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Abstract' A number of experiments carried in orbit on the Apollo 15 and 16 spacecraft were used in 
the compositional mapping of the lunar surface. The observations involved measurements of second- 
ary (fluorescent) X-rays, gamma rays and alpha particle emissions. A large scale compositional map 
of over 20% of the lunar surface was obtained for the first time. It was possible to demonstrate 
significant chemical differences between the mare and the highlands, to find specific areas of high 
radioactivity and to learn something about the composition of the Moon's hidden side. 

1. Introduction 

The earl iest  Amer i can  effort at  remote  analysis  of  the M o o n  dates back  to the a t t empt  

at  g a m m a  ray  spec t roscopy  dur ing  the Ranger  3, 4 and 5 flyby flights (Van Di l la  

et al., 1962). G a m m a  ray  exper iments  were also carr ied  a b o a r d  the Russ ian  Luna  l0  

and 11, vehicles p laced  in orb i t  a round  the M o o n  (Vinogradov et al., 1968). The 

first a p p r o a c h  to measur ing  f luorescent  X-rays  f rom the lunar  surface was made  on 

the o rb i t ing  Luna  12 by  M a n d e l ' s h t a m  and co-workers  (1968). A l though  few 

compos i t iona l  da ta  were ob ta ined  there were posi t ive indica t ions  tha t  the sun does 

p roduce  measureable  f luorescent  X-rays  f rom the lunar  surface. The concept  o f  

flying an in tegra ted  geochemical  package  for  the remote  analysis  of  the lunar  surface 

was discussed in a r epor t  issued as a result  o f  a G o d d a r d  Space F l igh t  Center  s tudy 

(Carpenter  et al., 1968). I t  was po in ted  out  tha t  the absence o f  a luna r  a tmosphere  

would  permi t  the use o f  an orb i t ing  vehicle for  widespread  observat ions  o f  the lunar  
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Fig. l. The radition environment at the lunar surface. 

surface by simultaneous measurements of certain non-optical electromagnetic 
radiation as well as charged particles. Figure 1 is a summary of our view of the radia- 
tion environment at the Moon's surface. The report considered the possible sources 
of geochemical information produced by the various interactions occuring at the 
lunar surface and near lunar surface. A number ot orbital experiments were proposed 
to utilize these interactions in producing a large scale geochemical map. 

As we see both natural and induced sources of radiation are present. Among the 
naturally occurring radioactive constituents are the long lived nuclides 4°K, 23Su, 
2a2Th and their decay products. These are sources ot alpha, beta and gamma radiation 
of various energies. Special processes such as radon diffusion (Kraner et al., 1966) 
may also occur. Bombardment of the lunar surface by cosmic rays and energetic 
solar protons also produces a variety of shorter lived nuclides and thus induced 
activity as well as a prompt emission of charged particles, neutrons and photons. 

Solar X-rays absorbed in the lunar surface produce fluorescent X-rays char- 
acteristic of some of the chemical elements in the surface. The relative yields of the 
secondary X-rays depends on the intensity and spectral character of the solar X-ray 
flux as well as the relative abundance of the elements. Figure 1 also shows that if 
radon and thoron diffusion through the surface occurs, they would be expected to 
produce alpha particles characteristic of the various decay processes. Using the above 
as a basis and governed by spacecraft limitations, experiment packages consisting 
of gamma ray, X-ray and alpha particle spectrometers were proposed and then 
flown during the Apollo 15 and 16 missions. The basic theory and the experiments 
will be briefly described below. 

2. Gamma Ray Experiment 

Gamma rays are either absorbed or scattered in the lunar soil or rock in a layer of 
the order of tens of centimeters. Thus a device which measures gamma rays is sampling 
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the composition of the Moon to depths of this order. Because such a depth is well 
within the regolith layer one can assume it to be fairly well mixed. 

