A is important for the application of
these reactions to interstellar chemistry, since photons in this wavelength range
can penetrate even dense clouds. The values for the cross-sections indicate that
photocatalytic reactions may be a very effective mechanism in producing inter-
stellar molecules.
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Table 15. Cross sections in cm? for
formation and desorption at A =
2537 A (H. D. Breuer, 1971).

G(CN) = 1.5x10~18
O(HCN) = 5x10™19
0(H,CO) = 1x10-16
O(CH3CN) = 1.5x 10718
G(HNCO) = 1x1071

OG(HCONH,) = 1x10718
O(HC3N) = 5x 10719

Assuming a grain diameter of 0.1, a cloud corresponding to £ ~ 1000 in
the Watson-Salpeter model, and a mean cross-section of 10~ ¢cm? the mean
abundance of complex molecules has been calculated as an equilibrium between
production by photochemical surface reactions and destruction (see IV. E) by
absorption of UV photons (Breuer, 1971). For a hydrogen density of ny =
102 cem™3 an average molecule density of 4.5 x 107% cm™ 3 was obtained, a
value which is in agreement with the observed densities for at least some regions
in space.

E. Lifetime and Destruction of Interstellar Molecules

Photodissociation and exchange reactions are the primary destruction process
for interstellar molecules. If photodecomposition is considered to be the only
destruction mechanism, then the lifetime of interstellar molecules depends upon
three factors: the absorption cross section, the quantum yield of dissociation
and the interstellar radiation field. A quantitative discussion of this destruction
mechanism has been given by Stief (1971) for two diatomic and eight poly-
atomic molecules.

During photodecomposition of the molecules H,CO, NH;, H,0 and CH,4
the dominant primary processes encountered are the formation of atomic and
molecular hydrogen; the relative importance of the two decomposition channels
is strongly dependent on the wavelength. Available laboratory data indjcate
that these and all other polyatomic molecules are dissociated in the wavelength
region longer than 912 A. CO however, has an exceptionally high decomposition
threshold (A = 1115 A) and is thus the most stable of all known interstellar
molecules. Unfortunately little laboratory data are available for the range be-
tween the decomposition threshold of CO and 912 A. The decomposition of
OCS for example into CO and S has a quantum yield of 0.9 at A = 2537 A and
A =2288 A, Formation of atomic oxygen and CS becomes energetically pos-
sible at wavelengths shorter than A = 1735 A. Included in Stief’s calculations
are molecules like NO, C,H,, CH, and C¢Hg. Unfortunately, of these mole-
cules, only NO has an observable radio spectrum and despite an extensive
interstellar search NO has not been detected.
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The dissociation probability of the molecules is given by

uro
h

p= [ 0 oy - A (46)

where u; is the radiation density, @ is the quantum yield for dissociation, 2 is
Planck’s constant, 8, is the transmissivity of a cloud which has been evaluated
from the extinction in the visual, 4,, and o, is the absorption cross section.
The result of these calculations is shown in Figs. 21a and b. It is clear from
these figures that the lifetimes of all molecules with exception of carbon mon-
oxide are < 100 years in unshielded regions. The total distance traveled by a
molecule in its lifetime of 100 years is in the order of 0.001 pc. Since inter-
cloud distances are appreciably greater than this value it is evident that a poly-
atomic molecule cannot travel appreciably more than 0.001 pc in unobscured
regions without being photodissociated. As a consequence, such molecules can
only be formed or released in the cloud where they are observed.
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Fig. 21a and b. Lifetime of intersteliar molecules as a function of the thickness of the
shielding dust layer, expressed in magnitudes of visual extinction (after Stief, 1971)
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In addition to the calculated lifetime of photodissociation a contribution
from photoionization might be expected. For the ten molecules considered,
photons with A > 912 A are capable of ionizing all molecules except CO. How-
ever, ionization will in general be less important than dissociation since it occurs
not only over a narrower wavelength range but the ionization efficiencies are
also less than unity for polyatomic molecules.

The destruction of interstellar molecules by interaction with soft X-rays
and subcosmic rays is even less important, because of the general decrease of
the decomposition cross section with increasing energy of the collision partner.

F. Summary

Since the detection of interstellar molecules, several mechanisms have been
proposed to explain their presence in the interstellar medium. Formation,
relaxation and destruction mechanisms are important processes in the life cycle
of an interstellar molecule. The formation processes discussed involve gas-phase-
and surface reactions, the latter taking place upon interstellar dust grains. Sev-
eral types of gas-phase reactions are proposed such as radiative recombination,
ion-neutral, neutral-neutral, chemical-exchange and recombination reactions.
The chemistry of these interstellar clouds depends upon, whether a low to
medium or high density region is discussed. In the latter region molecules
dominate, whereas atoms are the main constituent of low density regions and
photodissociation becomes important. Rate constants are either experimentally
determined or theoretically calculated. Their precise knowledge and the assur-
ance that all relevant reactions are included in the treatment pose serious diffi-
culties to all gas-phase calculations. Furthermore, all gas-phase models are sensi-
tive to the presence of interstellar dust, which shields the molecules from the
destructive interstellar UV radiation field.

It is almost certain that the formation of H, from atomic hydrogen occurs
on interstellar grain surfaces. Less understood, however, is the formation of
other molecular species on grain surfaces, since some of the relevant physical
processes on the surfaces of interstellar dust grains are highly uncertain. These
processes include: condensation of the gas onto grains, sticking probability,
surface mobility, reaction rates and others. For example, the ejection of ad-
sorbed molecules from the grain surface may be due to interaction with UV
photons or by converting the heat of formation into kinetic energy sufficient
for desorption. Interaction with the interstellar radiation field may also lead
to molecule formation through photocatalytic reactions.

The time elapsed between hitting the grain surface and molecule formation
is of the order of seconds. The lifetime of the molecule in free space after gjec-
tion from the surface depends upon the region where it is released. In a cloud
with a visual extinction of 4y = 3 corresponding to a hydrogen column density
of Ny = 5 x 102! cm™2 the lifetime of a typical molecule will be in the order
of 1013 sec. During this time the probability for photodissociation is unity.
The dissociation products are then available for recycling.
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Although it is presently not possible to distinguish clearly between the
different formation mechanisms, it is felt that more observational data will
furnish the material necessary for that. There are two areas of immediate help
which play a very important role in our understanding of interstellar chemistry:
Isotopic abundance determinations, notably deuterium to hydrogen ratios, and
the identification of the unknown interstellar lines by astronomical, laboratory
or theoretical means. ‘

V. Appendix

This compilation covers all molecular lines detected by radioastronomical
techniques in the interstellar medium. The listing includes all lines reported
up to August 1973. The spectroscopic notation corresponds to the one used
in Table 6. The electronic ground state is indicated only in cases where it is
different from a 'Z state. Each entry under the six sources listed means that
this particular transition has been observed in that source.
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|. Introduction

The Apollo lunar samples have provided the first opportunity for the analysis
of material collected from an extraterrestrial body under carefully controlled
conditions. No definitive evidence about the concentration and nature of lunar
carbon was provided by the o back-scattering experiments carried out by the
Sureveyor unmanned landers. However, these remarkably successful experiments
did indicate a magmatic origin foz the samples analysed . This was confirmed
by the Apollo missions, three distinct samples types being collected from the
lunar regolith:

1. A variety of igneous rocks of magmatic origin.

2. Breccias which are shock compressed aggregates of soil (regolith breccias) or
thermally welded material (metamorphic breccias).

3. Fine grained soil comprising complex mixtures of mineral and glass fragments

~ and microbreccias*?.

There was, therefore, little likelihood of complex organic compounds being

present. However, a search for such compounds was included in the analytical

schemes of most of the Bioscience Investigators®). Four basic approaches have
been attempted to study the nature and distribution of carbon and its comp-
ounds in the Apolio samples:

1. A search for viable, dead, or fossil microorganisms.

2. A search for solvent-extractable compounds (hydrocarbons, etc.) of the type
found in many terrestrial geological situations.

3. Pyrolysis and combustion experiments to determine the concentration and
isotopic composition of total carbon, and pyrolysis experiments to detect
polymeric material via its pyrolytic products.

4. Analysis of gaseous constituents released by in vacuo crushing or by dissolu-
tion of the inorganic matrix in concentrated mineral acid.

Each approach will be described in some detail and its relevance to the carbon

chemistry of the moon discussed. ‘

{l. Viable, Dead and Fossil Microorganisms

Prior to the release of any Apollo 11, 12 and 14 samples to the Principal In-
vestigators, aliquots of the samples from each of these missions were screened

at the Lunar Receiving Laboratory, Houston (LRL) for the presence of possib-
ly harmful microorganisms. However, a wide variety of living organisms were
exposed to the samples without any pathogenic effects. Addition of the samples
to over 300 different nutrient media and environments also failed to reveal the
presence of viable microorganisms, including terrestrial contaminants®5:9-11,
These results also showed that the moon had not been irreversibly contaminated
by earlier probes. The only viable microorganisms obtained (Streptococcus mitis)
were found in foam packing from within the Surveyor III TV camera which had
resided on the lunar surface for two and a half years and was returned by the
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Apollo 12 mission'?). Some terrestrial microorganisms apparently have the po-
tential of surviving on the moon for long periods of time in the protected interior
environment of the camera.

Micropaleontological examination of rock chips, dust and thin sections by
optical and microscopic techniques provided no indication of fossil or dead
microorganisms 3%, The method detected, however, terrestrial contamina-
tion in the form of particulate organic matter such as shreds of teflon, silicone
rubber and cellulose fibres %,

111. Solvent-Extractable Carbon Compounds

A search in the Apollo 11 fines for various classes of medium molecular weight
biolipids and their derived fossil counterparts was carried out by almost all of
the Bioscience Investigators. Isolation methods were based mainly on extraction
with water or organic solvents with or without acid hydrolysis. Two isolation
schemes are worth particular mention. Abell ef al.'”) used a closed analytical
system which allows extraction with a variety of solvents, evaporation and column
chromatography to be carried out in an atmosphere of helium. Kvenvolden et
al.'® used a sequential scheme of solvent extraction and hydrolysis to analyse
one sample of fines for a wide variety of compound classes (Table 1). The sample
was retained in the same vessel throughout the procedure to minimize contami-
nation through excessive handling of sample and extracts. Both of these schemes
should have a wider applicability. For example, a combination of the two could
provide the basis for remote automated analyses of planetary surfaces by un-
manned landers '

The analytical methods used by most investigators were based on detection
by gas chromatographic and mass spectrometric equipment operated at the high-
est sensitvities available. The findings are summarised in Table 1. No aliphatic
or aromatic hydrocarbons, fatty acids, alcohols, esters, sugars, purines and pyri-
midines (bound and free) were found at detection limits of a few parts per billion.
The situation with respect to porphyrins and amino acids is less clear (see below).
The net result, however, of the search for medium molecular weight compounds
of biological interest was that there was no evidence for life, either present or
past, on the moon. This result was expected by almost all of the investigators
but the experiments had to be performed and the experience gained should prove
invaluable in the analysis of other extraterrestrial samples, in which the presence
of living organisms is a more likely possibility.

Rho et al. 27"2°) have consistently claimed the absence of porphyrins in Apollo
11, 12 and 14 fines at detection limits corresponding to approximately 0.005
parts per billion. Hodgson ez al. 3031 detected porphyrin-like pigments in Apolio
11 fines and one sample of Apollo 12 fines collected near the Lunar Module. It
was concluded that these contaminants arose from the Lunar Module descent
rocket exhaust, similar combustion products having been observed in dunnite
exposed in the laboratory to the exhaust. No porphyrins were found by either
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investigator in a sample of Apolle 14 fines extracted by Hodgson ez al.>?.Ina
trench sample of Apollo 12 fines collected at a point well-removed from the LM,
however, porphyrin-like pigments, which are thought to be indigenous to the
sample, were detected. Hodgson ef al. 31,32)pelieve that these compounds re-
present either laboratory oxidation products of lunar precursors or derive from
extralunar sources such as micrometeorites, although Rho ez al. 28) suggest that
absorptions observed may be light scattering anomalies due to grating defects

in the spectrofluorometer.

The controversy over the presence or absence of free or bound (released
by acid hydrolysis) amino acids is indicated by the data in Table 1. Some in-
vestigators reported the absence of amino acids in Apollo 11 and 12 fines,
whereas other reported part per billion concentrations, especiatly glycine (gly)
and alanine (ala) (Fig. 1). Accordingly, a collaborative study between two la-
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o
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2 E8E 52 oS4l <

Fig. 1. Amino acid profiles (from amino acid analyser). (A) Hydrolysate of an aqueous
extract from Apollo 11 bulk fines (sample 10086); basic amino acids — histidine, lysine,
etc. — not shown. (B) Hydrolysate of an agueous extract from Apollo 12 fines (Sample
12033). (C) Water blank carried through entire analytical sequence. (D) Standards

boratories was carried out to examine the Apollo 14 SESC fines (Special En-
vironment Sample Container)39’41). This sample had been sealed on the moon

(although not completely effectively) and was opened in a contamination-free
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facility at the University of California, Berkeley. Contamination of the sample
was therefore minimal. The collaborative analysis indicated the presence of

both free and bound amino acids at part per billion concentrations. The latter
are thought to represent not bound amino acids but the products of acid hydro-
lysis of organic precursors indigenous to the samples3?), It has been suggested42)
that these simple precursors, which react together on acid hydrolysis, may be
ammonia (from hydrolysis of nitrides), simple cyanides such as HCN, and alde-
hydes such as formaldehyde. The aldehydes (or carbon at the same oxidation
state) could derive from hydrolysis of carbide, or hydration of acetylenes derived
from hydrolysis of carbide, or from the reduction and hydrolysis of cyanides*?.
There is evidence that the proposed parent species (nitrides, cyanides and car-
bides) are present in lunar fines. Dissolution of a number of samples of Ag)ollo
14 fines in DF released DCN, indicating that cyanide species are present * ) In-
direct evidence for the presence of nitrides is given by the pyrolytic release be-
low 600 °C of NHj; from the fines, probably from the reaction of H, O with
nitrides*?) and by the generation of ammonium species on acid hydrolysis44).
Carbides are almost certainly present in a wide variety of Apollo 11, 12, 14 and
15 samples*3:45-50),

If the amino acids released by acid are not contaminants, proof of their
origin would be a fascinating, if difficult, experimental problem. Laboratory
simulation studies, involving implantation of carbon at solar wind energies
into metal targets, suggest that carbide can be synthesized on the lunar surface
by solar wind implantation 3V, In addition, it seems likely that nitride and cya-
nide species should be synthesized by implantation#3%%)_ A valuable experi-
mental study would be hydrolysis of samples, previously irradiated consecuti-
vely in the laboratory with the appropriate ions (C, N, O, H) at solar wind ener-
gies, followed by a search for amino acids in the hydrolysate 52),

1V. Lunar Surface Processes

Tao date lunar carbon chemistry studies have been primarily concerned with
analyses of the fine material and, to a lesser extent, breccias. A brief description
of the processes leading to the formation of these samples in the regolith is
therefore necessary in order to discuss their carbon chemistry. Successive im-
pacting meteorites generated sudden blanket depositions of layers of ejecta.
Accompanying base surges of hot clouds of dust and gas, and shock waves, are
thought to have resulted in compaction to form breccias, On a smaller scale
micrometeorite impact, sputtering by cosmic particles and abrasion lead to
further comminution and the formation of microbreccias. Micrometeorite im-
pacts also cause the slow turnover (gardening) of the regolith to a depth of
2-3 cm, although other mechanisms, including electrostatic effects and down-
slope migration, must also contribute to this reworking. As a result, fine mate-
rial is exposed to the flux of the solar wind and cosmic rays, and to any vapour
phase generated by impact.
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V. Total Carbon Measurements

The total carbon contents of a variety of fines, breccias and crystalline rocks
have been measured by a number of investigators 34~%3)_ Samples were either
combusted directly in an oxygen atmosphere to CO, or first heated in vacuo
and the gases released converted to CO,. Fig. 2 summarises the data obtained
by Moore et al.” 34=59) for Apollo 11 to Apollo 15 samples and the following
general conclusions may be drawn®®:

1.

The highest values measured (ca. 200 ppm and higher for fines and regolith
breccias and 60 ppm for crystalline rocks) are probably indicative of signifi-
cant terrestrial contamination.

. The fines and breccias have concentrations of carbon which are, in general,

higher than those in the igneous rocks, although there are some exceptions,
for example the fines collected near Cone Crater by the Apollo 14 mission,
and the metamorphic breccias (see below).

. The rocks are substantially depleted in carbon, in view of the relative cosmic

abundance of this element but it is not known whether this is a result of
volatilisation losses during melting or whether the moon has always been
depleted in this and other volatile elements.

NASA-S71-3256-V  ppm Carbon

300~
A-11 A-T1
271 i S
200 %} F A5t
041 298
031
BT el
Total 188 - &01 58
carbon A 459+ T -
abundances %8 C A At
Vs 60} AL A-12
sample type 50 + A-12
for Apollos Lok AL
1, 12,14,15 ] u
301 ] A-15
A-l4 058
20+ A-12 076
556
10 418
Soils Breccias Crystalline rocks
Sample type

Fig. 2. Total carbon abundances (by combustion) in basaltic rocks, breccias and bulk fines
from Apollo 11, 12, 14 and 15 missions. Horizontal bars indicate different samples
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These data show that, because the fines derive from crystalline rocks, a
carbon component has been added to the fines. The total carbon concentration
in Apollo 11 fines i mcreases w1th decreasing partlcle 51ze indicating that there
is a surface correlation 3% ©), It has been suggested>® therefore, that solar
wind implantation of carbon into the surfaces of the fines makes a significant
contribution to the total carbon, although a meteorite contribution cannot be
discounted.

V1. Sources of Carbon on the Moon

There are probably three major sources which contribute carbon to the lunar
surface:

First, primordial or magmatic carbon trapped during the crystallisation of
the igneous rocks: the carbon content measured for the rocks should be repre-
sentative of carbon from this source.

Second , the flux of meteorites and micrometeorites impacting on the lunar
surface might be expected to contribute carbon in some form. In particular,
iron meteorites contain small concentrations of the carbide mineral, cohenite
[(Fe Ni);C1, graphite and diamond®®. Carbonaceous chondrites contain up to
3.5% carbon as carbonate, polymeric material and solvent-extractable organic
compounds . Neutron activation analysis of the fines, breccias and crystalline
rocks indicates that the regolith breccias and fines are enriched in a number of
volatile and siderophile trace elements including Ir, Au, Cd and Bi. The enrich-
ment is thought to represent a micrometeorite contnbutlon of carbonaceous
chondrites of up to 2%°°~®)_ This contribution alone would provide up to
700 ppm of carbon, a figure significantly in excess of the observed total carbon
contents of the fines and breccias. Losses of carbon through volatilisation on
impact are evidently extensive. Laboratory simulation studies indicate that the
temperature of the vapour cloud generated by the impact of a micrometeorite
could be as high as 2000 °K¢°

Third, a contribution is hkely from implantation by solar wind ions. When
the moon is outside the earth’s magnetosheath these species are implanted into
unshielded surfaces. Carbon is the fourth most abundant element in the solar
wind (cz. 4 x 10* nuclei/cm?/sec!) after hydrogen (ca. 3 x 10% nuclei/cm?/
sec! | helium, and oxygen70). The carbon which could have been contributed
to the fines from this source has been calculated from the content of certain
rare gases in the fines and the relative abundance of carbon and the rare gases
in the solar wind. Estimates range from 1 pspm {based on He) up to 50 ppm
(based on K1) and 300 ppm (based on Xe)** ). The descrepancies probably
result from preferential diffusion of the lighter rare gases. Unfortunately the
rates of diffusion for carbon or the rare gases are not known and the calculations
are of restricted value at present. The depth of penetration into exposed sur-
faces by ions at solar wind energies (ca. 1 Kev/nucleon) would be ca. 1000 A
and one consequence is that carbon in the fines from this source would be
expected to be correlated with the surface areas of the grains. This relationship
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alone would be insufficient, however, to define a solar wind origin because any
carbon deposited by condensation as a result of meteoritic impacts would also
be surface correlated. Other factors must be taken into consideration to distin-
guish these two sources.

In comparison with the solar wind flux (ca. 10® particles/cm? /sec), con-
tributions to lunar carbon from implantation of solar flare and galactic cos-
mic rays will be minimal. The total flux of solar cosmic rays is ca. 10 partic-
les/cm? /sec and that of galactic cosmic rays ca. 1 particle/cm? /sec. These high
energy particles, however, might produce spallogenic carbon species.

One other mechanism has been suggested”!) which might involve recycling
of carbon already in the samples or in meteorites. Carbon species vapourised
and contributed to the tenuous atmosphere as a result of impact, are expected
to become ionized by interaction with solar wind ions or ultraviolet radiation,
(then accelerated by the electric fields present), and subsequently implanted
like solar wind ions, but at lower energy. At present, however, there is no proof
that this mechanism does operate.

Definition of the ultimate origin of the carbon in the samples will certainly
be difficult, if not impossible, because the processes occurring at the lunar sur-
face must inevitably lead to some loss of identity. This is particularly applicable
to any mechanism involving meteorite impact.

