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Abstract-Mineralogical evolution of lunar soils as a function of agglutinate content can be described 
with the help of a two-component model. Steady-state condition of exposed lunar soils can be 
achieved only by the balance of comminution, agglutination, and replenishment processes. Rate of 
replenishment depends on the meteoroid flux and the nature of the substrate which varies both in 
space and time. Rates of agglutination and comminution depend not only on the micrometeoritic flux 
but also on the chemical and modal composition of an exposed soil. It is concluded from modeling 
the above that steady-state condition of lunar soils is independent of its maturity or exposure age. 
Agglutinate content of a lunar soil can be used to estimate the relative exposure age of the soil only 
if the soil is in a non-steady-state condition. 

INTRODUCTION 
AGGLUTINATION IS A SURFACE PROCESS on atmosphere-free planetary bodies 
heavy or large enough to hold a regolith at the surface. Micrometeoritic impacts 
on soil grains in the regolith of any atmosphere-free planetary body can form 
agglutinates. At a microscopic scale, agglutinates provide the major particulate 
record of the interaction of interplanetary dust with the surface soils of 
planetary bodies. Agglutinates (pyroclastic by original definition; see Hurlbut, 
1976) are unique sedimentary particles (Duke et al., 1970; McKay et al., 1970), 
so far unambiguously recorded only from lunar soils, and quite intriguing to 
those interested in the lunar surface processes. 

At the present-day meteoroid flux and meteoroid mass distribution an ag-
glutinate forming process may be restricted only to the upper 1 mm of the lunar 
soil (Gault et al., 1974). If exposure ages of lunar soils are considered on a scale 
of the order of 106-108 yr, and allowing for 10-102 turnovers, effects of meteoroid 
impacts seem to be confined well within the upper few millimeters of the lunar 
soil. Production of agglutinates and the total agglutinate content of lunar soils 
are thus directly related to the duration of surf ace exposure of the soils. Indeed, 
agglutinate abundance (or estimates thereof) can be correlated directly with 
other exposure age parameters of lunar soils such as energetic particle track 
densities (McKay et al., 1972; Goswami and Lal, 1974), solar-wind implanted gas 
concentrations (Charette and Adams, 1975), ferromagnetic resonance maturity 
index IsfFeO (Morris, 1976), etc. Therefore, it seems that at least as a first 
approximation, agglutinate content of any lunar soil can be used to estimate the 
latter's surface exposure age provided a suitable calibration has been set up. 
McKay and Heiken (1973) did exactly that and obtained an agglutinate produc-
tion rate of 0.4% per 106 yr of exposure. 
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3618 A. BASU 

However, agglutinates are very complex particles. The same micrometeorite 
impact process that makes the agglutinates, also pulverizes particles, including 
agglutinates, in an exposed soil and reagglutinates some of the crushed fine 
debris that it has previously produced. In this process particles are cycled back 
and forth between fine elastic dust and relatively larger agglutinates. Increasing 
agglutinate content in a soil, however, semi-permanently buries a large number 
of fine particles in the agglutinates. Given sufficient surface exposure, a lunar 
soil can thus mature into a steady state and attain an equilibrium mean grain size 
(McKay et al., 1974; Lindsay, 1975, 1976). A complex interplay of agglutination, 
comminution, and influx of fresh bedrock ejecta can also produce a steady-state 
condition where the proportion of agglutinates above any arbitrary grain size 
remains constant (Mendell and McKay, 1975). The same principle also leads to 
steady-state concentrations of surface-correlated, solar-wind implanted elements 
in lunar soils (e.g., for carbon see DesMarais et al., 1973, 1975; Basu et al., 1975; 
Pillinger et al., 1977; Filleux et al., 1977) though additional factors like differen-
tial retentivity of gases etc. are important too. 

Inasmuch as agglutinate content increases in an exposed soil with time, it 
has been observed that they do attain a saturation limit; saturation limits and 
rates of agglutinate production have been shown to be lower for soils with lower 
FeO content (Morris, 1976; Adams et al., 1975). The rate of agglutinate produc-
tion has been inferred to be linear with time (McKay and Heiken, 1973; 
Goswami and Lal, 1974), at least for immature and submature soils, unless all the 
fine-sized ( < 50 µm for example) agglutinates are subtracted systematically from 
the total agglutinate abundance of a soil (Mendell and McKay, 1975). 

