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ABSTRACT
Gamma-ray and X-ray spectrometers carried in the Service Mod-
ule of the Apollo-15 and -16 spacecraft were employed for compositional
mapping of the lunar surface. The measurements involved the obser-
vation of the intensity and characteristic energy distribution of garmnma
rays and X-rays emitted from the lunar surface. A large scale com-

positional map of over 10 percent of the lunar surface was obtained

from an analysis of the observed spectra. The Apollo-15 flight was at



a lunar orbital inclit.  ..a of 29 degrees as compired to 9-degree
inclinatic;n‘ of the Apollo-16 {flight, thus the projected ground irvack of
the Apol.lo-.-IS flipht covered a larger projected surface arca than the
Apollo-16 flight.

The objective of the X-ray experiment was to measure the K
spectral 1@hes ..from Mg, Al, and Si. Spectra were obtained and the
data were r'éciuced to Al/Si and Mg/Si intensity ratios and ultimately
to chemical ratios. Apalyses of tﬁe results have indicated (1) that the
Al{Si ratios are highest in the lunar highlands and considerably
lower in the mé,ria, and (2) the Mg/Si concentrations generally show
fhe opposite rélationship. - There is a tendency for the Al/Si values to
increase from- the western mare areas to the eastern limb highlands.
There are dié‘finct chémical contrasts between suich features as the
small rﬁa.fe_'ba.sins and the highland rims.

The objective of the ga'mma.-ray experiment was to measure the
natural a.nd éosmic—ray induced activity emission spectrum. At this
time, the elemental abundances for Th, U, K, Fe, Ti, 5i, and O have
'been determined over a number of major lunar r.é..gions. Regior;s of
relatively high, natural radio:aetiﬁty’were found in the Mare Imbrium and
Oceanus Plfocélla.rum regions. High spots of natural radicactivity were also

found south of Fra Mauro, somewhat southwest of Archimedes, and south
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of Aristarchus. An cnhanced region of natural radiocactivity was found
around Van de Graaf 611 the far side of the moon. In regions other
than Mare Imbrium and Occanus Procellarum, - an anti-correlation
between natural radioactivity and lunar elevation, as determined from
the Apollo laser altimeter, has been found.

From the combined results of the gamma-ray and X-ray spectrom-
eter experiments a.lmost complete information concerning thel major
element composition of over 10 percent of the lunar surface has been
obtained. Distributions have also been mapped for K, Th, and Ti.
Interestiqg c'orrelations between lunar topography and magnetic and

gravitational properties have been found.
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INTR ODUC TION

Gamm'a_-ray and X-ray fluorescent spectrometers carried in the
Service Mo‘d;ule of the Apollo-15 and Apollo-16 spacecraft were ern}:
ployed for compositional mapping of the lunar surface. The r_nec:a.s-
urements involve the observation of the intensity and characteristic
energy distribution of gamma rays and X-rays emitted from the
lunar surfac‘e.l The cbjective of the X-ray experiment was to measure

the K spectral lines from Mg, Al, and Si, while that of the gamma-



ray experiment was to measure the natural and cosmic-ray induced
emission spectrum. At this.time it is possible to obtain large scale
compositiona]. maps of over 10 percent of the lunar surface for Al,
Mg, Th and U, K, Fe, Ti, 5i, and O. The Apollo-15 flight was at a
lunar orbital inclination of about 29 degrees as compared to about a
9-degree inclination of the Apollo-16 flight; thus, the projected ground
track of the Apollo-15 flight cove;:-ed a larger surface area than the
Apollo-16 flight.

Over the past two years, certain results of these Apollo gamma-
ray and X-ray remote sensing experiments have appeared in the lit-
erature. This report will present a summary of the results and in-
dicate the present methods emgloyed in the analysis of the data. It
is hoped that this summary of both the analytic methods and results will
enable other investigators inplanetology to make optimum use of the
results.

INSTRUMENTATION AND DATA ANALYSIS GAMMA-RAY EXPERIMENT

The gamma-ray spectrometer consisteci of a 7~ by 7-cm right
cylindrical NaI(T1) crystal detector with a plastic anticoincidence
mantle to suppress fesponse to charged particles and a 512-channel,
pulse-height analyzer including an amplifier, but no memory. The
information waé transmitted event by event in real time or, if nec-

essary, was stored on a magnetic tape for later transmission to earth.



Spectra were .obtained by accumulating the pulses received on earth
for various periods of time. Details of the experimental system are
described_ in.Arnold et al. {1972} and Harrington et al. (1974). The
instrume_nt was mounted on a boom capable of extending 7. 6 m from the
spacecraft in order to minimize backgrox-md interference due to
gamma-ray emission from the spacecraft.

The model on which the data analysis is based can be found in
Reedy, Arnold, and Trombka (1973). The experimental' data as re-
ceived from the Johnson Spacecraft Center were processed for
analysis by eliminating those data having parity errors and other
problems and analytically shifting to a constant level of gain. (The
overall iﬁstrument gain decreased over 40 percent on Apollo-15 and
about 10 pel;cent on Apollo-16 during the lunar phase of the mission. )
The gain as é,djusted for analysis was about 19 keV/channel. The
spectra va?ere: then corrected for solid angle to a constant height of
110 km aBove the lunar surface. All data obtained over each region
to be analir'zed were theﬁ accumulated into master spectra. An
initjial background correction was made for the general sky background
of gamma radiation, for ﬁa.tural gamzna-.-ra.y emission, and for cosmic
ray induced gamma-ray emission from the spacecraft, local ma.ss
around the detector, and the detector itself. The background level

was determined from neasurements made during the trans-Earth flights



of Apollo-15 and Apolle-106, returning [rom the moon. Shown in
Figure 1is a pulse~height spectrum obtained during trans-Larth flight.

Two types of data analysen were carried out: (1} intepral connte
in the ”0._6- to ~2.7-MeV region were used to determine the variation
of the counts due to the natural emitters k, U, and Th, and {2) detailed
spectral analysis was perfermed to separate the elemental components
enabling quantitative analyses to ‘be obtained for Th + U, K, Fe, Ti,
Mg, Si and O. Using the methods described in Reedy, Arnold, and
Trombka {1973}, a minimum of 30 to 40 minutes of counting were
required for these quelmtitative analyses; for smaller data blocks
statistical errors produce una;:ceptable scatter. Much shorter time
periods of data were used with the integral coﬁnting method for deter-
mining the natural rac‘iioa.ctivity distribution. This integral count
method works well in determining -natura.l radioa-ctivity. It was found
that for the most pa.xlt the variation in the count rate in the 0.6~ to 2. 7-
MeV region can be attributed to gamma emission from K, Th, and U
(Metzger et al., 1973).

The qua..ntitative analyses were carried out using interactive
matrix inversion procedures described schematically by Reedy,
Arnold, and Trombka (1973). The most difficult analysis was the
derivation of the lunar gamma-ray continuum: that is, the portion

of the flux in the 0. 5- to 10-MeV region which does not contain



characteristic lines. The continuum was found to produce about 85
percent of the comntr in the detector. While its general shape is
understood, the continuum muct bo derived :fr(:u'n the data,  The
continuum shé.pc and magnitude are not constant over the whﬁle moon.
Below 3 MeV, the lines due to the rédioa;:tive élements K, Th, and

U make an important contribution to this continuum by Compton
scattering in the lunar material. " In this manner, the continuum was
separated info two components: one component was found to be con-
stant over the lunar surface while a second component varies

as a function of the concentration of the radioactive elements

K, Th, and U The constant p.ortion of the lunar backgrom:.md was
derived from an analysis of lunar regions where the minimum natural
'radioactiﬁty is found. The increase above this minimum level was
then derived by taking differences between regiéns of higher activity
and their 1dw-a.ctivify regions. Empirical methods were developed
to determine the magnitude and shape of the scattex buildup as a
function of Th. U, and K concentration. Figure 2 shows the lowest
magnitude background and the highest magnitude background used in
the analysis of the Apollo-~15 data. Figure 3 shows the measured
lunar pulse~height spectrum obtained by integrating the spectrum
over a number of hours of measurement, thus representing an average

composition, over the Apollo-15 ground track and the derived lunar



background for this same averape spectrum. The difference pulse-
height spectrum corresponding to the lunar discrete line emission pulse~
| height spectrum is indicated in Figure 4. The various elemental com-
: )
i

ponents used in the matrix analysis method (Reedy, Arnold, Trombka,

| : P

‘i 1973) and the best least square fit obtained by synthesizing these elemen-
|

‘-‘tal components with respect to the difference spectrum are also shown.