The chemical information contained in a gamma ray spectrum is found in discrete 
lines with characteristic energies (Reedy et al., 1972). These lines fall into two groups, 
one from the decay of the naturally occurring radioactive elements 4°K and the 
radioactive daughters of Th and U. Examples are the 1.46 MeV line from 4°K 
decaying to 4°Ar and the 2.62 MeV line of 2°8T1 (daughter of Z32Th). A second group 

of lines results from the bombardment of the lunar surface by high-energy charged 
particles, the cosmic rays. These cosmic rays, essentially of galactic origin, interact 
to produce a cascade of lower energy particles of which the most important are 
neutrons. These neutrons in turn produce excited nucleii which emit radiation in 
three ways; inelastic scatter, neutron capture and nuclear reactions. Inelastic scat- 
tering is an important process for neutron energies of a few MeV and one can expect 
discrete lines from each of the major elements, for example the 0.84 MeV line of Fe. 
In the second major process, neutron capture, neutrons lose energy by successive 
collisions, until those that do not excape through the surface are captured. The 
binding energy of the added neutron, typically about 8 MeV is emitted from the 
compound nucleus in a complex decay scheme, which occasionally results in dicrete 
lines, for example an Fe line at 7.64 MeV. The third process, involving nuclear 
reactions is generally less important. Gamma rays are emitted by the radioactive 
nuclides produced by nuclear reactions an example of which is 26A1 from A1 by 
(n, 2n) and Si by (n, 2np). 

Finally the Sun may also be a source of energetic particles which produce gamma 
ray or radioactive nucleii in the Moon during major solar flares. This follows from 
the interaction of solar cosmic rays with the lunar surface. The particles in the 
energy range of 10-100 MeV lose energy mainly by ionization and sometimes nuclear 
reactions. 
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The intensities of the spectrum lines can be calculated as a function of the chemical 
composition, from a knowledge of the physical processes involved. In the case of 
the natural radioactivities, the calculations are simple and unambiguous. For the 
lines induced by high energy bombardment, the required fluxes and cross sections 
are known only approximately. Thus the availability of results (from returned lunar 
samples) for areas such as Mare Tranquillitatis and the Apollo 15 landing site is of 
great value. 

The gamma ray instrument has been described in detail elsewhere. The incident 
gamma ray flux was sensed by a 7 x 7 cm, cylindrical sodium iodide scintillation 
detector and the out signal subjected to pulse height analysis (Arnold et al., 1972). 
A sketch of the instrument is shown in Figure 2. A noteworthy feature of the experi- 
ment is that the Apollo 15 and 16 gamma ray detectors were operated at the end of 
a retractable boom, thus decreasing the response of the instrument to cosmic ray 
interactions and radioactive sources in the spacecraft. 

3. X-Ray Fluorescence Experiment 

From numerous calculations it was shown that the typical 'quiet' solar X-ray spectrum 
was energetically capable of producing measureable amounts of characteristic X-rays 
from all the abundant elements with atomic numbers of approximately 14 (Si) or 
smaller. During brief periods of more intense solar activity it was expected that 
characteristic X-rays from higher atomic number elements would also appear. 

The quiet Sun solar X-ray flux has been studied at some length. The spectral 
distribution is known to decrease very sharply with increasing X-ray energies. If a 
strictly thermal mechanism of production is assumed, variable coronal temperatures 
are calculated which range between 106 and 107 K. Variations in temperature produce 
changes in flux and spectral composition. From our knowledge of the process of 
X-ray fluorescence production we can therefore expect a variation in X-ray fluorescent 
intensities and also in the relative intensities from the various chemical elements 
of the lunar surface. For example, a hardening of the solar spectrum would produce 
an enhancement of the heavier elements relative to the lighter ones. 

