
measurements  a r e  required and these must  be made in such a way that 
the total solar  energy and inf ra red  emission for each image element can 
be  determined.  If images of the reflected so la r  energy and thermal  emis-  
sion a r e  made with different camera  sys t ems ,  having different observing 
angles so  the radiative energy budget of the surface elements i s  l o s t ,  a 
l a rge  pa r t  of this type of data 's  usefulness to the micrometeorological 
picture  i s  a lso los t .  The diurnal and seasonal  observations require  an 
orb i te r .  

Some fair ly  straightforward observations of important meteorological 
pa rame te r s  that can be made ear ly  in the Martian exploration program 
may be  of considerable importance to exobiology. F u r t h e r ,  a s  the 
technical capability of the p rog ram improves ,  a s e r i e s  of more  sophisti- 
cated observations can be made that will yield fundamental understanding 
of planetary atmospheric  motions p e r  se .  

3. THE MOON 

SCIENTIFIC QUESTIONS IN LUNAR EXPLORATION 

Major questions in the exploration of the Moon fall chiefly in th ree  
categories  of basic  problems: 1) s t ruc ture  and processes  of the lunar 
in te r ior ,  2) the composition and s t ruc ture  of the sur face  of the Moon and 
the p roces se s  modifying the sur face ,  and 3)  the history o r  evolutionary 
sequence of events by which the Moon has  a r r ived  a t  i t s  present  con- 
figuration. These a r e  principal categories  of significant questions that 
can be  asked of every object in  the so la r  sys tem of planetary o r  sub- 
planetary dimensions.  In the ca se  of the Moon special  interest  res ides  
in the effects impres sed  on the lunar  sur face  by such general  p rocesses  
operating in  the so la r  sy s t em a s  the impact of solid bodies and of 
charged so la r  par t ic les  and in  the physical record  of such effects ,  espec- 
ially for the ea r ly  p a r t  of the his tory of the so la r  sys tem.  The possibility 
that ancient rocks and deposits on the Moon's surface may contain a 
unique r eco rd  of events re la ted to  the formation o r  accret ion of the 
t e r r e s t r i a l  planets gives the scientific exploration of the Moon unusual 
potential significance. The re  i s  a lso the minor possibility of finding 
prebiotic ma te r i a l ,  either buried o r  in  shel tered locations.  

The major  questions a r e  a s  follows: 

Structure and processes o f  the lunar interior 

(1) I s  the internal  s t ruc ture  of the Moon radially symmetr ical  like 
the Ea r th ,  and if s o ,  i s  i t  differentiated? Specifically, does i t  
have a co re  and does i t  have a c rus t ?  

(2)  	What i s  the geometr ic  shape of the Moon? How does the shape 
depar t  f rom fluid equilibrium? Is  there  a fundamental difference 
in  morphology and his tory between the sub-Earth and averted 
faces  of the Moon? 

(3)  	What i s  the present  internal  energy reg ime of the Moon? Spec-
ifically,  what i s  the present  heat flow a t  the lunar surface and 
what a r e  the sources  of this heat?  Is  the Moon seismical ly  active 



and i s  there active volcanism? Does the Moon have an internally 
produced magnetic field? 

Compos it ion, structure, and processes o f  the lunar surface 

What i s  the average composition of the rocks a t  the surface of the 
Moon and how does the composition vary f rom place to place? Are  
volcanic rocks present  on the surface of the Moon? 
What a r e  the principle processes  responsible for the present  
relief of the lunar surface? 
What i s  the present tectonic pattern on the Moon and distribution 
of tectonic activity? 
What a r e  the dominant processes  of erosion, t ransport ,  and 
deposition of material  on the lunar surface? 
What volatile substances a r e  present  on o r  near  the surface of 
the Moon o r  in a t ransi tory lunar atmosphere? 
I s  there evidence for organic o r  proto-organic materials  on o r  
near  the lunar surface? A r e  living organisms present  beneath 
the surface? 

History of  the Moon 

( 1 )  	What i s  the age of the Moon? What i s  the range of age of the 
stratigraphic units on the lunar surface and what i s  the age of the 
oldest exposed material?  I s  a primordial surface exposed? 

(2) What i s  the history of dynamical interaction between the Ear th  
and the Moon? 

( 3 )  	What i s  the thermal  history of the Moon? What has been the 
distribution of tectonic and possible volcanic activity in  t ime? 

(4) 	What has been the flux of solid objects striking the lunar surface 
in the past and how has i t  var ied with t ime?  

(5)  	What has been the flux of cosmic radiation and high-energy solar  
radiation over the history of the Moon? 

(6)  	What past magnetic fields may be recorded in the rocks a t  the 
Moon's surface? 

GEOLOGICAL EXPLORATION OF THE MOON 

Major Objectives of  Geological Explorat ion 

A major objective of the geological exploration of the Moon i s  the 
development of perspective in viewing our own planet and the solar  
system in which i t  resides.  We a r e  engaged not only in the exploration 
of space but also in the exploration of t ime. Key to this perspective in 
time i s  the recognition of the stratigraphic sequence, the order  in which 
deposits of the past were  laid down. On Earth this task i s  firmly 
grounded with the landmarks in the sequence tied to isotopically 



determined ages of rocks.  The difficulty with the t e r r e s t r i a l  record ,  
however, i s  that active mountain building, erosion, and sedimentation 
have destroyed any recognizable remnant of the primordial Earth.  At 
present  we know almost nothing concrete about the f i r s t  billion years  of 
the Earth 's  history. 

