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I. INTRODUCTION

The lunar surface may be thought of as a large target
for various kinds of irradiation in space. The three basic
kinds of charged particle irradiation may be classified
according to their energy, depth, and type of interaction
with the solid materials of the moon: 1 With energies up
to 100 GeV, galactic cosmic rays and their less energetic
secondaries penetrate to depths of several meters, produ-
cing spallation products. 2 Solar cosmic rays associated
with solar flare events have energies up.to several hundred
MeV and produce spallation products mainly in the upper few
centimeters of the lunar surface. 3 Solar wind ions pene-
trate to depths of 1 ym in the lunar surface and firmly
implant themselves to these depths. The solar wind cbn-
stitutes the source of the largest amounts of inert gases
found in the lunar soil.

The lunar surface is subject to bombardments of larger
scale as well - its surface has suffered numerous large me-
teorite impacts and even today soil particles are continu-
ously being ffactured by micrometeorites. The net result
is to juxtapose and even erase the historical record of the
charged particle irradiation. Grains from all depths sam-
pled contain some solar wind gas, suggesting that every
particle has heen at the surface at one time or another -

-1-
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when or how long a particle has been at the surface is a
most difficult question to answer.

Another, related problem is that while the fragmented
materials of the lunar surface, collectively referred to
as the reqgolith, extend from 5 m to 10 m~the cosmic ray ex-
posure ages of individual particles rarely exceed 109 yr,
and more often these are only a few hundred million years.
Yet, the moon has probably been in existence for 4.5 by -
where are the particles with cosmic ray exposure ages com-
parable to this formation age? Fireman (1974) has suggested
that the moon is losing mass by micrometeorite bombardment
at a rate of ~ 80 g/cm2 per 10° yr. This could be the ex-
planation for the missing cosmic ray record, but irradiation
history of the zone just beneath the regolith is not well
understood. Perhaps this zone is heavily irradiated with
respect to cosmic rays.

Other questions present themselves: Do inert gases
imbedded in the surfaces of particles reflect only present
day solar wind composition or can one find particles which
contain the record of ancient solar wind? Are surfaces
saturated with solar wind ions or can one £ind particles
whose surfaces are undersaturated, allowing one to make
firm statements about relative exposure to solar irradia-
tion?

In an attempt to answer these questiong, at least in

part, I have analyzed several lunar surface fines (particles
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with < 1 mm diameter) from the Apollo 15 landing site for
their inert gas contents. Grain size analysis was per-
formed in order to understand how the inert gases are dis-
tributed among particles of different sizes up to 1 mm.
Theorétical and analytical techniques were employed to
separate the various components of the gases. Correlations
and trends within a landing site as well as between sites
was sought. These were compared in turn to other landing
sites (Apollo 11, 12, 14, 16) in order to make generaliza-
tions.

I have also examined surface fines from the Apollo 17
landing site, and focused particular attention on fines
from three depths in a trench at this site in an effort to
understand what differences, if any, exist between particles
not now at the surface and those at the surfaée at the time
of collection. The trench was dug in the ejecta blanket of
a 90 m diameter crater (Van Serg). An attempt was made to

define the regolith surface that existed prior to deposition

of the ejecta blanket.



II. SOURCES OF INERT GASES IN LUNAR SOILS

A. Radiogenic Components

1. Radiogenic He4

Radiogenic Heﬁ is produced by the natural radioactive
decay of U238, U235, and Th232 according to the simplified

decay scheme:

u?38 > pp206 ;. g pet

U235 5 pp207 4 7 pet

th232 » pp208 | ¢ pet

The total amount of He4 produced after time t from the

three decays may be expressed (units: atoms/g) as:

Heﬁ =
A t 235 ANnart A t .
238 U ~235"_ Th 238 _., I
N238 8(e 1) + 7(:535)(e 1) + 6( U)(e 1)}
A typical value for U238 concentration in lunar soils is

1 ppm, therefore N238 = 2,531 x 1017 atoms/g. Common values

for U238/U235 and Th/U are 7.5 x 10—'3 and 4.0, respectively.
Using the decay constants ),g, = 1.540 x lO“lo'y—l,
- -10 _-1 - -11 -1

Ao35 9.72 x 10 y ~ and Aa32 4.99 x 10 y =~ and

t =4.0 x 109 y, I obtain He; = 3.7 x 1016 atoms/g.

-
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Dividing by Lohschmidt's number 2.69 x 1019

3 endd STP/g. The concentration

atoms/cm3 STP

results in.Heﬁ = 1,38 x 10~

of He4 in bulk fines (soils with particle diameter < 1 mm)

is typically 1 x 10"l cm3 STP/g and for coarse grains

(~ 1 mm diameter) about 1 x 10"'2 cm3 STP/g. Thus 90 to 99%%

of the He4 in bulk fines is nonradiogenic; its source is
primarily from the solar wind although there is a small

(negligible) contribution from cosmic rays (see section IIC).

‘2. Radiogenic Ar40

The radioactive decay of KAO produces the stable iso-

tope Ca40 by B~ emission, which accounts for 89% of the dis-

40 40 by

integrating K =~ nuclei. The remaining 11% decay to Ar

K-capture. Just as the solar wind component masks radiogen-

ic Heﬁ, the radiogenic Arﬁ0 in lunar soils is generally

dominated by another component. This component is correla-

ted with Ar36 which is almost purely solar wind derived (see

40 36

IT~C). Plots of Ar vs. Arxr for size fractions of lunar

soils generally result in a straight line with an Ar40 in-

36 - 0 (see VI-B). This intercept value

is interpreted to be radiogenic Arﬁ0 for lunar soils, al-

tercept value at Ar

though it may represent the average of radiogenic Arﬁo for

particles with different apparent KAO-Ar4O ages.



B. Cosmic Rays

1. Galactic cosmic rays

The source of galactic cosmic rays is speculative, but
they are apéarently isotropic. Galactic cosmic rays are com-
posed of ~ 85% protons, the remainder are a—pérticles, and
< 2% heavier nuclei. These are the most enérgetic types of
radiation (500 MeV to 100 GeV) to which objects in the solar
system are exposed. The primary incident protons at the
lunar surface interact with the nuclei of target elements
in the lunar soil. Reaction products are produced by the
spallation mechanism. The incident particle strikes the
nucleus of the target element scattering one or more nu-
cleons. The scattered nucleons (cosmic ray secondaries)
will have relatively high kinetic energies and will inter-
act with nuclei of other target elements. The struck nu-
cleus has a very high residual energy which it loses by
"boiling off" particles of low mass such as p, n, H2, H3,
He4, etc. The result is an internuclear cascade. The
cosmic rayvsecondaries rapidly become the major intefacting
particles with increasing depth. The galactic cosmic ray
production of any isotope does not increase monotonically
with depth. The production of a given isotope passes through
a maximum and then decreases. The decrease of production of
a particular isotope is generally expressed in‘terms of half

thickness (the depth at which production decreases by a fac-
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tor of 2) which is a function of the composition of thevtar-
get andlshe energy of the primary flux of protons. For prOJ‘
duction}of inert gas isotopes in the lunar soil, the half
thickness is ~150g/cm2 or 75 cm (using a bulk soil density
of ~ 2.0 g/cm3).

‘Although all of the inert gases could be produced in
this fashion, the major cosmogenic nuclides a}e Heg, Nezé,
38 (Cscosmogenic). The production rate of these nu-

Cc
clides are a function of the composition of the target and

and Ar

specific equations for the production by primary protons and
secondaries have been obtained by correlating inert gas meas-
urements with chemical composition in the interior of meteo-
rites and dividing by 2 to account for 2n irradiation of the
.lunar surface (Eberhardt et al, 1965; Hintenberger et al,
1964; Stauffer et al., 1962; Yaniv et al., 1971). These

equations are:

He3 = 1.00[0.01179 0 + 0.572] x 10"8cm3sTR/g per 10° v

Negl= 0.00347[2.2 Mg + 1.35 Al + Si + 0.17 Ca +
0.017 (Fe+Ni+Ti)]lx 10-BCmBSTP/g per 106y

3

ar38 = 0.000597[16.5Ca + Fe + Ni + 2.5Ti]x 10 em’STP/g

C
per 106 Yy

It is assumed by inert gas researchers that these equations
are valid for lunar rocks and soils. For lunar soil compo-
sitions these are approximately 1 x 1078, 0.15 - 0.20, and
(0.08 - 0.10).x 1078 cm® sTR/g per 10° y, respectively.

From a large number of meteorite studies it has been deter-
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mined that (He4/He3)c ~ 5.2, (Ar36/Ar38)c'~ 0.6, and

(Nezo/NeZl/Nezz)c = 1. Thus the production rate of Hpg

is about 5 x 10™8 cm® STP/g per 106 y, and in 4.0 x 10° y

this amounts to 2 x 10™% cm® STP/g, assuming continuous
exposure to cosmic rays. This is a negligibly small quan-

4

tity compared to observed concentrations of He in most

lunar soils. Similar exposure times would give rise to
3 21 38

non-negligible amounts of Hen, Ne,™, and ,Ax, , since the
measurea concentrations of He%, Ne%l, and Ar38 in lunar
5 5 .3

fines are about 1 x 10 >, 1 x 10-6, and 1 x 10 ° ecm” STP/g,

respectively.

A more commonly determined exposure time for lunar

soils is ~ 250 my, which would yield concentrations of about

6 7 7 3

2.5 x 10" °, 5.0 x 10/, and 2.5 x 10" ' em” STP/g for Heg.

Negl, and Arga, respectively, in lunar soils which were with-
in the depth of galactic cosmic ray production of these iso-
topes. The measured Ar36 is generally 1-2 x 10—4 cm3 STP/g.

Using (Ar36/'Ar38)c = 0.6, the calculated concentration of

Arg6 is only about 1.5 x 10~ cn® STP/g. The measured

ratios Nezo/Ne21 and Nezz/Ne21 in lunar fines are generally
~ 400 and ~ 30, respectively. Assuming a concentration for

Ne?! of 1 x 107® cm® sTP/g, an exposure of 250 my, and
(Nézo/'NeZl/Nezz)c = 1, the amounts of Neg0 and Neg2 would

account for approximately 0.1% and 1% of the observed Ne20

and Ne22.



2. Solar cosmic ravys

Emitted during vioient solar events, called solar
flares, solar cosmic rays are mainly pfotons (with some
o~particles and heavier nuclei) with energies up to several
hundred Mev, but less than 10% have energies above 50 MeV.
Because of their much lower energy compared to galactic
rays, solar cosmic ray protons are generally stopped within
the top few centimeters. walton (1974) has studied the
solar cosmic ray production of He, Ne, and Ar isotopes with
depth below the lunar surface. He concludes that these pro-
duction rates are at least comparable to galactic cosmic
ray production rates to a depth of about 5 mm in the rego-

lith, below which the production rates decrease rapidly.

C. Solar wind

It has been well established that a steady stream of
charged particles emanates from the sun. Collectively re-
ferred to as the solar wind, this plasma has velocities

near the moon of 300 ~ 500 km/sec and temperatures of about

3, and its compo-

10% °k. The particle density is 2-10 cm
sition is mainly protons and electrons. Prior to Apollo
missions ions were detected by Mariner and Vela satellites
carrying high resolution mass analyzers. The He/H ratio
was determined to be variable with a range of 0.0l to 0.25;

oxygen, silicon and iron were detected. 1Ion energies were
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determined to be ~ 1 kev/nucleon; (Bame et al., 1968, 1970:
Hundhausen et al., 1967; Ogilvie et al., 1968; Robbins gg
al., 1970; Snyder et al., 1964; Wolfe et al., 1966).

Since the moon essentially hés no magnetic field it
behaves like a passive'obstacle to the solar wind. During
a normal lunar day, the sr lar wind will strike the 1unar
surface with essentially unchanged energy. During the
Apollo missions aluminum foils were deployed on the lunar
surface and used as targets for collecting solar wind ions.
Laboratory experiments have shown that ions with energy of
1 keV/nucleon will penetrate ~ 1000 g of aluminum foil
(Buchler et al., 1966, 1969; Geiss et al., 1969). 1In this
way the aluminum foil trapped He, Ne, and Ar in measurable
quantities. These solar wind ions were shown to arrive at
the surface in a highly directional flow. Fluxes and ele-
mental and isotopic ratios were determined (Geiss et al.,
1969). Inert gas studies of lunar fines have revealed that
lunar materials also trap solar wind ions in their surfaces.
For this reason this component of the inert gases 1is some-
times referred to as the trapped component. About 90% of
the gas contents of these fines may be attributed to im-
planted solar wind ions. The inert gas composition of the
fines resenbles that of the foil with good agreement for

22, 13.0, and Ne2?/Ne?l ~ 30. How-

20 36

He4/He3 ~ 2000, Nezo/Ne

ever, the elemental ratio of He4/Ne and Nezo/Ar differ

greatly between lunar materials and the foil. The foil has
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20 36

~ 550, and Nezo/Ar ~ 30, while the

20

a ratio of He4/Ne
lunar materials have He4/Ne ratios of 50 - 100 and a
ratic of Nezo/'Ar36 ~ 5, which may be attributed to diffu-

20 from the regolith.

sion losses of He4 and Ne
While most protons and other ions imbed themselves

in the outer surfaces of lunar graing, some have a ten-
dency to erode these surfaces. This effect, referred to

as sputtering,‘is:the result of collision of energetic solar
wind protons and other ions with atoms composing the sur-
face of the solid. The result is removal of the surface
atom for atom by scattering. Thus, much of the history

of the ancient solar wind in the surfaces of the grains

must be erased.



