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ABSTRACT 

PATTERNS OF SOIL MATURATION AND MIXING AT THE 

APOLLO 16 LANDING SITES: SURFACE SOILS 

James R. Ray 

An analysis of the Apollo 16 surface soil samples is presented 

in an effort to distinguish the separate effects due to mixing of un¬ 

like fines from those attributable purely to regolithic maturation 

processes. In establishing a background needed to accomplish this 

task, aspects of large-scale stratigraphy and geologic sequence in the 

central highlands are reviewed. Likewise, a comprehensive discussion 

of the interrelated phenomena associated with a soil's residence in 

the upper millimeter of the regolith follows. Data for major element 

chemistry and trapped inert gases are assembled from the literature 

and used to infer the provenance of archetypical soils and kinship re¬ 

lationships of remaining surface samples. The hypothesis of maturation 

domination of inert gas variations is considered and its consequences 

are delineated. It is found that this assumption, while adequate in 

explaining the gas properties of most soils, fails to account for about 

one-fifth of the samples, particularly soil 61221. An alternative 

approach is then presented which views the distinctive soils as remnants 

of ancient solar wind irradiation. In this context, unambiguous matur¬ 

ation effects are discernible only for the evolution of absolute gas 

concentrations and the elemental ratio ^Ne/^Ar. The unique soil 61221 
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is found to have excess argon relative to its very low state of 

maturity by a factor of about ten after correction for outgassing. 

This anomaly is ascribed to an irradiation between 3.5 and 4.0 Gy 

ago by a solar wind with particle flux greater than present by the 

same factor. A similar gas-rich component occurs in less pure form 

in other surface samples. 
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FORWARD 

This thesis represents the first part of a two-phase program to 

study properties of soils found at the Apollo 16 landing site on the 

Moon. By drawing upon concepts and data in the literature, the first 

part, i.e. this thesis, attempts to fashion a consistent theory of the 

interrelationships of this suite of surface samples with a view toward 

understanding their provenance, mixing histories and maturation dynamics. 

In the process it is hoped that certain conclusions, or at least rea¬ 

sonable conjectures, can be advanced which may illuminate processes of 

general lunar significance, in addition to contributing to specific 

provencial problems. The second part will expand upon this work by 

examining the subsurface Apollo 16 samples taken in the deep drill core. 

This should afford an opportunity to both test ideas formulated here as 

well as broaden their scope and relevance. 



CHAPTER 1 

APOLLO 16 SITE AND LARGE-SCALE STRATIGRAPHY 

The first four Apollo lunar landing missions had all been to 

maria or mare-periphery regions. But on the basis of orbital observa¬ 

tions some characterization of the unsampled highlands was already 

possible before the Apollo 16 mission; for instance, the highlands were 

believed to be aluminum-rich (Turkevich et al_., 1968). Detailed stu¬ 

dies of exotic soils, presumably imported to the maria as impact ejecta, 

contributed further to a picture of terra material. Small amounts of 

what appeared to be genuine highlands rock were present in the Apollo 

11 soil, for example (Wood et aj_., 1970). Photogeologic interpreta¬ 

tions of the Cayley Plains-Descartes Mountains widely held this central 

highlands region, in which the Apollo 16 site is located, to be vol¬ 

canic in origin. Younger igneous rocks were expected to have intruded 

and covered much of the older aluminum-rich crust. Thus, the principal 

objective of the Apollo 16 effort, launched 16 April 1972, was "the 

investigation of such igneous rocks, along with a search for samples of 

the primitive aluminum-rich crust " (Muehlberger et al., 1972). It 

was thus somewhat surprising when, contrary to expectations, the rocks 

at the landing site were found to be highly brecciated and the site 

itself was covered with a deep regolith. According to the Lunar Science 
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Preliminary Examination Team (1973), "no evidence has been found for 

volcanic rocks underlying the regolith in the Apollo 16 region." 

Instead of supporting the volcanism hypothesis, samples returned by 

Astronauts Duke and Young suggest that terra rocks and landforms were 

generated by impact processes. By way of introduction to the subject 

of regolith stratigraphy as revealed in the deep drill core, it is 

instructive to first consider what is known of surface features and 

the large-scale stratigraphy at this site. 

1.1 Central Lunar Highlands 

The Apollo 16 Lunar Module (LM) landed near 9°S latitude, 16°E 

longitude, close to the center of the Moon's near side face, in a 

region known generally as the central highlands. This heavily cratered 

region is situated between dark maria, with Nectaris to the southeast, 

Tranquil 1itatis northeast, Nubium southwest, Serenitatis north, and 

Imbrium to the far northwest. Three major geologic units have been 

distinguished in the region: the Cayley Formation (plains), the 

Descartes Mountains, and the Kant Plateau (see Figure 1-1). Charac¬ 

teristically, the Cayley Formation is the low-relief terrain occupying 

crater floors, low intercrater areas, and, in fact, virtually every 

local depression in the highlands except the floors of relatively young 

craters (Trask and McCauley, 1972). Small craters (300 m to 2 km in 

diameter are abundant on most of these high albedo plains, suggesting 

that the Formation is older than the maria. In the vicinity of the 

lunar module, the Cayley plains are "smooth but broadly undulating with 
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FIGURE 1-1 Major topographic units in the central highlands. 
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a maximum relief of several meters." (Muehlberger et^ aK, 1972) The 

landing vehicle came down in the plains at a point near the western 

edge of the Descartes Mountains, the hilly or "hummocky" terrain 

previously thought to represent viscous volcanic extrusions. Relative¬ 

ly closely spaced, some of these hills are scarred by furrows similar 

to the vents observed atop some terrestrial fissure cones (Trask and 

McCauley, 1972). Farther east (about 50 km), occurs the Kant Plateau, 

part of the principal ring structure of the Nectaris basin and one of 

the highest topographic surfaces on the near side of the Moon. Apart 

from possible exotic rocks, Kant material is not expected at the 

Apollo 16 site. The primary objective of the three lunar traverses 

undertaken during this mission (Figure 1-2) then was to sample matter 

from the upland plains and from two nearby mountains, Smoky Mountain 

to the north and Stone Mountain to the south. Specifically, the plan 

constituted a study of the lateral variation of terrain between the 

bright-rayed craters, North Ray and South Ray, the two most apparent 

sources of surface debris in the immediate area (see Figure 1-3). The 

prime Cayley sampling areas were at the landing point (LM or station 10) 

and west of it at Flag and Spook craters (stations 1 and 2) where 

matter excavated from up to depths of 60 m was expected. Deeper Cayley 

material, excavated by the larger North Ray and South Ray impacts, may 

have been exposed near the rim of the former crater (stations 11 and 

13) and in the ray deposits of the latter (stations 8 and 9). Stations 

4, 5 and 6 on the flank of Stone Mountain were to be the main sites 

for gathering Descartes material. These sampling designations, though, 
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FIGURE 1-2 Hypsographic map of Apollo 16 landing site, 

from AFGIT (1973). 
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FIGURE 1- 

South Ray Ejecta 

O 
3 North and South Ray ejecta distributions near the Apollo 

16 site. Astronaut traverses and station numbers are 

indicated. 
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represent little more than first-order expectations based largely on 

photogeologic interpretations. For example, ejecta from South Ray 

crater appears to mantle much of the surface of Stone Mountain in the 

vicinity of stations 4 and 5 so that it is uncertain whether Descartes 

materials were in fact sampled at these sites (Muehlberger et al., 

1972). Also, the proximity of North Ray crater to Smoky Mountain and 

the Cayley-Descartes boundary suggests that North Ray ejecta may be 

dominated by Descartes matter if this extends under the plains (Duncan 

et al_., 1973). Consequently, the labelling of any Apollo 16 sample as 

representative of either Cayley or Descartes material cannot be unam¬ 

biguous. This is particularly the case considering the chemical com¬ 

positions of the two units are apparently very similar (Taylor, 1973). 

In fact, AF6IT (1973) concludes that "the available evidence indicates 

the Descartes highlands differ from the adjacent Cayley Formation more 

in physiographic expression than in lithologic character." 

1.2 Provenance of the Highland Units 

As mentioned earlier, prior to the Apollo 16 mission the con¬ 

sensus of opinion held the terra regions to be the product of igneous 

activity. On the basis of physiographic and albedo characteristics, 

the Cayley-type plains were believed to have formed from the filling 

of highland basins and topographic lows by volcanic processes similar 

to those which had filled the mare basins (Trask and McCauley, 1972). 

In contrast, the hilly and hummocky highland locales akin to the 

Descartes Mountains, bearing no apparent relation to large crater 

rims, were interpreted as extrusive features formed by viscous, 
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silicic, igneous liquids (Trask and McCauley, 1972). But the absence 

of volcanic rocks and the abundance of impact-produced breccias at the 

Apollo 16 site argue persuasively against this hypothesis (LSPET, 1973). 

Using a crater erosion model, Soderblom and Boyce (1972) con¬ 

cluded that the various light Cayley-type plains scattered across the 

Moon's surface all have ages within a narrow range, their data being 

compatible with simultaneous formation. The preferred time frame is 

prior to the flooding of the maria but after the Imbrium basin event 
Q 

roughly 3.5 Gy (3.5 x 10 years) or so ago. Furthermore, the authors 

note the widespread distribution of such plains, finding units on both 

near and far sides of the Moon to have similar ages. These results, 

together with the observation of non-volcanic breccias at the Apollo 16 

site, suggest, then, that the Cayley-type formations are ejecta from 

some large-scale impact event having Moonwide significance. For this 

reason ballistic matter from the most recent cataclysmic impact, that 

of the Orientale multi-ring basin, was singled out by Chao et al♦(1973) 

and by Hodges et^ al_.(1973a,b) as the source of at least the upper por¬ 

tion of the plains materials. Along similar lines, Eggleton and 

Schaber (1972) separate basin ejecta into two prinicipal transport 

modes, one ballistic and the other highly fluid. It is this latter 

mechanism which is presumably responsible for the infilling of existing 

depressions to produce the smooth planar patches. 

These models relying on remote sources for the plains deposits 

have not fared well. Oberbeck et al.(1974,1975) showed that the smooth 

plains materials cannot be mainly basin ejecta; the mass excavated and 

deposited locally by secondary cratering near the Apollo 16 site should 
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be many times that delivered by primary projectiles from a basin-forming 

impact. They reason that the flat terra units are thus overlain by 

mostly local and regional ejecta, not by directly emplaced basin matter. 

In support of a local provenance for the Cayley Formation, Drake et al. 

(1974) point out that orbital gaihma-ray measurements over Mare Orientale 

have recorded low LIL-element concentrations (LIL element = large ion 

lithophile element; e.g., U, Th, Hf, Zr, Nb, Ta) in contrast to the 

intermediate to high LIL concentrations in rocks returned by Apollo 16. 

A further blow for the remote origin schemes was delivered by Grudewicz 

(1974). By studying the crater size-frequency distributions of several 

highland plains sites, he estimates their relative ages and finds there 

to be a greater diversity than previously thought (Soderblom and Boyce, 

1972). Without the constraint of near-simultaneous formation times for 

the plains, models need no longer rely on a single event of Moonwide 

importance. 

A comprehensive scenario has been formulated by Head (1974) 

which attempts to account for petrology in the Apollo 16 locale as the 

product of a sequence of regional cratering events. Central to his 

approach is the importance of several ancient, severely degraded 

craters. Unnamed crater A (Figure 1-4) is about 150 km in diameter 

and is centered on the landing site with its eastern edge passing 

through part of the Kant Plateau. Judging from its extremely degraded 

state and the large number of superposed craters, unnamed A is thought 

to be the largest old crater in the vicinity, predating the Nectaris 

basin. Unnamed crater C, 26 km in diameter, lies just north of crater 

Descartes. Both these craters are degraded and overlain by Descartes 
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FIGURE 1-4 Crater nomenclature of Head (1974) 
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Mountain material. Corresponding roughly to the patch of Cayley plain 

in which Apollo 16 landed (at its eastern edge) is unnamed crater B. 

(Compare Figure 1-4 to Figure 1-1.) Approximately 60 km in diameter, 

this crater appears to be younger than the surrounding Descartes unit. 

Smoky and Stone Mountains occur on what corresponds to the eastern 

outer rim of unnamed B. Obviously younger than unnamed A since it 

formed on the floor of A, unnamed B is still relatively old since other 

major craters (unnamed D and Dollond B) overlap it. Both Dollond B and 

unnamed B are believed to predate the Imbrium event. 

The stratigraphic sequence, as deduced by Head (1974),is illus¬ 

trated in Figure 1-5 and is described in the following. During the 

pre-Nectaris era the central lunar highlands, like most of the Moon's 

surface then, existed as a densely cratered terrain consisting pri¬ 

marily of light-colored anorthosite. The event producing large unnamed 

crater A dates from this interval and it may have penetrated deep 

enough to expose primitive, unreworked highland crustal material. By 

analogy with terrestrial craters, the floor of unnamed A was probably 

filled with fallback breccias formed of light clasts (chunks of the 

anorthositic bedrock) embedded in a dark matrix (formed by the fusion 

of impacted material). Also from this period are the craters Descartes 

and unnamed C, which overlie the rim of unnamed A. The bulk of the 

Descartes Mountains material was then deposited as ejecta from the 

Nectaris basin (about 600 km in diameter), which occurred about 550 km 

to the southeast of the Apollo 16 site, beyond the Kant Plateau. The 

Plateau itself probably owes its high elevation to an uplifting effect 
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STRATIGRAPHIC SEQUENCE IN THE APOLLO 16 REGION 

GEOLOGIC CRATERS BASINS REGIONAL DEPOSITS 
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FIGURE 1-5 Head's (1974) stratigraphie sequence for 

the Apollo 16 region. 
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around the outside of the basin. Nectaris ejecta also probably par¬ 

tially filled in the craters unnamed A, Descartes, and unnamed C. Like 

the unnamed A event, the Nectaris projectile probably excavated pre¬ 

dominantly unreworked highland materials (light, anorthositic). 

Subsequent to the formation of the hilly Descartes unit, unnamed 

crater B was blasted into the edge of the mountains and the floor of 

unnamed A. Later craters unnamed D and Dollond B and C cut into the 

rim of unnamed B. Brecciation due to these events would have been 

complex. Virtually every combination of light and dark clasts in light 

or dark matrix is conceivable, but dark matrix breccias with light and 

dark clasts probably dominated fallback ejecta on the floor of unnamed 

crater B. It is this cratering event which is probably most responsi¬ 

ble for much of the general character of the landing site. According 

to Head's interpretation, Stone and Smoky Mountains are surviving parts 

of the unnamed B crater walls. The subdued terraces associated with 

these two landmarks are very similar to degraded crater wall terraces. 

In time, a light matrix blanket (up to 50 m in average thickness) may 

have been deposited from local material excavated by the intense bom¬ 

bardment of secondaries associated with the formation of the Imbrium 

basin to the far northwest (Head, 1975). Together with secondary cra¬ 

tering effects, this ejecta may have pooled in existing crater floors 

enhancing the planar quality of these surfaces. But it should be 

stressed that Head feels the general smoothness of the Cayley Formation 

to be due more to the original unnamed B crater floor smoothness rather 

than any subsequent deposition. Any contribution from Orientale basin 
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formation at the Apollo 16 site seems, at best, minimal. Generally, 

therefore, the large-scale stratigraphy is probably dominated by 

Nectaris material and the products of unnamed crater B overlain with 

a possible layer of Imbrium deposits. It is into such a complex 

stratigraphy, then, that recent craters (especially North and South 

Ray) have pierced. 

1.3 Recent Craters 

The recent local craters North Ray and South Ray should provide 

an opportunity to appraise the stratigraphic scheme outlined above. 

The nearly 1 km wide North Ray crater lies on a ridge at the western 

edge of Smoky Mountain and has a depth of about 230 m (Muehlberger et 

al., 1972 and Ulrich, 1973). Its rim is about 300 m above the eleva¬ 

tion of the floor of South Ray crater, 10 km to the south (Ulrich, 

1973). The latter crater is about 150 m deep (AFGIT, 1973). In the 

lower half and on the floor of South Ray is exposed a breccia of anor- 

thositic gabbro and metaclastic crystalline rock which is also distri¬ 

buted as hard white angular fragments throughout the ray-covered sou¬ 

thern half of the landing site (AFGIT, 1973). Head (1974) interprets 

these rocks to be underlying material that more completely melted and 

more slowly cooled when the unnamed B projectile impacted. The rapidly 

cooled dark-matrix fallback breccias overlay this light unit and de¬ 

fined the unnamed B crater floor. This dark layer, about 30 m thick, 

lies above the light crystalline unit in the walls of South Ray, is 

the lowest horizon in North Ray, and is apparently penetrated by the 
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150 m wide Baby Ray crater. Fragments of such dark breccias are 

dominant on the Cayley plains in the southern portion of the site 

(AFGIT, 1973). The proximity of North Ray to the supposed terraced 

wall of unnamed crater B, where downfaulting and slumping may rea¬ 

sonably have occurred, is employed by Head to explain the observation 

that the dark layer is much closer to the surface at South Ray than 

at North Ray. Being somewhat closer to the center of unnamed crater 

B, South Ray and Baby Ray were little affected by wall slumping. Thus, 

at South Ray crater the dark breccia unit is overlain by only a rela¬ 

tively thin lighter surficial layer, about 30 m or less in thickness, 

of possible Imbrium origin. Apart from a similar surface layer at 

North Ray are two other distinguishable units above the dark layer. 

The lower of the two, from 50 to 100 m thick and directly atop the 

dark-matrix rocks, is a friable light-colored stratum (AFGIT, 1973). 

This is the most likely source of the light soils distributed over 

much of the rim of North Ray crater. Above this is a 100 m thick 

layer of blocky, light- and locally dark-matrix breccias (Ulrich, 

1973). As will be seen in following sections, the theme of light and 

dark breccias (later, soils) is a recurring one, proving a very useful 

analytic framework. 

In the development presented here, as many as five possible 

rock components have been described: 1) an underlying metaclastic 

crystalline foundation, 2) a dark-matrix breccia layer, 3) a light- 

colored very friable unit, 4) a light- with some dark-matrix breccia 

stratum, and 5) a relatively light surficial covering. The third and 

forth of these types are apparently not separately distinguishable in 
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the interior of the plains setting (that is, at South Ray and Baby Ray 

craters). At this stage it cannot be said whether all four (1,3,4,5) 

of the higher albedo rock types constitute truly independent varieties 

or whether some are mechanical mixtures of others. The question of 

number of independent soil components will arise later from analyzing 

the inert gas contents of various soil samples. (It is presumed that 

the Apollo 16 soils are derived by comminution or erosion of locally 

existing rocky material.) Though richer in glassy matrix and melt 

constituents, the dark-matrix breccias share common major element 

chemistries with the light-matrix breccias and soils (LSPET, 1973). 