The results to be presented in this paﬁer were obtained from an
analysis of thé net discrete line spectrum from Apollo-15 and Apollo-
16. The b;ckground shapes were derived from the Apollo-15 data
and were used for both Apollo-15 and Apollo-16. Good agreemént
_for élemen’cal concentration was achieved except for the Ti calculated
from the high energy (n,Y) line in the overlap region of Apoilo-—lS and
Apollo-16. The improved energy resolution of the Apollo-16 instru-
ment and differences in proton induced activation may be responsible
for the changes in the Apollo-16 versus Apollo-15 high energy portion
of the background which affect the Ti calculation. Separate background
continua for Apollo-16are presently being calculated.

Some changes have been made in the procedure described by
Reedy, Arnold, and Trombka (1973). It has been found useful to per~
form the analysis in two stages. In the first stage, only the spectrum
from 5to 9 MeV is analyzed; in this region, as can be seen in Figure

4, only Fe, O, Si, and Ti contribute significant intensity. In the

second stage of analysis, the component intensities derived by matrix



inversion in stage one was subtracted from the spectrum, and the difference

spectium in the lower energy region was then analyzeq. using all the
remaining co-:mponents .

Another change in the analytical procedure involved the calculation
of the iron component. Iron produces a line spectrum in the >0. 8-MeV
region dﬁe".tolinelastic scatter of neutrons, the {n,n’,Y)} process and
a gsecond .line spectrum in the >5 MeV region due to prompt capture of
the (n,v} Erdcess. Because of the good statistics for determiniﬁg the
distributic;ns £or this element, the two iron components were anaiyzed
separately. The difference in the ratio of the number flux of the
{n,v) emi's-.sio-n with respect to the (n,n',?) procéés can be used as an
indicator for the presence of strong thermal neutron absorbers {such

‘as Gd androther rare earths). This can be done because the {n,vy)
gamma-ray number flux is approximately proportional to the neutron
flux near thermal enérgies (below 1 eV). The (n, n’',Y) number flux
is proportionall to the fast flux (above 1 MeV). Since the rare earth
group includes several large thermal neutron absorbers, their pre-
sence in large concentrations wi_ll depress the magnitude of the thermal
flux without significantly perturbing the 'fast flux. This has been seen
in the analysis under consideration.here. For tﬁe other elements,
such as Si, which have important lines of both types, the library

spectra were combined into a single component. Thorium and



uranium were also combined into a sinpgle component; an estimate of
the U based on an assumption that the abundance ratio of Th/U is 3. 8.
This was necessary becausc the uranium lines, although contributing
Bl gnifi.cuntiy to the emission spectrum, have lines that are significantly
masked by other lines in the discrete line -Spectrurn. This maslking is
due to the poor energy resolution of Nal{T1l) detectors. Rather precise
determination of the thorium component is possible because the 2. 62--
MeV emission line for this element is easily discernible in the discrete
line pulse-height spectra (Figure 4).

The elements which can be usefully analyzed fall into two groups.
For the natural radioactivities, K and (Th + U), the elermental con-
centrations can be derived from the decay schemes and the properties
of the detector, using theory and laboratory calibrations, with no
ambiguity in principle. Concentration values for these elements were
derived in this way, without adjustable parameters. The elements
that depend on cosmic-ray excitation, O, Si, Fe, Mg, and Ti, require
input information from nuclear and cosmic-ray physics whose com-
bined‘accura;cy is not yet very high. The agreement to be expected is
no better than that for the parent models.as proposed by Reedy and
Arnold (1972) for the production of cosmogenic nuclides in the Moon
and that of Ling=nfelter, Canfield, and Hampel (1972) for low encergy

neutrons. The depth varlations of induced radioactivity observed in



the lunnr soil ﬁ,re in rather good agreement (Finkel ct al., 1974) with
Rueedy and Arnold's calculations, but the absolute amounts depart

by £25 percent from calculated values from Apollo gamma-ray data.
The experiment of Woolum and Burnett (1974) on Apollo 17 confirms

to some extent the Calkcul%;.tions of. Lingenflelter et al. {1972) of the

lunar neutron flux, but-suggests a somewhat harder neutron spectrﬁrn. .
The deviations observed from the‘ Reedy: Arnold, and Trombké.‘ {1973)
calculations also suggest a harder neutron spectrum.

The best way to treat the data £or70. Si,fé, Mg, andT1 ié t%:. ﬁse
Yground-truth' data, norfna.lizing the orbital data to the surface samples
at one or more selected points. While there are many mapped areas |
which include several sites from which samples have Been returned,
most of these are unsuitable beéause of local ira.riability o.f tﬁe soil
chemistry, aslfor example, thg Apollo-15 landing site. The two
best sites are Mare Tranquillitatis, where the Apollo-11 analfses are
supplemented by the results of the Surve'yo__*;‘-'-S'ex.peri_ment, (Tﬁrkévich
et al., 1969}, and the Apollo-16 landing site near the Descartes. : |
region. The.Apollo-l5 and ~16 spectrometer Fe, Mg, and Ti aata
were normalized to th;a gfound—truth data for Mare Tranquillitatis
and the Descartes region grourid-truth data were used a‘s a check,
Another check was performed by comparing of regions overflown by

both Apollo-15 and Apollo-16.



Table 1 gives the ground-truth element concentrations used for
the e 511 of Mare Trancuillitatis derived the published values (see
Pable 1) for the soil sample 10084, The excepltion ig I wilh a dome -
what lower asl‘sumed value. The reason for this exception is that the
count rates for the spectral region in which Ti is important (5. 97 to
6.37 MeV) show a variation thatis far outside the counting error
over the Tranquillitatis region. The Apollo and Surveyor siteg are in
the two regions of highest observed counting rate. Because O, Si,
and Fe appear to be constant in this region, the assumption is that
any variation in integrated intensity is due to Ti. The conclusion
d?awn is that the true mean Ti concentration over the region is lower
by a factor of 0. 65 than that observed on the ground; this correction
of course increases the uncertainty of the Ti values.

In the work to be reported, errors are not quoted because, in com-
plex interactive analyses of the present type. the magnitude of random
and systematic errors are difficult to evaluate. The main sources
of error are (1) statistical counting errors, (2} the uncertainties in
the shape of the subtracted continuum, (3) unknown interactions
between components, and {4) whe.re applicable, the ground-truth
norma.lizatioﬁ. At the present stage of analysis, the ground-truth
comparisons and comparisons on the overlap re.g.ions of Apollo-15

Y

and -16 give an indication of the uncertainties.
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Finally, with regard for the data analysis, the compositions
determined rcflect the average composition down to about 20 cm in

depth.

! Table 1

Ground-Truth Values
Mare Tranquillitatis

o] | 40, 8%
Si 19. 6%
Fe . 12. 1%

l' Mg ‘ 4, 8%

Ti ' 2. 9%
Th 2.1 ppm

K 1100 ppm

All data in this and later tables are in % or ppm
element by weight. The values of Th and K are
glven for convenience; they are not used for re-
normalization. The data are for soil 10084
(Wakita et al., 1970; Schonfeld and Meyer, 1972).