'III.’ DESCRIPTION. OF EXPERIMENTS

A. Sample Preparation

All samples discussed in this work are referred to as
fines. Most often the definition of the term fines is soil
particles with dimensions less than 1 mm in diameter; how-
ever, the restriction is sometimes relaxed and references to
1-10 mm "coarse fines" in the Lunar literature are not un-
common . ,

The samples arrived at our laboratory in polyethylene
MSC (Manned Spacecraft Center) vials. For cases in which
bulk fines (fines which have not been altered experimentally
by mineral or size separations) were to be analyzed, all or
part of tﬁe sample was removed, depending on the gquantity
available and the quantity necessary for the experiment, and
weighed on a Cahn electrobalance. Typical weights for bulk
fines were restricted to about 1000 g since their inert gas
contents are relatively large. When grain size analysis was
desired, a large enough portion of the bulk soil was chosen
so as to yield experimentally useful weights for each size
fraction, and was subsequently washed with acetone through
standard mesh sieves with grid sizes of 63, 74, 88, 105, 250,
354, 500, and 700 um. If mineral separation was desirable,
size fractions were observed under a binocular microscope,

the minerals were identified, and then hand picked for
-12-
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weighing and packaging. After weighing, samples were
wrapped in,aluminum‘foil (known experimentally to have
negligibly small inert gas contents) and loaded into the

side arm of the preparation line.

B. Instrumentation

l. General description and theoxry

The instrument used for inert gas measurements was a
Reynolds~type mass spectrometer shown in Figure 1 (Reynolds,
1956).‘ It operates in a static mode with the valve to the
ion pump closed rather than open as is done in the dynamic
mode, and consequently has the high sensitivity necessary
for inert gas measurements. It is enclosed in a pyrex glass
envelope whidh can be baked to higher temperatures thah most
metal instruments, and with a suitable amount of baking, the
pressure near the ion gauge (see below) may be as low as
5 x 10-ll m Hg»when the valve to'the ion pump is open. The
principle of its operation is as follows: neutral gas atoms
to be measured are ionized in the source region by an elec-
tron beam. The ions pass through slits in a series of plates
with a voltage drop V; they are collimated and éccelerated.
The ion beam which emerges through the final slit is a mix-
ture of ions with different charge to mass ratios. The beam
is subsequently "split" into several oxbital paths of dif-

ferent radii by a 60° sector magnhetic analyzer whose field
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lines are perpendicular to the plane of the ion beam. It
is a well known result of electromagnetic theory that, un-

der these conditions,

where e = charge of the ion, m = mass of the ion, v = ac-

celérating voltage, B = magnetic field intensity, and r =
radius of the ion orbit. In the mass spectrometer r is re-
stricted by the radius of curvature of the analyzer tube
(4.5 inches in the Reynolds-type instrument) between the
poles of the magnet. Hence, by varying the accelerating
voltage V or the magnetic field intensity B, particular %
values may be scanned. For the instrument used in these
experiments, V was fixed at 2 kilovolts and B was varied.
Ions passing through the magnetic analyzer are detected by

an ion collector. The signal is amplified and recorded on

a strip chart.

2. pescription*of individual parts

Ion Source: The electron beam is produced by
emission of electrons from a tungsten filament housed in
the ionization chamber. The emission current, the current
of electrons between the filament and the chamber walls,
is maintained constant in the following way: There exists

a potential difference between the chamber wall and the
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filament (the electron voltage). When the trap current
(the electron current measured at the wall of the ioni-
zation chamber) falls below a certain critical value the -
emission regulator electronically increases £he current
through the filament and, hence, the emissioh current.

The electrons' energy may vary from 5 to 100 ev, for which
single ionization efficiency is much greater than multiple
ionization efficiency of the inert gases. There is, how-
ever, some double and higher order ionization which may
influence the measurement of a particular mass m. For ex-
ample, a beam of ions with e/m of + 1/20 will contain some

ions with e/m of + 2/40. This becomes an important consi--

20

deration in the measurement of Ne (see below, He and Ne

measurement) . After their formation, the ions are colli-

mated and accelerated to energies up to 2 keV by a series

of plates with slits.

Magnetic Analyzer: The magnetic analyzer is an elec-

tromagnet with opposite poles on either side of the analy-
zer tube whose field intensity is varied by adjusting the
current through the coils. As can be seen from the mass
spectrometer equation given above, increasing the current
and thus B results in increasing the mass of ions allowed
through the analyzer tube. The geométry of the magnet
plays an important role in foéusing the ion beam. If a

beam containing a particular mass m enters the field of
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a 60° sector analyzer perpendicularly it will emerge per-
‘pendicular to the magnet. The same beam with a small angu-
lar spread will be refocused by the fringing fields of fhe
magnet and converée on the collector slit. The ability to
resolve one mass from another depends critically on this
focusing property, the width of the source and collector
slits, and the radius of curvature of the analyzer tube,
since masses with orbital radii slightly divergenﬁ from the
one of interest may be focused along with it. Mass resolu-
_ tion becomes more difficult with increasing mass since the

difference in e/m values and hence r is less.

Ion Collectors The resolved ion beam arriving at the

collector passes through a defining slit, and then impinges
on the surface of the conversion dynode of a nine stage Be-
Cu electron multiplier. At the conversion dynode ions pro-
duce secondary electrons which are focused and accelerated
to a second dynode where a greater number of electrons are
released and accelerated to the third dynode, etc. 1In |
this manner the small ion current may be magnified. The
amount of magnification or gain is governed by the inter-
dynode potentials, produced by passing a current (string
current) through a series of resistors situated between
each dynode. A string current of about 40 microamperes

was passed through a series of 5 megaohm resistors to ob-

tain an interdynode potential of 200 volts and a gain of
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~ 103 in the instrument used for these measurements. The
last dynode collects all the secondary electrons and the
‘current passes to a vibrating reed electrometer where it
charges the plate of a capacitor whose plate distance os-
cillates, thereby changing the d. c¢. signal to a. c¢.. The
10

a. ¢. signal passes through an input resistance of 10

ohms resulting in a voltage drop which drives the output

recorder.

Ion Gauge: The pressure in the mass spectrometer uséd
in these experiments was measured with an ultrahigh vacuum
ion gauge connected by pyrex glass tubing to the source and
collector housings. This gauge consists of a filament and
grid which, when operating in the "regulated" mode, has a
current passing through the filament emitting electrons
which ionize neutral gas atoms. The ion current thus pro-
duced is proportional to the pressure in the ion gauge,
which is read in units of mm Hg. In the "regulated" mode
the ion gauge also serves as a protective device for the
source filament. When the pressure rises above some  pre-
set level (usually 5 x 10™% mm Hg) , the high voltages and
the current to the source filament are shut off, to pre-
vent oxidation of the filament. During measurements the
pressure near the ion gauge is high compared to that
existing when the valve to the ion pump is open, and there

may be severe pumping effects, due to ion implantation into
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the glass walls, resulting in gas 1oss during the measure-
ment. For this reason the grid of the ion‘gauge-is "floated"

while measuring gas from a sample.

C. Inert Gas Analysis

l. Gas extraction technique

A schematic diagram of the sample preparation system
is shown in Figure l. A sample is transferred from the
side arm to the water cooled quartz furnace by pushing it
with a small tack (located in the prepline) which is set
in motion by a hand-held magnet. Once in the furnace the
sample rests in a molybdenum crucible. It is completely
fused and gases are totally released by R. F. heating with
an external coil, the principle of which is as follows:

An alternating current through the copper coil surrounding
the furnace must from Ampére's circuital law have associated
with it an alternating magnetic field. From Faraday's in-
duction law this changing magnetié field must induce an
electric field in the region of a conductor, in this case
the molybdenum crucible. The electric field induced sets
the conduction electrons of the mulybdenum crucible in
motion, and heat is generated by eddy currents. A temper-
ature in the crucible of about 1500° ¢ (determined with an
optical pyrometer) is thus obtained with the R. F. power

supply's plate and grid settings at 1.3 and 0.26 amperes,
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respectively. To avoid having éarticles possessing sur-
face charge jump out of the crucible, in the pfesence of
a suddenly increasing magnetic field, heating was done in
stages by beginﬁing with a plate setting of 0.5 ampere and
grid at 0.1 ampere for four minutes and then increasing the
plate and grid currents at a rate of 0.0l amp/30 sec and
0.02 amp/30 sec, respectiﬁely, until the final settings
were reached and maintained for 10 minutes. At this stage
the gas is confined to a relatively small portion of the
preparation line (i.e. the furnace and side arm) by two
ultra-high vacuum valves, one to an ion pump and the other
to the remainder of the system. At the end of the heating
phase the gas is expanded to the remainder of the prepline
(excluding the line to the standards) and allowed to equili-
brate by opening the appropriate valve. Eguilibration is
complete in about 20 minutes and during this 20 minute peri- '
od the gas is exposed to a Ti-Zr getter heated to about 900°
C by a resistance furnace. The Ti-Zr getter removes hydro-
carbons and other contaminants by reacting with them. At
the end of 20 minutes the resistance furnace is turned off
and hydrogen is absorbed on the surface of the Ti-Zr alloy.
The system is now filled for the most part with the inert
gases He, Ne, Ar, Kr and Xe from the sample plus small
background amounts of these gases. Immediately after turn-
ing off the resistance furnace, liquid nitrogen in é dewar

is placed around a charcoal trap. At ligquid nitrogen
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temperatures (-~ 180° C) charcoal is a very efficient abQ
sorber of the heavier inert gases Ar, Kr, and Xe. ‘Within
a period of 90 minutes after liquid nitrogen is placed
around the trap these heavier gases are completely "fro-‘
zen" on the charcoal. During this cooling phase, H2 is
gathered by the Ti-Zr alloy. At the end of 90 minutes,

He and Ne isotopes are ready for measurement.

2. Measurements

He and Ne: Prior to admitting He and Ne the mass
spectrometer is open to an ion pump through an ultra-high
vacuum valve (V1l). Shortly before the measurement of He4
and He3 the valve is closed and He4 from the atmosphere
diffusing through the pyrex glass envelope is monitored.
The effect of such diffusion is a linear increase in the
He? peak height at a rate of about 3 mv/min in the mass
spectrometer and.about 10 mv/min in the mass spectrometer
+ prepline, so that the absolute amounts of He4 are ob-
tained by drawing a line through successive peak tops back
to the time of gas admission to the mass spectrometer, from
which the atmospheric He4 that accummulated in the masé
spectrometer just prior to the admission must be subtractéd.
He and Ne were introduced by opening a valve separating the
prepline from the mass spectrometer (V2) and the ion gauge
is turned from regulated ﬁo float to prevent pumping. Only

a fraction of the total gas was admitted to avoid having
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to pump the mass spectrometer Several times to get the
‘rather large sighal from He4 to be within the 30 volt
range, the maximum recorder‘scale setting; This is ac-
complished by closing a valve on the prepline side (V3)
prior to admission, tﬁereby isolating a small volume
(i.e., the volume contained by V2, V3, and V5}. The to-
tal signal may then be computed by multiplying the mea-
sured signal from the restricted volume + mass spectro-
meter by the volume ratio of the total prepline + mass
spectrometer to the restricted volume + mass spectrometer.
(See Appendix A for details.) Measurements of the milli-
volt signals of He3, He4, Nezo, Ne21, and Ne22 were thus
obtained. In addition, peaks of three other masses were
measured since they constituted corrections on the mass
peaks of the rare gas isotopes. These were masses 18, 40,
and 44. Mass 18 is predominately H2016, but H2018/H2016

is approximately 1/500; therefore, 1/500 of the mass 18

peak is equal to the amount of H2018 present which appears
on the mass 20 peak. It has been determined experimental-
ly that for mass spectrometers with operating conditions
similar to the one used in this work that Ar40++/Ar40i: 1/6.
Although most of the Ar40 is "frozen out" on charcoal cooled
by liquid nitrogen during the He and Ne measurement, a small
equilibrium amount existing in a free state may be detected
and 1/6 of this amount appears on the mass 20 peak due to

double ionization. Hence to obtain the amount of Nezo,
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1/500 of the mass 18 peak and 1/6 of the mass 40 peak
were subtracted from the mass 20 peak. Mass 44, essen-
tially co,., is in part doubly ionized and it has been de-
termined that 002++/002+ ~ 1/70. Thus 1/70 of the mass

44 peak equals the amount of COZ++ that was subtracted

22

from the mass 22 peak to obtain the emount of Ne present.

Argon, Krypton, and Xenon: After the measurement of

He and Ne and the masses used for corrections, the valve
connecting the mass spectrometer to the prepline (V2) was
closed and the mass spectrometer was pumped. The valve
(V3) separating the small prepline volume from the re-
mainder was opened, the liquid nitrogen was removed from
the charcoal trap and was replaced by hot water (~ 60° C)
resulting in the evolution of the heavier inert gases Ar,
Kr, and Xe. Equilibration over the entire vo;ume of the
prepline is complete in about 30 minutes, and gas intro-

duction to the mass spectrometer and subsequent measure-

36 38 40 84 132

ment of Ar~ ", Ar~, Ar ~, Kr °, and Xe was the same as

for He and Ne, except for the low abgndance isotopes, Kr84

132 3

and Xe (~10—8 cm” STP/g), for which total gas introduc-

tion was required. Therefore, Ar isotopes were measured
first, perhaps with a restricted volume, and then the en-

84 132

tire gas was admitted for the measurement of Kr and Xe™~ "<

Blank Runs and Calibrations: Before the measurement

of a series of samples and at intervals between samples
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(uéually évery four sampleé) blank meashrements’were per-
formed in which all procedures were the same except that
no sample was introduced into the crucible. The back-
ground millivolt signéls from the gas thus obtained must
be subtracted from the total signals found in the sample
measurements. Typical blank gas contents are given in
Table 1.

To obtéin gas contents of the samples in units of
cm3 STP/g the sensitivity (mv/cm3 STP) of the instrument
must be determined. This was accomplished by admitting

anoaccurately known quantity of He3, He4, Nezo, Ar40,

Kr84 and Xe132 and measuring their millivolt signals.

