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Two eervice propulsion system f i r i n g s  were required f o r  rendezvous. The f i r s t  f i r i n g ,  a 
co r rec t ive  combination maneuver, was necessary t o  achieve the  proper phase and a l t i t u d e  o f f s e t  
so t h a t  the second f i r i n g  would result in an o r b i t  c o e l l i p t i c  with that of the S-IW. The two 
f i r i n g s  achieved the desired condi t ions f o r  rendezvous terminal phase i n i t i a t i o n .  
phase i n i t i a t i o n  maneuver was performed with an onbaard computer so lu t ion  based on o p t i c a l  track- 
ing of the s-IVB s tage  with the sextant .  
by braking and f i n a l  c losure t o  within 70 f e e t  of the S-IVB. 
approximately 20 minutes, a f t e r  which a 2-foot-per-second service module r eac t ion  con t ro l  system 
posigrade maneuver removed the spacecraf t  from the  v i c i n i t y  of the S - I w  stage.  
period was devoted t o  a sex tan t  c a l i b r a t i o n  test, a rendezvous navigat ion test, an a t t i t u d e  con- 
t r o l  test, and a primsry evaporator test. Tbe crew used the sex tan t  t o  t r a c k  the S-IVB v i s u a l l y  
t o  d i s t ances  of  as uuch as 320 miles. 

The terminal 

A small  midcourse co r rec t ion  w a s  then made, followed 
Stationkeeping was  performed f o r  

The aex t  24-hour 

The se rv ice  propulsion system was f i r e d  six add i t iona l  times during the mission. The t h i r d  
The maneu- f i r i n g  was a 9.1-second maneuver control led by the s t a b i l i z a t i o n  and con t ro l  system. 

ver was performed t o  increase t h e  backup deorbl t  capab i l i t y  of  t he  service module r eac t ion  con- 
t r o l  system. The fou r th  f i r i n g  was performed to  evaluate  the  minimum-Impulse c a p a b i l i t y  of  t he  
se rv ice  propulsion engine. 
tinum deorb i t  maneuver a t  the end of the planned o r b i t a l  phase. 
propel lant  gaging system, the f i r i n g  durat ion was increased from t h a t  planned o r ig ina l ly .  
67.6-second meneuver produced the  l a r g e s t  ve loc i ty  change during t h e  mission, 1693 f e e t  per sec- 
ond, and incorporated a manual thrust-vector-control takeover approximately halfway through the  
maneuver. 
Impulse maneuver. The seventh F i r s g ,  pe3onned on the 10th mission day, placed the spacecraf t  
perigee at  the  proper longi tude f o r  en t ry  m d  recovery. The e igh th  f i r i n g  was performed t o  de- 
o r b i t  t h e  spacecraf t .  

The f i f t h  f i r i n g  was performed t o  pos i t i on  the  spacecraf t  f o r  an op- 
To assure v e r i f i c a t i o n  of the 

The 

The  s i x t h  maneuver, performed during t h e  eighth mission day, was a second minimum- 

T e s t s  performed during the  mission included a rendezvous radar  transponder test and a test  
t o  determine whether the environmental con t ro l  system r a d i a t o r  had degraded. 
performed during revolut ion 48, and lockon was accomplished by a radar  s i te  a t  the  White Sands 
Missile Range a t  a range of 415 miles. The r ad ia to r  test was a l s o  successful ly  conducted, and 
operat ion of  the system was va l ida t ed  f o r  lunar  f l i g h t .  

The radar  test was  

The f i n a l  day of the miseion was devoted pr imari ly  t o  preparat ions f o r  t h e  deo rb i t  maneuver, 
The se rv ice  m d u l e  was j e t t i soned ,  and the en t ry  was performed which was performed a t  259:39:16. 

using both the automatic and manual guidance mdes.  

The parachute system e f fec t ed  a s o f t  landing in the At l an t i c  Ocean near t he  recovery sh ip ,  
U.S.S. Eases. On landing, the spacecraf t  assumed a s t a b l e  I1 f l o t a t i o n  a t t i t u d e ,  but was suc- 
c e s s f u l l y  returned t o  the  normal f l o t a t i o n  pos i t i on  by the  i n f l a t a b l e  bag upright ing system. 
crew was r e t r i eved  by he l i cop te r ,  and the spacecraf t  was l a t e r  taken aboard the  recovery ship.  
Mission durat ion was 260 hours 9 minutes 3 seconds. 

The 

A l l  spacecraf t  s y s t e m  operated s a t i s f a c t o r i l y .  and a l l  but one of t h e  d e t a i l e d  test objec- 
t i v e s  rere met. Additional information I s  given i n  reference 2-11. 

2.4.3 Apollo 8 Mission 

Apollo 8, t h e  f i r s t  f l i g h t  t o  take men t o  the  v i c i n i t y  of t he  moon, was a bold s t ep  forward 
i n  the development of (I lunar landiog capabi l i ty .  
t o  be launched v l t h  the three-stage Saturn V vehicle.  
ported t o  the  launch pad. 
mand Module P i l o t ;  and W i l l i a m  A. Andera, Lunar Module P i lo t .  
as an e a r t h  o r b i t a l  f l i g h t ,  was changed to a luna r  o r b i t a l  f l i g h t  a f t e r  an evaluat ion of a l l  as- 
pec t s  of t h e  progress of the program. To a c c m d a t e  this change, crew t r a i n i n g  and ground sup- 
po r t  preparat ions vere accelerated.  

Also, Apollo 8 was the f i r s t  manned mission 
Figure 2-12 shows the veh ic l e  being t rans-  

The creWmen Were Frank Bormn, Conmumder; James A. Lovell ,  Jr., Com- 
The  mission, o r i g i n a l l y  planned 
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The primary ob jec t ives  f o r  t he  Apollo 8 mission were t o  d e m n s t r a t e  t he  combined performance 
of the crew, space veh ic l e ,  and mission support t e a m  during a manned Saturn V mission using the  
c o m n d  and se rv ice  w d u l e  and t o  demonstrate the performance of nominal and se l ec t ed  backup 
lunar-orbit-rendezvous procedures. The apacecraf t  was a Block I1 command and se rv ice  module. A 
l una r  w d u l e  test a r t i c l e  vas i n s t a l l e d  f o r  mass loading purposes in the spacecraf t / launch veh ic l e  
adapter in place of an a c t u a l  l una r  module. 

The space veh ic l e  was launched from Kennedy Space Center Launch Complex 39A a t  07:51:00 a.m. 

After the spacecraf t  had been i n  e a r t h  o r b i t  almst 3 hours f o r  in- 
e.s.t. (12:Sl:OO C.m.t.) on December 21,  1968, and the spacecraf t  was in se r t ed  i n t o  a 103- by 
98-mile ea r th  parking o r b i t .  
f l i g h t  systems checks, the t ranslunar  i n j e c t i o n  maneuver w a s  performed. 
arated from the  S-IVB approximately 25 minutes l a t e r  using the  se rv i ce  uodule r eac t ion  c o n t r o l  
system and wag turned around t o  permit observation and photography of t he  S-IVB stage.  
then performed two react ion con t ro l  system maneuvers t o  increase the separat ion dis tance.  
ground-comnded l iqu id  oxygen dump provided impulse for t a rge t ing  t h e  S-IVB stage t o  f l y  pas t  
the w o n  and i n t o  s o l a r  o r b i t .  

The spacecraf t  was sep- 

The crew 
A 

The t ranslunar  i n j ec t ion  maneuver was so accurate  t h a t  only one small midcourse co r rec t ion  
would have been s u f f i c i e n t  t o  achieve the desired lunar  o r b i t  i n s e r t i o n  a l t i t u d e  of approximetely 
65 miles. However, the second of the two maneuvers that separated t h e  spacecraf t  from the  S-IVB 
a l t e r e d  the t r a j ec to ry  so t h a t  a l a r g e  midcourse co r rec t ion  a t  11 hours was required t o  a c h i e w  
the desired t ra jectory.  For t h i s  midcourse correct1on;the se rv ice  propulsion system was used 
t o  reduce the a l t i t u d e  of c l o s e s t  approach t o  the mon  from 459 miles to  66.3 miles. An addl- 
t i ona l  small midcourse co r rec t ion  vas performed approximately 50 hours later t o  r e f i n e  f u r t h e r  
the luna r  i n se r t ion  conditions.  During the 66-hour t ranslunar  coast ,  t h e  crew made aystems checks 
and navigation s igh t ings ,  t e s t e d  the spacec ra f t  high-gain antenna ( instal led f o r  the f i r s t  time 
on t h i s  mission),  and t e l ev i sed  p i c tu re s  t o  ear th .  

Lunar o r b i t  i n s e r t i o n  vas performed with the se rv ice  propulsion system and t h e  r e s u l t a n t  or- 
b i t  vas  60 by 168.5 miles. 
determination of the o r b i t a l  parameters, a lunar  o r b i t  c i r c u l a r i z a t i o n  maneuver uas  performed, 
which resulted in an o r b i t  of 60.7 by 59.7 mlles. 

After  approximately 4 hours of navigation checks and ground-based 

P The next 1 2  hours of crew a c t i v i t y  in lunar  o r b i t  involved photography of both the near and 
far s i d e s  of the won,  landing-area s ight ings.  and t e l ev i s ion  t ransniss ions.  Host remaining non- 
c r i t i c a l  f l i g h t  plan a c t i v i t i e s  sere deleted during the f i n a l  4 hours i n  o r b i t  because of crew 
fa t igue ,  and t h i s  period vas devoted t o  c rev  rest and preparat ion f o r  t r a n s e a r t h  In j ec t ion .  The 
i n j e c t i o n  maneuver w a s  performed approximately 89 hours i n t o  the f l i g h t  and r e su l t ed  in a veloc- 
ity change of 3517 f e e t  per second. 

The t r ansea r th  coast  a c t i v i t i e s  fncluded s t a r lho r i zon  navigat ion s i g h t i n g s  using both m o n  
and e a r t h  horizons. Passive thermal control ,  using a r o l l  r a t e  of approximately 1 revolut ion per 
hour, vas used during wst of the  t ranslunar  and t r ansea r th  coast phases t o  maintain nea r ly  s t a b l e  
onboard temperatures. Only one small t r ansea r th  midcourse correct ion.  made with the  se rv ice  mod- 
ule  r eac t ion  con t ro l  system, was required.  

Cowand module/service module separat ion was performed a t  approximately 116-1/2 hours, and 
c o m n d  module en t ry  occurred approximately 1 7  minutes l a t e r .  
automatically guided en t ry  p r o f i l e  and landed i n  the  Mid-Pacific a f t e r  a f l i g h t  durat ion of  147 
hours 42 seconds. The t r ansea r th  in j ec t ion  t a rge t ing  and eeparat ion and the e n t r y  guidance e r e  
so prec i se  t h a t  t he  counnand M u l e  landed about 1 l / Z  miles from the planned t a r g e t  point.  The 
crev were r e t r i eved  and taken aboard the U . S . S .  Yorktam at 17:20 G.m.t. on December 27, 1968. 

The command module folloved an 

With only minor problems, a l l  spacecraf t  systems o p e r a t d  as intended, and a l l  primary mis- 
s ion  ob jec t ives  were successful ly  accomplished. Crev performance was  admirable throughout the 
mission. 
be wre than adequate t o  m i n t &  required accuracies  for lunar  o r b i t  i n s e r t i o n  and t r a n s e a r t h  
in j ec t ion .  Connumications and t racking at  lunar  dis tancee -re c x r e l l e n t  i n  a l l  mdes .  Mdi-  
t i o n a l  infoxnation on the  Apollo 8 mission is contained in reference 2-12. 

The navigation techniques developed f o r  t r ans luna r  a d  luna r  o r b i t a l  f l i g h t  proved t o  

i 
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2.4.4 Apollo 9 H s s i o n  

The Apollo 9 mission was  a 10-day f l i g h t  i n  e a r t h  o r b i t  t o  qua l i fy  the  luna r  module f o r  lunar  
o r b i t a l  operations.  The crewnen were James A. XcDivitt ,  Commander; David R. Sco t t ,  C o m n d  Module 
P i l o t ;  and Russell  L. Schweickart, Lunar k d u l e  P i l o t .  The primary ob jec t ives  of the mission were 
(1) t o  demonstrate the performance of the crew, space veh ic l e ,  and mission support  f a c i l i t i e s  dur- 
ing a manned Saturn V mission using the  lunar  w d u l e  and the command and se rv ice  module; (2) t o  
demonstrate the a b i l i t y  of the crew t o  operate  the luna r  module systems f o r  per iods of  time com- 
parable  t o  those of a l una r  landing mission; and (3) t o  d e w n s t r a t e  some of t he  nominal and backup 
lunar  landing mission a c t i v i t i e s ,  including docking, i n t r aveh icu la r  t r ans fe r .  rendezvous, and ex- 
t r aveh icu la r  capab i l i t y .  
separate  manning periods t h a t  required mult iple  a c t i v a t i o n  and deact ivat ion of systems, a situa- 
t i o n  unique t o  t h i s  mission. 

To meet these ob jec t ives ,  t he  luna r  module w a s  evaluated during th ree  

The space veh ic l e  was launched from Launch Conplex 39A a t  the Kennedy Space Center. The 
launch occurred on March 3, 1969, a t  11:OO:OO a . m .  e.s.t. (16:OO:OO G.m.t.), and the  i n s e r t i o n  
o r b i t  was 102.3 by 103.9 miles.  After  pos t in se r t ion  checkout, the couunand and se rv ice  module 
was separated from the S-IVB s t age ,  transposed, and docked with the lunar  module. A t  approxi- 
mately 4 hours,  an e j e c t i o n  mechanism, used fo r  the f i r s t  t i m e  on t h i s  mission, e j ec t ed  the  
docked spacecraf t  from the  S-IVB. After  a separat ion maneuver, the S-IVB engine w a s  f i r e d  twice 
by remote con t ro l ,  and the f i n a l  maneuver placed the spent s tage i n t o  a s o l a r  o r b i t .  

Crew a c t i v i t y  on the second Bay was devoted ystems- checks and to  th ree  se rv ice  propul- 
sion system maneuvers while docked. O n  the  t h i r d  day, the Coupander and the Lunar Module P f l o t  
entered the lunar  module t o  a c t i v a t e  and check out  the systemsand t o  f i r e  the descent engine 
with the vehicles  s t i l l  docked. Att i tude con t ro l  with the  d i g i t a l  au top i lo t  and manual t h ro t -  
t l i n g  of the descent engine t o  f u l l  t h r u s t  were demonstrated. 

Extravehicular operat ions were demonstrated on the  fou r th  day of f l i g h t .  The a c t u a l  opera- 
t i ons  were abbreviated from those of the f l i g h t  plan because of a minor i n f l i g h t  i l l n e s s  experi-  
enced by one crewmember on the  preceding day and because of t h e  many a c t i v i t i e s  required f o r  ren- 
dezvous preparat ion.  Wearing the extravehicular  mobil i ty  u n i t .  the Lunar Module P i l o t  egressed 
the depressurized luna r  module and remained near the hatch f o r  approximately 47 minutes. 
t h i s  same period, the Command Module P f l o t ,  dependent on the command and se rv ice  module systems 
f o r  l i f e  support ,  p a r t i a l l y  ex i t ed  through the command module hatch f o r  observat ion,  photography, 
and r e t r i e v a l  of thermal samples ( f i g .  2-13). The Lunar Module P i l o t  a l s o  r e t r i eved  thermal sam- 
p l e s  from the spacecraf t  e x t e r i o r .  A planned extravehicular  t r a n s f e r  from the luna r  module t o  
the command module was not  conducted because of t he  abbreviated operat ion.  

During 

On the f i f t h  day, the Commander and the Lunar Module P i l o t  again t r ans fe r r ed  t o  the luna r  
w d u l e ,  t h i s  time t o  perform a lunar-wdule-active rendezvous. 
system was used throughout the rendezvous; however, mirror-image backup maneuver computations 
were made in  the  command module. The luna r  module descent propulsion system was used t o  perform 
the  phasing and i n s e r t i o n  maneuvers, and the ascent engine was used t o  e s t a b l i s h  a constant d i f -  
f e r e n t i a l  height a f t e r  the c o e l l f p t i c  sequence had been i n i t i a t e d .  After  redocking and crew 
t r a n s f e r  back i n t o  the counnand module, the luna r  w d u l e  ascent  s t age  was j e t t i s o n e d  and the  as- 
cent  engine was f i r e d  t o  ox id i ze r  deplet ion.  

The lunar  module primary guidance 

The s i x t h  service propulsion maneuver, t o  lower the per igee,  w a s  perfonned successful ly  dur- 
ing the  s i x t h  day. In the  f i n a l  4 days, a series of landmark t racking exe rc i se s  and a nnrltispec- 
t r a l  photography experiment were performed. 
seventh time a t  approximately 169-1/2 hours as a test and f o r  the eighth t i m e  a t  240-1/2 hours 
t o  deorbi t  the cormnand and se rv ice  module. T h i s  last maneuver was performed one revolut ion later 
than planned because of unfavorable weather in the planned recovery area.  
using the primary guidance system. the command m d u l e  landed within 2.7 miles of t h e  t a r g e t  point  
in the  At l an t i c  Ocean a f t e r  241 hours 54 seconds of f l i g h t .  
copter  and were aboard the primary recovery ship,  t h e  U.S.S. C U a d a Z c m Z ,  49 minutes a f t e r  
landing. 