# This is 0 65 times the soil 10084 concentra- |
tion. See text for discussion.

THE X-RAY EXPERIMENT

The X-ray spectrometer consists of three large-area proportional

detectors; a set of large~area filters for energy discrimination among

the charactéristic X~rays of Al, Si, and Mg; collimators; and data-

handling electronics for obtaining eight-channel pulse-height spectra.
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These three dctcctors. pointed at the lunar surface while taking meas-
urements. A fourth proportional counter that looked in the direction
opposite to the three large-area proportional counters was used as a
solar monitor. The three proportional counters used to monitor the
Junar X-ray flux were identical, each ha\;ing an effective window area

2’. The window consisted of 0. 0025-c1n—thick Be. The

of ~21 cm
proportioha.l counters were filled‘to a pressure of 1 atm with tﬂe
standard P-10 mixture of 90 percent argon (A), 9.5 percent carbon
dioxide (COZ), and 0.5 percent helium (He). To change the energy
response, filters were mounted across the Be window aperture on two
of the proportional counters. The filters consisted of a Mg foil
{5.08 x 10-4 cm thick) and an Al foil (1.27 x 170'3. cm tﬂick). The 7.
collirn‘at.or c;)nsisted of multicellular baffles that defined a field-of~
view of the three detectors to ~44 degrees full width at half maximum.
Details of the systems can be found in Adler et al. (19724).

In fhe X-ray fluorescence expleriment, the production of charac-
teristic X~-rays followed the interaction of solar X-rays with the lunar
surface. The typical solar X-ray is energetically capable of producing
measurable amounts of characteristic X-ray from all the abundant
elements with atomic members of approximately 14 (Si) o.r less. In the

analysis of the Jata, the spectral characteristics and magnitude of the

incident solar X-ray flux greatly affected the analysis. For a detailed
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discussion of this problem see Adler et al. (19724d).

Figure 5 shows chgracteristic pulse-height spectra taken over
Mare Crisium for the three detecturs aboard Apollo-15. The spectra
were normalized so that the area under the spc—:llctr_um corresponding
to the base detector is taken as unity. The efiects of the i\dg and Al
filters can be seen in Figures 5b and 5¢. An integral count method
utilizing the-c';haracte:ristics of the filters was used to rdet(‘armine the
intensity of the characteristic lines due to Mg, Al, and Si. The
relative- magnitude and absolute intensity of these lines. depend on the
-magnitude aﬁd spectral quality of the incidént solar spectrum, the
angle of incidence of the solar ﬂﬁx with respect to the look direction
of the X-ray detectors, the local altitude of the detectors with respect
to the Tunar surface, and the surface composition and physical
cha.racteristics. If the solar spectral shape is constant, it is found
that the otht;:r correction factors having to do’wi.th detecto‘r—spacecraft
geometry and physica..l characteristics of the surface material cancel
out in the calculation ratios of the abundance ratios Al/Si and
Mg/Si. Further, if it is assumed that the Si concentration is constant
over the lunar surface sampled (an assumption supported to good
accuracy by éample analyses to date}, then these ratios reflect the
changes in the Al and Mg concentration over the lunar surface.

Actual concentrations were obtained by an approach that is both



theoretical and empirical. The theoretical (:J.i-].(‘,.ll].il.ti ong are bascd on
the assumption of a quict sun and & coronal temperature of 4 x 100K,
These conditions give an X~ray e¢nergy distribution, consisting of
both a continuum and characteristic 1in¢s, that is consistent with the
solar—monitér observations. The X-ray 'energy distribution and
various soil compositions, as determined from the analysis of lunar
samples, werre used to calculate a reclationship bétween Al/Si intensitjr
ratios as a function of chemical ratios. The empirical approach
involves the assumption that the soil values from the Apollo-11 site
at Mare Tranguillitatis and the Luna-16 soil values from Mare
Fecunditatis are ground-truth values. With these values and the theor-
etically calculated slopes, values of Al/Si concentrations for various
parts of the lunar surface along the ground track were determined.
The X-ray fluorescence experiment measured surface composition
down to a depth of approximately 0.1 mm. Because of the gardening
{mixing) of the lunar regolith by meteorite iﬁlpact, no difference in
composition is expected between the X-ray dand gamma-ray experiments )
because of the different depths sampled.

The first results of the X-ray ﬂuoréscence experiments were
used to map the ratios Al/Si and Mg/Si on a broad scale across the
lunar surface. Recently attempts (Adler et al., 1973; Adler et al.,

1974) have been made to prepare more detailed maps relating the
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X-ray results to small lunar morphological fcatures and to various
paramecters independently determined, such as photo-geologic obser-
vations, gravitational anomalies, and the electromagnetic sounder
r_gsults.

Various. methods of contouring have been considered. .One ap-
proach which seems to be rather successful has been to perform
trend surface studies of the lunar data (Adler et al., 1974; Podwysocki et al.,
1974a). -Surfaces described by different order polynomial expressions are
fitted to the observed data by a least-square technique. The significance of
the surface is tested by statistical means. A regional model surface which
is shown tp be statistically valid is assumed to be the proper model
for the particular region. Differences between the observed values
and the modgl values fhat are statistically significant are plotted as
residuals and are interpreted as local anomalies with respeclt to the
model. It must be rerﬁembered that in all of these analyses .it has
been assumed that Si is constant and that the variations can be at-

tributed to changes to either Al or Mg compdsition.

EXPERIMENTAL RESULTS AND INTERPRETATIONS

Gamma-Ray Spectrometer

The first results available from the gamma-ray experiment con-
cerned the distribution of the radioactive elements of Th, U, and K

(Metzger et al., 1973; Trombka et al., 1973; and Proc. Fourth Lunar

Sic. Conf.. 1973.) In the spectral region above the 0. 51-MeV line
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and up to and including the highest energy line, the 2. 61-MeV line due
to Th, the regional differences in count rate are overwhelmingly due
to the varying intensities of the lines of Th, U, and K. This is a
fortunate circumstance because the statistical precision of the total
count in this region (the integrated intensities from 0.55 to 2. 75 MeV)
is exccllent, and good arca rcsolution can thus be obtained. In the

Procecedings of the Fourth Lunar Science Conference {1973) the count

rate data are presented for 2~ by 2-degrece resolution elements on the
lunar surface, which corresponds to a sguare approximately 60 km
on edge. The data were adjusted to correspond to a nominal altitude
of 100 km. Count ratjes in the energy range 0.55 to 2. 75 MeV were
obtained in the regions traversed by both Apollo-15 and -16 and were
compared. The Apollo-16 average rate in this region is 4.6 percent
greater than those from Apollo~15. This difference can be attributed
to differences in particle radiation fluxes and différences in induced
activity due to different trajectories through the earth's radiation
belts on Apollo-15 as compared with Apollo-16. The main results of
this portion of the analysis are presented on a 5-degree scale map
in Figures 6a ‘and 6b for the nea? and far sides of the Moon, respectively.
The range of the corrected counting rates is from about 73 to 94
counts per second, or about 25 percent. The standard deviation for
a typical counting time of 300 seconds per 5-degree square is about

0.5 counts per second (cps) based on counting statistics alone; it is
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about 1 cps for the shortest counling times uscd. The data {from
arcas oﬁre_i*ﬂdwn several times on successive passes and {rom regions
overflown on both missions provide good correlation.

The da.t%l obtained during observation periods allow some definite
conclusions to be reached, cven at the present early stage of data
analysis.

(1) On both missions, all 5;-.degree regions within and bounding
the overflown western maria show higher levels of radioactivity than
any 5-degree region elsewhere. The contrast bet\-veen this region and
the rest of the observed Moon is striking, particularly as it extends
to a comp’a..r.ison with the eastern maria. It is reasonable to infer that
in most inStancgs, the western mare regions not overflown are also
highly radicactive and that other regiéns of the moon are generally
less radioactive. With reference to the radicactive elements, the
boundaries Be‘tween Oceanus Procellarum and named mare regions
contiguous to Oceanus Procellarum, such as Mare Nubium, do not
correspond to boundaries of composition. These observations, when
combined wit.h the radioactive content found in samples from the
Apouo'-.lz and -14 sites (Lunar Sample Prelim. Exam. Team, 1971},
imply a geochemical relationship for the enfire Mare Imbrium-QOceanus
Procellarum Region.