A simplified estimate of the solar X-ray flux based on satellite data is shown in 
Figure 3. This results from combining the output of a 1.5 x 106K corona with that 
from the more active regions at 3 x 10 6 K ;  the proportions determined by the satellite 
data and using the model developed by Tucker and Koren (1971). Superimposed on 
this curve along the energy axis are the K shell absorption edges for Na, Mg, Si and S. 
Only the solar X-rays with energies on the high side of the absorption edges are 
capable of exicting these elements, and to a degree depending on the incident flux 
and the ionization cross sections. Thus, under quiet Sun conditions, the solar flux 
is most suitable for exciting the light elements, including the major rock forming 
elements Si, A1 and Mg. Although these are only a small proportion of the number 
of interesting elements they nevertheless represent very important diagnostic element 
in studying the Moon's evolution. 
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A simplified estimate of  emitted solar X-ray flux based on satellite data and model developed 
by Tucker and Thoren (1971). 

A diagram of the functional configuration of the X-ray spectrometer is shown in 
Figure 4. The experiment has been described in detail in a previous report (Adler 
et al., 1972). Essentially the spectrometer depends on energy sensitive detectors 
(proportional counters), selective X-ray filters and pulse height analysis. Because 
of the variable nature of the solar X-ray flux a small proportional counter on the 
opposite side of the spacecraft was used to monitor the Sun throughout the mission. 
The nature of the detector configuration provided a nominal 60 G field of view. At 
the mission altitude of nearly 110 km this permitted an instantaneous sample area 
approximately 100 km on edge. 

4. Alpha Particle Experiment 

Of the various phenomena involving alpha particle emission from the lunar surface, 
the most interesting from a geochemical point of view is the production of alpha 



492 I. ADLER ET AL. 

COVER ELECTRO- 
MECHANICAL 
ACTUATOR 

POSITION ~- OF SIM BAY 

PROTECTIVE COVER ACTUATOR bETAIE 

CONTAMINATION 
PROTECTIVE COVER 
IN OPEN POSITION 

X s 2O6.50 
ELECTROMECHANICAL 
ACTUATOR & HINGE ALPHA & X- RAY 
. . . .  

ENCLOSURE 
X- RAY ALPHA PARTICLE PROTECTIVE COVER DETAIL 

Fig. 4. 

PROPORTIONAL COUNTER, 

PROPORTIONAL 
COUNTER 
0.gOI IN. BERYLLIUM WINDOW 

CALIBRATION 
SOURCES ~~ 

Ar - 90% 
ANODE CO 2 - 9.5% 

COLLIM He - 0.5% 
{:~3D ° FOV) GAS FILLED DETECTOR 

X- RAY DETECTOR CONFIGURATION 

X- RAY LOW 
VOL AOE 
POWER SUPPLY 

ALPHA PARTICLE 
LOW VOLTAGE 
POWER SUPPLY TORS 

~ T ~  T'c 
DETECTOR PROCESSOR 

X- RAY/ALPHA PARTICLE EXPERIMENT ENCLOSURE 
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particles due to the possible diffusion ot radon (Z22Rn)and thoron (22°Rn) through 
the lunar surface. In the mechanism proposed by Kraner et al., (1966), the radon and 
and thoron produce a 'paint' on the surface made up of the decay products. If thermal 
velocities are assumed for the emerging radon and thoron, then nearly all the mole- 
cules would be trapped in the Moon's gravitational field. Radon with a 3.8 day half 
life would be expected to travel a considerable distance before undergoing decay, 
Thoron on the other hand, with a 55 s half life would be expected to decay near its 
source. Both of these species would yield daughter products giving characteristic 
spectral lines. The equipment for alpha particle measurements is shown in Figure 5. 
The detectors are solid state surface barrier types. The total experimental arrangement 
involved 10 distinct detectors mounted in the same package as the X-ray spectro- 
meter. 