The s e rv i ce  propulsion system was f i r e d  f o r  t he  

Af t e r  a normal en t ry  

The cr-n were recovered by he l i -  

Further  d e t a i l s  of the Apollo 9 mission are given in reference 2-13. 

. 

I 
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2.4.5 Apollo 10 Mission 

Apollo 10 was  an 8-day mission t o  qua l i fy  the combined spacecraf t  i n  the luna r  environment. 
Pa r t i cu la r  primary ob jec t ives  were t o  demonstrate the capab i l i t y  f a r  rendezvous and docking i n  
the lunar  g rav i t a t iona l  f i e l d  and t o  evaluate  docked and undocked lunar  navigation. The mission 
events  simulated those f o r  a l una r  landing mission. In add i t ion ,  v i s u a l  observat ions and stere- 
oscopic s t r i p  photography o f  Apollo Landing S i t e  2, the planned loca t ion  of  the f i rs t  lunar land- 
ing, were accomplished. 

The Apollo 10 space veh ic l e ,  with crewmen Thomas P. Stafford,  Corrwander; John W. Young, Com- 
mand Module P i l o t ;  and Eugene A. Cernan, Lunar Module P i l o t ;  was launched on May 18 ,  1969, from 
Kennedy Space Center Launch Complex 39B a t  11:49:00 a.m. e.8.t. (16:49:00 C.m.t.). 
and S-IVB s t age  combination was inse r t ed  i n t o  an e a r t h  parking o r b i t  of 102.6 by 99.6 miles.  
ter onboard systems were checked, the S-IW engine was ign i t ed  at  2-1/2 hours elapsed t i m e  t o  
place the spacecraf t  on a t r ans luna r  t r a j ec to ry .  

The spacecraf t  
A€- 

A t  3 hours a f t e r  l i f t - o f f ,  t he  conxnand and se rv ice  module w a s  separated from the S-IW s t age  
and then transposed and docked with the luna r  module. The docked spacecraf t  were e j ec t ed  40 min- 
u t e s  later, and a separacionmaneuver was performed. The S-IW stage w a s  placed i n t o  a s o l a r  or- 
b i t  by ground comand f o r  propulsive venting of r e s idua l  propel lants .  

~ ~ ~ - p  - - ~ -  - - ~ - - - ~  - 

- - --  

A preplamed midcourse co r rec t ion  executed a t  26-112 hours adjusted the t r a j e c t o r y  - t o  coin- 

171 nau t i ca l  a t l e k F A f t e r 3 % o  reVolutiOnS-oT t r a c k x g  and- groCndpupwsy a-ver was per -  
forned t o  c i r c u l a r i z e  the  o r b i t  a t  60 nau t i ca l  miles. The Lunar Module P i l o t  entered the luna r  
umdule, checked a l l  systems, and then r e tu rn63  t o  t h e  coamrand module f o r  t h e  scheduled s l eep  
period. 

~ 

Activation of the lunar w d u l e  systems began a t  95 hours,  and the spacecraf t  were undocked 
approximately 3 hours later. 
the lunar  module. After  stationkeeping. t he  lunar  module was inse r t ed  i n t o  the descent o r b i t .  
An hour l a t e r ,  t he  lunar module made a low-level pass over  Apollo Landing S i t e  2.  The pass was 
highl ighted by a test of the landing radar, by the v i sua l  observation of lunar l i g h t i n g ,  by ster- 
eoscopic s t r i p  photography, and by the execution of the phasing manewer using the  descent en- 
gine.  The lowest measured point  i n  the t r a j e c t o r y  was 47 600 f e e t  above the luna r  surface.  Af- 
ter one revolut ion in the  phasing o r b i t  of  approximately 8 by 194 miles,  t h e  luna r  module ascent 
s tage was separated from the descent s t age  and the ascent  engine w a s  used t o  perform an inser- 
t i o n  maneuver. The rendezvous that followed was representat ive of one t h a t  w u l d  follow a nor- 
m a l  ascent from the lunar surface.  The rendezvous operat ion cornencod with the lunar  m d u l e  co- 
e l l i p t i c  sequence i n i t i a t i o n  manewer approximately one-half revolut ion from i n s e r t i o n ,  followed 
by a e l l  constant d i f f e r e n t i a l  height maneuver and the terminal phase i n i t i a t i o n  manewer. 
Docking was complete a t  1 0 6 1 1 2  hours, and the  lunar  module crew t r ans fe r r ed  i n t o  the command 
module. 
con t ro l  t o  propel lant  deplet ion a t  109 houra. 
t racking and photography exercises .  

Figure 2-14 shows the comaand and se rv ice  module a s  viewed from 

T h e  lunar  W u l e  a scen t  s t age  was j e t t i s o n e d ,  and the ascent  engine w a s  f i r e d  by remote 
After  a rest period, the crew conducted landmark 

Transearth i n j e c t i o n  was performed a t  137-1/2 hours. 

The passive thermal c o n t r o l  technique and the navigation procedures used on the  t r ans luna r  
Only one midcourse correct ion of a p  port ion of f l i g h t  were also used during the e a r t h  re turn.  

proximately 2 f e e t  per Becond was required; this co r rec t ion  was made 3 hours before  conmrand mod- 
u le l se rv ice  module separat ion.  The c-nd d u l e  en t ry  was tmnml, and the  spacecraf t  landed ~ 

near the primary recovery vesse l ,  the U.S.S. P r i n u e t a .  a f t e r  an elapsed f l i g h t  time o f  192 
hours 3 minutes and 23 seconds. A t  daybreak, the c r e w e n  were re t r i eved  by he l i cop te r .  

- 

A l l  systcms in tht comand and se rv ice  module and the luna r  module were managed ve ry  -11. 
Although some problesne uccurred, most -re dnor d none caused a cons t r a in t  t o  cwpletian of 
missioa object ives .  
in l una r  o r b i t .  

Valuable data concerning lunar g rav i t a t ion  were obtained during the 60 hours 

. 
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Spacecraft  systems performance was s a t i s f a c t o r y .  and a l l  mission ob jec t ives  were accomplished 
( r e f .  2-14). A l l  d e t a i l e d  test ob jec t ives  were s a t i s f i e d  with the exception of t he  luna r  module 
s t e e r a b l e  antenna and relay nodes f o r  voice and telemetry colmnunications. 

2.4.6 Apollo 11 Mission 

The Apollo 11 mission accomplished the  bas i c  ob jec t ive  of t he  Apollo program; t h a t  is landing 
t w o  mn on t he  luua r  surface and returning them sa fe ly  t o  ea r th .  
mission were Neil A. Armstrong, Conmander; Michael Col l ins ,  Command Module P i l o t ;  and Edwin E. 
Aldrin,  Jr., Lunar Module P i l o t .  

Crewmembers f o r  t h i s  h i s t o r i c  

The Apollo 11 space veh ic l e  vae launched from Kennedy Space Center Launch Complex 39A on 
J u l y  16, 1969, a t  08:32:00 a.m. e.8.t. (13:32:00 G.m.t . ) .  The spacecraf t  and S-IYE s t age  o f  t he  
launch vehicle  were inse r t ed  i n t o  a 100.7- by 99.2-mile e a r t h  parking o r b i t .  After  a ?-l/l-hour 
checkout period, t he  spacecraft/S-IVB s t age  combination w a s  i n j ec t ed  i n t o  t h e  t r ans luna r  coast  
phase of t h e  mission. Trajectory parameters a f t e r  t he  t ranslunar  i n j e c t i o n  f i r i n g  were near ly  
pe r fec t .  A midcourse co r rec t ion  of 20.9 f e e t  per  second was made during the  t r ans luna r  phase. 
During the remaining periods of f r ee -a t t i t ude  f l i g h t ,  passive thermal con t ro l  was  used t o  main- 
t a i n  spacecraf t  temperatures within desired l imi t s .  
t r ans fe r r ed  t o  t h e  lunar module during the  t r ans luna r  phase t o  make the  i n i t i a l  inspect ion and 
preparat ions f o r  t he  s y s t e m  checks t h a t  would be made s h o r t l y  a f t e r  lunar-orbi t  i n se r t ion .  