The gases were introduced into a small pipette from a
standard reservoir, then admitted to the preparation line
+ mass spectrometer and allowed to equilibrate. The vol-

umes and typical sensitivities used for calculations were:

Standard Volume (cmiggp) Sensitivity (mv/cmSSgP)
Hed = 8.943 x 1078 $(3) = 3.221 x 10°

He? = 31.66 x 1078 S(4) = 3.029 x 10°
Ne?0 = 11.50 x 1078 $(20) = 5.187 x 10°
ar?0 = 24.75 x 1078 S$(40) = 1.819 x 10%°
ke® = 0.0839 x 10~ s$(84) = 3.062 x 100

xel32 = 0.0394 x 1078 s(132) = 2.100 x.10%°
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Masses 21 and 22 are measured less sensitively than mass
20 due to mass fractionation of these isotopes, so that
sensitivities of masses 21 and 22 are obtained by dividing
the sensitivity of mass 20 by experimentally determined
fractionation factors for these isotopes (i.e., S (20) /s (21)

= 1.005 and S(20)/5(22) = 1.01).

3. Calculations

Once total millivolt signals from an experiment have
been determined and corrections have been made, the gas
concentration (C) of a sample may be obtained from the

following equation (units given in parentheses):

3

cn” STP _ NSMV (mv)
C( g ) = . nv
wr(g)' x §[—E
ocm™STP

where NSMV = net sample millivolt signal. From this rela-
tion the amounts of all the inert gas isotopes may be de-
termined. Elemental and isotopic ratios are obtained by
taking the ratio of the gas concentrations. For a more
detailed analysis of the determination of NSMV and a dis-

cussion of errors see Appendix B.



IV. INERT GAS CONTENTS VERSUS GRAINiDIAMETER

A. Surface Correlation of Solar wind Ions

l. Observations

The relatively low energy solar wind ions penetrate
only to a depth of a few hundred to 1000 A. Eberhardt et
al. (1970) found that removing the surface of 41 um ilmenite
grains (FeTiO3) by etching with HF resulted in ~90% decrease
in gas concentration with ~ 5000 & of the surface removed.
Obviously, the ions after being stopped diffuse inward into
the grain. Bibring et al., (1972) have revealed with an
| electron microscope that an amorphous layer, which is up
to 1000 A in thickness, appears on the surface of most
lunar fines they have studied, and interpret this layer
to be the result of radiation damage due to solar wind
ion implantation.

A large number of studies of inert gas contents in
grain size fractions of lunar fines have been performed
(Baur et al., 1972; Bogard et al., 1971, 1973; Bogard and
Nyquist, 1972a,b; 1973; Eberhardt et al., 1970, 1972; Eug-
ster et al., 1973; Frick et al., 1973; Heymann et al.,

1972, 1973; Heymann and Yaniv, 1970; Hintenberger et al.,

lm
=

1970, 1971; Hintenberger and Weber, 1973; Kirsten et .
1970, 1971; Lakatos et al., 1973; Pepin et al., 1972; Po-
dosek et al., 1971; Schaeffer et al., 1970; walton et al.,
1973; Yaniv and Heymann, 1971, 1972) and the salient obser-

-25-
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- vation is that the inert gas contents are roughly inverse-

ly proportional to the grain diameter (assuming particles
are spherical), or cy (cm3 STP/g9) o p 2 (Ci'= concentra-
tion of isotope i, D = grain diameter). A perfect anti-
correlation (n = 1) should be expected for a soil consis-
ting of spherical grains of uniform density which have all
been exposed to the solar wind for a length of time greater
than or equal to the time required for surface saturation¥,
since the specific surface area of the soil (cmz/g) is
strictly proportional to D—l. - Eberhardt et al. (1970)

found 0.82 < n < 1.15 for ilmenite grains separated from
the Apollo 11 bulk soil 10084 for which 0.58 < n < 0.65.
These investigators have found similar results for the
fines 12001 from the Apollo 12 landing area (Eberhardt,
1972) and Hintenberger and Weber (1973) have found 0.83 <

n < 1.15 for breccias 10061 and 10021; 0.71 < n < 0.89 for
fines 15471; and 0.82 < n < 1.10 for the orange and gray
soil for the Apollo 17 landing site (74220 and 74241, re-
spectively). Apparently, differences in mineralogy and
rock types give rise to differences in trapping probabili-
ties and gas retentivity properties. This and several other
reasons why strict proportionality to D"l does not exist in

lunar soils, may be summarized as follows:

*Surface saturation is the limit of gas concentration
at the surface of a particle, beyond which no more solar
wind ions may be accepted by the surface without an equal
amount of gas lost.
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1 Soil grains are not spherical.

2 Constructional processes: (a) shock welding of
soil particles due to miérémeteorite bombardment gives
rise to glass welded aggregates (égglutinates) which con-
tain gas rich interior grain bbundaries. (b) Formation
of relatively coarse-grained particles by larger impacts
(breccia formation) often results in the production of
gas filled pore spaces.

3 Break up of larger grains would tend to dilute the
gas concentration of the smaller grain sizes if the fresh
material has not been irrédiated since breakup.

4 Diffusive losses of lighter inert gases (He, Ne)
while the heavier inert gases (Ar, Kr, Xe) are preferen-
tially retained and diffuse inward, followed by further
implantation, may lead to volume correlated amounts of
the heavier inert gases.

5 Differences in mineralogy between size fractions
may result in differences in the average trapping effi-
ciency between size fractions.

§ Differences in surface residence times for differ-
" ent grain size fractions may lead to time-depehdent gas

concentrations which may be different for different size

fractions.

2. Rosiwal Principle
Criswell (1975) has done a mathematical analysis of

the sixth possibility by considering a cube of lunar soil
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with one face exposed‘to the'solar»wind.' The mass of
fines in the size range r and r + dr, dm(r), will have an
area, s(r), actually exposed to the solar wind. According
to Criswell (1975) the soil partiéies in this range must
obey the Rosiwal principle, which is

s(r) - dm(r)
S M

where S = total area of one face of the cube and M = total
mass of'fines in the cube. Criswell (1975) subsequently
fines an expression for the time dependency of gas concen-

tration before saturation occurs to be

Ci(r,t) = f,

i "t/ (1-p)L

where fi = solar wind flux (cm3 STP/cm2 - yr), vy = fraction
of soil particles with diameter < 1 mm, p = average density
of soil particles, p = porosity of soil, L = the length of
one side of the cube. It is notable that there is no de-
pendence on grain radius r; thus, before surface saturation
is achieved one should not expect an anticorrelation of gas
concentration with grain radius or diameter. However, once
surface saturation is achieved, grain size dependency oc-
curs because surface saturated grains are unable to accept
additional implantedvions.

A consequence of this model is that the larger grain

size fractions achieve saturation more rapidly than the
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smaller ones since larger grains spend a longer time at
the lunar surface, on the average, than smaller grains.
Thus, a plot of the log of gas concentration vs. log of
grain diameter would result in a horizontal 1ine in the
smaller grain sizes which, at some critical diameter (Dc),
will turn downward with n = 1 for the largest grain size
fractions (D > Dc). As exposure continues D, decreases
until all size fractions have been saturated.

The model described does not take into account con-
structional and desﬁructive processes (2 and 3 above).
COnstructional processes (eg. agglutinate formation) will
tend to make the larger grain sizes more gas rich than
predicted by simple surface saturation. Destructive pro-
cesses (eg. particle comminution by micrometeorite bom-
bardment) will tend to dilute the gas contents of smaller
grain sizes if the particles being fractured contain sur-
face correlated gas only and will tend to enrich the gas
contents of the smaller grain sizes if the original grains
contained large volume correlated amounts of gas prior to
fragmentation. Superimposed on these prbcesses is perhaps
still another phenomemglprbposed earlier by Criswell (1972),
levitation of lunar dust grains by a local electric field.
The levitating field E is produced about partially illumi-
nated rocks at the terminator. Soft solar X-rays (energy
> 500 eV) will eject photoelectrons from the sunlit side

of the rock until a sufficient positive charge remains to
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retain newly ejected photoelectrons, and a fraction of the
ejected photoelectrons will accrete on the dark areas of
the rock. Conditions for levitation are satisfied when
the electrical force on charged grains exceed the gravi-

tational force, i.e.

QE > %-anpg

where Q is the charge on a grain of radius f, p is the mass
density of the grains, g is the lunar gravitational accel-
eration, and E is the surface electric field. Because of
the dependence on grain radius r, the mechanism will tend

to selectively levitate the smallest grains. Criswell
(1972) further suggests that the smallest grains will have
enhanced exposure to the higher energy solar wind ions and
solar cosmic rays since levitation is enhanced when the

sun is active. Since the particles are dispersed above

the lunar surface, alliequally exposed to the solar wind,
inert gas ions whose penetration depth is less than r should
become surface correlated immediately. Thus, while the lar-
ger grain size fractions are becoming saturated according to
the Rosiwal principle, the smaller grain sizes may become
saturated due to levitation thereby shortening the time for

the entire soil to become saturated.
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~ B. Inert Gas Contents in gines f;9m the Apollo 15

Landing Site

A planimetric map of the Apollo 15.1anding site ap-
“pears in Figure 2. There are three morphologically dis-
tinct settings: the slopingt”Apénnine Firont (south of the
dashed line), the flat Mare surface (north of the dashed
line) , and Hadley Rille (Rima Hadley).

The inert gas contents, elemental and isotopic ratios
of five Apollo 15 soils are}given in Table 2. For two of
the fines from this site (15421, station 7; 15071, station
1), I have plotted the inert gas contents versus grain di-
ameter (Figure 3). Neither sample displays the perfect
anticorrelation with n = 1 predicted by the simple frapping
mechanism. Considering only 15421, there is an absence of
surface correlation and obvious irregularities in the lar-
ger grain size fractions. The irregularities also become
slightly more pronounced in the direction of the heavier
inert gases'Ar36, Kr84, and Xel32. soil 15421 contains in
addition to the mineralogical and petrological constituents
found in most lunar soils (feldspar, olivine, pyroxene, and
basalt fragments) a large percentage of green glass spher-
ules. Jordan et al. (1974) have shown that the He4/Ne20
ratio in Apollo 15 samples is correlated with the green

20

glass content and fines 15421 with He4/Ne ~ 20.0 was

estimated to contain ~ 60% green glass. Lakatos et al.
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(1972) have shown that green‘glass spherules from the

nalod"* 15426 (Station 7) also have a high Nezo/'ArB6

ratio in the range 10~20, while the fines of this study

(with the exception of 15421) and the work of Jordan et

20/Ar36 ratio of about 5.

20/Ar36

al. (1974)‘have.an average Ne
The size fractions of 15421 have an average Ne
ratio of 7.70,{reflecting the green glass content. Laka-
tos et al. (1973) conclude from the low gas contents of
the 15426 green glass "clod" (two orders of magnitude less
trapped gas than other bulk fines from the Apollo 15 site)
and the lack of surface correlation of the inert gases,
that the green glass spherules composing the '"clod" have
never been exposed to the solar wind. They suggest that
the glass spherules acquired their gas during their for-
mation from an ambient gas phase and that this gas is
volume correlated. Following their formation the green
glass was buried rapidly and shielded from further expo-
sure to the solar wind, thus explaining the lack of grain
size dependency of the inert gas contents. Formation in
the presence of a hot gas phase is supported by the low
He4/Nc-;20 ratio of the green glass (< 10 compared to > 40
for other fines from the site) which suggests that He4 has
been lost relative to Ne20 by thermal diffusion.

An alternative explanation would be that irregulari-

* a friable aggregate of green glass spherules
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ties in the gas contents versusvgrain diameter cﬁrves
merely représent the'pre-saturation solar wind gas load-
ing of the different size fractions. Frick'gg al. (paper-
to be published) have studied feldspar, olivine + pyroxene,
and green glass separates in size fractions of 15421 fines
and their inert gas data for the feldspar and olivine +‘py—
roxene display a reasonably good anticorrelation with grain
size. Thus the data displayed in Figure 3 for the combined
materials of 15421 must mainly reflect the green glass con-
tent. The increased irregularity of this data in the di-
rection of the heavier inert gases may then reflect the
phenomena of undersaturation. That is, one would expect
that prior to saturation aniinert gas with a relatively

132) will display a gas concentration ver-—

low flux (eg. Xe
sus grain diameter pattern at time to similar to that which
would have been displayed by an inert gas with higher flux
(eg. He4) at some earlier time t < to. AsS the exposure
time increases the irregularities will tend to "smooth out”
due to particle comminution and construction and continued
solar wind irradiation, n values will increase toward unity
more rapidly for the lighter gases with higher fluxes, and
after some time, ts, even the heaviest inert gases with the
lowest fluxes will saturate most grain surfaces. Criswell
(1975), assuming the Rosiwal principle is valid, has deter-
132

mined the time required for Xe to saturate surface grains

of radii down to ¥ = 4 ym for the bulk sample 10084 from the
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Apollo 11 landing site to be t  ~ 72 my (the effect of
particle levitaﬁicn is neglected). He notes that this
time is a factor of six longer than one wbuld calculate
on the basis of the'average concentration of xe'32 in the
size fractions.

Figure 3 also shows gas content versus grain diameter
for fines 15071 from Station 1. Three observations are
notable: 1 There is a fair anticorrelation with grain di-
ameter. One size fraction (250-354 pum) deviates more
strongly than the remainder, especially with respect *o Ar??
It has the lowest He4/Ne20 ratio (30.18) and the highest
Nezo/'Ar36 ratio (5.224) compared to the remaining size frac-
tions, implying an enrichment of green glass in this size
range. 2 The n values are less than unity (0.32 < n < 0.56).
3 The n values have the following trend: n, >n,, > ngg >

n > n, 3, (subscripts refer to mass). Values of n which

84
display this trend as well as other variations have been

reported by many investigators (Bogard et al., 1974; Eber-
hardt et al., 1972; Hintenberger and Weber, 1973; Heymann
et al., 1975). I have summarized these n values in Table 3.
The most salient feature of most lunar soils listed is a
trend of decreasing n values with increases in mass. Two
of the exceptions -~ 10021 and 10061 - are breccias, which
have relatively high n values (10021, n > 1) which tend to
decrease with mass up to Ar36 (10021) or Kr84 (10061) and

then increase in the direction of higher masses. The il-



35
menite of breccia 10046 also displays this behavior in a
more pronouncedvmanner..Apparently, the departure from the
usual trend ié connec ted with breccia formation. Precisely
what physical processes gave rise to the behavior of the n
values of 10021, 10061 and 10046 could not be resolved in
this study.

