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Abstract-The Rosiwal Principle states that the exposure area ( ds ( r), where r -- grain radius) presented 
by grains in the size range r to r + dr on a unit surface (S = L 2

) of a unit volume ( V = L 3
) is proportional 

to the fraction (dv(r)) of the unit volume occupied by those same grains [i.e. ds(r)/S = dv(r)/V]. This 
applies at any instant in time to grains of the lunar regolith between stirring events. Thus, on the lunar 
surface, the time integral of exposure to the solar wind of grains composing dv (r) is proportional to 
dv(r) rather than to the total surface area [ds '(r) = 41rr 2(dv(r)/11rr 3

)] of the grains composing dv(r). 
However, one often finds that the quantity of an element implanted into the lunar fines from the solar 
wind is distributed across the grain-size fractions in proportion to ds ' ( r) (i.e. surface correlated) rather 
than to dv ( r) (i.e. volume correlated). If the lunar fines acquired these loads of solar elements while on 
the lunar surf ace, then solar-wind exposure times must be revised upward because surf ace correlation 
can be directly produced only by the surf ace saturation of progressively smaller grain sizes against 
each solar-wind element. Alternative explanations are that the surface correlations were established in 
a free space irradiation phase or that the solar-wind elements are carried by submicron particles which 
are mechanically stirred to depth and attach to larger grains in proportion to ds '(r ). It appears that the 
regolith could not have accumulated the present load of 132Xe in situ unless the solar flux of 132Xe had 
been much higher uniformly over geologic time. 

A test of the in situ accumulation of solar elements is described involving measurements of the 
relative concentrations of inert gases and reactive elements across sets of lunar fines samples for 
which mean grain size ·(m), sorting (u) and the minimum radius of surface correlation (rs) are well 
established. Qualitatively, similarly exposed coarse and fine soils should retain approximately the 
same quantities of reactive elements, but coarse soils should retain less inert gases than fine soils due 
to the relatively smaller specific area of the coarse soils. The Rosiwal Principle also applies to species 
volatilized or sputtered from the lunar surf ace and redeposited locally. The only restriction is that the 
redeposited material not diffuse deep into the lunar surf ace. 

INTRODUCTION 

IT HAS BEEN ARGUED that most of the solar-wind elements observed in lunar 
grains were implanted while the grains were dispersed through interplanetary 
space (Gold, 1975). Presence of high solar cosmic-ray tracks densities (> 1010 

tracks/cm2
) on the surface of submicron grains was presented as the first direct 

evidence of an extralunar exposure of lunar grains (Barber et al., 1971; Gold, 
1973). However, the prevalent argument is that this exposur~ occurred while the 
grains were on the lunar surf ace and that meteoritic churning of the regolith 
continually re-exposed individual grains to the solar wind (Gault et al., 1974; Oran 
et al., 1975b). In this manner, each grain was uniformly exposed to the solar wind. 

*The Lunar Science Institute is operated by the Universities Space Research Association under 
contract NSR-09-051-001 with the National Aeronautics and Space Administration. 

1967 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1975LPSC....6.1967C


1
9
7
5
L
P
S
C
.
.
.
.
6
.
1
9
6
7
C

1968 D. R. CRISWELL 

"Surface correlation" of the solar elements (Eberhardt et al., 1970; Hintenberger 
and Weber, 1973) was taken as supportive evidence of or at least consistent with 
this model of regolith stirring. "Surface correlation" means that each grain in a 
population with a wide range of sizes has approximately the same number of 
~mplanted ( or added) atoms per unit area. This single argument is qualitatively 
incorrect when applied to in situ exposure in that physical "saturation" of the 
surf ace concentration of each species i across the entire grain population is the 
mechanism which leads to surface correlation, not simply uniform stirring and 
exposure at the lunar surface. This conclusion follows directly from application of 
the Rosiwal (189~) Principle to specify the "effective" exposure area of grains to 
space as a function of grain size. Simple models are · presented for the 
accumulation of solar-wind gases by a grain population dispersed through space 
and a grain population present as a soil on the lunar surf ace. These models are 
then applied to data on sample 10084 (contingency sample collected on Apollo 11). 
The results indicate that estimates of minimum in situ residence time must be 
revised upward. Next, the dependence of the relative concentrations in soils 'of 
reactive and nonreactive solar-wind elements as a function of the mean size (m) 
and sorting ( u) of the grain population and lower grain size limit (rs) of surf ace 
correlation is specified assuming only solar-wind exposure is significant. These 
concentration predictions provide a base line for modeling the development of 
reactive species in the soil (Kerridge et al., 1974; DesMarais et al., 1973). 

GRAINS DISPERSED IN SP ACE 

Imagine a cubic volume ( V ( cm3
) = L 3

, L --- dimension of cube) of lunar soil 
which has never been exposed to the solar wind. Suppose the individual grains in 
this volume are somehow quickly dispersed through space so the solar wind has 
equal access to each grain. No grain shields another. This experiment is to 
illustrate how solar-wind elements will accumulate and distribute over the 
population of grains. To simplify, assume all the grains are spherical and let dm (r) 
be the mass of grains between radius r and r + dr. There will be dn(r)·= 
dm(r)/hrr 3p grains in dr, where p is the grain density (g/cm3

). Let the flux of 
solar-wind species i (atoms/cm2-sec, µg/cm2-yr, cc STP/cm2-yr, etc.) be :t and the 
efficiency of retention of element i by the grains be Ei- Equation (1) specifies the 
increase with time (t) in the quantity [dqi(r, t)] of solar-wind species i on the 
surfaces of all grains in dm(r), where ds'(r) = 47Tr2(dm(r)/hrr3 p) is the total 
surface area of grains in dm ( r) which can be exposed to :t : 

dqi ( r, t) = Ei/ttds ( r) = Ei:{it 47Tr 2 [~m ~r )] 37Tr p 
3ei:{it dm (r) =-----

p r (1) 

Concentration [C (µg/g, cc STP/g, etc.)= dqi (r, t )/dm (r)] of species i versus 
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The Rosiwal Principle 

grain size and time is simply given by 

C (r, t) = 3e,fi !_. 
p r 

1969 

(2) 