5. Results of the Orbital Geochemistry Measurements 

The sections below summarize the results obtained with the integrated geochemistry 
experiment for both the Apollo 15 and 16 flights. The Apollo 15 to Hadley Rille 
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Fig. 5. Alpha particle detector. 
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was at an orbital inclination of 26 while the Apollo 16 to Descartes flew at about 9 °. 
As a consequence, the Apollo 15 ground track covered a larger projected area than 
the Apollo 16. Because the fluorescent X-rays are produced by the Sun, the observa- 
tions covered only that part of  the moon illuminated by the Sun. Further the results 
obtained near both terminators were less reliable because of poorer statistics. By 
contrast the gamma ray and alpha particle measurements covered a band completely 
around the Moon. There was some overlap of coverage between Apollo 15 and 16 
missions (see Figure 6) which permitted a comparison of the results from both flights. 

Fig. 6. Variation of A1/Si and Mg/Si concentration ratios along the projected ground tracks for 
Apollo 15 (upper envelope) and Apollo 16 (lower envelope). The upper values in each square corre- 

spond to A1/Si and the lower numbers to Mg/Si. 

The X-ray fluorescence results were reproducible enough for both missions so that 
no normalization was required. The Apollo 15 flight coved such areas as the craters 
Gagarin, Tsiolkovsky, the far side and eastern limb highlands, the maria such as 
Smythii, Crisium, Fecunditatis, Tranquillitatis, Serenitatis, Imbrium, Oceanus 
Procellarum, the Haemus Mountains and the Apennines. To this Apollo 16 added 
Mare Cognitum, Mare Nubium, Ptolemaeus, the Descartes region and Mendeleev. 

The X-ray fluorescence experiment performed very well during both flights so 
that over 100 h of data were obtained during Apollo 15 and at least 60 h during 
Apollo 16. The Sun proved to be relatively stable during both missions except for a 
few brief periods of increased activity. These periods were readily identified in our 
solar monitor data. 

The methods of data reduction of the X-ray data have been described in detail 
elsewhere (Adler et al., 1972). The data were reduced to A1/Si and Mg/Si in tensity 
ratios and then finally to chemical ratios. 

Figure 6 shows the A1/Si and Mg/Si concentration ratios along the projected 
ground tracks for Apollo 15 (upper envelope and Apollo 16 (lower envelope)). 
These values are shown in relation to some of the major featurs. This relationship 
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is shown in greater detail for A1/Si and Mg/Si in Figures 7 (a and b) and 8 (a and b) 
for both missions. The ratios for various analyzed materials are shown along the 
right hand axis for reference. A summary of  representative ratios for both missions 
is given in Table I. Table II shows the agreement between both missions for the over- 
lap regions. 

A number of  observations have been drawn from the data: 
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TABLE I 

Concentration ratios of A1/Si and Mg/Si for various features 

Feature N ~ 
Concentration ratios 

A1/Si Jz ltr M g / S i ,  lcr 

Mare Cognitum 8 
Upper part of Sea of Clouds (9 °-13 ° W) 8 
Mare Fecunditatis (42 °-57 ° E) 80 
South of Fra Mauro (13 °-19 ° W) 9 
Mare Smythii (82°-92 ° E) 24 
Southern edge of Mare Tranquillitatis, 21 

Torricelli area (26°-30°E) 
Eastern edge of Fecunditatis, 44 

Langrenus area (57°-64 ° E) 
Ptolemaeus (4 ° W-0.5 ° E) 17 
Highlands west of Ptolemaeus to Mare 16 

Nubium (4 °-9 ° W) 
Highlands west of Mare Fecunditatis 29 

(37.5 °-42° E) 
Highlands west of Smythii (72°-77°E) 35 
Western border of Smythii (77°-82°E) 33 
Highlands east of Descartes (20.5 °-26 o E) 23 
South of Mare Spumans (64°-72°E) 45 
Isidorus and Capella (3 °-37.5 o E) 38 
Highlands west of Descartes (3 °-14°E) 44 
Eastern border of Mare Smythii 17 

(92.5°-97.5° E) 
Far-side highlands (106 °-118 ° E) 29 
Descartes area. highlands, Apollo 16 30 

landing site (14 °-20.5 ° E) 
East of Ptolemaeus (0.5 °-3 ° E) 12 
Highlands (97.5°-106° E) 31 
Far-side highlands west of Mendeleev 30 