The Commander and the Lunar Module P i l o t  

The docked spacecraf t  were inse r t ed  i n t o  a 60- by 169.7-mile lunar  o r b i t  a t  approximately 
76 hours a f t e r  launch. Four hours later,  the  lunar-orbit  c i r c u l a r i z a t i o n  maneuver w a s  performed 
t o  place the combined spacecraf t  in a 65.7- by 53.8-mile lunar  o r b i t .  

~~~~ t e r ed  the  lunar  w d u l e  a t  approximately 81 hours a f t e r  launch f o r  i n i t i a l  powerup and systems 
checks. After a planned sleepperiod was completed a t  93-112 hours-elapsed t-, the  funar  mod- 
ule crewmen t r ans fe r r ed  t o  the  lunar  rmdule end made f i n a l  preparat ions f o r  descent t o  t h e  luna r  
surface.  Tbe lunar module was undocked from the comand and service module a t  a mission tire of  
approximately 100 hours. The lunar module descent o r b i t  e s e r t i o n  maneuver waa performed with 
the  descent propuloion oystem at 101-1/2 hours i n t o  the  mission, and the powered descent i n i t i a -  
t i o n  occurred 1 hour later. 
down range from the  preplanned landing point during the f i n a l  2-1/2 minutes of descent.  

The Lunar Module P i l o t  en- 

Tba l una r  module was maneuvered manually approximately 1100 f e e t  

Maa f i r s t  landed on the won at 03:17 p.m. e.8.t. on Ju ly  20. 1969. 102 hours 45 minutes 
39.9 seconds mission elapsed t i m e .  
q u i l l i t y )  at  l a t i t u d e  0°41'15"N. and longitude 23O26' E. based upon the  coordinates  of r e fe r -  
ence 2-15. 
t he  spacecraf t  con t ro l s  f o r  l una r  s t ay  and ate t h e i r  first meal on t he  lunar  surface.  A crew 
rest period had been planned t o  precede the extravehicular  a c t i v i t y  of exploring the  lunar sur- 
face but  wao not needed. Af t e r  doming the back-mounted portable  l i fe  support  and oxygen purge 
syotema t h e  Coamrander egressed through t h e  foroard hatch and deployed an equipment module from 
the  descent s tage.  
Commander as he descended the ladder  to the surface.  The Conunander made f i r s t  contact at 
09:56:15 p.n. e.s.t. on Ju ly  20. 1969, o r  109 hours 56 minutes 15 seconds i n t o  the  mission. 
Lunar m d u l e  P i l o t  egressed soon t h e r e a f t e r ,  and both crewmen used the i n i t i a l  period on t he  sur- 
face t o  become acclimated t o  the  reduced g rav i ty  and t h e  unfamiliar surface conditions.  
tingency soil sample was taken from the  surface,  and the  t e l ev i s ion  camera w a s  deployed t o  in- 
clude m D s t  of  the lunar w d u l e  in the f i e l d  of view. 
as he stood beside the  deployed United S t a t e s  f l a g  during this pa r t  of t he  extravehicular  act iv-  
i t y .  The crew then ac t iva t ed  s c i e n t i f i c  experiments which included a s o l a r  wind de tec to r ,  a pas- 
sive seismometer, and a laser r e t r o r e f l e c t o r .  
operate  and move about,  and he wan able to  do so rapidly and confidently.  
approximately 21 kilograms of lunar surface material f o r  analysis .  
concluded in the a l l o t t e d  timc of 2-1/2 hours. and the crevmen reentered t h e  lunar  module a t  a 
mission time of 111-1/2 hour.. 

The spacecraf t  landed in Hare T r a n q u i l l i t a t i s  (Sea  of Tran- 

Af t e r  a 2-hour postlanding checkout of a l l  l una r  module systems, t he  crew configured 

A camera in the equipment module provided l i v e  t e l ev i s ion  coverage of t h e  

The 

A con- 

Figure 2-15 is a photograph of t he  Cormnander 

The Lunar Module P i l o t  evaluated his a b i l i t y  t o  
The crew co l l ec t ed  

The su r face  explorat ion wan 

After a rest period, ascent  preparat ion was conducted and the  ascent  s t age  l i f t e d  o f f  t h e  
su r face  a t  124-1/4 hours from e a r t h  launch. 
veh ic l e  into a 45- by 9-mile o r b i t .  
Apollo 10. t h e  tvo spacecraf t  were docked a t  the  mission t i m e  of 128 hours. 
t h e  crev and sample. t o  the co-nd and service module. t he  ascent  s tage w a s  j e t t i s o n e d ,  and the  
connuand and oervice rimdule w u  prepared f o r  t r ansea r th  in j ec t ion .  

A nominal f i r i n g  of t he  ascent  engine placed t h e  
After a rendezvous sequence s imi l a r  t o  t h a t  performed on 

After t r a n s f e r  of 

1 . 
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The r e tu rn  f l i g h t  s t a r t e d  with a 150-second f i r i n g  of the se rv ice  propulsion engine during 
the 31st lunar  revolut ion a t  135-1/2 hours i n t o  the mission. A s  in t ranslunar  f l i g h t ,  only one 
midcourse co r rec t ion  was required,  and passive thermal con t ro l  was exercised f o r  mst of t he  
t r ansea r th  coast .  Because of inclement weather i n  the planned recovery area,  t he  landing point  
w a s  moved 215 miles down range. 
u t e s  before  reaching the  en t ry  i n t e r f a c e  a l t i t u d e  of 400 000 f ee t .  Following an au tona t i c  en t ry  
sequence and landing system deployment, t he  cormaand m d u l e  landed in the Pac i f i c  Ocean a f t e r  a 
f l i g h t  durat ion of 195 hours 18 minutes 35 seconds. The landing coordinates ,  a s  determined from 
the  spacecraf t  computer, were l a t i t u d e  13'19' N. and longitude 169'9' W. 

The se rv ice  module w a s  separated from the command module 15 min- 

After  landing, the crew donned biological  i s o l a t i o n  garments; they were then r e t r i eved  by 
he l i cop te r  and taken t o  the primary recovery ship,  the U.S.S. Hornet. 
r i a l  samples were placed in a m b i l e  quarantine f a c i l i t y  f o r  t r anspor t  t o  t he  Lunar Receiving 
Laboratory in Houston. 

The C K ~ Y  and luna r  mate- 

- 
~~ ~ 

._ 
~~ ~~~~ ~~ 

A l l  spacecraf t  systems performed s a t i s f a c t o r i l y  and, with the completion of the Apollo 11, 
mission, the na t iona l  object ive of landing men on the m o n  and re turning them sa fe ly  t o  ea r th ,  
before the end of t he  decade, was acconplished. Additional information on the  Apollo 11 mis- 
sion is given i n  references 2-16 and 2-17. 

2.4.7 Apollo 12 Xission 

Apollo 12 ,  the  second luna r  landing mission. demonstrated the  capab i l i t y  t o  land a t  a pre- 
c i s e  point  and on a rough luna r  surface.  
(Ocean of Storms) region. The primary ob jec t ives  assigned were (1) t o  perform selenological  in- 
spect ion,  survey, and sampling i n  a mare area; (2) t o  deploy t h e  Apollo luna r  surface experiments 
package; (3) t o  develop techniques f o r  a point  landing c a p a b i l i t y ;  (4) t o  develop f u r t h e r  man's 
capab i l i t y  t o  work in the  lunar  environment; and (5) t o  obtain photographs of candidate  explora- 
t i o n  sites. 

The landing loca t ion  w a s  in the  Oceanus Procellarum 

The  space vehicle ,  with crewmen Charles Conrad, Jr., Coimnander; Richard F. Gordon, JK., Com- 
mand Fbdule P i l o t ;  and Alan L. Bean, Lunar Module P i l o t ,  w a s  launched from Kennedy Space Center 
Launch Complex 39A a t  11:22:00 a.m. e.8.t. (16:22:00 C.m.t.) on November 14, 1969. The a c t i v i t i e s  
during earth-orbit  checkout, t ranslunar  i n j ec t ion ,  and t ranslunar  coast  e r e  similar t o  those of 
Apollo 11, except f o r  the spec ia l  a t t e n t i o n  given t o  ver i fying a l l  spacecraf t  systems as a r e s u l t  
of l i gh tn ing  s t r i k e s  on the space veh ic l e  a t  36.5 seconds and again a t  52 seconds a f t e r  launch. 
A non-free-return t r ans luna r  t r a j e c t o r y  p r o f i l e  was used f o r  the f i r s t  t i m e  i n  t he  Apollo program. 

The docked comand and se rv ice  module and luna r  m d u l e  vere inse r t ed  i n t o  a 168.8- by 62.6- 
mile luna r  o r b i t  at  approximately 83-1/2 hours i n t o  the mission. 
maneuver w a s  performed t o  achieve a 66.1- by 54.3-mile o r b i t .  
launch, t he  Commander and the Lunar Module P i l o t  entered the  lunar  m d u l e  t o  prepare f o r  descent 
t o  the lunar  surface.  
i n s e r t i o n  was performed. A precis ion landing was accomplished through automatic guidance, with 
emall manual correct ions appl ied in the f i n a l  phases of descent. The spacecraf t  touched down 
110 hours 32 minutes 36 seconds i n t o  the mission. with landing coordinates  of l a t i t u d e  3*11'51'' S. 
and longi tude 23°23'81' V. ( ref .  2-18). 
precis ion landing near  the Surveyor I11 Spacecraft ,  which had landed on Apri l  20, 1967. The 
Apollo 12 landing point  was 535 f e e t  from the Surveyor 111. 

T w  revolut ions later,  a second 
A t  approximately 104 hours a f t e r  

About 4 hours later,  the two spacecraf t  were undocked and descent o r b i t  

One ob jec t ive  of the Apollo 12 mission was t o  achieve a 

Three hours a f t e r  landing, the crevmcn began preparat ions f o r  egress.  
scended t h e  ladder  t o  the  luna r  surface,  he deployed the  modularized equipment stowage assembly 
which automatical ly  ac t iva t ed  a co lo r  t e l ev i s ion  camera and permitted h i s  ac t ions  t o  be t e l ev i sed  
t o  ear th .  The t e l ev i s ion  camera was subsequently damaged. After the Lunar Module P i l o t  had de- 
scended t o  the surface,  he erected a s o l a r  wind composition experiment. 
ployed the f i r s t  Apollo luna r  su r face  experiments package. 
l e c t e d  a core-tube sample and add i t iona l  surface samples. 
period l a s t e d  4 hours. 

As t he  Connnander de- 

Both crevmen then de- 
On the  r e tu rn  t r ave r se ,  the crew col- 

The f i r s t  extravehicular  a c t i v i t y  

. 
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The second extravehicular  a c t i v i t y  period began a f t e r  a 7-hour rest period. Documented sam- 
p l e s ,  core-tube samples, t rench-si te  samples, and gas-analysis samples were co l l ec t ed  on a t rav-  
erse t o  the Surveyor I11 spacecraf t .  The crew photographed and removed p a r t s  from the Surveyor 
( f ig .  2-16). After the r e tu rn  t raverse ,  the crew re t r i eved  the s o l a r  wind composition experiment. 
The second extravehicular  a c t i v i t y  period l a s t e d  3-3/4 hours. 
support system operat ion,  as in Apollo 11, were exce l l en t  throughout both extravehicular  periods.  
The Surveyor p a r t s  and approximately 34 kilograms of lunar material were returned t o  ear th .  

C r e w  mobil i ty  and po r t ab le  l i f e  

The luna r  m d u l e  ascent  s t age  l i f t e d  o f f  the luna r  su r face  a t  a mission elapsed t i m e  of 142 
hours. 
the mission. The ascent s t age ,  j e t t i soned  a f t e r  crew and sample t r a n s f e r  t o  the coimnsnd module, 
was maneuvered by remote con t ro l  t o  impact on the lunar  surface;  impact occurred at a mission 
t i m e  of 150 hours approximately 40 miles from the  Apollo 12 landing site. Extensive landmark 
t racking and photography from luna r  o r b i t  was then conducted using a 500-mn long-range l e n s  t o  
obtain mapping and t r a i n i n g  d a t a  f o r  fu tu re  missions. 
e a r t h  in j ec t ion  w a s  accomplished by using the service propulsion system engine. 

After  a nominal rendezvous sequence, t h e  two spacecraf t  were docked a t  145-1/2 hours i n t o  

A t  172-1/2 hours i n t o  the  mission. t rans-  

Two small midcourse co r rec t ions  =re executed during t r a n s e a r t h  coast .  The en t ry  sequence 
was normal, and the  conaand m d u l e  landed in the  Pac i f i c  Ocean. 
termined from the  onboard computer, were l a t i t u d e  15'52' S. and longitude 165'10' W. Duration of 
the mission was 244 hours 36 minutes 25 -MKonds, After  landing, b io log ica l  i s o l a t i o n  precaut ions 
similar t o  those of Apollo 11 were taken. The crew, the-lunar mater ia l  samples, and the  space- 
c r a f t  were subaequently t ransported t o  the Lunar Receiving Laboratory. 

The landing coordinates,  as de- 

All spacecraf t  systems operated s a t i s f a c t o r i l y ,  and a l l  primary mission ob jec t ives  were ac- 
conplished. 
2-19 and 2-20. 

Additional Information concerning the  Apollo 12 mission is contained i n  references 

2.4.0 Apollo 13  Mission 

Apollo 13, planned as t h e  t h i r d  lunar landing mission, vas aborted during t ranslunar  f l i g h t  
because of t he  l o s s  of a l l  the oxygen s tored i n  two tanks i n  the service module. The primary ob- 
j e c t i v e s  assigned t o  the mission were (1) t o  perform selenological  Inspection, survey, and sam- 
p l ing  of materials in a preselected region of the Fra h u r o  formation; (2) t o  deploy and a c t i v a t e  
an Apollo luna r  su r face  experiments package; (3) t o  develop f u r t h e r  man's capab i l i t y  t o  work in 
the luna r  environment; and (4) t o  obtain photographs of candidate explorat ion sites. 

The launch vehicle  and spacecraf t  uere s i n i l a r  t o  those of Apollo 12; however, t h e  experi-  
ment complement was somewhat d i f f e ren t .  The crewmembers were James A. Lovell ,  Jr., Commander; 
Fred W. liaiae, Jr., Lunar Module P i l o t ;  and John L. Sviger t ,  Jr.. who had been the backup Com- 
mand Hodule P i l o t  u n t i l  t he  day before launch. Because the prime Comnand Module P i l o t  had been 
exposed t o  German measles 8 days before the scheduled launch d a t e  and was shown during h i s  pre- 
f l i g h t  physical  examination t o  be suscept ible  t o  the disease,  t he  decis ion was made t o  replace 
him with the  backup p i l o t  as a precautionary measure. 

The space veh ic l e  was launched from Kennedy Space Center Launch Complex 39A a t  02:13:00 p.m. 
e.8.t. (19:13:00 G.m.t . )  on Apri l  11, 1970. During the  launch, the second-stage inboard engine 
shut  down e a r l y  because of high-amplitude long i tud ina l  o s c i l l a t i o n s ;  however, near-nominal t r a -  
j e c t o r y  parameters were achieved a t  o r b i t a l  i n se r t ion .  
and e a r l y  t r ans luna r  coast  phases of f l i g h t  were normal, and operat ions during these per iods were 
similar t o  those of Apollo 11 and Apollo 12 with one exception. 
S-IVB s t age  had been manewered by ground command i n t o  a t r a j e c t o r y  such t h a t  i t  would pass by 
the mon  and go I n t o  a s o l a r  o r b i t .  For Apollo 13, t he  S-IVB was targeted t o  h i t  t h e  moon so 
t h a t  t he  v ib ra t ions  r e s u l t i n g  from the Impact could be sensed by the  Apollo 1 2  seismic s t a t i o n  
and telemetered t o  e a r t h  f o r  study. The S-IVVB impacted the luna r  surface about 78 hours a f t e r  
launch, approximately 140 k l l o w t e r s  west-northwest of t he  Apollo 1 2  experiment s t a t i o n .  
pact  point  vas very c lose  t o  the desired t a rge t .  

The  e a r t h  o r b i t a l ,  t r ans luna r  i n j ec t ion ,  

On previous luna r  missions,  the 

The Im- 

Photographs of the ea r th  were taken during the e a r l y  pa r t  of t r ans luna r  coast  t o  support  an 
ana lys i s  of atmospheric winds. 
lowered the  c l o s e s t  point  of spacecraf t  approach t o  the  mon  t o  an a l t i t u d e  of approximately 60 
miles.  Before t h i s  maneuver, t he  spacecraf t  had been on a f ree-return t r a j e c t o r y ,  t h a t  is, one 

After approximately 31 hours of f l i g h t ,  a midcourse co r rec t ion  
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on which the  spacecraf t  would have looped around t h e  moon and returned t o  e a r t h  without requir-  
ing a major =newer .  
s e rv i ce  module f a i l e d .  (The cause of t he  f a i l u r e  is discussed i n  r e f .  2-21.) The i m e d i a t e  re- 
sult was t h a t  t he  oxygen i n  the f a i l e d  tank was abrupt ly  l o s t .  
panel had been blown o f f  the bay in which the tank was located ( f i g .  2-17). 
v i t h  which the  second tank was associated a l s o  lost pressure,  but a t  a slower rate. 
contained most of tbe oxygen f o r  breathing fn t he  conmand m d u l e  and the oxygen f o r  t he  f u e l  
c e l l s  (the primary source of electrical power). 
t o  maintain primary electrical pouer in the comnand and se rv ice  module f o r  approximately 2 hours,  
which gave the  crew time t o  power up the lunar  module, a l i g n  the i n e r t i a l  reference platform. and 
shut down the command and se rv ice  module systems. 
back i n t o  a free-return t r a j e c t o r y  using the . luna r  module descent engine. 

A t  appmximately 56 hours,  one of the two cryogenic oxygen tanks i n  t h e  

Later, i t  was discovered t h a t  t he  
The oxygen system 

These tanks 

Suf f i c i en t  oxygen remained in the second tank 

The docked spacecraf t  were then maneuvered 

Prom t h i s  point  on, all systems in both vehicles  were powered down except when absolutely 
With no f u r t h e r  r a n e w e r s ,  t h e  command mdule could have landed i n  the  Indian Ocean required.  

a t  152 hours mission elapsed time, and the  luna r  module systems would have &en required t o  sup- 
port  the crew f o r  about 90 hours. However, because consumebles were extremely marginal under 
these condi t ions and because only minimal recovery support  ex i s t ed  i n  the Iudian Ocean, a t rans-  
e a r t h  In j ec t ion  maneuver using tbe lunar module descent propulsion system was executed t o  speed 
up the r e tu rn  t o  e a r t h  a f t e r  the docked spacecraf t  had swung around the  f a r  s i d e  of t he  moon. 
Becsuse of t h i s  maneuver, the landing was predicted t o  occur a t  about 143 hours mission elapsed 
t i m e  i n  the South P a c i f i c ,  &re  primary recovery support  was-available. 
the t r aneea r th  i n j e c t i o n  maneuver necessi ta ted a small  t r ansea r th  mldcouree co r rec t ion  a t  approx- 
imately 105 hours to br ing the  projected entry f l i gh t -pa th  angle  within the spec i f i ed  l i m i t s .  
During the t r ansea r th  coast  period, the docked Spacecraft  were aanewered i n t o  a passive thermal 
con t ro l  mode. 

Guidance e r r o r s  during 