The Moon i s  of especial interest  in working out the history of the 
solar sys tem for two reasons.  F i r s t ,  the surface of the Moon may be one 
of the few places where a very  early stratigraphic record  i s  preserved 
and decipherable. Secondly, because of i ts  proximity to the Ear th ,  it 
will be possible to determine the geology of the Moon in far  greater  
detail ,  for  a given level of e f for t ,  than that of the next nearest  t e r r e s t r i a l  
planet. The events recorded on the Moon a r e  likely to be more  closely 
correlated to events on the Ear th  than the events in the record of any 
of the other planets. Consequently, the history of the Moon may have 
the most  relevance to t e r r e s t r i a l  history. 

The question of the origin of the Moon illuminates the relevance of 
lunar history to questions about the Earth.  If the Moon was captured by 
the Ear th ,  violent disturbances of both would have occurred during 
capture. The age of features on the Moon produced by these disturbances 
would provide the key to recognizing the effect of the disturbance on the 
Earth.  If the Moon was formed by capture o r  coalescence of multiple 
satel l i tes ,  there may have been a disturbance from a concomitant rain 
of fragmental debris  on the Ear th .  If the Moon was formed by fission 
f rom the Ear th ,  on the other hand, the present  composition of the Moon 
provides d i rec t  evidence on the degree of differentiation of the Earth 
at  the t ime of separation. Under this mechanism the possible presence 
of organic material  on the Moon would provide clues to ear ly evolutionary 
stages of l ife on the Earth.  Finally,  if the Moon was formed by indepen- 
dant condensation f rom a proto-Earth nebular m a s s ,  the present com- 
position of the Moon should furnish important clues to the chemical 
differentiation mechanisms operating during formation of the Earth-Moon 
system. 

Telescopic observation forms the basis  of attempts to elucidate the 
stratographic history of the Moon. At present  the sequence of deposits 
i s  known to a f i r s t  o rder  in the equatorial regions. Fo r  some of the 
lunar geologic uni ts ,  the general mode of origin can be inferred. It i s  
because the geological processes  that change the surface of the Moon 
probably operate much more  slowly than those on the Earth that part  of 
the lunar stratigraphic sequence gives promise of providing a record 
of the early history of the solar  sys tem that we can never find on Earth.  

The historical record preserved in the lunar s t ra ta  bears  upon 
several  processes  of the solar  system. In contrasting the older with the 
younger deposits,  we can ask  what has been the distribution in time and 
in mass  of solid bodies impacting the Moon. The history of cosmic 
radiation and changes in i t s  intensity o r  character  should be recorded in 
the nuclear changes in the upper par t  of stratigraphic units. Some of these 
units probably have been exposed through much of geologic t ime,  others 
have been exposed for a brief fraction of lunar history. The problem of 
origin of planetary bodies would be greatly aided by examination of a 
primordial or  very ancient surface of one of the bodies of the solar 
sys tem,  by studying i ts  chemical and isotopic composition, o r  even by 



looking for  the s t rength of ea r ly  magnetic fields in  the so la r  sy s t em 
through paleomagnetic measurements  on ear ly  volcanic rocks .  

Many basic  problems of the E a r t h  can be approached by comparison 
of the Ea r th  with the Moon. We s t i l l  do not understand the chemical  
evolution of the Ea r th ' s  c ru s t  a s  complicated through reworking by 
surface wate rs .  The Moon stands a s  a n  example uncomplicated in this 
way, possibly having evidence of protocontinents. I t  may  be the bes t  
place to s e e  what a n  ear ly  c r u s t  looks l ike.  The processes  of mountain 
building on Ear th  a r e  only par t ia l ly  understood, in  p a r t  because 
tectonically active a r e a s  a r e  covered by oceans o r  thick sedimentary 
deposi ts .  In the lunar  environment,  tectonic deformation of the sur face  
of a planet can be examined without the  camouflaging effect of e ros ion ,  
sedimentation, o r  oceans.  S imi la r ly ,  volcanic products that on the 
Ear th  a r e  contaminated by passing through the chemically reworked 
surface sediments ,  should, on the Moon, be f r e e  f rom such effects.  

Geological Complexity o f  the Moon 

In the light of p resen t  knowledge, the Moon i s  a heterogeneous body. 
Differences in  co lor ,  albedo, polarizing, and thermal  p roper t ies  that 
a r e  cor re la ted  with topographical differences f o r m  the bas i s  for recogni- 
tion and mapping of geologic units.  Although mos t  of the l a rge  c r a t e r s  
on the Moon a r e  probably of impact  or igin ,  some  of the geological units 
exhibit topographic features  closely resembling cer ta in  volcanic fo rms  
on Ea r th .  The sur faces  of the m a r i a ,  for example,  have c lear ly  defined 
features  that closely r e semble  t e r r e s t r i a l  lava flows. Fields  of sma l l  
domes with summit  c r a t e r s ,  some  of which a r e  near ly  identical  in  f o r m  
to t e r r e s t r i a l  volcanoes,  occur  i r r egu l a r ly  over  the lunar  sur face .  
These features  a r e  d iverse  in  both kind and re la t ive  age ,  suggesting the 
Moon may have had a long and complex magmatic  his tory.  