Figure 1 shows the development of C(r, t) in the equivalent linear (part a) and 
logarithmic (part b) representations of C versus r. Note in Figs. la and lb that 
C(r, t) increases uniformly with time over all size ranges. C(r, t) is said to be 
"surface correlated." The curves in Figs. la and lb can be understood very simply 
if one notes that each grain possesses the same number of i atoms per unit area or 
the same surface concentration J, (atoms/cm2, µg/cm2, cc STP/cm2, etc.) because 
each grain was uniformly exposed to the solar wind. Realizing this, it is clear that 
the quantity of species i (dq,) present in a given grain size range (i.e. r tor+ dr) is 
simply proportional to the total surface area [ds'(r)] of those grains times Ji. That 
is 

dqi(r, t) = Ji(t) · ds'(r) = J,(t)47rr2(dm(r)/hrr3p) 
= Ji(t)3dm(r)/rp 

or using the definition of C(r, t) and Eq. (2) 

T. ( t) = rp dqi ( r, t) = rp C ( t) = rp 3 e,fi !_ 
J, 3 dm(r) 3 1 r, 3 p r 

= eeftt. (3b) 

In Figs. la and lb, at is the time required to increase Ji by aJi = 10 units/cm2
• 

Clearly, Ji(t) cannot increase without limit through time. Eventually, the grains 
will accumulate so much implanted material that the surf ace will change and start 
to slu:ff-off old material in some manner at the rate new material is added. 
Alternatively, the implantation or other processes may continually erode the outer-
most grain surfaces. Saturation (Jsi) would correspond to the ½p · r · C = 50 curve 
in Fig. la or Fig. lb. In either case, Ei will decrease·as J,(t) increases toward its 
final value. As long as Ei is reasonably constant, the exposure time (tei) of the grain 
population to species i is simply 

(4) 

As saturation is approached, the actual exposure time will always be longer than 
the "apparent" time (Tei) associated with the measured saturation value--e.g. 
}p · r · C = 50 in Fig. la or Fig. lb. Detailed knowledge of Ei as a function of Ji, 
mineralogy, and interactions between species after implantation must be available 
for accurate estimates of Tsi, as the grain population nears saturation. 

Three points should be made before turning to a discussion of exposure of 
grains in a volume element on the lunar surface. 

(1) Surface correlation is one extreme by which a species can distribute itself 
geometrically across a range of grains. The other extreme is volume correlation in 
which the species appears to be or is in fact distributed among the grains in direct 

-proportion to the volume of each grain. Suppose Ki is the rate at which new 
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Fig. la. Nondimensional linear plot of species concentration (C1(r, t)) versus grain 
radius (r) with time (t) or surface concentration (Ji) as the parameter. 
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Fig. lb. Logarithmic representation of Ci(r, t) versus r. The curves now form a family of 
straight lines of slope n = -1 which corresponds to surf ace correlation. n < -1 could 
occur by some process in which large grains preferentially lose surf ace correlated 
species or there is an increasing fraction of a more retentive mineral in the smaller size 
range. n > -1 corresponds to decreasing surf ace correlation as r decreases. The smaller 
grains would not have the maxim~m possible surf ace concentration. Experimental data 

is usually presented in this format because of the visual simplicity. 
1970 
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The Rosiwal Principle 1971 

implanted atoms appear in each unit volume of material and that Ki is indepen-
dent of grain size. Units of Ki would be atoms/cm3-sec, µg/g-sec, cc STP/cm3-sec, 
etc. Then d 2q;(r, t) = K,dv(r)dt, where dv(r) is the volume occupied by grains 
between r and r + dr in radius and dv(r) = dm(r)/p. If one starts with an 
unirradiated population of particles, then by integration of d 2 qi one obtains 
dqi(r, t) = Ki · dv(r) · t = (Ki · t/p)dm(r). Using the definition of concentration 
[C;(r, t) = dq,(r, t)/dm(r)], we have 

Ki ·t C,(r, t) = --. 
p 

(5) 

By original assumption, there is no dependence on grain size which corresponds 
to volume correlation (VC). Volume correlation occurs if the irradiating species is 
equally likely to be stopped at any point in the grain regardless of the grain size; 
thus, not producing a preferential excess of the irradiating species at the grain 
surface. An example of VC is the production of galactic cosmic-ray tracks in 
particles of dust irradiated in free space where the cosmic-ray range in the grains 
is much larger than the range of grain sizes. Ct(r, t) versus r in either Fig. la or 
Fig. lb is simply a horizontal line (slope n = 0) for VC. The C;(r, t) lines shift 
upward with increasing t until saturation is achieved or for cosmic rays when 
mutual track obliteration occurs. The last two points concern surface correlation 
(SC). 

(2) Surface correlation of solar-wind elements can be displayed by grains 
dispersed through space even if they are not rotating. Suppose the grains display 
the same face toward the source of species i. The total load of species i they can 
retain is reduced [Eq. (1)] because the impactable area of each grain decreases 
from 41rr2 to 1rr2 (i.e. projected area), but SC still pertains. 

(3) Finally, it is possible to estimate the minimum time the originally pristine 
grain population must be in space before SC of species i develops. This is simply 
the time (t1.mm) for the smallest grain in the population to be impacted by one atom 
of species i. 

(6) 

If rmm = 0.1 µ = 10-s cm, then (Table 1) for hydrogen trmnCH) = (7r X 
10-lO cm2 X 3 X l08/cm2-secr1 = 10 sec, whereas tmin(132Xe)* = 8 X 103 yr. rmin = 0.1 µ 
was used because solar-wind atoms with 1 keV/nucleon penetrate into grains the 
order of .01-.1 µ. So, smaller grains would tend toward a display of volume rather 
than surface correlation of implantable species. 

ROSIWAL AND GRAINS EXPOSED THROUGH A SURFACE 

Figure 2 depicts a mass M of lunar soil situated in a cubic volume at the lunar 
surface. M = p (l - p )L 3 , where p = the density of mineral grains in M and 

*Symbol subscripts indicating an arbitrary element (ex. ti.m1n) will be denoted in parentheses after 
the symbol for a specific element [i.e. trrun (132Xe)]. 
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1972 D. R. CRISWELL 

SOLAR WIND 
FLUX fi(p,g OR ccSTP/cm 2-yr) 
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Fig. 2. Cubic volume element of lunar soil with one face at the lunar surf ace. 