(2) There is detailed structure within the high-radicactivity

17



region. The highest concentrations observed are in the Aristarchus
area, in high ground west of the Apollo-15 landing site and south of
Archimedes, and in the area south of the crater Fra Mauro. The
Fra Mauro area overflown is about 7 degrees south of the Apollo-14
landing site, soil from which showed comparable levels of radiocactive
concentration. The data from this area indicate that the Fra Mauro
is, surficially at least, related to the western maria rather than the
adjacent highlands as has sometimes been inferred from the albedo
and topography.

(3) The eastern maria show evidence of having locally enhanced
radioactivity which is lower than that of the western maria. Higher
intensities of radioactivity, relative to the surrounding highlands, are
visible in Mare Tranquillitatis, Mare Fecunditatis, Mare Crisium,
and Mare Smythii. This intensity has not been seen in Mare Serenitatis,
but its ac_:éessibility to ejecta from Mare Imbrium tends to 'wash out"
any inherent difference. ‘ From a pumerical analysis, Mare Crisium
shows more contrast in radioactivity relative to its surroundings
than the other eastern maria observed by the Apollo spectrometers.

(4) The Bighland re'gions show low radiocactivity, except on the
borders of the western maria where lateral mixing seems to have
occurred. On ?:he lunar farside, the highlands to the east {180 to 90

degrees east longitude) are perceptibly more radioactive than those
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of the west (90 to 180 degrecs west longitude) along both the Apollo-15 and
-16 grou.n‘d tracks. The same is truc for the limb arcas (compare
the highland area '60 to 105 dogrc-es east longitude to the area 90 to
120 degrces- west longitude). There is a small radicactive maximum
on the lunar farside near Van de Graaff (where a major magnetic anomaly
is also seen); no increase is observed at these longitudes between 8
to 10 degrees north latitude.

(5) Figure 7 shows a profile of the lunar topography observed
below the Command Service Module {CSM) by tﬁe laser altimeter
for single orbits of the Apollo~15 and -16 missions {(Sjogren and
Wollenhaupt, 1973). Superimposed on Figure 7 are points representing
the relati;re natural radioactivity. Ignoring the region of hig.hest
" radioactivity in the Mare Imbrium-Oceanus Procellarum area, a
strong inverse correlation between elevation and natural radioactivity
is di'splayéd over the remaining 360-degree track. Regions of high
elevs;.tion'are characterized by low material radioacti_vity and vice
versa. While this inverse relationship is observed in the Mare Imbrium-
Oceanus Procellarum region, there is structure in the ra.dioactivit.y
which doeé not correlate with changes in topography. On the lunar
farside, this inverse Acorrelation extends to an observation of greater
east—wesf asy}nmetry around 180 degrees for the Apollo-16 tr_aject.ory )

&7

than that of Apollo-15 — an asymmetry which exists for both elevation
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and natural radioactivity. This inverse correl.atioﬁ does not appear
consistently 1n intercomparisons among maria but rather appears

to be reflecting both the nature and extent of major lunar differen-
tiation processes. If thec Moon is in isostatic equilibrium, the more
extensive the early anorthositic differentiation, as characterized by
lower densities and lower concentrations of the naturally radioactive
nuclides than found in mare regions, the higher the elevation and the
lower the radioactivity expected.

The 1‘1;13._:]01‘ lunar depression occurs in the vicinity of the crater
Van de Graaff and exhibits the sharpest contrast in elevation with
adjacent highlands along either ground track, thatis, about 8 km.

This depression is also the site of the only major farside enhancement
in natural radioactivity. The depression extends some 30 degrees in
longitude on either si’de of 180 degrees longitude, and the gamma-ray
feature is of comparable extent. Figurc 8 shows the Van de Graaff
area in detail. The gamma-ray intensities (counts/sec) between 0.55
MeV and 2.75 MeV are calculated in 2- l;y 2-degree segments of area
north and south of the laser altimeter track. In this case, the gamma-
ray data have been corrected for spacec:i-aft altitude but not for differ-
ences in elevation of the lunar surface. Also shown is the lunar surface .
magnetic field as mapped by the Apollo-15 subsatellite magnetometer

with contours given in tenths of gammas (Coleman et al., 1973}. The
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elevation track is shown by the dotted line with variations from a mean
radius of 717378 lom t:ll’)_u].at_cd al the top (Sjogran and Wollenhaupt, 1973).
The magnetic feature shown is the strongest observed by either the
Apollo-15 or -16 subsatellite magnetometers (Coleman et al., 1973).
Ignoring xfal‘ues based on less than 50 séconds of counting time, the
highest gamma-ray intensity location is identical to the minimum
ele\}ation,in the Van de Graaff region. No trace of this enhanced
radioactivit;lr was fou:qd at regions north of this feature by Apollo-16.
Thus, 6vc;,r- tﬁat portion of the lunar surface scanned to date, the
largest surface rerné.nent magnetic field, one of the deepest depressions,
-and the onlylr significant farside enhancement in radioactivity have all
been obser\}ed \#ithin about 5 degrees (150 km) of each other: This
Van de Graaff area is a notable, and to date, quite singular, exception
to the general conditions prevailing on the lunar farside and, when
uhderstood', 1s likely to contribute significantly to an understanding

of lunar évolutionary processes. This will be considered further after
the following di.scus sion of eleméntal composition maps.

Becau‘sg _of statistical problems in performing the detailed cherm—
ical analyses, the mission grouﬁd track was divided into a series of
regions. Table 2 gives the number, assigned namé, and lunar coor-
dinates for each region. Figure 9 shows the actual regions in outline
form. In the case of Apollo-15, the data for early revolutions have

not been used in this synthesis; hence, the western portion {(south-
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Table 2

Lunar Regions Analyzed

. Coordinates
Number Assipned Name Boundary Regions
AEOIIO-IS: :
34 Van de Graaff Region 168°W-168°E
35 Highland East Farside 168°E ~82°E(south
) of 10°8)
168°E-88°E(north
of 10°S)
36 ‘Highland East Nearside from (Region 35)
_ ' to 60°E
;’5? Mare Fecunditatis 60° E-42° E
38 Mare Tranqguillitatis 42°E-21°E
39 | Mare Serenitatis 21°E-6°E
40. Archimedes Region 6°E-15°W
41 Mare Imbrium 15°W-39°W
42 Aristarchus Region 39°W-54° W
43 Oceanus Procellarum (north) 54°W-81°W
44 Highland West Farside 81°W-168°W
~ Apollo-16:
'26 | Highland Bast Farside | 180°-142°E
22 ‘Mendeleev 142°E-138°E
28 Highland East Limb 138°E-92°E
20 Mare Smythii _ 92°E-83°E
19 Highland East Nearside 83°E-55°E
17 Mare Fecunditatis 55°E~44°E
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Table 2 (cont.)

Lunar Regions Analyzed

Number Assigned Name _ Bofn(;c;ic::r?:ngons
Apollo-16:

14 : Intérmediate Mare-Eastern

' Highlands _ 44°E-21°E
12 Highland Nearside Center 21°E-5°E
10 Ptolemaeus~Albategnius 5°E-5"W
23 | Fra Mauro Region 5°W-20°W
8 ‘Mare Cognitum 20°W-30°W
5 Oé’eanus Procellarum (south} 30°W-50° W
3 Grimaldi Region 50°W-76°W
2 Orientale Rings 76° W-105°W
29 Highland West Limb 105°W-119°W
1 Hertzsprung Region 119°W-136"W
27 ' 136" W-180"

Highland West Farside
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western or lnorthwe stern in east and west longitudes, respectively,
except those near 0 and 180 dégrees longitude) of regions observed by
Apollo-15 arc heavily weighted. These regions were chosen by consid-
ering major topographic boundaries, the density of high quality data

in a given region. and the contrasts observed in the radicactivity

maps (Figure 6). The smallest regions, such as Mendeleev, were
chosen in order to determine the minimum area in which useful data

can be derived; the errors in these regions are so large that no statis-

tically me-aﬁingifu_l concent‘ra.tions can rbe deri;;d. r;'.n tﬂis iaaé:e.r ofnthé“
anﬁlysis only data with sufficient total counts above background, |
indicating significantly low Ftatistical errors, were used; thus complex
border regions were assigned to mare or highland. Doulqtless, this
reduced the true chemical coﬁtrasts in some regions.