In view of the above, which may be generally considered to be the present 
state of art, it is proposed to consider the following questions in this paper. 

(1) If the total agglutinate fraction of a soil is considered, that is if ag-
glutinates are not redefined a la Mendell and McKay (1975), would a 
linear rate model best describe the growth of agglutinate fraction in lunar 
soils? 

(2) Can the upper limiting value of agglutinate abundance be interpreted 
(e.g., Morris, 1976) as a saturation or steady-state effect? If so, what are 
the boundary conditions for agglutination, comminution, and influx of 
fresh bedrock material? 

(3) Why is the upper limiting value of agglutinate abundance, and as a 
corollary the production rate of agglutinates, in highland soils less than 
that in mare soils? 

THE MENDELL-McKAY MoDEL 

It is necessary to consider this model in brief because this is the only other 
quantitative model enumerated so far to describe the growth of agglutinates and 
conditions that would lead to a steady state in mature lunar soils. This model 
combines mineralogical and textural maturity of lunar soils through an ingenious 
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Steady state, exposure age, and growth of agglutinates in lunar soils 3619 

definition of three end members, viz. coarse particles, fine particles, and (coarse) 
agglutinates. Below an arbitrary size s (50 µm is what has been used in an 
example) all particles are considered to be "fine" which actually consists of both 
non-agglutinates as well as agglutinates. This implies that if an agglutinate is 
broken down below the size s it becomes a "fine". An additional advantage of 
such a definition is that agglutinate content becomes amenable to rigorous 
measurement through modal analysis of a convenient grain size fraction. The 
disadvantage is that there is no general way of defining s, applicable to all lunar 
soils, such that the model does not become artificial; the choice of s may alter 
the parameters of the model and the boundary conditions derived could be 
artifacts of the definition or that of the mathematical analysis rather than 
reflecting the natural system. 

An important contribution of the Mendell-McKay model is that as the 
agglutinate content of any soil is diluted with the influx of fresh bedrock ejecta, 
or, old but less mature regolith, an equivalent part of the "exposed" soil is 
buried simultaneously. Such influxes are considered by Mendell and McKay 
(1975) to be continuous when integrated over a long period of time. However, it 
is perhaps necessary to show that such an assumption is valid for the minimum 
exposure time encompassed by the model. Even if replenishment is continuous, 
the rate of replenishment of fresh bedrock material cannot be constant (as 
assumed by Mendell and McKay) because with a continuous increase of regolith 
thickness and an assumed constant meteorite flux (Hartmann, 1977) for the last 
2 b.y. the replenishment rate could only be decreasing with time as was indeed 
shown by McKay et al. (1974). 

A two-component model is presented here with different assumptions and 
with a totally different treatment, primarily to describe the mineralogical evolu-
tion of the lunar regolith as a function of agglutinate abundance without taking 
grain size into consideration. 

THE PROPOSED MODEL 

Scenario 
At the risk of being repetitive it is necessary to briefly describe the general 

scenario of the environment of a lunar soil as it pertains to this model. 
Bombardment by meteorites and micrometeorites pulverizes lunar rocks or 
fragments thereof to produce a population of primary non-agglutinates. Micro-
meteoritic bombardment at the very surface of the moon produces the secon-
dary particles, namely agglutinates, some of which are comminuted into frag-
mentary agglutinates and secondary non-agglutinates (mineral and lithic clasts 
that are dislodged from the previously formed agglutinates). The lunar soil at the 
surface is "gardened" or churned every so often by the impacting projectiles. 
The rate of turnover falls exponentially and extremely rapidly with depth (Gault 
et al., 1974). Turnover of perhaps the upper 2 mm of the top soil is within the 
order of magnitude of agglutination and comminution by micrometeorite born-
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bardment and turnover from beneath this zone can only provide replenishment 
to an exposed soil (Fig. 1). This limit of micrometeoritic gardening places a 
constraint on the definition of an exposed lunar soil which is the fundamental 
unit in any regolith evolution model. Within such a constraint a lunar soil is not 
restricted in its horizontal or lateral extent as long as a reasonable mineralogical 
and textural homogeneity is maintained but cannot exceed a critical vertical 
distance h which is the limit of micrometeoritic gardening. This places an 
additional limitation of maximum particle size in lunar soils when micro-
meteoritic gardening is considered; the largest grain size of any soil cannot 
exceed a nominal diameter of h. If the maximum size of agglutinates in lunar 
soils is taken as a guide for estimating the largest grain size significantly affected 
by gardening processes, h may not be more than --- 2 mm. 