Table 1. (Cameron, 1970). 

Element [CAJa) " Ji< #/cm2-yrYc) !1 (µg/cm2-yrr 

IH 3.2( + lO)lb) 9.5(+ 15) 1.6(-2) 
4He 2.2(+9) 6.6(+14) 4.4(-3) 
12c 1.2(+7) 3.6(+ 12) 7.2(-5) 
14N 3.6(+6) 1.1( + 12) 2.6(-5) 
84Kr 2.7(+1) 8.1(+6) 1.1(-9) 
n2Xe 1.4(+0) 4.2(+5) 9.3(-11) 

<a)Cosmic abundance normalized to a silicon value of 106 atoms. 
(b)(x) = 10x. 

fi(cc STP/cm2-yrye,n 

3.5(-4) 
2.4(-5) 
1.3(-7) 
4.1(-8) 
3.0(-13) 
1.6(-14) 

<c)fi( # /cm2-yr) = JCH) · [CA1]/[1H] = (9.5 X l015/cm2-yr/3.2 x 101°) · [CA1] 
(3 x 105 /cm2 -yr)[CA, ]. 
(d)fi(µg/cm2-yr) = /,( # /cm2-yr)(atomic weight)(l.67 x 10-13 µg). 
<e)fi(cc STP/cm2-yr) = fi( # /cm2-yr)(l cc STP/2.7 x 1019 # ). 
<nntese flux values correspond to free space. A lunar area of the lunar surface will be 

shielded part of the time due to the rotation of the moon. The time averaged flux to a point on 
a rotating moon in free space is (0.32 · cos A) · ft, where A is the lunar latitude of that point 
(A = 0° = equator). Passage of the moon through the magnetotail shields points on the 
earthward side. The maximum shielding is along the subearth longitude line corresponding to 
the moon being in the magnetotail for approximately three to four days. Along the subearth 
longitude, the time average flux to a unit area is approximately 0.13 · cos A. The Apollo 11 site 
was near the equator at 23°E. A shielding value of approximately 0.2 will be used to the text to 
reduce the above /1 values for discussion of sample 10084. 
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The Rosiwal Principle 1973 

p = soil porosity (p = 0 for no voids). Solar elements must enter through the 
surf ace S = L 2 and will accrete on first impact with any grains which compose or 
define the surface. The key question is, "What is the expression as a function of 
grain size for the area each grain fraction exposes to t at S ?" That is, what is 
ds (r) in Eq. (1)? 

The Rosiwal Principle was first applied to lunar problems by Shoemaker and 
Morris (1968) to obtain the 'mass distribution [i.e. dm(r)] of the lunar soil from 
limited resolution (~ 1 mm) Surveyor photography of the lunar surface near these 
five unmanned spacecraft. In its simplest form, the Rosiwal Principle states that 
the area ds (r) occupied by grains on the unit surface (S = L 2

) of a unit volume 
( V = L 3

) in which the grains are homogeneously distributed is directly 
proportional to the fraction of the unit volume occupied by these same grains 
[dv (r)]. That is, 

ds(r)/S = dv(r)/V. (7) 

Placing this expression for ds (r) into Eq. (1) and letting S / V = L 2 
/ L 3 = L -i and 

dv(r)=dm(r)/p(l-p), we have 

dm(r) 
dqi(r, t) = Ei#ds(r) = elJ Lp(l- p) (8) 

and for the concentration of species i 

Eli 
C(r, t) = p(l- p)L t. (9) 

Equations (9) and (2) are fundamentally different. The grain radius r in Eq. (2) has 
been replaced by L which is the characteristic depth of the entire sample which 
has been exposed, with some degree of uniformity, to the input flux of species i. 
For a Rosiwal-type exposure, the concentration should be constant with grain size 
for a species introduced to grains on the surf ace even though stirring of the grains 
might proceed at a fast enough rate that no grain achieves a saturation level (Isi ), 
thus losing part of fi, sooner than any other grain. Equation (9) describes a 
horizont~l line in Fig. la (or Fig. lb) which increases as Ji or time increases just as 
would a volume distributed species [Eq. (5)]. However, in this case, species i is 
distributed across the surfaces of individual grains and simply mimics a volume 
distribution. 

How must SC evolve for in situ exposure of lunar fines? Figure 3 is useful in 
explaining the process. This is a linear plot of C(r, t) versus r comparable to Fig. 
la. Equation (9) plots as a series of horizontal lines increasing from C (r, t) = 0 if 
we start with a pristine sample. The curved line Isi = ½C (> rs, t) · r · p = 
"constant" corresponds to the surface saturation value of sp~cies i on any grain 
[Eq. (3b)]. As C(r, t) increases with time, the large grains will become loaded to 
their saturation value at low-C values corresponding to the intersection of the 
successively higher horizontal lines with the heavy curved line (ls;). Surface 
correlation thus results from the inability of grains larger than rs to retain the 
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Fig. 3. Time development (horizontal dashed and dotted lines) of species concentration 
as a function of grain size for the material in volume V (Fig. 2). Species i introduced onto 
grains to the right (left) of the surface saturation limit (heavy curved line) are 
immediately (t < T~1) lost (retained) by the grains. On log-log plot, the "saturation limit" 
would be a straight line with slope n = -1. T~1 is the time required to saturate with 

species i, the uniformly stirred mass of grains down to the grain radius r~. 

additionally impacted atoms. In effect, there must be a balance between the input 
and loss of species i for grains larger than rs which is maintained over times much 
less than Tsi (the time to saturate to rs). For r < rs, species i should appear volume 
correlated. Qualitatively, this means that SC requires the immediate (i.e. t < Tsi) 
loss of solar-wind species striking the r > rs grains. This loss criteria will be 
detailed in the next sections. 