VII. Mineralogical Studies

There are few reports of the presence of carbon-containing minerals in lunar
samples. The carbide, cohenite has been observed as a trace component in
Apollo 11 fines”2~7* and in one Apollo 14 breccia’®. These grains probably
represent meteoritic material not vapourised on impact; the carbide observed

in the Apollo 14 breccia has the same elemental composition as the cohenite

in the Odessa meteorite”>). One grain of graphite (ca. 2 mm) was found in
Apollo 11 fines”® and there is one report of the presence of a grain of aragonite
(CaCO3) in a sample container used to transport an Apollo 11 breccia, although
this is probably a terrestrial contaminant’”). At present mineralogical examina-
tion of lunar material has provided little information about the carbon chemistry
of the moon.

VIHI. Pyrolysis and Volatilisation Studies

Pyrolysis studies played an invaluable role in estimating the concentrations of
organic contamination in the samples. Before the Apollo 11 mission it was
realised that the concentrations of indigenous organic matter in the samples
would be very low, or zero. Contamination of the samples with organic com-
pounds of terrestrial origin, at all stages of the collection and subsequent han-
dling procedures, was therefore thought to represent a major problem. A pyrol-
ysis-dlow resolution mass spectrometer computer system was used at the LRL to
monitor the procedures used for collecting and processing the samples®’ 9. As
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a result, the levels of contamination in blank samples processed at Houston
were decreased from ca. 1000 ppm before Apollo 11 to < 0.1 ppm before
Apollo 12. The contaminants detected have been reviewed”® and will not be
discussed in detail here. Major sources of contamination included the sample
processing vacuum chamber and glove boxes at Houston, and the rocket exhaust
of the lunar module.

Lists of possible contaminants were made available to the Bioscience Inves-
tigators who were subsequently able to recognise some of the species observed
in the samples. Thus, pyrolysis-mass spectrometric analysis of Apollo 11 and
12 fines indicated the presence of contaminants includin§ ethylene glycol,
phthalate esters, and hydrocarbons up to mass 25022> 7®). The LRL system
was also used to provide a rapid measure of the total concentration of organic
matter in the Apollo 11 and 12 samples® ®. The quantities measured did not
exceed 1 part per million, and even a significant proportion of this may have
been contamination or artifactual aromatic hydrocarbons (see below). The most
striking observation made by almost all of the Bioscience Investigators, however,
is that the most abundant gaseous species released (Fig. 3) on vacuum pyroly-
sis, up to and beyond the melting point (ca. 1100 °C), are CO and CO,%?

(Fig. 3). Taken together, these species account for > 90% of the total carbon
present in the fines. However, acid dissolution experiments (see below) indicate
that they are not present as such, except perhaps as trace constituents or as
adsorbed terrestrial contamination in the case of CO%.

The CO is released mainly above 700 °C23:43:8 82 and is thought to be
a reaction product of carbon-containin§ phases, such as carbide, with the metal
oxides and silicates present 24 4881 8 ) In fact, Gibson and Johnson®" have
obtained a similar CO temperature release profile from synthetic mixtures of
fines comprising olivine, pyroxene and anorthite, with traces of troilite, cohenite
and graphite added. At temperatures above the melting point of the fines,
small sporadic “bursts™ of gas identified as CO or N, by low resolution mass
spectrometry (Fig. 3) are thought to arise from outgassing of the melt or the
rupture of inclusions®®.

CO, is released over two temperature ranges (below cz. 600 °C and above
ca. 800 °C). The low temperature CO, (and H,0) has been ascribed to adsorbed
terrestrial contamination because samples of fines exposed to the laboratory
atmosphere, before and after pyrolysis, showed similar temperature release
patterns over the low temperature range 24> %) In this respect, one inference
made from solar wind implantation simulation studies is noteworthy>V, Isoto-
pically-labelled carbon ions were implanted into lunar fines at energies similar
to those calculated for the solar wind. Pyrolysis to 800 °C of the implanted
targets failed to reveal the presence of any CO, containing isotopically-labelled
carbon. It was inferred that the carbon in CO, released from the fines over the
low temperature range does not derive from the solar wind. Hayes”? has sug-
gested that some of the carbon in this CO, could derive from vapourised species
contributed to the lunar atmosphere from meteorite impact and subsequent
implantation into the lunar surface. At present there is no evidence for this
hypothesis.
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The high temperature CO, is certainly pyrolytic in origin and may derive
from reactions similar to those which are thought to synthesise the CO®Y). In
the intermediate temperature range low molecular weight compounds, includ-
ing CHy, HCN, CS,; and simple aromatic compounds, including benzene and
toluene, are evolved at concentrations up to 2 ug/g of individual species*? 84)
It has been suggested that they are synthesised by the thermally-induced reac-
tion of solar wind products in the surface layers of the particles of fines*.
Pyrolysis in a helium atmosphere (760 Torr), followed by GC-MS analysis of
the products, affords somewhat more complex species than observed by vacuum
pyrolysis?$» 26: 84 A variety of alkylbenzenes and alkylnapthalenes thiophene,
indene, and biphenyl, at a total concentration of about 25 ppm, are released.
1t is possible that these represent secondary synthetic products, possibly from
the reaction of the CO and H, released, catalysed by the lunar fines®®. These
secondary reactions occur to a greater extent in the high pressure pyrolysis
system; this was tested by addition at 700 °C of CO and H, to a previously
pyrolysed lunar sample, traces of benzene being synthesised.

IX. Acid Dissolution/Hydrolysis Studies

Perhaps the most detailed information about the carbon chemistry of lunar
samples has been obtained from experiments, conducted under vacuum, which

|Somple (5-20mg)

DCI (38%.100°C/2h.

trap-196°C
untrapped trapped

Sh sieve —196°C C; and Cq

1"2”2
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sc i o R
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Fig. 4. Schematic of one method for analysis of carbide and CHy4 in lunar samples by
deuterated acid dissolution and gas-solid chromatography
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involve dissolution of the mineral matrix in concentrated mineral acids, fol-
lowed by analysis of the gaseous species released.

A typical analytical scheme®?) is shown in Fig. 4. After removal of adsorbed
gases from the sample (5—20 mg) and of dissolved atmospheric gases from the
acid, the sample and acid are allowed to come into contact and react. Gases
released are concentrated by trapping into two fractions, viz, those condensed
at — 196 °C and those condensed on 5 A molecular sieve at —196 °C. The two
fractions are separately analysed by gas-solid chromatography on graphitized
carbon (or by low resolution mass spectrometry, MS, in some cases). Detection
of the separated components is achieved by coupling a microkatharometer
detector (MK) and a flame ionization detector (FID) in series. The micro-
katharometer responds to species not measured by the flame ionization detector.
Similar analytical systems have been used by Henderson ez al.?") and Chang
et al.*® %) High resolution mass spectrometry 2% 43- 48 50 and combined
gas chromatography mass spectrometry, with multiple ion plotting, 23,24, 85)
have also been used to analyse the released gases.

Dissolution of lunar fines with HF or HC! releases as the major products
the C; to C,4 alkanes, C, H, and C,H, in concentrations which represent up
to ca. 20% of the total carbon present. The major component by far is methane,
which may be released in concentrations up to ca. 25 pg/g as carbon. The use
of deuterium labelled acids for dissolution allows distinction between hydro-
carbons present as such and those produced by acid hydrolysis#3> 4530, 85, 86),

Thus methane is released from the fines mainly as CD,4 and CHy in ratios
(CD,4 : CH,) varying from 2.2 to 12.7: the most common ratio being in the
range 3 : 1to 5: 1. Some is also released as CD3H but is considered to be an
acid hydrolysis product and is included with CD, for quantitative measurement.
Other partly deuterated species (CH,D,,CH3D) are released in only trace con-
centrations. Similarly, ethane is released as both undeuterated and deuterated
(and almost fully deuterated) species. Other species (ethylene, acetylene, pro-
pane, propene, butane and butene) appear to be mainly deuterocarbons. The
C, to C4 deuterocarbons are thought to arise from acid hydrolysis of carbides
in the samples (Table 2).

Only trace concentrations of CO are released (< 3 ug/g) and even this may
be an artifact. The CO, observed may be an adsorbed terrestrial contaminant,
although it has been suggested®) that it could be a hydrolysis product of car-
bonate in the samples. The high concentrations of CO and CO, observed on
heating the fines are pyrolytic products. Other carbon-containing species
released by dissolution include DCN, indicating the presence of cyanide species,
and traces of CS,, possibly from implantation of solar wind carbon into troilite,
FeS (c.f. origin of hydrocarbons, below).*®) The latter would also be expected
to give rise to D,S on hydrolysis. D,S has been shown to exchange during gas

DCl or DF in D,0O

Mny(carbide) CD4, C2D4, C2D6 ... etc.

DCl or DF in D,0O

CH,4, C,Hg;, etc. (trapped gas) CH,4, CyHg . . . etc.
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chromatography (Table 2), only H,S being detected. Indigenous H,S gas and
troilite hydrolysis products are therefore indistinguishable5®).

Table 2. Carbon-containing and other gaseous species released by in vacuo deuterated acid
(DF or DCl in D, 0) dissolution of lunar fines

Species Identified by Comment Ref.
CH4,CoHa,CoHe  GC'),LRMS?)HRMS3) Solar wind derived 24,43,46-50
GCMS*) 85,86)
CDg4 GC, LRMS, HRMS, Carbide hydrolysis product, 24,43,46-50
GCMS correlates with lunar surface 85,86)
eXposure
CyD,,C,D4,C2Dg, HRMS, GC Carbide hydrolysis products 43,48~-50,86)
C3Dg.C3D3.CaDg,
C4Dyo
CO GC, GCMS Mainly an artifact; indigenous 47,48,86)
component small, if present.
CO, GC, GCMS Mainly adsorbed contaminant;  48,85,86)

indigenous component small, if
present? Possibly reaction pro-
ducts from carbonate?

DCN HRMS Cyanide groups in fines 43,50)
CS, HRMS Solar wind implanted

carbon in troilite (FeS)? 43,50)
H,S GC, GCMS Indigenous gas or troilite 85,86)

hydrolysis product; impos-
sible to distinguish because
of exchange (D and H).

1y Gas solid chromatography.
) Low resolution mass spectrometry.
) High resolution mass spectrometry.
) Combined gas chromatograph-mass spectrometry.

X. Origins of the Hydrocarbons and Carbides

in the Fines and Breccias

Before considering the available experimental evidence and the origins of these
species in detail, it is necessary to examine possible origins in general terms.

First, the origin may be lunar or extralunar; a lunar origin indicating species
trapped during crystallisation of the magma. One likely extralunar origin would

97



G. Eglinton, J. R. Maxwell and C. T. Pillinger

be solar wind implantation into the outer 1000 A of exposed surfaces. Thus,
surface-located CH,4 could be formed by a number of mechanisms, including
hydrogenation of carbon in the fines by solar wind protons (see below). Simi-
larly carbide, or material behaving as carbide on acid hydrolysis, could be
formed by implantation of carbon into metal in the fines. The other likely
extralunar origin would be from meteorites. Carbonaceous chondrites, how-
ever, contain lower concentrations of CH, than do the lunar fines and, in any
case, losses on impact of this gaseous component would be high. A direct
contribution to the CHy, in the fines from the CH,4 in meteorites can therefore
be ruled out?6 47> 86)

Although only a few crystalline rocks have been analysed by the acid dis-
solution method#% 88) or by crushing3” the concentrations of CH, and C;Hg
present are low. Also CDy is either absent or present in trace quantities in the
dissolution products indicating that there is little or no carbide in the rocks.
Hydrocarbons and carbide have therefore been added to the fines, indicating
an extralunar origin for both species*® 86) The small quantity of CH, in the
crystalline rocks is probably magmatic in origin, There may therefore be a
small primordial component in the fines, although the extent of losses during
the formation of the fines is unknown.

If the hydrocarbons and carbide in the fines have an extralunar origin,
there should be a correlation of both species with exposure on the lunar sur-
face. Abell ez al.%®) and Cadogan et al. *® 47 have attempted to correlate the
concentrations of CHg and CDy,, representative of the gaseous hydrocarbons
and carbide, respectively with physical and chemical parameters indicative of
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Fig. 5. Concentrations of CD4 and CHy (as ug/g carbon) released by DCl dissolution plot-
ted against the reciprocal of the mean grain radius of sieved fractions (Apollo 11 bulk
fines)
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this surface exposure. A general trend is evident between the CH4 and CD,4
and the modal analysis data related to the degree of regolith reworking. The
median grain size, sorting index, and the proportions of glass, microbreccias
and glassy aggregates in the fines provide a general indication of the maturity
of different samples 8- %), Samples showing the greatest degree of reworking
have the highest CH,4 and carbide contents.

The CH, and CD, concentrations are directly proportional (Fig. 5) to the
reciprocal of the mean grain radius for sieved fractions of Apolio 11 fines for
the range 48 u to 152 u mean grain diameter*”. The coarser particles 152 )
show methane concentrations in excess of the surface related component, indi-
cating that there is a volume related component which increases with grain size.
This effect has also been obsetved in Apollo 12 fines for solar wind rare gases®®).
The volume related component probably arises from the presence of particles
with composite grain surfaces (microbreccias and glassy aggregates). There is no
evidence available at present, however, to explain the increase of the volume related
component with particle size. Holland ez /#9) have also observed a surface area
relationship from an examination of the gases released by DF dissolution of a
sample of Apollo 14 fines. CH, was linearly related to the reciprocal of the
radius for particles from 37 u to 420 u diameter. The C,Hg released was depen-
dent on a higher power of the radius suggesting a bimolecular synthetic process.
Further evidence for a surface location for CH, is indicated by shallow etching
of the fines with NaOD*#6-86), Similarly, etching with DF vapour releases CDy,,
which is consistent with surfaceocated carbide*.

The lunar fines and regolith breccias contain a variety of isotopes of rare
gases including 3 Ar, whose presence is generally attributed to solar wind im-
plantation. Fig. 6 indicates that there is a correlation between both the concen-
trations of CH, and CD, released by acid dissolution®” of a variety of fines
and regolith breccias and the measured content of 3 Ar3-7>9%9%) 3 high con-
centration of CHy and CD4 being associated with a high %Ar concentration.
Holland et al.,*3®) have observed similar correlations between CH, (and
CH, + C,Hg) and 2Ne and 3%Ar.

Particles with very high solar flare cosmic ray track densities (> 10% tracks
cm™2) have a high probability of having experienced unshielded surface expo-
sure during their history, that is, a high probability of exposure to the solar
wind”®. Fig. 7 shows a plot of CH, concentrations*? for a number of samples
of fines against the fraction of grains having these high track densities in each
particular sample”® ®6~°9), Samples showing a high proportion of grains with
high track densities also have high CH, concentrations. The proportions of
grains with these track densities measured by Bhandari for the Apollo 14 sam-
ples are consistently lower (Fig. 7) than those measured by other investigators
for the same samples. The relationship shows a tendency towards track density
saturation as would be expected. The CH, concentrations continue to increase,
whereas the proportion of grains with track densities greater than 10® tracks
cm™? cannot exceed 100%. Optical counting methods do not allow resolution
of track densities greater than this figure; clearly a more accurate estimate of
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unshielded surface exposure is the proportion of particles with extremely high
track densities'®® (> 10! tracks cm™?). These high densities can be measured
by high voltage electron microscopy but at present insufficient measurements
are available for useful correlation with CH, concentration. Again the CD,
concentrations show a similar trend but there is a greater degree of scatter.

Electron microscopic examination of the finest particles (smaller than
400 mesh) show the presence of mineral grains having a coating, ca. 1000 A
in thickness, which is amorphous in comparison with the crystalline interiors
of the grains 199~192)_ This radiation damage is thought to be the result of
solar wind bombardment and, in fact, the amorphous coatings can be generated
in the laboratory by bombarding samples with rare gas ions at solar wind ener-
gies'®?, Samples showing the highest numbers of fine particles with amorphous
coatings'®® have the highest CH4 concentrations*” (Fig. 8). This provides
further indirect evidence for a solar wind origin for the hydrocarbons in the
fines. Again there is a similar but less marked trend for the CD4 concentra-
tions*?.

The experimental evidence points, therefore, to a solar wind origin for the
CH,4, and presumably the other gaseous hydrocarbons, in the fines. Information
is also available from laboratory studies involving implantation of *3C* and
D3 at solar wind energies into samples of lunar fines and synthetic analogues
containing the major lunar minerals® Y, The implanted targets were dissolved
in HCl and the gaseous products analysed. Methane was released as !>CD,,
indicating a synthesis from implanting species alone. Methane as 12CD, was
also released, resulting from deuterium and carbon (*2C) already present in the
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Fig. 8. Concentrations of CHg as carbon (ug/g) in bulk fraction versus percentage of grains
of 1-2u diameter in the 400 mesh residue having amorphous coatings for Apollo 11,12
and 14 fines
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targets in some form. By analogy methane could be synthesised at the lunar
surface by hydrogenation of solar wind implanted carbon or carbon already
present from another source. Carbon of meteoritic origin might therefore con-
tribute indirectly to the methane in the fines. A third mechanism would be the
generation of methane by in situ hydrolysis of carbide on the lunar surface by
water or hydroxylic groups synthesised within the matrix by the solar wind 17+ 4%,
At present there appears to be little chance of distinguishing experimentally
between the relative importance of these mechanisms for the synthesis of

solar wind generated CH,4.

The situation with respect to the origin of the carbide is more complex.
The occasional grains of cohenite in a few of the samples of fines are almost
certainly meteoritic in origin, so some carbide analysed as CD4 must have been
contributed in this ‘form’. Although discrete grains are extremely rare, acid
dissolution shows that carbide (or material behaving as carbide) is ubiquitous
in the fines. The carbide, therefore, appears to be finely disseminated.

The surface area relationship of carbide (as CD4) in the fines and the rela-
tionships with lunar surface exposure parameters are consistent with both a
solar wind and a meteoritic origin. Again, simulation studies show that both
mechanisms are possible® V). First, implantation of *3C* at solar wind energies
into metal films (Fe and Al) followed by acid dissolution in HCI results in the
release of '>CHy,. A similar process could occur on the lunar surface by implan-
tation of carbon ions into the abundant iron mounds and blebs observed'%*—10¢)
on the surfaces of the particles in the fines. “Carbide” generated in this way
at submicroscopic levels would not be distinguishable by mineralogical tech-
niques, but would be by chemical analysis employing acid hydrolysis as for
discrete carbide grains. Second, vacuum vapourisation in the laboratory of iron
filaments containing carbide gives rise to iron and carbon species which, when
deposited, react as carbide on acid hydrolysis. Impacting iron meteorites could
thus contribute “carbide* to the lunar surface. The quantities of carbide contri-
buted directly from iron meteorites as discrete mineral grains, or through va-
pourisation, and subsequent deposition of carbide, are likely to account for
only a minor porportion of the observed carbide in the fines. Calculations*”
based on the maximum carbon content of iron meteorites and on the unallow-
able assumption that 4/l of the metallic iron in the fines derives from iron
meteorites suggest that the maximum contribution to lunar carbide would be
10 ug/g of carbon as CD,4. This figure, however, assumes a 100% yield of CDg4
from acid hydrolysis. Hydrolysis in the laboratory of cohenite of meteoritic
origin results in only a 6% yield of carbon as CD,. A similar yield from the
calculated direct contribution to lunar fines would account for only 0.6 ug/g
of carbon as CDy. In addition, the simulation experiments described indicate
that solar wind implantation does not account for the remainder of the carbide
in the fines. A third mechanism has been suggested for carbide synthesis*”.
Meteorites in the form of carbonaceous chondrites could make a major indirect
contribution to lunar carbide. The iron in the fines is associated with the glass
and is in an extremely finely divided form*°¢ 1°7) Such an iron phase could
arise from meteorite impact heating under reducing conditions. Dissolution of
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carbon already in the fines or from the meteorite vig the vapour cloud formed
in the iron, could give rise to carbide. Unfortunately, the surface area relation-
ship for carbide in the fines and the correlation with lunar surface exposure,
do not distinguish between a solar wind origin or the different mechanisms for
a meteorite origin. Micrometeorite impact is a major process in reworking the
regolith and hence, in exposing fresh fines to the solar wind. Contributions to
carbide from meteorites and the solar wind should therefore increase in parallel.
Correlation with a parameter indicative of the micrometeorite contribution
does not distinguish between these origins. The carbide concentration®!) tends
to increase with the concentration of a number of volatile and siderophile ele-
ments (Ir, Au, Se, Ag, Bi)®”> 1°® indicative of the micrometeorite contribution.

A high concentration of e.g. Bi (Fig. 9) indicates an extensive micromete-
orite contribution, but not necessarily of carbide. The relative contributions
to lunar carbide from the solar wind and meteorites are therefore unknown.
Studies involving magnetic separations of metal phases should prove informa-
tive. A crude magnetic concentrate of a sample of Apollo 14 fines has been
shown to be enriched in carbide43); a number of fractions obtained from an
Apollo 11 sample by density and magnetic susceptibility separations show
widely varying concentrations of carbide %, Examination of the trace ele-
ments in the metal associated with the carbide should allow distinction be-
tween meteorite and non-meteorite metal.
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Fig. 9. Concentration of CDy4 as carbon released by DCl etch of samples of Apoilo 11, 12,
14 and 15 fines versus bismuth concentrations
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Xl. Carbon lsotopes
Stable carbon isotope ratios have been measured for a variety of samples of

each type. Data are quoted as 8 13C values relative to the PDB standard (Pee
Dee Belemnite) where

3¢/ 2¢ sample — '3¢/2C standard
13¢/32C standard

§13C %0 = % 1000.