This accords with the view presented here of local processes involving 

local materials being responsible for the bulk of the petrology at and 

character of the Apollo 16 site. A study of the siderophile elements 

Ir, Re and Au, which are thought to be diagnostic of meteoritic con¬ 

tamination, by KrShenbühl et aK (1973) shows that the cataclastic 

anorthosites contain no ancient meteoritic component, which is con¬ 

sistent with this view. However, the dark-matrix breccias, which may 

be the fallback from the unnamed B crater excavation, contain a distinc 

tive proportion of the meteoritic tracers. All of these observations 

are compatible with Head's schema. 

The objective of this section has been to consider large-scale 

stratigraphy and the genesis of the various observed rock types found 

at the Apollo 16 site. An examination of the two most conspicuous 

crater arrays near the lander, North Ray and South Ray, can contribute 

to such an endeavor largely because of their relatively young ages of 

about 50 and 1 My and because the ejecta blankets from these impacts 
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are quite large. But an important caveat should be injected at this 

point: my discussion of stratigraphic columns on the order of tens 

of meters in depth is not meant to imply homogeneity or regularity 

across such scales. The lunar surface is continuously subjected to 

a broad spectrum of meteoritic bombardment; the regolith is reworked 

by both comminution and agglutination, is gardened and overturned, 

aged, mixed and transported laterally. As a result, lunar strati¬ 

graphy should be exceedingly complex, exhibiting a heirarchy of stra¬ 

tigraphic regimes. With some feel for the situation at the large end 

of the range in hand, we will proceed to considering layering on 

successively finer scales. 



CHAPTER 2 

SURFACE SOILS 

2.1 Inert Gas Components and Solar Mind Trapped Gases 

Inert gas concentrations have been determined in less than 1 mm 

lunar fines using a variety of laboratory extraction techniques as well 

as different soil size and mineral fractions. Of greatest interest 

here will be those values reported for total gas contents released 

from bulk fines. Using terminology borrowed from meteoritic studies, 

the inert gases in lunar soils are presumed to be a mixture of the 

following components (Heymann, 1977): 1) radiogenic components, from 

the natural radioactive decay of unstable parents (e.g., HeR from the 

a-decay of U and Th; ^Ar^ from ^°K; ^XeR f
rom ^1); 2) fissiogenic 

components, those Kr and Xe isotopes derived from fission of heavier 

nuclides; 3) cosmogenic or spallogenic components,produced by the in¬ 

teraction of galactic and solar cosmic rays with soil nuclei (especially 

3 21 38 
He , Ne , Ar ); 4) trapped or solar wind components, usually taken 
w L v# 

as the residue after accounting for the first three component types 

but universally believed to be dominated by gases implanted through 

solar wind interaction with the Moon's surface. 

It is the latter component which predominates in the relatively 

gas-rich lunar regolith. The solar wind has typical velocities of 
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about 400 km/s near the Moon with temperatures of approximately 10 °K 

and a particle density of 2-10 cm . Lacking a large-scale magnetic 

field to fend off this plasma, the Moon's surface is continuously 

subjected to relatively low-energy (compared to cosmic rays, for 

instance) particle bombardment. The effects include both implantation 

of some fraction of the impinging gases into soil grains and the slow 

erosion by sputtering of exposed surfaces. That the trapped components 

do indeed result largely from solar wind bombardment has been convinc¬ 

ingly demonstrated by experiments proving these gases to be surface 

correlated and by the similar isotopic signatures manifest in trapped 

gases and the solar wind. In Table 2-1 some elemental and isotopic 

ratios in lunar samples reported by Eberhardt et al^ (1970) are con¬ 

trasted with comparable quantities from the solar wind composition 

experiment of Geiss et al_. (1972). This experiment represents a 

direct measurement of the solar wind. Generally, helium and neon iso¬ 

topic ratios in soils agree well with the solar wind values; but the 

elemental ratios lie/^uNe and ^uNe/ °Ar are very often discordant. 

Apparently, the trapping efficiencies and diffusive loss rates for the 

lighter gases vary with the mineralogy of the target material (Eberhardt 

et aK, 1970). Other factors, as extent of radiation damage, may also 

contribute to elemental fractionation. This subject will be taken up 

more fully later. A large number of investigations have been made on 

the grain-size distribution of trapped gases in fines. The salient 

observation is that trapped gas contents are nearly always roughly in¬ 

versely propotional to grain diameter. This is the expected result for 

any surface implantation process since gas concentration would then 
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TABLE 2-1 

Solar Wind3 

Trapped Gases 
in Bulk Fines 

10084b 

Trapped Gases 
in Ilmenite 
from 10084b 

4He/3He 2350 ± 120 2550 ± 250 2720 ± 100 

4He/20Ne 570 ± 70 96 ± 18 218 ± 8 

20Ne/22Ne 13.7 ± 0.3 12.65 ± 0.2 12.85 ± 0.1 

22Ne/21Ne 30 ± 4 31.0 ± 1.2 31.1 ± 0.8 

20Ne/36Ar 28 ± 9 7 ± 2 27 ± 4 

a = Geiss et al_. (1972) 

b = Eberhardt et al_. (1970) 
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depend on the specific surface area (surface area per unit soil mass) 

which in turn varies as the inverse of particle diameter (for spherical 

grains of uniform density). Deviations by real soils from a strict 

1/d dependence (where d is grain diameter) is readily explained by con¬ 

sidering their non-ideal characteristics; non-spherical grains, varia¬ 

tions of grain type abundances with size, non-uniformity of density and 

retentivity, and formation of welded particles like agglutinates are 

a few such reasons. Eberhardt et al_. (1970) have added further support 

to a surface-correlated origin for trapped gases by etching away the 
O 

outer layer of ilmenite grains to an average depth of about 2000 A. 

The concentrations of all trapped gases are greatly reduced by this 

treatment. More recently Büchler et^ al_. (1977) and Kiko et al_. (1977) 

have used an ion probe to study helium and neon depth profiles in in¬ 

dividual ilmenite, glass and olivine grains. Two types of profiles are 

distinguished: juvenile, where the maximum gas concentration is within 
o o 

the outer 300 A and the total profile is confined to within 1000 A of 

the surface; and aged, with low surface concentrations, broader distri- 
o o 

butions, and maxima at least 800 A, sometimes more than 2000 A, below 

grain surfaces. Presumably, mature soil particles experience gas migra¬ 

tion inward after implantation. Thus, there can be little doubt that 

the bulk of trapped rare gases represent implanted solar wind. 

2.2 Trapped ^Ar 

There is, however, at least one notable exception to the previous 

claim. Studies of the first lunar samples revealed the regolith to 



22 

40 contain much more Ar than can be expected from solar wind entrapment 

(e.g., Heymann and Yaniv, 1970). While the ratio ^Ar/^Ar is around 

unity, though rather variable, in lunar fines its primordial solar 

-3 value is estimated to be no greater than about 10 (Begemann et al., 

1976 and Cameron, 1973). In situ decay of can account for only a 

small fraction (usually up to about ten percent) of the measured ^Ar 

concentrations unless ages much older than 5000 My are permitted for 

lunar soils (Heymann, 1977). Thus it is common for trapped ^Ar, the 

resulting quantity after deduction of the radiogenic contribution from 

the measured concentration, to be referred to as excess, parentless, 

40 or orphan Ar. Several explanations have been proposed for its 

origin. Heymann and Yaniv (1970) note a linear relation between 40Ar 

and 3^Ar in grain size fractions and that 4^Ar is surface-correlated 

like other trapped components. But if the solar wind cannot be a 

source reservoir for this isotope they propose instead that it be the 

driving mechanism. Together with Manka and Michel (1970), these 

40 authors suggest that neutral Ar in the lunar atmosphere, from the 

outgassing of radiogenic argon formed in the Moon's interior, is 

ionized then accelerated toward the lunar surface through interaction 

with the solar wind vx$-electric field. Because the flux of ^Ar into 

the Moon's atmosphere is likely to have decreased with time, this model 

predicts (Yaniv and Heymann, 1972) that (^Ar/3^Ar)y is larger in fines 

exposed on the surface in the more distant past than in those exposed 

more recently. Walton et al_. (1973) refined this approach somewhat 

arguing that the higher surface temperature more than 4000 My ago 

(associated with igneous activity like mare filling) caused a high 
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(^°Ar/3°Ar)T ratio of up to about ten. With subsequent cooling the 

ratio declined, reaching a minimum value sometime within the last 

3300 My of less than 0.3, the average of Apollo 12 fines. After this, 

these authors speculate a gradual rise may have begun with the warming 

up of the Moon's deep interior thus accounting for (^Ar/^Ar)y values 

of about one in recently exposed soils. Jordan et al_. (1974) have 

pointed out that for this implantation mechanism the slope of the ter¬ 

rain can also strongly affect the ratio in reposing soils. So at least 

two causes — one historical and the other topographic — together with 

mixing of different soils are known to contribute to the fairly wide 

range of values taken on by (^Ar/^^Ar)y in fines. Possible further 

alterations due to surface maturity will be considered later. In 

support of an atmospheric retrapping model, Hodges and Hoffman (1974) 

report variations in the Moon's atmospheric argon concentration which 

they characterize as episodic in nature. Their conclusion is that some 

mechanism, probably seismic, for transient venting of gas from deep 

within the Moon must be presently active. This possibility may allow 

for relatively short-term fluctuations in the (^Ar/^Ar)y ratio in 

addition to those causes for variation already discussed. 

Although the Heymann-Yaniv model is the more widely considered, 
40 alternative ideas have been proposed for excess Ar. Calculations 

indicate that atmospheric ^Ar should be implanted with much less 

energy than solar wind Ar; in fact, for present solar wind condi¬ 

tions the average energies of implantation differ by about two orders 

of magnitude (Signer et al_., 1977). However, stepwise and linear 

heating experiments by a number of investigators have failed to reveal 
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gas release patterns for ^Ar and ^Ar as dissimilar as the large 

difference in implantation energies would predict. Frick et al_. (1973) 

bombarded a lunar soil glass sample with 2 keV Ar ions and observed 

distinct retentivities for the artificially implanted and "natural" 
40 Ar, the former being released at much lower temperatures. They were 

able to duplicate the similar release patterns of ^Ar and ^Ar in 

lunar soils by thermal treatment of samples after irradiation but this 
40 causes dramatic loss of the artificially implanted Ar without much 

altering the natural Ar. In response to the temperature release 

data, Baur et al_. (1972) postulated the existence of potassium-rich 

vapor deposits on surfaces of regolith particles. These coatings could 

have formed during the extrusion of the mare basalts early in the 
40 40 Moon's history. Decay of K and inward diffusion of daughter Ar 

40 would produce surface-correlated Ar. Subsequently, the potassium 

could have been lost from grain surfaces by solar wind erosion. Further 
40 arguments opposed to retrapping of atmospheric Ar and in favor of 

transient potassium coatings have been presented by Signer et al_. (1977). 

But this approach by the Zurich group is somewhat puzzling in that it 

would seem to suffer from the same apparent defect as the Heymann-Yaniv 

model. That is, the observed similarity of ^Ar and ^Ar thermal re¬ 

lease patterns would appear to be at least as inconsistent with the 

inward diffusion scheme of Baur et al_. as with differential implanta¬ 

tion. This difficulty has yet to be effectively dealt with by Signer 

and his group. 
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It has been suggested that the extent of migration (and, as a 

consequence, the retentivity) of a species inside a grain is largely 

governed by the degree of radiation damage experienced by the particle's 

surface (Ducati et^ al_., 1973 and Deubner et^ al_., 1976). Furthermore, 

many lunar soil grains, especially those in the smallest size fractions 

which are also the most gas-rich, have amorphous coatings of heavily 

radiation-damaged material (Maurette and Price, 1975). It is then easy 

to understand the conclusion of Bibring et al_. (1974), based on studies 

of implanted carbon, that it should not be possible to differentiate 

low-energy implanted Ar from solar wind gas because both contribu¬ 

tions are quickly redistributed by "damage diffusion." The simulated 

implantation studies by Frick et al_. (1973) using glass particles may 

not be representative of the actual processes at work in real lunar 

soils. Thus, the linchpin of the surface potassium model, the need to 

explain the similarity of ^Ar and ^Ar release patterns by a non- 

implantation source for Ar, seems unnecessary. In their study of 

rare gas depth profiles, Kiko et al_. (1973) have recently found a group 

of olivine grains which consistently have helium and neon concentra¬ 

tions resembling those classed as juvenile (peaked at the surface) but 
O 

with a second smaller peak at about 500 A depth. These particles have 
0 

heavily radiation-damaged outer zones of about 300 A thickness through¬ 

out which the inert gases are free to diffuse. The gas atoms resident 

at the deeper depths (with higher release temperatures) are thought to 

represent the high energy Maxwellian tail of the solar wind velocity 

spectrum. In stepwise heating experiments using these olivines, Kiko 
oo 

et al. found the solar wind isotopes *J Ar to be released bimodally 
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at around 600°C and 1100°C while ^Ar is seen only at the lower temper¬ 

ature. These results are consistent with the earlier ideas provided 

that olivine is assumed to possess the proper target features; namely, 

olivine must, for unknown reasons, permit unusually high energy solar 

wind ions access to the relatively undamaged grain interiors while 
O 

trapping all other implanted atoms in the outer damaged 300 A. This 

characteristic cannot be a general one for lunar soil minerals because 

of the usual similarity of ^Ar and ^Ar release patterns. But Kiko 

et aK have observed their double peaked gas profiles only in olivines. 

Therefore, it can be claimed that the distinctive thermal release pat¬ 

terns expected for implanted 40Ar and ^6Ar have now been detected in 

these olivine grains but that the similarity otherwise seen in soils 

is probably due to the efficient diffusive qualities of radiation 

damaged zones found on many soil particles. 

In a different vein, Hills and Freeman (1978) have lately sug¬ 

gested that the terrestrial atmosphere may be the source of a "planetary 

wind"flowing in the earth's magnetosphere. Since the Moon spends about 

10% of its orbital period in the inner part of the earth's magneto- 

spheric tail where the solar wind does not penetrate, terrestrial ions 

may make a significant contribution to trapped lunar gases. Such a 

component would be especially important in an isotopic system like 

argon where the terrestrial ^Ar/^Ar ratio is so very different from 
-3 _4. the solar value (about 300 today as compared with 10 or 10 ). 

Unfortunately, Hills and Freeman have only sketched out a few basic 

ideas and no quantitative model has yet been formulated. 
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In summary, it is probably fair to say that the problem of 

40 excess Ar remains unsettled. The model of Heymann and Yaniv seems 

the most satisfactory one available currently but even it is able to 

provide only rather general guidelines as to the expected variations 

of (^^Ar/^Ar)y in lunar soils. Nevertheless, this variability is 

itself a potentially useful indicator in classifying soils by type 

even if the cause for different ratios in different soils remains 

elusive. It should be noted, in passing, that the strong possibility 

40 of an atmospheric retrapping mechanism for Ar being active on the 

Moon necessitates the consideration of such a process for the implan¬ 

tation of other species as well. Though this is unlikely to be a 

significant source for most inert gases, a detectable addition to the 

solar wind-poor isotopes of a system like xenon is conceivable. Pepin 

and Phinney (1979) are in fact pursuing such an idea. 

To illustrate the sort of component contributions normally 

determined for the light noble gases in lunar fines, Table 2-2 lists 

a typical distribution. 

2.3 Effects of Maturation Processes 

As mentioned earlier, the lunar surface is continuously sub¬ 

jected to particle bombardment of very broad size distribution. The 

massive end of the spectrum, up to about 10^ g (Arnold, 1975), tends 

to form craters, overturn, fragment, and mix regolith material, in 

the process bringing fresh matter to the surface. Here it is exposed 

to the less cataclysmic effects of the smaller size range of impact 



TABLE 2-2 

Isotope Components (percentage of measured abundances) 

3He u 25%), u 

c
n
 

4He H (< 10%), 
4HeT (> 90%) 

20Ne 20.. Ne^ {% 100%) 

21Ne 
% u 50%), 21NeT 50%) 

22Ne 22NeT 100%) 

36Ar 36ArT (* 100%) 

38Ar % 2%), 33ArT K 98%) 

4°Ar (-V 10%), 
4S (~ 90%) 

Typical distribution of inert gas components found in lunar 

fines (drawn largely from data of Jordan, 1975). Subscript 

designations are: 

C = cosmogenic 

R = radiogenic 

T = trapped (solar wind except for ^Ar^). 
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particles, micrometeorites and solar wind ions, and undergoes 

"maturation." The large-scale effects are often referred to as 

gardening, the processes responsible for the depositional history 

seen, for instance, in the Apollo drill cores. (A more thorough 

examination of this subject will be presented in my following 

thesis on the Apollo 16 drill core.) Recently, much attention has 

been devoted to detailing the intrinsic changes that occur in soils 

at the top of the regolith (the uppermost few millimeters) as a 

result of maturation. These various characteristics of surface 

soil evolution are discussed in the following. 

Comminution and aggregation. The most general effect of the rework¬ 

ing of the uppermost regolith layer is a diminution of the average 

grain size. In the absence of mixing of different soils, rock and 

mineral fragment population show a characteristic evolution of their 

grain size distributions with maturity. Mineral grains (namely, 

plagioclase, pyroxene, olivine) increase in numerical abundance and 

rock fragments decrease as the mean particle size of a soil decreases 

(Engelhardt et al., 1976). Apparently, ageing results in the decay 

of rock bits into their constituent minerals while the mineral grains 

themselves are continuously comminuted. In the model of Lindsay (1974) 

such erosional processes proceed unhindered during the primitive or 

comminution-dominated stage in the textural evolution of fresh lunar 

material. During this period, the mean grain size gradually decreases 

while the graphic standard deviation increases (or the soil becomes 

more poorly sorted). Meanwhile, impact heating by micrometeorites 
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begins to cause the welding with glass of crystalline grains and 

lithic fragments into aggregates referred to as agglutinates (with 

more glass) or regolith breccias (with less glass). These construc¬ 

tional particles consist of all the constituents of the local soil; 

the composition of agglutinitic glass has been shown to closely cor¬ 

respond to that of the soil at a particular site (Engelhardt et al., 

1976). Because agglutination is probably restricted to the top 1 mm 

of the lunar surface (at least under present conditions), the total 

agglutinate content of lunar soils bears a natural relationship with 

duration of surface exposure (Basu, 1977). When a soil's mean grain 

size approaches the mean agglutinate dimension, comminution must com¬ 

pete with agglutination and this ushers in the mature or agglutination- 

dominated stage (Lindsay, 1974). Virtually all lunar soils studied 

have reached this point and progress in the agglutination-dominated 

phase is often designated by considering three categories of develop¬ 

ment: immature, submature, mature. Throughout this stage mean grain 

size continues to decrease but the standard deviation now also de¬ 

creases (or soils become better sorted) (Lindsay, 1974 and McKay et al. 