Before applying this model to lunar data, it is appropriate to review the 
conceptual basis of the Rosiwal Principle and explore its applicability to the lunar 
situation. The following is a simple demonstration of the Rosiwal Principle. 
Suppose one has a cubic V<?lume (V = L 3

) which contains N randomly situated 
spheres of radius r(~L). Imagine that each sphere is replaced by its diameter line 
(i.e. 2r) perpendicular to the top face of the cube. Now imagine that a plane 
parallel to the top face of the cube is passed through the volume at an arbitrary 
distance between the top and bottom of the cube. The probability that a given 
diameter line will intersect this plane is simply 2r IL. The total number of diameter 
lines (~) which will intersect this plane is simply 

Ni= (2r/L)N. (10) 
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The Rosiwal Principle 1975 

Now, there is an average circular area (ii) associated with the intersection point of 
each diameter line which corresponds to the circle formed where the plane cuts 
the intersected sphere. Clearly a < 7Tr 2 since it is equally likely the plane may 
intersect the diameter line at the midpoint, near the end, or at any arbitrary point 
between the ends. Let z be the distance of the intersection point from the center 
of the diameter line. This average area is simply 

(11) 

Therefore, the total area of the spheres associated with the intersecting plane is 
simply s(r) = (27T/3)r2(2NriL) = (hrr3N)/L = v(r)/L, where v(r) is the total 
volume occupied by the spheres. Dividing both sides by L 2 (or the characteristic 
area of the cube) and making the substitutions (r) ds (r) and v (r) dv (r), which 
is permissible because the hard spheres are nonintersecting, we have the Rosiwal 
Principle ds(r)/S = dv(r)/V [i.e. Eq. (7)]. The interested reader is referred to 
Roethlisberger (1955) and Packham (1955) in which more general derivations are 
presented for noncircular particles and for populations which contain a large 
size-range of grains. Lunar soils are ideally suited for application of the Rosiwal 
Principle due to their broad range of sizes and high sphericity (;;:, 0.8). 

A very basic point must be made concerning the reason that the distribution of 
input flux (Fig. 3) onto the grains in a well-stirred volume element mimics a 
volume rather than a surface distribution. VC does not result because the solar 
wind has access to only a limited fraction of the surf ace of each grain residing on 
the top-most portion of the lunar surface. If, by some exotic means such as 
electrostatic churning (Rennilson and Criswell, 1974; Gold, 1972, 1955) or lunar 
winds (Rehfuss, 1972), only those grains which composed the top-most lunar 
surf ace were continually rotated in a time short compared to the saturation time 
(Tsi) and to the regolith mixing time (Tm) of the first few millimeters the mimicking 
of VC by a bulk sample of volume V would not be obviated. The initial effect of 
such a rotation would be merely to increase the time slightly that these mobile 
grains could reside on the top-most surface ( = 10-100 µ) before saturation of all 
these surface grains occurred. For the mobile grains a = 41rr2 rather than 1rr2 

would apply. If C(r, t) were measured on just these top-most grains, one would 
obtain surface correlated contours just as expected for grains exposed in space 
[refer to the derivation of Eq. (3)]. 

However, if we take a representative sample through the mixing volume V 
(i.e. L r), then we will find VC pertains. This is because the probability of a 
grain being located at given plane (interior or on the surf ace) is proportional to 
2r / L. The smaller grains which need to receive species i are not as likely to be 
present on the surface by exactly the correct factor (i.e. 2r / L ), thus forcing the 
surface distribution of the top-most_grains from a surface correlated to a volume 
correlated distribution when measured in bulk. It should also be clear from this 
argument that if the source changes in aspect or viewing angle, as happens with 
the rotating moon in the solar wind, it will not tend to produce SC. Rather, the 
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smaller grains are simply not as accessible on the surf ace as of ten as the large 
grains and thus not exposed. 

This mimicry of a volume distribution by a surf ace distribution, during the 
climb of species i toward saturation, is the result of unequal access of the input 
flux to the entire grain population. This result is not obviated if a small amount of 
scattering of the input particles is allowed as might occur in vapor redeposition of 
sputtered materials or materials volatilized by meteorite impacts. If the redepo-
sited materials have access to only a few of the L /2r layers of soil, then the same 
argument applies as presented in the preceding paragraph. The development of SC 
for volatilized materials would still require the occurrence of a saturation limit of 
some sort as presented in Fig. 3. This must be significant in modeling the 
circulation of labile elements such as lead and mercury (Allen et al., 1975) about 
the lunar surf ace. 

There are only two other ways in which SC can be obtained without requiring a 
saturation limitation as described in Fig. 3. Either (1) the lunar soils were 
irradiated or coated while spacially dispersed so that species i had equal 
simultaneous access to the entire grain population, or (2) the species i is actually 
present in much smaller "carrier" grains or globs which were stirred in depth 
through volume V and attached directly onto the grains of the soil distribution in 
direct proportion to the surf ace area of each size fraction of the grain population. 
Space exposure implies that evolution of the lunar soil is indexing the degradation 
of these originally supplied gas loads and 'track populations rather than their 
accumulation in competition with comminutive and agglutination processes. The 
second concept, submicron carrier particles, circumvents the mixing problem. 
There is evidence of a pervasive contamination by strongly adhesive particles 
(Blanford et al., 1974; Poupeau and Walker, 1975). Dran et al. (1975a) note that 
even the 1 µ grains are aggregates of smaller grains. The quantity of implanted 
species carried by these grains is unknown. It is even more difficult to have the soil 
acquire its present species load indirectly by the in situ exposures of submicron 
because the exposure time (Tei) is proportional to 1/r and is proportionately larger 
for these smallest grains. Their exposure area to space is restricted by the Rosiwal 
Principle just as in any other component of the regolith. Detailed numerical 
simulations of regolith turnover have been reported which are in qualitative 
agreement with these implications of the Rosiwal Principle (Oran et al., 1975b; 
Williams and Gold, 1975). 

ACCUMULATION TIME CORRECTIONS 

Previous calculations of the time required for in situ accumulation of a given 
quantity of solar-wind species i in lunar fines samples are qualitatively incorrect. 
Consider the noble gases because they are nonreactive, and thus lost, with some 
high degree of efficiency from the moon as an implanted species following 
rejection from saturated grain surfaces. A modified form of Eq. (9) has been used 
by previous investigators to estimate species accumulation times (Tei). In Eq. (9) 
let t = Tei, the measured bulk density (Ci) of species i in the sample analyzed 
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replace C(r, t) and Ei = 1 for simplicity. Finally, it should be noted that grain size, 
rare-gas and reactive elements analyses are performed on sample "splits," usually 
the grains less than 1 mm in diameter which typically compose y = 0.85-0.98 of 
the bulk volume (Shoemaker and Morris (1968). The larger grains shield the 
smaller grains from the incident solar wind so that the net flux is approximately 
yfi. Incorporating these changes into Eq. (9), we have 

(12) 

Tei will always be smaller than the saturation time (Tsi) defined in Fig. 3 or by Eq. 
(9) with Tsi replacing t, C(r, t) evaluated at C(rs, Tsi) and Ei = 1. 