Ttae unprecedented pwered-down s t a t e  of  t he  comDand module required seve ra l  neu procedures 
f o r  entry.  
c r i t i c a l  systems. 
connectors t h a t  had supplirrd any aecessary power from the  luna r  module v h i l e  the eommsnd m d u l e  
uas powered down. 
continued, and a f i n e l  midcourse co r rec t ion  was  pa& using the  luna r  module r eac t ion  con t ro l  sys- 
t e m  t o  r e f i n e  the f l i gh t -pa th  angle  s l i g h t l y .  

The se rv ice  module was separated 4-314 hours before  en t ry ;  t he  separat ion afforded t h e  crew 
an opportuni ty  t o  o b s e r v e a n d  photograph the damage caused by the f a f l e d  oxygen tank. The l una r  
module uas  r e t a ined  u n t i l  70 minutes before en t ry  t o  d n f d z e  usage of coamand module e l e c t r i c a l  
pover. 
spacecraf t .  From t h i s  point.  t he  events were s imi l a r  t o  those of previous f l i g h t s ,  and the  CUD- 

mand module landed approximately 1 mile from the t a r g e t  point.  
survived e n t r y  and projected t r a j e c t o r y  da t a  Indicated t h a t  they impacted In the open sea be- 
tween Samoa and New Zealand. 
J h u ,  within 45 minutes of landing. 

The comaand module was b r i e f l y  powered up t o  assess the  operat ional  c a p a b i l i t y  of 
Also, the command module - t ry  batteries were charged through the umbilical  

Approximetely 6 hours before en t ry ,  t h e  passive thermal con t ro l  m d e  w a s  d i s -  

A t  undocking, normal tunnel  pressure provided the necessary fo rce  t o  oeparate  the  two 

Some pieces  of the lunar module 

The three crewmen were on board t h e  recovery sh ip ,  t he  U.S.S. I W O  
Reference 2-22 contains  d e t a i l s  of t he  Apollo 13 mission. 

2.4.9 Apollo 14 Mission 

Apollo 14 was tbe t h i r d  mission t o  achieve a lunar landing. The landing site was located 
in the Pra Hauro highlands,  the same a r e a  t h a t  w a s  t o  have been explored on Apollo 13. 
t h e  primary mission ob jec t ives  f o r  Apollo 11 were the same as those of Apollo 13, provis ions were 
made f o r  r e tu rn ing  a s i g n i f i c a n t l y  g rea t e r  quant i ty  of  l una r  material and s c i e n t i f i c  data  than 
had been possible  previously.  An innovation t h a t  allowed an increase i n  the  range of l una r  SIR- 
face explorat ion and in the amount of material co l l ec t ed  was the provis ion of a co l l aps ib l e  two- 
vheeled cart, t he  modular equipment t r anspor t e r ,  f o r  carrying tools, cameras, a po r t ab le  magne- 
tometer, and lunar  samples ( f ig .  2-18). 

Although 

An i nves t iga t ion  i n t o  the cause o f  t he  Apollo 13 cryogenic oxygen tank f a i l u r e  l e d  t o  th ree  
s i g n i f i c a n t  changes i n  the colrmand and se rv ice  m d u l e  cryogenic oxygen atorage and e l e c t r i c a l  
power systems. 
was added, and an eux i l i a ry  ba t t e ry  was i n s t a l l e d .  These changes were a l s o  incorporated i n t o  
a l l  subsequent spacecraf t .  

The internal construct ion of the oxygen tanks was m d i f i e d .  a t h i r d  oxygen tank 
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The mission, manned by Alan B. Shepard, Jr., Conmander; Stuar t  A. Roosa, Command Module 
P i l o t ;  and Edgar D. Mitchel l ,  Lunar Mdule  P i l o t ,  w a s  launched from Kennedy Space Center Launch 
Complex 39A a t  04:03:02 p.m. e.s.t. (21:03:02 C.m.t.) on January 31, 1971. Because of  weather 
condi t ions which might have t r iggered l ightning,  the launch was delayed approximately 40 minutes. 
The operat ions in e a r t h  o r b i t  and t ranslunar  i n j e c t i o n  were s imi l a r  to those of previous lunar  
missions; however, a f t e r  t ranslunar  i n j ec t ion ,  s eve ra l  docking attempts were made before  the 
c o m n d  and se rv ice  uudule w a s  successful ly  docked with the lunar  module. 

As on Apollo 13, t he  S-IW s t age  was targeted t o  impact the mwn within a prescribed a rea  
t o  supply seismic data .  The vehicle  s t ruck the lunar  surface approximately 160 m i l e s  from the  
t a r g e t ,  within the desired a rea ,  a t  82:37:52 mission elapsed t ime .  The Apollo 12 seismic s ta-  
t i on ,  located approximately 94 miles southwest of the impact point ,  recorded the  event 37 sec- 
onds later and responded t o  v ib ra t ions  f o r  mre than 3 hours. 

Translunar a c t i v i t i e s  included star and ea r th  horizon ca l ib ra t ion  s igh t ings  i n  preparat ion 
f o r  a c i s luna r  navigat ion exercise  t o  be performed during t r ansea r th  coast ,  and dim-light photog- 
raphy of the ear th .  A t  approximately 61 hours, t he  lunar  uudule c r e w  spent approximately 2 hours 
in the luna r  m d u l e  cabin f o r  housekeeping and systems checkout. While the re ,  t h e  c rev  photo- 
graphed a waste-water dump from the c o m n d  m d u l e  t o  ob ta in  data  fo r  a p a r t i c l e  contamination 
study being conducted f o r  the Skylab program. Two spacecraf t  t ranslunar  midcourse correct ions 
achieved the  t r a j e c t o r y  desired f o r  lunar-orbi t  inser t ion.  

The joined spacecraf t  e r e  inse r t ed  i n t o  a 169- by 58-mile lunar  o r b i t  with the  se rv ice  pro- 
pulsion system. After  two revolut ions,  the same propulsion system was used t o  i n s e r t  the space- 
c r a f t  i n t o  the descent o r b i t ,  which brought the docked vehicles  to within 10 miles of t he  luna r  
surface.  On previous missions, the descent o r b i t  i n se r t ion  maneuver had been performed with the 
lunar  w d u l e  descent propulsion system. 
gin of lunar  module propel lant  fo r  landing in a wre rugged area. 

A change was made on t h i s  mission t o  allow a g rea t e r  mar- 

The Conmrander and Lunar Module P i l o t  entered the luna r .mdu le ,  performed systems checks, and 
undocked during the 12th lunar  revolution. 
ground personnel detected the presence of an abort  c o m n d  a t  a computer input channel although 
the crew had not depressed the abort  switch. 
t o  prevent an unwanted abort ,  a workaround procedure w a s  developed. 
and the powered descent w a s  performed successful ly .  
onds after engine i g n i t i o n  and came t o  rest on a slope of about 7 degrees. 
remained f o r  approximately 70 add i t iona l  seconds of engine f i r i n g  t i m e .  
landing s i te  are l a t i t u d e  3°40'24" S. and longitude 17O27'55" W. based upon reference 2-23. 

After  vehicle  separat ion and before powered descent,  

The f a i l u r e  w a s  i so l a t ed  t o  the abort  switch,  and, 
The procedure was followed, 

The vehicle  touched down 1 2  minutes 45 sec- 
Suf f i c i en t  propel lant  

The coordinates  of t he  

A f t e r  undocking and separat ion,  t h e  comnand-and-service-mdule o r b i t  was c i r cu la r i zed  t o  an 
a l t i t u d e  of approximately 60 miles. 
Module P i l o t  performed t a sks  t o  ob ta in  data f o r  s c i e n t i f i c  analyses and fu tu re  mission planning. 
These tasks  included o r b i t a l  science photography of the lunar  surface,  photography of t he  pro- 
posed Descartes landing s i te  f o r  site se l ec t ion  s tud ie s ,  photography of the lunar  su r face  under 
high-sun-angle l i g h t i n g  condi t ions f o r  operat ional  planning, photography of low-brightness-astro- 
nomical l i g h t  sources,  and photography of the Gegenschein and Moulton Point regions. 

While the landing crew was on the  lunar surface,  the Command 

Preparat ions f o r  the i n i t i a l  period of lunar  surface explorat ion began approximately 2 hours 
after landing, and the crew egressed about 5-1/2 hours a f t e r  landing. During the  4-3/4-hour ex- 
t r aveh icu la r  period, the crew deployed and loaded the  aodular equipment t r anspor t e r ;  co l l ec t ed  
samples; photographed a c t i v i t i e s ,  panoramas, and equipment; and deployed the second Apollo luna r  
surface experiments package. 

After  a rest period of approximately 6 1 / 2  hours, the crew prepared t o  t r a v e l  t o  the area 
Although the of Cone Crater, approximately 1.3 kilometers east-northeast  of t he  landing site. 

crew experienced d i f f i c u l t i e s  i n  navigating, they reached a point  within approximately 15 meters 
of the r i m  of t he  crater, and the  ob jec t ives  associated with reaching the v i c i n i t y  of t h i s  c r a t e r  
were achieved. Various rock and s o i l  samples were co l l ec t ed  near Cone Crater, and, on the  r e tu rn  
t o  the luna r  module, t he  c rev  a l s o  obtained magnetometer measurements a t  two s i t e s  along the t r a -  
verse.  
h i cu la r  time of approximately 9-114 hours. Approximately 43 kilograms of l una r  samples were col-  
l e c t e d  during t h e  two periods.  

This second extravehicular  period l a s t ed  approxinately 4-1/2 hours f o r  a t o t a l  extrave- 
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The luna r  module ascent  stage l i f t e d  o f f  after a surface s t a y  time of  33-1/2 hours, and the 
vehicle  was Inser ted i n t o  a 51.7- by 8.5-mile o r b i t .  
use of a d i r e c t  rendezvous in  the Apollo program), and the c-nd-mdule-active docking opera- 
t i o n s  were normal. 
j e t t i s o n e d  and a pre-programed -newer caused Iunar  impact approximately 36 miles west of the 
Apollo 14 landing site. 
being returned t o  e a r t h  had created a problem. 
aion. however. e f f e c t i v e l y  decreased the m n t  of dus t  in the  cabins.  

A d i r e c t  rendezvous was performed ( the f i r s t  

After  crew and sample t r a n s f e r  t o  the comand mdu le .  the aecent s tage w& 

On previous lunar m l s s i o p ~ ,  lunar aurfece dust  adhering t o  equipment 
Special  dust  c o n t r o l  procedures used on t h i s  mfs- 

Transearth i n j e c t i o n  occurred during t h e  34th Iunar  revolution. During t r ansea r th  coast, 
one midcourse correct ion was mede w i n g  t h e  eervice module r eac t ion  control sycrtem. 
a spec ia l  oxygen flow-rate test w a s  performed t o  evaluate  the  system for planned extravehicular  
a c t i v i t i e s  on subsequent f l i g h t s ,  and a navigat ion exercise simulat ing a r e t u r n  t o  e a r t h  without 
ground con t ro l  was conducted using on ly  the  guidance and navigation system. I n f l i g h t  demonstra- 
t i o n s  of e l ec t rophore t i c  separat ion,  l i q u i d  t r a n s f e r ,  heat flow and convection, urd composite 
cas t ing  under zero-gravity condi t ions =re also perforned and t e l ev i sed  to  ear th .  

In Addition. 

Entry was normal and the  coemend m d u l e  landed in the P a c i f i c  Ocean a t  216:01:58 mission 
elapsed t i m e .  
U.S.S. N e w  Orkas, approximately 48 minutes a f t e r  landing. 

The crewmen were re t r i eved  by he l i cop te r  and wre aboard the  p-ry recovery ship.  

A s  was t he  case following t h e  Apollo 11 and Apollo 12  d s s i o n s ,  t h e  Apollo 14 crev and lunar 
samples were i so l a t ed  and tests conducted t o  a s su re  that they wre not  b io log ica l ly  hazardous. 
The test protocols  showed no evidence of l una r  micro-organisms a t  the  t h r e e  sites explored, and 
t h i s  w a s  considered t o  be s u f f i c i e n t  j u s t i f i c a t i o n  f o r  discontinuance of t he  quarant ine proce- 
dures. 

All of the ob jec t ives  and experiment operat ions were accomplished s a t i s f a c t o r i l y  except f o r  
some desired photography t h a t  could not  be obtained. 
erence 2-24 and preliminary s c i e n t i f i c  r e s u l t s  in reference 2-25. 

D e t a i l s  of t he  mission are given in r e f -  

2.4.10 Apollo 15 Mission 

Apollo 15 was the  f i r s t  of t h e  th ree  J missions (appendix B) designed t o  conduct explorat ion 
of the m o n  over longer periods,  over greater ranges, and with more instruments f o r  s c i e n t i f i c  
d a t a  acqu i s i t i on  than on previous Apollo missions. 
bas i c  Apollo hardware were made. The most s i g n i f i c a n t  change was the  i n s t a l l a t i o n  of a scien- 
t i f i c  instrument module i n  one of t h e  se rv ice  module bays f o r  s c i e n t i f i c  i nves t iga t ions  from 
lunar  o r b i t .  Other hardvare changes consisted of l una r  module modif icat ions t o  accomodate a 
g rea t e r  payload and permit a longer s t ay  on the lunar  surface,  and the provis ion of a luna r  rov- 
ing vehicle  ( f ig .  2-19). 
t he  Montes Apenninus (Apennine Mountains) and adjacent t o  Hadley R i l l e .  The primary ob jec t ives  
assigned t o  the  Apollo 15 mlssion were: (1) t o  perform selenological  inspect ion,  survey, and 
sampling of materials and surface f ea tu res  i n  a preselected a rea  of the Hadley-Apenninus region; 
(2) t o  emplace and a c t i v a t e  surface experinents;  (3) t o  evaluate  the c a p a b i l i t y  of the Apollo 
equipment t o  provide extended luna r  surface s t ay  t i m e ,  increased extravehicular  operat ions,  and 
surface mobili ty;  and (4) t o  conduct i n f l i g h t  experiments and photographic t a sks  from luna r  
o r b i t  . 

Major modifications and augmentations t o  the  

The land ing  s i te  chosen f o r  t h e  mission was an area near the foot  of 

The space veh ic l e  vas  launched from the  Kennedy Space Center Launch Complex 39A a t  09:34:W.6 
a.m. e.d.t. (13:34:00.6 G.m.t.) on Ju ly  26, 1971. The spacecraf t  was manned by David R. Sco t t ,  
Comander; Alfred N. Worden, Conmand Module P i l o t ;  and James B. Irwin, Lunar Module P i lo t .  The 
spacecraft/S-WE combination was inser ted i n t o  an e a r t h  parking o r b i t  approximately 11 minutes 
44 seconds a f t e r  l i f t - o f f .  The S-IW r e s t a r t  fo r  t ranslunar  i n j e c t i o n  was i n i t i a t e d  during the 
second revolut ion a t  approximately 2 hours 50 minutes mission elapsed time. The maneuver placed 
the  spacecraft/S-IVB combination on a t ranslunar  t r a j ec to ry  t h a t  would allow re tu rn  t o  an accep- 
t a b l e  earth-entry corr idor  using the service module react ion con t ro l  system engines. Approxi- 
mately 27 minutes a f t e r  i n j ec t ion  i n t o  the t ranslunar  t r a j e c t o r y ,  the command and se rv ice  module 
was separated from the S-IVB and docked with the lunar  module. The lunar  module was then ex- 
t r ac t ed  from the  spacecraft/ launch vehicle  adapter.  Shortly t h e r e a f t e r ,  the  S-IVB tanks were 
vented and the aux i l i a ry  propulsion system was f i r e d  t o  t a rge t  t he  S-IVB f o r  a lunar  impact. 
The impact of the S-IVB stage was sensed by the Apollo 12 and 14 lunar  surface seismometers. 
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The docked spacecraf t  vere inse r t ed  i n t o  a lunar  o r b i t  of approximately 170 by 57 miles and 
about 4 hours later,  in j ec t ed  i n t o  a 58- by 10-mile o r b i t .  
were performed a t  approximately 100 hours 39 minutes i n t o  the mission. 
m d u l e  was then placed in a near-circular  lunar  o r b i t  in preparat ion fo r  t he  acqu i s i t i on  of sci-  
e n t i f i c  data .  

Lunar module undocking and sepa ra t ion  
The couunand and se rv ice  

The luna r  module touched down on t h e  luna r  eurfsce approximately 1800 f e e t  from the planned 

Suf f i c i en t  de- 
t a r g e t  point  a t  104 hours 42 minutes 29 seconds a f t e r  l i f t - o f f .  
26'6'3'' N. and longitude 3*39'10" E. based on the coordinates  of reference 2-26. 
scent s tage propel lant  remained a f t e r  lunar  touchdown t o  have provided a hover t i m e  c a p a b i l i t y  
of about 103 seconds. 

The landing point was l a t i t u d e  

Approximately 2 hours a f t e r  landing, t he  Cornmender photographed and described the a rea  sur- 
rounding the landing site by s tanding in the open top hatch. 
l a s t ed  approximately 33 minutes. 
about 12-1/2 hours later. 
gency sample. deployed the luna r  roving vehicle ,  unstowed the t h i r d  Apollo luna r  surface experi-  
ments package and o the r  equipment, and configured the  lunar  roving veh ic l e  for  lunar  su r face  op- 
erat ions.  
but these problems were worked out.  
col lected and documented samples and gave an en thus i a s t i c  and informative conmentary on luna r  
features.  
obtaining add i t iona l  samples and photographs near St. George Crater, t h e  crew returned t o  the  
lunar  m d u l e  using the lunar  roving vehicle  navigation system. 
mately 10.3 kilometers.  
package deployment s i te ,  approximately 110 meters west-northwest of t he  lunar  twdule. 
experiments were deployed e s s e n t i a l l y  a s  planned, except t h a t  the second heat-flow experiment 
probe was not  emplaced because d r i l l i n g  vas  more d i f f i c u l t  than expected and t h e  hole was not com- 
pleted.  

This extravehicular  a c t i v i t y  period 

During the su r face  operat ions,  t he  crew co l l ec t ed  and stowed a contin- 
The f i r s t  l una r  surface extravehicular  a c t i v i t y  w a s  i n i t i a t e d  

Some problems were experienced in deploying and checking out t h e  lunar  roving vehicle ,  
The crew then drove the  vehicle  t o  Elbow Crater  there they 

The Mission Control Center provided t e l ev i s ion  con t ro l  during var ious stops.  After  

The d i s t ance  driven was approxl- 
The crew then proceeded t o  the  selected Apollo lunar surface experiments 

There, t he  

The f i r s t  extravehicular  a c t i v i t y  l a s t e d  approxinately 6 hours 33 minutes. 

The crew spent approximately 16 hours i n  the cabin between the f i r s t  and second extravehic- 
ular periods.  
checked out  and prepared f o r  the second t raverse .  
t r i p  was south t o  the Apennine f ron t ,  but east of  the f i r s t  t raverse .  
Crater and o the r  points  along the base of t he  f r o n t ,  as w e l l  as a t  Dune Crater  on the r e tu rn  
t r i p .  Documented samples, a core sample. 