The general trend of n, > N, > N6 > ng, > ny,, may be
the consequence of the Rosiwal principle on which the effects
of comminution and agglutinate formation are superimposed.
It follows from the Rosiwal principle that the critical di-
ameter (D,), at which thevslope of the curve changes from
horizontal to 45° downward in a log C vs. log D plot, viewed
at any instant, will be larger for successively heavier gas-
es (since their flux is less). Thus, if it were not for the
effects of comminution, the gas contents versus grain diame-
ter curve could be expressed as two equations: C=K (D<Dc,
n=0) and C(D) = KD ™ (D>D,, n=1l). The effect of comminution
by micrometeorites is to add fractured grains from larger
grain size fractions to smaller grain size fractions. A
certain percentage & (with respect to the original grain
size)of a newly formed grain will be saturated if the origi-
nal grain had D > Da (eg. a saturated sphere broken into two
identical half spheres will produce two particles each of
which is 67% séturated). If the gréin size fractions to
which the recently formed grains are added has diameters >
D., then addition of grains to these size fractions by commis=:

nution can only result in the decrease of the gas concentra-
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tion. However for D < D,, grains in each size range are
undersaturated to a sﬁccessively lesser extent as»D » Dg
from‘belOW; ‘Another way of stating this is that there is
a certain percentage § of the surfaces saturated in the
undersaturated grains, and that & increases as D - Dc from
below. Thus, if § > & for a grain entering a size rangé
characterized by &, then the addition of this grain to the.
size fraction results in an increase in gas contents of
this size fraction. The effect of agglutinate formation
is to create larger grains from smaller ones by shock wel-
ding due to micrometeorite impact. If grains of diameter
D < D, are welded together to form new grains with diame-
ter D < D,, then the curve does not change slope in this
region. However, if grains of diameter D < D, are welded
together to form new grains with diameter D > D,, then
there will be an increase in gas concentration in the size
fraction containing these recently formed grains. The
same result will occur if the original agglutinate-forming

grains have D S Do - The net result of both the effect of
comminution and agglutinate formation working simultaneous-
ly is to smooth out the curve defined by the equations C = K
(b < Dgs 1 =0) and C(D) = KD © (D > D,, n = 1) so that the
curve may be defined by a single equation C(D) = KD * (0 <
n <1l). The value of n should be smaller for larger values

of Do+ OX, in terms of inert gases, for heavier gases.



V. COSMIC RAY EXPOSURE AGES

A. The Eberhardt Plot

Cosmic ray exposure ages may be calculated, in prin-

ciple, from any of the three major cosmogenic nuclides -

3 21 38 38

Hec, Nec , Ar c*® However, He3 and Arc are often masked

C
by their .trapped component and ages calculated from these

isotopes are sometimes negative. Thus, I have only deter=-

%,l and the resultant exposure ages for the fines

21 and ].\Ie.t22 may

mined Ne
in this work. The measured amounts of Ne
be expressed as the sum of their respective trapped and

cosmogenic components, i.e.

21 _ 21 21
Nem = Ne T + Nec
22 _ 22 22
Ne = NeT + Nec

Using these relations and substituting the identities

21 _ 21 ,. 22 22 22 _ 22 21 21
Ne'yn = (Ne“™/Ne )T Ne“y, and Ne's (Ne““/Ne )c Ne’S the
expression for Nezé' becomes
2
a2l (Nezz/Ne l),r Nefnl - Ne?n2
e = —
c (Ne22/Ne21)T _ (Nezz/NeZl)c
For the calculations used in this work I adopted (Ne22/
Ne21)c = 1. This value has been established by many inves-

tigators from studies of meteorites and lunar samples. It
-37=
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. i 22 e 21
was necessary either to assume a trapped ratio (Ne /Ne.f)T
or to determine its value from the method of Eberhardt et
al. (1970) illustrated in Figure 4. The theory of the

method is as follows:

1l The above equation for Nezé may be rearranged, ob-

taining the equation

Ne22 Ne%% Ne22 Ne22 Ne22
21 21 21 21 21]
Ne m Neﬁl Ne Ne™ ™ . Ne P

Cc T

If the Neﬁ} contents, and the (Ne22/'Ne21)c and (Ne22/Ne21)T

ratios are the same for all size fractions, then a plot of

(Nezz/NeZl)m vS. 1/Ne%: will define a straight line with
a slope equal to Ne%}[(Nezz/NeZl)c - (Nezz/NeZI)T] and in-
tercept equal to (Nezz/NeZI)T.

2 Points which are below the line thus defined con=-

‘tain more Ne%} than those which are on the line, and vice

versae.

3 Lunar materials containing no Ne%% will plot along

a horizontal line which intersects the (Nezz/Nezl)T inter-

cept.
4 Lunar materials containing no trapped Ne will plot

along a horizontal line which intersects (Ne22/'Ne21)c 1.

B. Cosmic Ray Exposure Ages of Apollo 15 Soils

Using the method of Eberhardt et al. (1970), I have
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detexrmined (Ne22/Ne21 from size fractions of 15071, 15091,

)'1‘
and 15601 by standard regression calculations. Samples
15091 and 15601 are from station 2 and 9A respectively‘(See
Figure 2) and data for size fractions were obtained from
previous work (Jordan 23 31., 1974) and from the work of
Heymann et al. (1972). Thé results of the linear best fits
are shown in Figures 5, 6, and 7. The errors given for
(Nezz/NeZJ')T are the standard deviations of the least square
fits élus 50 per cent of fhe typical analytical error of an
individual measurement, folléwing the method of Eberhardt
et al. (1970). Attempts to fit the data of 15501, 15511,
and 15421 were less successful because of scatter of the
points. However, 15501 and 15511 come £from station 9 which
is near station 9A from which 15601 fines were collected;
therefore I used the (Ne??/me?!), value of 15601 for 15501
and 15511. In the case of 15421 from station 7 there is

21)

no (Nezz/Ne value reported in the literature from this

T
or neaby stations. The trend of the Eberhardt plof for

15421 suggests (Nezz/NeZI)T > 30 (the linear best fit for
15421 gave (Nezz/NeZl)T<:,35, although the correlation co-

efficient was low), therefore I adopted the ratio from 15071

21

of (Nezz/Ne21)T = 32.52 + 0.52 for calculation of Nec for

15421. Had I assumed a smaller (Nezz/NeZl)T ratio the cal-

%} would be smaller. Some size fractions (15071,

427 ym, 600 um; 15091, 427 um; 15601, 427 ym) deviated con-

culated Ne

siderably ( ~ 10%) from the lines defined by all the data
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points. These were purposely omitted for the best fits.
shown in Figures 6, 7, 8. This is justifiable in that
these size fractions may have had a distinctly different

exposure history with respect to cosmic rays.

The Ne%% ages were determined from the Ne%}'contents
21

and the Ne production rate equation,

Cc

Nezé‘ = 0.00347[ 2.2 (Mg) + 1.35(aAl) + Si + 0.17(Ca)
8 3

+ 0.017(Fe + Ni + Ti)]‘x'lo- cm” STP/g per 106yr
from Yaniv et al. (1971). The compositions used are an
average of data from four Apollo 15 fines (Table 4) taken

from LSPET (1972). The resulting production rate was

Ne%% = 0.164 x lo_acm3 STP/g per 106yr. The Ne%} contents
and resulting cosmic fay exposure ages are listed in Table

5. The errors in Ne%} and the resulting ages for the

smallest grain size fractions (up to 74 um) are quite large
(c£. 15091, < 44 ym error is 125%). This is principally

due to the fact that these size fractions are dominated by
trapped Ne so that (Nezz/NeZI)m - (Nezz/NeZl)T, and the Ne%}
errors are proportional to [(Nezz/Ne21)TNeﬁ: - Nei?]-l.

Also it is notable that determined ages are sensitive to
2l)T and production rate for Ne%}

For example, if I had chosen (Nezz/NeZl)T = 27.43 (deter=-

the choice of (Nezz/Ne

mined from 15601) for the calculation of Ne%} in size frac-

tions of 15421 the Ne%} contents and ages would be lower

by 21% to 42%. A difference of + 0.0l from the adopted
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Ne%% production rate would result in a difference of 6%
in Ne%} contehtg and ages. The most reliable ages are
generally determined from the largest grain size frac-
tions, 1f they have low (Nezz/NeZI)m ratios,.since these
are least sensitive to choices of (Ne22/'Ne21)T ratios.
Caution must be exercised for these size fractions also.
For éxample, the > 500 ym fraction of 15080 was split in-
to two separates, magnetic and non-magnétic (work done by
Dr. J. T, Wasson and coworkers). It is known that the
magnetic portion is much enriched in agglutinates contain-
ing metal (Goldstein et al., 1974; Housley:et al., 1972).
Agglutinates comprise ~ 60% of 15080 (Carr and Meyer, 1972).
The magnetic sebarate is characterized by a much greater
trapped gas content compared to the non-magnetic separate
(see Table 2). The determined Neﬁ} content of the magne-
tic separate is almost an order of magnitude less than the
non-magnetic sepérate. This is only apparent, however, and
is a consequence of the large trapped gas contents of this
separate which essentially masks the relatively small cos-
mogenic component. Thus, if one had determined the Ne%}

for the magnetic and non-magnetic separates combined in

the proportions in which they occur in the soil, it would

be

(Ne21 = 0.6 (Ne

c ¢onbined + 0.4 (Ne

21 21
C %agnetic c &onmagnetic

] 21 21
Using the values for (Ne‘y)ainerje 2and (Neld Jonmagnetic
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~given in Table 5, this would be (Nei})combined = 3;42_x
10-7 cm3 STP/g. Dividing by the production rate of 0.164
X 10"8 cm3 STP/g per 106 yr, I obtain an exposure age of
~ 210 my, a factor of two below the age calculated for
éhe non-magnetic separate. It is interesting'tb‘cdmpare
the age of the non-magnetic fraction of 15080, 450 my,
with that of the 500-700 um fraction of 15071 from the
same station (station 1) after correcting the Ne%} contents
of 15071 for the agglutinate content. This requires the
assumption that the apparent Ne%}contents of the aggluti-
nates in 15071 is the same as the non-magnetic fraction of
15080 and that the agglutinates occur in ﬁhe same propof—
tions in all size fractions. Powell et al. (1973) deter-
mined the soil breécia + agglutinate contents of 15071 to
be ~ 30%. Assuming 30% agglutinates, I then obtain for

the 500-700um size fraction of 15071 &.Nell= 8100 x 107 em®

STP/y yielding a Ne%} exposure age of 490 my as agéinst
360 my before corrgction, in good agreement with the 450 my
exposure age of the > 500 ym size fraction of 15080.

The Ne21 ages represent an average of a range of expo~-

C
sure times and depths below the surface for all particles

within a size range. Since the irradiation history of a
soil is not known, relative age differences are more mean-
ingful than absolute values as such. Fines 15091, 15421,
and 15511 have age agreements among their respective size

fractions within the errors given, and average ages which
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are as follows: 15091, 195kmy;‘15421, 470 my; and 15511,
280 my. The age of 15421 agrees well with Kirsten et al.
(lQﬁQj, who found an ége of 460 + 60 my. Fines 15071,
15501, and 15601 all contain some size fractions whose ex-
posure ages are discordant.‘ Fines 15071 show an average
exposure age of ~ 250 my for size fractions up to 354 pm;
but the 354-500 ym and 500-700 {im size fractions have an
average exposure age of 370 my. This sample was collected
25 m east of the rim of Elbow Crater (Swann et al., 1972)
which is adjacent to Hadley Rille (see Figure 2). The
354=500 ym size fraction of sample 15601 collected from
station 9A, 20 m east of Hadley Rille, has an exposure age
of 370 my compared to 230 my for the remaining size frac-
tions.

The regolith near the rim of Hadley Rille (in particu-
lar station 9A) is known to be very thin or absent, and
the underlying material has been proposed to be a poorly
comminuted basaltic zone (Swann et al., 1972). Elbow Crater
- which is ~ 50 m deep (Swann et al., 1972) - must have
sampled this zone. Since 50 m is well below the depth of
Ne%} production, one would expect that coarse ejecta from
Elbow Crater would have relatively low Ne%} contents. If
the 354-500 ym and 500-700 ym size fractions of 15071 are
dominated by coarse ejecta from Elbow Crater, then their
Ne%} contents are contrarf to this expectation. I see the

same relationship in the 354~500 ym fraction of 15601.
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This can be taken as evidence that there exist zones at
some depth in the regolith which have considerable expo-
sure to cosmic rays prior to deposition of the soil cover
above them. I have already shown that the coarse fraction
(> 354 um) of 15071 may have an exposure age comparable
to the 450 my exposure age of the > 500 ym non-magnetic
ffaction of 15080 from station 1, if one corrects for ag-
glutinates. It is notable that the 250~500 ym fraction
of 15601 contains ~ 50% agglutinates (Heiken,1974) and
thus may also have an age of 410 my (370 + 40 my, see
Table 5) or greater. The relatively old cosmic ray age
of these zones is further supported by the exposure age
of the mare type basalt 15556, which is thought to repre-

sent the local bedrock (Swann et al., 1972). Kirsten et

21
c

this rock. The ybunger ages of the soil cover implies

al.(1972) found a Ne’, exposure age of 525 + 40 my for
that it cannot merely be the result of comminution of

this strongly irradiated, old material only, but must come
from other sources as well, which are younger with respect
to cosnic fays, such as material thrown out by large im-
pacts on the Apennine Front as suggested by Hilbner et al.
(1973). St. Géorée Crater near the base of the Apennine
Front (Figure 2)‘is definitely the result of such a large
impact. Its diameter is greater than 2 km (Swann et al.,
1972) . Two samples, 15091 and 15101, collected at station

2, located oh the northeastern flank of St. George Crater,



| 45
indeed have relatively young exposure ages of 195 my (aver-
age of size fractions of this work) and 90 my (LSPET,‘1972),
reépectivély. Apparently the fines 15071 conﬁain, At least
in the finést fraction, material from St. George Créter.
The‘mﬁch older age of the coarsest size fractions suggests
that the Elbow'Crater event penetrated below the flank de-
posits of St. Geoxrge Crater.