Assumptions 
There is a general consensus that the meteoritic flux has remained more or 

less constant during the last 2 b.y. (Hartmann, 1977); micrometeorite flux has 
remained constant perhaps for a greater length of time (Crozaz et al., 1974). On 
the basis of such constancy the following assumptions can be made: 

(1) The rate of agglutinate production on the moon is constant and can be 
expressed as the probability p of agglutination of particles in an exposed 
lunar soil per unit time (say 1 m.y.). This is not to be confused with the 
net increase or growth of the agglutinate fraction in a soil which de-

micrometeorites, meteoroids, and meteorites 
! l l - l l l f 

---...---------------~---sur ace 
zone of micrometeoritic reworking , 

h 

d 

D 

agglutination, and comminution 

source zone of continuous supply of replenishment 

source zone of episodic supply of material by 
layer forming events 

bed rock (not to scale) 
Fig. 1. Schematic cross section of the lunar regolith showing the zones of (a) micro-
meteoritic reworking, (b) source of replenishment materials, and (c) source of materials 

excavated in episodic layer forming events. 
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Steady state, exposure age, and growth of agglutinates in lunar soils 3621 

creases with increasing time because of reagglutination · of previously 
formed agglutinates (Basu, 1977; Morris, 1976). 

(2) The rate of pulverization of any single particle type is constant and 
depends on its shatter index; therefore, the rate of pulverization for 
different bulk soils may vary according to their modal compositions. 

(3) Because agglutinates are relatively fragile (compared to other particle 
types) they are crushed and disaggregated more easily than others (Lind-
say, 1976, p. 275; Basu et al., 1975). The glass fractions of pulverized 
agglutinates are considered to be agglutinates because such glasses are 
primarily the products of a constructional process, viz. agglutination. 
Some lithic and mineral clasts within the agglutinates would be released 
during comminution and would form a population of secondary non-
agglutinates; that would add to the total non-agglutinate population of the 
bulk soil. It is assumed that the probability k of release per unit time (say 
1 m.y.) of such secondary lithic and mineral clasts per unit volume of 
agglutinates is constant, and, that k < p. This is reasonable because if 
k p agglutinate abundance could not have increased in any soil beyond 
that of the first unit time of exposure. 

(4) Any event that excavates material from beyond a critical depth d (such 
that h < d < D, where D is the thickness of the regolith) is a layer 
forming event and has the property of covering the exposed soil. Mixing 
of an exposed soil layer with underlying layers of soil takes place within 
a depth d (Fig. 1). 

(5) Replenishments to a soil have the effect of increasing the latter's mass 
and volume and consequently its thickness. Because the micrometeorite 
flux is constant, the thickness of the zone of reworking (h) is also 
constant; it follows that with every replenishment an equivalent part of 
the exposed soil is buried below h (the Mendell-McKay model also goes 
through the same reasoning). For the purpose of this paper we assume 
that gardening effectively homogenizes exposed soils up to a depth h. 
Therefore, the mineralogy and texture of whatever is buried is essentially 
the same as what remains exposed. This is in conformity with our original 
definition of an exposed soil. 

Corollary 
A few corollaries can be drawn on the basis of the assumptions above and 

the contemplated scenario of the lunar soil environment. 
(1) Excavation from below a critical depth d is episodic to the system under 

consideration. Conversely, replenishment from within a thickness of d of 
the regolith is continuous. 