and a comprehensive sample were co l l ec t ed ,  and photographs vere taken, After  reaching the lunar  
mdu le ,  the crev returned t o  the  experiments package si te where the Connnander completed d r i l l i n g  
the  second hole  f o r  the heat flow experiment and emplaced t h e  probe. 
Lunar Module P i l o t  performed s o i l  mechanics tasks.  The Conaander alao d r i l l e d  t o  obtain a deep- 
core sample but terminated the d r i l l i n g  because of time cons t r a in t s .  
the luna r  module and deployed the United S ta t e s  f l ag .  
a f t e r  approximately 7 hours 12 minutes. 

t h i r d  extravehicular  a c t i v i t y  began l a t e r  than o r i g i n a l l y  planned t o  allow add i t iona l  time f o r  
crew rest. Because of t h i s  delay and later delays a t  the experiments package si te,  the planned 
t r i p  t o  the North Complex was deleted.  
r e t r i e v e  t h e  deep-core sample. 
in8 four s ec t ions  could not be separated and were l e f t  f o r  later r e t r i e v a l .  The t h i r d  geologic 
t r ave r se  took a wester ly  d i r ec t ion  and included s tops  at  Scarp Crater, Rim Crater, and t h e  Ter- 
race, an area along the  r i m  of Hadley R i l l e .  
were obtained. Photographs were taken of the wzst w a l l  of Hadley R i l l e ,  *ere exposed l aye r ing  
was observed. The re tu rn  t r i p  was east toward the  lunar  apdule v i t h  a s top  a t  the experiments 
package site t o  r e t r i e v e  the remaining sec t ions  of t he  deep-core sample. One mre section was  
separated. and the remaining three sec t ions  were returned in one piece. After  re turning t o  the 
lunar  module, the luna r  roving veh ic l e  was unloaded and parked f o r  ground-controlled t e l ev i s ion  
coverage of the luna r  module ascent.  A dis tance of approximetely 5.1 kilometers va8 t r ave led  
during the t h i r d  extravehicular  a c t i v i t y ,  vhich l a s t e d  approximately 4 hours 5 0  plinutes. Tbe 
t o t a l  d i s t ance  t raveled v i t h  the lunar  roving veh ic l e  during the  th ree  extravehicular  per iods 
w a s  27.9 kilometers, and the t o t a l  weight of l una r  eamples co l l ec t ed  was approximetely 77 kllo- 
grams. 

On egress f o r  t he  second extravehicular  a c t i v i t y ,  t he  lunar roving vehicle  w a s  
The f i r s t  s tage of the 12.5-kilometer round 

Stops uere  made a t  Spur 

The r e t u r n  route  c lose ly  followed t h e  outbound route. 

During t h i s  period. the 

The crew then returned t o  
The second extravehicular  a c t i v i t y  ended 

The crew spent almost 14 hours i n  the  cabin a f t e r  t he  second extravehicular  period. The 

The f i r s t  s top was a t  t he  experiments package s i te  t o  
T w  core sections were disengaged, but the d r i l l  and the remain- 

Extensive samples and a double-core-tube sample 

The areas t raversed on the luna r  surface are i l l u s t r a t e d  in sec t ion  3.2.1 
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While the  luna r  module w a s  on t h e  surface.  t he  Conmami Module P i l o t  completed 34 luna r  or- 
b i t s  conducting s c i e n t i f i c  instrument nodule experiments and operat ing cameras t o  ob ta in  data 
concerning the lunar su r face  and the lnna r  environment. Some s c i e n t i f i c  tasks accomplished dur- 
ing t h i s  t i m a  -re photographing the e d i t  l una r  surface,  gather ing data  needed f o r  mapping the 
bulk chemical composition of the luna r  su r face  and fo r  determining t h e  geometry of t he  mooa along 
the ground t rack,  v i s u a l l y  Surveying regions of the =on t o  assist in iden t i fy ing  processes t h a t  
formed geologic f ea tu res ,  obtaioing lunar  a tuuspheric  da t a ,  and surveying y m - r a y  and X-ray 
eources. 
ing the mission. 

l i i g b r e s o l u t i o n  photographs uere  obtained v i t h  the  panoramic and mapping cameras dur- 

The ascent  s t age  l i f t e d  o f f  a f t e r  66 hours 54 minutes 53 aeconds on t h e  lunar  surface.  The 
mission elapsed t i m e  of l i f t - o f f  was 171 hours 37 minutes 23 seconds. A nominal lunar-umdule- 
a c t i v e  rendezvous vas perforred followed by docking a t  approximately 173 hours 36 minutes. 

The lunar d u l e  a scen t  s t age  vaa j e t t i s o n e d  a t  approximately 179 hours 30 minutes into the 
nrlssiou. Jetti.oa had been delayed one revolut ion later than planned because of swe d i f f i c u l t y  
with ver i fying the spacecraf t  tunnel sea l ing  and astronaut  pressure s u i t  i n t e g r i t y .  
I-1/2 hours l a t e r ,  t he  lunar module vas deorbi ted v i t h  luna r  impact occurr ing a t  l a t i t u d e  26'21' 
B. and longi tude 0'15' E. Inpact was approxfmately 23-1/2 kilometers from the planned point  and 
approximately 93 kilometers  w e s t  of tk A p l l o  1 5  landing site. 
Apollo 12. 14, and 15 lunar surface aeismic s t a t ions .  

Approximately 

The impact vas recorded by the 

Before tbe ccnmnand and earvice module was maneuvered from lunar  o r b i t ,  a s u b s a t e l l i t e  W(LB 
deployed in an orbit o f  approximately 76 by 55 miles. The s u b s a t e l l i t e  was Instrumented t o  meas- 
ure plasps and energet ic-par t fc le  fluxes,  vector  magnetic f i e l d s ,  and s u b s a t e l l i t e  ve loc i ty  from 
which lunar g r a v i t a t i o n a l  anomalies could be detemined.  A l l  systems operated as expected. The 
t r ansea r tb  in j ec t fon  PBpBuver vas i n i t i e t & ~ a p ~ o x i m s t e l y  223 hours 49 minutes i n t o  the mission. 

_ _  - ~_ - _ ._ - -. . 
A t  a mission time of approximately 242 h u r a ,  a t r ansea r th  cosst extravehicular  a c t i v i t y  be- 

gan. Televis ion coverage uas  provided f o r  t he  3 9 d n u t e  extravehicular  period during which the  
Conrand M u l e  P i l o t  retrieved I i fm c a s s e t t e s  and examined t h e  s c i e n t i f i c  instrument m d u l e  f o r  
possible  a b n o w r l i t i e r .  To ta l  extravehicular  the during tbe mission was 19  hours 47 minut-. 

A small midcourme c o r r e t i o n  of  5.6 f e e t  per aecond uas performed a t  t he  seventh midcourse 
co r rec t ion  opportunity. The c b  m d u l e  waa separated from the  service m d u l e  as planned, and 
a normal e n t r y  followed v l t h  tk spacecraf t  being observed on the main parachutes from the recov- 
e q  ship,  U.S.S. OkinmJa. 
mafe landing vaa made. The best estimate of t& landing coordinates  vas latitude 26'7'48'' I, and 
longitude 158'8'24" U., a p p r o x h t e l y  1 mile from the  planned landing point. 
on board the  recovery ship by b d i c o p t e r  about 39 minutes a f t e r  landing. Duration of t h e  mission 
was 295 hours 11 minutes 53 acondn. 

During the descent,  one of  the th ree  msln parachutes f a i l e d ,  but a 

The crev was brought 

The mission accomplished a l l  primary ob jec t ivos  and provided s c i e n t i s t s  v i t h  a l a r g e  amount 
of new i n f o r m t i o n  concerning the moon and its cha rac t e r i s t i c s .  
details on the performence of the systems and tbe prelimlinary r e s u l t s  of t h e  experiments. 

References 2-27 and 2-28 provide 

2.4.11 A p o l h  16 Mission 

Apollo 16 y.ll the aecond in the series of 1-r landing missions designed t o  optimize the 
c a p a b i l i t y  f o r  s c i e n t i f i c  re turn.  
Primary ob jec t ives  assigned -re (1) t o  perform wleno logfca l  inspection. survey. and sampling 
of mate r i a l s  and aurface f ea tu res  in  a preselected area of the  Descartes region of  the moon; (2) 
t o  emplace and a c t i v a t e  su r face  experimmts; d (3) t o  c d u c t  f a f l i g h t  experiments and photo- 
graphic tasks.  

The veh ic l e s  and payload were simllar t o  those of Apollo 15. 

The .pace veh ic l e  wan launched from Kennedy Space Center Launch Complex 39A at  12:54:00 p.m. 
e.8.t. (17:54:00 G.m.t.) on Apr i l  16, 1972. 
Coamsnder; Thouas K. Mattingly 11, Comaand M u l e  P i l o t ;  and Charles M. Duke, Jr., Lunar Module 
P i lo t .  "be launch van normal, and the spacecraf t ,  t h e  launch vehicle  t h i r d  s t age  (S-IVB), and 
the instrument unit were i n se r t ed  into e a r t h  o r b i t  f o r  eystems checkout before the vehicle  ups 
cotmit tad t o  tranmluaar f l i g h t .  
a Saturn V launch. 

The crewmen f o r  the mission were John U. Young, 

The launch sequence was s imi l a r  t o  that described previously f o r  

Y . 

, 

. 
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Translunar i n j e c t i o n  was  i n i t i a t e d  during the second revolut ion in e a r t h  o r b i t .  The space- 
c r a f t  separat ion,  t ransposi t ion,  docking, and e j e c t i o n  operat ions =re perfomed successful ly .  
and, on ground comand. the S-IVB w a s  msnewered t o  reduce the  p robab i l i t y  of recontact  with t h e  
spacecraf t .  Approximately 20 minutes later, the propulsive fo rce  from a liquid-oxygen dump vm 
used to t a r g e t  t he  S-IVB f o r  impact on the uoon n a r  the Apollo 12  landing site. 
previous missions, S-IVB impact w a s  des i r ed  to produce s e l ~ i c  v ib ra t ions  t h a t  could be used t o  
study the  nature  of tk lunar i n t e r i o r  s t ruc tu re .  Although launch veh ic l e  systems malfunctions 
precluded a planned t r a j e c t o r y  refinement, the impact po in t  was within the des i r ed  area. 
ever, l o s s  of S-IVB s t a g e  telemetry prevented est .blishment o f  the p rec i ee  t i m e  of impact, t h e r e  
by d i n g  the i n t e r p r e t a t i o n  of seismic d a t a  uncertain. 

Ils 011 the t h r e e  

I b r  

During t r ans luna r  coast, a f a l s e  gFmbal lock warning was issued by the coamnd Podule com- 
puter.  
uas developed t o  i n h i b i t  the computer from responding t o  the false indicat ions.  A c t i v i t i e s  dur- 
ing t r a m l u n a r  coast  included a navigation exercise, u l t r a v i o l e t  photography, a d e m n s t r a t i o n  of 
the e f f e c t s  of zem grav i ty  on the process of e l ec t rophores i s ,  and the f i r s t  of two sessions t o  
acquire da t a  t o  be used in t r y i n g  t o  determine the mechanisms involved in the  production of l i g h t  
f l a shes  seen by 8ome crewmen on previous f l i g h t s .  

The crew inse r t ed  the docked spacecraf t  i n t o  luna r  o r b i t  by f i r i n g  the Pervice propulsion 
The initial 170- by 58-mile o r b i t  waa naintained f o r  

To prevent the i n e r t i a l  platform from being caged during cri t ical  operat ions,  a procedure 

system ?glue in the retrograde d i r ec t ion .  
two revolutions.  
-proximately 1 0  miles of the surface.  
and separated t h e  spacecraf t  i n  preparat ion fo r  the lunar landing. Figure 2-20 shows tbe luna r  
Podule just a f t e r  undocking. 

Tbe crew then in se r t ed  the  apacecraft  i n t o  a descent o r b i t  that took t h e m  within 
After th ree  revolut ions t h e  lunar d u l e  crew d o c k e d  

As t h e  Cormnand b d u l e  P i l o t  prepared to t r a n s f e r  h i s  spacecraf t  t o  a c i r c u l a r  lunar o r b i t ,  
o s c i l l a t i o n s  were detected in a eecondary system that control led the d i r e c t i o n  of t h r u s t  of the 
se rv ice  propulsion system engine. The spacecraft was maneuvered t o  place it close t o  the lunar 
uodule while the problem was being evaluated. 
usable antl sa fe ;  therefore ,  the veh ic l e s  were separated again, and the mission continued on a re- 
vised time l ine .  The coamand and aemice m d u l e  c i r c u l a r i z a t i o n  mneuver waa performed success- 
f u l l y  with the  primary 8yarem. 

Teets  and analyses s b d  t h a t  t he  system was  still 

Af te r  devotlng appmximkxtely 5-314 hours t o  evaluat ion of t h e  secondary con t ro l  system prob- 
l e m ,  povered descent of the  lunar d u l e  was i n i t i a t e d .  
270 meters northwest of  t he  planned landing site. 
8'59'29'' S. and longi tude 15*30'52" E. based on t h e  coordinates  of reference 2-29. 
f o r  approximately 100 seconds of hover ti- remained at  touchdown. 

The lunar m d u l e  landed approxiaately 

Propel lant  
The l oca t ion  of t h e  landing site is l a t i t u d e  

The f i r s t  extravehicular  a c t i v i t y  was s t a r t e d  after an &hour rest period. Televis ion cov- 
erage of surface a c t i v i t y  was delayed u n t i l  t he  luna r  roving vehicle  systems =re ac t iva t ed  be- 
cause the luna r  d u l e  s t ee rab le  antenna, used f o r  i n i t i a l  lunar surface t e l e v i s i o n  transmission, 
remained locked in one a x i s  and could not be used. The fourth luna r  su r face  experiments package 
was deployed, but acc iden ta l  breakage of the electronics cable  rendered t h e  heat flow experiment 
inoperative.  After  completing t h e i r  a c t i v i t i e s  at the experiments si te,  t h e  crew drove the  lunar 
roving vehicle  ues t  to  Flag Crater where they msde v i s u a l  observat ions,  photographed items of  in- 
terest, and co l l ec t ed  luna r  samples. The inbound t r ave r se  route  was j u s t  s l i g h t l y  south of the 
outbound route ,  and the next s top w a s  Spook Crater.  The crew then returned by way of  the ex- 
periment s t a t i o n  t o  the luna r  uodule, a t  which t i m e  they deployed the solar wind composition ex- 
periment. The f i r s t  extravehicular  a c t i v i t y  lasted approximately 7 hours 11 minutes, and the 
crew traveled approximately 4.2 ldlometers in the lunar  roving vehicle .  

The second extravehicular  t r ave r se  was south-southeast t o  a mare sampling area near t h e  
Clnco Craters on the north slope of Stone NDuntain. The crew then drove i n  a northwesterly di-  
r ec t ion ,  making s tops  near  Stubby and Wreck Craters. The l a s t  l e g  of the t r ave r se  was north t o  
the  experiments s t a t i o n  and t h e  lunar  smdule. The second extravehicular  a c t i v i t y  l a s t e d  approx- 
imately 7 hours 23 minutes, and t h e  crew traveled 11.1 kilometers in the luna r  roving vehicle.  

Four s t a t i o n s  uere deleted from the th i rd  extravehicular  t r ave r se  because of t i m e  liadta- 
t ions.  
samples gathered, some from House Rock, the l a r g e s t  s ing le  rock seen during the  extravehicular  
a c t i v i t i e s .  The crew then drove southeast  t o  the second sampling a rea ,  Shadow Rock. On comple- 
t i ng  a c t i v i t i e s  there ,  t he  crew drove the veh ic l e  back t o  the  lunar  m d u l e  r e t r a c i n g  the outbound 

The  crev f i r s t  drove t o  the rim of North Ray Crater  where photographs were taken and 
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route.  
tance t r ave led  t o t a l e d  11.4 kilometers.  
94 kilograms. 

The t h i r d  extravehicular  a c t i v i t y  l a s t e d  approximately 5 hours 40 minutes. and t h e  d i s -  
The t o t a l  weight of the lunar semples co l l ec t ed  w a s  

Tbe areas explored are descr ibed in g r e a t e r  d e t a i l  i n  sec t ion  3.2.1. 

While the lunar m d u l e  crew was on the  surface,  the Comaand Module P i l o t  obtained photographs, 
measured physical p rope r t i e s  of the moon, and made v i s u a l  observations.  
P i l o t  made comprehensive deep-space measurements, providing s c i e n t i f i c  d a t a  t h a t  could be used 
t o  va l ida t e  f ind ings  from t h e  Apollo 15 mission. 

Also t h e  Command Module 

Lunar ascent ,  i n i t i a t e d  a f t e r  t h e  crew had spent -re than 71 hours on t h e  lunar m r f a c e ,  w a s  
followed by normal rendezvous and docking. 
l o s t  a t  j e t t i s o n ;  consequently, a deorbi t  maneuver was not  possible.  
ascent  s t age  impacted the lunar  surface before the  Apollo 17  mission connnenced; however, no da ta  
were w a i l a b l e  f o r  subs t an t i a t ion .  

A t t i t ude  con t ro l  of  the lunar m d u l e  ascent  s t a g e  was 
Analysis indicated t h a t  the 

A p a r t i c l e s  and f i e l d s  s u b s a t e l l i t e  like t h a t  launched from Apollo 15 was launched In to  
lunar  o r b i t ,  and systems operat ion was normal. 
not performed before e j e c t i o n  of the s u b s a t e l l i t e ;  therefore ,  the s u b s a t e l l i t e  w a s  placed i n  a 
nonoptimum o r b i t  t h a t  r e su l t ed  in a much shor t e r  l i f e t i m e  than planned. 
tracking and telemetry da t a  on the 425th revolut ion (May 29, 1972) indicated t h a t  the s u b s a t e l l i t e  
had impacted the luna r  surface.  

A planned spacecraf t  o r b i t  shaping maneuver was 

Loss of a l l  s u b s a t e l l i t e  

The mass spectrometer deployment boom s t a l l e d  during a r e t r a c t  cycle  and was,  t he re fo re ,  
j e t t i soned  before t r ansea r th  in j ec t ion .  
ence photography vere deleted so t h a t  t r ansea r th  i n j e c t i o n  could be performed approximately 24 
hours earlier than o r i g i n a l l y  planned. 

The second plane-change maneuver and some o r b i t a l  s c i -  

A c t i v i t i e s  during the  t r ansea r th  coast  phase of t he  mission included photography f o r  a Sky- 
l a b  program study of the behavior and e f f e c t s  of p a r t i c l e s  emanating from the spacecraf t ,  and the 
second l igh t - f l a sh  observat ionXession.  During an extravehicular  operation. t he  Coranand lbdu le  
P i l o t  r e t r i eved  f i lm  cassettes from the  s c i e n t i f i c  instrument module cameras, v i sua l ly  inspected 
the  equipment, and exposed an experiment t o  provide da t a  on microbial  response t o  the space envi- 
ronment. Two midcourse co r rec t ions  were made on the r e tu rn  f l i g h t  t o  achieve the  desired en t ry  
i n t e r f a c e  conditions.  

Entry and landing sequences =re normal. While on the drogue parachutes,  t h e  comaand module 
The space- was viewed on t e l ev i s ion ,  and continuous coverage was provided through crew recovery. 

c r a f t  landed in t h e  mid-Pacific near t he  planned t a rge t .  