Table 3 presents the results of the analysis for Apollo-15 data,
normalizing Fe, Mg, and Ti as described above. The values for Fe
are weighted means for the two modes of analysis. Starred values
note regions where the values determined from neutron capture {low
energy) are well below't‘nose from inelastic scatter {MeV neutrons).
These regions appear to have high concentx.'a.tions' of K, Rare Earths,
rand P (KREEP), whose rare earth content should depress the therrhal

flul.x. In such places the true Fe content may be up to a few percent

higher than shown here.
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Table 3

rApollo-—lS: Element Concentrations by Regions

Region | Fe(%) | Mg(%) Til%) | Thippm) | Kippm)
34 Tt 3.8 0.1 2.3 1600
35 6.5 4.5 1.3 1.0 940
36 | 9.3 5.7 0.8 1. 4 1200
31 | 113 7.0 2.2 1.2 1400
3831. (12. 1y (4.-8) (2.9) 1.7 1200
39 | 10.7 6.6 2.6 2.3 1700
40 8. 4% 6.3 0.8 6.8 3100
41 13. 6 6.2 1.4 5.8 1700
42 | 9.6% 4.9 2.2 6.9 2500
43 | 10.5 4.6 2.0 3.9 1700
44 5.7 3.5 1.5 0. 4 950

an | |

data | 8.7 4.8 1,45 2.2 1230

dvalues in parentheses are ground-truth data used to normalize
concentrations for these elements in all regions.

A

*Région of apparent depressed thermal neutron flux (see text).

Tablé 4 gives the Apollo-16 results. The Apollo-15 continuum
was used fér this work, with ve;‘y good consistency except for the ‘
Ti results, which are omitted. Here again, Fra Méuro gives evidence
of a dep.ressed_ thermal neutron {lux; the apparent depression in é.

few highland regions is not yet understood.

25



[P

Table 4

Mg(%)

Apollo-16: Xlement Concentrations by Regions

Region Fe(%) Th(ppm) K(ppm)
26 6.2 3, 4 0.6 920
22 4.3 3.0 0.5 960
28 7.2 2.9 0.5 840
20 8.8 2:8 1.3 1900
19 8.6 4.5 1.3 980
17 9.0 4.6 2.1 1100
14 . 9.0 3.5 1.5 1300
12 5.9 4.0 2.1 1400
10 4. 8% 5.2 5.0 2700
23 9. 7% 5.7 10. 5 3900
8 12. 1 4.9 8.4 3600
5 12.2 5.0 5.0 2300
3 4, 4% 3.6 2. 4 1100
2 4.7 2.9 0.8 1000
29 3. 5% 2.1 0.4 1200
1 3. 6 3.6 0.6 220
27 5.2 2.7 0.5 730
All
data 7.2 3.6 2.1 1300

26

% . '
“Region of apparent depressed thermal neutron flux (see text).




In Table 5 a number of instructive comparisons are presented.
In the crosé-"over region near the cast limb, the regions analyzed on
the two missions are roughly the same, and the comparison should give
good agreement. The highland region from 5 to 21 degrees cast longitude,
which includes the Descartes region, .is c—ompared with the soil analysis.
The deviations seen are in the expected direction if more mare-and
KREEP mé.terial are mixed in neE.Lr the margins of the region.

There are two laﬁding sites that were not overflown where a
plausible cqmpaﬁson is possible. Apoilo—l4 observed the northern
end of the Fra Mauro formation; Apollo-16 overflew the s.o‘uthern end.
Whé.tever'the origin of tﬁis feature, similarities are to be expected
throughout. Apollo-12 sampled an arca of Oceanus Procella;'ﬁm not
very far from, and topographically similar to, the area overflown by
Apoll.o-lé. | These comparisons are shown in parts (c) and (d) 'of Table
5. | |

All ﬂlése comparisons seem generally sa.tisfa.c;‘.ory and serve to
confirm the validity of the analysis. There Ki.s room for further work
in a number of areas and this is underwa{y.. However, no subsfé.ntial
modification of the values reported here éré expecfed. ‘

An implication of the results just obtained is that the contrasts

between mare and highland regions are as expected nearly everywhere.
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Tiahle 5

Comparisons of Orbital Data with Returned Lunar Samples

Some Comparisons

a. East Crossover b. Ground Truth
Apollo~-15 Apollo-16 Apollo-16 Descartes
Region 36 Region 19 | Region 12 Soil?
Fe(%) 9.3 8.6 5.9 4.0
Mz{%) 5.7 4.5 4.0 3.3
Th{ppm) | 1.4 1.3 2.1 2.0
K{ppm) 1200 980 1400 940

Ground Analo gies

c. Fra Mauro d. Oceanus Procellarum

Apollo-16 Apollo~-14 Apollo-16 Apollo-12

Region 23 SoilP Region 5 So0il®
Fe(%) 9.7 8.1 | 1z2.2 12.5
M (%) 5.7 5.6 5.0 6.2
Th(ppm) 10.5 11.6 5.0 7.6
K(ppm) 3900 4400 2300 2600

3Fe and Mg: Average of soil analysis, taken from five papers,

Third Lunar Science Conference and PET report. K and Th from
Eldridge et al. (1973).

bFe and Mg: Averalge of soil analysis, taken from five papers,
Third Lunar Sci. Conference, and PET report. K and Th from
Eldridge et al. (1972).

“Fe and Mg: Average of analyses of bulk soil 12070 and related

samples in five papers, Second Lunar Sci. Conference. K and
Th from O'Ilelley et al. (1971).
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In the maria, Fe (and less strikingly Mg) i;s relatively enriched. The
radicactive elements show the same pattern except for énc pia.ce-

The Van de Graaff fegion (Table 3, Reéi.on 34) shows a chemical
compositio.n' different from any thus far observed on the Moon. The
major elemeﬂts are highland-like, though Fe is a little high for this.
The concentrations of K and Th are very similar to Mare Tran_quilli«

tatis and are typical for a mare. The Ti concentration is significantly

below that of any region analyzed. Such a composition could rnot be formed

by mixing the major components as observed elsewhere.

The most exciting possibility concerning the composition of the
remarkable 'granitic" rock 12013 is that Van de Graaff or some

chemically similar unmapped region is its source. The K/Th ratios

are compatible (O'Kelley et al., 1971) and about 5 percent of material

of 12013 che'lmristry, added to highland soil, could produce the observed
ra.dioa.ctilvi-ty. The major elements are also compatible, though this

is not a useful check at the 5~percent level. The Van de Graaff region
is very far from all the landing sites; it is thus expected that such ma-
terial would be uncommon among the returned samples.

The large highland regions are not entirely uniform. Most
notable is a.ﬁ east-west a.symmeti:y in the lunar farside. The iron
concentrati_on isﬁ‘higher in the eastern regions, which are lower
topographi‘cal.ly (Sjogren and Wollenhaupt, 1973), and this effect ex-

“ands to the limb and near to the mare edges. The radioactivity maps
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show more detail ! nre 6). The dry basins like Mendeleev pgive
typical high]:n.nd an.. . yuses within a rather large experimental error.

The values of Ti found in the {arside highlands from Apollo-15
data are uncxpectedly high and arc another example of inhomogenity in
broad highland areas.

There are also cl!iffcrences among maria and KREEP-rich .regions.'
The va:;iabiiity in Ti has been well documented in the mare samples
and is well displayed in the comparison of Mare Imbrium (Region 41)
with Oceanus Procellarum (Region 43). The Archimedes and Aris~
tarchus regions also differ in Ti and probably in Fe.

The most interesting element ratio is K/Th (and its assumed close
correlate K/U). In both missions this ratio rises from something
like 400 in the KREEP-rich regions to ratios c;f 1000-2(_)00 in the
highlands. Figure 10 shows plots of the two-element concentfations
for the two Apollo missions (15 and 16), as a function of longitude.
The errors for both elements are of course larger at the 1owes£
concentrations, but the trend is unmistakable.