Sample 15501 (as well as 1551l1) was collected at sta-
tion 9, 10 m from a 10 m diameter fresh crater which is 300
m from Hadley Rille and 75 m south of the rim of Scarp Cra-
ter (250 m diameter) and about the same distance southwest
-of a younger, unnamed crater having the same diameter as
Scarp. Thus, the young 10 m crater is presumed to be lo-
cated on the ejecta blankets of the two larger ones (Swann
et al., 1972). The average exposure age of size fractions
of 15501 up to 700 ym is 310 my, while the > 700 ym size
fraction has an exposure age of only 150 my. One possible
explanation of the discordancy in age is that the small
crater has merely re-excavated debris thrown out of the
two larger craters, the ejecta blankets of which may be
mixtures of both young and old materiéls with respect to
cosmic rays. The youngest, > 700 um, material may repre-
sent ejecta from the two larger craters which céme from a
depth below the heavily irradiated zone. Thus, if agglu-
tinate content has not reduced ages significantly, and

the > 700 ym size fraction of 15501 represents coarse,
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poorly irradiated ejecta from the two large craters, the
150 my éxposure age may place an dpper limit on their for-
mation. However, an agglutinate§content of ~ 56% is re-
ported for 15501 (Carr and Meyer, 1972) and it is conceiv-
able that this upper limit would be increased if the expo-
sure ages were determined for a non-agglutinate (non-mag-

netic) separate of these fines.



VI. AR4O—AR36 CORRELATIONS

A. The Problem of Excess Af40

36

The observed Ar4o/Ar ratios in lunar fines from all

Apollo and Luna sites ranges from about 0.15 to about 10.0.
These values are far greater than the theorétically predic-

ted solar value of Ar40/Ar36 which is ~ 1074 (Cameron, 1968).

40 in the fines 1is

radiogenic and calculates age from the K%O-Ar4o age equation

Furthermore, if one assumes that all Ar

Ar40 1 +R

k0 R

I 4
t = oy In ‘l o

= Ag *Agr R = XK/XB, x* = 0.000119 K) one usually ar-
rives at ages greater than the most widely accepted forma-
tion age of the solar system, ~4.5 by. For example, the
Ar40 content of the Apollo 15 sample 15091 was found to be
3.36 x 10-4 cm3 STP/g (Jordan et al., 1974) and the K
content was determined to be 1380 ppm (Wdnke et al., 1972)..
Using X = 5.304 x 10 1% y! ana R = 0.1237 (hg = 4.72 x
10710 71, Mg = 0-584 x 1070 y7!) 1 obtain t = 6.60 by.

Thus, there is an excess of Ar40.

40 36

B. Diagrams of Ar versus Ar

Heymann and Yaniv (1970) found that by plotting ar?0

vs. Ar36 for size fractions of 10084 a good correlation

=] -
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resulted, defined by the equation

3STP/g.

ar?® = 1.06ar3® + (7.12 + 1.09) x 10”5cm
They conclude that since Ar36 is surface correlated that

the excess Ar4o is also surface correlated with Ar40/Ar36

= 1.06 and that the intercept value represents the volume

correlated component of Ar40. This volume correlated com-

40 from in situ decay

pbnent is interpreted as radiogenic Ar
of K40 if the K. content of all size fractions is the saile
and if they all have the same K:40-Ar40 age. The surface
correlation implies that the presence of the excess Ar40
could be somehow related to solar wind processes. Heymann
and Yaniv (1970) propose the following: '

40 40

1 The source of the excess Ar’~ is from K-~ decay

within the interior of the solid moon.

The Ar40 is released into the atmosphere of the

8]

moon by heating of the lunar interior or by large
scale melting processes near the surface.

40

Since neutral Ar™~ atoms have lifetimes against

jw

gravitational escape of about 108 y (Bernstein et
al., 1963) they are gravitationally bound and
their concentration above the lunar surface will

be given hy a Boltzman distribution

n(z) = nye 2 mg/kT» B
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(n(z)) = the concentration at height z above the
surface, no = concentration at the éurface, m =
mass of Ar40, g = lunar gravitational accelera-
tion, k = Boltzman's constant). The e-fold or
scale height occurs for z = kT/mg, which is 50 km

for the sunlit side of the moon (T = 400°K).

However, the lifetime against ionization via charge

|

exchange with solar wind protons and by photoioniza-
tion is only ~106 seconds and Ar40 neutrals with 102
cm_3 < ne< lO3 cm_3 have ~ 10% probability of photo-

ionization (Manka and Michel, 1970, 1971).

Once formed, the ions will be in the presence of the

jon

10y (at 1 a.u.) interplanetary magnetic field’l\a‘SW
which has associated with it an electric field ESW’
produced by the solar wind moving with a velocity

V.. through a stationary magnetic field. The ion will

~SW
experience a Lorentz force Eoy”™ -qVSW X Esw,and will

~

execute a cycloidal orbit. The initial motion is a-

S’ and since the cyclotron radius (~104 km) is
40

much greater than the scale height of 50 km, the Ar

long E

ion deviates only slightly from parallel to ESW.be—

fore impacting on the lunar surface.

Manka and Michel (1971) have calculated the ion trajec-
tories and conclude that for Egqw pointing in the direction of

the north pole, ions formed at the south pole will be implan-
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ted with an energy qf only 200 eV, while ions formed -10°
below the selenographic equator (taken to be the same as the
electric equator) will be implanted about 7°above the equa-
tor with energies up to 2 keV. The direction of Bgy rever-
ses periodically, and thus Eqw will be pointing toward the
south pole half of the time, implanting ions in the southern
36

is parallel with XSW and thus

arrives at the lunar surface at an angle near 90°to the re-
36

hemisphere. The flux of Ar

implanted Ar40. Thus the Ar4o/Ar arriving at the lunar

surface is very sensitive to local topography. In an earli-

er work (Jordan et al., 1973) I argued in favor of local

topographic variations accounting for variations in the Ar40/

Ar?? In particular I claimed that the north sloping Apennine

Front was exposed to a larger flux of Ar40 ions relative to

Ar36 than the same on the flat lying Mare terrain. The ob-

served higher Ar40/Ar36 ratios on the Front seem to confirm

this hypothesis.

The Ar40/Ar ratio arriving at the lunar surface also re-

40

flects the concentration of neutral Ar in the lunar atmo-

sphere relative to the solar wind flux. Yaniv and Heymann
(1972) have suggested that the neutral concentration of Ar40
decreased between 4.0 and 3.0 by ago and cite as evidence a
correlation between rock ages from Apollo 11, 12, 14 and

Lunar 16 and the Ar40/'Ar36 ratios in fines from these sites.

Thus older rock ages representing earlier onsets of regolith

36

formation are associated with higher Ar40/Ar ratios. The
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Apollo 15 site is consistent with this trend. The mare
crystalline rock ages are about 3.30 by; whereas the Apen-
nine Front rocks have dates similar to 15415 of 4.09 by

(Schaeffer et al., 1972). Hence the Front fines may be "old-

er" in the sense that they acquired much of their Ar40/'Ar36

ratio at a time when the neutral concentration of Ar40 was
higher, and the "younger" mare fines may have acquired their

Ar40/Ar36 ratios when the neutral concentration of Ar40 was

40/Ar36

less. The two explanations for the observed Ar rati-

os need not be considered mutually exclusive. Fines around

40

at a time when the neutral Ar concentration was higher

were exposed to a larger Ar40 flux independent of topography
but superimposed on this there must be slope effects. It is
doubtful, however, that the effect of local topography on

Ar40/'Ar36 variations survives very 1ong without being erased

or smeared out by impacts.

C. 5;40 versus Ar36 for Apollo 15 Fines

I have plotted Ar40 versus Ar36 for size fractions of

15071, 15421, 15511 and 15501 which are shown in Figures 8,
9, 10 and 11. Inspection of these figures reveals that each
sample has a rather unique history with respect to Ar40 in-
tercept and the Ar40/'Ar36 ratio trapped in its surfaces;
therefore, I shall discuss the samples individually:

15071, Station l: This sample displays a good corre-

lation between Ar40 and Ar36

(Figure 8), the equation of

the line is ar%° = 0.792 ar3® + 0.140 x 107% cm® sTr/g.
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The trapped ratio (Ar4o/Ar36)T = 0.792 is typical of other

40/Ar36

mare fines in the landing area (average of Ar for

mare bulk fines from Jordan et al., 1974 and size fractions
of 15601 from Yaniv and Heymann, 1972, is 0.73), but the

3 STP/g is lower than one

ar?0 intercept of 0.140 x 10~% cm
would expect for fines whiéh formed from the comminution
of rocks whose formation age is about 3.3 by (age from
Schaeffer et al., 1972), and a K content of about 1000 -~
1500 ppm, typical of fines from this site. No K content

is given for fines 15071 but I have estimated it to be 1141
ppm assuming a constant Nazo/Kzo ratio, from the Na20 con=-
tents of 15071 (Fruchter et al., 1973) and the Nazo apd

K,O contents of 15081 from the same station (Widnke et al.,

2
1972). vYaniv and Heymann (1972) have found a gross cor-

. 40
relation between K contents and Arintercept values based
on the apparent K40--Ar40 ages of several lunar soils, brec-

cias, and basalts. This correlation is given by

) _ -8 3
Arintercept =4 x 10 © K(ppm) cm”~ STP/g.
40
Thus for 1141 ppm the Arintercept value should be 0.456
X 10-4 cm3 STP/g. The K40-Ar40 age that results from the

real intercept value of 0.140 x 10-4 cm3 STP/g is 1.8 by.

There exist other such apparently young ages at the Apollo
15 site (15501, 15601, 15091). Discussion of what these

discordant ages imply will be given below (Section VI-D).
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15421, Station 7: Figure 9 shows that this soil con-

gsists of two domponents. The linear best fit for all the

data is:

4 3

36 4 0.301 x 10™% e’ sTR/g.

Ar40 = 3,31 Ar

The four smallest fractions have a linear best fit of:

ar?0 = 2,97 ar3® + 0.388 x 10™* en® srE/g

while the linear best fit of the four largest fractions is:

ar?0 = 3,94 ar3® + 0.082 x 107* cn® srE/g.

20

I have noted earlier that the He4/Ne ratios of sample

15421 imply a green glass content of ~ 60%. The green glass

36

has been estimated to have Ar40/hr ~ 4-5 (Lakatos et al.,

1973) . 'The Ar4o/Ar36 ratio of the non-green glass material
is unknown, but judging from other fines in the vicinity

36

it may be as low as 1.0 (average values of,Ar40/Ar from

15271, Station 6, from Jordan et al., 1974). It appears
that the green glass dominates the four largest grain size
fractions of 15421. Both the non~green glass and green
glass materials influence one another's individual Ar4o/'Ar36
slopes to the extent. that they lie near the average slope
of 3.31.

Using the volume correlated component for all size
fractions 0.301 x 10_4 em’ STP/g and a K content of the
15427 (LSPET, 1972) of 913 ppm, one obtains an apparent

K40-Ar40 age of 3.2 by.
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15511, Station 9: These fines display no linear corre=,

lation. The lines shown in Figure 10 represent estimated li-

36 slopes. The 1owei limit of ~0.9 is

40/Ar36

mits for the Ar40/Ar

ratio of mare fines and

slightly higher than the Ar
36

may represent the lower limit of the Ar40/Ar ratios of the
Apennine Front fines. The slope of ~3.0 approaches the high-
est Ar4o/Ar%6 ratio of the Front fines 15421 (Ar40/Ar?6 =
3.31, Jordan et al., 1974). These fines were collected from
the rim of the fresh young 10 m diameter crater 300 m from
Hadley Rille and 75 m south of the rim of Scarp Crater (250 m
diameter) and southwest of the younger unnamed crater of the
same dimensions. Apparently the two larger craters have ex-
cavated materials from considerable depths which have a wide
range of Ar40/Ar36 ratios, and the young 10 m crater has-
merely re-excavated this material. That such variation in
the Ar?%/ar3® ratios exist at depths at least down to 240 cm
is revealed by inert gas studies of the drill core 15001/
15006 (Bogard and Nyquist, 1972b; Bogard et al. 1973; Hibner
et al., 1973). This core, 242 cm long and 2.04 cm in di-
ameter, was collected by the crew of Apollo 15 at station 8,
50 m from the ALSEP station (Heiken et al., 1972). The
(Ar40/'Ar36)T ratio in samples from this core does not show
any systematics, but variations from ~0.9 to ~ 1.6 have

been reported (Bogard et al., 1973; Htbner et al., 1973).
Hibner et al. (1973) suggest that such variations could be

explained by periodic large impacts on the Apennine Front.
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Indeed, the Ar40/Ar36 ratios of 15511 do have ratios that
resemble the Front fines, and it is noteworthy that the

500 = 1000 ym fraction of 15511 contain ~ 30% green glass
spheres (Heiken, 1974). The large variations in the Ar40/
Ar36 ratios in the - now surface - fines of 15511 suggests

that there has not been adequate time for the ratios of
these fines to assume the present day ratio of Ar40/Ar36
in the mare fines.

15501, Station 9: Collected 10 m from the rim of the

10 m diameter young fresh crater, these fines resenmble

40/Ar36 ratios (Figure

11) although there is a fair correlation between Ar4o and

Ar36 given by ar?0 = 0.723 ar3® + 0.246 x 10™% o’ STP/g.