the  s t a b l e  I1 a t t i t u d e ,  it was uprighted i n  approximately 5 minutes. 
board t h e  primary recovery ship,  the U.S.S. Ticonderoga, 37 minutes a f t e r  landing. 

Although the  veh ic l e  came t o  rest i n  
The crew was  del ivered on 

A l l  of t he  primary mission ob jec t ives  and mst of  t he  de t a i l ed  ob jec t ives  were met, even 
though the  mission w a s  terminated one day earlier than planned. 
t i f i c  da t a  obtained were images and spectra  of the ea r th ' s  atmosphere and geocoroaa i n  the  wave- 
length range below 1600 angstroms. 
ta ined in references 2-30 and 2-31. 

Especial ly  s i g n i f i c a n t  scien- 

Additional information about the Apollo 16 mission is con- 

2.4.12 Apollo 17 Mission 

Apollo 17. the f i n a l  Apollo mission, was the  t h i r d  in the  series of l una r  landing missions 
designed f o r  maximum s c i e n t i f i c  re turn.  
t o  those f o r  Apollo 15 and 16. 
t o  t h i s  mission. The se l ec t ed  landing s i te  was t h e  Taurus-Lfttrow area. 

A s  such, the spacecraf t  and launch veh ic l e  were s imi l a r  
Some experiments included in t h e  payload, however, were unique 

The space veh ic l e  was launched from Kennedy Space Center Launch Complex 39A a t  12:33:00 a.m. 
e.s.t. (05:33:00 G.m.t.) on December 7, 1972. t he  only nighttime launch of  an Apollo spacecraf t  
( f ig .  2-21). 
mand Module P i l o t ;  and b r r i s o n  R. Schmitt, Lunar Module P i l o t .  

The crewmen f o r  the f l i g h t  were Eugene A. Cernan, C o m n d e r ;  Ronald E. Evans, Com- 

The launch countdown had proceeded smoothly u n t i l  30 seconds before  t h e  scheduled i g n i t i o n  
when a f a i l u r e  in the automatic countdown sequencer occurred and delayed t h e  launch 2 hours 40 
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minutes. 
i n  preparat ion f o r  t ranslunar  i n j ec t ion .  
s t age  w a s  maneuvered f o r  lunar  impact, which occurred approximately 84 miles from t h e  planned 
point .  The impact was recorded by the  Apollo 12, 14, 15,  and 16 passive seismometers. 

A successful  launch placed t h e  S-IVB/spacecraft combination in s c i r c u l a r  e a r t h  o r b i t  
After  e j ec t ion  of  t h e  docked spacec ra f t ,  t h e  5-IVB 

Translunar coast  time was shortened t o  compensate f o r  the launch delay. A c t i v i t i e s  during 
t ranslunar  coast  included a heat  flow and convection demonstration, a cont inuat ion of t h e  series 
of l i gh t - f l a sh  inves t iga t ions  conducted by previous crews, and a midcourse co r rec t ion  t o  achieve 
the desired a l t i t u d e  of c loses t  approach t o  the lunar  surface.  The s c i e n t i f i c  instrument module 
door was j e t t i s o n e d  a s  planned approximately 4-1/2 hours before luna r  o r b i t  i n se r t ion .  The in- 
s e r t i o n  maneuver r e su l t ed  in a 170- by 53-nile o r b i t .  Approximtely 5 hours la ter ,  t h e  f i r s t  of  
two descent o r b i t  i n s e r t i o n  maneuvers was performed lowering the  o r b i t  t o  59 by 15 miles.  
command and se rv ice  module/lunar module combinatlon were retained in  t h i s  o r b i t  approximately 
1 7  hours before the spacecraf t  Were undocked and separated.  After  undocking, the command and 
se rv ice  module o r b i t  was c i r cu la r i zed ;  and the second luna r  module descent o r b i t  i n s e r t i o n  maneu- 
ver  was performed, lowering the pericynthion t o  approximately 6 miles.  Powered descent was ini- 
t ia ted from t h i s  o r b i t ,  and the lunar  module landed within 200 meters of the preferred landing 
point .  
the  coordinates of reference 2-32. Approximately 117 seconds of  hover tiae remained a t  engine 
shutdown. 

The 

The landing si te loca t ion  is l a t i t u d e  ZO"9'55" N. and longitude 30'45'57'' E. based on 

The f i r s t  extravehicular  a c t i v i t y  began 4 hours a f t e r  landing. The l una r  roving veh ic l e  
was off-loaded, equipment was unstowed, and the lunar  surface experiments package was deployed 
approximately 185 meters west-northwest of the lunar module. 
ment si te,  the Commander d r i l l e d  two holes f o r  heat-flow experiment probes and one deep-core 
hole. The crew sampled two geologic u n i t s ,  deployed two explosive packages, and took seven 
t raverse  gravimeter measurements during the  extravehicular  a c t i v i t y .  
samples weighing approximately 14 kilograms during the 7 hours 1 2  minutes of extravehicular  
a c t i v i t y  . 

A t  the experiments package deploy- 

The crew a l s o  co l l ec t ed  

The second extravehicular  a c t i v i t y  began at approximately 138 hours mission elapsed time. 
During the t r ave r se ,  the extravehicular  plan was modified t o  allow more t i m e  a t  points  of geo- 
l og ica l  i n t e r e s t .  Three explosive packages were deployed in support of the lunar  seismic pro- 
f i l i n g  experiment and seven t r ave r se  gravimeter measurements were taken. 
grams of samples vere gathered during the  7 hours 37 minutes of extravehicular  a c t i v i t y .  

Approximately 34 ki lo-  

The crew comenced the t h i r d  extravehicular  a c t i v i t y  a f t e r  a 15-1/2-hour period i n  t he  luna r  
module. 
were made. The surface e l e c t r i c a l  p rope r t i e s  experiment was t e m i n a t e d  because the r ece ive r  t e m -  
perature  was increasing t o  a l e v e l  which could have a f f ec t ed  the da t a  tape.  
tape recorder  was removed on the  way back t o  the luna r  module. 
62 kilograms vere obtained during the 7-hour 15-minute extravehicular  period f o r  a t o t a l  of  ap- 
proximately 110 kilograms f o r  the mission. 
meters during the th ree  extravehicular  a c t i v i t i e s .  
4 minutes. 

Specif ic  sampling ob jec t ives  were accomplished, and nine t r ave r se  gravimeter measurements 

Consequently, t he  
Samples weighing approximately 

The luna r  roving veh ic l e  was driven about 34 k i lo -  
The t o t a l  extravehicular  time was 22 hours 

Numerous science a c t i v i t i e s  were conducted i n  lunar  o r b i t  while t he  surface w a s  being ex- 
plored,  In  add i t ion  t o  the panoramic camera, the mapping camera, and the laser a l t i m e t e r  (which 
were used on previous missions),  three new experiments were included i n  the se rv ice  module. 
u l t r a v i o l e t  spectrometer measured luna r  atmospheric densi ty  and composition, an in f r a red  radiom- 
e t e r  mapped the thermal c h a r a c t e r i s t i c s  of the =on, and a lunar  sounder acquired da ta  on subsur- 
face s t ruc tu re .  The c o m n d  and se rv ice  module o r b i t  did not decay as predicted while the luna r  
module was on the  luna r  surface.  
lower the  o r b i t .  In addi t ion,  a planned plane-change manewer was made in preparat ion f o r  ren- 
dezvous. 

An 

Consequently, a ranal l  o r b i t a l  t r i m  maneuver was performed t o  

Lunar ascent  w a s  i n i t i a t e d  after a surface s t ay  time of almost 75 hours. Rendezvous and 
docking were normal; and, a f t e r  t r a n s f e r  of  sanples and equipment from the  ascent  s t age  t o  the  
command module, t he  ascent  s t age  was j e t t i s o n e d  and deorbited.  The impact point  was  about 10 
kilometers southwest of the Apollo 17 landing s i te .  After  spending an add i t iona l  day i n  luna r  
o r b i t  performing s c i e n t i f i c  experiments, the crew perforned the t r ansea r th  in j ec t ion  maneuver 
a t  the planned time. 



During t r ansea r th  coas t ,  t h e  Coolnand Ebdule P i l o t  conducted a 1-hour 6-minute ex t r aveh icu la r  
opera t ion  in which he r e t r i eved  f i l m  c a s s e t t e s  from the  s c i e n t i f i c  instrument module bay. 
crew later performed another l i gh t - f l a sh  experiment, operated the  in f r a red  radiometer and u l t r a -  
v i o l e t  spectrometer,  and made a t r a n s e a r t h  midcourse cor rec t ion .  

The 

Entry and landing sequences were normal with the  command module landing i n  the  P a c i f i c  Ocean 
vest of H a w a i i .  approximately 1 mile from the  planned loca t ion .  
of the  program (301 hours 51  minutes 59 seconds) and brought t o  a c lose  one of t he  most ambitious 
and successfu l  endeavors of man. 
lunar  landing mission, represented the  culmination of cont inua l  advancements i n  hardware, proce- 
dures,  and opera t ions .  
and hardware performance, and re ference  2-34 has preliminary sc ience  r e s u l t s .  

Apollo 1 7  was t h e  longes t  mission 

The Apollo 17  mission, t h e  most productive and t rouble- f ree  

Reference 2-33 conta ins  d e t a i l e d  information on the mission opera t ions  
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3.0 SCIENCE SUMMARY 

3.1 INTRODUCTION 

The r e a l i t y  of, and enthusiasm f o r ,  l una r  science g r e a t l y  increased with the s a f e  r e tu rn  of 
t he  Apollo 11 as t ronau t s  from msn's landing on the  moon. Although aer ious e f f o r t  i n  planning, 
designing, developing, t e s t i n g ,  and t r a i n i n g  f o r  t he  s c i e n t i f i c  a spec t s  of t he  Apollo program 
had been s t a r t e d  much earlier by NASA, t h e  g rea t e r  emphasis had been co r rec t ly  concentrated on 
t h e  accomplishment of t he  s a f e  luna r  landing and r e tu rn  of t h e  crevs. Early accomplishment of 
t he  spacecraf t  operat ional  ob jec t ives  opened the way for wre a t t e n t i o n  t o  be focused on the 
s c i e n t i f i c  po ten t i a l  of Apollo missions. 
s i v e  mission s t imulated a more vigorous i n t e r e s t  i n  t he  s o l a r  system and e s t ab l i shed  the  study 
of the w o n  a s  a modern i n t e r d i s c i p l i n a r y  science.  

The  operat ional  and s c i e n t i f i c  success of each succes- 

Although a considerable ranount of s c i e n t i f i c  data was obtained during the e a r l y  Apollo mis- 
s ions  (Apollo 7 through 14) .  a s i g n i f i c a n t l y  g r e a t e r  amount of da t a  was obtained as the  r e s u l t  
of the Apollo 15. 16,  and 17 missions. For each of t he  l a t t e r  missions,  a diveree set of exper- 
iments was i n s t a l l e d  i n  the service module and co l l ec t ed  da ta  during lunar  o r b i t .  These experi-  
ments increased the s c i e n t i f i c  scope of  the d s s i o n s ,  and the  data obtained complemented the  data  
from the experiments being operated on the  lunar  surface.  In addi t ion,  wre extensive f i rs t -hand 
explorat ion of t he  luna r  surface was accomplished by the crevs on these missions because longer 
s t ay  times were allowed. and because the addi t ion of t he  lunar  roving veh ic l e  increased t h e  range 
of t r a v e l  on t he  lunar  surface as w e l l  as the load of  instruments.  equipment, and lunar  sample 
ma te r i a l  t ransported on crew t r ave r ses .  Also, more science data  were provided by the  luna r  sur- 
face complement of experiments operated by the crews during the  extravehicular  a c t i v i t i e s  and by 
the continuing postmission telemetry from the science s t a t i o n s  e s t ab l i shed  a t  each s i t e .  

The l a r g e  amount of da t a  and material co l l ec t ed  as the  result of t he  lunar  missions w i l l  con- 
t i nue  t o  provide study sources f o r  many years.  The crews took thousands of  science-quality pho- 
tographs on the  lunar surface and from lunar  o r b i t .  
and rocks were brought back t o  e a r t h  i n  the  returning spacecraf t .  
t i o n s  were e s t ab l i shed  on the lunar  surface with 22 operating experiments continuing t o  transmit 
science da t a  t o  the ea r th .  
landed Surveyor spacecraf t .  
environment, and returned f o r  ana lys i s  and study. 

Approximately 380 kilograms of l una r  s o i l  
Five long-term science s t a -  

The Apollo 12 crew re t r i eved  se l ec t ed  components of a previously 
Nany materials were transported t o  the  moon, exposed in the  luna r  

Findings r e s u l t i n g  from the Apollo lunar  science program are discussed i n  the  following sec- 
Much t i ons .  

of the information i n  these sect ions was extracted from the Apollo Preliminary Science Report 
series. I n  some cases ,  publ icat ion of r e s u l t s  was scheduled by NASA before s u f f i c i e n t  da t a  were 
ava i l ab le  t o  the  p r inc ipa l  i nves t iga to r s  f o r  comprehensive analyses.  Thus. r e s u l t s  published i n  
the e a r l y  r epor t s  were not as complete as i n  l a t e r  r epor t s .  I n  these cases ,  an attempt has been 
made t o  include the latest  information. References 3-1, 3-2 and 3-3 provide reviews of t h e  pres- 
en t  understanding of t he  moon's composition and h i s to ry .  

Science hardware performance is a l s o  discussed in conjunction with each experiment. 

3.2 LUNAR SURFACE SCIENCE 

During each Apollo lunar  landing mission, the crewmen emplaced and ac t iva t ed  a lunar  geo- 
physical  observatory t o  be control led and monitored from e a r t h ,  co l l ec t ed  samples of l una r  s o i l  
and rock, photographically documented the  geologic f ea tu res  of t he  landing area, and performed 
o t h e r  explorat ion a c t i v i t i e s .  

i d e n t i f i e d  i n  t a b l e  3-1. 
a l s o  indicated i n  the t ab le .  

The loca t ions  of the Apollo landing sites are shown i n  f igu re  3-1 
~ and the luna r  surface science a c t i v i t i e s  (formal experiments and science de t a i l ed  object ives)  are 

The Apollo missions during which the  a c t i v i t i e s  vere accomplished are 
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TABLE 3-1.- AWLLO LUNAR SURFACE SCIENCE S W Y  

c 

. 

Experiment/objective 

aLunar geology investigation 
Soil mechanics experiment 

Lunar sample analysis 

bpassive seismic experiment 

bActive seismic experiment 

bLunar surface magnetometer experiment 

bHeat flow experiment 
bLunar surface gravimeter experiment 

Ses imi c pro f i 1 ing experiment 

Portable magnetometer experiment 

Traverse gravimeter experiment 

Surface electrical properties experiment 
Lunar neutron probe experiment 

bLaser ranging retro-reflector 
bCharged-particle lunar environment 

bSolar wind spectrometer experiment 
Solar wind composition experiment 

bSuprathermal ion detector experiment 

expe rimen t 

cathode gage experiment 

Cosmic ray detector (sheets) experiment 
bLunar dust detector experiment 
bLunar ejecta and meteorites experiment 
bLunar atmospheric composition experiment 
Surveyor I11 analysis 
Long-term lunar surface exposure 
Far ultraviolet camera/spectrograph 

Experiment 
number 

5-059 
s-200 
-- 
S-031 

5-033 

S-203 

S-034 

s-198 
S-037 
S-207 
S-199 
s-204 
S-2 99 

s-018 

5-038 

s-035 

S-OBO 

S-036 
S-058 
5-152 
M-515 
s-202 

S-205 
-- 
- 
s-201 

- 
11 

X 

X 

X 

X 

- 

X 

X 

X 

- 
12 

X 

X 

X 
X 

- 

X 

X 

X 

X 

X 

X 

X 

Mission - 
14 

X 

X 
X 
X 

X 

- 

X 

X 

X 
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X 

- 
15 

X 

X 
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X 

X 
X 

X 
X 

X 

- 
16 

X 

X 
X 
X 

X 

- 

X 
X 

X 

X 

X 

X 

- 

- 
17 

X 

X 
X 

- 

X 

X 
X 
X 

X 
X 

X 

X 
X 

X 

L 

aField geology activities incladed documentary photography, collection of lunar 

bPart of an Apollo lunar surface experiments package. 
material samples, and crew observations. 
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A s  noted i n  t a b l e  3-1, some experiments a r e  par t  of  the geophysical observator ies  c a l l e d  
Apollo lunar  surface experiments packages. Using a long-l i fe  self-contained power source (radio- 
isotope thermoelectr ic  generator)  and communications equipment, each Apollo lunar surface experi- 
ments package operates  as a remote science s t a t i o n  t o  c o l l e c t  and transmit t o  e a r t h  s c i e n t i f i c  
and engineering data  obtained over extended periods of  time. 
and a l l  subsequent Apollo missions. 
of the  package of  experiments; however, the o v e r a l l  program objec t ives  were met by rearranging 
t h e  experiment assignments of the subsequent f l i g h t s .  A v a r i a t i o n  of the Apollo lunar  surface 
experiments package, known as the  e a r l y  Apollo s c i e n t i f i c  experiments package, was flown on the  
Apollo 11 mission. This  package was se lec ted  t o  minimize deployment t i m e  and t o  s implify crew 
tasks during the f i r s t  extravehicular  a c t i v i t y  on the lunar  surface.  

The system w a s  flown on Apollo 1 2  
The aborted lunar  landing of Apollo 13  resu l ted  in the  l o s s  

Rock and s o i l  samples have been co l lec ted  from most of t h e  major physiographic o r  photogeo- 
l o g i c  u n i t s  i d e n t i f i e d  on the lunar  surface p r i o r  t o  the Apollo missions. 
and w i l l  continue to provide a steady flow of data  on the h is tory  of the moon. 
amount of published material present ing the r e s u l t s  of experiments and t h e  analyses of lunar  
samples cannot be covered i n  t h i s  document. 

This  c o l l e c t i o n  has  
The s taggering 

However, the major f indings are b r i e f l y  summarized. 

The moon may have accreted t o  i t s  present mass 4.6 b i l l i o n  years ago, Early a c t i v i t y  may 
have included large-scale  magmatic d i f f e r e n t i a t i o n  t o  produce an anor thos i t ic  c r u s t .  
e a r l y  lunar h is tory  u n t i l  about 3.9 b i l l i o n  years ago, the lunar  surface w a s  subjected t o  in- 
tense bombardment which produced most of  the l a r g e  r ing  basins  and the  depos i t s  of t h e  lunar  
highlands. 
t u r i n g  of the anor thos i t ic  c rus t .  
been found i n  some brecc ia  samples co l lec ted  a t  highland sites. 

Throughout 

Samples from the  highlands ind ica te  a very complex h is tory  of shock melting and frac-  
Fragments in te rpre ted  as plutonic  rocks from the c r u s t  have 