1974). A lower size limit seems to exist which may be due in part to 

the preferential fusion and incorporation of the smallest size frag¬ 

ments into agglutinates (Engelhardt et al., 1976). An ideal soil (one 

which does not experience mixing with foreign material) should attain 

an equilibrium state when pulverization and agglutination balance each 

other so that an essentially constant grain size is maintained (McKay 

et al_., 1974). Thus, the following measures of soil maturity are 

offered: decreasing median grain size (approaching a lower limit), 
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increasing percentage of agglutinates and regolith breccias, size- 

frequency distributions for minerals that are increasingly peaked at 

finer dimensions. It follows immediately, then, that the agglutinate 

content should be highest in the finest samples, an observation reported 

by many investigators. 

In reality the situation is somewhat complicated by the fact 

that gardening of the lunar surface does occur, soils are transported 

laterally, and fines of differing maturity are mixed. For instance, 

fresh ejecta could be mixed with a mature soil to give a soil which 

appears submature by textural criteria. To account for this, a source 

for replenishing fresh coarse fragments from depth is often introduced 

into models of soil evolution (McKay et al_., 1974; Mendel! and McKay, 

1975). In principle, a long-term steady state can be achieved by the 

balance of comminution, agglutination and replenishment processes re¬ 

sulting in an asymptotic mean grain size which is larger than that 

attained by the equilibrium ideal soil. Quantitative models have been 

formulated by Mendel! and McKay (1975) who follow both mineralogical 

(i.e., agglutinate content) and textural (grain size) maturity, and by 

Basu (1977) who considers only the former. The important point of both 

studies is the prediction that the percent agglutinate content as a 

maturity index saturates; that is, the abundance of agglutinates in 

lunar soils can increase with time only at exponentially decreasing 

rates. Further, Basu (1977) points out that the rates of agglutina¬ 

tion and comminution depend on the micrometeorite flux as well as the 

chemical and modal (i.e., minéralogie volume percent) composition of 
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exposed soils. For instance, the saturation limit and rate of agglu¬ 

tinate production have been shown to be lower for soils with lower FeO 

content (Morris, 1976; Basu, 1977). Similarly, the rate of replenish¬ 

ment of coarse material is dependent on the meteoroid flux and the 

nature of the underlying substrate, the principal source. In this 

regard McKay et al_. (1974) have argued that the thickness of the local 

regolith has a major influence on the rate of replenishment — thin 

regolith has a higher rate of bringing large fragments from the bed¬ 

rock by meteoritic impact than does thick regolith. The steady state 

model of McKay et al_. predicts that the average grain size of the 

finest soil at any site should be inversely related to the thickness of 

the local regolith. Consequently, the textural and minéralogie matur¬ 

ity indices considered here probably cannot be considered as much better 

than useful qualitative indicators of exposure age, incapable of pro¬ 

viding absolute dating information. Efforts, as those of McKay and 

Heiken (1973), to find a linear relation between percent agglutinate 

content and duration of surface exposure are likely to be misleading, 

especially for soils rich in agglutinates. 

As a corollary to the textural trends noted, it is logical to 

expect the specific surface area of lunar soils (i.e., the total sur¬ 

face areas of all soil particles per unit soil mass) to be related to 

exposure through grain size dependence. Since median gran size 

decreases, surface area should increase with maturity. Cadenhead et al. 

(1977) report that such is the case and that a limiting surface area 
2 

of about 0.7 ± 0.1 m/g is attained by the most mature fines. 
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Particle Irradiation. Fossil tracks preserved in crystalline grains 

record the passage of heavy (Z >_ 20) nuclei near the end of their range 

where their ionization rate is maximum. These particles originate in 

solar flares and galactic cosmic rays. As a function of penetration 

depth, track densities fall into two regimes (Crozaz and Walker, 1975): 

less energetic solar flare particles (about 10 keV to 100 MeV per 
p 

nucleon) dominate the track record at depths less than 1 g/cm , whereas 

galactic cosmic rays (1-10 GeV per nucleon) dominate at greater depths. 
2 

For shielding depths in excess of about 40 g/cm , track data become 

difficult to obtain. It has long been recognized that the extent of 

irradiation as measured by tracks correlates with such maturity indices 

as median grain size and agglutinate content. However, the interpre¬ 

tation of track data is complicated by the fact that track densities 

vary widely in different crystals of the same soil, reflecting the 

distinct exposure histories suffered by individual grains as well as 

the differing recording characteristics of various minerals (Arrhenius 

et al_., 1971). It is not uncommon for two soils to have the same 

average track density but very different track density distributions. 

In response to this situation, four track density indices have evolved 

(Crozaz and Walker, 1975): 1) the maximum track density; 2) the quar- 

tile track density, defined as that density above which 75% of the 

grains are found; 3) the median track density; 4) the percentage of 

track-rich grains, equivalent to the percentage of grains with densi- 
- 8 2 

ties greater than 10 tracks/cm . Unfortunately, the correlation be¬ 

tween these various parameters is not one-to-one and some ambiguities 
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have been noticed. Neither have track methods proven particularly 

successful in dating lunar features for which ages are known by 

independent means (Arvidson et a4_., 1975). But this is certainly not 

to say that track studies have failed to reveal interesting features 

of lunar soil dynamics. Goswami and Lai .(1977) have been able to 

gauge the extent to which the development of various soils has been 

dominated by in situ maturation or by physical mixing. For meteorite 

reworking alone, a soil's quartile track density and agglutinate con¬ 

tent will both increase steadily until the agglutinate concentration 

saturates. By contrast, a sample whose evolution is determined by 

mixing of soils with different exposure histories will have an agglu¬ 

tinate content which is the weighted average value of all the soil 

components but the quartile track density will be predominantly fixed 

by the least irradiated component. Thus, in a plot of percent agglu¬ 

tinate content versus quartile track density normally matured soils 

will plot along a curve of monotonie growth which approaches some 

asymptotic agglutinate level. Soils plotting off this curve in the 

region of high agglutinate content but low quartile track density are 

then interpreted as mixed. Using this framework, Goswami and Lai - 

(1977) have estimated that at least 20% of all lunar soils have 

experienced significant mixing. 

Solar wind ions, with a projected range of only a few hundred 

angstroms in solids, can produce intense radiation damage in the sur¬ 

faces of only those grains directly exposed to the sun. Simulated 

solar wind irradiation of micron-sized grains (Maurette and Price, 



35 

1975) shows that above some critical dosage, which is dependent on 

target mineralogy and on the projected ion, grains become severely 

rounded by ion sputtering and become coated with an ultra-thin, 

amorphous layer of radiation-damaged material that results from the 
O 

overlap of the very short ('v 100 A) ion tracks. Helium ions are 

thought to be the principal agents for rounding and coating properties 

seen in lunar soils. From a Monte Carlo soil mixing computer program 

(Bibring et^ a1_., 1975), it is inferred that an equilibrium coating is 

attained after about 2000 y (for feldspar) to 20000 y (for ilmenite) 

and that thereafter the coating propagates inward with a constant 
O 

thickness (averaging around 500 A) into the shrinking grain as outer 

atoms are sputtered away (Maurette and Price, 1975). Three implica¬ 

tions of these amorphous coatings have been suggested by Maurette and 

Price: 1) they serve as a sticking agent and may be responsible for 

the formation of microscopic soil breccias; 2) they serve as a region 

of rapid diffusion for trapped gases and as such may cause gases im¬ 

planted with different energies to become indistinguishable by mass 

spectrometric analysis in stepwise heating experiments; 3) small 

molecules are synthesized in the coatings. These authors have found 

the proportion of soil grains with an amorphous coating to be a good 

index of maturity. 

Chemical and optical properties of grain surfaces. It has long been 

recognized that some process on the lunar surface causes freshly 

exposed crater material to darken with age. Most simply this is seen 

in the dramatic contrast in reflectivity between the ejecta blankets 
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of many young craters (as known from the paucity of overlaying craters) 

and their surroundings; whence the designation bright-rayed young 

craters. South Ray crater, at the Apollo 16 site, is an ideal repre¬ 

sentative of this class. Apart from darkening, maturation has the 

additional optical effect of "reddening,", or steepening the reflectance 

spectrum continuum, of lunar soils. Fresh crystalline rocks and pow¬ 

ders, as those gathered from the rims of young lunar craters, exhibit 

high albedos and reflectance spectra which are typically flat and have 

one or more electronic absorption bands (Matson et al_., 1977). Opti¬ 

cally mature samples, mare soils, for instance, have low albedos and 

very red reflectance spectra without strong bands. Much information 

of lunar albedo characteristics comes from classical astronomical 

methods dating from well before the retrieval of the first Apollo 

samples. Suggestions of solar wind involvements in lunar darkening 

and supporting laboratory simulations date from the 1950*s and 1960's, 

respectively (Gold, 1955; Hapke and Van Horn, 1963). Rather than re¬ 

solving the nature of the albedo-altering process, the return of the 

first moon samples in 1969 served to provide ammunition for two general 

schools of thought on the subject. The scholarly battle that has 

raged throughout this decade continues unabated with very active re¬ 

search efforts underway utilizing increasingly sophisticated technology 

to explore the outermost surfaces of soil particles. 

Broadly speaking, the two divergent approaches to optical wea¬ 

thering effects entail: 1) the formation of light-absorbent coatings 

on soil grains; 2) the formation of dark agglutinates and their admix¬ 

ture into soils by micrometeoritic impact melting. The first alternative 
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is actually a set of ideas concerning possible surface chemical origins 

for dark grain coatings including (Gold et al_., 1977) : a) radiation- 

damaged amorphous coatings (Borg et al_., 1971; Maurette and Price, 

1975) discussed previously, which may only be crystallographically 

different from the grain bulk; b) the coatings of process a^may under¬ 

go chemical reduction due to the presence of solar wind hydrogen; c) 

solar wind sputtering may selectively remove certain elements leaving 

others with enhanced concentration; d) solar wind sputtering may be 

indiscriminant but the redeposition onto adjacent grain surfaces may 

not be resulting in selective elemental surface enhancements; e) impact 

vaporized material may be selectively recondensed in a fractionated 

manner similar to <i. 

The case for an agglutinitic darkening process is the more 

straightforward. In 1971, Adams and McCord showed that the reflectance 

spectrum of a ground-up Apollo 12 rock could be made to resemble that 

of surface fines by the addition of pulverized laboratory-produced 

glass from the same rock. As the quantity of glass mixed with the 

rock powder increased, the characteristic absorption bands of the rock 

spectrum faded, the spectrum flattened, and the reflectivity declined 

uniformly. But the albedo of the glass-rock powder mixture remained 

distinctly higher than that of the soil with the same proportion of 

glass. The difference is attributed to the splintered character of 

laboratory-produced glass chips which may transmit more light than the 

equant lunar glass particles and to the absence of adhering glass 

splashes on the rock powder grains thus exposing a greater surface area 

of light material than would occur in natural soils. Adams and McCord 
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(1973) later examined the relationship between reflectivity and 

agglutinate content for a number of Apollo 16 soils. The < 250 ym 

fines were separated into magnetic and non-magnetic fractions, the 

first group being nearly pure agglutinates while the second had less 

than 5% agglutinates. (Grant et al_. (1973) have shown that the magne¬ 

tic properties of agglutinates can be attributed to an abundance of 
o o 

iron metal single crystal spheres -- diameters from 40 A to 250 A — 

embedded in the welding glass. Reduction of iron from silicates by the 

action of solar wind hydrogen during agglutinate formation is the ex¬ 

planation preferred by Grant et aJL for the origin of this iron metal; 

alternative ideas on this subject will be presented later. Almost 

certainly, the presence of iron inclusions contributes to the optical 

attenuation by agglutinates.) Reflectance measurements by Adams and 

McCord (1973) on the Apollo 16 separates reveal the magnetic fractions 

(agglutinitic) to always have lower albedos than the bulk soils whereas 

the agglutinate-free groups always have higher albedos. The investi¬ 

gators (Adams and McCord, 1973; Adams and Charette, 1975) conclude that 

darkening of a soil with maturity is due primarily to the increasing 

proportion of agglutinates; coating of rock and mineral fragments with 

glassy deposits aids in a lesser way. The maximum extent of darkening 

that is possible is judged to be a function of the amount of iron and 

titanium in the parent material, consistent with the earlier conclu¬ 

sion that the rate of agglutinate formation is dependent on FeO content 

(Basu, 1977). 
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The work of Adams, McCord and Charette has rather convincingly 

demonstrated that agglutinates are invariably darker than their parent 

soils. But Hapke et al_. (1975) have been unable to reproduce the 1971 

results of Adams and McCord. Spectra of rocks vitrified under mildly 

reducing conditions do not resemble those of lunar fines. Hapke et al. 

speculate that the commercial nitrogen used in the earlier work may 

have contained trace oxygen and water impurities that caused inadver¬ 

tent oxidation during rock melting. In support of this contention, 

glass produced by Hapke et al_. in the presence of air is optically 

similiar to that reported by Adams and McCord (1971). Consequently, 

it does not appear that simple melting of lunar rock material in a 

reducing environment can produce glass which when mixed with rock 

powder simulates the optical properties of fines. That is not to say 

that agglutinitic glass may not be the major darkening agent in lunar 

soils, only that there must be other factors involved besides the fus¬ 

ing and melting of unaltered rock material. Further motivation for 

this conclusion comes from the 1975 work of Adams and Charette. As 

pointed out by Gold et al_- (1977), their data from the study of agglu¬ 

tinate and non-agglutinate fractions indicate that both sets have lower 

reflectivity with increasing agglutinate content of the bulk soils. 

That is, both agglutinates and non-agglutinates seem to darken with 

increased maturity. It might be argued, as Adams and co-workers have, 

that the non-agglutinate albedo drop is due to the greater likelihood 

of glass splashes occurring'on otherwise agglutinate-free particles 

which have resided longer at the soil surface. But the same reasoning 
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cannot be applied to the agglutinate fraction. It is apparent that 

some other maturation process(es) than vitrification alone contributes 

to the darkening of lunar soils. 

The demonstration by Adams and Charette (1975) that magnetic 

soil fractions are markedly darker than the non-magnetic can be taken 

as a strong indication of a link between albedo and metallic iron. 

Furthermore, metallic iron is the only known soil component possessing 

the strong featureless absorption properties over a broad wavelength 

range that typifies lunar fines (Hapke, 1977; Hapke ert al_., 1975). 

Hapke (1977) thereby concludes that it is submicroscopic metallic iron 

generated in soils by the lunar surface environment which is the pri¬ 

mary cause of lunar darkening. As previously mentioned, this component 

is surely found in agglutinates and probably causes their low reflec¬ 

tivity. Since vitrification per se, however, is unlikely to be capable 

of reducing sufficient amounts of iron (Hapke, 1977) other sources must 

be sought. Of interest in this regard are observations of enrichments 

in iron concentrations on grain surfaces as compared to bulk contents 

(Gold et al_., 1975; Housley and Grant, 1975; Baron et £I_., 1977a,b; 

Zinner et al_., 1977; Gold et al_., 1977a,b). Much of this iron is in 

the reduced state (Housley and Grant, 1975, 1977; Dikov et al_., 1978). 

While the iron enrichment is only known to exist in the outermost 10 
O 

to 20 A of soil particles, iron reduction is observed throughout more 
o o 

than 100 A, and in some cases more than 1000 A, of grain surfaces. 

Understandably, there is an inverse correlation between albedo and sur¬ 

face iron concentration (Gold et al., 1975, 1977a,b; Baron et al.,1977a). 
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The question then arises as to how this alteration of iron concentra¬ 

tion and chemical state is brought about. Simple implantation of solar 

wind iron, as suggested by Zinner et al_. (1977), fails to account for 

associated elemental enhancements and depletions and ignares the fact 

that solar wind sputtering can probably move two orders of magnitude 

more atoms of metals than can be carried in (Bilson, 1978). Laboratory 

simulations of solar wind irradiation of powdered rock samples show 

that darkening can be induced by this procedure simultaneously with an 

increase in surface iron (Gold et al_., 1977a). The results imply that 

elemental enhancement occurs in about a 3000 y period while the re¬ 

quired albedo change necessitates a ten times longer interval. Signi¬ 

ficantly, no obvious difference was found between protons and alpha 

particles as the irradiating particles, implying that the chemical 

action of implanted hydrogen is not a major factor in either alteration. 

Such experiments, however, cannot distinguish whether preferential 

sputter removal or deposition from the sputtered phase is the dominant 

alteration process. The former is championed by Gold and co-workers 

while the latter, together with impact vaporization and redeposition, 

is supported by Hapke's group. Depositional processes have been 

demonstrated, in laboratory simulation, to cause strong elemental 

fractionation, possibly mass dependent in nature (Hapke et aK, 1975; 

Paruso et^al_., 1978). Hapke (1973) has estimated that the two deposi¬ 

tional models for sputtered and for vaporized phases are probably about 

equally important under present solar wind and micrometeorite conditions. 

Current understanding is not yet adequate, though, to completely 
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discriminate the subtleties of the three similar and interrelated 

processes studied by these two groups. No doubt, each will ultimately 

be found to play some role in lunar weathering phenomena. 

In synthesizing the various ideas that have been advanced, I 

propose the following picture of optical maturation. The combined 

effects of solar wind sputter removal and deposition and micrometeori- 

tic impact deposition include the formation of grain coatings with 

enhanced iron content, some of which is in the reduced state. The 

precise nature of the reduction mechanism itself remains mysterious 

although Yin et^ al_. (1976) have explored the notion of an energy trans¬ 

fer between incident ions and the valence electrons of target compounds. 

Alternatively, the deposition of sputtered and/or impact vaporized 

material may be the chief source of reduced metal (Hapke et aK, 1975). 

The resulting surface alterations cause an intrinsic lowering of the 

soil albedo and a loss of characteristic rock absorption features. 

But because the length of exposure required to greatly darken fresh 

material is significantly longer than that needed to cause iron enhance¬ 

ment, soils would not tend to get as dark as observed were it not for 

agglutinate formation. Glass melts permit the incorporation of sub- 

microscopic metallic iron crystals in a concentrated volume-correlated 

manner producing substantially darker soil components. These in turn 

lower the soil albedo even more as their abundance increases with 

maturity. 
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Ferromagnetic properties. Closely related to the previous topic is 

the consideration of magnetically-determined metallic iron content of 

lunar soils. Electron spin resonance spectra of fines have been in¬ 

terpreted as due to ferromagnetic centers, principally metallic iron, 

roughly spherical in shape (Tsay et al_., 1971a,b). Contributions to 

this ferromagnetic resonance (FMR) signal are expected to arise only 
o o 

from those particles in the approximate size range 40 A < d < 330 A 

(Housley et a^., 1976). This so-called fine-grained metal is pre¬ 

dominantly associated with the agglutinitic glass fraction from soils 

(Housley et al_., 1974). In quantifying the intensity of the charac¬ 

teristic resonance, Ig has been defined as the product of the square 

of the resonance linewidth and the peak-to-peak amplitude divided by 

the sample mass. Because the amplitude is merely taken from a chart 

recorder of arbitrary scale, I$ has arbitrary units. Comparability 

of results has been achieved by calibrating to a standard sample. 