Unlike the Ea r th ,  the Moon b e a r s  no evidence of folded mountain 
chains,  but has  a well-defined pat tern of l inear  features  that probably 
correspond to f r ac tu r e s  and faults.  This  contras t  in  tectonic fea tures  
should help to elucidate the mechanisms of formation of t e r r e s t r i a l  
mountain ranges  when the internal  s t r uc tu r e  and processes  of the Moon 
a r e  bet ter  understood. 

Geological Exploration 

The known divers i ty  of l aye r s  of ma te r i a l  with different physical 
charac te r i s t i cs  and the observed complexity of s t r uc tu r e  of the lunar  
surface requi res  an extensive p rog ram of exploration if the broad 
relations of the s t ra t igraphy and s t ruc tu r e  a r e  to be solved. The s t r a t i -  
graphy and s t ruc tu r e  a r e  solved pr imar i ly  by the technique of regional 
geological mapping, supplemented by geophysical (principally s e i smic )  
exploration to obtain subsurface s t ruc tu r e  and by local dril l ing.  

Geological mapping of the Moon can proceed mos t  efficiently by 
systematic  surveying with remote  sensing inst ruments  f rom lunar  
orbiting spacecra f t ,  followed by local detailed studies on the lunar  
surface.  Studies on the sur face  a r e  needed a t  key locali t ies where the 



contacts and s t ruc tura l  relations between different mappable units a r e  
best exposed and a t  localit ies where features  of special in te res t  occur .  
The f i r s t  s tep in the systematic  surveying should be  the preparation of 
topographic maps by photogrammetric methods f rom photographs taken 
f r o m  lunar  orbi t  with cameras  designed for mapping. Control for the 
mapping can be  obtained f rom accura te  determination of the orbi t ,  the 
orientation of the spacecraf t ,  and r ada r  a l t imet ry  f rom the spacecraf t  
to the lunar  surface.  Topographic maps a t  sca les  of 1:1,000,000, 
1:250,000,000, and, locally,  1: 100,000 will provide the base  maps needed 
for mos t  of the geological investigations. The distribution of different 
geological mater ia l s  i s  a l so  mapped f r o m  the photographs on the basis 
of differences in topography, albedo, and reflectivity and emissivity 
over a wide range of the electromagnetic spec t rum.  In addition to the 
photographs taken with the mapping c a m e r a s ,  the gamma radiation and 
thermal  emission of surface and reflection o r  scat ter ing charac te r i s t ics  
f rom the ultraviolet  to r ada r  wavelengths should be measured  f rom 
orbi t .  

Direct  examination of the lunar  sur face  should be ca r r i ed  out by 
landings a t  different localit ies and by extended t r ave r se s  over the 
surface.  This examination i s  needed to determine the detailed s t rucura l  
relations between geologic units mapped f rom orbi t ,  to obtain physical 
data that can only be acquired f rom instruments  in  contact with the 
sur face ,  and to obtain samples  for mineralogical,  chemical ,  isotopic,  
and other analyses  af ter  r e tu rn  to Ear th .  Thoroughly trained observa-  
tional scient is ts  will be needed to c a r r y  out the m o r e  advanced s tages  
of this work on the lunar  surface.  

Investigations on the lunar sur face  a r e  needed on a t  l e a s t  th ree  dif- 
ferent  sca les .  The smal les t  fea tures ,  ranging in s ize  f rom near  micro-  
scopic to hundreds of m e t e r s ,  the fine s t ruc ture  of the lunar  sur face ,  
can be  studied by men on foot during ea r ly  Apollo landings. Very 
detailed investigations of features  a t  this sca le  and the processes  by 
which they a r e  produced may requi re  a sma l l  lunar  base to sustain men 
over much longer periods of t ime  than i s  available during the ear ly  
Apollo landings. To study features  ranging in  s ize  f rom one to many 
ki lometers  requi res  a vehicle to c a r r y  men over these distances f rom 
the landed spacecraf t .  This i s  the sca le  on which mos t  of the contact 
relations of regional geologic units and mesosca le  s t ruc tu re s ,  such a s  
relatively l a rge  c r a t e r s ,  faul ts ,  folds,  and possible igneous intrusions 
and volcanoes mus t  be examined. Finally,  sur face  t r ave r se s  of ten to 
hundreds of ki lometers  in length a r e  required to examine features  of 
c rus ta l  and subplanetary dimensions,  such a s  the basin and surrounding 
mountain ring of Mare  Imbr ium and other  circularÃ§*maria These 
t r a v e r s e s  a r e  needed to obtain deep se i smic  reflection and refraction 
profiles cor re la ted  with sur face  gravity measurements  and geology. 
Such t r a v e r s e s  provide extensive opportunities to sample and study 
a r e a l  var ia t ions in the regional geologic units.  