Millions of years a f t e r  the period of intense bombardment, volcanism along the  margins of 
the l a r g e  r ing  basins. such as Mare Imbrim, began t o  f i l l  the  basins  with lava flows. In a 
period from about 3.8 t o  3.1 b i l l i o n  years ago, these basins  were f i l l e d  with iron- and titanium- 
r i c h  basaltic lavas ;  these are now the  f l a t .  dark colored mare p la ins .  

Meteori t ic  bombardment of the lunar  surface has  continued t o  the  present ,  although less vig- 
orously than in the  pas t ,  forming c r a t e r s  and covering t h e  surface with loose debr i s  o r  regol i th .  
Studies  of soil samples from the  r e g o l i t h  sections (cores) reveal an incredibly complex h i s t o r y  
of bombardment by meteori tes  and g a l a c t i c  and s o l a r  rad ia t ion  through time. 

The w o n  is now inac t ive ,  having cooled to a s t a t e  of i n a c t i v i t y  more than 3 b i l l i o n  years  
ago, the t i m e  of formation of  the youngest lavas. 
and there  are no l i f e  forma. 
cosmic debris .  

In cont ras t  with the e a r t h ,  there  is no water 
The surface is, however, constant ly  changing due t o  bombardment by 

3.2.1 Geology of  t h e  Apollo 11 Landing S i t e  

T r a n q u i l l i t y  Base ,  the  Apollo 11 landing site, is approximately 20 kilometers south-southwest 
of t h e  crater Sabine D in the southvestern part of  Mare T r a n q u i l l i t a t i s  (Sea of Tranqui l l i ty )  and 
41.5 kilometers north-northeast of  the  vestern promontory of the  Rant Plateau,  which is t h e  near- 
est highland region. 
of the  Apollo 11 landing site, and the  impact crater formed by Ranger VIII is  68 kilometers north- 
east of the  landing site ( r e f .  3 - 4 ) .  Figure 3-2 shows t h e  Apollo 11 landing s i te  r e l a t i v e  t o  t h e  
Surveyor V and h u g e r  VIII locat ions.  
areas. 

The Surveyor V spacecraf t  is approximately 25 kilometers north-northwest 

Figure 3-3 is a diagram of the lunar  surface a c t i v i t y  

“he follovlng observat ions suggest that the  mere material is r e l a t i v e l y  thin.  

a. An unusual r idge  ring named Lawnt ,  which occurs in t h e  southwestern p a r t  of the mare, 
may be loca l ized  over t h e  shallowly buried rim of a premare c r a t e r .  

b. No l a r g e  p o s i t i v e  grav i ty  anomaly, such as those occurr ing over the  deep mare-filled 
c i r c u l a r  basins ,  is associated v i t h  the  S e a  of Tranqui l l i ty  ( re f .  3-5). 
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Figure 3-2.- Apollo 11 landing location relative to SurwyaYand R a n g e r m .  



3-6 

I 

\ Television 
I 

Area from which core 
sample 2 was taken 

diameter crater 

-./- 

Passive seismic 

. 

Figure 3-3.- Diagram of Apollo 11 lunar surface activity area. 
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The southern p a r t  of the Sea of Tranqui l l i ty  is crossed by r e l a t i v e l y  f a i n t  but  d i s t i n c t  
rays  t rending north-northwest and by prominent eecondary c r a t e r s  assoc ia ted  with t h e  c r a t e r  The- 
ophi lus ,  which is  located 320 ki lometers  southeast  of t h e  landing site. Approximately 15  U l o -  
meters west of the  landing site is a f a i r l y  prominent ray t h a t  t rends  north-northeast .  
wi th  which t h i s  ray is  assoc ia ted  is not  d e f i n i t e l y  known; t h e  ray  may be r e l a t e d  t o  the  crater 
Alfraganus, 160 ki lometers  mouthwest of the  landing site, o r  t o  Tycho, approximately 1500 k i l o -  
meters southwest of the landing site. 
rays  t h a t  t rend north-northwest c ross  the landing si te;  these rays are s u f f i c i e n t l y  c l o s e ,  how- 
ever ,  so t h a t  mater ia l  from Theophilus, Alfraganus, o r  Tycho ls possibly found near  the landing 
si te.  Cra te rs  such as Sabine D and Sabine E ( f i g .  3-2), v i t h  a diameter g r e a t e r  than 1 kilome- 
ter ,  may have been excavated p a r t l y  in premare rocks; and premare rock fragments t h a t  have been 
e jec ted  from these c r a t e r s  may a l s o  occur near  the lunar  module landing s i te  ( r e f .  3-6). 

The c r a t e r  

Nei ther  the  ray t h a t  t rends  north-northeast nor any of t h e  

Based on albedo and c r a t e r  dens i ty ,  th ree  geologic  u n i t s  can be d is t inguished  i n  the mare 
mater ia l  near the landing site. The lunar  module landed on the  most densely c ra te red  u n i t  of 
these three  geologic u n i t s .  
the  u n i t  a t  the landing s i t e  is  probably the  o l d e s t .  

These u n i t s  may correspond t o  lava  flows of  d i f f e r e n t  ages;  i f  so, 

The approximately 21 kilograms of lunar  material returned by the  Apollo 11 crew were charac- 
The samples from Tran- t e r i z e d  by the lunar  sample ana lys i s  planning team as follows ( r e f .  3-7): 

q u i l l i t y  Base cons is t  of b a s a l t i c  igneous rocks; microbreccias, which a r e  a mixture of rock,  
g l a s s  and mineral fragments; and lunar  s o i l .  The s o i l  is  a diverse  mixture of  c r y s t a l l i n e  and 
glassy fragments with var ious shapes; the s o i l  a l s o  includes fragments of i r o n ,  some of which 
may be of meteoric o r i g i n .  Most rock fragments are similar t o  and apparent ly  der ived from the 
l a r g e r  igneous rocks; the rocks i n  t u r n  were probably once p a r t  of the  underlying bedrock. A 
few of the c r y s t a l l i n e  fragments are t o t a l l y  d i f f e r e n t  from any of t h e  igneous rocks of the  Tran- 
q u i l l i t y  site. 
nearby highlands. 

A st rong p o s s i b i l i t y  e x i s t s  t h a t  these fragments represent  samples from t h e  

Many rock surfaces  and individual  fragments i n  the s o i l  show evidence of sur face  erosion by 
hypervelocity impacts. 
formed by impact processes ,  shows t h a t  these objec ts  contain b e a u t i f u l l y  preserved microscopic 
p i t s  a s  small as 10 microns i n  diameter. 
t i n y  p a r t i c l e s .  There is a l s o  evidence t h a t  the impact process is  accompanied by l o c a l  melting, 
splashing,  evaporation, and condensation. 

Examination of the sur faces  of the glassy fragments, which are themselves 

These p i t s  a r e  the r e s u l t  of high v e l o c i t y  impacts by 

The c r y s t a l l i n e  rocks,  which have t y p i c a l  igneous tex tures ,  range from very-fine-grained 
ves icu lar  rocks t o  medium-grained equigranular  rocks. The most common minerals  a r e  pyroxene 
(of ten highly zoned with i ron-r ich rims), p lag ioc lase ,  i lmeni te ,  o l i v i n e ,  and c r i s t o b a l i t e .  Free 
m e t a l l i c  i r o n  and t r o i l i t e ,  both of which are extremely r a r e  on e a r t h ,  a r e  c o m n  accessory min- 
e r a l s  i n  the Igneous rocks. A l l  the  s i l i c a t e  minerals a r e  unusually t ransparent  and c l e a r  because 
of the complete absence of hydrothermal a l t e r a t i o n .  Laboratory experiments with s i l i c a t e  l i q u i d s  
s i m i l a r  i n  composition t o  the lunar  l i q u i d s  show t h a t ,  a t  the  time of c r y s t a l l i z a t i o n ,  the  ob- 
served phases can have coexis ted only i n  a verp dry,  highly reducing system; the  p a r t i a l  pressure 
of oxygen i n  t h i s  system is estimated t o  be 1 0  l 3  atmosphere. This  pressure i s  more than f i v e  
orders  of magnitude lower than t h a t  f o r  typ ica l  t e r r e s t r i a l  b a s a l t i c  magmas. The very low abun- 
dance of f e r r i c  ions  i n  pyroxenes, determined by Hossbauer spectroscopy and e l e c t r o n  sp in  reson- 
ance, is f u r t h e r  evidence of the low oxidat ion l e v e l  of  the magmas. The melt ing experiments a l s o  
i n d i c a t e  t h a t  98 percent of the primary igneous l i q u i d  c r y s t a l l i z e d  i n  the temperature range 1480' 
t o  1330' K, with minor i n t e r s t i t i a l  l i q u i d s  continuing t o  c r y s t a l l i z e  down t o  temperatures around 
1220' K. Microscopic and microprobe examination provides clear-cut evidence f o r  the  ex is tence  
of  an i n t e r s t i t i a l  l i q u i d  r i c h  i n  potassium and aluminum t h a t  probably w a s  imniscible  with t h e  
main l i q u i d .  Fur ther ,  ca lcu la t ions  ind ica te  t h a t  the  v i s c o s i t y  of the  lunar  m a p s  w a s  approxi- 
mately an order  of magnitude lower than t h a t  of terrestrial b a s a l t i c  magmas. 
may play a s i g n i f i c a n t  r o l e  i n  the  explanat ion o f  the t e x t u r a l  f e a t u r e s ,  t h e  d i f f e r e n t i a t i o n  mech- 
anisms t h a t  produced the observed chemical composition, and the  morphological f e a t u r e s  of the  
l u n a r  seas themselves. 

This c h a r a c t e r i s t i c  

The r e g o l i t h  c o n s i s t s  c h i e f l y  of p a r t i c l e s  l e s s  than 1 mil l imeter  i n  diameter. The r e g o l i t h  
is w a k  and e a s i l y  trenched t o  depths of severa l  cent imeters .  
lodged when kicked. 
i n t o  the  sur face ,  penetrated with ease t o  a depth of 10 t o  1 2  cent imeters .  A t  tha t  depth, the 

Surface mater ia l  was e a s i l y  dis-  
The f lagpole  f o r  the United States f l a g  and the core tubes,  when pressed 



r e g o l i t h  was not s u f f i c i e n t l y  s t rong,  however, t o  hold the core  tubes upr ight ;  a hammer w a s  needed 
t o  dr ive  the core  tubes t o  depths of 15 t o  20 centimeters. 
pressed i n t o  the subsurface a t  severa l  sanple sites encountered rocks i n  t h e  subsurface. 

The tubes, rods,  and scoop t h a t  were 

The crewman's boots l e f t  p r i n t s  approximately 3 millimeters t o  3 cent imeters  deep i n  the  
fine-grained r e g o l i t h  mater ia l .  
and angles  of 70' were maintained in t h e  walls of the  bootpr in ts .  
ter ia l  tended t o  break i n t o  s labs ,  cracking a s  f a r  as 12 t o  15 cent imeters  from the edges of t h e  
footpr in ts .  

Smooth m l d s  of the  boot t reads  were preserved i n  the  bootpr in ts ,  
The fine-grained s u r f i c i a l  ma- 

The f i n e s t  f r a c t i o n  of the  r e g o l i t h  adhered weakly t o  boots, gloves, space s u i t s ,  handtools, 
and rocks on the  lunar  surface.  
boot color  was completely obscured. 
a s t a i n  remained on the  space s u i t s .  

On repeated contac t ,  the  coat ing on the  boots thickened u n t i l  
When the f i n e  p a r t i c l e s  of the  r e g o l i t h  were brushed o f f ,  

I n  places  where fine-grained material w a s  kicked by the  crewmen, t h e  f r e s h l y  exposed mate- 
r ial  w a s  conspicuously darker  than the  undisturbed surface.  
l ies a t  depths no g r e a t e r  than a millimeter from the surface.  
l ayer  of l i g h t e r  colored material a t  widely sca t te red  l o c a l i t i e s  ind ica tes  t h a t  some widespread 
process of sur face  material a l t e r a t i o n  is occurr ing on the moon. 

Thesubsurface material probably 
The exis tence of a t h i n  sur face  

F i l l e t s  (fine-grained material which is banked against  t h e  s i d e s  of some of the l a r g e r  rock 
fragments) were observed a t  least as f a r  as 70 meters from the  lunar  module, and most f i l le ts  
are almost c e r t a i n l y  n a t u r a l  fea tures  of the surface.  On sloping sur faces ,  the  crew observed 
t h a t  the f i l l e t s  were l a r g e r  on the  u p h i l l  s i d e s  of rocks than on the downhill s ides .  
of rocks a r e  b a l l i s t i c  t raps ,  and the f i l l e t s  have probably been formed by the  trapping of low- 
ve loc i ty  secondary p a r t i c l e s .  Asymmetric development of f i l l e t s  around rocks on s lopes may be 
caused p a r t l y  by p r e f e r e n t i a l  downhill t ranspor t  of material by b a l l i s t i c  processes and p a r t l y  
by downhill creep o r  flow of the  fine-grained material ( r e f .  3-6). 

The s i d e s  

3.2.2 Geology of the  Apollo 12 Landing S i t e  

The Apollo 1 2  landing site is on the  northwestern r i m  of the  200-meter-diameter c r a t e r  i n  
which t h e  Surveyor 111 spacecraf t  ( f i g ,  3-4) touched down on A p r i l  20, 1967, in the eas te rn  par t  
of Oceanus Procellarum (Ocean of Storms), approximately 120 kilometers southeast  of the  c r a t e r  
Lansberg and due north of the center  of Mare Cognitum (Known Sea). 
broad ray  associated with the c r a t e r  Copernicus, 370 kilometers t o  the north. The landing s i te  
is character ized by a d i s t i n c t i v e  c l u s t e r  of c r a t e r s  ranging i n  diameter from 50 t o  400 meters. 
Two geologic t raverses  ( f i g .  3-5) were made on or  near the rims of these c r a t e r s  and on depos i t s  
of e j e c t a  from the  c r a t e r s .  During t h e  t raverses ,  the crew col lec ted  approximately 34 kilograms 
of lunar  material. 

The landing s i te  is on a 

The lunar  r e g o l i t h  a t  the  Apollo 12 landing s i te  is composed of fragmental material which 
ranges in s i z e  from p a r t i c l e s  too f i n e  t o  be seen with the naked eye t o  blocks severa l  meters i n  
diameter. 
period, the  crew found fine-grained material of r e l a t i v e l y  high albedo t h a t  i n  some places  was 
in the  shallow subsurface and i n  o ther  places  l a y  on the  surface.  
r ial  may c o n s t i t u t e  a discontinuous deposi t  t h a t  is observed through te lescopes as a ray  of 
Copernicus. 

Along severa l  p a r t s  of t h e  t raverse  made during the second extravehicular  a c t i v i t y  

Some of t h i s  l ight-gray mate- 

Darker r e g o l i t h  material t h a t  general ly  o v e r l i e s  the  light-gray mater ia l  is only a few cen- 
timeters t h i c k  in some places  but probably thickens g r e a t l y  on the  rims of some c r a t e r s .  
darker  material v a r i e s  from place t o  place in the s i z e ,  shape, and abundance of its cons t i tuent  
p a r t i c l e s  and in the  presence o r  absence of pat terned ground. Most l o c a l  d i f fe rences  are prob- 
ably the  r e s u l t  of local c r a t e r i n g  events. 

Tha 
. 
P 

Many crew comments concerned t h e  l a r g e  amount of g l a s s  contained in the regol i th .  Irregu- 
l a r l y  ahaped, amall  fragments of g l a s s  and g l a s s  beads are abundant both on and within t h e  rego- 
l i t h ;  g lasa  is aloo apla t te red  on some blocks of rock a t  the surface and is found within many 
shallow cra te ra .  

i 
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Much of the Burface I n  the area of the geologic traverse made during the second extravehic- 
ular activity period is patterned by small, linear grooves. 
turned photographs and were reported from several localities by the crew. 
in appearance to those which are visible in some of the photographs from the Apollo 11 mission. 
The linear features have been interpreted as being caused by drainage of fine-grained material 
into fractures in the underlying bedrock. This interpretation would imply northeast- and north- 
west-trending joint sets in the bedrock of the Apollo 11 site and north- and east-trending joint 
sets in the Apollo 12 site bedrock. 

These grooves are visible on the re- 
The grooves are similar 

One notable difference between the collection of rocks obtained at the Apollo 12 landing 
site and the collection obtained at Tranquillity Base is the ratio of crystalline rocks to micro- 
breccia. At the Apollo 12 site, the rocks collected were predominantly crystalline, whereas, at 
Tranquillity Base, approximately half the rocks collected were crystalline and half were micro- 
breccia. 
Apollo 12 landing site were primarily on or near crater rims. On the crater rims, the regolith 
is thin or only weakly developed, and many rocks observed are probably derived from craters that 
have been excavated in bedrock that is well below the regolith. By contrast, Tranquillity Base 
is on a thick, mature regolith, where many observed rock fragments were produced by shock lithi- 
fication of regolith material and were ejected from craters too shallow to excavate bedrock 
(ref. 3-8). 

This difference is probably attributable to the fact that the rocks collected at the 

Analysis of the returned Apollo 12 lunar samples showed the following: 

a .  Although still old by terrestrial standards, the Apollo 12 rocks are approximately 600 
to 700 million years younger than the rocks from the Apollo 11 site. 

b. Whereas the Apollo 11 collection contained approximately half vitric breccias, the 
Apollo 12 collection contained only two breccias in the 45 rocks collected. 

c. The regolith at the Apollo 12 site is approxinately half as thick as the regolith at 
the Apollo 11 site. Complex stratification within the regolith is evident. 

d. A bright-colored layer of material referred to as KREEP was sampled at varying depths. 
It consists of fragments rich in potassium, rare earth elements, and phospliorous. It may have 
originated as ejecta from a distant, large crater, perhaps Copernicus. 

e. The amount of solar wind material in the Apollo 12 fines is considerably lower than that 
in the Apollo 11 fines. 

f. The lavas, in contrast to those from Apollo 11, display a wide range in both modal min- 
eralogy and primary texture, indicating a variety of cooling histories. 

g. Chemically, the "nonearthly" character of the Apollo 11 samples (high refractory element 
concentration and low volatile element concentration) is also noted in the Apollo 12 samples but 
to a lesser degree. 

The soil at the Apollo 12 site is similar in appearance and behavior to the soils encountered 
at the Apollo 11 and the Surveyor equatorial landing sites. However, local variations in soil 
texture, color, grain size, compactness, and consistency are evident. No direct correlation be- 
tween crater slope angle and consistency of soil cover is apparent. The consistency of the soil 
cover depends mainly on the geologic history of lunar terrain features and local environmental 