Tsi = Ct ( rs, Tsi )( 1 - p )pL /fi'Y• (13) 

Dividing Eq. (13) by Eq. (12), and noting in Fig. 3 that C(rs) > Ci, we have 

(14) 

This correction ,is present over any other numerical uncertainties. 
Extensive reference will be made to 132Xe concentrations in the following 

exposure time estimates because 132Xe shows less loss in the lunar samples 
relative to the reactive species carbon and nitrogen in terms of their respective 
cosmic abundances (Geiss, 1973). Therefore, the various in situ loss processes 
such as diffusion, soil evolution, differential saturation levels, etc., presumably 
would have had less effect on the past history of the implanted xenon. Bulk 
sample 10084 was accumulated from approximately the top two centimeters of 
surface. It had C(132Xe) = 2.8 x 10-8 cc STP/g and C(.1-4 µ, 132Xe) = 
17 x 10-8 cc STP/g (Basford et al., 1973). Therefore, Ts/Te= 17/2.8 = 6. By Eq. 
(12), Te(132Xe) = (2.8 X 10-8

) (1-.4) (3.1)(2)/(1.6 X 10-14)(.9)(.2) = 3.6 X 10+7 yr or 
36 m.y. The factor of 0.2 accounts for magnetotail shielding and lunar rotation 
reduction of k Ts (132Xe) = 220 m.y. is the minimum saturation time. Previous 
measurements by Eberhardt et al. (1970) indicated SC to 0.7 µ and C(132Xe, 
0.7 µ) = 2.3 x 10-1 cc STP/g or Ts=== 300 m.y. Conceivably, Ts could increase 
another order of magnitude if SC were established down to 0.05 µ. These 
estimates are for only the top two centimeters of the soil. 

C(132Xe) has been measured in the Apollo 15 drill-core samples and is in excess 
of 10-8 cc STP/g to 240 cm beneath the lunar surface (Hilbner et al., 1973) and has 
been shown to be surface correlated to less than 16 µ (Pepin et al., 1974). 
Assuming these drill-core samples are correlated to the 0.5-2 µ range, as seems 
necessary for the observed C value and their similarity to 10084, the implied 
saturation time is Ts(132Xe) = ('.~40 cm/2 cm) (220 m.y.) = 26,000 m.y. Regolith 
depth at the Apollo 15 site is =5 m (NASA SP-289, p. 5-3). All models of regolith 
production predict great mixing between various depths, thus, it is reasonable to 
assume solar gases are present on fines to the regolith base which, if true, would 
predict TsC32Xe) = 54 b.y. 

An additional factor is relevant to 132Xe and for that matter the other noble 
gases. That is, how much 132Xe is lost over and above that loss required by the 
saturation condition in Fig. (3)? There are two aspects: (1) differential saturation 
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levels (lsi) for the various mineral fractions in the soil and (2) implantation or 
retention efficiencies (ei ). Suppose we have a soil in which one fraction, say 
ilmenite, retains ten times more 132Xe than any other component but composes 
only 10% of the soil volume, then one-half the 132Xe will be present on the ilmenite 
grains. However, this means that even if each ilmenite grain on the surface(= 10% 
coverage) retained all incident solar-wind 132Xe atoms, the other type grains which 
covered 90% of the surface had to reject nine atoms for every one atom they 
incorporated. In this case, different saturation levels serve to decrease the average 
value of lsi to approximately 0.2 its value for ilmenite and increase the required 
exposure time or input flux by a factor of 5. Information on sample 10084 
indicates differential saturation must be considered. Oran et al. (1975a) established 
that the 0.5-5 µ grains are composed of 50% feldspar grains, 10-15% ilmenite 
grains (same a·s bulk; Taylor, 1975), and depleted in pyroxenes (?%) and glasses 
( = 10%) relative to the bulk sample. Eberhardt et al. (1970) established for 
10084 that 132Xe was surf ace correlated in both the bulk sample with C(132Xe, 
bulk, 5 µ) = 6 x 10-8 cc STP/g and in the ilmenite fraction with C(132Xe, ilmenite, 
5 µ) = 2 x 10-8 cc STP/g (extrapolated from 10 µ). Thus, the 5 µ ilmenite grains 
carry approximately one-third the gas load at 5 µ (and even more on smaller 
grains), but constitute only one-tenth the sample in that size range. If ilmenite is 
eventually shown to have a factor of ten higher ls (132Xe) value than those of the 
feldspars, glasses and the remaining 30% of the unidentified material in the 1-5 µ 
grains from 10084, then the previous 300-m.y. bulk exposure time would have 
to be multiplied by 3 yielding 900 m.y. for the top two centimeters of soil. There 
are no direct data on the retention efficiencies ( e) for 132Xe in the various lunar 
minerals. Bertaut et al. (1975) find e(4He, feldspar)= 0.06 and e (4He, 
ilmenite)= 0.3 for implantation energies comparable to those in the solar wind. 
Development of an experimental and theoretical understanding of noble-gas 
retention processes in the fines is necessary to utilize these gas loads as temporal 
indices of the ancient solar wind. Tsi estimates increase as Ei decreases. 