GEOPHYSICAL OBSERVATIONS ON THE MOON 

Introduction 

As explained in  the section on geological exploration, the Moon i s  the 
second relatively l a rge  member  of the so la r  sy s t em available to u s  for 
detailed study. In  addition to satisfying a n  in t r ins ic  i n t e r e s t  in  the 
constitution and his tory of the Moon i t se l f ,  study of the Moon provides 
valuable insight into funda ren t a l  questions concerning the morphology of 
the Ea r th  and the so la r  sys tem.  Study of the figure of the Moon, the 
distribution of ma t t e r  within i t ,  the heat flow f r o m  the i n t e r i o r ,  and the 
magnetic field i nc r ea se s  our  knowledge of the composition and his tory of 
the Earth-Moon sys tem.  Study of the presen t  tectonic activity a s  evi -
denced by s e i smic  activity,  volcanism,  measurab le  deformation (fault ing),  
and anomalies in  the gravity field,  i nc r ea se s  our  understanding of s imi l a r  
p rocesses  on Ear th .  In the opening paragraph  of this section i s  a l i s t  of 
fundamental questions for which we hope to obtain answers  through explor-  
ation of the Moon. The following suggested geophysical observat ions ,  com-
bined with geological and geochemical observat ions ,  a r e  requi red  for  
such exploration. 

Geophysical Observations from an Orbiter 

Magnetic field.  Provided that e a r l i e r  measurements  of the magnetic 
field indicate an internally produced field of sufficient magnitude, this 
field should be mapped f r o m  a n  o rb i t e r .  Such a map will provide a 
re fe rence  for ground-based magnetic profiles obtained on t r a v e r s e s ;  
for measurements  of res idual  magnetization of lunar samples ;  and for 
studies of the origin of the main internal  field. I t  i s  possible that the  
field induced by the so la r  wind will predominate.  Observation of the 
time-dependence of this field will provide information on electr ical  
conductivity a t  depth within the Moon. 

Microwave tempera ture .  Measurements  of the radiation t empera tu r e ,  

a t  wavelengths near  10 c m ,  can be used to map the s teady-sta te  n e a r -  
sur face  tempera ture .  This t empera ture  will be strongly dependent upon 
surface thermal  p roper t ies .  By using m o r e  than one wavelength i t  may 
be possible to separa te  sur face  effects and outline regions of anomal-  
ously high heat flow. 

Geodetic measurements .  Observations of the motion of an  orbit ing 
spacecraf t  o r  special  geodetic sa te l l i t e ,  combined with measurements  
of the lunar  l ibrat ions ,  a r e  needed to obtain accura te  values for the 
principal moments  of the Moon. Since the m a s s  and the moment of 
iner t ia  a r e  fundamentally important constra ints  on the internal  consti tu- 
tion of the Moon, such measurements  a r e  extremely important .  The 
higher harmonics  of the gravitational f ield,  obtained f rom observations 
of an o rb i t e r ,  contain information on the depar ture  of the Moon f rom 
fluid equilibrium and place constra ints  on the symmetry  of the density 
distribution within the Moon. When combined with r ada r  dis tance 



measurements between the orbi ter  and the lunar surface,  the observed 
gravitational field provides datum for topographic mapping and for studying 
the possible degree of isostatic balance between regions of high and low 
elevation. 

Geophysical Observations from a Lander 

Measurement of lunar motions. Measurement of lunar librations can be 
improved by radar  observations f rom Earth of three widely separated 
(about 1000 km)  corner  ref lectors .  These measurements  a r e  needed 
for determination of the moment of inert ia .  In addition, such observa- 
tions would help unravel the dynamical history of the Earth-Moon system. 

A fixed and comparatively small  optical telescope emplaced on the 
Moon allows measurement of the length of the lunar day and i t s  slight 
variations. The absence of a n  atmosphere makes this measurement 
simpler and more  prec ise  than i t  i s  for the Earth.  In the absence of 
the fluctuations of atmosphere and oceans the grea ter  precision will be 
significant in relation to other dynamical effects. Tides raised on the 
Moon by the Ear th  and the Sun come into this category, a s  well a s  the 
librations . Any internal fluid motion would be expected to show an 
effect. 

The instrument required i s  a telescope with a photoelectric detector 
behind a s l i t ,  aligned approximately along a lunar meridian. Telemetry 
with millisecond timing, a s  s tel lar  images sweep ac ross  the s l i t ,  i s  all 
that i s  required. 

Passive seismology. Assuming there a r e  natural moonquakes with a 
temporal distribution of events and magnitudes roughly s imilar  to that 
of Ear th ,  passive seismology provides the most  direct  source of 
detailed information on the deep interior of the Moon. Implantation of 
a t  leas t  three small  remotely operating se ismic  observatories a t  
widely separated (about 1000 km)  locations is recommended. Such 
instruments should be capable of recording all  frequencies between 
several  cycles per  second and tidal frequencies in three components of 
motion. With such a net most  l a rge r  events could be located (latitude, 
long itude, depth, t ime) and active zones delineated. Once active regions 
a r e  identified, additional (perhaps simple) instruments should be 
installed so that these sources can be used most  efficiently to study 
different tectonic provinces; short-period instruments can be used to 
study smal le r  events within active a r e a s  , longer -period instruments 
can se rve  to study pure mar i a  o r  highland paths f rom l a rge r ,  distant 
events. All such instruments should be designed to operate a s  long a s  
possible. 

In the absence of natural moonquakes, impacts of la rge  meteori tes ,  
l a rge  explosions, o r  impacting Lunar Excursion Modules (LEM) may 
provide sufficient energy for la rge-sca le  studies.  If meteorite impacts 
can be differentiated f rom moonquakes, by focal depth or  other c r i te r ia ,  
the seismograph net can be used to monitor the distribution of la rger  
meteori tes  in the vicinity of the Moon. 