Values for the few basaltic rocks examined fall in the range —20%o0 to
—25%a0, similar to those reported for terrestrial basalts®! %% The one meta-
morphic breccia examined has a value of ca. —18/oo, tending towards those
of the igneous rocks*'®.

The fines and regolith breccias consistently show 7~ 5% 62 63, 110) ap en.
richment in 13C, ranging from —3.6 %00 to +20.2%o0o. It should be noted that
where more than one analysis of the same sample is available the higher value
is considered®® more accurate because it is presumed less likely to have been
affected by isotopically light terrestrial contamination. In fact, Kaplan64) has
shown that, for a series of samples of Apollo 11 bulk fines, the sample having
the lowest total carbon content (least contaminated) has the highest §'3C value.
One investigator has consistently reported values for the fines and breccias
which are low and possibly reflect terrestrial contamination 66D

The enrichment in the fines and regolith breccias is thought to result from
exposure on the lunar surface, resulting in either preferential removal of *2C
or addition of '3C. A number of mechanisms have been proposed to explain
these observations for the fines and must aiso be applicable to the regolith
breccias.

1. Preferential removal of *2C occurs by a “hydrogen stripping” process; vola-
tile carbon species such as CH,4 being produced by interaction with protons
and subsequently lost®? 11 The fundamental requirement for this explana-
tion, i.e. synthesis of volatile species by proton irradiation at solar wind ener-
gies, has been demonstrated by Pillinger et al.5V. Also there appears to be a
correlation between CH, concentration and the 8'3C value of total carbon;

a high CH 4 concentration being associated with a high 8'3C value®®).

2. Selective volatalisation®” or condensation®” occurs as a result of meteorite
impact (*2C species are more volatile than 3C species). A similar mechanism
has also been proposed>? to explain the enrichment of 3°Si over 288, and
130 over 160.

3. Mixing involving fines of igneous origin (5*3C~25%00), and solar wind car-
bon and meteorite debris of assumed high §'3C values®>>. This mechanism
is consistent with the relationship (Fig. 10) between total carbon and 613C
value for the fines, breccias and igneous rocks (i.e. the higher the total car-
bon the higher the §!3C value). The true situation may represent a combina-
tion of all three mechanisms.
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Fig. 10, Relationship between total carbon and 5 13C value for a variety of fines, breccias
and igneous rocks from all of the Apolio missions

§'3C measurements of the liquid nitrogen-fractionated gases released during
stepwise pyrolysis have shown that the total carbon present is not a single
homogeneous phase*® 3, At present insufficient information is available to
identify the different phases and more detailed isotope fractionation studies
are necessary .

The values of the acid (HCl) hydrol 4ys1s products of one sample of Apollo
12 fines have been measured (+14%/00)*®), This value is different from those
observed for known meteoritic carbide (—4 to —8/00), suggesting that lunar
carbide is distinct from meteoritic carbide. This is consistent with the origins
proposed above for the major part of lunar carbide. Progressive etch of a sample
of Apollo 14 fines with 12804 has shown that the species released become
progressively enriched in *C with depth of etch!!?). This observation is not
réadily explicable in terms of any of the 1sotoplc fractionation mechanisms
proposed except preferential condensation®”

14C has been shown to decrease in going from the 0—5 mm to the 20—
65 mm depth of an Apollo 12 igneous rock. It has been suggested that this
originates in part from cosmic ray bombardment and in part from direct im-
plantation of **C from the solar wind!!?

XIl1. Carbon Chemistry as an Exposure and Reworking Parameter

The concentrations of CH,4 and CDy4 released by acid dissolution correlate

with parameters indicative of lunar surface exposure. As a corollary, the car-
bon chemistry of the regolith is also an indicator of exposure and reworking
and should contribute as such to an understanding of the history of the regolith.
In general, samples from the Apollo 11, 14 and 15 sites suggest a mature, ex-
tensively reworked regolith (high CH,4 and carbide concentrations). The Apolio
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12 site at Oceanus Procellarum is less mature, (lower CH4 and carbide), con-
sistent with its location on a ray of ejecta from Copernicus. Measurements
from different depths of the double core provided preliminary information
about the formation and reworking of the regolith at this site®”.

The breccias returned from the Apollo 14 mission were classified® 113)
into three basic types from visual examination, viz:

1. Those comprising consolidated mare material (porous and unshocked, F—1)
i.e. typical regolith breccias,

2. those shock compressed (F--2), and
3. those thermally metamorphosed (F—3, F-4).

A simple classification based on the CH, and carbide contents parallels
this classification. The F--2, F—3 and F—4 breccias contain low concentrations
of both species, in agreement with the hypothesis''#) that these clastic rocks
were transported to the Fra Mauro site at the time of the impact which pro-
duced the Imbrium Basin. Either the material was ejected from considerable
depth, i e. not exposed on the surface, or the gaseous hydrocarbons and a high
proportion of the carbide (as gaseous species) were lost at the temperature at-
tained by the ejecta*” 115,

XIH. Analytical Artifacts

The problems of excluding contamination from samples with low concentrations

of carbon are well recognized. Analyses of lunar samples have also been troubled

by another type of contaminant — artifacts — species synthesized in the samples

after collection, especially during analysis. For example, variations in the quantity

of aromatic hydrocarbons released are evident when the fines are pyrolysed by

different methods (see above). During the analysis of lunar fines it was found that:

1. Hydics);:arbons can be generated by in vacuo crushing in a stainless steel ball
mill*>/.

2. CO can be synthesised by the reaction of carbon compounds and oxygen in
the ion source of a mass spectrometer®?.

3. Organosiloxanes from unknown sources can be introduced into the samples
during analysis '19,

4. CO can be liberated from pyrex glass by mineral acid attack at 200 °C during
acid dissolution experiments*”.

It has been suggested24) that the CH, released by deuterated acid dissolution
could arise from reaction of lunar carbide on grain surfaces with adsorbed terre-
strial H, O. This has been shown to be unlikely; exposure of the fines to D, O at
200 °C 3%, or at ambient for periods up to several weeks*?, failed to release
CD,. Also, dissolution of freshly exposed chips of an Apollo 11 regolith breccia
released CH,; and CD,in concentrations similar to those released from Apollo 11

fines*7). v
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Analytical artifacts can, however, be useful when the reactions giving rise
to them are recognised; for example, detection of carbide by deuterated acid
hydrolysis (see above).

X1V. Compounds of N, P and S

The lunar chemistry of nitrogen, phosphorus and sulphur has been studied in
less detail than that of carbon, and less information is available about the nature
and distribution of the compounds of these elements. The available data, includ-
ing stable isotopic distributions, have been reviewed by Kaplan®*) and will not
be discussed in detail here.

In general, total nitrogen abundances follow the same trend as total cartbon
abundarices, although contamination by adsorbed terrestrial nitrogen remains a
problem 545 ) Thus, the igneous rocks are depleted in comparison with the
fines; this suggests that a significant proportion of the nitrogen in the fines could
derive from solar wind implantation, the estimated abundance of nitrogen in the
solar wind being similar to that of carbon?®. This is in agreement with the finding
of Miiller** that the concentration of chemically-bound (hydrolysable) nitrogen
in a sample of Apollo 15 fines increases with decreasing grain size and that hydro-
lysable nitrogen compounds, and not molecular nitrogen, is the major component
present. Nitrides and NH;, by analogy with the presence of carbide and methane
in the fines, might be expected to be synthesised in the fines and could be the
species observed by acid hydrolysis®?.

Little can be said at present about phosphorus in the samples. There ap-
pears to be no systematic variation between the concentrations in the igneous
rocks and the fines®*). Deuterated acid hydrolysis of a number of samples of
fines released PD3, indicating the presence of phosphides*?).

Sulphur, mainly as troilite (FeS), appears to be present in higher concen-
trations in the igenous rocks than in the fines and breccias®® %), At present it
is not known if this depletion in the fines and breccias is a result of losses during
or after the formation of the latter from the rocks or of a mixing in of low sul-
phur material, or both®®®)_ The fines show an enrichment in the heavy isotope
38 and it has been suggested that the “hydrogen stripping” process described
above for carbon isotope fractionation, is responsible“). Sulphur could, there-
fore, have been removed from the fines to some extent in this way.

XV. Conclusions

Complex organic molecules, including those of biological interest, are virtually
absent from the lunar surface. The species giving rise to simple amino acids on
acid hydrolysis require direct investigation. A similar situation applies to possible
precursors of the porphyrin-like species which may be present in the lunar fines.
The available data show that the carbon chemistry of the lunar regolith is
highly dependent on the processes occuring at the lunar surface, including solar
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wind implantation and meteorite impact. There is a2 small magmatic component
of methane in some crystalline rocks but the gaseous hydrocarbons in the fines
derive mainly from solar wind implantation, although the detailed mechanisms
of synthesis, and the possible stable isotope fractionation effects, are not known.
The carbide in the fines derives from solar wind implantation, directly from
meteorites (and possibly also by an indirect mechanism) although the relative
contributions from these sources are unknown. The major part of the carbon
in the fines is uncharacterised at present. The carbon accounted for as carbide
in the form of CD,4 from the deuterated acid dissolution method represents a
minimum. However, the carbide could still account for a major proportion of
lunar carbon, but the precise nature of the carbides, and therefore the yield of
gaseous products on acid dissolution, remains uncertain. Laboratory simulation
studies offer one method of elucidating the origin and nature of the carbide.

The carbon chemistry of the regolith has been established as a significant
indicator of exposure and reworking. In conjunction with other parameters
indicative of exposure of the fines and breccias on the lunar surface, it should
contribute to an understanding of the complex history of the regolith.

The implantation effects occuring on the lunar surface also have general
implications for the synthesis of the molecules detected in interplanetary and
interstellar dust**7:11%),

Acknowledgments. We thank the Science Research Council for financial assistance and

the award of a Fellowship (C.T.P.). We are grateful to the following for communicating
unpublished data: Professor E. Anders, University of Chicago; Dr. N. Bhandari, Tata In-
stitute of Fundamental Research, Bombay; Dr. D. D. Bogard, Manned Spacecraft Center,
Houston; Professor K. Marti, University of California, San Diego; Dr. M. Maurette, Centre
de Spectrométrie de Masse du C.N.R.S. Orsay; Professor R. O. Pepin, University of Minne-
sota, Minneapolis; Professor P. Signer, Swiss Federal Institute of Technology, Zurich. We
thank Professor S. W. Fox, University of Miami, and Dr. E. K. Gibson, Manned Spacecraft
Center, Houston, for providing figures 1 and 3 respectively. We are particularly grateful to
Dr. P. H. Cadogan and Mr. B. J. Mays for their efforts in the research programme at Bristol.

XVI. References

;) Turkevich, A. L., Franzgrote, E. J., Patterson, J. H.: Science 158, 635 (1967).

3; Turkevich, A. L., Franzgrote, E. J., Patterson, J. H.: Science 160, 1108 (1968).

3 Turkevich, A. L., Franzgrote, E. J., Patterson, J. H.: Science 162, 117 (1968).

5) LSPET (Lunar Sample Preliminary Examination Team): Science /65, 1211 (1969).

6) LSPET (Lunar Sample Preliminary Examination Team): Science 167, 1325 (1970).

7 LSPET (Lunar Sample Preliminary Examination Team): Science /73, 681 (1971).

8) LSPET (Lunar Sample Preliminary Examination Team): Science 175,407 (1972).
Draffan, G. H., Eglinton, G., Hayes, J. M., Maxwell, J. R., Pillinger, C. T.: Chem.

Brit. 5, 296 (1969).

Oyama, V. 1., Merek, E. L., Silverman, M. P.: Proceedings of the Apollo 11 Lunar

Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1921-1927. Pergamon 1970.

Oyama, V. 1., Merek, E. L., Silverman, M. P., Boylen, C. W.: Proceedings of the

Second Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1931-1937.

M.LT. Press 1971.

9)

10)

108



11)

12)
13)

14

-

15

~—

16

~

17

~

18

~—

19)
20)

21)

22)

23)

24)

25)

26)

27)
28)
29)

30)

31)

32)

Carbon Chemistry of the Apollo Lunar Samples

Taylor, G. R., Johnson, P. H., Kropp, K., Groves, T.: Proceedings of the Second
Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1939-1948, M.1.T.

Press 1971.

Mitchell, F. J., Ellis, W. L.: Proceedings of the Second Lunar Science Conference

(ed. A. A. Levinson), Vol 3, pp. 2721-2733. M.L.T. Press 1971.

Barghoorn, E. S.: Proceedings of the Apollo 11 Lunar Science Conference (ed. A. A.
Levinson), Vol. 2, pp. 1775-1777. Pergamon 1970.

Schopf, J. W.: Proceedings of the Apollo 11 Lunar Science Conference (ed. A. A.
Levinson), Vol. 2, pp. 1933-1934. Pergamon 1970.

Schopf, J. W.: Proceedings of the Second Lunar Science Conference (ed. A. A. Levin-
son), Vol. 2, pp. 1929-1930. M.1.T. Press 1971.

Cloud, P., Margolis, S. V., Moorman, M., Barker, J. M. Licari, G. R.: Proceedings of
the Apollo 11 Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1793-1798.
Pergamon 1970.

Abell, P. I, Draffan, G. H., Eglinton, G., Hayes, J. M., Maxwell, J. R., Pillinger, C. T.:
Proceedings of the Apollo 11 Lunar Science Conference (ed. A. A. Levinson), Vol. 2,
pp. 1757-1773. Pergamon 1970.

Kvenvolden, K. A., Chang, S., Smith, J. W, Flores, J., Pering, K., Saxinger, C., Woeller,
F., Keil, K., Breger, I. A., Ponnamperuma, C.: Proceedings of the Apolio 11 Lunar
Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1813-1828. Pergamon 1970.
Eglinton, G., Maxwell, J. R., Pillinger, C. T.: Space Life Sci. 3, 497 (1972).
Burlingame, A. L., Calvin, M., Han, J., Henderson, W., Reed, W., Simoneit, B. R.:
Proceedings of the Apollo 11 Lunar Science Conference (ed. A. A. Levinson), Vol. 2,
pp. 1779-1791. Pergamon 1970.

Henderson,W., Kray, W. C., Newman, W. A., Reed, W. E., Simoneit, B. R., Calvin, M.:
Proceedings of the Second Lunar Science Conference (ed. A. A. Levinson), Vol. 2,
pp. 1901-1912. M.I.T. Press 1971.

Murphy, R. C., Preti; G., Nafissi-V, M. M., Biemann, K.:Proceedings of the Apollo 11
Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1891-1900. Pergamon
1970.

Oro, J., Updegrove, W. S, Gibert, J., McReynolds, J., Gil-Av, E., Ibanez, J., Zlatkis,
A, Flory, D. A, Levy, R. L., Wolf, C. J.: Proceedings of the Apolio 11 Lunar Science
Conference (ed. A. A. Levinson), Vol. 2, pp. 1901--1920. Pergamon 1970.

Oro, J. Flory,D. A, Gibert, J. M., McReynolds, J., Lichtenstein, H. A., Wikstrom,
S.: Proceedings of the Second Lunar Science Conference (ed. A. A. Levinson), Vol. 2,
pp. 1913-1925. M. 1. T. Press 1971.

Murphy, M. E. Modzeleski, V. E., Nagy, B., Scott, W. M., Young, M., Drew, C. M.,
Hamilton, P. B,, Urey, H. C.: Proceedings of the Apollo 11 Lunar Science Conference
(ed. A. A. Levinson), Vol. 2, pp. 1879-1890. Pergamon 1970.

Nagy, B., Modzeleski, J. E., Modzeleski, V. E., Jabba Mohammed, M. A, Nagy, L. A.,
Scott, W. M., Drew, C. M., Thomas, J. E., Ward, R., Hamilton, P. B., Urey, H. C.:
Nature 232, 94 (1971).

Rho, J. H,, Bauman, A.J., Yen, T. F., Bonner, J.: Proceedings of the Apollo 11 Lunar
Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1929-1932. Pergamon 1970.
Rho, J. H,, Bauman, A.J., Yen, T. F., Bonner, J.: Proceedings of the Second Lunar
Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1875~1877. M.L.T. Press 1971.
Rho, J. H., Bauman, A.J., Cohen, E. A., Yen, T. F., Bonner, J.: Space Life Sci.
3,415 (1972).

Hodgson, G. W., Bunnenberg, E., Halpern, B., Peterson, E., Kvenvolden, K. A.,
Ponnamperuma, C.: Proceedings of the Apollo 11 Lunar Science Conference (ed.

A. A. Levinson), Vol. 2, pp. 1829-1844. Pergamon 1970.

Hodgson, G. W., Bunnenberg, E., Halpern, B., Peterson, E., Kvenvolden, K. A.,
Ponnamperuma, C.: Proceedings of the Second Lunar Science Conference (ed. A. A.
Levinson), Vol. 2, pp. 1865-1874. M.1.T. Press 1971.

Hodgson, G. W., Kvenvolden, K. A., Peterson, E., Ponnamperuma, C.: Space Life Sci.
3,419 (1972).

109



G. Eglinton, J. R. Maxwell and C. T. Pillinger

33) Meinschein, W. G., Jackson, T. J., Mitchell, J. M., Cordes, E., Shiner, V. I.: Proceedings
of the Apollo 11 Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1875—
1877. Pergamon 1970.

34) Mitchell, J. M., Jackson, T. J., Newlin, R. P., Meinschein, W. G.: Proceedings of the
Second Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1927-1928.
M.L.T. Press 1971.

35) Lipsky, S. R., Cushley, R. J., Horvath, C. G., McMurray, W. J.: Proceedings of the

Apollo 11 Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1871-1873.

Pergamon 1970.

Chang, S., Kvenvolden, K. A.: Exobiology (ed. C. Ponnamperuma). North Holland

Publishing Company, in press.

37 Hare, P. E., Harada, K., Fox, S. W.: Proceedings of the Apollo 11 Lunar Science
Conference (ed. A. A. Levinson), Vol. 2, pp. 1799—1803. Pergamon 1970.

38) Harada, K., Hare, P. E., Windsor, C. R., Fox, §. W.: Science 173,433 (1971).

39) Fox, S. W., Harada, K., Hare, P. E.: Space Life Sci. 3, 425 (1972).

40) Gehrke, C. W., Zumwalt, R. W, Stalling, D. L., Roach, D., Aue, W. A., Ponnamperuma,

C., Kvenvolden, K. A.: J. Chromatog. 59, 305 (1971).

Gehrke, C. W., Zumwalt, R. W, Kuo, K., Aue, W. A., Stalling, D. L., Kvenvolden,

K. A., Ponnamperuma, C.: Space Life Sci. 3, 439 (1972).

42) Biemann, K.: Space Life Sci. 3, 469 (1972).

43) Holland, P. T., Simoneit, B. R., Wszolek, P. C., Burlingame, A. L.: Proceedings of the

Third Lunar Science Conference (ed. D. Heymann), Vol. 2, pp. 2131-2147. M.1.T.

Press 1972.

Miiller, O.: Lunar Science — III (ed. C. Watkins), pp. 568-570. Lunar Science Institute

1972.

45) Abell,P. 1., Eglinton, G., Maxwell, J. R, Pillinger, C. T., Hayes, J. M.: Nature 226,
251(1970).

46) (adogan, P. H., Eglinton, G., Maxwell, 1. R., Pillinger, C. T.: Nature 231, 29 (1971).

47 Cadogan, P. H., Eglinton, G., Firth, J. N. M., Maxwell, J. R., Mays, B. J., Pillinger,

C. T.: Proceedings of the Third Lunar Science Conference (ed. D. Heymann), Vol. 2,

pp. 2069—2090. M.L.T. Press 1972.

Chang, S., Kvenvolden, K. A., Lawless, J., Ponnamperuma, C., Kaplan, I. R.: Science

173,474 (1971).

49) Holland, P. T., Simoneit, B. R., Wszolek, P. C., McFadden, W, H., Buirlingame, A. L.:
Nature 235, 106 (1972).

50) Holland, P. T., Simoneit, B. R., Wszolek, P. C., Burlingame, A. L.: Space Life Sci.

3,551 (1972).

Pillinger, C. T., Cadogan, P. H., Eglinton, G., Maxwell, J. R., Mays, B.J., Grant, W. A.,

Nobes, M. J.: Nature 235, 108 (1972).

52) Eglinton, G., Maxwell, J. R., Pillinger, C. T.: Sci. Am. 227, 80 (1972).

53) Lawless, J. G., Folsome, C. E., Kvenvolden, K. A.: Sci. Am. 226, 38 (1972).

54) Moore, C. B., Gibson, E. K., Larimer, J. W., Lewis, C. F., Nichiporuk, W.: Proceedings
of the Apolio 11 Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1375-1382.
Pergamon 1970.

55) Moore, C. B., Lewis, C. F., Larimer,J. W, Delles, F. M., Gooley, R. C., Nichiporuk,

W., Gibson, E. K.: Proceedings of the Second Lunar Science Conference (ed. A. A.

Levinson), Vol. 2, pp. 1343—1350. M.I.T. Press 1971.