Earlier, interpretations of radioactivity maps were presented in
terms of a three~component model: ma;‘e basalt, KREEP, and a low-
radioactivity highland component (Metzger et al., 1973). Cle‘arly;
this preliminary model is inadequate for the detailed information now

available as evidenced at Van de Graaff where material not prominently
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displayed in 1upar samples so far described are observed. However,
no broad regions dominated by radically different chemistry {basic
rocks or granites) are observed in the px;esent analysis. If such
regions exiét, they lie in areas so far unmapped.

X-Ray Spectrometer

With the gamma-~-ray spectrometer results in rrﬁ.nd the results

A}of the X-ray spectrometer are summarized. {Adler et al., 1972a;

! .

b} ¢; d; Adler et al., 1973; Adler et al., 1974; Podwysocki et al., 1974a).
These results will add Al to the elemental composition obtained with the
‘gamma-ray spect;om_etér. Furthermore, muph more detailed information
on area disfribution for both Al and Mgz is obtainable hecause of the superior |
spé.tia.l resolution of the X-ray detector.

Figures lla, 11b, 12a, and 12b show Al/Si and Mg/Si profiles
along a northern and a southern track observed by the Apollo-15
mission. Figures 13a and 13b show the Al/5i profile along a track
of the Apollo-16 mission. Because of the greater area covered by
Apollo-15, two paths for the Apollo~15 rﬁission are included.

The method of calculation of the Al/Si and Mg/Si concentration

ratios was previously discussed, and the results are shown in Tables

6, 7, and 8. Table 6 shows the consistency in measurement between
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the Apollo. missions. Table 7 and Table 8 give results obtained over
a numbher of lunar features. The results are obtained by integrating
the spectré obtained over a number of passes over the same fcature.

The data show some striking regularities:.

(1) The Al/Si ratios are highest in tﬂe eastern limb highlands
and considerably lower in.the mare areas. The extreme variation is
about a_faétor of 2, the lowest value occurring in the Imbrium basin
region. The Mg/Si concentration ratios generally show the opposite
relationship. If the gamma-ray results reported above for the Fe
concentr:ation are considered, it is found tha.t. Fe is high in low Al
regions and the converse is alslo found. Also, in those _rggiOns where
the Mg doers remain constant, compared to the spatial reéolution of the
gamma-ray detector, there is good agreemeni: between Mg/Si concen-
trations calcuiated from the X-ray and gamma-ray nme asufements. The
Al/8i and Mg/Si chemical ratios for the h1gh1ands correspOnd to tha.t
for anorthositic gabbro through gabbroic anorth031tes or feldspathm
basalts. By contrast the chemical ratios for the mare areas corrgspond
to the mare basalts. This result is cons_istent with the gamma-ray results
on Fe, Th, U, and K reported above.

(2) Our early reports {while the Apollo-16 mission was in progress)
of very high A1/Si ratios in the Descartes area were confirmed by the
analysis of the returned lunar samples from the site. The valucs

reported of 26, 5 percent alurninum oxide agrees very well with the
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estimates in Table 6. If appears reasonable from the data that some
material sampled at Descartes is similar to that of the eastern limb
and farsidg’ highlands. This conclusion is further justified by the
fact that the Mg/Si concentration ratios for some of the returned
material.sl is about 0. 18, close to the values reported here of 0. 19
0.05. The ea.s.tern limb highlands and farside highlands, as shown
in Table 6, are about 0.16 to 0. 21.

(3) In both Apollc-15 and -16 missions, the .Al a‘nd'Mg valueAs
derived sl';dw an inverse rela.tionship‘in most instances. The inverse

relationship between Al obtained from the X-ray results and Fe

obtained from the gamma-ray results is even more striking.

Table 6

Comparison of Overlap Between Apollo-15
and Apollo-16 Ground Tracks

. Apollo 16 concentration Apollo 15 concentration
Feature® ratia ratio

Al/Sit 1o Mg/Sitle Al/Si + g Mg/Si -+ 1g
Mare Fecunditatis 0.41 +£0.05 .26 £0.05 0.36 .+ 0.06 0.25 .1 0.03
Mare Smythii 0.45 008 0.25 +0.05 0.45 +0.06 0.27 £ 0.06
Langrenus area 0.48 -+ 0.07 0.27 L 0.06 0.48 -+ 0.11 0.24 1-0.06
Highlands west of Smythii 0.57 +0.07 0.21 +0.03 0.55.1-0.06 0.22 £ 0.03
Western border of Smythii 0.58 4-0.08 0.22 +0.04 .52 £0.06 0.22 = 0.06
Eastern border of Smythii : 0.61 4+ 0.09 0.20 --0.06 0.60 - 0.10 021 0.03

8 The overlap between corresponding areas of the Apollo 16 and 15 ground tracks is not exact, so
that differences for the same area may be real.
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Table 7

Concentration Ratios of Al/Si and Mg/Si
for the Various Features Overflown During Apollo-15

Cancentralion ralios
Feature - )
AlSi 4 fa Mp/Si + In

West of Riophantus and Dulisle, 0.20 4 0.13 0.21 + 0.06
north-east of Schrdters Valley (.28 4+ 0.08 0.21 4 0.006
“Mare Screnigatis 6.29 4 010 0.26 + 0.07
Diophianius and Delisle area .29 4. 0.08 019 + 0.05
Archimedes Wille arca 0.30 £ 0.10 0.21 + 0.06
Mare Imbriom 0.34 :): 0.06 0.25 + 0.04
Mare Tranguitlitatis : 0.35 4 0.08 0.22 + 0.04
Mare cast of Littrow {Maraldi) 0.35 4 0.09 0.30 + 0.03
Palus Putredinus 0.36 + 0.06 0.25 + 0.03
‘Mare Fecunditatis 0.36 £ 0.09 0.23 + 0.05
Apennine Mountains |

tHacmus Mountains, west border of 0.38 + 010 0.25 + 0.05
Serenitalis 0.39 + 0.08 0.26 + 0.05
Mare Crisium . 0.39 & 0.1t 0.18 4 0.02
Tsiolkovsky

Hacmus Mountains, south-south- 0.40 + 0.07 0.26 + 0.04
west of Serenitatis 042 + 0.10 0.25 + 0.00
Eittrow area 0.45 + 0.06 0.27 + 0.06
Mare Smiythii

Taruntius area, between Tranguill- 0.45 1 0.07 0.26 + 0.02
itatis and Fecunditatis

Langrenus ared, cast of Feeunditatis 0.48 + 0.1 0.24 + 0.06
to 62.5° FE

Hightands between Crisium and

Smythii (Mare Spumans and Mare 0.51 £+ 0.06 0.22 + 0.05
Undarum area)

Highlands east of Fecunditatis, 0.51 £ 0.10 0.22 &+ 0.05
Kapteyn arca 68-73°E 7.5-15°S 0.51 £ 0.10 0.231 + 0.05
Highlands west of Crisiuvm

Highlands east of Fecunditatis 0.52 + 0.10 0.22 + 0.05
62.5-68°E, 4-12.5°S

West border of Smythii io 4-5° out 0.52 + 0.06 0.22 + 0.03
from Rim

South of Crisium, Apollonius area, 0.53 + 0.06 0.23 + 0.03
to Fecunditatis, 50-60°E

East border of Crisium out to 6° 0.54 £+ 0.09 Q.22 + 0.04
from Rim 0.54 + 0.12 Q.16 + 0.02
Tsiotkovsky—Rim

Highlands between Crisivin and

Smythii, 2.5°S 69°E, 5°$ 76°E, Q.55 + 0.06 0.22 + 003
12°N 80°F, 10°N 83°E

Highlands west of Tsiolkovsky, 0.57 ¢+ 041 0.19 + 0.04
110-124°E to 9-21°8 .

Highland east of Fecunditatis 0.58 + 0.13 0.21 + 0.05
73-85°E, 10-19°8 .