Active seismology. Seismic refract ion and reflection techniques should 
be used to extend geological observations to depths beneath the sur face .  
Refraction measurements  using chemical explosives a r e  probably mos t  
efficient for general  reconnaissance s ince they give both average  velo- 
city and thickness of a l ayered  s t ruc ture .  Under cer ta in  conditions, 
local reflection surveys might be  useful in  the study of smal l - sca le  
variations.  At l ea s t  two sca les  of refract ion surveys a r e  recommended: 
short  prof i les ,  1 to 10 k m ,  using explosive charges  of a few pounds o r  
l e s s ,  to determine shallow s t ruc ture  down to a few hundred me te r s ;  and 
long prof i les ,  10 to 100 k m ,  using explosive charges  up to severa l  
hundred pounds, to investigate the s t ruc ture  of the en t i re  c rus t  (if any) 
and upper mantle.  An expended LEM, c rashed  into the lunar  sur face ,  
should provide sufficient energy for the long profiles.  F o r  this purpose 
the location and t ime of c r a s h  should be  known to 1 k m  and 0 .1  s e c  o r  
be t te r .  

Heat flow. Heat flow f rom the inter ior  of the Moon provides essent ia l  
information on the distribution of radioactive elements  and the thermal  
his tory,  including volcanism. It i s  probably necessary  to u se  a hole 
1 to 10 m e t e r s  deep in o rde r  to obtain the heat flow. A considerable 
amount of work on theory and observational techniques i s  needed in this  
important a r e a .  Care  should be taken to a s s u r e  that such measurements  
a r e  taken both a t  typical and a t  interesting places .  

Gravity-magnetic.  Essentially continuous measurement  of the gravi ta-  
tional and magnetic fields should be obtained along al l  t r ave r se s  for 
correlat ion with the geological and se i smic  data .  Such observation can 
be highly automated. Gravity should be measured  to about Â ±  milligal 
and elevation to 3 or  4 m e t e r s ,  if possible.  However, even c ruder  data 
would be useful for regional s tudies .  I t  will probably be neces sa ry  to  
operate a magnetometer a t  a base  station during magnetic t r ave r se s  
in order  to remove the effects of temporal  variations in the field.  

Magneto-telluric. Information about the internal  distribution of e lec-  
t r i ca l  conductivity may be obtained by combining the base station 
magnetic variations with variations in the horizontal e lectr ical  field. 

GEOCHEMISTRY OF THE MOON 

Introduction 

Studies of the lunar sur face  in the vis ible ,  in f ra red ,  ul t raviolet ,  and 
microwave portions of the electromagnetic spec t rum show that there  i s  
much diversity in i t s  reflective propert ies .  Correlations between 
topographic features  and color differences suggest that the Moon i s  
chemically and mineralogically heterogeneous on the sca le  of present  
telescopic observations.  Some of the topographic forms  a r e  suggestive 
of volcanic flows. The re  i s ,  however,  l i t t le agreement  among observers  
about the mechanism that may be responsible for chemical differentiation. 



In genera l ,  chemical  differences produced on the lunar sur face  may be 
ascr ibed  1)  to ma te r i a l  o r  energy a r r iv ing  f r o m  space and 2)  to p roces -  
s e s  dr iven by energy re leased  f r o m  the Moon's in te r io r .  

The extent to which ei ther  of these  two kinds of p rocesses  predominate 
in determining both the chemis t ry  and morphology of the lunar  sur face  
will be  a t  l e a s t  par t ia l ly  answered through studies of samples  collected 
during the f i r s t  manned lunar  landings. Samples  re turned f rom these 
missions should a l so  allow some  character izat ion of the chemical 
nature  of lunar  differentiation p roces se s .  Establishing the relative 
importance of par t i cu la r  p roces se s  on the lunar sur face  i s ,  c lea r ly ,  
of f i r s t -o rde r  importance.  F r o m  a scientific point of view, however,  
this knowledge i s  only a p a r t  of a l a r g e r  p ic ture ,  i . e . ,  the origin and 
his tory of the Moon. It  i s  doubtful that answers  to bas ic  questions on the 
Moon's h i s to ry ,  g r o s s  composition, and over -all  degree  of chemical 
differentiation can  come f rom samples  collected in  two o r  th ree  relatively 
sma l l  a r e a s  on the Moon, par t icular ly  if the chemical variations a r e  
l a rge .  Investigations of significant portions of the Moon's sur face  a r e  
probably neces sa ry  to obtain answers  to these  fundamental quest ions .  An 
integral  p a r t  of these investigations will be a m o r e  detailed study of the 
geochemical p roces se s  on, and proper t ies  of,  the lunar sur face ,  both to 
charac te r ize  the mater ia l s  and to de te rmine  the i r  place on an absolute 
t ime  sca le .  I t  cannot be overemphasized that such studies mus t  be co- 
ordinated with a l a r g e r  p rog ram for investigating the s t ruc tura l  s t r a t i -  
graphic  and geomorphic fea tures  of the lunar  su r f ace ,  i .  e .  , a geologic 
mapping p rog ram.  