Reasoning that the fine-grained metal is produced through reduction by 

lunar weathering processes, Housley et aK (1974) suggested that the 

specific FMR intensity, when normalized to the total iron content 

(Is/Fe0), could be a useful measure of the relative surface exposure 

ages of lunar soils. This has been amply supported by correlation 

studies of I$/Fe0 with a variety of other indices of surface exposure 

(Morris, 1976). In an attempt to better understand the nature of fine¬ 

grained metal in lunar soils, Morris (1977b) determined I$ for grain- 

size separates of a number of fines. Plots of log I$ versus log d, 

being sufficiently close to linear, were fitted to straight lines and 

the slopes, - n, were calculated. Values of n between about 0.75 and 
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0.18 were observed. Commonly, slope values equal to 1.0 are inter¬ 

preted as due to a surface-correlated species while volume-correlated 

species have slopes equal to 0.0. Intermediate results can be due to 

a mixture. Of course, measured slopes cannot be rigorously employed 

to conclude surface or volume siting of a species; only a case for 

consistency can be made. The fact that Morris (1977b) reports slopes 

for some soils of around 0.75, thus, should not be taken as necessarily 

compelling a strong surface-correlated origin for the fine-grained 

metal. Nevertheless, a clear trend is apparent in a plot of Is/Fe0 

(maturity) against the calculated slope values n. The most mature 

soils have the lowest slopes and the least mature have the highest 

values of n. A similar result is known to occur for the solar wind- 

implanted noble gases where surface-correlated elements are increasingly 

incorporated into agglutinates as a soil matures causing values of n 

(determined from gas concentrations versus grain size) to decline 

(Bogard, 1977). It is possible that the grain surface-enhanced metal 

described previously may coalesce during agglutination to form crystals 

of the proper size and shape to be detected by FMR. Such a view is 

compatible with both the grain-size data and the observations of agglu¬ 

tination domination of the FMR signal. Laboratory simulation (Hapke 

et al_., 1975) also supports this approach. However, Morris (1977b) 

prefers the rather ad hoc explanation that micrometeorite impact pro¬ 

duces fine-grained metal at a rate which is roughly inversely propor¬ 

tional to the grain diameter of soil particles. In this way, the very 

immature soils with large values of n are not taken to indicate surface- 

correlated metal, but instead soils with preferential production of 
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metal in the finest sieve fractions. In either case, the evolution 

of n values with maturity is readily understood as a reflection of 

the importance of agglutinate content in soils with longer surface 

exposure. 

Naturally, one would like to be able to relate the I$/FeO 

exposure index to a surface residence age measured in years. Morris 

(1977a) has done this by establishing a correlation between the ages 

of three lunar craters (determined by a variety of concordant tech¬ 

niques; see Arvidson et al_., 1975) and the Is/FeO values of soils 

collected from their ejecta. The resulting calibration factor is 

0.54 arbitrary units per My. In other words, it takes about 200 My 

for a soil to reach I$/Fe0 = 100. 

Apart from the FMR technique, another estimate of metallic iron 

content can be made from saturation magnetization measurements (Pearce 

et al_., 1973). Because this method does not detect the presence of 
O 

particles smaller than about 100 to 150 A in diameter, metal content 

determined in this way is usually referred to as coarse-grained and 

designated as Fe°. Fine- and coarse-grained metallic particles differ, 

not only in their respective size ranges, but also in purity and 

probably in origin. While Is-measured particles are nearly pure 

metallic iron, coarse-grained metal contains sufficient nickel to be 

meteoritic. For this reason, Morris (1976) has suggested the two 

metal forms to be genetically unrelated, except for the intermediate 

size range where the distributions overlap. A derivation from impact 

meteorites may account for the relatively high values of Fe°/Fe0 of 

Apollo 16 samples as compared to those retrieved on other missions; 
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the observation could be ascribed to the comparative old age and 

primitive character of the highlands site. Whatever the origin of 

coarse-grained metal, Morris (1976) has demonstrated that the quantity 

Fe°/FeO is not an acceptable index of soil maturity. No meaningful 

correlation could be established between Is/FeO and Fe°/FeO. This, 

too, implies that reduction by surface exposure is not likely to be 

the only explanation for the production of coarse-grained metal. 

Volatile concentrations. In addition to the rare gases, already 

discussed to some extent, the overwhelming fractions of hydrogen, 

carbon, and nitrogen are thought to be implanted into lunar soils by 

the solar wind. Certainly soils are always richer in these elements 

than local rocks. Generally, the smaller grain-size fractions of a 

given soil are systematically enriched in these elements relative to 

the larger grains. Another rule of thumb is the increase in concen¬ 

tration of these elements as a function of surface residence time. 

Charette and Adams (1975) were able to demonstrate this relationship 

by finding a positive correlation between weight percent agglutinitic 

glass (a maturity index) and gas concentration. At least two explana¬ 

tions can be immediately offered for such behavior. Since an increase 

in maturity (agglutinate content) is accompanied by a decrease in mean 

grain size, gas concentrations should rise, in part, for this reason 

alone. Alternatively, it might be expected that agglutination itself 

plays an active role in the-trapping of solar wind elements. Charette 

and Adams (1975), without direct evidence, hypothesize a higher gas 

retentivity for agglutinitic glass as compared to other soil components. 
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But, because the glass formation process is a high-temperature regime 

likely to volatilize much gas, Basu and Meinschein (1976) regard this 

possibility as rather remote. Instead, they reason the aggregation 

of many soil grains much tinier than a particular aggluti-nate particle 

results in the enclosure of a very large amount of surface area. As a 

consequence, the agglutinates of a given grain-size population are 

invariably richer in solar wind elements than non-agglutinates. Work 

by Signer et al. (1977) has both supported and further refined this 

line of thought. By studying mineral separates, composite particles 

(soil breccias and agglutinates) are indeed found to contain a large 

share of the extraneous elements — more than 90% of the trapped Ar, 

for example. But soil breccias are consistently less gas-rich than 

agglutinates. Signer et al_. (1977) account for this difference by 

relying on the Basu and Meinschein (1976) proposal of welding together 

small, surface-rich mineral fragments to form soil breccias. The 

glassier agglutinates, though, require something more. For this, 

Signer et al_. invoke multiple meteoritic reworking such that greater 

quantities of gas get trapped in each succeeding generation of agglu¬ 

tinates causing high volume-correlated gas concentrations. Somewhat 

surprisingly, only the light noble gases, helium and neon, seem to be 

noticeably lost in the reworking. 

Another interesting aspect of the work by Signer ert al_. (1977) 

is the characterization of the retentivities of the various mineral 

fractions of soils. Elemental trapping patterns (namely, ^He/^Ar and 
Of] OC 

Ne/ Ar) are found to be mineral specific, though minerals tend to 
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contain small amounts of gas compared to composite particles. This 

is probably caused by mineral-dependent differential diffusion rates. 

As has been long known, ilmenite (FeTiO^) is the most retentive for 

helium. Remarkably enough, plagioclase, olivine, pyroxene, and 

ilmenite from a given soil seem always to contain roughly the same 

concentrations of Ar, this despite the notable leakiness of plagio¬ 

clase for He and Ne. 

Important to the development of this thesis is an understanding 

of the evolution of the inert gas record in fines as a result of sur¬ 

face exposure. Unfortunately, little is known with certainty of this 

set of maturation effects. Bogard (1977) has carried out a study of 

the grain size dependence of trapped solar gases as a function of 

maturity, comparable to Morris' (1977) work on fine-grained metal. 

For a particular soil, n-values (the negative slope in a plot of log 

concentration versus log grain diameter) tend to decrease systemati¬ 

cally from the less retentive gases (e.g., He) to the more retentive 

(e.g., N). Among different soils, with presumably different exposure 

histories, the value of n for a given element decreases with increasing 

maturity, an effect also seen in the results of Morris (1977). In 

concert with ideas already presented here regarding agglutination, 

Bogard feels his data to be best understood in the context of a model 

in which surface-correlated solar gases become increasingly volume- 

correlated by inclusion into constructional particles. This tends to 

reduce n. The more retentive the gas, the greater becomes the devia¬ 

tion of n from the ideal, surface-correlated case of n = 1 (Bogard, 

1977). 
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More speculative are ideas relating to variation of elemental 

and isotopic ratios with maturity. Heymann et aK (1975) have argued 

4 20 that He/ Ne may increase as the radiation damage suffered by a soil 

increases. Relying on work indicating the trapping efficiency of 

solar wind ions to be dependent on the radiation damage of target 

surfaces, these authors reason that helium, being the element other¬ 

wise least readily retained, might be more sensitive to irradiation 

4 20 effects than neon. In this case, the ratio He/ Ne should grow as 

the extent of radiation damage through surface exposure increases. 

On the other hand, an examination of data published by Signer et al. 

(1977) would appear to argue in favor of the opposite conclusion. 

4 20 Their measured He/ Ne ratios for agglutinate fractions from several 

soils are uniformly lower than that of bulk samples. This result is 

not unreasonable in light of the known propensity of helium to diffuse 

more rapidly than neon, especially under conditions of elevated tem¬ 

perature as would occur during agglutination. Since agglutinates are 

the dominant gas-carrying phase for fines and since the agglutinate 

content increases with surface exposure, one is left with the implica- 
4 20 tion that He/ Ne then should decrease with maturity. The possible 

flaw with this argument concerns the difference in size fractions used 

in the determinations by Signer et al_. (1977). While bulk measurements 

were made using < 1 mm fines, the agglutinate fractions were from 

restricted intermediate sizes, generally from about 100 to 300 ym. So 

it is unclear whether an unambiguous comparison can be made between 

these two sets of data. That is, would agglutinate separates from the 

full interval < 1 mm still have ^He/^Ne consistently below that of 
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the bulk soils and would the differences remain as significant? At 

present, this question cannot be satisfactorily answered. It is, 

however, difficult to avoid regarding the Signer et al_. data as 
4 20 highly suggestive of a downward trend for He/ Ne with maturity. 

The conjecture of Heymann et aK (1975), lacking a comparable direct 

experimental basis, cannot be accorded similar weight. However, 

there may not be a conflict here at all. Heymann et aJL address 
4 20 themselves to the evolution of He/ Ne in a pristine surface, which 

these authors think starts out at low values, then increases to a 

maximum value. This hypothesis is therefore only strictly applicable 

to very immature soils. In submature and mature soils this effect 

would occur each time that a fresh surface is created by comminution. 

As agglutinate content increases, the effect postulated by Heymann 

et al_. would then become increasingly masked by the effect discussed 

by Signer et al_. Nevertheless, the matter certainly remains open to 

further investigation. 

Likely variations of the ratio (^^Ar/^Ar)y have already been 

considered from the standpoint of lunar history and a fluctuating 
40 source for atmospheric Ar. It remains to be seen whether changes- 

are possible which are due solely to weathering. From a trench at 

Station 1 of the Apollo 16 mission two soils (61221 and 61241) were 

collected, one from a position overlying the other. Preliminary 

analyses indicated the two to be chemically similar although 61241, 

from the upper portion, is noticeably darker than 61221. Heymann et al. 

(1975) found the ^Ar/^Ar ratios to differ and suggested that 61241 

was, at least partially, a matured form of 61221. This assumption led 
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to the idea that 4t^Ar/^Ar decreases due to exposure since 61241 has 

a lower ratio than does 61221. Since that time, however, new chemical 

studies have shown the two soils to have different total iron contents, 

a characteristic that is unlikely to be susceptible to significant 

alteration via maturation. Instead, some mixing seems to be indicated 

for 61241, thereby modifying the conclusion regarding argon isotopic 

variation. 

Earlier work by Bogard and Nyquist (1973) approaches the prob¬ 

lem more directly but reaches the same conclusion as Heymann et al. 

(1975). They find that ^Ar/^Ar is anti correlated with agglutinate 

content; that is, more mature soils (with higher agglutinate contents) 

have lower isotopic ratios. Hartung et al_. (1977) have taken advantage 

of a unique lunar rock to examine this question. Rock 12054 has a 

1-cm deep crack which was exposed to space but probably not exposed to 

any direct solar radiation while on the moon's surface. By employing 

a laser probe mass spectrometer Hartung et al_. were able to measure 

argon isotopic variations along a traverse from the exposed to the 

shaded areas of this rock. Shaded spots have ^Ar/^Ar ratios near 

3 to 4 while gases from points well exposed to the sun but located 

only 3 mm away have ratios between 0.2 and 0.5 (Hartung et al^., 1977). 

Therefore, downward shifts in the ^Ar/^Ar ratio are probable as a 

result of surface exposure, the magnitude of the change being on a 

scale comparable to that associated by Heymann and co-workers with 

lunar atmospheric evolution. 



CHAPTER 3 

SYSTEMATICS OF APOLLO 16 SURFACE SOILS 

3.1 Station Description 

During the three traverses (or EVA's, for extra-vehicular 

activity) made on the Apollo 16 mission, astronauts Young and Duke 

were able to collect rock and soil samples from a variety of locales. 

Each such distinct site is designated by a numeral (Figure 3-1) which 

appears as the second of the five digit identification number given 

every sample. (In the cases of stations 10, 11 and 13 NASA has used 

0, 7 and 3, respectively, as the station identifiers.) Station 10, 

or the LM station, is really an assemblage of several experiment set¬ 

tings of varied objectives (the Apollo lunar surface experiment package 

or ALSEP, the deep drill core, the drive tubes, penetrometers, etc.) 

all in the neighborhood of the Apollo landing craft. Each station 10 

work area lies within distinguishable ray material ejected from South 

Ray crater (Muehlberger et al_., 1972). The Cayley Plains in the 

region are smooth but broadly undulating, littered with 2- to 20-cm 

fragments covering about two percent of the surface. A relatively 

large number of blocks up to 0.5 m in size are also present. The LM 

landed on the western wall of a very subdued crater (160 m diameter) 

about 10 m west of a moderately subdued crater (30 m diameter). 
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FIGURE 3-1 Traverse map of Apollo 16 EVA’s, from 

Heymann et al. (1975). 
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Several more equally degraded craters between 150 and 240 m in diameter 

are situated in the vicinity. Surface soils at station 10 are gener¬ 

ally medium gray with scattered patches of high-albedo soil around the 

ALSEP. White soils underlie a thin, darker layer in the .western 

reaches of the site (in the direction of .stations 1 and 2). About 1.4 

km to the west of the LM is station 1, near the rim of Plum crater 

(30 m diameter), itself on the rim of the 300 m diameter Flag crater. 

The latter subdued crater penetrates to a depth of about 50 m. Rock 

fragments here are less abundant than near the LM and a very faint ray 

from South Ray crater crosses only the eastern part of the station 1 

area suggesting that South Ray ejecta is very thin here, if indeed it 

is present at all. Small, subdued craters are plentiful and at two 

places a white regolith, at least 30 cm thick, was found beneath a top 

gray layer of 1 to 2 cm depth. Lying on an east-west line between the 

LM and station 1 is station 2, just north of Spook crater (400 m 

diameter) and on the southern rim of Buster crater (90 m diameter). 

The presence of a faint, light ray and the apparent freshness of 

scattered rock fragments indicate South Ray crater ejecta possibly to 

be present. Again, the surface soil is medium gray with some under¬ 

lying light-colored material. 

Stations 4, 5 and 6 lie on the stepped slope of Stone Mountain, 

which rises 540 m above the Cayley Plain. The crater densities and 

regolith thicknesses on the mountain are similar to that found on the 

plains. Due to the concentration of blocks on the inner east sides 

and rims of local craters, it is presumed that South Ray crater, lying 
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off to the west, was an important contributor to at least the fragment 

population and possibly the soil fraction on Stone Mountain. At 

station 4, the highest point reached, the surface is gray; white soil 

was seen about a cm below the surface near the rim of a degraded doub¬ 

let crater (15 m diameter) but no such highly reflective material was 

discovered elsewhere at this stop. Downslope, about 0.5 km away and 

on a 50 m wide bench, samples were collected inside and around a 20-m 

crater at station 5. Here again soils are gray, although at one 

locality a lighter variety was present beneath the surface. Near the 

base of Stone Mountain, at station 6, the regolith around a subdued 

10-m crater is uniformly gray except for a unique white "splotch" of 

hardened soil in the crater wall. 

Station 8 is located on a bright ray from South Ray crater near 

two 15- to 20-m craters. To the northeast in an area of somewhat lower 

albedo is station 9, lying just north of a 40-m crater. The terrain 

at both sites is gently rolling with a medium gray soil throughout and 

no detectable underlying light layer. About 75 percent of the blocks 

at stations 8 and 9 are dark breccias. Muehlberger et al_. (1972) con¬ 

clude on the basis of general appearance and distribution of blocks' 

and secondary craters that most of the surface material at both sta¬ 

tions is ejecta from South Ray crater. 

An unusual opportunity to study at close range the various 

features associated with a large young crater was afforded at stations 

11 and 13. Lying north of the landing site and at the western edge of 

Smoky Mountain, the 900- to 950-m diameter North Ray crater is notice¬ 

ably less blocky than South Ray, indicating a difference in the 
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coherence and/or age of the two impacted areas. However, some of the 

blocks found around North Ray are among the largest visited by astro¬ 

nauts. House Rock (12 m high by 25 m long) and Shadow Rock, both 

formed of coherent dark-matrix breccias, are probably representative 

of the coarse dark rubble forming the crater floor. Despite the pro¬ 

minence of a few such large boulders, dark-matrix breccias are the 

least abundant rock type on the crater rim. Light-colored rocks 

(mostly white-matrix breccias) predominate everywhere on the crater 

rim and ejecta blanket though dark-matrix breccias are relatively 

more common near House Rock and Shadow Rock. Surface soils are light- 

colored but the upper portion is a darker tone of gray than the under¬ 

lying material. 

3.2 Soil Classification Scheme of Heymann et al. 

In their 1975 paper, Heymann et al_. showed that, on the basis 

of inert gas systematics, soils now near the surface at the Apollo 16 

landing site can be partitioned into three major groups, with only 

five soils being exceptional. The value of this approach is reinforced 

when it is realized that soil chemistry and reflectivity roughly corre¬ 

late with such a taxonomy. Furthermore, the groups are not randomly 

distributed about the landing area; Group I soils, in particular, occur 

only at stations 11 and 13 on the North Ray crater ejecta blanket. 

Since the systematics of Heymann et al_. constitute the most comprehen¬ 

sive effort of its kind, a review of their findings is appropriate. 