Moore, C. B., Lewis, C. F., Cripe, J., Delles, F. M., Kelly, W. R., Gibson, E. K.:

Proceedings of the Third Lunar Science Conference (ed. D. Heymann), Vol. 2,

pp. 2051-2058. M.I.T. Press 1972.

Epstein, S., Taylor, H. P.: Proceedings of the Apollo 11 Lunar Science Conference

(ed. A. A. Levinson), Vol. 2, pp. 1085-1096. Pergamon 1970.

Epstein, S., Taylor, H. P.: Proceedings of the Apollo 12 Lunar Science Conference

(ed. A. A. Levinson), Vol. 2, pp. 1421-1441,. M.I.T. Press 1971.

Epstein, S., Taylor, H. P.: Proceedings of the Third Lunar Science Conference (ed.

D. Heymann), Vol. 2, pp. 1429-1454. M.L.T. Press 1972.

36

~—

41

~—"

44)

48)

S1

~

56

~

57)
58)

59)

110



Carbon Chemistry of the Apollo Lunar Samples

60) Friedman, 1., Gleason, J. D., Hardcastle, K. G.: Proceedings of the Apollo 11 Lunar
Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1103-1109. Pergamon 1970.

61) Friedman, I., O’Neill, J. R, Gleason, J. D., Hardcastle, K.: Proceedings of the Second
Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1407-1415. M.L.T. Press
1971.

62) Kaplan, I. R., Smith, J. W., Ruth, E.: Proceedings of the Apolio 11 Lunar Science
Conference (ed. A. A. Levinsen), Vol. 2, pp. 1317--1329. Pergamon 1970.

63) Kaplan, I. R., Petrowski, C.: Proceedings of the Apollo 12 Lunar Science Conference
(ed. A. A, Levinson), Vol. 2, pp. 1397-1406. M.L.T. Press 1971.

64) Kaplan, I. R.: Space Life Sci. 3, 383 (1972).

65) Mason, B.: Meteorites, Chap. 5. Wiley & Sons 1962.

66) Gonapathy, R., Keays, R. R., Laul, J. C., Anders, E.: Proceedings of the Apolio 11
Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1117-1142. Pergamon
1970.

67) Laul, J. C., Morgan, J. W., Ganapathy, R., Anders, E.: Proceedings of the Second
Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1139-1158. M.L.T. Press

68) 1971.

(ed. A. A. Levinson), Vol. 2, pp. 1741-1750. Pergamon 1970.

69) Neukum, G.: Personal communication, 1972.

70) Cameron, A. G. W.: Origin and distribution of the elements (ed. L. H. Ahrens), pp.
125-143. Pergamon 1968,

71) Hayes, J. M.: Space Life Sci. 3, 474 (1972).

72) Anderson, A. T., Crew, A. V., Goldsmith, J. R., Moore, P. B., Newton, J. C., Olsen,
E.J., Smith, J. V., Wyllie, P. J.: Science 167, 587 (1970).

73) Frondel, C., Klein, C., Ito, J ., Drake, J. E.: Proceedings of the Apolio 11 Lunar Science
Conferences (ed. A. A. Levinson), Vol. 1, pp. 445-474. Pergamon 1970.

74) Adler, 1., Walter, L. S., Lowman, P. D, Glass, B. P., French, B. M., Philpotts,]. A.,
Heinrich, K. J. F., Goldstein, J. 1.: Proceedings of the Apollo 11 Lunar Science Con-
ference (ed. A. A. Levinson), Vol. 1, pp. 87-92. Pergamon 1970.

75) Reed, G. W, Jovanovic, S., Fuchs, L. H.: Lunar Science — 111 (ed. C. Watkins), pp.
637639, Lunar Science Institute 1972.

76) Arrhenius, G., Liang, S., McDougall, D., Wilkenning, L., Bhandari, N., Bhat, S., Lal,
D., Rajagopalan, G., Tamhane, A. S., Venkatavaradan, V. S., Proceedings of the
Second Lunar Science Conference (ed. A. A. Levinson), Vol. 3, pp. 25832598,
M.I.T. Press 1971.

77) Gay, P., Bancroft, G. M., Bown, M. G.: Proceedings of the Apolio 11 Lunar Science
Conference (ed. A. A. Levinson), Vol. 1, pp. 481-497. Pergamon 1970.

78) Flory, D. A., Simoneit, B. R.: Space Life Sci. 3, 457 (1972).

79) Burlingame, A. L., Hauser, J. S., Simoneit, B. R., Smith, D. H., Biemann, K., Mancuso,

N., Murphy, R.: Proceedings of the Second Lunar Science Conference (ed. A. A.

Levinson), Voli. 2, pp. 1891—-1899. M.L.T. Press 1971.

Gibson, E. K., Moore, G.: Proceedings of the Third Lunar Science Conference (ed.

D. Heymann), Vol. 2, pp. 2029-2040. M.I.T. Press 1972.

Gibson, E. K., Johnson, S. M.: Proceedings of the Second Lunar Science Conference

(ed. A. A. Levinson), Vol. 2, pp. 1351-1366. M.L.T. Press 1971.

82) Gibson, E. K., Moore, C. B.: Space Life Sci. 3, 404 (1972).

83) Chang, S., Smith, J. W., Kaplan, I. R., Lawless, J., Kvenvolden, K. A., Ponnamperuma,

C.: Proceedings of the Apollo 11 Lunar Science Conference (ed. A. A. Levinson),

Vol. 2, pp. 1857~1869. Pergamon 1970.

Preti, G., Murphy, R. C., Biemann, K.: Proceedings of the Second Lunar Science

Conference (ed. A. A. Levinson), Vol. 2, pp. 1879-1889. M.L.T. Press 1971.

8s) Flory, D. A., Wikstrom, S., Gupta, S., Gibert, J. M., Oro, J.: Proceedings of the Third
Lunar Science Conference {ed. D. Heymann), Vol. 2, pp. 2091 -2108. M.LT. Press
1972.

80)

81)

)

111

Wasson, J. T., Baedecker, P. A.: Proceedings of the Apollo 11 Lunar Science Conference



G. Eglinton, J. R. Maxwell and C. T. Pillinger

86) Abell, P. I, Cadogan, P. H., Eglinton, G., Maxwell, J. R., Pillinger C. T.: Proceedings
of the Second Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1843-1863.
M.LT. Press 1971.

Funkhouser, J., Jessberger, E., Miiller, O., Zahringer, J.: Proceedings of the Second

Lunar Science Conference (ed. A. A. Levinson), Vol. 2, pp. 1381-1396. M.L.T. Press

1971.

88) Quaide, W., Oberbeck, V., Bunch, T.: Proceedings of the Second Lunar Science Con-
ference (ed. A. A. Levinson), Vol. 1, pp. 701-718. M.L.T. Press 1971.

89) McKay, D. S., Morrison, D. A., Clanton, U. S., Ladle, G. H., Lindsay, J. F.: Proceed-
ings of the Second Lunar Science Conference (ed. A. A. Levinson), Vol. 1, pp. 755
773. M.I.T. Press 1971.

20) Hintenberger, H., Weber, H. W., Voshage, H., Winke, H., Begemann, F., Wlotzka, F.:
Proceedings of the Apollo 11 Lunar Science Conference (ed. A. A. Levinson), Vol. 2,
pp. 1269—-1282. Pergamon 1970.

91) Marti, K.: Personal communication, 1971.

92) Pepin, R. O.: Personal communication, 1971.

93) Bogard, D. D.: Personal communication, 1972.

94) Funkhouser, J.: Personal communication, 1972.

95) Signer, P., Schultz, L.: Personal communication, 1972.

96) Arrhenius, G., Asunmaa, S., Drever, J. ., Everson, J. E., Fitzgerald, R. W., Frazer,

J. Z., Fujita, H., Hanor, I. S., Lal, D., Liang, S. S., MacDougall, D., Reid, A., Sinkankas,
J., Wilkenning, L.: Science 167, 659 (1970).

97) Phakey, P. P., Hutcheon, D., Rajan, R. S., Price, P. B.: Lunar Science — I1I (ed. C.
Watkins), pp. 608—610. Lunar Science Institute 1972,

98) Poupeau, G., Berdot, J. L., Chetrit, G. C., Pellas, P.: Lunar Science — III (ed. C. Wat-
kins), pp. 613—-615. Lunar Science Institute 1972.

99) Bhandari, N.: Personal communication, 1972.

100) Borg, J., Maurette, M., Durrieu, L., Jouret, C.: Proceedings of the Second Lunar

Science Conference (ed. A. A. Levinson), Vol. 3, pp. 2027-2040. M.I.T. Press 1971.

101) Dran, J. C., Durrieu, L., Jouret, C., Maurette, M.: Earth Planet. Sci. Letters 9, 391

(1970).

102) Bibring, J. P., Maurette, M., Meunier, R., Durrieu, L., Jouret, C., Eugster, O.:

Lunar Science — III (ed. C. Watkins), pp. 71-73. Lunar Science Institute 1972,
103) Maurette, M.: Personal communication, 1972.
104) Carter, 1. L., Macgregor, 1. D.: Proceedings of the Apollo 11 Lunar Science Con-
ference (ed. A. A. Levinson), Vol. 1, pp. 247-265. Pergamon 1970.

105) Goldstein, J. 1., Henderson, E. P., Yakowitz, H.: Proceedings of the Apollo 11 Lunar
Science Conference (ed. A. A. Levinson), Vol. 1, pp. 499—-512. Pergamon 1970.

106) Hougley, R. M., Grant, R. W., Abdel-Gawad, M.: Lunar Science — 1II (ed. C. Watkins),
pp. 392—-394. Lunar Science Institute 1972.

107) Carter, J. L.: Lunar Science — I (ed. C. Watkins), pp. 125—127. Lunar Science
Institute 1972.

108) Morgan, J. W., Krihenbuhl, U., Ganapathy, R., Anders, E.: Lunar Science — III
(ed. C. Watkins), pp. 555—557. Lunar Science Institute 1972.

109) Cadogan, P. H., Eglinton, G., Maxwell, J. R., Pillinger, C. T.: Nature 241, 81 (1973).

110) Sakai, H., Petrowski, C., Goldhaber, M. B., Kaplan, 1. R.: Lunar Science — III (ed.
C. Watkins), pp. 672—674. Lunar Science Institute 1972.

$11) Berger, R.: Nature 226, 738 (1970).

112) Begemann, F., Born, W., Palme, E., Vilcsek, E., Winke, H.: Lunar Science — 111
(ed. C. Watkins), pp. 53—54. Lunar Science Institute 1972.

113) Jackson, E. D., Wilshire, H, G.: Lunar Science — III (ed. C. Watkins), pp. 418-420.
Lunar Science Institute 1972.

114) Anderson, A. T., Braziunas, T. F., Jacoby, J., Smith, J. V.: Lunar Science — III (ed.

C. Watkins), pp. 24 —26. Lunar Science Institute 1972.

Williams, R. J.: Personal communication, 1972.

87)

115)

112



Carbon Chemistry of the Apollo Lunar Samples

116) Gehrke, C. W., Zumwalt, R. W_, Aue, W. A, Stalling, D. L., Duffield, A., Kvenvolden,
K. A, Ponnamperuma, C.: Proceedings of the Apollo 11 Lunar Science Conference
(ed. A. A. Levinson), Vol. 2, pp. 1845-1856. Pergamon 1970.

117) Byhl, D.: Nature 234, 332 (1971).

118) Rank, D. M., Townes, C. H., Welch, W. J.: Science 174, 1083 (1971).

Received July 10, 1972

113



Chemistry of the Moon

Prof. Dr. Heinrich Wanke
Max-Planck-Institut fiir Chemie (Otto-Hahn-Institut), Mainz

Contents
L Introduction e
II.  The Chemistry of the Lunar Samples
A. Types of Samples Returned
B. Mare Basalts .o
C. Non-Mare Igneous Rocks .
D. The Lunar Regolith .
E. KREEP .
III. The Europium-Anomaly
IV. Solar Wind Implantation
V. Meteoritic Component . .
VI. Formation of the Lunar Landscape .
VII. Element Correlations P
VIII. Condensation Sequence of the Planetary Nebula
IX. Composition and Structure of the Moon .
A. Chemical Composition .
B. Internal Structure
X.  The Origin of the Moon
Xi. References .

. 116
. 117
. 117
. 119
. 124
. 124
. 126
. 129
. 130
. 133
. 137
. 140
. 143
. 144
. 144
. 147
. 149
. 150

115



H. Winke

l. Introduction

The most dominant features of the lunar landscape are the large maria that are
easy to distinguish from the lighter continents on all lunar photographs. For a
long time most scientists have favored the idea of a lava flow origin for the
lunar maria. From analyses of the major elements derived from the unmanned
U.S. space probes, Surveyor V, VI, and VII, it was learned that the lunar sur-
face consists of basaltV (Table 1).

Table 1. Results of the instrumental analysis of the lunar surface by the unmanned S}Jace
probes Surveyor V, VI, and VII via the alpha-scattering technique (Turkevich ef al. 1 ).
The data obtained on Apollo 11 soil sample 10084 are given for comparison

Mare Tranquillitatis Sinus Medii Highland near Tycho
Surveyor vD Apollo 112 Surveyor vi3) Surveyor vir?)
(Soil 10084)

0] 43 41.5 43.8 44.6

Na 0.45 0.32 0.6 0.5

Mg 2.7 4.8 4.0 4.2

Al 7.6 6.9 7.8 11.8

Si 21.7 19.7 229 21.5

Ca 10.4 8.1 9.2 13.1

Ti 4.5 4.3 2.1 0

Fe 9.4 12.0 9.6 4.3

Laboratory study of the first lunar samples brought to Earth by Apollo 11
ruled out all ideas that the Moon might be a primitive object, i.e. an object that
had remained rather cool after its accumulation with only minor melting pro-
cesses induced by large impacts on the surface. On the contrary, it became evi-
dent from the chemical analysis that the Moon, like the Earth, is a highly dif-
ferentiated object. On the Moon many chemical elements are strongly enriched
or depleted as compared with their abundances in carbonaceous chondrites
which apart from the most volatile elements, are believed to be most represen-
tative of solar matter. Thus it became clear that, at least in the upper 200 km,
extensive melting processes must have occurred.

The crater density in the mare regions is about one order of magnitude
lower than on the lunar continents. Most of the lunar craters are clearly of
impact origin; we therefore have to conclude that the continents predate the
maria. The lifetime of objects crossing the orbit of the Moon and the Earth is
short compared with the age of the planetary system. So the flux of impacting
bodies must have been higher in the early days of the solar system, decreasing
considerably as time went on. The difference of a factor of about ten in the
crater density of the lunar maria and continents does not correspond to a
similar difference in age. From age determinations on lunar rocks we have now
learned that the lava filling of the maria so far investigated (Tranquillitatis,
Imbrium, Oceanus Procellarum and Oceanus Fecunditatis) occurred between
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about 3.9 and 3.3 billion years ago, while for the continents we estimate an
upper limit of about 4.4 billion years.

Il. The Chemistry of the Lunar Samples
A. Types of Samples

The lunar samples can be divided into three classes:

a) Crystalline igneous rocks. These range from very fine-grained vesicular rocks
to vuggy, medium-grained equigranular rocks, in rare cases containing crystals
more than 1 cm in diameter.

b) Breccias. These vary from fine-grained micro-breccias to clasts containing
large fragments of igneous rocks. The breccias consist of a mechanical mix-
ture of soil and small rock fragments compacted to a coherent rock.

¢) Soil, or lunar fines. The soil is a loose mixture of crystalline grains with
larger aggregates, glassy fragments (including many spherules) and trace
amounts of metallic iron particles.

Impacts of extralunar objects (meteorites, asteroids, comets) play a very
important role in shaping the lunar landscape (craters of all sizes, production
of lunar soil) but in general extralunar matter does not make up a significant
proportion of the lunar surface samples. Even in the case of the lunar soil, the
meteoritic contribution amounts to only a few percent (see Chap. V). The
meagerness of this contribution is explained by the fact that a meteoritic ob-
ject impacting on the lunar surface at an average velocity of about 15 km/sec
leaves a mass of crushed rocks about 200 times larger than the projectile
mass®). Thus, except for the highly siderophile and highly volatile elements,
the meteoritic contribution can be neglected in the case of lunar soils and
breccias; for igneous rocks, it is normally considered to be zero.

With the exception of these small amounts of meteoritic matter, the lunar
soil is derived from igneous rocks disrupted by impacts and gradually reduced
to fine-grained dust. On all landing sites, the soil is much more abundant than
rocks or breccias. Except on steep slopes, the whole Moon is covered with a
layer dust of at least 5 m thick. The rock samples brought back are separate
fragments embedded in the soil; once part of the underlying bedrock, they
were excavated by the impact of meteorites.

The nomenclature used for the lunar samples in this paper is that of NASA.
The first two digits (or, as from Apollo 16, the first digit) of the sample num-
ber refer to the flight number and hence to the landing site (see Fig. 1):

10 Apollo 11 Mare Tranquillitatis; typical mare
12 Apollo 12 Oceanus Procellarum; typical mare
14 Apollo 14 Fra Mauro; probably Imbrium ejecta.
15  Apollo 15 Hadley Rille; on the edge of Mare Imbrium close to
Montes Apenninus
6  Apollo 16 Descartes Region; typical highland.
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Fig. 1. Front side of the Moon. Landing sites of all sample-return missions of Apoilo and

Luna (L16 and L 20) are marked
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B. Mare Basalts

Most of the igneous rocks studied so far are mare basalts. For the chemical
composition of typical examples, see samples 10044, 10057, 12018 and 15415
in Table 2 and Fig. 2. The grain size and the vesicular texture indicate that
these rocks solidified near the surface.

Fig. 2. Basalt from Mare Tranquillitatis (rock 10057). Fine-grained vesicular rock

The main minerals of the mare basalts are, in order of abundance:
pyroxene (Mg, Fe)SiO3 and olivine (Mg, Fe),Si0,,
Ca-rich plagioclase (solid solution of CaAl,Si,0g and NaAlSizOg),
ilmenite (FeTiO3).

The Apollo 11 rocks contain large amounts of ilmenite, as can be seen
from Tables 2 and 3 (high titanium content). We have plotted the chemical
composition of rock sample 12018 in Fig. 3a vs. that of the carbonaceous
chondrites (the most primitive of all meteorites), in Fig. 3b vs. the basaltic
achondrite (eucrite) Juvinas (a class of meteorites which have undergone mag-
matic differentiation) and in Fig. 4 vs. the average composition of the Earth’s
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crust. To the best of our knowledge, the carbonaceous chondrites are most
representative of the non-volatile solar matter.

Ti Moon vs Carbonaceous Chondrites
op Hf
Ba L’n.{ly Th 8 Siderophile elements n
E.u..ErSc O Alkaline elements [
U oo O Elements highly |
zr oCa depleted in normal

Y
\ Al 7oV Chondrites 1
o 1

Refractory elements
O Other elements

1073 Moon vs Earth Crust

103

Fig. 3a. (Upper diagram). Abundances of chemical elements in lunar rock 12018 vs. the
abundances in carbonaceous chondrites type 1 (C 1) normalized to silicon. Data for
12018 were taken from all authors of the Second Lunar Science Conference. Geochim.
Cosmochim. Acta, Supplement 2, 2 (1971), data for C 1 from the compilation of
Mason

Fig. 3b. (Lower diagram). Abundances of chemical elements in lunar rock 12018 vs. the
abundances in the Earth’s crust!8:

The elemental abundance of the lunar mare rocks as compared to that of
carbonaceous chondrites vary up to 6 orders of magnitude (Fig. 3a). The
strongly siderophile elements and the very volatile elements are highly depleted,
while the refractory elements Al, Ca, Ti, REE, Th, U. etc. are enriched. Hence,
it is rather difficult to explain the fractionation of the lunar mare basalts by
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Fig. 4. Abundances of chemical elements in lunar rock 12018 vs. the abundances in the
basaltic achondrite (eucrite) Juvinas. Data for Juvinas from Winke ef al. 12) and Masonl?)

magmatic processes alone. Magmatic differentiations obviously leave the K/U
ratio nearly unchanged. The Earth’s crust for example is enriched, not only in
elements like Ca, Al, La, U, etc., but also in K. All the more volatile elements
are rarer on the Moon than in the Earth’s crust.

The relatively high abundance in the lunar mare rocks of elements which
on Earth are concentrated in the mantle'” — Fe, Mg, and especially Cr (Fig. 3b) —
could indicate that the differentiation between “crust” and “mantle” was less
complete on the Moon than on Earth. Alternatively, if such a differentiation
did take place on the Moon, the mare rocks must represent mantle material,
i.e. they would have come from a considerable depth. The latter seems more
likely. According to the results of the analyses of the Apollo 16 samples (see
soil 60601 in Table 2), the elements Fe, Mg, and Cr are indeed much rarer in
the lunar highlands, which are thought to represent the ancient lunar crust.
The basaltic achondrites (eucrites as well as howardites) show the greatest
similarity to the lunar mare basalts (Fig. 4). We will come back to this relation
later on,

Referring to the alkali metal elements, we notice that the most refractory
element, lithium, shows no depletion (Fig. 3a), as pointed out by Gast et al.?®
Further, depletion is not mass-dependent, which is additional evidence for the
separation of volatiles from the refractory elements in the absence of a strong
gravitational field. 20)

There cannot be any doubt that the lunar maria were formed by large lava
flows®D. The basalts from the various landing sites differ in composition
(Table 3), but samples from a single mare site are not uniform either. Fig. 5
plots the concentrations of Al vs. Mg in lunar basalts from Apollo 12. The
observed trend can be accounted for by magmatic differentiation processes,
with the variations in chemical composition reflecting origin at different depths.
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This fact, taken together with the layers seen in photographs22) of the slopes
of Hadley Rille, leads us to conclude that the maria were not filled in one step
but in successive eruptions, each forming layers only tens of meters thick.