(I18°-141°E) 

0.38 dz0.11 0.40-4-0.29 
0.39 ~0 .12  0.20 ~0.05 
0.41 i 0.05 0.26 ~ 0.05 
0.45 i 0.07 0.26 ~ 0.04 
0.45 4- 0.08 0.25 ± 0.04 
0.47 --i 0.09 0.23 ± 0.05 

0.48 ± 0.07 0.27 ± 0.06 

0.51 zL 0.07 0.21 ~_ 0.04 
0.51 ~0.11 0.25 ~0 .12  

0 . 5 2 , 0 . 0 7  0 . 2 4 , 0 . 0 5  

0.57 i 0.07 0 . 2 1 , 0 . 0 3  
0.58 ± 0.08 0.22 ± 0.04 
0.58 ± 0.07 0.21 ± 0.04 
0.58 ~ 0.07 0.25 ± 0.04 
0.59±0.11 0.21 ~ .  
0.59±0.11 0.21 I 0 . 0 5  
0.61 ~ 0.09 0.20 ~ 0.06 

0 . 6 3 , 0 . 0 8  0.16 I 0 . 0 5  
0.67 ~0.11 0 . 1 9 , 0 . 0 5  

0 .68±0.14  0 . 2 8 , 0 . 0 9  
0 .68 ,0 .11  0.21 ±0.05 
0.71 ±0.11 0 .16±0.04  

a N is the number of individual data points used to determine the average A1/Si and 
Mg/Si values :L 1 standard deviation and was obtained from the various passes over 
each feature. 

TABLE Ii  

Overlap between the Apollo 15 and 16 ground tracks 

Feature a Apollo 16 concentration Apollo 15 concentration 
ratio ratio 

AI/Si ± l~r M g / S i ,  ltr AI/Si ___ l~r M g / S i ,  l a  

Mare Fecunditatis 
Mare Smythii 
Langrenus area 
Highlands west of Smythii 
Western border of Smythii 
Eastern border of Smythii 

0 .41±0.05 0.26-t=0.05 0.36 I 0 . 0 6  0.25 ~ 0.03 
0.45 ± 0.08 0.25 ~ 0.05 0.45 ± 0.06 0.27 ± 0.06 
0.48 , 0.07 0.27 , 0.06 0.48 ± O. 11 0.24 , 0.06 
0.57 ± 0.07 0.21 ~ 0.03 0 . 5 5 , 0 . 0 6  0 . 2 2 , 0 . 0 3  
0 . 5 8 , 0 . 0 8  0 . 2 2 , 0 . 0 4  0.52 ~ 0.06 0 . 2 2 , 0 . 0 6  
0.61 --0.09 0.20 ~0 .06  0 . 6 0 , 0 . 1 0  0.21 ±0.03 

a The overlap between corresponding areas of the Apollo 16 and 15 ground tracks is not exact, so 
that differences for the same area may real (Figure 19-2). 
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(1) The A1/Si ratios are highestin the eastern limb highlands and considerably lower 
in the mare areas. The extreme variation is about a factor of two; the lowest value 
occurring in the Imbrium basin region. The Mg/Si concentration ratios generally 
show the opposite relationship. The A1/Si and Mg/Si chemical ratios for the high- 
lands correspond to that for anorthositic gabbro through gabbroic anorthosites 
or feldspathic basalts. By contrast the chemical ratios for the mare areas correspond 
to the mare basalts. 

(2) Our early reports, while Apollo 16 was in progress, of very high A1/Si ratios in the 
Descartes area have been confirmed by the analysis of the returned lunar samples 
from the site. The values reported of 26.5}~ aluminum oxide agree very well with our 
own estimates (see Table II). It appears reasonable from the data that some of the 
material sampled at Descartes is similar to that of the eastern limb and far side 
highlands. This conclusion is further justified by the fact that the Mg/Si concentration 
ratios for some of the returned materials is about 0.18, close to our reported values 
of 0.19_+0.05. The eastern limb highlands and far side highlands as shown in Table I 
are about 0.16-0.21. 