40/Ar36

15511 in the variability of their Ar

The (Ar = 0.723 does resemble that of nearby mare

36

)T
fines (15601, station 9A: £from size fractions, Ar4o/Ar

= 0.86, Yaniv and Heymann, 1972; from average of bulk fines,
ar?0/ar36 = 0.75, Jordan et al., 1974). The 15501 surface
fines may reflect a more extensive exposure to present day
solar wind than the fines 15511, so that the variations that
appear in 15511 have been reduced to the values now present
in 15501. Further exposure may result in complete erasure
of previous variations so that the final correlation may
resemble that of 15071 (Figure 8).

Using the Ar?C intercept of 0.246 x 10™% cm® STP/g and

a K-contents of 1328 ppm (LSPET, 1972) the apparent K40-Ar40

age is 2,4 by.
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D. Low Ar40 Intercept Values and Agparent'K4o—Ar4o.Aqg§

From Apollo 15 Fines

40

Shown in Table 6 is a summary of Ar intercept values

aﬁd apparent K.40-Ar40 ages discussed in section VI-C plus
the same from two additional Apollo 15 fines - 15091 (Jordan
et al., 1974) and 15601 (Yaniv and Heymann, 1972). The ages
represent a weighted average of K&o-Ar4o ages of individual
particles within the size fractions. Fines 15601, 15511,
and 15071 collected near Hadley Rille on the mare surface
have apparent K40-Ar40 ages (2.0 by., 2.4 by., 1.8 by., re-
spectively) younger than the 3.3 by. age of the crystalline
rocks on the mare surface (Schaeffer et al., 1972). Fines
15091 are near Hadley Rille on the Front surface and have

" an apparent K%O-Ar4o age of 2.6 by.; whereas much further

away from Hadley Rille on the Front fines 15421 have an

apparent Kgo-Ar40 age of 3.2 by.

Husain et al. (1972) report Kéo—Ar40

ages for rocks
from Hadley Rille and Spur Crater which are in good agree-
ment with the ~ 3.3 by. age determined by techniques which
are not influenced by’radiogenic Ar40 loss (eg. Ar39-Ar4o,
Rb-Sr). This implies there has been little if any radio-
genic Ar4010851by diffusion from these rocks. Thus unless
one invokes processes whereby the lunar fines lose radio-
genic Ar40 more readily than the rocks from which they form,

one must conclude that there has been a contribution to the
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regolith at the Apollo 15 site of materials with an apparent
x40.ar40 age < 1.8 by (the youngest age in Table 6) from
some external source. Photogeologic maps of the entire lan-
ding site reveal light colored rays and satellitic clusters
of secondary impact craters (South Cluster) which are asso-
ciated with the much larger (~ 50 km diameter) craters
Autolycus and Aristillus to the north. These ray craters
are believed to be Copernican age (Swann et al., 1972), a
relative age based on photogeologic maps of large regions

of the moon. The Copernican age is associated with the for-
mation of Copernicus Crater ~ 400 km north of the Apollo 12
landing site. Eberhardt et al. (1973) have determined an
Ar39-Ar40 age of 800 my. for KREEP (materials enriched in K,
rare earths, and P) glass from soil 12033, which they inter-
pret as the age of Copernicus Crater, provided that the
glass was ejected by the Copernicus event. If Autlycus

and Aristillus are, indeed, Copernican age (800 my or youn-
ger) then these craters could provide materials with the

necessary apparently young K40—Ar40 ages in the Apollo 15

fines.




VII. THE APOLLO 17 LANDING SITE:
EVIDENCE FOR RECENT MIXING AT TRENCH NEAR VAN SERG CRATER

A. General Description of Trench

A planimetric map of the Apollo 17 landing site and
the location of discuséed samples are shown in Figure 12.
Inert gas contents, elemental and isotopic ratios of bulk
fines are given in Table 7. The regolith at the Apollo 17

is rich in trapped inert gases, with Ar36 contents ranging

£rom 0.15 x 10~% omd STP/g to 6.2 x 1074 om3 STP/g (cf.
Apollo 15 fines, Table 2). Strikingly high values occur
at the Trench at Station 9 near Van Serg Crater.

Van Serg is a fresh 90 m diameter crater. The ejecta
blanket is blocky and the dominant rock type is described
as a dark matrix-rich breccia (Muehlberger et al., 1973).
A 17 cm trench was dug by the astronauts (Schmitt and Cernan)
at station 9, approximately 60 m southwest of the rim and
10 m from the rim of the older Subdued Crater. The astro-
nauts observed a dark surface soil cover of only a few
centimeters in thickness on top of a lighter gray fragmental
material. Three soil samples were collected from the trench:
79220 from 0-2 cm; 79240 from 2-7 cm; and 79260 from 7-17

cm. I have determined inert gas contents in the fines 79221,

79241, and 79261 from the three levels.

-58=
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B. Grain Size Analysis of Fines 79221, 79241, and 79261

In an attempt to arrive at a more suitable choice of
diameter than the usually chosen average diameter within
a size range, Heymann et al. (1975) defined an effective
diameter Dagg* Dogf is the uniform diameter of spherical
particles of an imaginary sample which has the same volume
and specific_surféce area as the real sample (see Appendix
C for determination of Deff for 79221, 79241, 79261). Hey-
mann et al. (1975) assume that for a given size fraction

(mesh sizes D, < Dm) that the size distribution law is given
by:

N(D) = kD'“,

where N(D) is the number of particles with diameter greater
than D, and k and o are constants. Further assuming particle
sphericity and that the average bulk density,'s, is the same
for all size fractions, they obtain expressions for the
weight ratios of any two size fractions which may be used

~ to determine the unknown quantity-d:

Wyn _[op o - Dp ]

T rn(3=0) __(3-0)
"o, q ['Dp | Dq ]
_W_Ill_,_l_'l_ (a=3) = E.-_r:.g-)-n-l/-lz-n'-)— .
Wp 'd 1ln (Dp/Dq)
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I determined values of W_ _/W_. _ from the weights of
m,n P:.q

the sieve fractions and found the following estimates for

79221 63-250 3.00
250~500 3.50
500-700 4.20
700~1000 4.70
79241 63-250 . 3.00
250-354 3.50
354~500 3.00
500-700 4.50
700-1000 5.00
79261 63-250 3.00
250-354 3.50
354-500 2.50
500-~700 4.00
700-1000 5.50

The sizZe range 63-250 is a combination of the narrower
size range 63-105 ym and 105-250 ym which have Q's at or
near 3.00 but display a gradual increase toward 3.50. I
interpret this: o range 3.00 < a < 3.5 for the size range
63-354 um to be a reflection of the size distribution prior
to the addition of the coarse grain component. The sudden
jump to values of 4.00 - 5.50 in the ranges 500~700 ym and
700-1000 um suggests the addition of a completely different
size distribution which is dominated by coarse grains. Note
also a drop in « values for samples 79241 and 79261 in the
range 354-500 ym. We may understand this by considering

curves resulting from plotting N(D) vs. D (Figure 13) for
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the two distributions. For the soil prior to the addition
of the coarse component one would expect a smooth cummula—b
tive curve with gradually changing slope, yielding 0 values
in the range 2.50 - 3.50. The coarse component, on the
other hand, would have a relatively steep.slope in the lar-
ger sizes (with 4.00 < & < 5.50) which flattens rapidly in
the smaller grain size fractions. The addition. of the two
cummulative curves results in a composite curve which has
the following shape:
(1) a steep slope in the larger grain size fractions
(2) a mpre gradual slope in the finer grain size
fractions,
‘(3) a "shoulder" with flat or gradual slope (low Q's)
where the inflexion occurs.
The low a's in 79241 and 79261 are, hence, interpreted to
represent the "shoulder" of the composite distribution curve.
The absence of a low g value in the range 354-500 ym of
the uppermost soil, 79221, merely reflects the fact that
particle comminution by micrometeorite bombardment must

ultimately smooth out such a composite distribution.

D. Inert Gases in Size Fractions of 79221, 79241, 79261

36
l. Ar~ " versus D fge

The inert gas contents of 79221, 79241, and 79261 are

given in Table 8. Figure 14 shows Ar36 S. D ¢g for 79221,
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79241, and 79261. The curves of all three have in common:
(a) rather shallow slopes (n < 1), (b) striking anomalies
("jumps") where the coarser of two adjacent size fractions
contains more trapped gas than the finer fraction.

36

Figure 14 shows only the Ar trends. However, it can

be seen from Table 8 that the trends for other gases are
grossly similar to the Ar36 trends. There are several pos-
sible explanations for the observed behavior:

a all three fines are agglutinate rich and most of
the trapped gas is contained in the constructional par-
ticles. Heikén and McKay (1974) have reported aggluti-
nate contents of 44.4% and 22.3% in the 90-150 ym frac-
tions of 79221 and 79261 respectively. The trapped gas
contents of the 88-105 and 105-250 um fractions (Table 8)
are roughly proportional to agglutinate contents, which
supports this hypothesis.

b however, agglutinate contents of fines tend to de-
crease rapidly for particles greater than about 250 um
and the curves are still conspicuously flat_for,Deff >
250 ym. Another source of gas-rich material is abundantly
present near the trench, namely soil-breccias such as 79035
and‘79135 for which Hintenberger et al. (1975) have reported
large inert gas contents (in the 35-54 ym size fraction).
The comminution of such breccias by the Van Serg event it-
self, and subsequently by micrometeorite impact on the

blocks at the surface of the ejecta blanket may have been
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an important source of gas-rich particles in all size frac-
tions.

¢ Flatness of curves may be the consequence of the
fact that iarger grain size fractions must get saturated
earlier according to Rosiwal principle (Criswell, 1975).

d Mixing of two soils which have surface correlated
gas, but |, different absolute amounts of these gases.

Explanation d is illustrated in Figure 15. Curve A
represents soil which is more gas rich than the soil repre-
sented by Curve B. Mixing size fractions in equal propor-
tions would result in Curve C. Sorting may result in many
possibilities between Curves A and B. Curves D and E il-
lustrate the contribution of coarse material from the soil

characterized by Curve A to the soil characterized by Curve

B.

2. Eberhardt Plots

Figures 16, 17, and 18 show Eberhardt plots for 79221,
79241, and 79261, respectively. Straight lines (such as
the solid lines in Figure 16) are the locus of samples which
contain the same amount of cosmogenic Ne%} and have the same
(Nez‘?/NeZI),Il ratio. Addition of Ne%}‘moves sample downward
and to the left. Addition of NeIII moves points gpwards and

to the left.
Figure 16 shows that the data for 79221 scatter between

the extremes represented by the 818 ym and the < 63 ym frac-
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tions. If one disregards for the moment the 818 ;m fraction
then the extremes are the 582 ym and the < 63 ym fractions.

From scattered points such as in Figure 16 one cannot obtain

the value of (Nezz/Ne21) Because of this I have assumed

e
(Nezz/'NezJ')T = 32.0, a value within the range of lunar fines.
The line through this assumed value and any sample point de-
termines the amount of Ne%} in that sample. With a Negl
production rate of 0.17 x 10"8 cm3 STP per m.y. (chemistry
from LSPET, 1973 énd production rate equation from Yaniv

et al., 1971) I have calculated nominal exposure ages for
the samples. A sample age of 800 m.y. means that this
sample would have acquired 800 m.y. worth of Ne%% if ex-
posed to cosmic rays at a depth where the Ne%} production
rate is 0.17 x 10°8 cm® STP per m.y.

Figure 16 shows that the size fractions in 79221 are
mixtures of a Qery heavily irradiated material with nominal
exposure age of 800 m.y. or older and a very lightly irra-
diated material with uncertain, but young nominal exposure
age (the assumed 1(Ne22/Ne21)T value of 32.0 yields 10 m.y.,
but this age is very sensitive to the trapped ratio). The
size fractions 582 ym to < 63 pm can also be interpreted ,
as mixtures between the very heavily irradiated material
and a moderately irradiated material with nominal exposure
age of 240 m.y. or younger.

Figures 17 and 18 show that fines 79241 and 79261 too

are mixtures of very heavily and moderately irradiated ma-
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terials. The dashed lines in these Figures show how the
nominal exposure ages change for (Nezz/NeZJ')T = 31.0.

The largest change is about 15% which is an indication of
the uncertainties in the absolute age values.

3. Ar40 VS, Ar36 trend

Figure 19 shows Ar40 vs. Ar36 for the three trench sam-

40 36

ples. While Ar tends to increase with Ar~ ", the samples

do not fall on or near a single straight line, but scatter

40/Ar36)T slope
of about 1.3; the other of about 2.5. (The lowermost line was

fitted to two samples from 79221 and 79261; it yields an Ar40

3

between two extreme lines, one having an (Ar

STP/g. The uppermost line

was fitted to a calculated intercept value of 6 x ].0-5 cm3

intercept value of 4.0 x 10~ cm

STP/g and one sample from 79241.) As before, the most logi-
cal explanation is that the trench fines are mixtures of at
least two materials, one with (Ar40/Ar36)T = 2.5 or greater,
the other with (Ar4o/Ar36)T = 1.3 or smaller.

E. Interpretation of the Trench

1. Pre-Van Serg regolith surface

An attempt to define a pre-Van Serg surface using the
fines from the three levels of the trench requires other
chemical and petrological evidence, in addition to informa-
tion from inert gases. Systematic differences might be ex-

pected to occur between samples on either side of the boun-
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dary.

The inert gases in 79221 are twice as gas rich as
79241. Based on the inert gas evidence alone this syste-
matic "break" would place the pre-Van Serg surﬁace some~-
where between 2 and 7 cm depth. Referring to Table 9,
one sees that this evidence is supported by U238/Pb204
(Nunes et al., 1974) and to some extent (no data for 79241)
| by agglutinate content (Heiken and McKay, 1974). However,

FeO and TiO, (Rose.et al., 1974) and C(Moorxe et al., 1974)

2
do not support this conclusion. Mg0O and A1203 (Rose et al.,
1974; not shown); Pb2°’/pb?%® (Nunes et al., 1974) and gra-
phic mean graih size (Butler and King, 1974) change too
regularly to allow any conclusions.

Schmitt and Cernan observed a distinct change in albedo
at a depth of 7 cm (Muehlberger et al., 1973). This obser-
vation is consistent with the trends of agglutinate content,

FeO + TiO and Al 03 (increases from 79221 to 79261).