(2) Given a constant meteoroid flux the rate of replenishment with con-
tinuously excavated material is constant. 

(3) This excavated material which provides the replenishment is old regolith 
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(because h < d < D) and is thus usually composed of agglutinates and 
non-agglutinates. 

(4) The variation in composition of the materials which replenish the exposed 
soil is dependent totally on the vertical (up to a depth d) and lateral 
variation of the soil layers in the immediate vicinity of any sample 
location. 

Conditions For Steady State 
The above assumptions and corollaries lead us to the following set of 

tentative suppositions, which are in general agreement with McKay et al. (1974), 
Mendell and McKay (1975), and Morris (1976), for a lunar soil in a steady state. 

(1) A steady-state situation in the growth of agglutinates cannot be obtained 
simply by the balance of only two processes, namely agglutination and 
comminution. 

(2) Extent or rate of replenishment of the non-agglutinitic fraction, or 
dilution of the agglutinate fraction, of the exposed soil is dependent on 
the modal composition of the soil layers between the depths of h and d. 

(3) Steady state in the abundance of agglutinates in an exposed soil will be 
achieved only if the rate of dilution by replenishment is equal to the rate 
of net increment of agglutinate fraction in the soil at its particular state of 
maturity. 

The Equation 
Let us initially consider only two processes, agglutination and comminution 

in the bulk soil, and let, 

p = probability of agglutinate production in an exposed soil per unit time (say 
1 m.y.) [Unit: r-1], 

k = probability of release of secondary non-agglutinate clasts due to disag-
gregation (shattering) of agglutinates in an exposed soil per unit time (say 
1 m.y.) [Unit: r-1], 

A= agglutinate fraction of the exposed soil [Dimensionless volume ratio], 

then, 

p - k = probability of net agglutinate production per unit time (say 1 m.y.), 
1 - A = non-agglutinate fraction of the exposed soil, 

let, 
q = P -k. 

It may be recalled that micrometeoritic bombardment is random and the 
infalling micrometeorites do not have any reason to discriminate between the 
constituents of the exposed soil. Therefore, all the exposed particles have an 
equal probability of being agglutinated and comminuted, and, new additional 
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Steady state, exposure age, and growth of agglutinates in lunar soils 3623 

agglutinates can form only from the non-agglutinate fraction. (This is not to say 
that all soil particles have the same probability of getting exposed; factors like 
shape, size, density, etc. will control exposure in the gardening process.) If we 
follow the natural history of a freshly exposed pristine lunar soil where Ao = 0, 
then at the end of the first unit of time of exposure, 

1 

A1= L aA; 
i=O 

=aA1 

= q(l - A)= q(l - 0) = q = l - (1- q)1• 

During the second unit of time only (1- A 1) fraction of the soil can produce new 
additional agglutinates; therefore, 

Similarly, 

and, 

= A1 + q(l - A1) 

= q + q(l-q) 

= 2q- q2 

= 1-(1-q)2. 

== A2 + q(l - A2) 

= q + q(l - q) + q(l - (q + q(l - q))) 

= 3q-3q2+ q3 

= 1-(1- q)3, 

= A3 + q(l - A3) 

= 1-(1- q)4. 

After the n-th unit of time 
n 

An = LAA; = 1 - (1 - q f, 
i=O 

(1) 

where, n = number of units of time for which a particular fresh soil has been 
exposed. 
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Solving for q and n respectively, 

q = l - (1 - An)lln, 

n = log(l - An)/log(l - q). 

The increment of agglutinate fraction during any j-th interval of time, 

aAi = Ai -Ai-t 
j j-1 

=LaA;-LaA; 
i=O i=O 

= [1- (1- qi] - [1- (1- q)j-l] 

= q(l - qi-1• 

(2) 

(3) 

(4) 

It is obvious from Eqs. (1) and (4) that the rate of net increment of agglutinate 
fraction in an exposed soil decreases with time but does not go to zero. In other 
words, agglutinates have a diminishing growth in a lunar soil when only two rate 
processes, namely agglutination and comminution, are considered (Fig. 2). 
Because the agglutinate fraction of a soil is a measurable property, the net 
increment of agglutinate fraction during any one unit of time of exposure in a 
soil with A fraction of agglutinates is easy to estimate by, 

aA = q(l-A). (5) 