Specif ic Geochemical Problems on the Lunar Surface 

1. Radioactive Isotopes and an Absolute Time Scale  
The isotopes of u ran ium,  ~ h 2 3 0 ,  ~ 4 0 ,  and ~ b 8 7 ,  and their  s table  

daughter products a r e  the bas i s  of the mos t  powerful methods for the 
determinat ion of t ime  on the 5-billion-year sca le  of the so la r  sys tem.  
The study of these  nuclides in  lunar  mate r ia l s  will be very  important for 
estimating the t ime  of formation of the Moon and the t imes  during which 
melting and differentiation of s i l icate  mate r ia l s  took place.  If internally 
dr iven chemical differentiation p roces se s  a r e  discovered,  isotopic dating 
methods will tel l  u s  when and for how long in  the Moon's his tory such pro-  
c e s s e s  we re  ac t ive .  

It would be of g rea t  in te res t  if we were  to find portions of the lunar  
sur face  dating back to the t imes  when the chemical  differentiation r e -  
corded in  meteor i tes  took place.  

2. Bulk Composition of the Moon 
In o r d e r  to understand the or igin  of the Moon, in  par t i cu la r ,  to' s e e  

i t s  re la t ion to the  E a r t h ,  the Sun, and other planets ,  i t  will be neces sa ry  
to deduce the over -a l l  composition of the Moon. If the sur face  of the 
Moon i s  chemically heterogeneous,  only extensive sampling of the lunar 
sur face  will pe rmi t  u s  to infer  i t s  over-al l  composition. 

I t  i s  qui te  possible that a significant amount of mate r ia l  on the present  
lunar  sur face  i s  foreign to the Moon in  t e r m s  of i t s  charac te r i s t i c  



composition. The existence and identification of such foreign mater ia l s  
(probably s imilar  to some meteori tes)  will also depend on detailed chem- 
ical and isotopic studies.  

3 .  Lunar Magmatism 
Should magmatic processes occur on the Moon on a l a rge  sca le ,  

an understanding of the chemistry and mineralogy of magmatically pro-  
duced materials  will be essential for understanding i t s  geological history. 
It will be important to determine whether such processes  have concen- 
trated radioactive elements and volatile elements near  the surface a s  
they have on the Earth.  

4. Lunar Degassing 
The evolution of the Earth 's  atmosphere and oceans i s  a fundamental 

part  of t e r r e s t r i a l  history. These features a r e  the consequences of 
chemical potential gradients that tend to dr ive volatile components l ike 
CO2, H 2 0 ,  C12, and H2S f rom hot high-pressure interior regions to cool 
low-pressure surfaces.  The mechanism by which these gases a r e  t r ans -  
ported in the Earth i s  not entirely understood, but it i s  probably assoc i -  
ated with volcanism. It has been suggested that even in the absence of 
volcanic processes there will be t ransfer  of volatiles f rom the inter ior  
to the surface of the Moon. Detailed studies of the gases absorbed in 
subsurface layers  and of the transient lunar atmosphere will be neces-  
s a ry  to delimit the nature of lunar degassing processes .  

5. Cosmic Ray and Solar Wind History 
In the absence of a lunar atmosphere the surface mater ia l s  a r e  

constantly bombarded by energetic cosmic rays  and the solar  wind. The 
nuclear reactions resulting f rom cosmic-ray bombardment have been 
studied extensively in various meteori tes .  These studies suggest many 
important applications to the lunar surface,  e .  g.  , ra tes  of turnover and 
cosmic-ray flux may both be determined. The krypton and xenon con- 
tent of surface material  may also be an indication of the solar  wind flux 
averaged over the exposure time of the surface mater ia l s .  Older mate-  
r ia ls  that have been buried and shielded f rom cosmic-ray and solar  wind 
bombardment may furnish a way by which the magnitude of these quanti- 
t ies in the past may be investigated. Such studies can be made only after 
the geological history of a particular region i s  fairly well understood. 

The problems outlined above represent  the major  questions that appear 
interesting with our present  knowledge of the lunar surface.  The dis-  
covery of processes that a r e  not now anticipated may easily lengthen the 
l i s t  of chemical problems on the lunar surface that will challenge our in- 
genuity and intellect. 

Conduct o f  Chemical Investigations 

With the sample re turn  capabilities that a r e  planned in both the early 
Apollo and post-Apollo missions,  i t  is  c lear  that enough mater ia l  can be 
obtained on a scale  to represent  quite well those that may have been mapped 
or  investigated during a mission. If sample consumption i s  optimized, 



a l l  the obvious chemical and mineralogic analyses  can be  done on samples  
of s eve ra l  hundred g r a m s .  Hence, there  i s  relatively l i t t le  need for 

performing analyses  on the Moon, par t icular ly  if they compete for t ime  
that could be  used  fo r  observing and examining surface fea tures .  A 
number of cooperating analytical  faci l i t ies  would be required on Ea r th ,  
including s eve ra l  l abora tor ies  equipped for modern mineralogical analyses ,  
geochronometry , and chemical analyses  for major  and minor e lements .  
The Ear th-based  geochemical p rogram should be well coordinated with 
a l l  o ther  aspec ts  of the lunar  exploration program.  

The success  of the geochemical p rog ram i s  very  much dependent on 
the skil l  with which ma te r i a l s  a r e  collected and re turned to Ear th .  The 
observational ski l l  of the scient is t -as t ronaut  on the lunar  surface will be  
the mos t  important  factor in  obtaining significant mate r ia l s  f rom the 
lunar  sur face .  I t  s e e m s  c lear  that geological field experience would most  
closely approximate the type of situation that may be encountered on the 
lunar  sur face .  Training and selection of geologist-astronauts thus would 
be an important  pa r t  of the preparat ion for an  extensive program of 
lunar  exploration. 