The central contribution of their paper is the observation that 

near surface Apollo 16 soils, when plotted in the space (^He/^Ne) 
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versus (4^Ar/3^Ar).|., define a triangular region outside of which lies 

only one soil. Figure 3-2 is a reproduction of their plot. As pre¬ 

viously noted, the quantity (^^Ar/^Ar)^ denotes the isotopic ratio 

after correction for the radiogenic 40Ar component. (Parenthetical 

numbers in the figure denote station numbers.) Those soils in the 

lower left corner, with (4He/20Ne) < 42 and (4^Ar/3^Ar)y < 1.6, form 

Group I or the North Ray crater group and all come from stations 11 or 

13 except for a single soil from station 9. In addition to being 

light colored, they have relatively low concentrations of KgO, FeO, 

ÜO2 and Zn and are generally immature to submature. Heymann et al. 

note that Group I soils apparently manifest a measure of inhomogeneity 

with station 11 members having average (4^Ar/3^Ar)y, KgO, and Zn con¬ 

tents smaller than at station 13. In Figure 3-2 station 13 soils are 

seen to trend toward Group II soils as though some mixing may have been 

involved. Soil 69920 would have been classed as a Group II member 

were it not for its (^Ar/3®Ar)y ratio of 1.02. 

The Group II light soils have (4He/20Ne) < 42 and (40Ar/3^Ar).j. 

>2.0. Their KgO, FeO, TiOg and Zn contents are relatively large and 

they are moderately mature. Samples of this type were collected at* 

stations 1, 2, 4 and 5. By contrast, the Group III dark soils, while 

chemically similar to the former group, possess distinctive rare gas 

ratios of (4He/20Ne) > 42 and (40Ar/36Ar)T < 1.8 in addition to lower 

reflectivity. These soils are present at stations 4, 5, 6, 8, 9 and 

10; they are conspicuously absent at stations 1 and 2, however. 

Five soils are iisted by Heymann et al_. as unique and cannot be 

unambiguously relegated to any of the three groupings described above. 
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Soil 60050 is light in color and otherwise similar to station 13 soils 

(Group I) but its (^He/^Ne) ratio of 46.9 is in the Group III range. 

The only reservation against classifying 61240 in light soils Group II, 

where its rare gas data plot, is its fairly dark color. .In the case 

of 66080, color again prevents a clear-cut determination of group 

affinity. This is a Group III soil in all other respects but it was 

collected from a "white splotch" at station 6; it may, however, be that 

the contrast with very dark surrounding soils has resulted in a false 

estimation of the color of 66080. Soil 68500, while plotting among 

Group III soils, has also been color-classified as light. Finally, 
4 20 the very immature soil 61220 is truly unique, its He/ Ne ratio of 

about 25 being much lower than that of any other surface soil while its 

(^Ar/^®Ar)j value of roughly 4 is much higher. 

With a systematization of Apollo 16 surface soils available, 

Heymann et al_. then proceeded to examine the evolutionary behavior 

that could be inferred. On the basis of textural evidence and inert 

gas concentrations, Group III soils were thought to be the most highly 

evolved soils at the site with Groups I and II being less so. The 

question then arises: Will the latter two groups, given sufficient* 

surface residence time, develop inert gas patterns like those of 
4 20 

Group III soils? In particular, is the difference in He/ Ne ratios 

of Group I and Group III soils a product of differences in maturity 

or rather variations in soil chemistry? Noting the well-known corre- 
4 20 

1 ation of Ti^ and FeO content with He/ Ne, these authors conclude 

that "Group I soils (average FeO content of 4.4 wt. %) will never 

evolve into Group III soils (5.7 wt. % average FeO), unless they 
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become mixed with more FeO-rich material." Possible relationships 

between Groups II (5.4 wt. % average FeO) and III soils are less clear. 

But, certainly, the similarity of ^He/^°Ne values for Groups I and II 

is difficult to understand in light of their distinct Fed and TiC^ 

contents. 

As alluded to in an earlier section, Heymann et al_. base much 

of their speculation regarding soil evolution on the two soils 61220 

and 61240. Relying upon preliminary chemical data which indicated 

these two samples to have like FeO and TiOg contents (a finding sub¬ 

sequently discredited), they assumed that the differences in rare gas 

data were due mainly to maturation effects. Thus, 61220 soils should 

evolve along a diagonal path in the field plotted in Figure 3-2 from 

the present position (low maturity) toward the Group II region 

(moderate maturity) and possibly, together with the admixture of more 

FeO- and TiOg-rich material, into the Group III area (high maturity). 

The merits for a growth of ^He/^Ne and a decrease of (^®Ar/^Ar)y, 

as required in this case, have already been discussed (section 2.3). 

In the opinion of Heymann et al_., at least three end member 

materials have contributed to the development of Apollo 16 soils. " 

This contrasts with most earlier work where only two components are 

invoked: the Descartes Formation for white breccias and the Cayley 

Plains as the source of dark breccias. The station 11 soils in Group I 

are thought to be nearly pure representatives of the light friable 

unit seen in North Ray crater. (Refer to section 1.3 for a discussion 

of stratigraphy.) They suggest that Group II soils are derived from a 

light matrix breccia component like that seen in the overlying unit of 
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North Ray crater. Station 13 soils are interpreted as mixtures of 

these two components. A third end member of dark matrix breccia, 

akin to that seen in the bottom of North Ray crater, is the prime 

contributor to the Group III soils. 

3.3 Implications of Soil Chemistry 

In the Appendix, I have assembled from the literature data on 

the major element chemistry, rare gas contents and certain other fea¬ 

tures of Apollo 16 surface soils. Information sources and selection 

criteria are detailed in that section. It is my intention to draw 

upon this accumulation in the following analyses; unless otherwise 

stated it should be assumed that all soil data cited hereafter are 

taken from that place. Generally, I will abbreviate sample identifi¬ 

cation numbers by dropping the leading "6" (denoting an Apollo 16 

origin) and the trailing "1" (which stands for the < 1 mm sieve 

fraction) since these qualifiers are understood to be true for all 

samples under study here. 

Figures 3-3, 3-4 and 3-5 display various chemical data for all 

those Apollo 16 surface soils which have been measured. (It should be 

noted that these ranges of variation are small in relation to the 

spectrum of values seen at all Apollo and Luna sites. For example, 

average FeO contents for all lunar rocks range from under 2 to greater 

than 22 wt. %. Also, Apollo 16 rocks and breccias span a considerably 

broader compositional range than do soils from the same site. That 

soils owe their origins almost totally to the comminution and mixing of 
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local rock types, then, seems a reasonably safe propostion.) It can 

be seen that roughly linear correlations obtain. I have endeavored 

to discern any structure in the chemical data which might indicate 

compositional components other than those obvious in Figures 3-3 

through 3-5. Within the limits of experimental precisions, however, 

it would appear that all soil chemistries can be approximated quite 

well as mixtures of only two end-member types. One archetype, most 

clearly exemplified by 550 and 608, has high KgO, FeO, TiC^ and MgO 

contents with low A^Og and CaO; the other — represented by 703 

(actually only a collection of rock fragments, not a true soil), 746, 

771, 748 and 770 — possesses the opposite chemical extremes. Other 

soil samples are intermediate. 

In their petrologic study of the 2-4 mm size fraction of 

Apollo 16 soils, Delano et <fL (1973) defined the six lithologic types 

listed below: 

1) ANT - an anorthositic suite of variable texture and 

wide compositional range; 

2) LMB - plagioclase-rich, light matrix breccias with a 

texture and mineralogy distinct from ANT material ;- 

3) DMB - dark matrix breccias characterized by a brown 

glassy matrix with plagioclase, pyroxene, olivine 
and minor spinel fragments in addition to clasts 

of all lithologic types; 

4) POIK - breccias formed from zoned pyroxene poikiloblasts 

(relatively large minerals in which smaller crystals 

of different mineralogy are scattered without orien¬ 

tation) containing abundant plagioclase and lesser 

olivine inclusions; 
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5) FUR - Type A - feldspathic intersertal igneous rocks which 

display textures indicative of thermal metamorphism 

and often partial recrystallization and containing 
dark glass associated with plagioclase, olivine, 

pyroxene and accessory spinel; 

6) Mare basalt - ilmenite-rich mare basalt has been found in 

Apollo 16 soil but is a minor component. 

Examination of Apollo 16 coarse fines by Delano et al_. revealed that 

the DMB, FIIR and LMB types occur in the highest average abundances but 

their relative importance is highly variable depending on the station 

from which the samples were collected. The ANT type, while of somewhat 

lesser average significance, is found in fairly uniform abundance 

throughout the landing site. 

In Figures 3-6, 3-7 and 3-8 I have plotted in the same chemical 

spaces as the three previous figures (but with different scales) the 

lithologic type compositions for LMB, DMB, FIIR-A and POIK together 

with an indication of the extent of soil variation. ANT type rocks 

lack a well-defined chemical signature over the ranges of interest here. 

Of course, actual rock measurements would plot in a far more dispersed 

pattern than do these types. The importance of DMB, FUR and LMB 

derivatives in the formation of soils is apparent. Evidently regolith 

turnover and mixing is sufficiently vigorous that soils are readily 

blended so that an averaging of chemical compositions is effected. In 

this way, the variety of soil chemistries is narrowed as a function of 

time. In the absence of large cratering episodes which bring to the 

surface fresh material, the range of soil composition would no doubt 
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converge to a point, given adequate time. Such dynamics can be illus¬ 

trated by considering the reduced set of soils formed by ignoring all 

station 11 samples (703, 746, 743, 760, 770, 771, 794). The soils, 

collected from the rim of North Ray crater, were derived from LMB-rich 

material excavated during the impact which formed the crater some 50 My 

ago. In Figures 3-6 through 3-8 I have distinguished the range of soil 

compositions due to non-station 11 samples to demonstrate the broaden¬ 

ing effect that comparatively recent North Ray ejecta has had. Were 

it not for this event, soils 005 and 122 would constitute the most 

AlgOs-rich, TiOg-poor end member of surface soils. The station 11 

"tails" are liable to become homogenized with other soils in the dis¬ 

tant future and slowly shrink. In this respect, it is also important 

to point out that rock fragments (but not mineral fragments) in a soil 

can provide clues as to its provenance. However, as soils become in¬ 

creasingly older, the rock fragments are destroyed, as these are 

transformed into mineral fragments and agglutinates. A very mature 

soil may therefore have lost all "memory" of the rocks it has been 

derived from. 

For convenience, I will refer to the chemical extremum associ¬ 

ated with station 11 soils as HiAnt, for anorthosite-rich. This soil 

type has high AlgO^ and CaO contents but low concentrations of 1^0, 

FeO, TiÛ2 and MgO. From Figures 3-6, 3-7 and 3-8 it is clear that 

HiAnt soil is derived principally from LMB rock with a modicum of ANT 

(Delano et aU, 1973). The'opposite extremum, typified by soils 608 

and 550, will be denoted as LoAnt and possesses the reverse chemical 

pattern. FUR-type A material has dominated the make-up of LoAnt which 
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must also incorporate some KREEP (as reflected in the high K20 

abundance) and ilmenite (seen in the high coherent concentrations 

of FeO and Ti02). In a purely formal sense, all soils can be repre¬ 

sented as mixtures of HiAnt and LoAnt materials with DMB _style soil. 

But I should clarify what is meant by the term "mixture" in the pre¬ 

sent context. There is no intent to suggest the existence of two 

pure soils at the Apollo 16 site, LoAnt and HiAnt, which have been 

physically combined in variable proportions to produce all of the 

collected samples. Instead, each soil owes its particular existence 

to the comminution of a finite set of rocks taken in unique propor¬ 

tions from the various rock and breccia types available; an admixture 

of existing soils will also occur. That the products of such a manu¬ 

facture should lie on or near a linear "mixing" curve is the result 

of the fairly col inear relationship of the major rock type chemistries 

and the effectiveness of regolithic blending. When referring to a 

particular soil as, say, LoAnt-rich, I am simply taking advantage of 

this circumstance to express the chemical character of the sample with 

the greatest economy. It is understood that a simple two-component 

mixing model is not implied. 

A few of the Apollo 16 soils lend themselves to ready inter¬ 

pretation as mixtures of two or more rock types. The North Ray crater 

soils, in particular, fall into this category. As already argued, the 

HiAnt, LMB-rich station 11 soils 703, 746, 771, 748, 770 and 760 almost 

certainly derive largely from fresh North Ray ejecta. Such a view 

accords with the observation of a layer of friable LMB rock overlying 
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the lowermost dark FUR unit in the wall of North Ray crater (see 

section 1.3 and Delano et al_., 1973). Most authors attribute HiAnt- 

type material to this LMB layer (e.g., Heymann et aK, 1975), as do I. 

The three station 13 soils trend away from the other North Ray soils 

toward LoAnt compositions. A simple approach to these samples assumes 

that they incorporate the same LMB-rich material as in the station 11 

soils but, being further from the rim of North Ray crater, much more 

of the indigenous, old soil, less HiAnt, was intermixed. Eberhardt 

et al_. (1976) reached similar conclusions by measuring the cosmic ray 

exposure ages of the various soils. They estimate that station 11 

soils are mixtures of 90% North Ray ejecta with 10% "old (LoAnt) 

regolith" while station 13 samples are 50%-50% mixtures of these two 

sources. The chemical data presented here are roughly compatible with 

this judgement although their proportions may underestimate the influ¬ 

ence of the older component. 

The special soil 794, the so-called East-West split soil, was 

taken at station 11 from a gap between House Rock (so-named because 

of its enormity) and a 5 m boulder (Outhouse) at the south end of 

House Rock (Eberhardt et al_., 1976). Because this 0.5 m wide gap rims 

east-west, soils from this patch should be effectively shielded by the 

boulders from lunar atmospheric ions (particularly, ^Ar) accelerated 

by the solar wind but open to direct solar wind implantation. The 

(in this sense) unshielded reference soil 796 was collected about 5 m 

to the east along the direction of the gap. Almost no chemical data 

(other than rare gas measurements) are available for 796, but 794 can 

be seen in Figures 3-3 through 3-5 to plot near the LoAnt end of soil 
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compositions, away from all other station 11 soils. Chemical data 

alone cannot reveal whether 794 has been mixed with some of the same 

LMB-rich material that forms the major component of other station 11 

samples. If this has been the case, however, the second mixing member 

must be very FIIR-rich, possibly more so .than any other present sur¬ 

face soil. Despite the unquestionable presence of HiAnt matter in 

large abundance in most station 11 soils, the possibility nevertheless 

exists that 794 has received essentially none of this — LoAnt soil 

may constitute the only detectable ingredient. But as data of 

Eberhardt et al_. (1976) may be interpreted as implying a mixture ori¬ 

gin for both 794 and 796, especially one involving soils of differing 

maturities and grain size, this possibility will be reexamined in the 

light of later inert gas evidence. The genealogy of other Apollo 16 

soils is even less amenable to chemistry-based study. 

3.4 Provenance and Ages of Soils 

With some feeling now for the types of soil chemistry and some 

possible sources available at the Apollo 16 site, I return to the issue 

of provenance which was initiated in section 1.2. As before, I will 

draw upon the geological sequence outlined by Head (1974) in my analy¬ 

sis of this subject. In Figure 3-9 (adapted from Delano et al_., 1973 

and AFGIT, 1973) are displayed cross-sectional views of North Ray and 

South Ray craters with likely source zones for the various rock types 

indicated. Recent work by Maurer et al_. (1978) may illuminate aspects 

of the stratigraphy displayed. These authors report compositional 
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South Ray crater 

km 

FIGURE 3-9 Inferred stratigraphy at the Apollo 16 landing 

site, from Delano et al_. (1973). 
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39 40 data and Ar - Ar ages for breccia fragments from the 2-4 mm sieve 

fractions of three North Ray crater soils. Two well-defined age groups 

are distinguished: a) one with formation ages between 4.12-4.21 Gy 

and with compositions that cluster near the LMB type trending toward 

pure anorthosite; b) another with ages of 3.89-4.02 Gy but with highly 

dispersed compositions ranging from near LMB type to KREEP-enriched 

FUR type. On the basis of these observations, an age of a little 

more than 4.0 Gy will be associated with the dark, FIIR unit illus¬ 

trated in Figure 3-9 while the overlying friable LMB unit is dated at 

slightly more than 4.2 Gy. What are the implications for Head's (1974) 

stratigraphic sequence given these datings? 

Subsequent to the unnamed crater A event, which left the pri¬ 

mordial anorthositic crustal material fractured and brecciated, the 

entire locale was blanketed with a covering of Nectaris ejecta, also 

highly anorthositic (LMB). (See Figure 3-10 a; refer to section 1.2 

and Head, 1974.) The Nectaris event occurred about 4.22 Gy ago 

(Schaeffer et al_., 1976), a dating much earlier than that suggested 

by Maurer et al_. (1978) — 3.98 Gy. However, the older of the two is 

the only one which is simultaneously consistent with both geochemical 

constraints and the scenario of Head (1974) and is therefore the pre¬ 

ferred choice here. Next, at about 4.02 Gy before present, unnamed 

crater B was blasted into this terrain (Figure 3-10 b). This pene¬ 

trated through the Nectaris covering to the anorthosite foundation and 

scattered the LMB Nectaris material around the crater periphery. The 

upper portions of this ejecta would probably have experienced greater 

mixing with the impact-altered material than would lower parts. In 



76 

« UNNAMED CRATER A » 

a) 4*22 Gy 
Ago 

Crater A 

b) 4*02 Gy 
Ago 

c) 50 My 
Ago 

North Ray 
Projectile 

Smoky 
Mountain 

4 

FIGURE 3-10 



77 

order for the crater fallback breccias to match FIIR type composition 

it is necessary that the impact projectile introduce KREEP and ilmenite 

rich matter. Perhaps unnamed crater B was caused by a secondary from 

one of the post-Nectaris basin forming events. Such a possibility 

satisfies not only these chemical requirements but also the observation 

of Krâhenbühl et al_. (1973) that the dark matrix matter has a large 

meteoritic component. 

Later slumping and downfaulting along the unnamed crater B wall 

allowed ejecta material to partially invade the crater floor. Also, 

nearly cratering activity (e.g., unnamed crater D and Dollond B and C) 

redistributed some anorthosite-rich ejecta onto the unnamed B floor 

(see Figure 3-10 c). In time, a relatively well-stirred surficial 

layer developed through, in part, the effects of later basin formation 

(Imbrium, especially) in the manner described by Oberbeck et al_. (1974, 

1975). (Refer to section 1.2.) When the North Ray and South Ray pro¬ 

jectiles penetrated this stratigraphy in comparatively recent times, 

they revealed the sequence outlined here, as diagrammatically illus¬ 

trated in Figure 3-9. 

In summary, then, the HiAnt soil type derives in large measure 

from anorthosite-rich ancient lunar crustal material of both local 

origin and the Nectaris region. LoAnt soil is derived mainly from 

impact-produced metamorphic rocks formed by a local moderate size 

crater, possibly a basin secondary, which introduced KREEP and mafic 

components. 
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3.5 Inert Gas Systematics — The Maturation Hypothesis 

Given the evidence, in part cited in section 2.3, that surface 

maturation may cause variations in the inert gas patterns of soils, I 

will explicitly assume that the underlying structure of the Apollo 16 

gas systematics is determined by this process. The objective then in 

this section is to ferret out the detailed nature of maturation effects 

on such quantities as gas concentrations and elemental ratios that are 

required by the hypothesis of causality. Deviations from the "standard" 

trends may then be interpreted as products of such phenomena as mixing 

of unlike soils or partial degassing. The validity of this assumption 

will be gauged through an assessment of its ability to account for 

observed soil properties. 