South and south-west of Sklodowska, 0.59 + 0.14 Q.19 + 0.07
86-101°E, 18-23°8 0.59 + 0.15 0.16 + 0.05
Pirquet, 135-145°E, 18-23°8 0.60 + 0.10 0.21 + 0.03
East border of Smythii, out to 4-5°

Pasteur Hilbert highlands area 0.60 + 0.10 0.18 + 0.04
101.5-110°E, 7-18°S
Hirayamc, highlands east of

Smithyii, 89°E 12°8, 100°E 15°S, 0.62 + 0.07 019 + 0.04
98°E 2°5, 103°C 5°S 0.62 + 0.12 0.15 + 0.06
Highlands around Tsiolkovsky

South part of Gagarin, 144-153°L, 065 + 0.24 0.14 + 0.05
21-23°8
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Table 8

Concentration Ratios of A1/Si and Mg/Si
for the Various Features Overflown During Apollo-16

Concentration ra tio
Feature
" Apsitia . MgiSit ig
Mare Cognitum 0.380.11 040%0.29
Upper part of Sea of Clour.k (9 to 13° W) Jot2 20 .05
Mare Vecunditatis (42° to 57° ]~) Al .05 26+.05
South uf Fra Mauto a3’ to 19 W) . A5+ 07 26% .04
Maye Smiythii {82 t092.5" & ) © 45108 25% .05
Southern edge of Mare T nnqmllﬂatm, A7 £.09 23205
Torricelli arca (26 to 30° L)
Eastern cdge of Fecunditatis, A48+.07 27+ .06
Langrenus arca 7° to 64° I 1) .
Ptolemacus (4° W to 0.5 E) S5t .07 214 .04
Highlands west of Plolcmacus to S1 011 251 .12
‘Mare Nubium (4° to 9° W) .
nghlands west of Mare Fecunditatis 52107 24+ 05
(37. 5% to 42° E)
Highlands west of Smythii (72° to 77°E) 57407 21+ .03
Western border of Smythii (77° to 82° ) 58 .08 22+ .04
Highlands cast of Descartes S8 07 L2104
(205 to 26° E)
South of Mare Spumans (64° to 72° E) 58107 25+ .04
tsidorus and Capelia (30° to 37.5° E) 5911 21% .05
Highlands west of Descartes (3° to 14° E) S9%.11 : 2105
Eastern border of Mare Smythii 51 k.09 20+ 06
925°16975°B) .
Far-side highlands (106 to 118 E) .63%.08 J6%.05
Descarles area, hlghlands. Apol]o 16 . 671011 19205
landing site (14° to 20 5° F) .
East of Ptolemaeus ©.5° Lo 3° E) B8t 14 28+ .09
Highlands (97, 5% 10 106° E} - 68t 11 21 %05
Far-side l-ughlands west of J1 1) A6 04
Mendeleev (1 18 to 141 E)

(4) There are distinct chemical contrasts between such features
as the small mare basins and the highland rims {note for example the

crater Tsiolkovsky in Figures 1la and 11b).

-t
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An interesting use of the data was to compare the Al/Si intensity
ratios to optical albedo values. These observations are particﬁlarly
sipgnificant in view of the longstanding discussions about whether
these albedo differences solely represent topographic differences or
also reflect compositional differences among surface materials.
Early workers such as Whitaker (1965) and others recognized con-
vincing evidence for compositional chapges where sharp albedo
changes occur. However, it remained for the later Surveyor, Apollo,
Luna, and Lunakhod missions to provide quantiﬁative compositional
data. Chemical differences related to albedo variations were first
confirmed by the alpha backscattering experiment carried on Surveyors
-5, -6, and ‘-'? (Patterson et al., 1972). The Surveyor-5 and -6
experiment data were used to analyze widely separated mare sites,
and chemically similar surface materials in each site were reported.
Surveyor-? experiment, on the other hand, observed a highland site
and data analysis found a significant chemical difference between
that region_and the two mare locations. The Surveyor results and
the analyses of returned lunar sa;mples confirmed that albedo is
indeed affected by composition as well as topographic differences.
The X-ray fluorescence experiments on Apollo-15 and -16 now have
provided the data for correlation of regional albedo with surface

composition for these selected chemical elements.
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The data from both Apollo flights exhibit an excellent corres-
pondence between Al/Si values and the optical albedo values. An
example from the Apollo-16 flight is shown in Figure 14. There is
positive correlation between the albedo and the Al/Si values, although
the rate of cha.ng@ is not always similar. 'In the Apollo-15 data, the
main anorna..licAs were obscerved wherc an occasional small Copernican-
type crater occurred and produceﬂ an abnormally high albedo value.
This was .considered to be due to the highly-reflective, finely divided
ejecta rather than to compositional changes. A similar anomaly is
noted in the Apollo-16 data around 27 degrees west 1ongiltude in a Tran-

quillitatis embayment north of Theophilus. Four Apollo~16 orbits

‘are plotted. Orbits 58 and 60 show the expected decrease in AlfSi

with decreasing albedo. Orbits 55 and 59 on the other hand show an
occasional increase in Al/Si although the albedo decreases. This mé.y
record the existence of an old 'weathered' ray consisting of aluminum-
rich, highland-derived ray mate'rial which has lost its high reflectivity.
This loss is-thus attributed to chemical rather than physical change.
The X-ray fluorescence experiment is particularly well suited to
look at the problem of horizontal transpo-rt and particularly the
qﬁestion of whether or not the mare fill is highland material carried by
electrostatic forces. To appreciaté this, one must keep in mind that

the X~-ray measuremert s are extremely shallow. A 0.1 mm layer of
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basalt or feldspar would represent effectively infinite thickness. This
is cquivalent to about 3 x 1074 g/’cm2 of material.

In a recent paper (Gold, 1973), it was proposed that horizontal
transport by such mechanisms as electrostatié charging have played
a large role in the formation of the flat rr;are basins. Itis obvious
that if highland material had drifted into the basins to any extent, the
differences between the mare and the surrounding highlands would not
be perceived. In fact, very marked differences have been found and
are demonstrated. There are outstanding exarnples such as the crater
Tsiolkovsky. The ratio of aluminum in the rim area to that of the
basin is about 2:1. Further, r.ea.l differences can be discerned in
such relativély homogeneous sites as the Serenitatis-Tranquillitatis
zones and in the Tranquillitatis basin itself. There is additional
substantiation in the recent paper of Kocharov and Victarov (1974)
on the results obtained by the Lunakhod 2 in the c¢rater Le Monni.er.
From the analysis of returned lunar samplés, ‘it has been found that
the soils in the highland regions are generally like the highland i‘ocks;
and similarly in maria regions the soils are generally like the maria
rocks. Thus it seems highly unlikely that these chemical differences
arise because one type of rock is more easily broken up than another
or more easily (ransported; therefore, it is que‘stiona.ble whether

small scale, continuous, horizontal transport has played a large role
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in the formation of the flat maria basin.

Finally, short-time (8- and l6-second) X-ray fluorescence data
were analyzed in order to determine their capability for mapping
relatively small lunar features. Fluctuation in the solar spectral
shape and lv.ar-iation of the look angle with spacecraft altitude make
this type o.f aﬁalysis rathe'r difficult, but some analysis can be per-
formed aﬁd preliminary results have been obta.iped (Podwysocki et al.,
1974a). Spatial mapping using trend surface analysis demonstrated
that a usable signal could be abstracted from Al/S.i intensity ratios
compiled ovei‘ short t'}me periods. Residuals from the trend surface
allowed islolation of similar arcas. For details of the analytic method
see Podwysocki, 1974b. |

In this work a portion of Mare Serenitatis and Tranquillitatis and
fheir adjacent highlands observed during the Apollo-15 mission were
chosen. Based on the analysis of \}ariance interpretation using trend
surface analﬁrsis of l6-second Al/Si ratio data, a fourth order surface
is the higﬁest order which shows the proper level of significant
improverﬁent. Figure 15 (Podwysocki et al., 1974a) shows the derived
model. Ratios are highest in the highlaﬁds to the northeast and be-
come progressively lower toward the Mare. I.ow ratios are associated
with the maria proper; the lowest values occur in Mare Serenitatis in

the northwest portion of the mapped area. A high ratio is indicated by
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the Haemus Mountains in the western part of the map. The general
model conforms well to the resulté discussed in which the highlands
have higher Al/Si intensity ratios than maria. (Figures 11, 12, and
13.}

Figure 16 {Podwysocki et al., 19?4)—i11ustrates some selected
anomalies based on the residuals from the fourth order surface for
the Al/Si ratio data.