Considerations of solar-wind amorphous coatings and 4He SC of the bulk 
and ilmenite fractions in 10084 indicate that the majority of the 4He load may 
not have been acquired in situ. Bibring et al. (1974) experimentally determined 
ls (4He, ilmenite)= 1017 atoms/cm2 and ls (4He, plagioclase-feldspar and 
pyroxene)= 1016 atoms/cm2

• Saturation was observed to evoke amorphous 
coatings similar to those on lunar fines. Dran et al. (1975a) examined individual 1 µ 
grains of feldspar and ilmenite from 10084 and found that all of the 50 feldspar 
grains examined had amorphous coating, but no coatings were observed on the 
eleven ilmenite grains examined. This suggests that the ilmenite grains were not 
saturated (i.e. l(4He) < 1017 atoms/cm2

), whereas the feldspar were. However, 
Eberhardt et al. (1970) measured inert gas concentrations in 10084 for both the bulk 
sample and an ilmenite separate. The ilmenite sample was more strongly surface 
correlated (n = -.8, 20 µ <2r < 100 µ) than the bulk sample (n = -.58, 1 µ <2r < 
100 µ), and also ilmenite l(4He) = 3 x 1016 4He/cm2 (refer to caption of Fig. lb for 
definition of n ). Thus, the ilmenite was surface correlated, which by the Rosiwal 
Principle, implies saturation. For completeness, it must be confirmed that the 
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ilmenite in 10084 is in fact surface correlated on grains between .5 and 10 µ in 
diameter. If so, the SC of the nonsaturated ilmenite is a powerful argument that at 
least the ilmenite did not receive its load of solar-wind 4He while about the lunar 
surface. 

The Tei and Tsi estimates assumed optimal mixing of the regolith. This means 
few grains remained on the surface for longer integral times than necessary to 
achieve a saturation coating. On the other hand, they had to achieve saturation. 
Unless this very strict dual requirement is met, much more 132Xe was lost than 
necessary to surface correlate to rs. The extra loss effectively decreases Ei [Eq. 
(2)] and increases Tei and Tsi• As previously noted, rapid rotation of grains on a 
lunar "skin" (=mm's depth) is not sufficient, especially for the smallest particles 
(<5 µ). In lunar fines, surface correlated 132Xe with ls~ 10-10 cc STP/cm2 

(Eberhardt et al., 1970) has been observed. If this is a saturation level appropriate 
to the mix of gases in the lunar grains, the time required to bring one unit area to 
10-10 cc STP/cm2 is approximately 104 yr. Thus, each grain regardless of size must 
experience this residence time. Because a 1 µ grain requires on the average a 1000 
time longer residence period in a regolith than a 1000 µ grain to surface correlate 
solar gases, it becomes exceedingly difficult to churn such a regolith uniformly to a 
depth of 2-5 m and simultaneously provide 104-yr surface residence time for all 
grains between 1 and 1000 µ in size. In contrast, approximately 104 yr would be 
required to saturate the surf ace of any size grain dispersed into solar wind with 
the present day 132Xe flux projected in Table 1. 

In situ exposure times (Tei) must be increased if these very "ideal" conditions 
are not satisfied. The saturation times (Ts) estimated here are all lower limits 
which require: (1) ideal stirring and exposure of all grain sizes on the surface; (2) 
no correction for different retentiveness or saturation values for the range of 
mineralogies present on the surface; (3) no allowance for diffusive loss or loss 
during comminutive and agglutinative processes; (4) time required to create a soil 
with a mean size the order of 50 µ from an initial bedrock; and (5) no allowance 
for the strong possibility that SC exists to the depths of 5-20 m assigned to the 
regolith of various regions on the basis of photogeologic and seismic arguments. 
Therefore, Ts= 26 b.y. for accumulation of 132Xe in the Apollo 15 core seems to be 
a very conservative estimate. 

The counter-argument is to say fi(1 32Xe) was much higher in the past at the 
lunar surface. There are two ways to increase t : either by increasing the solar flux 
or by recycling and reaccelerating the gases given off from saturated grains. 
Increased solar flux of 132Xe could be accomplished by either increasing the total 
solar-wind flux or increasing 132Xe/1H. Neither process is amenable to 
phenomenological or accurate analytical investigation at this time. We must 
simply agree with Geiss (1974) that available ·1unar data is compatible with higher 
solar-wind intensities but remind the reader that these higher intensities had to be 
maintained v~ually to the present day, and be accompanied by uniform regolith 
stirring to all depths continuously over geologic time. 

Recycling through the lunar atmosphere of atoms rejected from saturated 
grains must also be considered. The recycled atoms exit the grain surf ace at a 
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negligible energy and must be accelerated to energies the order of 1 keV (Biihler et 
al., 1966) by an electrodynamic mechanism. Two mechanisms are apparent at this 
time: (1) solar-wind electric fields and (2) local electric fields about the lunar 
surface of scales of microns to kilometers. Recycling increases the flux of species 
i to the lunar surface. Let f be the direct solar-wind flux to the surface, /c be the 
flux of species i into grains which is captured permanently by the grains, Ju be' the 
upward flux from the surface, le be the flux which escapes the moon, and fr the 
flux of recycled atoms of species i. Define two coefficients: (1) {3-the fraction of 
flux that permanently escapes the moon (fe == /3/u) and (2) 17-the fraction of the 
total downward flux that is permanently captured by grains [Jc == 'T/ (fi +fr)]. 
Conservation of flux requires ti == le + le == 'T/ (fi +fr) + /3/u and f u == /3f u + fr. 
Eliminating fu and solving for frlf we obtain 

(15a) 

The Rosiwal Principle requires that the grain population be saturated for grains 
with r > rs (see Fig. 3) for in situ exposure. Thus, after most of the large grains are 
saturated, 'T/ approaches zero and recycling must dominate the input flux to the 
grains with r < rs. Letting 'T/ approach zero and requiring 'T/ {3 1, we have 

(15b) 

Manka (1972) has studied the reimplantation of ions from the lunar atmosphere 
by the convective"electric field of the solar wind. Although the mechanism is 
signific~nt in, recyciiµg of the ions less massive· than oxygen (Fig. 11; Manka, 
1972), it will not appr~,ciably enhance the recycling of the heavier ions. This is 
because the heavier' iohs are accelerated essentially in straight lines from their 
point of ionization,ili. thiJlluminated atmosphere. The acceleration direction is the 
same at all points <:',bout ih~rmoon at any one instant. Thus, no more than one-half 
the massive ions will. s.ttjke.Jhe moon and the rest will be accelerated to deep 
space. Therefore, tf~ ½° ·~nd fr Iii 1. Flux enhancements greater than 6 are 
necessary to explain the ''-1

32Xe -concentrations observed in sample 10084. In 
addition, Hodges (1975) has· indicated the need for nonthermal removal 
mechanisms for 4He, 40 Ar,1 and carbon on the basis of mass spectrometer 
observations at the Apollo 17 site. A loss fraction {3 = 0.6 was calculated for 
atmospheric helium removed by the solar-wind electric field implying fr If = 0. 7. 