2' 2
Hence, the visible boundary could represent the pre-Van Serg
regolith surface. This implies that the Van Serg ejecta
blanket at the trench site has been stratified from the
beginning, with the top 2 centimeters richer in the rela-
tively fine-grained, gas-and agglutinate-rich material
than the underlying material represented by 79241l.

McGetchin et al. (1973) have developed equations for

radial thickness variations in impact crater ejecta. The

equation for impact ejecta for craters of less than 100 km
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in radius R is:

_ x\ -3
t = 0.04 IQGQ

where r = the range of crater ejecta measured from the cen=
ter of the crater. Thus, for R=45 mand r =45 m + 60 m
= 105 m, I obtain t = 14 cm at Station 9. This would place
the pre-vVan Serg surface between 7 and 17 cm. However, the
model is probably only good within a factor of two for
small craters since one should expect lateral variations
in ejecta thickness as well.

The evidence presented does not exclude the possibility
that the pre-van Serg surface is deeper than 17 cm, hence

has not been exposed in the trench.

2. Trench top
I assume that the trench top, as represented by 79221,

is definitely Van Serg ejecta. Fleischer and Hart (1974)
have estimated the age of Van Serg between 19 and 24 m.y.
Fines 79221 contain at least two major materials:

1) a mature, agglutinate- and gas-rich soil, and 2) a rela-
tively coarse-grained, fairly gas-rich material. McKay et
al. (1974) were the first to suggest a two-component mix-
ture for 79221; they suggested that the coarse~grained com-
ponent is derived from breccias, which were comminuted by
the Van Serg impact, and subsequently - at the surface - by

micrometeorite impact. The inert gas results support this
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contention. In this respect it is interesting to note

207/Pb206 ratio decreases downward

that the corrected Pb
in the trench from a value of 0.8177 in 79221 to 0.7430

in 79261 (Nunes et al., 1974). Church and Tilton (1975)
report blank-corrected values of 0.9251 and 0.9183 in two
samples of the soil breccia 79135. Hence the lead data
also support the presence of a soil-breccia derived com-
ponent in 79221.

At least some of the source material of the coarse-
grained component has been poorly irradiated (by cosmic
rays), in fact, was deposited on the surface with little
if any pre-irradiation. The young exposure age of the
> 700 ym fraction is consistent with Fleischer and Hart's
age for Van Serg. Thus it is remarkable that the three
rocks from station:9 for which exposure ages are known,
79035, 79135 (both soil breccias), and 79155 (heavily
shocked, mare basalt) have old exposure ages of 600 + 50;
810 + 60 (Ne%}-ages by Hintenberger et al., 1974); and 575°
+ 60 m.y. (Ca-Ar37 by Kirsten and Horn, 1974). These ages
are so similar to the "old age limits" in Figures 16, 17,
and 18 that they lend support to the hypothesis t%?t soil
breccias 79035 and 79135 have been produced from heavily
irradiated soils by the Van Serg impact.

An alternative hypothesis is that the breccias are

excavated by the Van Serg impact. Muehlberger et al., (1973)
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have concluded that the regolith_at Van Serg is at least
15 m thick. They suggest that the dark matrix breccias
come from the deepest portions of the regolith. If 79035
and 79135 were excavated from a depth greater than about
ten meters, then it seems that the Van Serg soil cover is
underlain by a soil-breccia horizon of substantial thick-
ness. This horizon then contains - at Van Serg - heavily
irradiated material, and might be the repository of much
of the "missing" cosmic ray record (Fireman, 1974). Along
these lines it is interesting to note that I have observed
the same heavily (relatively speaking) irradiated zone be-
low more lightly irradiated material at the Apollo 15 lan-
ding site (section V-B). This suggests but does not prove

that such zones may be a common occurrence on the moon.

3. Trench middle and bottom

The middle and bottom of the trench also contain the
heavily irradiated material seen in 79221. As in the case
of 79221, the source could be soil breccias, excavated by
Van Serg or by the older, subdued crater nearby. It is
interesting to note in Figure 19 that 79241 and 79261 con-

40/Ar36

tain a greater proportion of material with (Ar )T =

2.5 or larger, and that the trapped ratios in 79035 and
79135 are 2.18 + 0.05 and 2.5 + 0.l respectively (Hinten-

36

ber et al., 1975). However, the bulk Ar40/Ar ratios in

the three trench fines (top-to-bottom) are only 1.5, 1.8
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and 1.9 respectively. Hence, 79035 and 79135 could not
have been formed from soils now at the surface of the
trench. A similar relationship exists at the Apollo 11
site, where the microbreccias have greater (Ar4o/hr36)T
ratios than the surface soils (Funkhouser et al., 1970).
Furthermore, the Apollo 15 fines 15511, which apparently
contain material from depths below the estimated regolith
thickness at the site of 5 m, has in its coarse grain size
36)T

fraction materials which have large (Ar4o/Ar ratios com-

pared to the surrounding mare fines. Whether or not these
are microbreccias is not known. However, this observation
suggests, but does not firmly prove, that the Apollo 1l
microbreccias, the Van Serg breccias and perhaps the 15511
coarse materials were formed by much more ancient impacts

than van Serg.



VIII. CONCLUSIONS

A. Undersaturated Surfaces

I have found lunar soils from the Apollo 15 site
(15421, 15071) which appear to be undersaturated with re-
spect to solar irradiation. The undersaturated component
of 15421 seems to be concentrated primarily in the green
glass spherules which comprise ~ 60% of this sample. Be-
cause of their unique history of formation they probably
were exposed to the solar wind for a very short time inter-
val. The effect of undersaturation in 15071 is reflected
in the value of the exponent in the equation c(cm3STP/g) =
kD » which has the trend Ny > Nyg > Nae > Ng, > Nygpe I
have explained this in terms of the Rosiwal principle which
requires that large:.grains saturate earlier than smaller
ones. Superimposed on this basic pattern ére the effects
of particle comminution and agglutinate formation. Having
examined many n values from samples of Apbllo 11, 12, 15,
16, and 17 landing sites, I observe that this is a general
characteristic of all of these landing sites expressed in
varying degrées. If my interprétation of 15071 is correct,
most if not all of the landing sites have grain surfaces
which have not yet reached saturation with respect to (at

least) the heavier inert gases Ar36, Kr84, and Xel32. This

-71-
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could have interesting consequences with respect to solar
wind energies as a function of time. If one could find
saturated particles which were less gas rich than an under-
saturated particle, assuming no unusual volume components,
this would imply that the undersaturated soil was exposed

at the surface at a time when solar wind energies were high-
er. That is to say, higher energy.ions will penetrate deep-
er into particle surfaces, but will require a greater length
of time and larger quantities of gas to £ill these surfaces
to the point of saturation than would be required for sur-

faces exposed to lower energy ions.

B. Heavily Irradiated Zones

I have shown that there may exist zones beneath the re-
golith which are more heavily irradiated, with respect to
cosmic rays, than the overlying soil cover. The breccias
79135 and 79035 and the finer and some of the coarser fracti-
on of the Station 9:trench fines at the Apollo 17 landing site
contain very heavily irradiated material, possibly >800 my.
These may be interpreted to be ejecta from the Van Serg Cra-
ter event, which may have brought materials up from deep with-
in the regolith or even below. I have observed the same re-
lationship at the Apollo 15 site. The regolith there is only
about 5 m thick. It is apparently lightly irradiated with

exposure ages of ~250 my. In the coarsest fraction of
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15071 and 15601, however, there is material with exposure
ages of ~ 400 my. Since 15071 fines could represent ejecta
from Elbow Crater and 15601 fines material from a very thin

regolith, I interpret the coarser, more heavily irradiated

material to have come from beneath the regolith at that site.

C. Large Scale Mixing

The fines 15511 from Station 9 at the Apollo 15 landing
site have Ar40/’Ar36 ratios which resemble the Apenﬁine Front
fine. 2= 3 . km away. The materials which have similar
ratios at Station 9 may have arrived there as a result of
large scale impacts on the Apennine Front as suggested by
Hilbner et al. (1973). Similarly, the low apparent Kéo-Ar40
ages suggest addition of relatively young material from some
external source to the older (~ 3.3 by) mare materials.
These materials could have been brought to the site by the
formation of Autolycus and Aristillus, two large cratexrs to
the north of the site. These craters are believed to be
Copernican age which may be ~ 1 by. Ray materials from
these craters in the Apollo 15 landing site could indeed

cause the observed young apparent K40-Ar40 ages.

D. A Suggestion for Future Experiments

The effect of agglutinates in lunar soils on the Negl

ages has been demonstrated with the > 500 ym fraction of
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15080. If agglutinates tend to lower Ne%} exposure ages
for_lunar fines in general, then I suggest separating the
agglutinates from non-agglutinates by magnetic separation.
This may result in higher Ne%} ages, and perhaps a more
realistic picture of surface exposure history in gas con-

tents vs. grain diameter plots.



APPENDIX A

Admission technique: It has often been our experience
that for total gas release from lunar fine material weighing

> 2500 pg the He4, Ar4o, Ar36, and to a lesser extent Ne2°

signals would exceed 30 volts, the maximum output scale
setting. Various pumping procedures were employed, which

compounded the error in the He4, Nezo, Ar4o, and Ar36 con~-

tents and the He4/He3, Ar40/hr36, He4/Ne20, and Nezo/'Ar36

ratios of the soils. Pumping at least twice to get He4,

Ar40, and Ar36 signals on scale was not an uncommon prac-
tice, thereby lengthening the time of the experiment. To
eliminate several pumpings I reduced sample weights when

feasible to about 1000-2000 pg for bulk soils and fine

grain fractions, and adopted the following gas admission

technique as standard procedure.

1) restricted volume. Shortly before opening V2 (the

valve joining the prepline to the mass spectrometer) for
gas measurement, V3 was closed, isolating a small fraction
of the total gas behind the valves V2, V3, and V5. It is
then necessary to know the volume ratio (VR) of the total
prepline + mass spectrometer to the restricted volume +
mass spectrometer, for this number is the factor by which
one must multiply restriqted volume signals to obtain total
signals. The ratio VR may be determined by dividing the

-75=
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total signal by the restricted signal which is on scale in

both cases, eg. using Ar38,

38 +
VR, = Ar38 (total mv) . = 1000 = 10 mv _ 5.56 + 0.08
Ar (restricted mv) 180 + 2 mv

2) pumping ratio . Even with lower weights and a re-

stricted volume of gas admitted to the mass spectrometer,
the He4 signal commonly exceeded 30 volts and part of this
gas had to be eliminated by pumping. This was done by
closing V2 and opening V1 (connecting the mass spectro-
meter to the ion pump) and pumping the gas from the mass
spectrometer. Shortly after pumping begins He4 was on

scale and was used as a monitor to determine how long one
must pump to evacuate the mass spectrometer to an acceptable
pressure; typically, this time waé 7=-10 minutes. After

this length of time, the gas was readmitted for measurement
of He4 and some other isotopes (usually Nezo) used to deter-
mine the pumping ratio (PR). The pumping ratio (PR), which
enables one to determine the original He4 signal, is the

ratio of the signal of an isotope that is on scale before

pumping to the signal after pumping, eg.
20 .
- Ne (mv_— before pumping)
20 Ne20 (mv - after pumping)

PR

———r

140 + 2 mv-

. +
= 1960 = 20 mv _ 4, g9 + 0.25.




APPENDIX B

Determination of NSMV: Determining the gas concen-

tration per gram of sample, C, requires knowledge of the
net millivolt signal from the sample, NSMV. If the total
volume of gas was admitted, this number was obtained by
subtracting the blank millivolt signal, BMV, from the
measured millivolt signal, MMV. On several occassions

only a restricted volume was introduced and possibly pum-
ping was required to obtain signals under 30 volts (the
maximum scale setting). Thus it was necessary to multiply
MMV by the volume ratio, VR, and possibly the pumping ratio,
PR, before subtracting BMV. We may summarize these options

as follows:

Option NSMV
1. total volume introduced, no MMV - BMV

pumping required

2. restricted volume introduced, MMV x VR - BMV

no pumping>required

3. restricted volume introdﬁced, MMV x VR x PR - BMV

pumping required

These options were digitized and incorporated into a compu-

ter program (written by G. E. Fryer) which calculated gas

contents and elemental isotopic ratios with errors. Compu-
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tations were done on a Monroe desk computer (Model 1800).