°l Al
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Fig. 5. Al vs. Mg in lunar igneous rocks from Apollo 12. From Winke et al.®

Apollo 11 brought back two chemically differing groups of basalt: high-K and
low-K rocks. From age determinations we know that these two rock types
solidified more than 200 million years apart. Turner®® found a K-Ar age of
3.55 x 10° yrs for the high-K rocks and 3.82 x 10° yrs for the low-K rocks.

C. Non-Mare Igneous Rocks

Among the Apollo 11 samples millimeter sized grains were found, belongmg

to a rock type that differed in composition from the mare basalts®®; the first
large sample was detected by the Apollo 15 crew near the Apennine Mountams
This rock type consists of nearty 100% pure anorthite (calcic plagioclase)

and is called anorthosite. In thelr paper on the discovery of anorthosites in
lunar samples, Wood et al.2* suggested that this material is the dominant sur-
face rock of the lunar highlands. This expectation was conf1rmed by the samples
of anorthosites brought back by the Apollo 16 mission® 5, together with sam-
ples of a composmon intermediate between anorthosite, mare basalts and
KREEP?%. (See Chap. II. E).

D. The Lunar Regolith

In some respects the dust layer several meters thick which covers the whole
surface of the Moon gives a better idea of the surface composition of the
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various landing sites than do individual rock samples. The total number of rock
samples is naturally very limited and, as we have seen, the rocks from a single
site are by no means compositionally homogeneous. Hence, the small grains

of the lunar soils give a better average. Due to large impacts, mixing within the
lunar regolith occurs over a wide area, but except for special cases the contri-
bution of material from distances more than 100 km away is nevertheless
small, as may be seen from Fig. 6.

100
S0 4
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02

per cent cumulative mass

0m  ©Om  1km  10km  100km 1000km

Fig. 6. Dispersion of regolith material by cratering. According to Shoemaker et al.26)

Table 2 gives the composition of a representative soil sample from each landing
site. The composition of the soils from the various locations can also be com-
pared with the results of the chemical analyses of the lunar surface made by
the unmanned space probes, Surveyor V, VI, and VII (Table 1), and the data
from the x-ray fluorescence experiment {Table 4). The latter experiment made
use of the fluorescence x-rays emitted from the lunar surface due to excitation
by the solar x-rays which were measured on the Command Service Module of
Apollo 15 during its orbit around the Moon. In this way values for the Al/Si
and Mg/Si ratios were obtained for large areas of the lunar surface.?”

Table 4 summarizes the Al/Si ratios obtained by three methods; they are
in agreement within the experimental errors. The soil of the Descartes Region
(Apollo 16), the only typical highland area visited by sample-return missions,
has an Al/Si ratio of 0.6 (soil sample 60601), which is the highest found in all
laboratory measurements of lunar soil samples and among the highest deter-
mined in the x-ray fluorescence experiment. For pure anorthositic rocks the
Al/Si ratio is within the range 0.85 to 0.91. Hence, the highlands cannot consist
solely of anorthosites. For the highlands distant from the large maria, contami-
nation with mare material is unlikely.

The values for the Al/Si ratio of the regolith in mare areas, as determined
from moon samples as well as via the x-ray fluorescence technique, also differ
from the values found in the rock samples of mare basalts (Tables 2 and 3),
the latter being somewhat lower. These differences can be explained by the
admixture of anorthositic material from the lunar highlands, as found at the
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Table 4. Comparison of x-ray fluorescence experiment data (XRFE)27) with those from
returned-sample analysis (RSA) and the alpha-backscatter technique (AST). See Table 1
and 2

Location Al/Sixio Mg/Si+ 10 Method
South part of Gagarin 0.65+0.24 0.14 £0.05 XRFE
144° — 153°E, 21 — 23°8§

Highland around Tsiolkovsky 0.62 £0.12 0.15 £0.06 XRFE
Tsiolkovsky Rim 0.54 +£0.12 0.16 +£0.02 XRFE
Tsiolkovsky 0.39+0.11 . 0.18+0.02 XRFE
Highland east of Smythii 0.62 £0.07 0.19 +£0.04 XRFE
Mare Smythii 0.45 +0.06 0.27 £0.06 XRFE
Highland south of Crisium 0.53 £0.06 0.23 £0.03 XRFE
Luna 20 regolith 0.58 0.28 RSA
Mare Crisium 0.39 £0.08 0.26 £ 0.05 XRFE
Mare Fecunditatis 0.36 £0.06 0.25 £0.03 XRFE
Luna 16 regolith A 042 0.28 RSA
Mare Tranquillitatis 0.34 £0.06 0.25 £0.04 XRFE
Soil 10084 (Tranquillitatis) 0.35 0.24 RSA
Mare Serenitatis 0.28 £0.08 0.21 £0.06 XRFE
Haemus Mountains 0.38 £0.10 0.25 £0.05 XRFE
Apennine Mountains 0.36 £0.06 0.25 £0.03 XRFE
Palus Putredinus 0.35 £0.09 0.30+£0.03 XRFE
Soil 15601 (Mare Imbrium) 0.261) 0.31 RSA
Mare Imbrium 0.30 +0.10 0.21 £ 0.06 XRFE
North-east of Schroters Valley 0.26 £0.13 0.21 +£0.06 XRFE
Soil 12070 (Oceanus Procellarum) 0.31 0.27 RSA
Soil 14163 (Fra Mauro; KREEP rich) 0.42 0.25 RSA
Soil 60601 (Descartes; anorthosite — rich) 0.66 0.18 RSA
Rock 15415 (Pure anorthosite) 0.91 0.003 RSA
Surveyor V (Tranquillitatis; soil) 0.35 AST
Surveyor VI (Sinus Medii; soil) 0.34 0.20 AST
Surveyor VII (Rim of Tycho; soil) 0.55 0.20 AST

1y AY/Siratio varies considerably among Apollo 15 soils (range 0.24-0.43) mainly due to
admixture from nearby mountains (rich in anorthosite). Seel?).

landing sites of Apollo 11 and Apollo 15, and by the admixture of the third
major component, KREEP, which is thought to be present in a layer beneath
the anorthositic layer. We deal with KREEP in the next section.

E. KREEP

During their excursion on the lunar surface the astronauts of Apollo 12 noticed
lighter spots in the generally dark soil. This indicates the rather recent addition
of foreign material. Foreign material was expected at this landing site, which
was to some extent selected because one of the light-colored rays from the
crater Copernicus crosses this site. All comparable large young craters show
such rays. The most dominant ray crater is Tycho.
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Chemical analyses at various laboratories showed that nearly all the soil
samples brought back by Apollo 12 had a different chemical composition.
Winke et al.®’ assumed there to be only two components, present in varying
ratios, and constructed a mixing diagram from the data (soil samples and brec-
cias of Apollo 12) without making any assumptions about the composition of
the components.
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Fig. 7. Mixing diagram from the two-component model of Winke ef al. 6) for the Apollo
12 soils (12037, 12070, 12042, 12033) und breccias (12034, 12073). Note that the ele-
ment lines and the compositions (position along the x-axis) were calculated via least-
squares fit from the data for basaltic rocks, Apollo 12 soils and breccias only. The data
for KREEP and the soil sample from the Fra Mauro formation (14) were not used for the
computation of the element lines. The position of these samples along the x-axis was
calculated via the previously determined element lines. Finally, the distance between the
magmatic rocks and KREEP was divided into 100 units

As can clearly be seen from Figs. 7,8, and 9, the two-component assump-
tion was correct, i.e. the contribution of other components is small. In addition
it was realized that one of the two components was derived from the local
mare basalts whereas the other was highly enriched in a number of elements.
For example, potassium varied by a factor of almost 10. Various authors found
millimeter-sized fragments of this foreign material which represents the second
component in the Apollo 12 soil sampleszs). As the foreign component was
rich in potassium, rare earth elements (REE) and phosphorus, the acronym
KREEP was devised. Later many other elements were found to be enriched in
KREEP, for example, U, Th, Hf, Zr, Nb, and Ta. All these elements have in com-
mon large crystal radii (large-ion lithophile elements, LIL elements). The rock
type from which the KREEP fragments were derived of is norite.
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As we will see in Chap. VI, we now have evidence that the KREEP (norite)
component in the Apollo 12 soil represents ejecta from the crater Copernicus.
We should note here that the composition of the Apollo 14 soil samples and
KREEP is nearly identical. KREEP was later shown to be admixed also with
the Apollo 15 and 16 soil samples. The Apollo 15 soil contains all three major
components found so far: mare basalt, KREEP (norite), and anorthosite !?’ 16)
(see Table 5).
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Table 5. Concentrations of mare basalt, KREEP and anorthosite in Apoilo 15 soils12),
The highest anorthosite concentrations were found for the samples from locations close
to the Apennine front

Soil Mare Basalt KREEP Anorthosite Station

% % %
15601 86 9 5 Hadley Rille
15558 68 19 13 Hadley Rille
15501 71 15 14 Scarplet Crater
15021 62 20 18 Lunar Module
15471 71 11 18 Dune Crater
15301 62 15 23 Spur Crater
15265 41 28 31 Front
15271 48 22 30 "Front
15101 49 17 34 St. George Crater

111. The Europium Anomaly

One of the most striking findings during the analyses of the first lunar samples
was the large negative europium anomaly found in all mare basalts 2—31)
and later in the KREEP samples, too (Fig. 10).
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Fig. 10. Eu anomaly. All data from MPI, Mainz,2» 6> 12 13) except for rock 15415%)
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The absence of femc iron in the lunar basalts indicates a low partial pres-
sure of oxygen (< 10~ atmospheres) Under such hlghly reducing conditions
europium occurs in the 2* state rather than in the 3" state. Thus, partial melting
would concentrate the Eu?* in the feldspar (plagioclase) and the trivalent REE
(rare earth elements) would tend to remain in the pyroxenes. Such a dlstnbu-
tion was indeed found in mineral separates by Philpotts and Schnetzler?®
Concentrations of the REE (with the exception of europium) were lower in all
the separates than in the bulk sample. As reported b2y various authors, the REE
are found in high concentrations in trace minerals.> 33) The phosphate minerals
apatite and whitlockite seem to be of special importance for the mass balance
of the REE. In fact the Eu anomaly has been attributed to the phosphates34)

Positive Eu anomalies were found first in a few grains of Apollo 11 soil 3%
and later on in various anorthosite samples where calcic feldspar (anorthite) is
the dominant mineral.

As illustrated in Fig. 10, europium anomalies are found not only in lunar
samples but also, for example, in the silicate phase of mesosiderites. This is
strong evidence that these meteorites have undergone extensive magmatic frac-
tionation. Of course, a low partial pressure of oxygen is required in order to
keep europium in the 27 state.

IV. Solar Wind Implantation

Gerling and Levskii®® were the first to report anomalously large amounts of
noble gases in a stone meteorite. From the elemental abundance and the iso-
topic composition of these gases, it was quite clear that they are neither of
radiogenic nor of spallogenic (cosmic-ray induced) origin. A survey of the noble
gas content of stone meteorites revealed that many other meteorites contamed
an “excess” of noble gases; these were therefore called primordial gases 3743,

Further studies showed that grlmordlal noble gases are of two kinds: solar
and planetary (Signer and Suess® ) The former, being present in nearly solar
proportions, i.e. consisting mainly of helium and neon and having 2°Ne/?>?Ne
ratios up to 14, were called solar noble gases. In the “planetary” component
the heavier noble gases are enriched to the levels found in the terrestrial atmo-
sphere. The origin of the planetary gases, which are present in nearly all chon-
drites and other types of stone meteorites, is still not quite clear, but they are
commonly assumed to be derived in some way from the gas in the planetary
nebula during the condensation process.** The solar noble gases were found
to be located in the surface layers of the crystals of all major mineral compo-
nents present in the meteorites in question % *%). These findings led to the
conclusions of Winke*% 7 that these noble gases originated from the solar
wind.

One possible way of unplantatlon by the solar wind into the solid grains
which I discussed in my 1965 paper®” is by irradiation of a layer of loose
grains on the surface of a planetary body. Such a layer would be continuously
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mixed and turned over by the bombardment of meteorites down to the size
of cosmic dust particles. I also stated that this body must not have any appre-
ciable magnetic field nor an atmosphere and that the Moon would be a very
suitable body for such a process to take place.

In line with these expectations, large amounts of noble gases (mainly
helium) were found in the first lunar samples of Apollo 11 by the Lunar
Sample Preliminary Examination Team (LSPET)*®. The helium content of
the lunar soils reached values of 0.2 cm® He/g, together with amounts of hydro-
gen up to about 1 cm> H,/g. Beside the elemental and isotopic ratios, con-
firmation of the overwhelming contribution by the solar wind was provided
by measurements on lunar fines of different grain sizes as well as by etching
techniques, both of which showed the surface correlation of these gases*?~51).

Table 6 gives a few examples of noble gases in lunar samples derived from
the solar wind. Concentrations in the microbreccias are comparable to those in
the fines, indicating that the agglomeration process took place without much
heating after the solar wind implantation.

Practically all the hydrogen in the lunar fines was implanted by the solar
wind, as the indigenous water content of the lunar surface samples is extremely
low. We can thus investigate solar hydrogen directly. Measurements indicated
that the solar hydrogen was depleted in deuterium by a factor of at least 5059,
Deuterium may even be completely absent in solar hydrogen since the amount
present in the lunar fines could have been formed by spallation reactions.

The solar wind is again the major source of the carbon and nitrogen found
in lunar fines. As noted first by Hintenberger e al.**, nearly all of the nitrogen
present in lunar fines is chemically bound (ammonium or nitride) and not in
gaseous form (N2)55), as is most of the hydrogen, too. The nitrogen and hydro-
gen concentrations in the lunar fines and breccias are correlated with the grain
surface area and are higher by at least a factor of 10 than in the lunar igneous
rocks, which proves their solar wind origin.

Apart from the noble gases, hydrogen, carbon (see Eglinton® 6)), and nitro-
gen, the solar wind contribution is negligible. Attempts to identify two favorable
solar wind elements, sulfur and chlorine, were unsuccessful® 37

The high content of argon-40 in lunar fines and breccias was a big surprise.
The contribution of radiogenic argon-40 is likely to be small in most cases and
that of spallogenic argon-40 is negligible. Although the argon-40, as well as
argon-36 and the other noble gases, is correlated with the grain surface area,
the argon-40 found cannot possibly have been supplied by the solar wind. The
measured argon-40/argon-36 ratio is about 1; this is several orders of magnitude
above the value predicated for the sun®®.

As suggested by Heymann et al.>?, the excess argon-40 must be of lunar
origin. Argon-40 from the decay of potassium-40 in the interior of the moon
must have escaped into the lunar atmosphere where it was ionized and driven
back to the surface of the moon by interaction with the interplanetary electric
and magnetic fields. Alternatively, the argon passing through the regolith on
its way to the lunar surface was temporarily absorbed on the grain surfaces and
then implanted by shock from impacts.
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As Heymann et al. 60, 61) have %ointed out, after correction for *®Ar from
radioactive decay of *°K, the **Ar/*®Ar ratios may be correlated with the age
of the surface rocks at the various landing sites (Table 7). This is plausible since
the “age of the landing site” represents the earliest time at which *°Ar from the
lunar atmosphere could have become implanted in the regolith. The escape of
argon-40 has declined over about 4 billion years in parallel with the decay of
potassium-40 and the amount of rock melting in the Moon. The regolith is

well mixed at most places so the layers sampled by the astronauts always con-
tain a certain proportion of grains that were on the surface early in the history
of the regolith. Hence, these grains record the amount of argon-40 escaping
from the lunar interior, i.e. the concentration of argon-40 in the lunar atmo-
sphere.

Table 7. Argon (*0Ar/3®Ar),, ratios taken from a summary of Heymann et al.60) Rock
datings from Wasserburg et al.62)

Soil Rock ages (30Ar/30Ar),, Number of
Samples inb.y. range average measurements
Apollo 14 3.90 0.8-1.9 1.3 3)

Apolio 11 3.65 0.7-14 1.1 9

Luna 16 340 - 0.65 1)

Apotio 12 3.25 0.3-0.5 0.35 8)

This explanation is probably confirmed by the results of Hintenberger
et al.5?, who found that the ratio (*°Ar/3%Ar),, is higher for breccias than for
soil samples (Table 8). There is good reason to assume that most breccias were
formed from loose soil when the regolith was relatively young!?. Hence, the
breccias should contain a higher percentage of “old” grains (that were on the
surface early in the history of the regolith).

Table 8. Isotope ratios of trapped noble gases, cosmic ray engosure ages (in 10% years) of
soil samples and breccias (all data from Hintenberger et al. 52), Isotope ratios were obtained
by various methods (see original paper

Soils Breccias
Sample 10084 10087 12070 10021 10061
(*He/>He),; 2620+£10 2780440 2740+10 3070+20 2930 +20
(®ONe/2INe);, 408 £5 4096 430£30 408 +4 420 +20
(#OA1/30Ar),, 0.95+0.02 1.51+0.03 044 £0.01 2.18+0.01 1.81 £0.02
T(21Ne) 330340 43040 36080 600+70 800 +200

V. Meteoritic Component

Even before the first lunar landing, it was known that three types of meteoritic
debris would be found on the Moon®®:
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1) micro-meteorites and small meteorites in the regolith

2) crater-forming bodies in ray material and other ejecta

3) planetesimals from the “early intensive bombardment m ancient breccias
and in regolith of the highlands (ancient component).®*

The siderophile elements (Ir, Au, Re, Ni, etc.) seem to be the most reliable
indicators of meteoritic material. These elements concentrate in the metal phase
during the planetary melting and are therefore strongly depleted in the surface
layers of differentiated planets (e.g. on Earth by a factor of 10~%). However, a
number of volatile elements (Ag, Bi, Br, Cd, Ge, Pb, Se, Te, Zn) are so strongly
depleted on the lunar surface that some of them can serve as subsidiary indica-
tors of meteoritic matter.

Meteoritic matter on the Moon has been 1nvest1 ated mainly by Anders and
coworkers'!: 85768 and Wasson and coworkers®® "V, Data on indicator ele-
ments were also obtained by various other authors? & 12,13,72— 74,

Individual metal particles magneucall}y/ separated from 1unar samples were
studled intensively by Goldstein et al. 7=, Wiinke ef al.® 7® and Wilotzka
et al.”® 89 From their trace element composmon as well as from their con-
tent of Ni and Co, it was clear that the majority of the particles are of meteor-
itic origin.

The gold content of type 1 carbonaceous chondrites is 0,15 ppm. 81) Anders
et al.®® assumed C 1 chondrites (the most primitive class of meteorites) to be
the dominant contributing component and, after correction of the small amounts
of siderophile elements found in the igneous lunar rocks, calculated from the
data on Au given in Table 2 the meteoritic component as shown in Table 9.

For all four mare sites the meteoritic components amount to 1.55—1.78%,
evidencing a nearly constant admixture in the lunar regolith. Only slightly
lower values are obtained when the highly volatile elements are used as indi-
cators. Hence, the assumption that C 1 chondritic material is the meteoritic
component is substantially correct, although some admixture of fractionated
matter (less primitive meteorite classes) is seen, in the Apollo 11 and 12 soil
samples, especially.

Table 9. Meteoritic component as calculated from the abundance of siderophile and
volatile elements in bulk soils. In carbonaceous chondrite type 1 equivalent and best
estimate of true C 1 component (from Anders et al. 68

Meteoritic component in percent

Soils C 1 equivalent Best
estimate
siderophile volatile C 1 comp.
Apollo 11 1.77 1.12 1.14
Apollo 12 1.66 1.34 1.28
Apollo 15 1.55 1.57 0.96
Luna 16 1.78 2,23 1.6
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The average thickness of the regolith is estimated 4.6 m®?, which gives an
average rate of influx of meteoritic matter of 2.4 x 10™° g cm® yr! for the
three Apollo landing sites®®.

We do not yet know much about the crater-related component. Slight devia-
tions from the C 1 abundance pattern are observed, especially in samples from
the vicinity of Dune crater (Fra Mauro Formation). However, these could also be
due to a mixture of C 1 with ancient component.

This ancient component has been observed in the highland soils, as pre-
dicted®”> *®_ Volatile elements do not give a clear picture, as the correction
for the indigenous contribution to the ancient component is difficult to esti-
mate. We shall therefore restrict the discussion to the siderophile elements,
because the correction is likely to be quite small in this case. The old breccias
of Apolio 14 had a meteoritic contribution with an Ir/Au ratio of about 1.5,
as compared to about 3.5 in the mare soil samples. Moreover, the abundance
pattern of the other indicator elements does not match that of any known
meteorite class, as Ir, Re, and Ni are depleted relative to Au and As 13, 68, 80)

The composition of metal separates from various lunar and meteoritic
samples is compiled in Table 10. The metal content of the lunar soil samples
is about 0.5%, but somewhat rarer in the soil samples of Apollo 12 metal.
Trace quantities of metal are found in the igneous rocks; the composition of
these metals differs considerably from the meteoritic abundance pattern and
is therefore easily distinguished. Of course, the metal from the lunar igneous
rocks will also become admixed to soils. Hence, the metal separates of the soil
samples are a mixture of meteoritic and indigenous metal from lunar rocks. As
can be seen from Table 10, the latter contributes significantly only to metal
from soil 15601. Measurements have been carried out on individual metal
grains down to particles of less than 10~ g weight via electron microprobe for
Fe, (I’\Ii, and Co and via neutron activation for Fe, Co, Ni, Cu, Ga, As, W, Ir, and
Au.