Elemental trends with maturity. As a first venture into the question 

of inert gas variation with surface residence, it is instructive to 

take the simple course of ignoring, for the moment, any effects of soil 

chemistry. Evolutionary trends (i.e., changes in a soil's gas charac¬ 

teristics as a function of I$/FeO) should then manifest themselves in 

those circumstances where composition is of minor or no importance... 

The index Is/FeO will be utilized throughout as the indicator of soils' 

surface maturity for the following reasons (refer to Morris, 1976 .and 

section 2.3): a) its demonstrated linearity and failure to reach 

saturation over the known range of metal reduction in lunar soils; 

b) the ease of interpretation of this single-value system which permits 

its straightforward use as the maturity variable; c) the availability 
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of I /FeO measurements for all soils used here, all of them having 

been made in the same laboratory. 

Figures 3-11 and 3-12 display plots of the elemental gas concen- 
Of} ‘jc 

trations [iUNe] and |/DAr] against I /FeO. Multiple determinations of 

concentrations have been joined by connecting lines. In both graphs 

there can be seen rather evident positive correlations of gas contents 

with maturity, in agreement with Morris (1976). Note that data points 

should trend toward the origin in these fields since the amounts of 

cosmogenic gas in fines are small compared to the quantities trapped. 

This can be seen if one imagines a soil which resides close enough to 

the lunar surface to experience cosmic radiation but below the topmost 

millimeter so that it is not subject to maturation (i.e., Is/FeO fixed 

at zero). A 500 My age (Eberhardt et al_., 1976) in this configuration 

would result in only about 1 x 10~^cm3 STP/g of 2®Nec and 3 x 10”^cm3 

STP/g of Ar (Jordan, 1975), quantities small in the scale of Figures 
V 

3-11 and 3-12. Even the unreasonably long duration of 4.5 Gy would 

produce only 9 x 10"6 and 2.7 x 10'6cm3 STP/g of 20Ner and 36Ar , 

respectively. 

The behaviors of the two plotted trends differ qualitatively*. 

For I$/Fe0 values greater than about 50, saturation apparently sets in 

during neon trapping and redistribution. No such saturation is ob¬ 

served for argon. A few soils do however deviate noticeably from the 

average trend. In particular, soil 608 has an excess and 850 a defi- 
36 ciency of Ar among those samples with Is/Fe0 in the range of 80 to 

20 85 (Figure 3-12). Since 608 has an unremarkable Ne concentration, 
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FIGURE 3-12 
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36 it is quite possible that the single Ar determination for this soil 

has a modest experimental error. However, this sample is one of the 

five designated "unique" by Heymann et al_. (1975), in this instance on 

grounds that its color appears to be too light relative to the Group III 

dark soils with which it shares common rare gas characteristics. But 

the color of 608 was gauged by the astronauts from in situ comparison 

with surrounding material. Because the only other station 6 soils, 

603 and 604, both have higher maturities (Is/FeO values of 102 and 90 

compared to 80 for 608), it is likely that while 608 is indeed light 

compared to its native locale, it may also be dark in relation to most 

other Apollo 16 soils. Consequently, the uniqueness of this sample is 

most probably illusory except in regard to its extreme LoAnt chemical 

nature. 

Soil 850, too, is among the "uniques" of Heymann et al_. for 

basically the same reason of coloration. For this sample, however, the 

^uNe level is, like its ^Ar, low which suggests that 850 may be com¬ 

paratively gas poor given its degree of maturity. Such an eventuality 

could plausibly arise through accelerated diffusive gas loss associated 

with the elevated temperatures in an ejecta blanket. Partial outgas- 

sing of this sort undeniably does occur on the lunar surface and, in 
39 fact, makes possible the dating of basin forming events via the Ar- 

^Ar method. The extent of outgassing experienced is strongly related 

to the size of a cratering episode both through the peak temperatures 

attained and through the rate of cooling which is itself controlled by 

the ejecta blanket thickness (Turner et aK, 1973). While some effort 

has been directed to estimating the magnitude of this effect for 
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breccias (Turner et al_.), quantitative application to soil history 

remains an area for future research. It nevertheless seems safe to 

assert that fluctuations in gas content of the degree seen in Figure 

3-12 could easily be attributable to such outgassing processes in 

concert, of course, with the superposed effects of experimental uncer- 
Aft A/» 

tainty and aliquot inhomogeneity. In order for the low ^uNe and J0Ar 

contents of soil 850 to be explicable in this manner the following 

sequence would be required: it would have had to receive a significant 

portion of its solar wind irradiation in an early period, then buried 

by the formation of a moderate size crater and later returned to the 

surface at station 8 where it was collected. One consequence of a 
4 20 history of this sort would be a necessary decline in the He/ Ne ratio 

because of the greater mobility of helium over neon, a point which 

will be taken up later. As for the anomalous color classification of 

850, it is useful to compare this soil with the similar sample 442. 

Their respective FeO, TiOg and Is/FeO values are 5.4, 0.57, 85 versus 

5.0, 0.55, 83; yet 442 is described as dark while 850 is light. Since 

both metal content and surface maturity determine a soil's darkness 

(see section 2.3), the above reflectivity characterization for 850 Ts 

probably inaccurate. For a discussion of color assignment and its 

reliability, refer to Heymann et al_. (1975). 

One other sample occupies a noteworthy position in Figure 3-12 — 

the very immature soil 122. Three separate measurements are available 

and all have values considerably above any origin-anchored line passing 
20 through the remaining data points. The [ Ne] is similarly enriched, 

though by a small factor. In view of the preceding argument, one could 
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suggest that all soils of greater maturity than 122 have been syste¬ 

matically outgassed by cratering activity so that the correlation 

evident in Figures 3-11 and 3-12 is depressed from what it would other¬ 

wise have been. But this idea fails when one recognizes the colinearity 

of North Ray crater soils with the general trend of other samples. 

Since this relatively fresh suite of fines displays no indication of 

diffusive gas loss and has cosmogenic gas ages concordant with other 

techniques, this possibility is exceedingly remote. The high rate of 

sizable crater formation implied reinforces this conclusion. Soil 122 

is genuinely singular; its high gas content, considering its state of 

immaturity, is an inescapable aspect of this soil's unique properties. 

Elemental ratios versus maturity. Interesting observations have been 

made in the preceding by considering the simple correlation of ele¬ 

mental gas contents with the maturity index I$/FeO. No reliance upon 

geochemical data was needed, i.e., the relations transcend chemical 

composition. By introducing elemental gas ratios to the picture this 

situation is likely to change due to the well known variation of these 

quantities with iron and titanium (actually, ilmenite) content. 
4 20 Figures 3-13 and 3-14 present measurements of He/ Ne and 

Art rt/* 

^Ne/^Ar, respectively, versus Is/FeO. At first glance, Figure 3-13 

would appear virtually uninterpretable apart from the glaring distinc¬ 

tiveness of 122 showing itself once more. One might be tempted to 

conclude that the ratio ^He/^Ne is independent of maturation but sub¬ 

ject to wide fluctuation. A closer examination, however, reveals hints 

of a more complex behavior. The HiAnt group of North Ray soils 771, 
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746, 748, 770 and 760 have similar light element ratios but their 

chemically distinct cousin 794 and its reference 796 have values 20 to 

25% higher even though their maturities are akin to the others. The 

two LoAnt end member samples 550 and 608, despite their close consti¬ 

tutional resemblance, possess quite different ^He/^Ne ratios which 

may be related to their equally divergent maturities. These examples 

argue for possibly entertwining effects of surface maturation and in¬ 

trinsic geochemistry at work in the elemental relationship between 

helium and neon. For the moment, I will permit this possibility to 

rest and attempt to untangle matters in the following section. 

The data in Figure 3-14 are a bit more encouraging. An unmis- 

takable general anti-correlation of ^Ne/^Ar with maturity is evident. 

The overlapping elemental ratios of soils 550 and 770, which have 

almost identical Is/Fe0 values but diametrically opposite chemical 
or\ QC 

heritages, together with the very different ^uNe/JDAr data for the 

like soils 550 and 608, with widely separated maturities, strongly 

support a dominance here of maturation effects over those minéralogie 

or geochemical. This assessment stands in sharp contrast with the 

conclusions of Hintenberger and Weber (1973b) who found a pronounced 

correlation of ^uNe/J0Ar with Ti02 more prominent, actually, than 

that between ^He/^Ne and Ti02. Eberhardt et aJL (1970, 1972) have 

demonstrated that thé light noble gases He and Ne have higher retenti- 

vities in ilmenite than in silicate grains while the heavy elements 

Ar, Kr and Xe are not so discriminated. Thus, a positive dependence 

of both 4He/20Ne and 20Ne/36Ar with FeO and Ti02, as reported by 
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Hintenberger and Weber, is not unexpected. The only question here is 

whether such an effect is visible in the Apollo 16 data and whether a 

possible maturation effect has overwhelmed the former type due possibly 

to the rather restricted range of local TiC^ and FeO variation. But 

any mineralogical involvement in this data array must be tiny in order 

for soils 550 and 770 to both have the same Ne/ Ar values and near 

identical maturity but also have TiOg contents different by a factor 

of 2. Tentatively, then, I conclude that the general trend of *uNe/JDAr 

behavior at the Apollo 16 site is determined solely, or very nearly so, 

by maturation. 

Why should this be the case? If we assume the following straight- 

line approximations hold, 

1—1 
CD 
Z

 
o

 
C

\J 1 » = ax$ + b, for b = [20Nec]>0 

[36Ar] = cxs + d, for d = [36Arc]>0 

where x = I /FeO , then a simple analysis of ^Ne/^Ar trends with x 

can be attempted. (As noted earlier, the linear approximation is a 
20 poor one for [ Ne] versus x$ as x$ gets large.) So 

20Ne axs + b 

3^Ar cx$ + d 

and has the limiting values 

20Ne/36Ar = b/d- = (20Ne/36Ar)c * 3.3 
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for xs = 0 (Jordan, 1975), and 

20Ne/36Ar * a/c 

for xg large compared to b/a and d/c. Schematically the situation is 

represented by Figure 3-15. At low maturity, where linearity for neon 

concentration holds, the asymptotic limit (a/c) is readily attained 

since b and d are tiny. This appears as a plateau at low I$/FeO values 

in Figure 3-14. As saturation slowly sets in for neon, the Ne versus 

I$/FeO data can be fit with a succession of straight lines of increas¬ 

ing intercepts b', up to some finite limit, and decreasing slopes a', 

down to near zero. The effect of this saturation is a slow depression 

of the asymptotic limit a'/c as a function of x$ in such a way that 

the quasi-linear declining trend in Figure 3-14 results for values of 

Is/FeO above about 40. 

20 
As for the cause of Ne saturation at higher levels of maturity, 

one might invoke the idea of crater induced outgassing. Since the 

probability of a soil's suffering diffusive loss through such action 

should be an increasing function of surface exposure, the qualitative 

behavior in Figures 3-11 and 3-14 is not inconsistent with that possi- 

4 20 
bility. But this would surely imply a similar trend in He/ Ne 

versus I$/FeO, which is definitely not the case. Consequently, crater 

formation-induced outgassing is not expected to be an important com¬ 

ponent in the explanation of saturation. More likely, the dynamics of 

gas accommodation In agglutinitic particles, the major gas-carrying 

phase in mature soils,, is responsible for imposing saturation limits 

for the light noble gases. 
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(As a result of this analysis, I would caution researchers 

involved in the search for correlations between gas concentrations 

and chemical properties not to overlook possible hidden effects due 
on oc 

to maturation. Ideally, a study of, for instance, Ne/ . Ar as a 

function of TiC^ should examine samples collected from different 

sites but of constant Is/FeO. In this manner, geochemical effects 

can be isolated from the demonstrable influence of surface residence 

maturation.) 

In Figure 3-14 a few soils are special. Samples 224 and 118 

lie well above the average ^Ne/^Ar for soils of similar maturity. 
4 20 The same two fines have the lowest He/ Ne values in the range 

I /FeO > 70 (see Figure 3-13). The implication is that both simply 
20 have too much Ne relative to comparably aged soils. In the case of 

224, for which two separate sets of measurements are available, this 

claim is reinforced in Figure 3-11. This observation is quite puzz¬ 

ling as I know of no fractionation process whereby the abundance of 

neon can be selectively enhanced or, alternatively, the concentrations 

of helium and argon preferentially depleted. As such, these soils 

present stringent limits on the ability of the maturation hypothesis 

alone to fully explain inert gas systematics at the Apollo 16 site. 

Soil 796 stands apart from other North Ray soils in Figure 3-14 pre¬ 

senting an additional constraint presumably bearing on the genesis of 

this material and possibly its companion 794. 

Two other soils distinguish themselves in Figure 3-14: 122 
pfj OC 

and 124. Both these fines exhibit marked deficiencies in Ne/ Ar, 
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especially 122. At this point I wish only to take note of the anomaly 

and add it to the list of unique properties of 122 for reference at a 

later stage. If we accept the data for 122 as given, however, it is 

possible to interpret 124 as the product of simple mixing, involving 

122-type material with mature LoAnt matter. Since 124 was recovered 

from a location immediately overlying that where 122 was taken, such 

an admixture is quite possible. Only a few million years of gardening 

are required on average to disturb the lunar surface down to a depth 

of about 2 cm (Arnold, 1975), the approximate thickness of the gray 

surface soil from which 124 was collected. 

4 20 He/ Ne versus maturity. I have already shown that the relationship 
4 20 between He/ Ne variations and maturity cannot be understood by the 

simple approach employed for studying ^uNe/JDAr behavior. Rather, 

indications of fluctuations due to soil chemistry/mineralogy cannot 

be ignored in the case of the two lightest noble gases. A prudent 

avenue of approach for this problem would appear to necessitate a 

subtraction of the geochemical effect from the measured ratios; 

corrected ratios can then be compared directly with Is/FeO. Suppose 
4 20 

He/ Ne for a soil of fixed ilmenite content varies only as a func¬ 

tion of maturation, Is/FeO. I adopt as a secondary hypothesis that 

for all "ideal" soils the maximum value assumed by the ratio 

(4He/2l^Ne) „ is a linear function of TiO, content. (Observational 

support for this assumption-has already been cited.) Given this 

latter functional relationship, conversion of a soil's measured gas 

ratio to a deviation from its maximum possible value may largely free 
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the data from its titanium dependence. Consistency of the deduced 

evolutionary path with other inert gas behavior patterns offers the 

only check on the validity of this assumption. 

I have estimated the titanium dependence of (4He/2.?Ne) by 

drawing upon data for the first five Apollo landing missions — inert 

gas data from Walton et al_. (1973) and titanium contents from Wanke 

(1974). In a plot of the 4He/2Sle ranges for each site against their 

average titanium, a straight line was put through the array subject to 

the following constraints: 1) the line must pass through the highest 

4He/2^Ne value at the Apollo 16 site (that of soil 608); 2) an attempt 

was made to similarly transit the high point of the ranges for other 

sites; 3) lacking perfect colinearity, the line must at least intersect 

the ranges of all sites. The curve so derived very nearly passed 

through three range upper end points and intersected the remaining 

two ranges at or above their average values: 

(4He/20Ne)max = 8.4[Ti02] + 44.6 

where [Ti02] is expressed in weight percent. The quantity defined by 

A 4 
20 

4He/20Ne - (4He/20Ne) max 

(4He/2°Ne) max 

x 100 , 

the percent deviation of a soil's measured elemental ratio from its 

maximal value based on titanium content, was then calculated and is 
4 20 

tabulated in the Appendix. Where more than one measurement of He/ Ne 

was available, averaged values were used. In the small number of 
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cases of discordant measurements, selection criteria were used to 
4 20 eliminate from averages those He/ Ne ratios for which co-measured 

20 
Ne/ Ar values noticeably deviate from the common trend in Figure 

3-14. Because no TiOg value is available for soil 551, the value of 

its companion sample 550, which was collected at the same place, was 

used. 

In Figure 3-16 are plotted calculated values of A^Q versus 

I /FeO. Comparison with Figure 3-13 would, initially at any rate, 

suggest that the foregoing massaging of data has been counterproductive. 

But I submit that this is not so. The utilization of five separate 

measured quantities coupled with the foregoing manipulation has neces¬ 

sarily accentuated the undesirable effects of experimental error and 

inter-laboratory bias. For instance, soil 550 has a ^He/^Ne ratio of 

38.0 ± 1.0, based on the spread of three separate measurements, and 

assuming its (4He/^Ne)max value has an error of about 2% yields 

A20 = (2^.8 ± 2.8)%, as indicated in the figure. Mixing of soils of 
widely differing maturities will have the effect of randomizing data 

points to some extent, as well. Such soils will, upon continued sur¬ 

face aging, gradually lose their memory of a mixing event until their 

properties become indistinguishable from other fines of similar maturity 

(Heymann et al_., 1975). But immature material, when mixed with signi¬ 

ficant old fines, will behave as a hybrid during the period immediately 

following and will plot in Figure 3-16 on a line joining the two mixing 

components; in a sense, such recently mixed soils could be referred to 

as "unequilibrated" soils. A fate of this sort has apparently befallen 
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soil 794 given its isolated placing in the graph. Previously I have 

cited other reasons for believing this sample is indeed a recent mix¬ 

ture of dissimilar components. The low maturities of both 794 and 796 

mean that the predominant ingredient must be very young, while chemi¬ 

cal data require that it be LoAnt-rich. Data in Figure 3-14 can be 

reconciled with this logic only if the second component is very mature, 

its larger gas concentration being pre-eminent in the mix. The posi¬ 

tion of 794 in Figure 3-16 is also in agreement with mixing of two 

soils of similar geochemistry but very different maturities. No such 

definitive case can be made to explain soil 770 but the possibility 

exists for a blend of young HiAnt soil with older material. For fines 

of high maturity in Figure 3-16, those which have had ample opportunity 

of enduring at least a minor degree of diffusive loss, depressed 

values of A^Q would not be overly surprising. 

The task I will take to interpret Figure 3-16 is to disregard 

those data points that, for the foregoing reasons, are suspect and, in 

addition, to place strong emphasis on those points that are expected 

to be immune to such difficulties. Soil 794, as mentioned, is the 

first relegated to the disregard category. Because of their anomalous- 
20 ly large Ne content, soils 118 and 224 are similarly assigned to 

that group. Sample 228 may also be a member of this clan but the' 

evidence is ambiguous at this stage. A slightly more convincing case 

can be made for associating 992 with 118 and 224 as neon-rich soils 

(see Figure 3-14) and thus it too is excluded. In an earlier discus¬ 

sion of outgassing induced by crater formation I suggested that sample 
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4 20 850 may be a good candidate for a soil so affected. Its He/ Ne 

value of more than 8% below its saturation limit is a further indica¬ 

tion of that possibility and so 850 will be ignored. Soil 122, because 

of its generally singular nature and segregated positioning in Figure 

3-13, is also disregarded. The set of demonstrably suspect data points 

are indicated by crosses in Figure 3-16. 