Steady-state considerations 
Given sufficient exposure time a diminishing growth model for agglutination 

necessarily calls for a steady-state situation. The rate of net increment of the 
agglutinate fraction in a soil approaches zero as exposure time approaches 
infinity. However, an exposed lunar soil is always replenished with material from 
below the reworking zone (depth h) but from above a critical depth d. Drill core 
studies have shown (e.g., Morris and Gose, 1976; Heiken et al., 1976; Basu, 
1976a; etc.) that agglutinate fraction of soils generally decreases with depth. This 
implies that the replenishing material generally contains less agglutinate than the 
exposed soil. Therefore, replenishment usually dilutes the agglutinate content of 
the exposed soil. It has been shown earlier that a constant volume is excavated 
per unit time from up to a depth d, but the rate of dilution, say r [Unit: r-1

], is 
dependent on the modal composition of the substrate, which may vary ex-
tensively even within short distances (the lenticular nature of lunar soil layers is 
well known). 

To be exact, replenishment occurs in each time unit. Whenever the non-
agglutinate fraction of an exposed soil is increased (e.g., by replenishment) the 
probability of producing new additional agglutinates in the soil also increases. 
Thus for every replenishment r, the agglutinate content in the subsequent time 
unit would increase by qr, and the effective replenishment of an exposed soil 
may be expressed in the form of (r - qr). In n units of time the total effective 
replenishment can be derived in the same way as that of Eq. (1) and an exact 
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expression for the agglutinate content of any exposed lunar soil is ideally given 
by 

An = 1- (1 - q)n - (1- q)n-tr. (6a) 

It will be seen later from empirical data that ·both q and r are very small 
quantities, such that their product or the products of higher powers of q and r 
are negligibly small. Under such conditions Eq. (6a) can be simplified. 

We can make another assumption here to simplify the expression because it 
is desirable to keep the terms for net production of agglutinates (involving q) 
separate from the terms of replenishment (involving r). Let us assume that there 
occurs one event per unit time providing a replenishment of r to an exposed 
lunar soil. We can ignore the marginal increment of agglutinates per unit time by 
a quantity qr which is negligibly small. Therefore, the total replenishment to an 
exposed soil in n units of time may be approximated by a quantity nr. 
Obviously, this assumption is not strictly correct; but it helps us to visualize the 
competition between the rates of net agglutinate production and rates of re-
plenishment. Also, in the opinion of the author, such an assumption does not 
invalidate the discussion that follows. The above assumption allows us to rewrite 
Eq. (6a) as 

n 
An = L aA; = 1 - (1 - qt - nr. (6b) 

i=O 

A steady state can be achieved by any lunar soil at any stage of maturity with 
an agglutinate fraction A provided 

r = aA = q(l - A), (7) 

or, at any time j, provided 

(8) 
and the maximum limiting value of the agglutinate fraction (Fig. 2) in a steady 
state soil is, 

j L aA; = 1- (1- qi - (1- qi-1r, (9a) 
i=O 

or, 
j L aA; = 1- (1- qi - jr. (9b) 

i=O 

This implies that given the right composition of the substrate which provides 
replenishment to the surface, any soil-immature or mature, coarse or fine, 
agglutinate-rich or agglutinate-poor-can continue in a steady-state condition. 
Though it is perhaps deeply satisfying to consider the observed upper limiting 
value of agglutinate abundance of lunar soils to be the saturation values 
achieved at a steady-state condition, it is not easy to rule out a probabilistic 
upper exposure age limit. This may be considered as follows. Suppose, 

r < aAj-l but r = aAj, 
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where, j and I are units of time. If the probable maximum exposure of a soil 
before it is covered by material excavated by a layer forming event from below a 
depth d is m units of time such that j - I < m < j, then no soil can reach a steady 
state. All the exposed soils will be covered by a fresh soil in a layer forming 
event at time m before the elapse of the minimum time (j) required to achieve a 
steady state. Therefore, the maximum agglutinate content of a lunar soil will be 
dictated by the maximum exposure age, namely m units of time, and will be 
given by, 

m 

Am= L aA; = 1-(1- qr -(1- qr-1r, (10a) 
i=O 

or, 
m 

Am = L aA; 1 - (1 - qr - mr, (10b) 
i=O 

though, 
r<aAm. 