Other preparat ions  may include the development of special  tools to 
aid in sample collection on the su r f ace ,  e .g . , boring devices ,  sample 
containers ,  e tc .  , and devices  for rapidly differentiating visually s imi la r  
ma te r i a l s ,  e .  g .  , gamma-ray  survey ins t ruments ,  microscopes for 
examining thin and polished sect ions  . 

Studies of the lunar  a tmosphere  and degassing products will a lmost  
certainly requi re  some type of extremely sensi t ive  gas  analyzer  on the 
lunar  sur face .  Because of the difficulty of returning samples  that fully 
p r e s e r v e  the lunar  conditions, such an  inst rument  should be capable of 
measuring a wide range of atomic m a s s e s  o r  molecular weights ( m a s s  
12 to m a s s  200) and be capable of measuring extremely low partial  p r e s -  
s u r e s  a t  l e a s t  down to 10-14 a tmospheres .  In preparat ion for detailed 
analyses  of lunar  gases  a s imple  device measuring total gas p r e s s u r e  
may be useful on ea r l i e r  miss ions .  

Lunar  o rb i t e r s  p resen t  an excellent opportunity to map the chemical 
differentiation of the lunar  sur face ,  by surveying the gamma-ray  activity 
of the surface:  such a survey should c lear ly  identify regions where 
potas s i um,  uran ium,  and thor ium a r e  concentrated re la t ive  to other 
a r e a s .  Byanalogy with the t e r r e s t r i a l  si tuation, such a survey should 
c lear ly  distinguish differentiated regions f rom nondiffer entiated regions . 

I t  i s  not now c l ea r  whether the possibility of back-contamination of 
the Ea r th  by pathogenic o rgan isms  f rom the lunar  surface will be  a 
se r ious  problem in  the long-range exploration of the lunar  surface.  If the 
question i s  not answered by ear ly  Apollo mi s s ions ,  the precautions that 
may  be  required by this hazard  should be integrated into the analytical 
p rog ram in a way that will resu l t  in a minimum of degradation of the 
ma te r i a l s  and methods used to analyze the lunar  ma te r i a l s .  



PHYSICAL PROCESSESONTHELUNARSURFACE 

Geological investigation of the Moon and understanding of the surface 
features and their t ime scale  will requi re ,  f i r s t  of a l l ,  some under -
standing of various externally induced processes  that may operate there .  
Erosion, surface transportation, impact,  evaporation, and recondensa- 
tion will need to be understood in addition to the externally induced 
changes in the appearance and physical s t ruc ture  of the surface material .  

Erosion and Transportation 

There i s  evidence that erosion and surface transportation of material  
has occurred on the Moon and i t  will be of great  importance to under- 
stand the nature of that process.  I t  may be simply due to the accumulated 
effect of meteori tes ,  including micrometeori tes ,  which would tend to r e -  
distribute material  and cause creep.  It  may be that impact,  evaporation, 
and subsequent recondensation a r e  major factors .  It  may a lso  be that 
other effects, such a s  electrostatic forces ,  play a pa r t  in  the erosion and 
transportation mechanism. The detailed appearance of the surface may, 
of course,  give an indication to help resolve these questions. Physical 
measurements and some simple observations car r ied  out on the Moon 
may, however, be needed for better understanding. 

The ra te  of micrometeorite bombardment and of secondary bombard- 
ment on the surface should be measured.  F r o m  this ,  the d i rec t  r a t e  of 
surface transportation and the t ime to produce a given degradation of a 
c ra te r  could be estimated. The shapes and size distribution of very  
small  c r a t e r s  in the range of cent imeters  to mil l imeters  will be helpful 
here ,  and if such c ra t e r s  can be seen,  good photography should bring 
back the infor mation. 

The precise manner of deposition of the material  will determine the 
way in which i t  reflects and polarizes light. Since returned samples a r e  
unlikely to have preserved the optical surface charac ter i s t ics ,  i t  will be 
necessary to measure ,  in place, the angular scattering law and the 
polarization law a t  optical wavelengths. Variations f rom place to place 
in these optical propert ies ,  and especially between f resh  c r a t e r s  and 
other surfaces,  should be observed. Since these propert ies  a r e  well 
known for the Moon a s  a whole, a study in one locality will a l so  se rve  to 
establish whether the particular s i te  i s  a representative one. 

If electrostatic effects a r e  significant in  the transportation of smal l  
part ic les ,  perhaps after they have been loosened by micrometeori tes ,  
such particles would probably accumulate to fo rm distinctive s t ruc tures  
of small  scale  that could not be ascribed simply to meteoritic action. 
Any such shapes should, of course,  be carefully photographed for sub- 
sequent study. They might appear a s  small-scale  waviness of the s u r -  
face o r  any other near -periodic i r regular i t ies .  They might a l so  involve 
preferential attachments of smal l  part ic les  to points o r  edges of other 
material .  

Fo r  understanding such electrostatic processes ,  measurement  of the 
daytime electr ic  field above the surface on a scale  of mil l imeters  i s  e s -  
sential. The photoelectric effect i s  expected to produce an electr ic  field 



above the surface in the f i r s t  few cent imeters  and of the order  of a few 
volts. Observation of a low-energy electron beam a t  various heights 
close to the surface would be one way of studying such electr ic  fields. 
Perhaps measurements  of electrostatic force a r e  another possibility. 