Errors: Errors in the gas concentration are due to
weighing (+ 5.0 pg), signal noise; and sensitivity (+ 2%).
Where a restricted volume was introduced the error in VR
(+ 1.5%) contributes to the efror in NSMv, and in the most
extreme case where pumping is required errors in NSMV may
be further increased by the errors in PR (+ 1.5%). Typical

errors from signal noise were as follows:

Scale (mv) Signal (mv) Noise (%)
1 + 20

3 2 + 10
3 + 5

3 + 5

10 6 + 3
9 + 2

10 + 2

30 20 + 1
30 + 1

> 30 > 30 + 1

Errors in isotopic and elemental ratios were obtained

from gas concentrations according to the relation

cl i_cl _ EL - c,) 2 . E& 2
C, *c, c, c, c,

i




APPENDIX C

Determination of the Effective Diameter: The con-

struction of diagrams displaying inert gas contents versus
grain diameter depends on the choice of an appropriate di-
ameter within a size range. Choosing the average grain
diameter is the simplest approach but may distort possible
anticorrelations somewhat if the grain size distribution
curves are greatly skewed (poéﬁtively or negatively) about
the mean diameter. Ideally one would like to know the
shape of these curves for each size range and then use the
modal diameter. However, these distribution cuxrves are not
always avaiable. An alternati&e approach is presented by
Heymann et al. (1975). They assume that the size distri-

bution law for a given size fraction is given by:
~0
N(D) = kD

, where N(D) is the number of particles with diameter great-
er than D, and k and o are constants. It is further assumed
that all particles in the real sieve fraction are spherical,

and then they define an effective diameter Defs (Dm > D¢ >

D, Dy and D, are, respectively, upper and lower limits of.
mesh sizes) as the uniform diameter of spherical grains in
a hypothetical sample which has the same total surface area
and volume as the real sample. With these assumptions they
obtain:

~79~
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3= (3~
[DII('I a) - Dn d,)]

2=q) . 2=
[Dls1 G.) - Dr(l u‘)]

128 2]

_ 2 -
(1) Dggg = 3=

(D, - D,)

ln(Dm/Dn)

1In(D_/D_)

(3) D gp(0=3) = = m.n
[l/Dn - 1/Dm]

(2) Dygs (=2)

Heymann et al. (1975) estimate the unknown quantity,a ,
from the weight, W, of each sieve fraction by assuming that

the mean bulk density, P, is the same for each sieve frac-

tion, for which these equations follow:

(3-0) _ _(3-a)
(4) “man _ [DT _ D? )]
Corn(3=a) _ _(3-a
"o, Pp Dy ]
W ln (D_/D.)
(5) 2B(a=3) = m_n )
"o, q In (D,/Dy)

Using equations (1) and (3) to determine the effective

diameters, after determining o values from equations (4)

and (5), we have the following result for three Apollo 17

trench soils:



Size range

8l

* 1
63
74
88

105

250

354

500

700

% An o=

~ 63

- 74.
- 88
-- 105
- 250
- 354
- 500
- 700
- 1000

Deff

79221 79241 79261
8 8 8
68 68 - 68
8l 8l 8l
96 96 926
157 157 157
294 294 294
417 419 421
582 581 583
818 815 8ll

2.50 was adopted for this size range.
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TABLE 1

TYPICAL BLANK VALUES FOR INERT GASES

(UNITS: cm3 STP)

He3 44§e4 Ne20 Ne21 .Ne22
# 3.5 x 1077 2.1x10°8 6.0x 10 2.2 x 107°
ap36 238 ag20 (84 o132
2.1 x 10710 4.3x107 3.6 x 1078 * *

* not detectable above noise level
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TABLE 3

COMPARISON OF n VALUES FOR LUNAR FINES

[Best £it to C(cm® STP/g) = KD ™ (um)]

Sample n,

Apollo 11

10084 (bf) 0.64
10084 (ilm) 1.15
10046(ilm) 1l.1l6
10087 (bf) 0.70
10061 (br) 1.01
10021 (br) 1.15
Apollo 12

12001 (bf) 0.71
12001 (ilm) 1.15
Apollo 15

15471 (bf) 0.89
15071 (b£f) 0.56
Apollo 16

61221 (bf) 0.86
61241 (bf) 0.68
67701 (b£) 0.79

20

0.59
l.11
1.13
0.65
1.00
1.15

0.60
l.11

0.80
0.44

0.69

0.70

0.72

36

0.60
0.96
0.67
0.60
0.94
1.09

0.56
0.96

0.75
0.40

0.63
0.60
0.71

84

0.55%
0.98
0.74%*
0.57
0.76
1.12

0.58%
0.98%

0.74
0.38

0.60
0.58
0.10

0.56
0.82
0.89
0.50
0.83
1.15

0.56

0.82

0.71
0.32

0.56
0.52
0.61

al.,

Reference

94

Eberhardt et
al., 1972

Hintenberger

and Weber, 1973

Eberhardt et

1972

Hintenberger

and Weber, 1973

This work

Heymann et al.,

1975



TABLE 3 (CONTINUED)

Sample - n, Nyo N36 Ngy
Apollo 17
76321 (bf)

* 0.59 0.57 0.49 0.45

76501 (bE)
74220 1.10 1.00 0.95 0.88
(orange soil)
74241 1.07 0.98 0.85 0.8l
(gray soil
with orange
soil)

* these values are for n86

**average of these two soils
bf = bulk fines

br = breccias

ilm = ilmenite

N4132

i+ Reference

0.45

0.85

0.82

Bogard et al.,

1974

Hintenberger

and Weber, 1973



*Oxides

SiO2
'I'J.O2

A1203
FeO
MgO

cao

Element

Si
Ti
Al
Fe
Mg

Ca

TABLE 4

COMPOSITION OF APOLLO 15 FINES

46.56

1.75
13.73
15.21
10.37
10.54

21.76
1.05
7.27
8.31
6.22
7.53

(mass percent)

15301

45.91

1.17
14.53
14.05
12.12
10.70

21.46
0.70
7.69
7.63
7.31
7.65

* Data from LSPET (1972)

15101

45.95

1.27
17.38
11.65
10.36
11.52

21.46
0.76
9.20
6.32
6.25
8.23

45.05
1l.19
5.40

19.79
6.57
9.87

21.06
1.19
5.40

10.74
6.57
7.05

96




TABLE 5

NE2L RADIATION AGES OF APOLLO 15 FINES

Cc

Size
(yum)

Sample

Ne21

(L0~7 cm3 sTR/q)

15071 63-74
74-88
88-250

250-354

354-500

500-700

15091 < 44
44-53
53-63
63-74
74~88
88-105

105-250

250-354

354-500

500-~700

15421 < 63
63-74
74-88

88-105

4.12

|+

4.01

I+

4.07

I+

4.07

I+

6.19

I+

5.83

I+

2.80

I+

3.43

|+

3.55

I+

3.74

I+

3.15

I+

2.99

|+

3.52

I+

3.52

|+

1.26

|+

3.35

I+

6.70

|+

8.11

|+

8.11

|+

8.12

|+

0.87
0.72
0.65
0.45
0.59
0.49

3.51
1.51
1.21
1.11
0.97
1.02
0.87
0.79
0.45
0.70

1.10
1.06
1.02
0.82

Ne2

Ages, 10° yr

250
240
250
250
380
360

170
210
220
230
190
180
210
210
120
200

410
490
490
490

C

+
+

+ I+ I+

I+

I+ I+ I+ I+ |+ I+ I+ |+ [+

|+

I+ I+ I+

I+

50
40
40
30
40
30

210
920
70
70
60
60
50
50
30
40

70
60
60
50




Sample

15421

15501

15601

Size

ggm)

105-250
250-354
354-500
500-700

< 63
63-74
©74-88
88-105
105-250
250~-354
354-500
500-700

> 700

< 44
44-53
53-63
63-74
74-88
88-105

105-250
250-354

Ne

(10‘7cm3‘smpgg)

8.46
8.13
6.89
7.63

21
c

I+ I+ I+

I+

3.56 +

5.76
5.56
4.67
4.76
- 5.47

TABLE 5 (CONTINUED 1)

0.79
0.80
0.89
0.60

1l.88
1.87
1.73
1.36
1.34
1.33

5.25
2.53

4.83
3.26
2.79
3.83
3.44
3.91
3.66
4.89

+ I+ I+ I+ I+ I+ I+

1+

4.60
1.67
1.17
1.31
1.25
1.13
1.04
0.80

Ng%}

6

Ages, 10~ yr

98

520 +
500

|+

420

I+

470

I+

220

|+

350

I+

340

I+

280

|+

290

|+

330

I+

50
50
50
40

120
110
110
80
80
80

320

I+

150

|+

290

I+

200

|+

170

I+

230

I+

210

|+

240

I+

220

|+

300

I+

50
40

276
100
70
80
80
70
60
50



Sample Size
(um)
15601 354-500
500~700
15511 < 63
63-74
74-88
88-105
105-250
250~-354
354-500
500-~700
> 700
15080 ‘s 500
Nonmagnetic
15080 > 500
Magnetic

TABLE 5 (CONTINUED 2)

Nezé

10~ 7em> sTP

6.01 0.68

I+

3.74 0.51

I+

4.72 1.92

I+

7.14 l.84

|+

6.20 1.80

I+

6.91 1.68

I+

5.95 1.43

I+

6.47 1.39

1+

6.29 0.91

I+

7.70 1.29

I+

4.59 1.56

I+

7.40 0.37

I+

0.76 + 0.18

Ages, 10° yr

Ne™ "~

99

370
230

290
430
380
420
360
390
380
470
280

450

46

o

I+

I+

I+ I+ I+ I+ I+ |+ I+ |+

I+

|+

[+

40
30

120
110
110
100
20
80
50
80
20

20

10



100

TABLE 6
40 ,_40 ' ‘
APPARENT K™ =Ar AGES FROM APOLLO 15 FINES

40 40 36
(based on Arintercept values from plots of Ar vs. Ar
for size fractions)

Apparent :
40 40 .. 40
Sample Arintercept K K "=-Ar K reference

j;p-4cm3STPZg) (ppm) Age (logv)
15071 0.140 1141* 1.8 %
Station 1
15091 0.332% 1494 2.6 Carran et al.,
Station 2 ‘ 1972
15421 0.301 913 3.2 LSPET, 1972
Station 7
15501 0.246 1328 2.4 LSPET, 1972
Station 9
15601 0.120™"" 830 2.0 LSPET, 1972
Station 9A
+. 40

Ar intercept from Jordan et al., 1973.

+fAr40 intercept from Yaniv and Heymann, '1972.

+*Based on assumed constant Nazo/Kzo ratio between fines
15071 and 15081 (station 1).

**Nazo of 15071 from Fruchter et al., 1973; Nazo and K20

from wénke et al., 1973.
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VARIATION OF CHEMICAL AND PETROLOGICAL PARAMETERS

WITH DEPTH IN APOLLO 17 TRENCH AT STATION 9

(Based on fines 79221, 79241, and 79261)

Agglutinates (%)

(90-150um)

Median Grain
Size (ym)

Graphic Mean
(8)*

FeO + TiO
(%)

Pb207/Pb206

2

4238 /3,204

C (ug/9)
Al.0
%f 3

MgO
(%)

*for diameter in pm, D(um) = (;5)—Q X 103

79221 79241 79261 Reference
(0~-2cm) (2-7cm) (7-17cm)

44 .4 — 22.3 Heiken & McKay,
1974

46 . 7 ——— 57'.'9' " MCKay _e_'t. E]_-.o I}
1974

4.20 4.13 4.00 Butler et al.,
~ 1974

21.91 22.43 20.97 Rose et al.,

1974
0.8177 0.7766 0.7430 Nunes & Tatsumoto

1974

78.4 95.9 101 Nunes & Tatsumoto
1974

150 140 110.0 Moore et al.,
1974

13.48 13.90 14.51 Moore et al.,
1974

10.30 9.90 9.67 Moore et al.,
1974
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FIGURE CAPTIONS

Schematic diagram of mass spectrometer and

sample preparation system.
Planimetric map of Apollo 15 landing site.

Inert gas contents versus grain diameter for
two Apollo 15 samples: 15421 and 15071.
values of n for 15071 are from best fit of data

to the equation c(cm3 STP/g) = xp ™ 1 (um) .

Nezz/Ne21 versus I/Ne21. Illustration of the

theory of the Eberhardt plot.

Eberhardt plot for 15071.. Data from Jordan et

al. (1974).
Eberhardt plot for 15091. Data from Heymann et

al. (1972).
Eberhardt plot for 15601.

Ar40 versus Ar36\for 15071 line defined by

equation ar?0 = 0.792 ar3® + 0.140 x 10™%cn’

STP/qg.

Ar40 versus Ar36 for 15421. Line fitted to all

grain size fractions:

ar%0 = 3,31 ar3® + 0.301 x 107% cn® sTR/M.

Line fitted to four smallest grain size fractions:

ar?0 = 2,97 ar3® + 0.388 x 107 om® sTR/g.
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Figure

Figure

Figure

Figure

Figure
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11.

12.

13.

14.

15.
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‘Line fitted to four largest grain size £frac-

tions:

ar?0 = 3.04 ar3® + 0.082 x 10~% cm® sTER/g.

Ar40 versus Ar36 for 15511. Lines are approxi-

mate best fits through extreme points. The
slope of the upper limit is ~ 3.0 and the slope
of the lower limit is ~ 0.9. No attempt was

made to determine intercept values.

Ar40 versus Ar36 for 15501. Line defined by:

36 4 3

ar20 = 0.723 ar®® + 0.246 x 10™* cm® sTR/g.

Planimetric map of Apollo 17 landing site and

an enlargement of Van Serg Crater.

Hypothetical grain size distribution curve
where N(D) = kD~ ¢ Both coarse and "mature"

soil distributions are shown.

AAr36 versus effective diameter (Deff) for Apollo

17 trench fines collected at Station 9 near Van

Serg Crater.,

Hypothetical gas contents versus effective dia-
meter diagram for two soils with perfect anti-
correlations defined by curves A and B. Curve
¢ shows the result of mixing the two soils in

equal proportions with no sorting in the process.



Figure 16.

Figure 17.

Figure 18.

hrd

Figure 19.
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Curves D and E show two of many possible mixing
curves resulting from mixing predominately

coarse material of soil A with soil B.

Eberhardt plot of Apollo 17 trench fines 7922l.

21

Ages were calculated from Nec contents deter-

mined from the slope of the lines through the

extreme points and the assumed intercept (Ne22

/'NeZl)T = 32.0.

Eberhardt plot of Apollo 17 trench fines 7924l.
Solid lines and associated ages were determined
in the same manner as with 79221. Dashed lines
illustrate lines and associated ages which would
result if an assumed intercept of (Nezz/NeZJ')T

= 31.0 had been used.

Eberhardt plot of Apollo 17 trench fines 79261.
Solid and dashed lines determined in the same

manner as 79221 and 79241l.

40

Ar vérsus Ar36

for Apollo 17 trench fines
79221, 79241, and 7926l. Slope and intercept
of lower limit was determined from approximate
best fit through extreme points, the slope is
~ 1.30 and the intercept is ~0.37 x 1074 cm®
STP/g. The slope of the upper limit is ~ 2.50

and was determined from one extreme point and
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an intercept calculated from the relation

40 8 3
Arintercept

sium content in ppm) from Yaniv and Heymann

=4 x 10°° K cm® STP (K = potas-

(1972). The assumed K content was 1450 ppm

and the intercept is 0.58 x 10~% em® sTp/g.
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FIGURE 5
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