(3) In both missions the AI and Mg values for most part show an inverse relationship. 
(4) There are distinct chemical contrasts between such features as the smaU mare 

basins and the highland rims (note for example the crater Tsiolkovsky in Figure 7). 
An interesting use of the data has involved a comparison of A1/Si intensity ratios 

versus optical albedo values. These observations are particularly significant in view 
of the longstanding discussions about whether these albedo differences are solely 
representative of topographic differences or also a reflection of compositional dif- 
ferences among surface materials. Early workers such as Whitaker (1965) and others 
had recognized convincing evidence for compositional changes where sharp albedo 
changes occur. However, it remained for the later Surveyor, Apollo, Luna and Luna- 
khod missions to provide quantitative compositional data. Chemical differences 
related to albedo variations were first confirmed by the Alpha Backscattering Experi- 
m:nt carried on Surveyors 5, 6, and 7 (Patterson, 1972). Surveyors 5 and 6 analyzed 
widely separated mare sites and reported chemically similar surface materials in 
each. Surveyor 7 on the other hand, analyzed a highland site and found a significant 
chemical difference between it and the two mare locations. The Surveyor results and 
the analyses of returned lunar samples confirmed that the albedo is indeed affected 
by composition as well as topographic differences. The X-ray Fluorescence experi- 
ment on Apollo 15 and 16 now has provided the means to correlate regional albedo 
with surface composition (for selected chemical elements). 

The data from both Apollo flights showed an excellent correspondence between 
A1/Si values and the optical albedo values. An example from the Apollo 16 flight is 
shown in Figure 9. There is positive correlation between the albedo and the AI/Si 
values although the rate of change is not always similar. In the Apollo 15 plots the 
main anomalies were observed where an occasional small Copernican type crater 
occurred, and produced an abnormally high albedo value. This was considered to 
be due to the highly-reflective, finely divided ejecta rather than to compositional 
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Fig. 9. 
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changes. A similar anomaly is noted in the Apollo 16 data around 27 ° west longitude 
in a Tranquillitatis embayment north of Theophilus. Four Apollo 16 orbits are plotted. 
Orbits 58 and 60 show the expected decrease in A1/Si with decreasing albedo. Orbits 
55 and 59 on the other hand, show an occasional increase in A1/Si although the albedo 
decreases. This may record the existence of an old 'weathered' ray consisting of 
aluminum rich highland derived ray material which has lost its high reflectivity. 

6. Gamma Ray Results 

Like the X-ray fluorescence experiment the gamma ray experiment also performed 
very well during both missions. The Apollo 16 instrumentation was improved over 
the Apollo 15 device several ways. The energy resolution of the spectrometer was 
improved from about 8.5% to 7.5% leading to better line resolution and precision; 
there was reduced gain drift, an increase in the amount of prime data and finally a 
much more rapid reduction of data during the course of the mission. 

The spectrometers flown were essentially isotropic in look angle. The field of view 
was defined by the orbit which for both missions was nearly circular with a mean al- 
titude of 110 kin. Thus about one half of the lunar photons reaching the detector 
originated inside a circle of about 120 km from the subspacecraft point. Telemetry 
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did not limit the field of view because the data was transmitted or recorded on an 
event by event basis. 

A typical gamma ray spectrum taken from Apollo 15 for seven hours of operation 
over the trajectory is shown in Figure 10. As was expected the flux decreases rapidly 
with increasing energy and the continuum dominates over the line structure. It is 
possible to identify some characteristic line features attributable to both natural 
radioactivity and induced emission. The natural species are K, Th and U while the 
inelastic prompt gamma lines are Fe, Mg, Si and O. These lines stand out much 
more clearly when an estimated continuum contribution is subtracted leaving a net 
pulse height spectrum as shown in the figure. 