The possibility of chemical differentiation being produced or  maintained 
during erosion processes  should be studied. 

A simple observation of how a handful of dust picked up f r o m  the 
surface and allowed to fall back to i t  will distribute itself i s  also most 
important. If  the particles do not generally appear to fall on straight bal- 
l istic orbi ts  back to the ground, their motion should be photographed and 
that should be done both in the sunlight and in a locally shaded region o r  
the lunar night. 

Thermal Properties 

The thermal  propert ies  of the surface material  a r e  also crit ically de- 
pendent on i t s  detailed fine s t ruc ture  and therefore not likely to be pre-  
served in a sample returned to Earth.  An understanding and the detailed 
interpretation of thermally oriented maps will require  a study of the 
regional relations and correlations with other observable features .  Again, 
this will a lso serve  to establish the degree to which the landing si te  i s  
representative of other a r e a s .  The thermal property best measured would 
be the r a t e  of cooling, a s  observed a t  infrared wavelengths, in a region 
shielded f rom sunlight. 

Proton Bombardment 

The intensity of the solar  wind proton bombardment and alpha particle 
bombardment of the Moon's surface i s  not necessari ly  the same as  that 
which would be deduced f r o m  interplanetary measurements .  It will, 
therefore,  be necessary to make a direct  determination of the bombard- 
ment r a t e  on the Moon's surface. The study and prec ise  photography of 
regions where the local topography prevents most  o r  all of this proton 
bombardment f r o m  reaching the ground will be of particular value in 
defining the nature of the effects produced. 

Gases and Volati les 

The per colation of gases and volatile substances through the lunar su r  -
face i s  a matter  of great  interest .  F i r s t ,  such substances may contain 
important information concerning the inter ior  of the Moon and i ts  mode of 
derivation. Second, they may have affected and helped to shape the pre-  
sent surface.  Some knowledge of these processes i s  necessary  for under- 
standing the geology. 

The returned samples may contain condensates of some substances 
that have come f rom the Moon's interior and have frozen out at a tem- 
pera ture  near  that of the subsurface. Many other substances may have 
condensed a t  lower levels where the temperature i s  higher,  and only 
t races  of them may reach the surface and may not be discernible in 



an analysis of the sample;  substances that do not condense,  even a t  the 

subsurface tempera ture  can,  of cou r se ,  not be  found in the re turned 

samples  except possibly in  very  smal l  amounts on sur face  nightime 
samples  that have reached an  extremely low tempera ture .  Analysis of 
re turned samples  i s  thus not likely to yield the required information con- 
cerning such exhalation of gas .  An investigation and instrumentation on 
the surface of the Moon will be needed to tackle the problem.  

There  a r e  likely to be very  g r ea t  regional var ia t ions  in the outflow of 
gases  and possibly some of the known fea tures  a r e  re la ted to these  proces -  
s e s .  The dark-haloed c r a t e r s  have been mentioned in this connection. 
Since the r a t e s  of flow a r e  likely to be ve ry  sma l l  and detection therefore  
difficult, one would be tempted to consider f i r s t  locations that look par t i -  
cularly promising in this respec t .  

Instrumentation will have to be devised that i s  suitable for the detec-  
tion of water  vapor ,  carbon dioxide, ni t rogen,  argon,  methane,  ammonia ,  
helium, and perhaps s eve ra l  other ga se s .  Cryogenic capture  and re turn  
will be suitable for some of these ,  ion pumping and capture  o r  d i rec t  
m a s s  spectrography may a l so  be appropria te .  Optical spectrographic  
methods,  such a s  observation of the temporary  lunar a tmosphere  in 
grazing sunlight, may a l so  be useful,  especially in connection with the 
possibility of water  vapor and result ing OH. 

4. VENUS 

UNCERTAINTIES AND SCIENTIFIC QUESTIONS 

Our understanding of Venus i s  a t  p resen t  l imited by the complete cloud 
deck that obscures  the underlying sur face .  

While some physical measurements  can be made ,  it i s  remarkable  
how l i t t le  ce r ta in  knowledge we have because of complexities and 
ambiguities in the interpreta t ion of observat ions .  Although it i s  our 
s i s t e r  planet our knowledge i s  extraordinar i ly  slight and paradoxes 
abound. A brief review will i l lus t ra te  these s ta tements .  

Even the pole and r a t e  of rotation of Venus a r e  not cer ta inly  de t e r -  
mined. The obliquity of the orbi t  i s  probably not great  and r ada r  ob- 
servat ions  suggest a 200-day re t rograde  rotation. 

The cloud itself may well be of i c e - c ry s t a l s ,  a s  Strong 's  in f ra red  
measurements  indicate,  but the complete coverage then suggests an 
absence of downward motion of the a tmosphere ,  which i s ,  of cou r se ,  
impossible .  The upper 10 to 30 k m  s e e m s  to be extremely finely d i s -  
persed  and is in a s ta te  of violent and rapid motion. 

The presence of a fine,  scat ter ing cloud makes the interpreta t ion of 
cer ta in  measurements  very  difficult. Thermal  emission (of which 
excellent maps can be made)  may involve both scat ter ing and absorpt ion,  
and cannot be re la ted to t empera ture  with cer ta inty .  Spectral  absorp-  
tion l ines of water  vapor and carbon dioxide show the presence  of these 
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