The extremely high W content of the lunar metal was very puzzling at first,
especially as it was clear that grains of meteoritic origin were the main contribu-
tors. Only metal from eucrites has a comparably high W content. Later it was
shown by Winke et al.®) that W had been enriched in the early lunar differentia-
tion processes. Actually W is one of the elements highly fractionated together
with other large-ion lithophile elements (LIL elements). The highest concentra-
tion of LIL elements is found in KREEP (norite).

During impacts, the meteoritic metal equilibrates with the surrounding
silicate at elevated temperatures and W, having considerable siderophile ten-
dency, enters the metal phase.

For the siderophile elements, the metal particles contribute between 50
and 90% to the bulk composition of the soil samples. As carbonaceous chon-
drites do not contain metal, reduction and equilibration is required to explain
the high contribution of the metal particles.

135



H. Wiinke

(I8 LI (8L (8L (sL C) (08 (6L (6L ¢ 8L P
ST0 9.0 S9'1 8T'1 S0 97’1 SE0 Tt 0T £8°0 oy
150 60 6'v [ 4 10 91 - 0T Y 97 Iy

10 | K4 Lo T'T €€ 114 ST €TT 0TIl ¥z M
S0 - - - - - - 8T - - Pd
81 - = - - 81 - 11 - - sY
T1e - - - - - - 0¢T - - £}
4t 6 43 81 6 - 6 ¥1 P1 It LD}
o€t 0sT 08¢ (1] SL9 092 098 0zt 067 (1123 zw
wd

0500 790 £9°0 90 9¢'1 LEO Y01 $S°0 $9°0 750 Vo)

860 6T 6€1 16 61 19 6y LS v'9 L'y IN
jng o)dNG  IPUOYS-T  IPUOYD-H £5021 10909 109ST €9TH1 1002T #8001 %
10 seulang  Jlopsurey g ¥ooy 1t

2, Tenbe 9,001 01 20UdIAIIIP
— 1 0 1dooxs — saseo Jje Ul "uosireduros 103 uoard st 1 ) jo uonisodwod yng ‘sapiired [e}aw o3LI0s}aW pue reuni jo uopsodwio) "0T S[qel,

136



Chemistry of the Moon
V1. Formation of the Lunar Landscape

We can restrict this discussion to the front side of the Moon for two reasons.
First, the back side of the Moon does not show any specific features. All the
large maria are located on the front — a fact which is still not quite understood —
while the back is similar in appearance to the highland areas of the front side.
As we have seen from Table 4, this similarity holds true for the chemical com-
position, too. (The first three lines in Table 4 refer to locations on the lunar
back side). Second, our knowledge of the lunar back side is based on photo-
graphs and a few isolated observations by the Apollo Command Modules.
From the front side we now have exact solidification ages for the rocks of
the major maria. The numbers in Table 11 refer to the most recent lava flows
detected and represent the time of solidification of the outermost layer.

Table 11. Solidification ages of the lunar maria as derived from Rb/Sr age determinations
(isochron ages) by Wasserburg and coworkers

Maria Mission Age Number of Refs.
rocks analyzed

Mare Tranquillitatis Apollo 11 3.65+0.06 by. 7 83)

Oceanus Procellarum Apollo 12 3.26 £0.10 b.y. 8 84)

Mare Imbrium Apollo 15 3.36 +0.07 b.y. 6 62)

Mare Fecunditatis Luna 16 342 +0.18 by. 1 62)

There seems to be fairly general agreement among scientists that at least
Mare Imbrijum and the other circular maria were originally large basins formed
by impact.“) The lava filling extended over several hundred million years and
was not restricted to the diameter of the origin crater, the surrounding areas
being covered, too.

According to the model of Wood®, the early differentiation of the upper
100 to 200 km of the Moon resulted in a light anorthositic crust while the maf-
ic magnesium-rich minerals would have sunk towards the bottom of the molten
layer. Between the two layers, or just below the anorthositic crust, a layer highly
enriched in various trace elements (KREEP) was formed. These rocks are called
norites. Intensive bombardment probably hindered complete segregation of an-
orthosite and norite, or resulted in a considerable mixing of the two layers. Per-
haps the norite was still hot and partially molten at this stage; thus, the lava flows,
which are seen in the highlands in connection with major craters might be noritic.

After solidification of the lunar crust, the Imbrium collision was the most
spectacular event. About 3.9 x 10° years ago an object with an estimated dia-
meter of 200 km but probably having a rather low velocity of 3 to 5 km/sec hit
the surface of the Moon, which must already have been similar in appearance
to the highland areas as we see them today.86) The impact excavated a basin
about 700 km in diameter and 100 km deep. The anorthosite layer, which may
have been rather thin at this locality, was blown away completely and norite
material from beneath was thrown out and deposited over wide areas on the
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front side of the Moon. A triple ring wall structure was formed like that known
from Mare Orientale on the back side of the Moon.

The model described here was predicted by Baldwin®’ ) and especially by
Urey®® on the basis of the structural features of the surrounding areas, as first
pointed out by Gilbert in 1893%%), One example is the Fra Mauro Formation,
first interpreted by Eggleton 3% 90) as part of a thick blanket of ejecta from
the Imbrium basin. This 1nter9pretat10n has been confirmed by the investigations
on the Apollo 14 samples®

Later on, upwelling lava from the deep lunar interior filled the Imbrium
basin. The inner walls of the ring mountains collapsed and only the outer wall
remained. Montes Apenninus and Carpatus are part of the outer wall. The lava
flowed over the whole area, forming the nearly circular Mare Imbrium with a
diameter of about 1150 km. The surrounding area probably subsided and was
later covered with lava which found its way through the outer wall.

$ ~200 km
72-39-10° years

-3 km/s

Carpatus

Imbrium
Coltision

Lava filling
Imbrium basin

Lava filling
completed

7=-3,3-10° years /

Fig. 11. Simplified sketch of the Imbrium collision and lava filling of Mare Imbrium and
Oceanus Procellarum
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The lava filling was completed about 3.3 x 10° years ago. The rocks from
Oceanus Procellarum (Apollo 12) and from the edge of Mare Imbrium (Apollo
15), about 1000 km apart, both solidified at this time. The elevated area of
the Fra Mauro Formation was not covered with lava.

Here, we still find noritic material on the surface. Age determinations on
selected Apollo 14 samples showed that the material of the Fra Mauro area
underwent thermal metamorphism about 3.9 x 10° years ag093). The Imbrium
collision is thought to have provided the required energy and is therefore da-
ted accordingly by various authors®>%%9)

The lava layer of Oceanus Procellarum is estimated to have a maximum
thickness of a few hundred meters, covering the noritic ejecta from the Imbrium
impact. At least part of the foreign (KREEP) component from the Apollo 12
soils described in Chap. II. D was severely heated about 850 million years ago®®>°7.
Most authors agree that this material consists of ejecta from Crater Copernicus®?.

~20 km/s
Carpatus ’ T=-0,85-10° years

Fra Mauro

Carpatus  Copernicus Apollo 12

/

Apollo 14

Fig. 12. Copernicu§ impact throwing material deposited there by the Imbrium collision
to the landing site of Apollo 12

If this conclusion is correct (for the contrary view, see Wasson and Baedeckergg)) ,
Copernicus is 850 million years old, which is not in contradiction with estimates
from crater counting °®. The impact penetrated the thin basalt layer and deeply
excavated the norite material deposited there by the Imbrium event; alternatively,
the surface layer may have consisted of noritic material at this locality.
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VIl. Element Correlations

Many element correlations were discovered in the lunar samples, the first among
a group of elements found in KREEP.

In principle, correlated elements must show similar geochemical behavior.
Two somewhat different processes are involved:

a) Elements similar in ionic radius and valency tend to enter the same major
rock-forming minerals.

b) Elements which do not readily enter the major phases concentrate in the
residual liquids and are therefore found in different trace minerals.

Examples of both types dre shown in Figs. 13, 14, and 15. Clearly the
correlation of MnO with FeO, found in the lunar samples by Laul et al. 100),
is due to the fact that Mn"" (R = 0.80 A) can easily replace Fe™ (R = 0.74 A)
in the two most abundant Mg, Fe silicates, pyroxene and olivine. The corre-
lation of the LIL elements (large-ion lithophile elements) first observed in
KREEP is of the second type.
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Fig. 13. MnO/FeO correlation first noted by Laul e al. 100) for lunar samples. A similar
correlation seems to hold for terrestrial and meteoritic samples, too. By oxidation of
metallic iron the data point of a material with the composition an ordinary H-group
chondrite (marked H) will move along the horizontal dashed line. The location of the
point of maximum oxidation (Fepetap = 0) is also indicated
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Fig. 14. Correlation of large-ion lithophile elements (LIL) following lanthanum in lunar
samples. Note that Be (R = 0.35 A) fractionates together with the LIL elements. From
Winke ef ol 13)

Fig. 15. Correlation of LIL elements following ytterbium in lunar samples. Note that Li
(R = 0.68 A) seems to fractionate together with the LIL elements. From Winke et al. 13)

Correlations between pairs or groups of elements are of extraordinary
significance, as from a limited number of samples collected at the surface ele-
mental ratios can be determined for a whole planet, or at least for that frac-
tion of the planet which underwent magmatic differentiation.

In all lunar samples of MnO and FeO are correlated exactly (Fig. 13), the
FeO/MnO ratio being 80. A similar trend is seen to exist for the Earth, and
various groups of meteorites. The FeO/MnO ratio is lowest for the silicate phase
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of mesosiderites (FeO/MnO = 24), somewhat higher (35) for eucrites, howar-
dites and diogenites (all achondrites) and for the silicate phase of the low-iron
(hypersthene) and high-iron (bronzite) chondrites (the two most common clas-
ses of meteorites). The carbonaceous chondrites C 1,C 2, and C 3 have the
highest FeO/MnO ratio. Clearly the FeO/MnO ratio depends strongly on the
degree of oxidation. Carbonaceous chondrites contain only oxidized iron and
FeS, but no metallic iron; they are the most highly oxidized meteorites, In
chondrites of groups H and L, less than half the total iron is oxidized, the rest
being in the form of FeS and metallic iron. Mesosiderites have the highest con-
tent of metallic iron. The highly reduced enstatite chondrites contain no oxi-
dized iron, hence their FeO/MnO ratio is zero.

The situation is complicated by the fact that the total amounts of Fe and
Mn are not constant for the various planets and the individual groups of mete-
orites. In the models proposed by Wood'®V and Anders!®? meteorites consist
of two components: a high-temperature, volatile-free component and a low-
temperature, volatile-rich component. Manganese belongs to the low-tempera-
ture group. Recent studies! 3 1% indicate that at least one additional com-
ponent has to be introduced into the model, namely metallic iron, because
metallic iron condenses independently, as do some other siderophile elements.
We will come back to these questions in the next chapter.

Among other facts, the difference in the FeO/MnO ratio for the Moon
and for the Earth rules out the possibility that the Moon was once part of the
Earth. 109

We now turn to the correlations shown in Figs. 14 and 15. LIL elements
are found to be highly enriched in all KREEP-containing soil samples, but the
correlations hold for the igneous rocks as well. 1> 14) Only the pure anorthosites
deviate significantly. As already seen in Fig. 10, lanthanum and the heavier REE
(rare earth elements) fractionate somewhat differently. The elements plotted in
Figs. 14 and 15 fall roughly into two groups, one behaving like lanthanum and
the other like ytterbium. This distinction means that the data points for indivi-
dual samples lie closer to the correlation lines. Nevertheless, if all elements
shown in Fig. 15 were plotted against lanthanum the entire range would show
good correlation, as can be imagined from the Yb-La correlation in Fig. 14.

Refractory elements, i.e. REE, Be, Y, Zr, Hf, Nb, and Ta, are present on
the Moon in their solar (C 1) abundance ratios. Only W is considerably depleted
relative to the other refractories, indicating the presence on the Moon of metal-
lic iron, which is responsible for the depletion of this rather siderophile element.

The alkali metals Li, K, Rb, and Cs (Na does not fractionate together with
the LIL elements) are highly depleted on the Moon relative to the refractory
elements. Lithium is less depleted than K, Rb, and Cs.

The values derived from these correlations for the elemental abundance
ratios should be representative for the whole Moon. On this basis it is not pos-
sible to distinguish between depletion of the more volatile elements (K, Rb,
and Cs) or enrichment of the refractories. As we will see later, both processes
have occurred.
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Fig. 14 includes terrestrial and meteoritic samples which show that the
good correlation of La and K is not restricted to the Moon. It is interesting to
note that the correlation line for the Moon falls close to that of the basaltic
achondrites and that furthermore the silicate phases of mesosiderites and the
hypersthene chondrite (diogenite) Johnstown fall on the line of the basaltic

-achondrites.

VIIl. Condensation Sequence of the Planetary Nebula

We have already discussed how the elements condense in accordance with their
condensation temperatures and their chemical affinities in at least three distin-
gulshable groups. Condensation sequences have been calculated by Urey 105,106)
Lord'®?), Larimer'®® and others. According to Larimer 108) and Anders'®® 110]
a coolmg gas of cosmic composition should condense in the following order:
below 2000 °K the highly refractory compounds of Ca, Al, Mg, Ti, and Si ap-
pear, followed by magnesium silicates and iron at 1350 to 1200 °K, and alkali
silicates at 1100 to 1000 °K. Only H, C, N, O, S, and some volatile trace ele-
ments still remain in the gas phase. At 680 °K H,S begins to react with metallic
Fe grains forming FeS. The elements Pb, Bi, Tl, and In condense between 600
and 400 °K. At 400 °K H,O reacts with the remaining metallic iron to give
Fe304. At still lower temperatures water can be bound as hydrated silicates.

From new data Grossman'® has recently shown that iron-nickel alloys
have higher condensatlon temperatures than the Mg silicates at all total pres-
sures above 7.1 x 10™° atmospheres. The estlmated pressure m the primitive
solar nebula in the Earth’s orbit is around 102 atmospheres!!! ) The tempera-
ture difference between the condensation points of metallic iron and Mg sili-
cates increases with pressure allowing the possibility of greater fractionation
of metal from silicate towards the center of the solar nebula where the pres-
sure and temperature were highest. Hence, iron probably condensed to a large
degree 1ndependent1y of the Mg silicates 03)

Grossman''?) , ), thinks that the Ca, Al rich inclusions found in C 3 chondrites
represent these high-temperature condensates (HTC). In Ca, Al-rich inclusions
of the Allende meteorite he found Sc, La, Sm, Eu, Yb, and [r together with
Ca and Al to be enriched by a factor of about 20 relative to C 1 chondntes

The work of Grossman!'? was extended in this laboratory''*). Together
with earlier results on individual elements, we can now present the following
list of elements, all enriched in the Allende inclusions by a factor of about 20
relative to C 1 chondrites: Al, Ca, Ti, Sc, Sr, Y, Zr, Nb, Mo, Ru, Ba, La, Ce,

Pr, Sm, Eu, Gd, Dy, Ho, Er, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, U, and probably
Th. The inclusions also contain appropriate amounts of Mg, Si, and O, but most
of the other elements are highly depleted.

The trace elements do not condense strictly according to their condensa-
tion temperatures of the pure elements or their components. For example, in
spite of their considerably lower condensation temperatures the REE elements
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are found in the Allende inclusions in their true cosmic ratio relative to one
another and relative to the very refractory elements. Solid solution effects can
be expected to allow the condensation of the REE elements long before satura-
tion is reached. The second major phase to condense, perovskite (CaTiO3),
could provide lattice sites for the removal of the REE and other trace elements
from the gas phase112). Similarly, Au, Ge and other siderophile elements with
lower condensation temperatures may be expected to condense together with
the Fe-Ni alloy“o).

At any stage of condensation the fraction still in the gas phase can be
dispersed to other regions of the planetary system. Hence, the accumulating
planetary objects may contain different components in varying amounts. As
can be seen from Fig. 16, among all objects of which we have samples, the
Moon contains the highest proportion of HTC elements, closely followed by
several groups of achondrites.
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Fig. 16. K vs. La in lunar, terrestrial, and meteoritic samples. From Winke ef al. 13)

IX. Composition and Structure of the Moon
A. Chemical Composition

From the correlated elements we can construct a model of the chemical com-
position of the Moon. Whether this model is valid for the entire Moon or only
for the upper 500 km, depends on the amount of melting that has occurred in
the Moon. Clearly, if below a certain depth there has never been any matter
exchange with the upper layers, it is impossible to deduce anything about the
composition of this deep-seated matter from studies of the surface rocks.

The high value for the heat flux through the surface of the Moon measured
by Langseth et al. 114) requires high concentrations of radioactive elements and
therefore clearly favors extensive melting of large parts of the Moon. It should
be borne in mind that the upper 500 km of the Moon comprises about two
thirds of its total mass.
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In the preceding chapter we presented the proof that on the Moon the
refractory elements are highly enriched relative to the more volatile ones.

A lower K/U ratio for the Earth and the basaltic achondrites as compared
to the chondritic (solar) ratlo was emphasized more than ten years ago by
Gast 115 116) and Winke''”). Since the flrst lunar samples became available it
has been suggested, especially by Gast>® 118) that the Moon has a higher con-
centration of the refractory elements Ca, Al, REE etc.

Anderson!'® has proposed that the Moon has a composition similar to
that nf the Allende mclusmns, as this would explain the low values observed
for ctrical conductivity!?®) of the lunar interior in spite of the estimated
hi  .emperatures. Other authors have proposed for various reasons that the
M amay be eucritic. As pointed out by Laul et al. ' a true eucritic or
howarditic Moon is excluded by the difference in the FeO/MnO ratios.

The existence of the high-temperature condensates and their composition
has in the meantime been well established by work on the Allende inclusions.
We have convincing evidence that this high-temperature component (HTC) is
responsible for the enrichment of the refractory elements, both for the Moon
and the basaltic achondrites, in spite of the fact that the absolute percentage
of the HTC is somewhat different.

As the HTC does not contain low-temperature elements like potassium
etc., we assume that the Moon and the other objects whose K/La ratio differs
from the chondritic value consist of a mixture of HTC and a component con-
taining 1ow-temperature elements.

Wiinke ez al.'® have proposed a model in which the Moon is composed of
a mixture of HTC and a material equivalent in elemental composition to bronzite
(H = high-iron group) chondrites, but with a different degree of oxidation.
Evidence in favor of ordinary chondrites as the component containing the low-
temperature elements is presented in Fig. 17. Normalized to potassium, the
ratios of the alkali metal elements in the lunar soil samples 12070 are plotted
relative to the C 1 chondrites as well as relative to the H-group chondrite Forest
City. We have previously seen that K, Rb, and Cs are correlated with one an-

® Forest City

5
60c1

2|2
el
|1 L @
5 O
2105
I
S O

02 6

Fig. 17. Concentrations of alkali elements in soil sample 12070 relative to carbonaceous
chondrites type 1, and relative to Forest City, an ordinary chondrite (bronzlte chondrite),
Data from Wasserburg’s group121 1 and Mason
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other, but not Li and Na. However, the concentrations of Rb and Cs in Forest
City are in fact more similar to those of C 1 chondrites than to those of ordi-
nary chondrites.
With the above assumption, it is easy to calculate the absolute elemental
abundances of the Moon from the observed K/La ratio in the lunar samples
and the concentrations of K and La both in the HTC (as analyzed in the Allende
inclusions) and in normal chondrites.
The mixing ratio of HTC and chondritic component can be calculated from
the following relation:
A = chondritic fraction
(1-A4) = HTC fraction

indices:
a - chondrites  [Klm _ g _ AKla+ (1-4) [Kl,
b = HTC [Laln A[La], + (1-4) [La]y,

With a value for the concentration ratio R = [K]n/[Laly, of the lunar
samples of 70, [K]y, = 0, [K], = 800 ppm, [La], = 0,35 ppm and [La], =

Table 12. Elemental composition of the Moon calculated according the model of Winke
et al.

HTC HTC x 0.69 Chondritic Chond. Comp. Moon
Comp. x 0.31 calcul.