I0 

t 

~ Ld I 

i6 2 

Line S ~  

i p i i i i E 
I ~)3 2 3 4 5 6 7 

Energy {MeV} 
Fig. 10. A typical gamma-ray spectrum taken from Apollo 15. The spectrum is dominated by 
continuum. The observed spectrum with continuum subtracted is also shown. The characteristic 

lines are now much more evident. 

Variations in lunar surface composition were observed by accumulating the events 
in various energy intervals for increments of lunar surface area. A very useful energy 
interval is the range of 0.55-2.75 MeV because it contains the major lines due to the 
decay of K, U, and Th as well as their daughter products. This region also includes 
a large proportion of  the Compton scattering and pair production interactions which 
deposit only a portion of their energy in the detector. The observed spatial distribution 
of  natural radioactivity during the Apollo 15 and 16 experiments for the nearside 
and farside faces of the Moon was examined (see Figure 11). The natural radioactivity 
was found to be concentrated in the Mare Imbrium-Oceanus Procellarum region. 
Within this region three highs were observed, one around Aristarchus, a second in the 
southeastern region of Mare Imbrium and the third south of Fro Mauro. The level 
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Fig. 11. Apollo 15 and 16 longitudinal regional accumulation of radioactivity. 

of radioactivity falls off rapidly as one crosses into the highlands area west of Oceanus 
Procellarum. The highlands everywhere else are almost uniformly at the low con- 
centration end of the scale. The one notable exception is near the farside crater Van 
de Graft where interestingly enough in addition to the pronounced increase in 
radioactivity the sub-satellite has reported a large magnetic anomaly and the flight 
laser altimeter a major depression (Coleman, 1972; Kaula, 1972). 

7. Results  o f  the Alpha  Part ic le  Exper iment  

Although data taken during the Apollo 15 and 16 flights show that the observed 
alpha activity was very small, of the order of 10 .3 counts cm -2 s -1. positive results 
were obtained relating to the distribution of radon and her daughter products. 
Three distinct types of signals were sought: alpha particles having energies consistent 
with the decay of 122Rn and the daughter products, alpha particles from 22°Rn 
and the daughter products and finally alphas from 2t°Po. The first two are associated 
with current activity and the last with events having occurred days to years pre- 
viously (the presence of Z1°Po is determined by the decay of 21°pb with its 22-yr 

half life). 
In searching for evidence of the 22ZRn two methods were used in processing the 

data. The first method involved a comparison of the counts obtained in the appropri- 
ate energy channels with the detectors looking at the lunar surface and then away. 
The second method involved examining the total energy spectrum and looking for 
an increase in those energy channels where the alphas from the 222Rn were expected 

to occur. 
An additional step in the analysis was to see if enhanced signals could be-attributed 

to any localized area. This was done by producing a crude map of alpha-activity 
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Fig. 12. The  variat ion or 22-2 R n  super imposed  upon  a pho tog raph  of  the Moon.  The  dashed line 
represents  the average g round  t rack dur ing  Apol lo  15 orbits 34-36. It is also the baseline for the data.  
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over the ground tracks, dividing the data into bins approximately 5 ° in longitude and 
variable latitudes (less than 12°). Two features were obvious from the Apollo 15 data. 
The first feature occurs between 45 ° and 50 ° west and only where the crater Aristarchus 
is within the instruments field of view. Figure 12 shows the count rate for decays 
from 222Rn and daughter products (excluding 21°Po). The dashed line is the ap- 
proximate ground track during the period of data collection (revs. 36-46). The 
count rate over Aristarchus exceeds the mean count rate for the whole Moon by 
4.3 standard deviations. There is also an indication of a general increase in count rate 
over Oceanus Procellarum and Mare Imbrium which is under further study. 