7 Areas 10 and 11 and Area 3, representing Taurus-Littrﬁw and
Haemus highlands respectively, show quite similar Al/Si ratios.
Morris and Wilthelms (1967) and Carr (1966) mapped the Haemus
highlands as Imbrian age Fra Mauro formation, while the Taurus-
Littrow highlands have been mapped as pre-Imbrian in age. As
mentioned above, X-rays of the energy level measured during the
Apollo missions have a penetration capability of 10 pm, thus only
superficial materials are mapped. Hence, it might be argued that
Imbrian ejecta is being mapped in the Taurus-Littrow highlands,
although it may form only a thin blanket. The crater Proclus covered
in Area 21 displays considerably di-ffergnt Al/Si and Mg/Si ratios as
compared to Area 20 ejecta material (Scott and Pohn, 1972; Wilhelms,
1972) derived {rom Proclus. These disparate results for materials
of the same provenance may indicate stratigraphic variations within

Proclus and the highlands.
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Area 5, containing the crater Plinius, shows up as a distant
positive anomaly from the maria materials as exemplificd by Areas
4 and 6. The crater occupies an area interpreted as an impact crater
(Morris a,ndr Wilhelms, 1967) in an area of relatively thin mare mater-
ials at the.transiti.on Between Maria Tranﬁuillitatis and Serenitatis,
Crater ex'cavé,'tion due to impact has most likely excavated and exposed
highland matérial from the subsurface. Topographic data indicate
that the crater was _excavated to appr.ox.imately 1200 meters below the J
mare floor. This sets a maximum limit for the mare thickness, which
De Hon {1974) estimates as 500 to 600 meters in this area.

Two additional positive mare anomalies which may be of signifi-
cance are Areas 7 and 2.‘. Area 7 co?responds to.a wrinkle ridge and
high albedo fnare material as mapped by Caxr {(1966). Examination
of Apollo-15 metric photograpﬁy indicates some features which might
be interpreted as volcanic terrain or extrusive features. Both Young
et al. {19'-173_)',‘ and Hodges (1973) report possible extrusive igneous
features in the same general vicinity. Low albedo Mare Serenitatis
materials are typified by‘ ratios such as those in the negative residual
of Area 1. This suggests that at least tx-vo types of substantially
different ﬁaré basalts é.re present within Mare Serenitatis. Lowman
(1972) suggests that these wrinkle ridge areas may contain the final

differentiation products of a large basaltic body and should contain
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higher alumina concentrations. Area 2, associated with a rectilinear
junction of four mare ridges forming a parallelogram, also displays a
similla.r positive anomaly.

Positive residuals associated with Areas 17 and 18, appear to be
associated with zones of the highest albedo mare materials within
Mare Tranquillitatis as mapped by Wilhelms (1972). The positive
residual associated with Area 13 -is perplexing, for it is not associated
with the Jansen craters as might be expected, but is located to their
east. The only explanation for this anomaly at this time may be the
concentration of ray materials as mapped by Morris and Wilhelms .
(1967).

CONCLUSIONS

This summary of the results, as well as interpretation of the
results, obtained from the Apollo X-ray and gamma-ray spectrometer
experiment data presented in this work will hopefully be helpful to
investigators in the field of planetology.. As can be seen from the
results reported, the work is not as yet completed, but much infor-
mation was obtained. There is still much to be completed in the future.

The results reported in this work represent the efforts of persons
too numerous to mention here. Although unnamed, appreciation to all
these individuals for their help in the development, implementation,

analysis, and interpretation of results of this project is expressed.
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FIGURE CAPTIONS

Figure 1. Pulse height spectrum obtained witha 7 cm by 7 cm
Nal(T1} detector, on a boom 7.6 m from the Apollo space-
craft. The measurement was made during the transearth
phase of the Apollo-~15 mission. Scale is ~19 keV/channel.

Figure 2. ~ Lowest and highest background used in the analysis of the
Apollo-15 lunar spectrum. Crystal detector is 7 ¢cm by
7 ¢cm and at 2 boom position 7.6 m from the spacecraft.
Scale is ~19 keV/channel.

Figure 3. Pulse height spectru}n corresponding to an average lunar
spectrum for the Apollo~15 orbital mission. The derived
average lunar background is also indicated. The pulse
height spectra were obtained with the Apollo-15 gamma-
ray spectrometer. Scale is ~19 keV/channel.

Figure 4. Difference pulse height spectrums or discrete line lunar
emission pulse height spectrum obtained with the Apollo-
15 gamma-ray spectrometer over the whole ground track.
The elemental components for O, Fe, Ti, Co, Th + U,
Al, Si, Mg, and K are also indicated. The components

. were used for the least square analysis of the difference

curve. The synthesized curve obtained from least square
analysis is also shown. Scale is ~19 keV/channel.

Figure 5. Pulse height spectra obtained with the Apollo-15 X-ray
' spectrometer. The spectrum was taken over Mare Crisium.

Spectra shown are from the base detector (5a), the detec-
tor with the Mg filter (5b), and the detector with the Al
filter (5¢). The scale as shown has a lower level of 0.75
keV and is about 0. 33 keV/channel. The data have been
normalized so that the area under the base detector peak
is unity.

Figure 6. Distribution of lunar radiocactivity in the energy region
0.55-2.75 MeV over the Apollo-15 and Apollo-16 ground
tracks. The data are presented on a 5« by 5-degree scale
over a base map freely adopted from one furnished by
Dr.. Farouk El Baz.
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Figure 7.

Figure 8.

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10.

11.

12.

13.

14.

15.

Profile of lunar topography and natural radioactivity
across the Apolle-15 and Apollo-16 ground tracks as
measured by the laser altimeter and gamma-ray spectrom-
eter. The deviation is represented by the line, radio-
activity plus the underlying continuum by the points.

The region around the crater Van de Graaff, showing

the altitude-~-corrected, gamma-ray intensities between
0.55 MeV and 2.75 MeV in 2- by 2-degree areas, the
location of the laser altimeter ground track with elevation
‘given at the top, and a contour map of the lunar contribution
to the solar-directed component of the magnetic field

from an elevation of 67 km. The subsatellite magnetom-

‘eter values are in tenths of gammas. The insert gives

the coding which represents the observation time within
the 2- by 2-degree area, and the maximum 1o standard
deviation corresponding to that period.

~ Areas on the moon used in the lunar data analysis {see

Table 2 for key).

{a) Potassium and thorium on the lunar surface, plotted
against longitude on the Apollo-15 ground track.
{(b) The same plot for Apollo-16.

(a) Al/Si ratio versus longitude for the Apollo-15 ground
northern track. The values for some reference material

~ are shown.

(b} Mg/Si ratios for the same tracks as above northerly
track.

{a) Al/Si for the Apollo-15 southern ground track.
(b) Mg/Si for the same southern track.’

(a) Al/Si for the Apollo-16 ground track.
(b) Mg/Si for the same track.

A comparison of Al/Si intensity ratios versus optional
albedo values for various Apollo~16 orbits.

Fourth order trend surface map for Al/Si intensity ratios
using 1l6-second data. (Podwysocki, 1974a).
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Figure 16.

Residuals from the fourth order trend surface for Al/Si
intensity ratios. Departures or deviations arec based

on normalized data. A plus sign denotes a positive
residual: a negative sign indicates a negative residual.
Calculated intensity ratios are given in original units for

ease of interpretation (Podwysocki, 1974a).
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