%
Mg 6.5 4.5 14.2 4.4 8.9
Al 17 11.7 1.0 0.3 12.0
Si 14 9.7 17.1 5.3 15.0
Ca 18 124 1.2 0.4 12.8
Ti 0.91 0.63 0.21 0.07 0.70
Fe - - 27.6 8.6 8.6
ppm
Na - - 5700 1770 1770
K - - 800 250 250
Rb - - 2.8 0.87 0.87
Cs - - 0.107 0.033 0.033
Mn - - 2260 700 700
Sr 130 90 10 3.1 93
Ba 47 32 3.5 1.1 33
Sc 114 79 7.5 2.3 81
Y 33 23 2.2 0.7 24
La 4.9 34 0.35 0.1 3.5
Eu 1.14 0.79 0.078 0.02 0.81
Zr 93 64 10 3.1 67
Hf 3.3 2.3 0.2 0.06 24
Nb 6.6 4.6 0.5 0.16 438
Ta 0.3 0.2 0.025 0.008 0.2
Mo 6 4 1.7 0.5 4.5
W 1.84 1.30 0.15 0.05 1.35
U 0.12 0.083 0.011 0.003 0.086
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4.9 ppm, we get 69% HTC, the remainder having chondritic composition.
For the percentage of the HTC in the achondrites (K/La = 140) of Fig. 16,

a value of 48% is obtained; for the Earth with K/La = 450, it is 22%. From
this we calculated the elemental abundances for the Moon. They are summa-
rized in Table 12.

The content of metallic iron can be estimated from the FeQ/MnO ratio
which is 80 in all lunar samples (Fig. 13). If we assume 904 ppm MnO for the
whole Moon (see Table 12), we get 7.2% FeO. The content of FeS is assumed
to be 0.31 x the concentration found in normal chondrites = 1.7 % FeS. Sub-
tracting the iron in FeO and FeS from the total iron content, we finally get
for the content of metallic iron in the Moon Fe e = 1.9%.

For a number of elements the concentrations found in all lunar samples
varied by a factor of less than 3. In Table 13 we have compared these concen-
trations with the calculated values for the whole Moon.

Table 13. Comparison of the calculated element
concentrations with those found in lunar samples.
Only those elements are listed which show variation
of less than a factor of 4

Observed range Calcul. Table 12

Ca 5.1-14.1 12.8
Na 1430-5000 1770
Eu 0.73-2.7 0.81
St 74-244 93
Sc 40-921h 81

1) Mare basalts only.

The estimated concentrations for the heavy alkali metal elements Rb and
Cs are somewhat uncertain due to their variable content in normal chondrites.
Nevertheless, the ratio Rb/Sr = 0.009 derived in this calculation is in accord
with the value of ~ 0.005 postulated for the whole Moon by Papanastassiou
and Wasserburg123).

Assuming that the Th content is 3.6 times that of uranium, we can calculate
heat production in the lunar interior due to the decay of the radioactive ele-
ments K, Th, and U. The value obtained for the heat flux agrees exactly with
the 0i7149)x 1078 cal/cm? sec measured on the Moon as reported by Langseth
etal ™™™,

B. Internal Structure
Seismic experimentsl24) indicate that today the Moon must be solid down to
a depth of 800 km, but they also suggest a small molten core. The positive
gravity anomalies found for the circular maria also require a thick, solid lunar
crust or mantle. If the whole Moon had a homogeneous distribution of radio-
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elements with concentrations as given in Table 12, the lunar interior would
still be completely molten. These constraints can only be removed by assum-
ing that the radioelements are concentrated in shallow layers, thus allowing,
the heat produced to be dissipated to the surface.

Wo0d® has pointed out that, due to an “important accident” of geo-
chemistry, the heat-generating elements K, Th, and U tend to concentrate in
the first eutectic liquid that appears when a rock begins to melt. If as is general-
ly the case, the melt is less dense than the residual solids, and tends to be driven
towards the surface of the planet, it carries part of the heat- generatm% potential
with it. This can profoundly affect the thermal history of a planet*?

Had the Moon been originally homogeneous, extensive partial melting would
have occurred soon after accretion. The high concentration of radioelements
(Table 12) would result in a temperature increase of about 500 °C within 3 x 10®
years 12) Furthermore, we can assume that a substantial fraction of the accre-
tional energy has been retained as heat.

The melt, containing large fractions of radioelements and other LIL elements
from the Moon’s interior, will move towards the surface, forming a liquid layer
of perhaps 100 km thickness. On cooling, this liquid will differentiate as outlined
by Wood®?. A solid crust of anorthosite will form on top and will increase in
thickness; while the denser mafic cumulates will concentrate at the bottom. In
the liquid layer between the anorthosite and the mafic cumulates the radioele-
ments, together with all large-ion lithophile elements, will become further en-
riched. From this layer the KREEP (norite) material is derived.

The evidence from seismic experiments is fully in agreement with the model
outlined above. In the Fra Mauro region of Oceanus Procellarum the crust is about
65 km thick and overlies a solid mantle '2®). The crust, in turn, is divided into two
parts covered with a thin regolith. For comparison with the returned lunar samples,
the upper layer has been inferred to be mare basalt and the lower one anorthositic
gabbros.

The very high apparent seismic wave velocities of about 9 km/sec obtained
for the layer below the crust imply that the lunar mantle is differentiated and its
composition varies with depth.

A crucial test of the validity of lunar models is their agreement with the mean
dens1t;/ and the coefficient of the moment of inertia of the Moon. The best values
are: 27 5=3.361 % 0.002 g/cm® and K = C/MR? = (0.402 + 0.002, which is almost
identical with the value for the exact sphere 2/5 = 0.4000. Ringwood and Essene'?%)
have argued that the lunar moment of inertia and mean density exclude a composi-
tion in the lunar interior similar to that of the mare basalts, as such basalts would
transform to eclogite, resulting in excessively high density. In contrast, Gast
and Giuli 1?® have presented evidence that high-density eclogite (o ~ 3.5 g/cm®)
in the upper mantle is necessary in order to counterbalance the low-density
crust (p~2.9 g/cm®) and to keep the coefficient of the moment of inertia at
the observed value.
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X. The Origin of the Moon

Three major mechanisms are postulated to explain the origin of the Moon, and
have long been the subject of discussion:

a) fission of the Earth

b) independent formation of Earth and Moon as twin planets

¢) independent formation of the Moon somewhere in the solar system followed
by capture by the Earth.

Formation by precipitation from the hot %aseous silicate atmosphere escap-
ed from the Earth, as proposed by Ringwood , may be considered a variant
of the common fission hypothesis (Model a). FlSSlOI’l can be excluded because of
the arguments presented in Chap. VII. There are a number of severe constraints
that are difficult to overcome in both the precipitation hypothesis and the twin-
planet model.

Recently, the capture hypothesis has gained fresh support despite the gener-
ally known fact that the capture probability of the Moon is very low. One can,
of course, always argue that, as there is only one Moon, statistical laws do not
apply.

The most recent estimates of the densities of the inner planets give the follo-
wing values'® D, : Mercury 5.42, Venus 5.25, Earth 5.51, and Mars.3.96. Correc-
ted to zero pressure, the numbers change to: Mercury 5.3, Venus 4,40, Earth
4.45, and Mars 3.85. As pointed out by Lewis 109 this density sequence could
be attrlbuted to accretion of these four planets at different temperatures. In ac-
cordance with the discussion presented in Chap. VIII, Mercury would consist
mainly of the high-temperature component and metal, whereas components
like MgSiO; condensing below the Fe-Ni alloy would be rare. Venus would have
its cosmic share of all elements condensing above the temperature of formation
of FeS (about 600 °K). The fact that the Earth has a higher density than Venus
can be attributed to the reaction of metallic iron with H, S to form FeS. Finally,
Mars would have accreted at a temperature at which nearly all the iron is oxi-
dized, resulting in a further drop in density.

In line with this model, Cameron*3? has placed the origin of the Moon in-
side the orbit of Mercury. At this location the HTC dominates. Cameron further
suggests that the Moon was thrown into an elliptic orbit by a close encounter
with Mercury and later caught by the Earth. The energy required for the orbital
change of the Moon was supplied by Mercury and as a consequence this planet
was brought into its eccentric orbit. Cameron takes the high eccentricity of the
present orbit of Mercury as further cue for his hypothesis, which, though it may
sound highly speculative, fits the observations beautifully. One might further
speculate that the Moon acquired its HTC at the proper place, inside the orbit
of Mercury, but that the chondritic fraction was added only after the change
of orbit when the Moon swept up material condensing around one astronomi-
cal unit.
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The picture presented here of the composition and origin of the Moon is
liable to change as science advances. In any case, three years of research on the
Moon and on the lunar samples have brought about, a drastic change in our
understanding of the composition and development of the solar system and the
nearest surroundings of its most beautiful and exciting planet, Earth. This gain
in fundamental knowledge about the objects external to it help in a most remark-
able way to unravel the secrets of the Earth.
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1. Introduction

Correns (1969) has given a vivid description of the development of ideas con-
cerning the elemental composition of the earth’s crust and the discovery of the
elements. Only 150 years ago (1821), the term “chemistry of the earth” was
used by Berzelius, as synonymous with the term “mineralogy”. In the middle
of the last century (1845—1854), G. Bischof published his three-volumé work
“Lehrbuch der chemischen und physikalischen Geologie”. Chemists (like
Bunsen) and earth scientists became aware of the potential of a chemical
approach to the problems of earth and hydrosphere. Clarke published the
first edition of his “Data of Geochemistry” in 1908 and the fifth edition
(1924) remained a standard reference for many years. Vernadsky (1863—
1945) and Fersman (1883-1945) were the initiators of geochemical thinking
in Russia.

The essentials of geochemistry, the laws of distribution of the elements,
and crystal chemistry were outlined and investigated to a great extent by V.
M. Goldschmidt and his students during his years in Oslo and Géttingen. His
posthumous book “Geochemistry” (1954) was a landmark in the development
of this field. Another early textbook of geochemistry, but essentially promot-
ing the ideas of Goldschmidt, was that of Rankama and Sahama (1950). In the
last 25 years geochemistry has developed very fast and diversified into a number
of branches which already seem to have taken on a life of their own.

This short paper surveys some of the topics which seem to the author to
be of major importance in the development of this field.

2. Analytical Geochemistry {Data)

The recent state of analytical geochemistry is documented by the chapters of
the Handbook of Geochemistry (Wedepohl ed. from 1969 onward) on the
individual elements.

A Russian approach is the book by Vlasov (1964) which also describes the
individual elements.

The “Data of Geochemistry” 6th edition (Prof. Paper U.S. G.S. 440 A-JJ)
tackles the geochemistry of domains such as atmosphere, biosphere, rock-form-
ing minerals, igneous rocks, shales, sandstones, carbonate rocks, evaporites or
deposits, etc.

The following is a selection of recent reviews:

Graf (1960): Geochemistry of carbonates,

Goldberg (1961): Geochemistry of deep-sea sediments,

Taylor (1968): Geochemistry of andesites,

Garrels, R. M., Mackenzie, F. T. (1971): Geochemical approach to
evolution of sedimentary rocks,

Manson (1967): Geochemistry of basalts (major elements),

Prinz (1967): Geochemistry of basalts (trace elements),

Degens (1965): Geochemistry of sediments.
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The literature is surveyed in:
Mineralogical Abstracts,
Chemical Abstracts,
Zentralblatt fiir Mineralogie,
Bulletin Signalitique.

3. Analytical Geochemistry (Methods)

Analytical methods: Two developments have greatly influenced analytical geo-
chemistry: sophisticated analytical methods and the technique of comparing
results against worldwide geochemical standards.

Inorganic geochemistry is one of the few fields where the old “wet chem-
istry” of silicate, phosphate, carbonate and sulfide materials has been retained
and even developed further.

Spark and arc spectroscopy was developed by means of the automatically
recording Quantometers into a routine method with simultaneous immediate
data output for several elements (Danielson er al , 1959). The preparation of
all sorts of materials has been automated. Matrix effects (inhomogeneities and
interferences) were minimized by dissolving the substances and subjecting them
to ion exchange on an epoxy resin which is then continuously fed into the arc
(Danielson, 1962). The data are monitored by photocelis set on the element
lines behind a high-resolution grating. The data are processed by a small com-
puter, the output being given directly in weight % of the oxide.

While normal spark spectroscopy mostly uses powdered samples and con-
sequently gives averages for a comparatively large sample, laser excitation
allows to analyze the composition of particles of 10 u diameter.

Yet conventional spark and arc spectroscopy is not outdated since it allows
the recording and thus the detection of all excitable elements in the sample at a
single exposure, an advantage very few other methods can offer.

X-ray spectroscopy is nowadays applied mostly in the form of X-ray
fluorescence, where scanning monochannel machines, sequence spectrometers
and simultaneous spectrometers are used in wavelength dispersive X-ray fluores-
cence. The introduction of bent analyser-crystals extended the method to
smaller samples, thus marking another step toward microprobe analysis.

Crystals with a high dispersion allow the various oxidation states of an
element to be dlstmgulshed according to the observed peak shift (FeO, Fe3Q,,
Fe,03, Ti**, Ti**, Pavicevic et al., 1972).

A rather new development in this field is energy dispersive X-ray fluorescence
using energy-dispersive Si detectors with attached multichannel analysers. X-
irradiation excited by radio-isotopes makes this method independent of large
X-ray tubes. The application of nondispersive X-ray fluorescence is somewhat
restricted by its limit of resolution.

The electron microprobe represents the greatest advance in analysing areas
down to 1 u This instrument is most valuable for studying terrestrial and
lunar rocks and minerals.
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Atomic absorption: Atomic absorption spectrometers are widely used in
geochemistry and most elements from major constituents down to traces can
be determined by this means (Angino and Billings, 1972).

AAS is widely used in geochemical prospection where a special accessory,
the graphite cell, was recently introduced. Elements down to 10~ '3 g can be
determined by this accessory. A less widely applied technique is atomic fluor-
escence, which gives especially good results for certain elements.

Neutron activation is much used for main and trace element determinations
in geological samples (Brunfelt and Steinnes, 1971). Thanks to the accessibility
of thermal neutrons from nuclear reactors and fast (14 MeV) neutrons from
commercial tube sources and the availability of high-resolution Ge(Li) detectors
and multichannel analysers, many laboratories use this method. The resolving
power of the detectors has been much improved from the old NaJ(TI) crystals
to the modern semiconductor crystals, so that the method is now in most cases
purely instrumental and no radiochemical separation is necessary. How many
nuclides can be determined depends on the half-lives of the nuclides generated,
i.e. on the distance of the analysing system from the radiation source. The
neution tube has been improved to yield fluxes of 10! n/sec and is today
applied to determinations of major and trace elements and to elements like
oxygen and fluorine that are difficult to analyze. The accessibility of Cf-252
has made neutron activation a field method which can be applied in situ for
the surveying of rock sequences in bore holes (Senftle, 1972).

The measurement of natural gamma rays from rocks and minerals requires
basically the same equipment as y-ray spectrometry in neutron activation, the
only difference being that large crystal or semiconductor detectors in a more
sophisticated arrangement are necessary to record the low natural activity
(Adams and Gasparini, 1970).

Mass spectroscopy: Spark-source mass spectroscopy has been applied to
certain terrestrial and lunar materials with excellent results because of its very
low detection limit and the exactness of the results. Drawbacks are the cost of
the instruments and the time needed for each analysis.

Gas mass spectroscopy is generally applied to H, D, 160, 180, 1*N, 5N,
12C, 13C, 328, 34S.

Solid-state mass spectroscopy is much used in geochronology, but also in
Sr, Rb, Pb, and U isotope investigations.

4, Statistical Methods and Evaluations

The analytical data are so voluminous as to require the application of statistical
methods, particularly when planning geochemical investigations, e.g. geochemical
prospection (cf. Hawkes and Webb, 1962), sampling, sample preparation (crush-
ing, splitting, grinding), analysis (Shaw and Bankier, 1954; Thiergirtner, 1968).
The importance of representative sampling is now recognized; the magnitude
of errors in analytical procedures was demonstrated for the first time by Fair-
bairn et al. (1951) on the basis of a cooperative investigation of chemical and
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spectrochemical silicate rock analyses. Things have improved since then, and
objective parameters, like “standard deviation” and coefficient of variance

have been established. A further very important application of statistics is to
determine distribution laws (mostly lognormal) for elements (Gaddum, 1945;
Ahrens, 1954 a, b, 1957, 1963 a, b; Shaw, 1961). Bryan et al. (1969) estimated
proportions in petrographic mixing equations in order to evaluate fractional
crystallization, assimilation and mixing of magmas and relate them to variations
in igneous rock series.

In geochemical prospecting “trend surface analysis” used with an appro-
priate computer program (Kulms and Siemes, 1970; Nichol, 1969; Nordeng,
1965) can plot isoelement maps from the analytical data. Background informa-
tion for expected values and anomalies in prospecting were obtained by Bolviken
(1971).

Mathematical treatment of geochemical data cannot, of course, improve
their quality but does ensure proper interpretation of the data and the proce-
dures used to obtain them. Multivariate analysis can bring a mass of data into
manageable form and reveal relationships between variables which graphical
analysis would not (Middleton, 1963).

A brief general introduction to data evaluation with a discussion of analyti-
cal errors, and statistical procedures was published by Shaw (1969).

5. Ore Deposits

Geochemical information has added much to the understanding of the genesis
of economic deposits. It covers chemistry of ore minerals in the broadest sense,
liquid inclusions (Roedder, 1972), the conditions in the surrounding country
rocks and laboratory work with theoretical evaluation (Barnes, 1967). Hydro-
thermal syntheses of ore and gangue minerals (cf. Holland, 1973) indicated con-
ditions of genesis and stability of the ores. The boundaries of many stable phases
have been determined in relation to temperature, pressure, composition, and
fugacity of the gases involved. Experiments (cf. Barton and Skinner, 1967;
Kullerud, 1970; Helgeson, 1970) have shown which ore-forming sulfides form
by cooling of the respective melts and which display characteristic of incongruent
melting. The parameters of the ore-bearing fluids are characterized by either
chioride, carbonate or sulfide assemblages. Barnes (1972) studied the conditions
in which precipitation from solutions could occur: oxidation, increasing acidity,
decreasing temperature, dilution and decreasing pressure for sulfide complexes;
mixing with sulfide-rich solutions or rocks, reduction, decreasing acidity, tem-
perature and pressure in the case of chloride complexes. He was then able to
group certain types of deposits according to the conditions of their deposition,
obtained by analysis of paragenetic assemblages, liquid inclusion data, stable
isotope ratios and trace element distribution. Helgeson (1972) determined
thermodynamic constraints on mass transfer in hydrothermal systems and
pointed out that in many cases deposition of ores and minerals is due to kinetic
processes rather than adjusting to equilibrium conditions.
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6. Geochemical Prospecting

Since the 1930s chemical methods have been intensively applied to prospection
in Russia, where this discipline is called “metallometry” (Fersman, 1939;
Vinogradov, 1954). Every metal was searched for by metallogists all over the
Eurasian area of the country. During and after World War II much energy was
put into mineral prospection, mainly by geochemical methods: trace analyses,
soil investigations, vegetation surveys, rock surveys and drainage investigations.
The principles of geochemical prospecting were set out by Hawkes and Webb
(1962), who also listed those government agencies active in this field.

Nuclear techniques are dealt with in several works (IAEA Panel 1969,
1971). Those techniques have been developed further so that today probes
using radioactive sources are available which provide activation analyses
(Senftle, 1972; Vogg, 1973).

In 1970, the Third International Geochemical Exploration Symposium
was held in Toronto, Canada: 110 papers reported on activities in this field
all over the world (Boyle and Mc Gerrigle, 1971).

The 24th International Geological Congress in Montreal in 1972 discussed
exploration geochemistry in glaciated terrains (Boyle and Shaw, 1972).

A new journal, Journal of Geochemical Exploration, was launched by the
Association of Exploration Geochemists in 1972,

7. Hydrogeochemistry

Hydrogeochemistry deals with precipitation, surface and ground waters as well
as with sea water and pore solutions in sediments. The physicochemistry of
these aqueous systems is presented in a fucid manner by Garrels and Christ
(1965) and Stumm and Morgan (1970). The chemical composition of waters
is the result of interaction with solid matter (chemical weathering, ion exchange,
dissolution and precipitation), liquids (oil) or gases (rain exchanging with air,
CO, and H,S with pore solutions) and of biological activity. Surface water
geochemistry is important both for evaluating geochemical cycles and for geo-
chemical prospection, also for studies of suitability as drinking water. Attempts
to compile worldwide composition data were made by Durum et al. (1960)
and Livingstone (1963). Today environmental influences are more often
studied than the natural geochemistry of rivers and lakes.

Pore solutions are present in practically all sediments which are not com-
pletely consolidated and often contain more dissolved solids than sea water.
If the aqueous phase was sea water when the sediment was formed, its composi-
tion was in most cases changed by physical, chemical-mineralogical, and bio-
logical processes. Pore solutions provide the chemical components for diagenetic
alterations.

Schoeller (1955) discussed the role of subsurface waters in oil deposits.

The geochemistry of subsurface waters was reviewed up to 1963 by White
et al, (1963); it was the subject of a special issue of Chemical Geology (Angino
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and Billings eds., 1968). The role of pore solution in sediment diagenesis has
been thoroughly discussed by von Engelhardt (1973) and the metal content
of geothermal fluids and mineral waters by Ellis (1967) and White (1967).

8. Chemistry of the Oceans: Development and Present State

Rubey (1950) formulated questions concerning the history of the ocean, and
Holland (1972) has attempted to solve the problem of ocean development,
which is fundamental. Conway (1942, 1943, 1945) discussed whether the
ocean had from its very beginning in the Precambrian the same volume and
composition as today. Holland (1972) examined the geological records pro-
vided by evaporite deposits and affirmed that the composition of the ocean
never was fundamentally different. Holland’s calculations set definite limits
for variations in pH, CO, pressure and related CO3 and HCO3 concentration,
and Mg*™, Ca*™ and sulfate concentrations and ratios to each other, but do not
give the total amount of sea water present at each geological age.