The results from Apollo 16 are still preliminary and obtained from some of the 
'quick look' data obtained while the mission was in progress. The most striking 
result is the strong evidence for the existence of decays from 21°po, indicated by a 
statistically significant higher count rate centered over the Mare Fecunditatis. There 
are also indications of another concentration of 122Rn like feature detected in the 
vicinity of Aristarchus from Apollo 15. 

The conclusions drawn from the Alpha experiment on Apollo 15 and 16 is that 
there are areas on the Moon with locally high emanations. The most conspicuous 
feature is in the region which includes the crater Aristarchus. The enhanced activity 
may be an indication of internal activity at the site. The existence of regions showing 
some 21°po activity is perhaps an instance of some previous, transient phenomenon 
involving the release of z2eRn from some area of the Moon. 

8. Geologic Interpretation of Orbital Experimental Results 

The Apollo 16 results generally support the conclusions reached after the Apollo 15 
mission (Adler et al., 1972). The results when viewed in light of other evidence, give 
us a better understanding of the lithology of the Moon's highland crust, and by 
implication, its petrologic evolution. One of the most important aspects of the geo- 
chemical measurements is that they give a good indication of how representative the 
returned samples are of the lunar surface in general. The excellent agreement between 
the A1203 and Th-U content of the returned Apollo 16 soil samples and that inferred 
from the X-ray and gamma ray measurements respectively demonstrate that the 
orbital measurements are a reliable guide to at least this aspect of the Moon's chemistry. 
As we have demonstrated the X-ray results also show that the optical albedo is a 
reasonable guide to the highland crustal composition. 

The two ratios, A1/Si and Mg/Si do not uniquely specify any particular rock 
type. They do put limits on the constituents of the exposed crust; in particular 
anorthosite (pure plagioclase) is ruled out as the only constituent of the highlands. 
Since anorthosite plays a central role in several theories of lunar evolution (Wood, 
1972), the demonstration that the highlands are only in part anorthosite is worth 
noting. The petrography of returned lunar highland samples (from the Apennine 
front at Hadley) suggests that the Mg/Si ratios are the expression of a pyroxene- 
bearing rock, such as 'norite' (Wood, 1972) or KREEP (Meyers etal., 1972) which 
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is high in radioactivity and other trace elements and low in A1. Our own evidence 

(Adler et al., 1972) however is that the A1/Si ratios of this rock type (about 0.4) 

are too low to account for the X-ray data over the highlands (0.5-0.65). Furthermore, 

the gamma ray measurements from Apollo 15 and 16 (Arnold et al., 1972) indicate 
too low a level of radioactivity in the highlands for KREEP. The gamma ray measure- 
ments also rule out large quantities of  granite or its chemical equivalent for the 
highlands. 

The widespread occurrence of plagioclase in returned highland and exotic mare 
materials, the A1/Si ratios and the positive correlation between optical albedo and 
the X-ray data show clearly that the highlands are dominatly feldspatic. A plagioclase- 

pyroxene-bearing rock is clearly indicated, corresponding to anorthositic gabbro 
or feldspathic basalt. Such rocks could form from magmas of their own composition, 
unlike the lunar anorthosites (Stewart et al., 1972) and hence present no major 
petrologic difficulties. These magmas could produce anorthosite like rock 15425 by 
fractional crystallization. 

This interpretation may indicate either differentiation of the Moon by generation 

of aluminum rich magma or enrichment of  the outer layers in refractory elements 
such as calcium and aluminum (Hubbard and Gast, 1971) by alkali volatilization, 
or both. In any event, the X-ray measurements covering over 230 degrees of  longitude, 
suggest that this crust originally covered the entire Moon (before excavation of  the 

mare basins and eruption of the mare basalts). Based on results of  the gamma ray 
experiment, the KREEP component appears to have originated in and be mainly 
confined to the western maria and their neighborhood. We are seeing on the Moon, 

therefore, evidence of some form of planetary differentiation that produced both a 
global and a local crust. This evidence may have implications for the evolution of the 
Earth and terrestrial planets as well as the Moon. 
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