Direct observations of the atmospheric ions by the Superthermal Ion 
Detectors (SIDE) at the Apollo 12, 14, and 15 sites are compatible with a total mass 
escape rate of 0.7 g/sec of ions, of mass 20 a.m.u. or heavier, from the moon (J. 
Benson, personal communication). The flux of solar-wind ions observable by the 
SIDE's (14N, 160, ~e, 38Si, 36.Ar) inputs only 0.35 g/sec. The remaining unidentified 
flux is probably composed of compounds (ex. OH, H2O, NH3, CH4, HCH, HCHO), 
sputtered from surface soil, or molecules vented from the lunar interior. Direct 
observations are, therefore, compatible with {3 approaching 1, or frlf approaching 
0 which indicates very limited recycling of the solar-wind ions and possibly a net 
loss of ions from the moon (Vondrak et al., 1974). 
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Models and qualitative arguments concerning local electric fields generated by 
large-scale (::::::kilometers) interactions of lunar magnetic fields and the solar-wind 
(Burke et al., 1975), photoelectron exchange with the solar wind (Criswell, 1973), 
small-scale (:::::::em's) surface charge separations driven by photoelectrons emission 
(Rennilson and Criswell, 1974), and microscale (:::::: 10-2 cm) potential differences 
generated between soil grains by secondary emission processes (Gold, 1972) 
indicate potential differences in some cases approaching a few kilovolts,may occur. 
Near-surf ace electric fields might circulate return ions in such a manner that the 
SIDE's did not observe the full distribution of particles present, and they might 
also overcome the solar-wind removal process (i.e. V x B). However, the theory 
and phenomenological limits of these processes require far greater exploration. 
Also, the dependence of Ei [see Eq. (1)] on ion type, ion energy and target material 
must be established before detailed advances in understanding the gas loading of 
the lunar soils by the solar wind becomes possible (Geiss, 1974). 

In situ accumulation of all or part of the solar-wind species may produce a 
signature of the reimplantation electric fields. Comparison of implantation depths 
of a given species i as a function of grain size should yield information on the 
intensity of the electric fields which recycled species i ions. As noted in the 
derivation of Eqs. (15a) and (15b), the direct solar-wind ions and recycled ions will 
saturate the larger grains. Recycled ions will become increasingly significant in the 
implantation of the smaller grains. Comparisons of the species distributions and 
implantation depths in the same minerals in 1 and 1000 µ grains might indicate 
systematic di:ff erences resulting from in situ exposures. 

Most of the discussion to this point has delt with the noble gases which are 
nonreactive. Also, there has been no consideration of the significant di:ff erences in 
total species loads which different soils should display due to differences in their 
grain-size parameters. Loading capacities of various soils against both chemically 
nonreactive (ex. noble gases) and reactive (C, N) elements are considered in the 
next section in terms of the soil grain-size parameters (m, u, rs)- Ratios of 
concentrations of nonreactive to reactive elements provide tests of in situ 
accumulation of solar-wind species. 

RETENTION-INPUT RATIOS 

Development of the surface correlated distribution of species i requires the 
rapid loss of the species i atoms from the surfaces of r > rs grains which have 
achieved saturation and are still exposed to fi. It is possible to calculate the ratio of 
species i retained (R) to the total quantity input ( = JL 2 Ts) by solar wind, 
assuming one starts with a pristine soil in which the soil evolution processes that 
accompany stirring of the soil in volume V do not significantly modify the surf ace 
coatings during the accumulation of species i. 

The differential mass distribution of lunar soils can be modeled very 
accurately by the log-normal function (Butler and King, 1974; Lindsay, 1974; 
McKay et al., 1974) 
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M dm (</>) = yz:;;: {exp-[</> - m]2/2u2}d<f,, 
u 21T · 

(16) 

where cp == - log 2r /log 2 (r measured in millimeters, u ,_ standard deviation of the 
distribution (cp units), m ,_ mean of the distribution (cp units), and M ,_ mass of the 
sample analyzed (Gardner, 1956)). We will integrate dm(r) · C(r) to obtain the 
retained fraction of species i. Let <p1 and <p2 refer to the largest and smallest radii 
of the grains being measured. Most C(r) measurements are done on samples with 
'Pt = 0 ( = .5 mm) to <p2-:- 10(0.5 µ ), respectively. Perfect SC (n = -1) will be 
assumed for <p < <ps = -log 2rs/log 2. Assume VC for cp > 'Ps• The ratio R is then 
given by the general formula 

(17) 

where X = (cp - m )/u, Xs = (cps - m )/u and P(k) "== (1/YI;) J~oo e-x 212 dx is the 
standard form of the normal distribution where P(-k) = 1- P(k). P(k) is 
tabulated in most mathematical handbooks (Abramowitz and Segan, 1968). This 
equation simplifies to 

(18) 

if <p2 m 'Pt, <p2 'Ps <pt and <p2 becomes large (> 10) and 'Pt becomes small 
(<0). Figure 4 presents Eq. (17) with u (positive-definite) as the parameter over 
the range of 'Ps values pertinent to lunar soils. These soil parameters encompass 
.5 u 5, 0 < 'Ps < 10 and -2 < m < 6 (Lindsay, 1974) which implies -4 Xs 
12 for a practical range. It is advisable if either 'Ps or m approaches one of the end 
points ( <p2 or <p1) of the measured distribution of soil sample to calculate Ri (xs, u) 
using Eq. (17) rather than using Fig. 4 or Eq. (18). 