There is nothing in the model presented above which lets us choose between 
these two possible causes of bounding the upper limit of agglutinate abundance. 
McKay et al. (1974) proposed a steady-state model which seems to explain and 
predict most of the data on various soil exposure parameters (e.g., Pillinger et al., 
1977; Morris, 1976; Basu et al., 1975). This would also explain the upper limit of 
agglutinate abundance. More importantly, the McKay et al. (1974) model implicitly 
predicted that a lunar soil can attain a steady state at any level of maturity 
depending upon the nature of replenishment which itself depended on regolith 
thickness. On the other hand, Monte Carlo gardening model calculations by Arnold 
(1975a, b) with data from Gault et al. (1972) and Neukum and Dietzel (1971) indicate 
major nonconformities and fairly deep excavation ( 12 cm) by a layer forming 
event occurring about every 250 m.y. of surface exposure; this could conceivably 
set the upper limit of exposure age of lunar soils. 

EMPIRICAL PRODUCTION RATE OF AGGLUTINATES IN LUNAR SOILS 

For any theoretical model to be useful it is necessary to fit empirical data to 
the derived equations and to check if the parameters so obtained are realistic. At 
the same time no model is useful if it cannot take measurable properties of the 
system it purports to describe. The basic data necessary for the present model 
are estimates of the total agglutinate fraction of the bulk soil. McKay et al. 
(1974) and Heiken and McKay (1974) suggest that a good approximation can be 
made by measuring the agglutinate content of the 90-150 µm fraction of the soil. 
Heiken (1975, Tables 4a, 4b) made modal analysis of all grain size fractions 
(preweighed for size frequency analysis) of two Apollo 17 soils. The recomputed 
bulk abundance~ of agglutinates agree fairly well with the modal value of the 
90-150 µm fraction. Engelhardt et al. (1976) have carried out modal analysis in 
grain size fractions from 10 to 1000 µm of several lunar soils from different 
missions and also carried out grain size analysis of the same soils. Thus they 
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arrived at a bulk modal analysis of the soils. The studies by these two groups are 
not strictly comparable. It would appear from the data of Engelhardt et al. (1976) 
that the agglutinate mode in the 90-150 JLm fraction is perhaps slightly lower 
than that of the bulk. However, it should be observed here that Engelhardt's 
group unfortunately combined agglutinates and regolith breccias into a single 
category. (It is very difficult to optically identify agglutinates in thin sections 
unless both transmitted as well as reflected light are used simultaneously.) There 
is also no way of correcting for the agglutinate mode in the < 10 JLm fraction 
except using an SEM (Heiken, 1975). The author tends to agree with the 
suggestions of McKay's group that the agglutinate mode in the 90-150 JLm 
fraction represents the bulk agglutinate mode for most of the lunar soils. The 
important consideration is for the same grain size fraction to be used for 
comparisons of modal analyses so that the procedure remains internally con-
sistent. 

McKay and Heiken (1973) used the average of four well documented North 
Ray Crater rim soils (67481, 67601, 67701, 67941) to calibrate an agglutinate-
exposure-age scale. The average agglutinate content of these four soils is 21.8% 
and the average exposure age determined from cosmogenic 21Ne abundances is 
55 m.y. (Walton et al., 1973; Kirsten et al., 1973). Assuming a linear rate model 

n 
where aA; - nq, they obtained an agglutinate production rate of q = 

i=O 
0.004 m.y.-1

, which Mendell and McKay (1975) used in their illustrative example 
for soil 71061,1. Using the same data but with a diminishing growth model Basu 
(1977) calculated a rate q = 0.0045 m.y.-1

• Both of these two numerical solutions 
neglected to consider the replenishment effect (Fig. 2) as required by the Eqs. (6a) 
and (6b). Therefore, none of the above estimates of q can be considered to be 
realistic. However, these are two studies which have ventured to calibrate an 
agglutinate exposure age on an absolute time scale. The basic data and the 
general principles are still useful as will be shown later. 