Using the classic calculations of Goldschmidt (1954) on the weathering
cycle, Rubey (1950) pointed out the excess of several ions in sea water com-
pared to concentrations derived from weathering of igneous rocks. The contin-
uous addition of those elements through volcanic activity is still observed today.
In respect to the water content of volcanic exhalations, the problem of recy-
cling is not yet solved, nor is it clear whether some of the iron and manganese
on the seafloor, obviously of volcanic origin, is recycled (Bostrém, 1967).

An important step forward in understanding elemental abundance in the
ocean was the calculation of residence times for each element (Barth, 1952).
Some elements, like Be and Al, have a residence time of the order of 10? years,
while the value for Nais 10® years. Any large-scale change in the chemistry of
the oceans would have had to influence the input and output of the main ions
over at least millions or even billions of years.

Krauskopf (1956) and Goldberg (1965) discussed the factors responsible
for the ions present in the oceans of today, especially biologic activity, since
life processes are intimately involved in ocean chemistry. Holland (1972) gives
emphasis to their kinetics.

The gross homogeneity of the oceans was recognized by Dittmar (1884)
who analysed 74 water samples from all the oceans. Though his values are stiil
largely valid, there are some differences in salinity ascribed to the movement
of water masses (Dietrich, 1963), itself due to differences in density. Craig and
Gordon (1965) studied the mixing of these water bodies. A box model for
oceanic mixing was calculated by Broecker et al. (1961), using carbon-14.

Distribution profiles of anions were established by Sverdrup et al. as early
as 1942, and many trace constituents were analysed by Turekian and coworkers
(1965a/b, 1966a/b).

Important advances in the understanding of ocean chemistry, transport
mechanisms, equilibria and the kinetics involved, were stimulated by the
GEOSECS program. The aims of the program and the work of the participat-
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ing nations are briefly outlined by Craig (1972). The GEochemical Ocean SEC-
tions sampled, measured and analysed in connection with the International
Decade of Ocean Exploration were chosen for the study of the circulation and
mixing of the world oceans. A collection of results for the period 1970—1971
was published in Earth and Planetary Science Letters 16 (1972) 47—145.

Closely related to the behavior of trace elements in seawater is the com-
position of pelagic sediments, also covered by some parts of the program.

The effects of pressure on equilibria in the oceans within depth profiles
have been studied mostly in relation to the problem of calcium carbonate
saturation in this environment (Millero, 1969; Berner, 1965; Millero and
Berner, 1972; Edmond and Gieskes, 1970). The early calculations by Owen
and Brinkley (1941) concerning the effect of pressure upon ionic equilibria in
salt solutions have been extended to studies of BaSQ, solubility at different
depths (Chow and Goldberg, 1960) and to the pressure dependence of sulfate
associations (Fisher, 1972).

The connection between weathering, evaporation, bacterial activity in
marine sediments in shallow water areas and stable sulfur isotope distribu-
tion was studied by Holser and Kaplan (1966), Nielsen and Ricke (1969),
Nielsen (1968), and Eremenko and Pankina (1972). The sulfur isotope ratios
of evaporite sulfates show enrichment of 34S in the Devonian deposits (5 ~
+23 %00), a pronounced “dip™ in the Permian (¢ & ~ +12 %o0), values of
+20 %00 in the Triassic, a fall (+17 to +15 %00) in the Jurassic and Cretaceous,
stabilizing in the Tertiary to the Recent value of +20 %o0.

The high §3*S values of some Precambrian evaporites and the fluctuating
values of certain Precambrian sulfides are thought to show the presence of free
oxygen and bacteria in Proterozoic times, because at low temperatures only
bacterial fractionation — an indication of early organic life — could have pro-
duced such differences in 3*S content of sulfates and sulfides.

9. Geochemistry of Stable and Radioactive Isotopes

If we assume that the isotopic composition of the elements was set by the origi-
nal processes of nucleosynthesis, deviations from the primordial ratios can origi-
nate by:
1. fractionation of light stable and radioactive isotopes induced by equilibrium

shifts between different bonding or oxidation stages, or by kinetic effects;
2. generation of new stable isotopes through radioactive decay;
3. generation of new isotopes by fission of uranium.
Isotope investigations are used for age determinations, for studying the mode,
source and temperature of formation of rocks, minerals and deposits, for deter-
mining paleotemperature, and for establishing kinetic models of water cycles
in hydrosphere and atmosphere.

This whole field was reviewed by Rankama (1954, 1963). Craig et al. (1964)

collected many isotope papers from the school of Urey. [sotope geochemistry
has grown so fast that today a single scientist can hardly survey all the isotopes,
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methods and applications. A brief introduction to stable isotope geochemistry,
its progress, and its possibilities was recently published by Hoefs (1973).

Age Determinations

Radioactivity was used for dating before mass spectrometric techniques were
known and applied to the problem, but real progress in this field had to await
exact determinations of both parent and daughter isotopes. Most of the inter-
fering factors are now known so that not only can the formation of a rock be
dated, but also the metamorphism and metasomatism which influenced the
rock later on (cf. Jager, 1970). Thus a wide range of ages can be dated with
the appropriate radioisotopes. Of the many general books on geochronology,
only York and Farquhar (1972) and Hamilton (1965) shall be mentioned here.
The abstracts of contributions to the st and 2nd European Colloquia of Geo-
chronology (1971 and 1972) provide a recent survey of progress.

Radioactive isotope Daughter Halflife (years) Monograph

T 3He 124 Libby, 1959
Chatters, 1965

14¢ L4y 5.73-103 Grey, 1973

40 40y 1.33 - 109 Schaeffer und
Zihringer, 1966
Dalrymple
and Lanphere, 1969

87Rb 87g; 5.0 -1010 Faure and Powell,
1972

187Re 18704 ~5 .1010 Hirt et al., 1963

2321y 208py, 1.39- 1010

23»5U 207Pb 71 . 108 Doe, 1970

238y 206py, 45 -10° J

Stable isotope fractionation was predicted and calculated by Urey and
coworkers as early as 1932. Bigeleisen (1961) dealt with the statistical mechan-
ics of isotope effects. Hydrogen isotope fractionation is mainly connected
with the processes in the hydrosphere, but its equilibrium and kinetic effects
were also studied for water of crystallization, ore-forming fluids, as represented
by liquid inclusions, and biological cycles.

Carbon isotopes are fractionated in biological cycles and in inorganic
oxidation-reduction reactions. In equilibrium systems of various oxidation
states, 13C enrichment up to 500 °K occurs in the following sequence:

CO<CH, < Cp <C0, <CO3~.
The materials with highest '3C concentrations are several carbonates from
carbonaceous chondrites. Carbonates from the cap rock of salt domes, formed

bacterially from CaSO,4 and oxidized organic substances, show strong 3¢
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depletion (down to —44 900 vs. PDB standard). Normal marine limestone and
dolomite has values between +4 and —6 %00 vs PDB standard. A bibliography
of papers on carbon isotopes was published by Weber (1966).

In the range 0—1000 °C oxygen isotopes are extensively applied as tem-
perature indicators in problems connected with formation conditions of solid
and liquid phases. In the low-temperature range oxygen isotope analyses are
mostly applied to typical sedimentary minerals, If one assumes equilibrium
between seawater and the mineral (mostly carbonate) which formed from it
and no subsequent diagenetic disturbing, temperature differences down to
0.5 °C can be determined with the available techniques. Paleotemperature
analysis including phosphate geothermometry is discussed by Bowen (1966).

Oxygen thermometry for minerals in igneous and metamorphic rocks was
surveyed by Epstein and Taylor (1967). These authors reviewed older analytical
and experimental work and showed how useful many equilibrium silicate and
oxide pairs (quartz-muscovite, quartz-magnetite, quartz-garnet among many
others) can be for recalculation of equilibration temperatures.

Sulphur isotopes (32> 33> 3% 36g) fractionate strongly in the earth’s crust
because (1) the element occurs in different oxidation states with differential
preference for heavy isotopes, (2) the existence of volatile and easily soluble
compounds favors kinetic separations, and (3) it is involved in biogenic cycles
where the oxidation state is easily changed and kinetic processes are important.
From theoretical calculations of Bigeleisen (1961) and data on the isotopic
properties of sulphur compounds by Sakai (1957, 1968), the amount of S
isotope fractionation and its temperature dependence is known. The informa-
tion on experimental inorganic isotope fractionation in coexisting sulphide
minerals which occur naturally was summarized by Thode (1970), who also
discussed the application of S isotopes from sulphides for geothermometry
(cf. also Sakai, 1971). Analytical work on all types of sulphur compounds
which occur in nature has been reviewed by Nielsen (1973).

Isotope pairs Monographs or reviews
H%D H. D. Taylor, 1973
12¢0/13¢ Schwarcz, 1968
14n/15N Wiotzka, 1972
160/18¢ H. P. Taylor, 1973

Bowen, 1966 (Paleotemperature anal.)
Thode, 1970 (exper. isotope distr.)

32g/34g Nielsen, 1973
86gy/87g; Faure and Powell, 1972
204py,/206py, Doe, 1970

Bacterial reduction of sulfate in an anaerobic environment with large iso-
tope fractionation between the residual sulphate and the sulphide is the source
of sulphur and sulphide in many deposits. The recognition that many sulphur
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deposits are the product of bacterial reduction of sulphates was one of the great
achievements of isotope geochemistry.

Jensen (1962) has reviewed the part bacteria play in S isotope fractionation.

Changes in the isotope composition of marine sulphates during geological
time is another exiting topic of S isotope geochemistry (Holser and Kaplan,
1966; Nielsen, 1970; Vinogradov, 1972).

Strontium isotopes, though not fractionated easily in nature, are a valuable
tool for genetic investigations on rocks and minerals beside their application
for dating by the Rb/Sr method. The distribution of elements in the different
parts of the earth’s crust and mantle depends on their crystal chemistry. Thus,
Sr is retained mostly in the mantle, while Rb preferentially accumulates in the
crust. The ratio 87Sr/398r is continuously and very slowly rising in the mantle
but may be strongly increased in the crust. Sr isotope ratios of 0.701-0.703,
being indicative of mantle or deep-crust material, have clarified many petro-
genetic problems. Investigations in this field, especially on the basalt problem,
were carried out by Gast (cf. 1967).

Recently indications were found that natural fission took place more than
10® years ago in a uranium deposit in Gabon/Africa (Bodu et al., 1972). Low
B5Y/238( ratios (down to 0.440% 235U) and anomalous Ce, Sm, and Eu iso-
tope compositions are evidence of this unusual event. The normal B5( content
in natural uranium is 0.720%, but 1.7 billion years ago the concentration was
about 3%, which is much closer to a critical assemblage (Neuilly ez al., 1972).
This is the first reported example of a natural nuclear reactor. P. K. Kuroda in
1956, using data of nuclear physics, calculated that such an event could have
happened in geological time, approximately two billion years ago.

High neutron fluxes must also be the reason for the naturally occurring
isotope M7Pm (half life 2.7 years) found by Meier er al. (1972).

Natural radioactive isotopes produced by cosmic rays (*C, 325, 26Re)
are used in determining the mixing and circulation of ocean water (Kharkar
et al., 1963; Somayajulli et al., 1973; Broecker et al., 1967; Lal, 1966; Craig,
1969), while >H and 14C have extensive applications in hydrogeology.

10. Environmental Geochemistry

Many human activities interfere with the normal conditions of the upper crust,
the hydrosphere and the atmosphere. Geochemistry can monitor and possibly
direct the development of more environment-conscious attitudes. For decades
geochemists have been busy collecting data on sediment cover, soil, and the
hydrosphere, atmosphere and biosphere of our planet. Early observations
demonstrated an almost perfect equilibrium system; today atmosphere, hydro-
sphere, and soil in many places are far out of balance (cf. Banar, Forstner and
Miiller, 1972 a, b, a report on river waters and sediments in Germany with a
good reference list). All biological activity is seriously affected (cf. Miiller and
Forstner, 1973), not only in freshwater systems but also in parts of the oceans,
where disequilibrium conditions have been observed locally. The German Science
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Foundation has started a program to identify the problems caused by dangerous
substances in water and to recommend remedial measures.

Geochemistry can 1n many cases be applied to determine limits of tolerance
and give warnings of dangerous increases or trace element deficiencies in water
and plants. The laboratories are equipped with sophisticated instruments, which
can detect all sorts of pollution, even in the atmosphere (Steinberg, 1971).

A direct link with medical applications is demonstrated by a Memoir of
the Geological Society of America on “Environmental Geochemistry in Health
and Disease” (Cannon and Hopps, 1971): many routine techniques used in
geochemical prospecting can with slight modifications be extended to the study
of geomedical problems.

This important field is now represented by the International Society for
Environmental Geochemistry and Health. “Trace Substances in Environmental
Health” (Hemphill, 1972) is a report of its first conference in Missouri.

In environmental fields geochemists have to cross the frontiers of neigh-
bouring digciplines, but they are dealing with fundamental data for which they-
have a well-tested analytical apparatus.

11. Crystal Chemistry and Element Partitioning

The rules of crystal chemistry as outlined by Goldschmidt (1937) led to many
insights into the behavior and distribution of elements during rock or mineral
formation from melts and solutions. Many aspects of crystal chemistry — geo-
metrical framework of crystal structures, effective radii of atoms and ions,
chemical bonds, crystal chemistry of real crystals, diffusion and solid-state
reactions — were treated by Zemann (1969). A redetermination of ionic radii

(Shannon and Prewitt, 1969) very much improved the applicability of this

concept, enabling differences in coordination number and structural sites to

be taken into consideration. The application of crystal field theory to the geo-
chemistry of transition elements provides better information than bond energy
in crystal phases alone (Burns and Fyfe, 1967). On the basis of site-preference
energy parameters good predictions can now be made concerning the uptake
of transition elements from the magma into crystals.

The partitioning of elements between aqueous solution and crystals and
between silicate melts and crystalline solids in the light of thermodynamic
theory was excellently reviewed by Mclntyre (1963).

Two approaches have been adopted to find the laws of distribution:

1. analyses of coexisting minerals in volcanic rocks and their glass base;

2. experimental investigations on the distribution of elements between solu-
tions (including hydrothermal systems), melts or subsolidus systems and
the crystals growing from them.

Several purposes underlie this work: one is to establish general laws of
distribution for certain main and trace elements; another is to correlate trace
element partitioning with temperature of formation or equilibration (Hékli
and Wright, 1967; Kudo and Weil, 1970); a third is to acquire information on
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the partial pressure of oxygen during mineral formation from Eu?* to Eu3*
ratios (Philpotts, 1970}, or to speculate on the genesis of basalt (Philpotts,
Schnetzler, 1970) or the sequence of deposition in salt deposits (Braitsch,
1963; Schock and Puchelt, 1971).

This field is surveyed by Philpotts and Schnetzler (1972) who also presented
their own data on the range of partitioning for K, Rb, Ba, Sr and many rare
earths between rock-forming minerals (phenocrysts) and matrix. The thermo-
dynamics and kinetics of chemical exchange reactions in crystalline rocks were
discussed by Kretz (1972).

Element distribution in feldspars was studied by Jasmund and Seck (1972)
(subsolidus synthesis) and liyama (1972) (hydrothermally).

Dale and Henderson (1972) investigated trace element distribution in
phenocrysts (olivine, pyroxene) and basalt matrix, with much consideration
of crystal field effects. Banno and Matsui (1973) published a new formulation
of partition coefficients for trace element distribution between minerals and
magmas, based on the concept of chemical potentials for liquids and crystals.

12. Geochemical Models

In constructing a picture from data on the earth, several sources of information
have been utilized:
a) the directly accessible parts of the earth’s crust, including the oceans,
b) geophysical properties of the deeper parts of crust, mantle and core (cf.
Schmucker, 1969),
¢) experimental behavior of substances under high pressure and temperature
(cf. Ringwood, 1970),
d) models for the formation of our planet (cf. Ringwood, 1966),
e) information from meteorites (cf. Keil, 1969) and recently from the moon.
The classical geochemical model for processes in the crust (Goldschmidt,
1933; Correns, 1948) assumed that all the sediments and the elements contained
in sea water were derived from weathering of igneous rocks. Goldschmidt cal-
culated the amount of weathered igneous rock on the basis of equilibria. He
arrived at figures demonstrating that 160 kg/cm? of igneous rocks weathered
to give 638 m of sediments. Calculations of Horn and Adams (1966) using 65
elements were that 400 kg/cm? weathered igenous rock gave 1590 m of sedi-
ments. Many authors used only few elements for calculations with the classical
model (cf. Conway, 1943; Wickman, 1954; Goldberg and Arrhenius, 1958;
Brotzen, 1966). It is important to make the proper weighting of the different
components (rock and sediment types), participating in the cycle and to obtain
reliable averages for the concentrations of the respective elements in each
domain. Horn and Adams (1966), when establishing their model for 65 ele-
ments, used a computer to calculate the mean of minimum and maximum
concentrations (from literature) for each element. They used a modified
Poldervaart (1955) classification for continental, shelf, hemipelagic and

167



H. Puchelt

pelagic sediments and also took into consideration evaporites and pore solu-
tions of the sediments.

While most of the elements could be balanced in the crust, C1, S, Mn, Br,
B, Pb, As, Mo, J, Se, Sb occurred in excess in sediments and ocean waters. For
the seven elements underlined volcanic sources probably account for the ad-
ditional input.

Turekian and Wedepohl (1961), Vinogradov (1962), Taylor (1964), Ronov
and Yaroshevskiy (1969) and Wedepohl (1969) calculated the proportions of
all or most elements in the composition of the earth’s crust. There are few
differences between their resulsts and those of Hom and Adams.

Wedepohl (1972) pointed out that many igneous rocks of granitic or grano-
dioritic composition are not primary, but are products of sediment metamor-
phosis. Hence, much material from these igrieous rocks is “cyclic”.

Conditions of rock weathering, sediment formation and therefore geo-
chemical processes as a whole were different in the geological past (Veizer,
1973): oxygen and carbon dioxide partial pressures were different and there
were more basic rocks available for weathering. The Precambrian sediments
of the Canadian and Scottish shields are discussed by J. G. Holland and Lam-
bert (1973) in relation to the composition of the continental crust.

Can geochemical cycles be regarded as proceeding in closed systems, e.g.
the upper crust? Now that we recognize seafloor spreading, plate tectonics,
and thrusting of the oceanic crust under island arcs and continental margins,
we have to consider how much of the marine sediment is carried tens of kilo-
meters or more down into the deep crust or upper mantle and is thus, at least
for a while, removed from the geochemical cycle of the upper crust.

This model also implies that geochemical cycles go down as far as the upper
mantle. The extent and significance of this process has not yet been estimated.

13. Literature

Those who wish to inform themselves about geochemistry find a number of periodicals

which are exclusively devoted to this subject:

Geochimica et Cosmochimica Acta. Published by the Geochemical Society of the USA.
Oxford-London-New York-Paris: Pergamon Press.

Geochemistry International. Mostly translations from “Geokhimia” (published by the
Academy of Science, USSR). Published by the Geochemical Society of the USA.

Chemical Geology. Amsterdam: Elsevier Publishing Company.

Journal of Geochemical Exploration. Amsterdam: Elsevier Publishing Company.

Geochemical Journal. Published by the Geochemical Society of Japan.

Chemie der Erde. Jena: VEB Gustav Fischer Verlag.

Introductory books to be mentioned are:

Masons, B.: Principles of geochemistry, third edition. New York: Wiley & Sons 1966
Krauskopf, V. B.: Introduction to geochemistry. New York: McGraw Hill Inc. 1967
Wedepohl, K. H.: Geochemie. Berlin: W. d. Gruyter und Co. 1967.
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Saukow, A. A.: Geochemie. Berlin: VEB Verlag Technik 1953.

Stumm, W., Morgan, J.: Aquatic chemistry. New York-London-Sidney-Toronto: Wiley
Interscience 1970

Garrels, R. M., Christ, C. L.: Solutions, minerals, equilibria. New York: Harper & Row
1965

Schroll, E.: Analytische Geochemie. Stuttgart: F. Enke 1973

More recent handbooks and tables are:

Roessler, H. J., Lange, H.: Geochemische Tabellen. Leipzig: VEB Deutschef Verlag fiir
Grundstoffindustrie 1965. Geochemical tables 448 pp. Amsterdam: Elsevier Publ.

Comp. 1973
Wedepohl, K. H. (ed.): Handbook of geochemistry. Beslin-Heidelberg-New York: Springer
1969

The Encyclopedia of Earth Sciences. No 4: Fairbridge, R. W.: The encyclopedia of geo-
chemistry and environmental sciences, 1321 pp. New York 1972.

Several series continuously published on geochemical problems:

Physics and Chemistry of the Earth: Pergamon Press.
Data of Geochemistry: Professional Papers of the USGS International Series of Monographs
in Earth Sciences: Pergamon Press.

Other books:

Vinogradov, A. P.: Chemistry of the earth’s crust (2 volumes). Transl.: Isr. Progr. Scient.
Transl. 1966/1967

International Geochemical Congress, Moscow 1971, (2 volumes) (Abstracts of Reports),
1023 pp.
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