It was previously noted that the time (Tsi) required to surface correlate the 
volume ( V) of soil down to a size 'Ps ( or rs) is independent of the size distribution 
(i.e. m, u) of the soil. Conversely, Fig. 4 demonstrates that the retention fraction 
(Ri) is very dependent on these soil parameters. The interplay of 'Ps, m, and u 
makes a qualitative description of Fig. 4 difficult. R decreases most strongly as the 
soil distribution broadens (i.e. more of species i is impacting large grains which 
saturate quickly). This is evident from the various u = 0.~-5 curves of 
successively lower R values for fixed Xs. For a given u value, R will decrease as 
'Ps increases or rs (size of smallest grains) decreases. This simply says the grains 
larger than rs ( cp < <ps) must continue to lose excess species i while waiting for 
underexposed r < rs grains to come to the surf ace for exposure to species i. The 
finer a soil (i.e. m increasing or smaller average grain size), the more of species i 
that can be retained. Increasing fineness of the soil corresponds to Xs decreasing. 
This graph (Fig. 4) depicts the fraction of species i retained; thus, the amount per 
unit volume is simply R · (fiTsL 2). For example, consider two soils which are both 
saturated to 'Ps = 8 (i.e. = 2 µ) where soil # 1 is coarse (m = -1, u = 2, Xs = 4.5) 
and the other fine-grained (m = 4, u = 2, Xs = 2). Then Ri (coarse)= 1.4 x 10-3 and 
R; (fine) =9 x 10-2

• In this example, coarse refers to a "primitive" soil and "fine" 
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dm ({I) 2r(mm): 2 ·-

f • ~2 

I0-1- --

-u, 
X 

10·5-+-----+----+----4------+---~~-........ ------.,__, 

-2 0 2 4 6 8 10 12 
XS= ( ~;;_ m ) -

Fig. 4. Maximum value of the retention (R,(x.,u)) of species i as a function of 
x.,(= (cf,., - m)/u) and u (sorting) necessary to generate SC of solar-wind species i by 
direct impact or implantation and nondestructive mixing of-the soil. The insert illustrates 
the terms associated with a log-normal distribution (i.e. grain size in the logarithmic scale 
<f>) of lunar soil [refer to Eq. (16)]. u, the soil sorting, is the standard deviation of the 

normally distributed ( </> units) soil sample. 

to a mature soil as depicted by Lindsay (1974). However, the total loads of species 
i in the volumes are not clocks of exposure times of the two soils. <J,5 or r5 would 
serve that purpose. The primitiv~ soil retains 64 times ( =9 x 10-2/1.4 x 10-3

) less 
species i than the fine soil because it had to reject the extra quantity in surface 
correlating its grain population to </>s = 8 (this example) assuming in situ 
accumulation. 

There is a second interpretational significance attached to Ri. It permits the 
computation of the ratio of the total quantities of reactive to nonreactive species 
in an initially pristine soil which is stirred but not metamorphosed by the stirring 
process. Excess quantities of the nonreactive species such as the noble gases (He, 
Ne, Ar, Kr, Xe) will be lost from the soil surface (S 2 in Fig. 2) as the surface 
correlates. Thus, they will not build up past their SC limit even if reimplantation of 
a fraction of the excess atoms, by local or solar-wind electric fields, does occur. 
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Reimplanted ions encounter the same saturation limits as solar-wind ions as long 
as they are not considerably higher in energy (~ 1 ke V) than the solar-wind ions. 
Reactive species such as nitrogen and carbon must also encounter a surface 
saturation level of some type and the excess quantities must be sluffed-off, 
otherwise they would display VC, rather than SC. However, the sluffed-off 
fraction will be retained in volume V (Fig. 2) rather than liberated to space 
because the reactive atoms (especially N and C) are attached or chemically bound 
to other elements which make up the soil (Muller 1973). If one assumes the ratio of 
solar-wind fluxes of the species are known then the ratio (Rij) of the total 
quantities of nonreactive (Qi) to reactive ( Qj) species will be given by 

(19) 

where 11 'i is the retention of the excess quantity of the species i (or j) by the moon 
[integral of 11 in Eq. (15a) from lei = 0 to present lei value]. If for carbon one 
assumes 11'(C)=:::: 1 and for 11'(32Xe)~ 1, then R(132Xe/12C)=::::Ri · f(132Xe)/f(12C). 
Using solar-wind abundance ratios from Table- 1, we have R(132Xe/12C) =:::: 
R (132Xe) · [1.4/1.17 x 107

] = R(132Xe) x 10-7
• Referring to the coarse and fine soils 

of the previous example, these ratios would be R(132Xe/12C, coarse)= 
(1.4 X 10-3)(10-7

) = 1.4 X 10-10
, whereas R (132Xe/12C, fine)= (9 X 10-2)(10-7

) = 
9 x 10-9

• The coarse sample should appear to be depleted in 132Xe relative to 12C by 
1.6 x 10-2 when compared to the much finer-grained sample. A corollary of this 
statement is that one should not be able to use the bulk concentration of a reactive 
element in a soil to predict the abundance of a nonreactive element. The soil 
parameters must also be known in order to calculate the retention efficiency Ri of 
the nonreactive element for in situ exposures. 

In summary, a test is available of the concept that in situ irradiation by the 
solar wind dominates the distribution of solar-wind elements in the lunar regolith. 
The variation of the relative concentrations of nonreactive to reactive solar 
elements between different soil samples is one diagnostic. One must measure 
these two bulk concentrations, the grain parameters (m _and u), and <ps of the 
nonreactive species to apply the test. The sample literature is not presently 
adequate to determine the results. 

CONCEPTUAL IMPLICATIONS 

The Rosiwal Principle clearly requires that the buildup of surface correlated 
solar-wind species commonly found in the lunar fines must result from both soil 
stirring and the saturation of successively finer grain sizes assuming in situ 
exposure to the solar wind. Increased exposure times to the solar wind are a direct 
result of this simple geometric argument. Very precise and difficult experiments 
still remain to be done in order to determine the minimum radius of surface 
saturation for the various grain fractions of the available soil samples. It is to be 
expected that the 220-m.y. exposure time assigned to the 2 cm-deep sample of 
10084 is a conservative lower limit for the presently accepted value of the 
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solar-wind xenon flux. If this time estimate and the other experimental tests 
proposed (relative retentions of reactive and nonreactive elements, use of 
minerals as differential indices of saturation, corrections for ei -variation near 
saturation, etc.) also challenge the concept of in situ accumulation, then a 
qualitative change in the concept of the regolith should be explored. 

Traditionally, the regolith has been modeled as a volume of soil production. 
Alternatively, one may need to consider it as a previously, or continuously, 
accumulated layer of micron-sized grains which are evolving toward an 
equilibrium agglutination condition from the fine-grained direction rather than 
from bedrock. The alternatives are to require either a major increase in the 
solar-wind flux over geologic time, much greater solar production of xenon prior 
to today, or a very major error in the estimate of xenon in the present-day solar 
wind. 
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