Those samples which I regard as especially valuable tracers of 

maturation trends in Figure 3-16 are (in order of decreasing relia¬ 

bility): 550, 604, 551, 771, 590, 608. They are underscored in the 

graph. My selection criteria are that they be near one of the two 

extremes of TiOg content to minimize the prospect of mixing-induced 

scatter and also that they be reasonably well-behaved in Figure 3-14 

(2®Ne/^Ar versus Is/FeO). This partitioning of the full data set 

having been made, a curve has been drawn in Figure 3-16 which meets 

with my requirements. The residual scatter is acceptable except for 

samples 770, 228, 442 and, less so, 450. Factors already described, 

singly or in concert, may be responsible but further specification is 

not possible at present. 

In Figure 3-17 are plotted [^He] data against the maturity - 

index Is/FeO. Two separate growth curves are sketched in to indicate 

the approximate range of variation likely to be attributable to local 

differences in titanium content. Juxtaposition of this graph with 

Figure 3-11 can, at least in qualitative terms, explain the evolution¬ 

ary curve derived in Figure’ 3-16. In "bedrock," where I$/FeO is 

clearly zero, ^He/2^Ne can be infinite, provided the rock is totally 

shielded against cosmic rays. The actual values are likely to be 
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finite, however, but large. Effective cosmic ray exposure ages in 

excess of 500 My are rarely seen in rocks or soils at the Apollo 16 

site. Thus, at I /FeO = 0, 4He/2^Ne is just the ratio of radiogenic 

4 20 He and cosmogenic Ne. Assuming a formation age of about 4.0 Gy, 

4 -3 3 He^ « 1.38 x 10 cm STP/g (Jordan, 1975); a cosmic ray exposure age 

of 500 My gives 20Ne/. n, 1 x 10"6cm3 STP/g and 4HeD/
20Ne„ * 103. As 

exposure to the solar wind begins, at extremely low levels of surface 

maturity, the precipitous decline in Figure 3-15 is understandable. 

Saturation onset appears to begin earlier in the case of helium than 

for neon, but its effects are more moderate at high maturity for the 

former species than for the latter (see Figures 3-17 and 3-11). It is 

for this reason that the curve in Figure 3-16 at first continues its 

decline at low to intermediate values of Is/FeO then begins a rapid 

climb to its high maturity limit. The abrupt growth at I$/FeO around 

50 corresponds to that exposure interval when saturation starts to 

20 visibly manifest itself in Ne. 

(4^Ar/3^Ar)x versus maturity. The (4^Ar/3^Ar)y values for surface 

soils have been plotted against I /FeO in Figure 3-18. I have relied 

upon the same reasoning employed to analyze He/ Ne trends — that of 

singling out the preferred soils 550, 604, 551, 771, 590, 608 — to 

sketch the curve drawn. An explanation for this maturation path is 
4 20 much more difficult to develop than was true for He/ Ne. One might 

argue that the rise with maturity at low values of Is/FeO is due to 

the development of a trapping potential in soil particles for atmo¬ 

spheric 4®Ar, which has a lower implantation energy than solar wind 
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isotopes of argon, due to the creation of radiation-damaged zones on 

grain surfaces. Agglutination may exert its influence at high maturi¬ 

ties and lead to a slow decline in (^Ar/^Ar).p But this viewpoint 

conflicts with the well-known similarities of ^Ar and ^Ar release 

patterns in stepwise heating experiments.. The like retentivities for 

trapped argon isotopes has, in fact, been the greatest objection to an 

atmospheric origin for ^°Ar. There is little reason then to accept 

the notion that lunar processes are able to separate ^Ar and ^Ar 

with relative ease while investigators have had almost no success in 

doing this in their laboratories. Nevertheless, in accord with the 

hypothesis of maturation-dominated soil evolution made at the outset 

of this section, the trend in Figure 3-18 will be adopted for the time 

being as the standard path taken by soils which do not experience 

mixing. 

Three main areas of major non-conformity are observed in Figure 

3-18: the unique soil 122; the North Ray samples other than 771; the 

group of soils 118, 224 and 228. Assuming the curve is a reasonably 

accurate representation of the evolution of surface soils in the 

recent past (last 500 My, say), then it is clear that station 11 and 

13 samples have arrived at their present form through mixing. While 

this conclusion is not new, we have now reached a point where some 

estimation can be attempted as to the precise nature of the material 

which has combined with HiAnt soil. The unknown end member must have 

both high maturity and high (^Ar/^Ar)y since primitive North Ray 

HiAnt soil has low values for both. Examination of Figure 3-18 causes 
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the spotlight to swing squarely in the direction of the triad 118, 224 

and 228 as the prospective unknown end-members. A mix between very 

immature HiAnt soil and 118,224,228-type material will not only explain 

the position of North Ray crater samples in Figure 3-18 but also in 

Figure 3-16 (A^Q versus Is/Fe0). Soils 150 and 450 could conceivably 

satisfy most of the same requirements but the proportions of soil of 

this type needed are larger. In any case, all five samples may be 

related and the question of mixing in North Ray soils is more a matter 

of degree. More can and will be said about 118,224,228-type soil 

shortly. 

^He/^°Ne versus (^Ar/^ArJj revisited. It is now a rather straight¬ 

forward matter to merge the results of the two preceding topics into 

a coherent picture of "standard" evolutionary progress in the space 

Sie/^Ne versus (^Ar/^Ar)y used by Heymann et al_. (1975). Figure 

3-19 plots the maturation paths of two idealized soils, one with high 

TiOg content and the other low, using the curves developed in Figures 

3-16 and 3-18. Numbered points are values of I$/Fe0 and the stippled 

area indicates the region likely to be populated by the dual processes 

of soil mixing and diffusive gas loss. As can be seen by comparison 

with Figure 3-20, an undated version of the plot by Heymann et al; 

(1975), the triangular region spanned by the distribution of surface 

soils is adequately reproduced, (Soil 122 is isolated for reasons yet 

to be discussed.) The correlation of soil color with position in 

Figure 3-20 (Heymann et aK) is seen as a consequence of the well 

known propensity of all lunar fines to darken as a function of surface 
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exposure (refer to section 2.3). Normal soils in the lower portion 

of the triangle have low maturities and hence lighter color while 

dark soils congregate in the upper, mature apex. The soils 150, 450, 

118, 224 and 228 are all exceptional in this regard and their posi¬ 

tions cannot be accounted for by this model. 

Critique. The hypothesis adopted at the beginning of this section, 

that maturation processes (with certain chemical/mineralogical effects 

superposed) have largely determined the variations in rare gas patterns 

of soils at the Apollo 16 site, has led to a reasonably self-consistent 

picture for soil's surface evolution provided that some mixing is 

recognized. Major aspects of the classification system of Heymann 

et al^. (1975) have been accounted for. But this has been possible only 

by relying very heavily upon a restricted set of preferred samples, 

especially 550 and 551. In so doing, another set of soils — 122, 

150, 450, 118, 224, 228 and, in part, soils which may have been derived 

from these, like 124 — has been systematically excluded for being 

"non-standard" without any clear explanation for their distinctiveness. 

The trend for (^Ar/^Ar)y development stands on shaky ground for rea¬ 

sons already enumerated. In addition, it is perhaps naive to expect 

that variations in (^Ar/^Ar)y due to maturation may have a greatër 

significance than those due to changes in the separate sources for 

these two isotopes. Since ^He and 20Ne both are trapped almost totally 

from the solar wind, the same difficulty does not apply to the trend 

for 4He/20Ne, however. Therefore, while it may be said that a 



maturation-dominated evolutionary model has merit, such an approach 

definitely cannot account for the history of all Apollo 16 soils. 

3.6 Distinctive Inert Gas Components 

Having noted the shortcomings of the maturation hypothesis in 

the preceding section, it seems appropriate to now examine in detail 

those soils for which that approach was least successful. Important 

clues to inert gas systematics at the Apollo 16 site may be contained 

therein. 

Soil 122. Virtually every mention here of soil 122 has been accom¬ 

panied by the adjective "unique" or some synonymous characterization. 

Below is a brief catalog of its distinctive properties: 

a) HiAnt rich, though not in the extreme; 

b) near normal He content, excess Ne, large excess of Ar (by a 

factor of two to three), with respect to its very immature 
state; 

c) very low ^He/^Ne relative to all other soils at the site, 

about 46% below its calculated TiC^-based saturation limit; 

d) low ^Ne/^Ar relative to all other soils with I$/FeO £ 60 

by about 36% (Figure 3-14); 

e) very high (^Ar/^Ar)y relative to all other soils at the site 

f) also, its ( Hé/ He)y value, the ratio corrected for radiogenic 

^He and cosmogenic %1e, is very large, 4320 (Walton et al., 

1973), compared to other soils at the site; this is about 84% 

higher than the current value for the solar wind, 60% higher 
than the trapped gas in ilmenite from Apollo 12 soil 12001 



107 

(Geiss et aK, 1972) and about 40% higher than the typical 

values for Apollo 17 soils and breccias which have comparable 

(^°Ar/^Ar)y values (Hintenberger et al., 1974). 

Points c, d and f are all consistent with diffusive loss of substantial 

amounts of gas, an observation in part noted by Walton et al_. (1973). 

But this would imply that the original complement of helium and neon 

was, like the present argon, well in excess of the amounts that can 

ordinarily be implanted in soils during the interval indicated by its 

maturity — by a factor of greater than 2.5. A possible explanation 

could lie with the source of the trapped gas — that is, the sun 

itself. The straightforward interpretation of data for 122 is that 

this soil received its irradiation during an epoch when the solar wind 

particle flux was significantly greater than has recently been the 

case. Formation of a reasonably large crater then buried 122 in an 

ejecta blanket sufficiently heated that two-thirds or more of the 

helium and a third or more of the neon was driven out. Later, the 

soil was returned to the surface where it developed a petina of 124 

soil by both mixing and maturation but 122 proper has received very 

little, maybe no, recent solar radiation. 

The six points of distinction listed above accord quite nicely 

with such a scheme. Heymann and co-workers have argued in a sériés 

of papers that (^Ar/^Ar)y records the epoch of a soil's surface 

exposure (refer to section 2.2). The value of about 4 for 122 is 

linked to an era some 3.5 Gy ago (Heymann, 1975). Between 3.5 and 

4.0 Gy ago the LMB rock type from which 122 is largely derived was 

distributed outside the landing site in the surrounding Descartes unit 
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(section 3.4). The bulk of the inert gas in 122 may very well have 

been implanted during this time interval. Transport to the landing 

site locale would then have been necessary. As station 1 lies about 

4 km from the nearest Descartes formation, Stone Mountain, a fairly 

large impact event was necessary forming a crater more than 2 km in 

diameter (using the ejecta distribution rule of one crater diameter 

beyond the rim). More probably, the transport distance and the 

requisite crater dimension were even larger. A series of short "hops" 

by small cratering events is exceedingly unlikely given the low matur¬ 

ity and relatively pure geochemical character of 122. These large 

distance scales are consistent with the generation of the ejecta blan¬ 

ket heating needed to outgas the soil to its presently observed state. 

This would also account for the appearance of 122-like soil at the 

base of the deep drill core (at station 10), more than 2 m below the 

lunar surface and about 1.4 km from station 1. The placement of 122 

at the time of recovery could have been determined by one or a small 

number of additional but smaller impact-produced movements. In all 

probability, this soil was buried deeply for most of its history where 

it was left undisturbed and only recently returned to a near-surface 

residence where it was collected in 1972. The self-consistency of 

this explanation is so satisfying that there seems almost no escape 

from the conclusion that the solar wind particle flux about 3.5 to 4.0 

Gy ago was more vigorous than is now true. If the micrometeorite flux 

rate was also greater at that time then the length of exposure of 122 

has been over-estimated by the Is/Fe0 technique implying an even 

stronger ancient solar wind. 
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A quantitative examination of the diffusive gas loss conjecture 

is in order. Zahringer (1962) has shown that the fraction of a gas 

species of mass m retained inside spherical particles of radius a is 

given, as a function of time, by 

m -£• exp 
IT 

- TT 
2 Dm 

7 
where Dm is the diffusion coefficient, proportional to the inverse 

square root of m. Assuming the present (He/ He)y ratio for 122 is 

40% higher than the value originally trapped (i.e., F^/Fg = 1.40) then 

the above formulation gives 

and 

20 

VF20 
F20/F36 

0.0493 F22 = 0.2405 

0.0691 F36= 0.2944 

0.2298 F40 = 0.3056 

= 0.30 ^20^22 = 0*96 

. » 0.78 F40/F36= T-04 

Thus, to account for the high (4He/ He)y ratio in 122 by outgassing 

requires that more than 90% of the original complement of helium, 

about 75% of the neon and 70% of the argon be lost. The resulting 

changes in elemental ratios are large while the neon and argon isotopic 
a ?n 

ratios are hardly affected. A 70% decrease in He/ Ne and a 22% 
on oc 

decline in Ne/ Ar are predicted by ZShringer's diffusion theory 

which, though not in exact agreement with the deficiencies of about 

and 36% observed in Figures 3-16 and 3-14, are sufficiently close 
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to warrant a positive assessment of the diffusion conjecture. Differ¬ 

ences between observation and theoretical expectations can easily be 

ascribed to the simplistic nature of the diffusion theory which does 

not take into consideration the differential effects of s.uch factors 

as radiation-damaged zones on grain surfaces and also to experimental 

uncertainties. Note that if diffusion has been important for 122, 

then its present Ar concentration is only about 30% of its pre-loss 

level. Thus, relative to the recently exposed North Ray soils in 

Figure 3-12, soil 122 had, in its original state, too much Ar by a 

factor of about 7.9 to 10.8. This constitutes an approximate lower 

limit to the degree by which the solar wind intensity around 4 Gy ago 

exceeds the current flux. 

Sample 550 and related soils. Given the foregoing discussion, a re¬ 

examination of the implications of (^Ar/^Ar)y > 2.0 for soils 550, 

124, 150, 551, 450, 228, 118 and 224 would appear to be needed. I 

will focus first upon sample 550. Earlier, an attempt was made to 

interpret the modestly high value of (^Ar/^Ar)T for this soil as a 

product of maturation effects. Alternatively, however, this datum 

could indicate that 550, like 122, experienced most of its irradiation 

in the distant past. The latter possibility receives strong corrobo¬ 

ration from nitrogen data of Becker et al_. (1976). A variety of 

studies have shown that the isotopes of nitrogen in the lunar environ¬ 

ment have undergone-a long-term secular change (e.g., Kerridge et al., 

1977). In terms of the quantity, 
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6 (’V^asured 

W) air 

x 1000 

defined as the per mil deviation of measured isotopic ratios from an 

air standard, lunar trapped nitrogen has-increased, perhaps monotoni- 

cally, from lower than -100%*in the oldest irradiated soils and 

breccias to a value in excess of +120%.today. While the mechanism for 

this change is not understood at this time, the observation is none¬ 

theless useful as an indicator of the epoch of a soil's surface ex¬ 

posure in a manner similar to (^Ar/26Ar).p Soil 122, for instance, 
15 has a bulk 6 N of -57%*and in stepwise heating releases a high- 

temperature fraction of lower than -90%, (Becker et al^., 1976). On 

this basis, Becker et al_. (1976) claim that 122 received most of its 

surface exposure before 3.7 Gy ago, a figure in agreement with the 

earlier estimate based on (^°Ar/^Ar)j. The same authors report a 
15 bulk 6 N of -39%«for soil 550, which also has a high-temperature 

component of lower than -75%* The argon data for this sample coupled 

with nitrogen measurements of Becker et al_. (1976) form a formidable 

case for an early irradiation of 550, probably between 3.0 and 3.5 Gy 

ago based on (^Ar/^ArJy (Heymann, 1975). By way of contrast, North 
15 Ray crater soil 760 has a bulk <S N of +68%<>and its lowest value in 

stepwise temperature fractions is about +40%*(Becker and Clayton, 1977). 
A 

Might the low A2Q value for 550 be due then to outgassing, as 

with 122? This seems a most attractive possibility. Assuming 

^He/2()Ne for 550 is 25% below its maximal value (see Figure 3-16), 
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that is F^/F20 = 0*75» then the diffusion formula of Zahringer (1962) 

gives 

F3 * 0.3333 F22 = 0.4869 

F4 ■ 0.3613 F36 = 0.5111 

F20 “ 0.4817 F40 = 0.5157 

VF3 = 1.08 F
20/

F 
36 = 0,94 

F2(/F22 , = 0.99 F
4Q/

F 36= ^ 

A loss of about two-thirds of the original helium and about half of 

the neon and argon is required to fractionate He and Ne by the assumed 

amount. Only minor changes in isotopic ratios or in ^Ne/^Ar would 

result. Thus, an outgassing milder than that for 122 can explain how 

550 can have a deficiency in A4Q but near normal ^Ne/^Ar. From 

Figure 3-12 and F^g above, soil 550 is estimated to have acquired from 
36 2.5 to 3.0 times more Ar than comparably matured, recently exposed 

North Ray soils. Together with the previous projection for 122, this 

permits a crude measure of solar wind activity over the past 4 Gy to 

be made. In Figure 3-21, I have plotted my computed factors of enhanced 
36 

solar wind activity in the past based on Ar concentration, f^g, 

versus the time at which the exposure occurred. The 550 data point 

may be low since I have not attempted to apply any correction for 

modern irradiation. But this effect is probably not overly large since 

550 is a relatively immature soil. The possibility of appreciable 

recent exposure for 122 is much more remote. As already mentioned, a 

higher micrometeorite flux in the past would also cause these f^g values 



PAST SOLAR WIND ACTIVITY 

PRESENT 

TIME (Gy) 

FIGURE 3-21 



114 

to be underestimates. Consequently, the trend in Figure 3-21 should 

be considered a lower limit to past solar activity. 

The soils 124, 150, 450, 551, 228, 118 and 224 all have very 

similar (^°Ar/^4 * 6Ar)T and A^Q values to sample 550. In the case of 124, 

this relationship is probably only coincidental since mixing between 

122 and recently exposed LoAnt soil has most likely been its source. 
on or 

Reference to ^uNe/J0Ar data in Figure 3-14 bears out such a kinship. 

The remaining samples may indeed have experienced an early exposure 

history like 550, particularly 118 and 224 which have ^Ne/^Ar values 

close to that for 550. But 118 and 224, unlike 550, are quite mature 

and it is unclear why these two soils should not have gradually lost 
20 

their "memories" of a vestigal high Ne/ Ar value as has happened 

to 150, 450, 551 and 228. Perhaps a larger share of the total surface 

exposure for 118 and 224 occurred during ancient times. In any case, 

the fairly complex mixing and exposure histories for all these soils 

preclude the separation of their ancient solar wind component for 

inclusion in Figure 3-21. 