Agglutination is also accompanied by the production of very fine-grained 
( < 300 .A) single domain iron metal particles which increase ostensibly without 
coalescing even on reagglutination. Quantity of such fine-grained metal can be 
measured from ferromagnetic resonance (FMR) of the soils and is an indicator 
of exposure age (Housley, 1973, 1974, 1975, 1976; Morris, 1976). FMR is 
expressed by Morris (1976) as Is/FeO (on an arbitrary scale) which increases 
linearly with exposure age. According to Morris (1977) the rate is 0.54 units 
Is/FeO per m.y. of exposure. Morris (1976) also shows that agglutinates 
in lunar highland soils usually reach a saturation value of about 40% at --- 50 units 
Isl FeO corresponding to --- 93 m.y. exposure. 

If such soils are in a steady state then according to Eq. (7) and using 
q = 0.0045 m.y.-1 only as a first approximation, 

r = 0.0045 (1- 0.4) m.y.-1 

= 0.0027 m.y.-1 

One can take this value of r and use the general Eqs. (6a) and (6b) to obtain a 
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Fig. 2. Schematic representation of growth of agglutinates in an exposed lunar soil. A 
linear rate model is depicted by the curve (An = np) which is depressed exponentially 
by the subtraction of reagglutinated agglutinates, secondary non-agglutinates, and by 
the addition of fresh non-agglutinates supplied by replenishment events. Steady state 

occurs when rate of dilution equals rate of net increment of agglutinates. 

better value for q using the same averaged data for the North Ray Crater rim 
soils. Solving for q with 21.8% agglutinates in 55 m.y. old soils and assuming a 
locally constant non-agglutinate replenishment rate (r) of 0.0027 m.y.-1

, we 
obtain from Eq. (6b) q = 0.0047 m.y.-1• It is possible to iterate this procedure 
several times to arrive at more precise values of q and r. However, as previously 
mentioned r is constant only locally and varies according to the modal com-
position of the substrate. The above has been only an example. It appears that 
for the purpose of calibration we need a set of well documented exhaustively 
studied soils from millimeter thin layers, the exposure ages of which are known 
from particle track, rare gas, FMR, and other data, and for which the substrate 
is fairly uniform in composition. Apollo 16 double drive tube cores (60009/60010) 
may provide such a suite of samples. 

Effect of soil composition on rate of agglutination 
In all of the above discussion there is a tacit assumption that because of the 

assumed constancy of micrometeorite flux the rate of agglutination is constant 
over the entire surface of the moon. However, as Morris (1976) has shown, the 
saturation levels and production rates of agglutinates in low-FeO highland soils 
are lower than those in the high-FeO mare soils. Charette and Adams (1975) 
suggested that "lower melting temperature and viscosity of the ferromagnesian 
mare soils" may have been responsible for a higher rate of agglutinate produc-
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tion. Focused beam electron microprobe analyses of agglutinate glasses from 
different locations of the moon are listed in Table 1. For every average 
composition the melt viscosity was calculated for a range of temperature from 
1050°C to 1500°C following the method of Bottinga and Weill (1972). The 
viscosity values at 1100°C are also listed in Table 1. It is found that, in general, 
the viscosity of the melt decreases with increasing FeO content. This is true for 
higher temperatures as well though the range of viscosity values is reduced. 
How far this difference would persist at very high temperatures, e.g., 3000°C 
which may be attained by some superheated impact melts, is unknown. This 
means that micrometeorite-impact-melts on mare soils can flow much more 
easily and spread more rapidly than those on highland soils. Given identical 
energy inputs to produce micrometeorite-impact-melts and given identical cool-
ing rates (though this is not strictly correct), melts on mare soils would engulf 
larger numbers of soil grains and produce larger agglutinates than their highland 
counterparts. (This is only one but not necessarily the unique explanation.) 
Therefore, the rate of agglutinate production also varies according to the 
composition of the exposed soil that is melted. This point has been made earlier 
by other workers but not necessarily for the right reasons. This also makes the 
calibration of agglutinate-exposure-age scale even more difficult. Obviously, 
different scales are necessary for different bulk compositions of the soils. 

SUMMARY AND CONCLUSIONS 

It follows from the above that the abundance of agglutinates in lunar soils 
can increase with time only at exponentially decreasing rates. The rates are 

Table 1. Composition and calculated viscosity (poises) at 1100°C of lunar agglutinitic glass. 

A-11 A-15 A-15 A-12 A-17 A-14 A-16 
(mare) (mare) (mixed) (mare) (mixed) (highland) 

Na2O 0.39 0.04 0.47 0.46 0.36 0.53 0.51 
MgO 8.0 12.9 12.2 8.9 10.0 8.4 7.1 
Al2O3 13.6 12.9 15.8 15.0 21.6 19.7 24.8 
SiO2 40.1 44.0 45.6 47.6 44.1· 47.4 44.2 
P2Os 0.02 0.16 0.15 n.d. 0.11 0.42 0.15 
KiO 0.09 0.16 0.18 0.69 0.08 0.49 0.13 
CaO 12.0 9.3 10.7 10.5 13.4 11.9 14.3 
TiO2 7.9 1.62 1.15 2.5 1.86 1.97 1.09 
Cr2O3 0.29 0.39 0.31 0.34 0.25 0.20 0.16 
MnO 0.20 0.18 0.15 0.24 0.06 0.15 0.14 
FeO 15.7 15.9 12.5 13.5 8.6 9.3 6.9 
Total 98.3 97.6 99.2 99.7 100.4 100.5 99.5 

Viscosity 33 184 330 525 714 1049 3922 

No. of 38 11 19 116 42 76 58 
analyses 

Analyst: J. F. Bower (SAO). 
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modified by replenishments which are always supplied from below the zone of 
reworking and depend on the modal compositions of the substrates. With 
appropriate replenishments agglutinate growth in exposed soils could be reduced 
to zero. Therefore, agglutinate-exposure scales can be formulated neither on the 
basis of linear models (e.g., McKay and Heiken, 1973; Goswami and Lal, 1974) 
nor for soils where agglutinates have stopped increasing with time. The upper 
limiting value of agglutinate abundance observed in lunar soils can be explained 
by a probabilistic_ upper exposure age limit or by invoking a steady-state 
situation. Both of these possibilities are permissible according to the model 
presented above. However, empirical data on the maturity and exposure ages of 
various lunar soils seem to be better explained by steady-state considerations, in 
particular for mature soils (Morris, 1976). Replenishment is essential to achieve 
steady state by balancing the agglutinate growth due to agglutination-com-
minution processes. 

Analyses of glass in agglutinates from different landing sites show a range of 
chemical compositions which correspond to varying viscosity values at hyper-
liquidus conditions. Higher viscosity (i.e., lesser fluidity) of micrometeorite-
impact-melts on highland areas is probably responsible for a lower agglutinate 
production rate there than that in mare areas. 

EPILOGUE 

In this decade of increased astrogeological exploration, or the promise of it, 
no paper is complete without a genuflexion to the evangelical religion of 
comparative planetology (cf., McKay, 1976; Wood, 1977). Agglutinates need not 
be exclusively lunar. "Charette and Adams (1975) speculate that the glassy 
surface veneer of Mercury may be agglutinitic. Rajan et al. (1974) reported 
agglutinate-like objects from the Bununu howardite. If any of the parent bodies 
of brecciated achondrites are massive enough to accumulate a regolith (cf., 
Miyamoto et al., 1977) and if they are free of an atmosphere, agglutination would 
be the major sedimentary process operating on their surface. Individual ag-
glutinates are very delicate and fragile particles. If they are metamorphosed 
(Basu, 1976b) they probably have a better prospect for survival as lithic 
fragments. Recognition of such metamorphosed agglutinate particles in recrys-
tallized (regolith) breccias may provide yet another parameter for surface 
exposure and evolution of any proto-regolith. 
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