3.7 Summary of Soil Relationships 

The maturation model developed in section 3.5 is not, for the 

most part, adequate to explain the inert gas variations at the Apollo 
20 

16 site. Only the Ne/ Ar trend in Figure 3-14 appears to reflect 
4 

a genuine maturation effect. The deduced paths for A£Q and 

(^Ar/^Ar)y evolution, which depend critically on the interpretation 

of data for 550 and 551, are almost surely invalid. There is, in fact, 
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little indication of sizable variations of A^g and (^Ar/^Ar)y under 

existing lunar conditions when allowance is made for the ancient gas 

components carried by such soils as 122 and 550. (Of course, absolute 

gas concentrations do have a positive correlation with Is/FeO.) 

Instead, mixing between soils with different surface exposure histories 

has played a prominent role in determining the observed distribution 

of inert gas properties. In the context of the soil classification 

system of Heymann et aK (1975), Groups I and II soils differ in 
4 20 He/ Ne mostly due to the chemical dissimilarities between these two 

suites, as suggested by those authors. Values for (^^Ar/^^Ar)^ of 

about 1.0 indicate that modern solar wind irradiation has dominated 

their trapped gas. The Group II soils, on the other hand, have trapped 

gas derived in large measure from early solar wind exposure followed by 

diffusive gas loss. Mixing between all three groups is evident in 

Figure 3-20. 

Following is a brief summary of the deduced interrelationships 

of Apollo 16 surface soils: 

a) 771 - the most immature, LMB-rich sample, the archetype for 

HiAnt soil; only modern surface exposure is apparent 

and less mixing has been endured by this soil than any 

other North Ray crater sample; 

b) 480, 608, 604, 590, 994, 060, 050, 884 - all are mature with 

modern, solar wind exposure predominant; they have evolved 

in such a.way that either little extreme mixing has 

occurred or the traces of such events has faded; 
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c) 992, 442, 850, 570 - all are quite similar to the preceding 

group except that some diffusive loss of He is indicated; 

d) 005 - a submature sample which has probably formed as a recent 

mix between soils similar to b) above and some a) material; 

e) 794,796 - strongly mixed soils of very immature, LoAnt material 

(probably fillet from House and Outhouse boulders) with 

mature soil like b) above; 

f) 770 - a mixed soil of very immature, HiAnt material like a) 

with some b) type soil; 

g) 122 - an immature, relatively HiAnt-rich soil that received 

almost all of its surface exposure prior to about 3.5 Gy 

ago and was then buried and severely outgassed; 

h) 124 - a submature mix between 122 and b) type material; 

i) 550 - submature, richest soil in FIIR-derived material consti¬ 

tuting the archetype for LoAnt soil; most trapped gases 

are remnants from an exposure around 3.0 Gy ago followed 

by moderate outgassing; 

j) 118, 224, 228 - soils akin to 550 in terms of both geochemistry 

and inert gas properties but of greater surface exposure, 

much of which has probably been recent; 

k) 551, 150, 450 - soils similar to i) and j) above but of inter¬ 

mediate characteristics and possibly a greater proportion 

of modern exposure; 



117 

l) 114 - a probable mix of b) and i) type material; 

m) 746, 748, 760 - mixed soils of a) and j) type material; 

n) 334, 332, 350 - these station 13 samples are similar to 

the preceding station 11 soils but with less of the 

HiAnt a) type material mixed in. 
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GENERAL CHARACTERISTICS OF APOLLO 16 SOILS 

SAMPLE 
NUMBER ALBEDO 

(a) 

ROCK 
SOURCE 

(b) 

Is/FeO 

(c) 
COMMENTS (d) 

60051 5 57.0 Collected near ALSEP; white 

60501 80.0 Rake soil 

60601 4 M 85.0 Rake soil 

61141 5 L 56.0 Collected on traverse from Plum 
crater 

61161 7 D 82.0 Collected 20 m NE of the rim of 
Plum crater; loosely compacted, 
medium gray soil 

61181 5 82.0 Collected on NE rim of Plum crater, 
from rim of a 10 cm diameter cra¬ 
ter; part of a radial sequence 
(second out from crater rim) 

61221 6 L 9.2 Below surface soil collected from 
trench on NE rim of Plum crater; 
white soil 

61241 4 L 47.0 Top layer from the same trench as 
61221; gray soil 

61281 5 D 69.0 Fillet soil collected at SW rim 
of Plum crater 

61501 5 L 53.0 Rake soil collected from small' 
crater rim NE of Plum crater 

62241 5 100.0 Collected from SE edge of Buster 
crater 

62281 6 76.0 Collected 40 m SE of the rim of 
Buster crater, within a few meters 
of a small (3-5 m diameter) crater; 
very soft, loose soil 

63321 L 47.0 Permanently shadowed soil collected 
from beneath Shadow rock 

63341 L 54.0 Collected from below 63321 
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SAMPLE 
NUMBER ALBEDO 

ROCK 
SOURCE Is/FeO COMMENTS 

63501 6 L 46.0 Collected 5 m WNW of Shadow rock 
in an area of smooth ground sur¬ 
face; no craters within 2 m of 
sample area 

64421 4 M 83.0 Collected from bottom of a trench 
on the south edge of a doublet 
crater 

64501 5 L 61.0 Rake soil collected on NE edge of 
the same doublet crater 

64801 4 L 71.0 Rake soil collected from the rim 
of a 25 m diameter crater 

65501 L 38.0 Rake soil collected from the 
inside edge of a 25 m diameter 
crater 

65511 55.0 Collected with rake sample 

65701 4 D 106.0 Rake soil collected from steep 
south wall of same crater 

65901 4 99.0 Collected 15 cm below surface 

66031 102.0 Collected from north rim of 10 m 
diameter crater 

66041 90.0 Gray soil collected in same area 
as 66031 

66081 L 80.0 White patch on west rim of same 
crater 

67031 Fragments 

67461 7 L 25.0 Fillet soil from a rock on south 
edge of North Ray crater 

67481 6-7 M 31.0 Reference soil for a rake sample 
collected on NE side of a 5 m 
diameter boulder on the south rim 
of North Ray crater 
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SAMPLE 
NUMBER ALBEDO 

ROCK 
SOURCE Is/Fe0 

67601 6 L 45.0 

67701 6 M 39.0 

67711 2.8 

67941 6 D 29.0 

67961 20.0 

68121 61.0 

68501 6 85.0 

68821 4 84.0 

68841 4-5 D 70.0 

69921 5 L 90.0 

69941 5 L 85.0 

69961 4 L 92.0 

COMMENTS 

Rake soil collected 2 m west of a 
2 m diameter boulder, located 5 m 
inside the south rim of North Ray 
crater 

White rake soil collected across 
a 40-50 cm diameter cloddy 
"secondary" crater located on SE 
rim of North Ray crater 

Rake soil collected with preceding 
sample; scraped off the top of a 
friable boulder located just below 
the surface 

East-West split soil collected 
between House and Outhouse 
boulders 

Reference for preceding sample 

Fillet soil from rock on SE rim 
of a 10 m diameter crater 

Compacted rake soil collected 
halfway between two 10-15 m 
diameter craters 

Fillet soil collected from a 
small rock some 30 m to the east 
of preceding sample 

Reference soil for 68821 

"Skim soil" collected about 15 m 
outside and NNE of a 45 m diameter 
crater 

"Scoop soil" from same location 

Collected from beneath a small 
boulder near preceding two soils 
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NOTES: 

(a) - These were assigned during preliminary examination at the 
Lunar Receiving Laboratory and reported in the Apollo 16 
Lunar Sample Information Catalog (1972). Heymann et aTT 
(1975) arbitrarily take a value of 4 or less to be "dark" 
and 5 or greater to be "light." 

(b) - These are designations of Adams and Charette (1975) with 
"D" denoting soils rich in dark breccias, "L" light 
breccias, and "M" mixed. 

(c) - From Morris (1978). These were taken from the < 250 ym 
size fraction which Morris has shown to best reflect 
surface maturation. The units are arbitrary. 

(d) - Comments are drawn from Muehlberger et al. (1972), the 
Apollo 16 Lunar Sample Information Catalog (1972) and 
Heiken et al. (1973). 



SAMPLE 
NUMBER 

60051 

60501 

60601 

61141 

61161 

61181 

61221 

61241 

61281 

61501 

62241 

62281 

63321 

63341 

63501 

64421 

64501 

64801 

65501 

65511 

65701 

65901 

132 

CHEMICAL PROPERTIES (a) 

CaO 

(wt.%) 

MgO 

(wt.%) 

K2O 

(wt.%) 

Ti02 

(wt.%) 

FeO 

(wt.%) 

AI2O3 

(wt.%) 

16.20* 5.05* 0.096* 0.44* 4.4 28.4 

15.55 6.21 0.120 0.61 5.5 26.3 

15.60 6.12 0.116 0.55 5.6 26.7 

15.28 6.12 0.129 0.57 5.3 26.4 

15.95* 6.35* 0.110 0.58* 5.5 26.3* 

15.56* 5.78* 0.110* 0.66* 5.5 27.1* 

15.96 4.92 0.087 0.51 4.9 28.3 

15.69 5.50 0.112 0.58 5.3 27.0 

16.12 5.90* 0.121 0.54* 5.2 27.1* 

15.40 6.42 0.116 0.55 5.5 26.6 

15.58 5.81 0.111 0.59 5.7 27.0 

15.42 6.57 0.114 0.60 5.4 27.3 

15.79 5.82 0.101 0.52 4.8 27.4 

15.52 5.69 0.107 0.58 4.7 27.7 

15.76 5.30 0.097 0.51 4.7 27.8 

15.80 5.36 0.113 0.55 5.0 27.8 . 

16.08 5.55 0.109 0.55 5.0 28.0 

15.74 5.68 0.119 0.54 5.2 27.4 

14.90* . 6.28* 0.148* 0.70* 6.0 25.9* 

— — — — 6.0* — 

15.34 ' 6.20- 0.129 0.65 

0
0

 • 
ID

 26.8 

15.00* 6.20* 0.121 0.61* 5.8* 26.5* 
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SAMPLE 
NUMBER 

66031 

66041 

66081 

67031 

67461 

67481 

67601 

67701 

67711 

67941 

67961 

68121 

68501 

68821 . 

68841 

69921 

69941 

69961 

CaO 

(wt.%) 

15.25* 

15.25 

15.11 

18.75* 

16.89 

16.58* 

15.92 

16.40 

16.50 

15.46 

15.50* 

15.23 

15.30* 

15.25 

15.35 

15.59 

15.03 

MgO 

(wt.%) 

7.63* 

6.08 

6.28 

4.64* 

4.07 

4.02* 

4.93 

4.72 

4.38 

6.48 

6.04* 

6.29 

6.13* 

6.33 

6.35 

6.38 

6.37 

K2O 

(wt.%) 

0.107 

0.132 

0.135 

0.051* 

0.053 

0.069 

0.084 

0.079 

0.060 

0.135 

0.113* 

0.120* 

0.114 

0.141 

0.117 

0.130 

0.116 

0.126 

Ti02 

(wt.%) 

0.60* 

0.66 

0.68 

0.34 

0.41* 

0.49 

0.37 

0.26 

0.54 

0.58* 

0.57 

0.50* 

0.58 

0.59 

0.61 

0.61 

FeO 

(wt.%) 

5.5* 

5.9 

6.2 

3.7* 

4.4 

4.2 

4.1 

4.0 

3.0 

5.4 

5.4 

5.4 

5.2 

5.5 

5.5 

5.7 

5.7 

(wt.%) 

27.8* 

26.4 

26.2 

31.4* 

29.6 

28.8 

27.8 

28.9 

30.0 

26.2 

26.4* 

26.8 

27.1 

26.2 

26.2 

26.4 

26.3 

(a) - These data were extracted from the Johnson Space Center's Lunar 
Sample Data Base compiled by Dr. J. Warner and Claire Dardano. 
The kind assistance provided by Ms. Dardano and Fran Waranius in 
attaining a listing of Apollo. 16 data from this source is grate¬ 
fully acknowledged. This Data Base has been updated through 
June 1978, containing publications through the Seventh Lunar 
Science Conference. Because the number of papers involved in the 
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compilation of this table is quite large (in excess of fifty), 
individual citations are not included here. More than one 
reported measurement has been available in most cases; when a 
single determination has been used it is denoted by an asterisk. 
In all other instances averages of the reported values are 
listed. When a measurement was found to differ from the average 
of all others by more than 15%, that value was excl-uded from the 
calculation. 
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SAMPLE 
NUMBER 

60051 

60501 

60601 

61141 

61161 

61181 

61221 

61241 

61281 

61501 

62241 

62281 

63321 

INERT GAS CONTENTS (*) 

20Ma Ne 
36. 

Ar 4 

He/20Ne 
(xl0”4cm3 

STP/g) 20Ne/36Ar ( 40Ar/36Ar)T 

(xl0'4cm3 

STP/g) REF 

A20 
(%) 

46.9 5.78 3.19 1.45 1.81 a - 6.6 
45.1 7.75 2.31 3.35 f 

46.9 8.78 2.14 1.13 4.10 a - 5.8 

45.8 9.47 1.99 1.05 4.77 b - 5.1 

47.4 9.26 2.03 1.06 4.57 b 
47.1 9.87 2.14 1.14 4.61 d 

42.3 9.48 2.31 1.83 f 4.10 9 -14.5 

35.3 10.7 2.62 2.21 4.08 e -29.7 

4.01 1.12 a -46.4 
26.1 2.43 1.83 4.19 1.33 b 
26.4 2.68 1.76 1.52 g 

4.1 c 

39.3 8.21 2.13 2.69 3.86 b -20.4 
41.1 6.32 2.15 2.94 c 
38.0 7.97 2.14 3.72 c 

— — — — — - — 

37.1 9.00 2.47 2.26 3.65 e -24.2 
37.7 7.28 2.20 3.31 f 

37.1 12.6 2.46 2.60 5.12 b -26.1 
36.3 12.9 2.54 2.63 5.08 c 

37.0 10.9 2.24 2.43 4.87 b -25.6 

38.8 6.37 2.55 1.59 2.50 a -20.9 

36.5 8.31 2.74 1.53 3.03 e 
41.1 . 6.06 2.23 1.53 f 2.72 h 

37.3 5.44 2.14 1.35 2.54 a -19.9 

40.1 6.97 2.40 1.47 2.91 e 
41.7 5.59 2.06 1.41 t 2.72 h 

63341 
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20Ne 
36. 

Ar 4 

SAMPLE 
NUMBER 4He/20Ne 

(xl0"4cm3 

STP/g) 
20Ne/36Ar ( 40Ar/36Ar)T 

(xl0”4cm3 

STP/g) REF 

A20 
(%) 

63501 37.9 5.84 2.49 1.03 2.35 a -22.4 

37.9 7.80 2.79 1.01 2.80 e 

38.2 5.78 2.03 1.09 t 2.85 h 

64421 45.5 9.10 1.88 1.31 4.83 a -11.3 

42.0 10.9 2.12 1.19 5.14 e 

64501 35.9 8.55 2.44 2.15 3.51 e -24.5 

38.6 7.40 2.20 2.24 t 3.37 9 

64801 46.3 9.33 1.99 1.61 4.68 b - 5.9 

65501 39.1 7.57 2.79 2.53 2.71 a -24.8 

36.9 8.12 2.64 3.08 f 

38.1 7.94 2.66 2.98 f 

65511 41.0 8.23 2.41 2.02 3.41 a -18.5 

38.5 7.86 2.37 2.13 3.31 b * 

40.8 9.63 2.33 4.14 f 

41.8 9.12 2.27 4.02 f 

65701 46.0 9.54 1.60 1.29 5.96 b - 7.6 

44.8 9.89 1.70 1.71 5.81 b 

48.1 10.9 1.86 1.38 5.86 d 

65901 49.1 9.60 1.85 1.24 5.19 b - 1.3 

49.2 8.42 1.83 1.29 4.60 b 

66031 — -- — — — - — 

66041 49.7 8.49 1.97 1.36 4.31 b — 1.0 

66081 50.4 10.5 1.91 1.27 5.51 b 0.0 

67031 -- — — — . — — 

67461 39.3 4.26 2.88 1.51 1.48 d -17.3 

67481 39.9 4.31 2.60 1.20 1.66 b -19.8 

37.3 . 4.75 2.90 1.38 f 1.64 g 

67601 37.1 6.16 2.89 0.39 2.14 e -24.0 

67701 40.8 5.05 2.72 0.83 1.86 b -12.8 

42.5 4.38 2.67 0.83 t 1.64 g 
0.83 c 
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SAMPLE 
NUMBER 4He/20Ne 

20Ma Ne 
(xl0"4cm3 

STP/g) 20Ne/36Ar (40Ar/36Ar)T 

36Ar 
(xl0_4cm3 

STP/g) REF 

.4 
A20 
W 

67711 42.5 0.259 2.84 1.01 t 0.0912 9 - 9.2 

67941 49.2 3.58 2.65 0.80 t 1.35 h 0.0 

67961 48.9 2.74 2.28 0.79 t 1.20 h — 

68121 — — — — — - — 

68501 45.3 7.57 2.14 1.04 3.53 d - 8.4 

68821 — — — — — - — 

68841 49.0 7.71 2.04 0.93 3.78 b - 1.1 

69921 41.2 9.78 2.20 0.99 4.45 e -17.0 

69941 49.5 8.57 1.85 1.03 4.64 b - 0.9 

69961 — — — — — - — 

NOTES: 

* Analysis by Walton et al . (1973) on sample 65513 • 

t The reported ^Ar/^^Ar values of Hintenberger et aK (1975) and 
Eberhardt et al_. (1976) have been corrected for radiogenic ^Ar 
by using the- approximation 

40ArR = (4 ± 1) x 10"8[K] cm3 STP/g 

where [K] is the potassium concentration of the fines in ppm 
(Yaniv and Heymann, 1972). In the cases of 67941 and 67961 
this correction ignores the bimodal nature of (40Ar/36Ar)y in 
these soils (Eberhardt et al., 1976). 

f Typical errors in the absolute gas concentrations are about 5% of 
the measured amounts owing to sample weighing errors, the standard 
deviation of replicate peak-height determinations, calibration 
error, and blank correction errors (Walton et al_., 1973 and Heymann 
et aj_., 1975). The elemental ratios can have errors up to 7 or 8%. 
Measured ^^Ar/2°Ar ratios have errors of 5% or less but the applied 
corrections for ^ArR can cause the error in (^^Ar/^°Ar)x to be 
significantly larger. 



REFERENCES: 

a - Bogard and Nyquist (1973) 

b - Walton et al. (1973) 

c - Heymann et al. (1975) 

d - Hintenberger and Weber (1973b) 

e - Kirsten et al. (1973) 

f - Signer et al. (1977a) 

g - Hintenberger et al. (1975) 

h - Eberhardt et al. (1976) 