conditions. 

3.2.3 Geology of the Apollo 14 Landing Site 

The Apollo 14 landing site is in a broad, shallow valley between radial ridges of the Fra 
Mauro Formation, approximately 500 kilometers from the edge of Mare Imbrium (Sea of Rains, and 
also referred to geologically as the Imbrium Basin), which is the largest circular mare on the 
moon. The crater Copernicus lies 360 kilometers to the north, and the bright ray material that 
emanates from Copernicus covers much of the landing site region. The Fra Mauro region is an 
area of prime scientific interest because this region contains some of the most clearly exposed 
geological formations that are characteristic of the Fra Mauro Formation. 
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The Fra Mauro Formation is an extensive geological unit that is distributed in an approxi- 
mately radially symmetric fashion around the S e a  of Rains over much of the near side of the moon. 
Stratigraphic data indicate that the Fra Mauro Formation is older than the mare at the Apollo 11 
and 12 sites. The Formation is thought to be part of the ejecta blanket that resulted from the 
excavation of the Imbrium Basin. The Apollo 14 landing site thus offered an opportunity to sam- 
ple material that had been shocked during one of the major cataclysmic events in the geological 
history of the m o n  and, thereby, to determine the date of the event. Furthermore, because of 
the size of the Imbrium Basin, the belief was that some material had come from deep (tens of kil- 
ometers) within the original lunar crust. 
ciple, was expected to offer an opportunity to sample the w s t  extensive vertical section avail- 
able of the primordial m o n  (ref. 3-9). 

Thus, a landing at the Fra Mauro Formation, in prin- 

The lunar module landed approximately 1100 meters west of Cone Crater,* which is located on 
the ridge of the Fra Nauro Formation. 
proximately 340 meters in diameter that ejected blocks of material as much as 15 meters across, 
which were derived from beneath the regolith. Sampling and photographing of these blocks were 
the primary objectives of the mission. Rays of blocky ejecta from Cone Crater extend westward 
beyond the landing site. The landing took place on a smooth terrain unit recognized in photo- 
graphs previously taken during earlier Lunar Orbiter and Apollo missions. 
ing this geological unit was another inportant objective of this mission. 

Cone Crater is a sharp-rimed, relatively young crater ap- 

Sampling and describ- 

During the first period of extravehicular activity, the crew traversed westward over the 
smooth terrain for a round-trip distance of approximately 550 meters and deployed the Apollo 
lunar surface experiments package (fig. 3-6). The crew covered a round-trip distance of approx- 
imately 2900 meters eastward from the lunar uodule during the second extravehicular activity 
(fig. 3-6). During the traverse, the crew crossed the smooth terrain, the Fra Mauro ridge unit, 
and a section through the continuous ejecta blanket of Cone Crater to within 20 meters of the 
crater rim crest. Forty-eight rock samples, the locations of which have been determined, were 
collected at points along the traverse. The modular equipnent transporter (sec. 4.8) was used 
to transport the samples and the collection tools. 
including 69 rock samples, were collected during the two periods of extravehicular activity. 

Approximately 43 kilograms of lunar material, 

Although the soil surface texture and appearance at the Apollo 14 landing site are similar 
to those at the Apollo 11 and 12 landing sites, a greater variation exists in the characteristics 
of the soil at shallow depths (a few centimeters) in both lateral and vertical directions than 
had previously been supposed. The stratigraphy at the trench site showed a dark, fine-grained 
material (to a depth of 3 to 5 centimeters) underlain by a very thin glassy layer that, in turn, 
is underlain by a material of medium to coarse sand gradation. As had been the case in previous 
missions, dust was easily kicked up and tended to adhere to any surface contacted; however, over- 
all dust was less of a problem than on previous missions. No difficulty was encountered in dig- 
ging a trench into the lunar surface. 
trench site, the trench sidewalls caved in at somewhat shallower trench depths than had been pre- 
dicted. 

Because of unexpectedly low cohesion of the soil at the 

The Apollo 14 site is densely covered with craters in all stages of destruction. Some 
craters as much as 400 meters across have undergone nearly complete destruction, and the over- 
lapping of relatively large, very gentle depressions gives the topography at the site a strongly 
undulating aspect. 
tion at the Apollo 11 and 12 landing sites are approximately 50 to 100 meters in diameter. 

In contrast, the largest craters that have undergone nearly complete destruc- 

The lunar regolith at Fra Mauro is thicker than at the mare sites. The surface material is 
finer grained in the western portion of the site away from the Cone Crater ejecta blanket than 
in the continuous ejecta blanket itself. Rock fragments larger than a few centimeters in diam- 
eter are rare in the western part of the site and become progressively more abundant toward Cone 
Crater. The regolith appears to be looser and less cohesive than that developed on the mare ma- 
terial; downslope movement of this loose debris has caused the eradication of small craters on 
slopes and extensive slumping of crater walls. 

Boulders as large as 15 meters in diameter are present on the rim of Cone Crater; photo- 
graphs of these boulders provided the first dramatic glimpse of relatively large segments de- 
rived from lunar bedrock and of detailed rock structures (fig. 3-7). Smaller boulders occur 
throughout the Cone Crater ejecta blanket and as isolated occurrences on raylike extensions of 
the ejecta blanket. 

c . 

*Informal designation. 
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A l l  t h e  boulders f o r  which stereophotographs are a v a i l a b l e  appear t o  be coherent brecc ias ,  
some with d i s c r e t e  clasts as much as 150 cent imeters  in diameter, l a r g e r  than any returned sam- 
ples .  Resistance of t h e  brecc ias  t o  the  weathering 
e f f e c t s  of the  lunar  environment varies considerably; some breccias  have weathered to smooth, re- 
s i s t a n t  surfaces  and o thers  t o  hackly, rough surfaces  t h a t  may be rubbly. S igni f iCMt and s t r i k -  
ing f e a t u r e s  wi th in  the  boulders are sets of p a r a l l e l  f r a c t u r e s  spaced a t  several mil l imeters  t o  
approximately 1 centimeter. Several  i n t e r s e c t i n g  sets of d i f f e r e n t l y  spaced f r a c t u r e s  are pres- 
e n t  in some boulders. 

Both l i g h t  and dark clasts are recognizable. 

Port ions of some boulders c l o s e  t o  the  rim of Cone Crater are crudely layered with very 
l i g h t  material tha t  forms irregular bands from 25 t o  40 cent imeters  th ick .  
t a i n  both l i g h t e r  and darker  clasts up t o  10 cent imeters  across ,  and t h e  host  rock of the  bands 
contains  l i g h t  clasts up t o  1 0  cent imeters  across. 
very l i g h t ,  but a layered re la t ionship  is not  evident .  
only near the rim of Cone Crater a d ,  hence, may come from deeper l e v e l s  in t h e  crater. 

The l i g h t  bands con- 

I r r e g u l a r  p a r t s  of o ther  boulders are a l s o  
Boulders containing l i g h t  l a y e r s  occur 

Most l a r g e  blocks have f i l l e t s  of lunar f i n e s  and fragments embanked aga ins t  the  basa l  edges. 
The s i z e  of a f i l l e t  is commonly proport ional  t o  the  s i z e ,  degree of  rounding, and apparent f r i a -  
b i l i t y  of the  host rock. 
faces  and contain coarse fragments spal led o f f  t h e  host rock. 
uct  of (1) e j e c t a  blanket ing by adjacent  impact events of a l l  sizes,  p a r t i c u l a r l y  on well-rounded 
rocks the  tops of which are c l o s e  t o  t h e  surface,  and (2) se l f -bur ia l  by micrometeorite and ther- 
m a l  erosion of the  exposed rock surfaces .  

F i l l e t s  are p r e f e r e n t i a l l y  developed aga ins t  outward-sloping rock sur- 
Burial  of rocks is a combined prod- 

Two well-developed sets of surface lineaments have t h e  northwest and northeast  t rends ob- 
The l a r g e  number of very 

These lineaments may be t h e  result 
served a t  t h e  Apollo 11 and 12 sites. 
long, s t r a i g h t  lineaments is unique t o  the  Apollo 14 site. 
of very small, recent ,  v e r t i c a l  displacements along f r a c t u r e s  or of t h e  s i f t i n g  of fine-grained 
mater ia l  down i n t o  f r a c t u r e s  that vere propagated t o  t h e  surface from a mre coherent ,  j o i n t  
subs t ra te .  

A secondary set t rends  north.  

The samples c o n s i s t  almost e n t i r e l y  of complex breccias ,  displaying shock and thermal e f -  
f e c t s  t h a t  are cons is ten t  with t h e i r  postulated o r i g i n  as debr i s  from a l a r g e  c r a t e r i n g  event. 
The breccias  are m r i t i c  in bulk composition. 
may have been formed by welding within t h e  e j e c t a  b h d c e t  of a emaller or l o c a l  c r a t e r i n g  w e n t .  
Many of the  breccia  samples contain veins  or pods of impact m e l t .  On a l a r g e r  scale, a plagio- 
c lase- r ich  b a s a l t  sample co l lec ted  a t  the  si te may have been a lava,  but was more l i k e l y  c r y s t a l -  
l i z e d  i n  a pool of impact m e l t .  

Some of t h e  samples are v i t r i c  breccias  which 

Radiometric ages f o r  t h e  Apollo 14 site c l u s t e r  around a value of 3.9 b i l l i o n  years ;  i f  the  
Fra Mauro si te is t r u l y  e j e c t a  from Imbrium, then t h e  Imbrium event occurred a t  t h a t  time ( r e f .  
3-10). 

Apollo 14 s o i l  and breccia  are enriched in the  s iderophi le  elements (iridium, rhenium, gold. 
n icke l ) ,  r e l a t i v e  t o  soils from mare qurfaces. 
I t s e l f  o r  bodies which impacted the  lunar surface t o  form pre-Imbrium craters. 

They may be derived from t h e  Imbrium p r o j e c t i l e  

I n  summary, t h e  compositions of the  Apollo 14 rocks are compatible with t h e i r  der iva t ion  8s 
an ejecta deposi t  from t h e  Imbrium Basin. 
nounced shock e f f e c t s ,  and t h e  composition of nost  samples is d i s t i n c t l y  d i f f e r e n t  from t h a t  of 
b a s a l t i c  rocks from lunar  maria. 
i b l e  with a s i n g l e  very l a r g e  impact event in which annealing took place within a t h i c k ,  hot 
e j e c t a  blanket. 

These rock samples are l a r g e l y  fragmental and show pro- 

The c r y s t a l l i n i t y  observed in many fragmental rocks is compat- 

3 . 2 . 4  Geology of the  Apollo 15 Landing S i t e  

The landing s i te  of Apollo 15 is on a dark mare p l a i n  (par t  of Palus Put red in is ,  or the  
Marsh of Decay) near  t h e  sinuous Rime Hadley (Hadley R i l l e )  and t h e  f r o n t a l  scarp of the  Montes 
Apenninus (Apennine Mountains) ( f i g .  3-8). This scarp is the  main boundary of t h e  Imbrium Basin, 
which is centered approximately 650 kilometers t o  &he northwest. The l a r g e s t  mountains of t h e  
Apennines are a chain of discontinuous r e c t i l i n e a r  massifs 2 t o  5 kilometers  high t h a t  are in-  
te rpre ted  as f a u l t  blocks u p l i f t e d  and segmented a t  the time of the Imbrium impact. 
massifs and beyond them outs ide  the  basin are h i l l y  areas t h a t  merge southeastward with a t e r r a i n  

Between the  
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in te rpre ted  as a blanket of e j e c t a  from the  Imbriun Basin, known as the Fra Mauro Formation. 
h i l l s  appear t o  be j o s t l e d  blocks mantled and subdued by the Imbrium e j e c t a .  
however, a r e  not s i m i l a r l y  subdued and so may be composed mainly of pre-Imbrium e j e c t a .  
is  near the o ld  Mare S e r e n i t a t i s  (Sea of Sereni ty)  basin,  which suggests  t h a t  a t  least p a r t  of 
the  pre-Imbrium material i n  the massifs  is e j e c t a  from the  S e a  of Sereni ty .  

The 

The area  
The l a r g e  massifs ,  

The mare mater ia l  of the  Marsh of Decay f i l l s  t h e  lowlands a t  the base of t h e  Apennines and 

These events  
c r e a t e s  a dark p l a i n .  
tween the  formation of the  Imbrium Basin and the  emplacement of the  mare mater ia l .  
included the  deposi t ion of t h e  premare plains-forming material and t h e  c r a t e r i n g  event t h a t  formed 
the c r a t e r  Archimedes. 
ind ica te  t h a t  the age of t h e  sur face  is late Imbrian o r  e a r l y  Eratosthenian.  

The reg iona l  r e l a t i o n s  t o  the west show t h a t  severa l  events  occurred be- 

The morphologies of the c r a t e r s  on the  mare sur face  a t  the landing s i t e  

Some h i l l s  and m u n t a i n s  i n  the  a rea  are dark l i k e  t h e  mare and may be coated by a t h i n  
The region contains  numerous d i f f u s e  l ight-colored rays  and s a t e l l i t i c  mantle of dark material. 

c l u s t e r s  of secondary impact c r a t e r s  from the  l a r g e  Copernican c r a t e r s  Autolycus and A r i s t i l l u s  
t o  the north.  

Hadley R i l l e  ( f i g .  3-8) follows a winding course through the  mare and l o c a l l y  abuts  premare 
massifs. 
comnon along the upper w a l l s .  The r i l l e  is more than 100 ki lometers  long,  1500 meters w i d e ,  and 
400 meters deep. 

Hadley R i l l e  appears t o  be one of t h e  f r e s h e s t  sinuous r i l les,  and rock outcrops a r e  

The regional  r e l a t i o n s  i n d i c a t e  t h a t  the mare rocks may rest on fau l ted  pre-Imbrium rocks,  
b recc ia  from the  Imbrium Impact, and l i g h t  plains-forming units such as the  Apennine Bench Forma- 
t i o n .  
covered with r e g o l i t h  approximately 5 meters thick.  

Two major Apennine massifs ,  Mons Hadley (Mount Hadley) t o  t h e  nor theas t  and Hadley Delta 

Whether o r  not  the r i l l e  penet ra tes  the premare mater ia l  i s  unknown. The mare surface ls 

j u s t  south of the  landing s i t e  ( f i g .  3-8), tower over the  Hadley p l a i n  t o  he ights  of 4.5 t o  3.5 
ki lometers ,  reapect lvely.  The face  of Mount Hadley is s teep  and high i n  albedo. The northern 
face  of Hadley Del ta ,  c a l l e d  the Front during the  Apollo 15 mission, rises abrupt ly  above the 
younger mare sur face ,  except near Elbow Crater* where the  contac t  is grada t iona l ,  apparent ly  be- 
cause of the  accumulation of debr i s  from the s lopes.  A s  elsewhere on the moon, t h e  s teep  s lopes 
of the massifs  are sparse ly  c ra te red  because the  c r a t e r s  are destroyed by the  downslope movement 
of debr i s .  A prominent exception i s  St .  George,* a subdued c r a t e r  2.5 kilometers  i n  diameter 
t h a t  predates  the mare. The 
lower s lopes of Hadley Delta were v i s i t e d ,  and rock samples co l lec ted  t h e r e  i n d i c a t e  t h a t  the  
bedrock beneath t h e  r e g o l i t h  c o n s i s t s  of breccias .  

The s c a r c i t y  of blocks on both massifs  i n d i c a t e s  a t h i c k  r e g o l i t h .  

The areas t raversed  by the Apollo 15 crew a r e  shown i n  f i g u r e  3-9. The sur face  of the  mare 
i n  the a rea  v i s i t e d  is general ly  a p l a i n  t h a t  s lopes s l i g h t l y  downward t o  the northwest. To the  
crew, the  sur face  appeared hummocky o r  r o l l i n g ,  with s u b t l e  r idges  and gent le  va l leys .  The sur- 
face tex ture  appeared smooth with sca t te red  rocks occupying less than 5 percent of the  t o t a l  
a rea .  Widely separated,  l o c a l l y  rough areas  occur where recent  impacts have l e f t  sharp c r a t e r  
r i m s  and emall boulder f i e l d s .  
subdued l a r g e  c r a t e r s ,  and the  smoothness is caused by the des t ruc t ion  of blocks by erosion from 
small impacts. A l a r g e  but i n d i s t i n c t  ray shown on premission maps as cross ing  the mare sur face  
w a s  not v i s i b l e  t o  t h e  crew as e i t h e r  a topographic o r  compositional f e a t u r e ,  but  the crew d id  
note  patches of l ighter-colored material t h a t  may represent  remnants of rays  t h a t  have been 
l a r g e l y  mixed with the  mare regol i th .  

The contact  between t h e  mare and the f r o n t  of Hadley Del ta  i s  marked by a change of s lope 

The v i s i b l e  r idges  and v a l l e y s  a r e  l a r g e l y  the  forms of g r e a t l y  

and a band of s o f t  mater ia l  with fewer l a r g e  craters than a r e  t y p i c a l  of t h e  mare. 
t e r i a l  of the  band is probably a thickened r e g o l i t h  t h a t  includes d e b r i s  der ived from the  s lope  
by both c r a t e r i n g  processes and downslope creep. 
t e r r a i n  (Hadley Delta) cons is t  of brecc ias  r i c h  i n  fragments of plagioclase-r ich b a s a l t  and an- 
o r t h o s i t e .  
One of t h e  anor thos i te  samples had a radiometr ic  age of 4.1 b i l l i o n  years ,  a lower l i m i t ,  s ince  
t h i s  rock has experienced a complex h i s t o r y  of brecc ia t ion .  
samples and a c l a s t i c  rock composed of green g l a s s  spheres which may be of volcanic  o r i g i n .  
b a s a l t  ( lava)  samples a r e  r i c h  in i ron  and poor i n  sodium, as are o ther  mare lavas .  
an age of 3.3 b i l l i o n  years .  

The s o f t  ma- 

Samples from t a l u s  a t  the  base of highlands 

They may have been deposited as e j e c t a  by pre-Imbrium events  o r  t h e  Imbrium event. 

There is a v a r i e t y  of mare b a s a l t  

They have 
The 

*Informal designat ions.  
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A 2.4-meter-deep core of the regolith revealed that it is composed of many soil layers rang- 
ing in thickness from a few millimeters to several tens of centimeters. The regolith is composed 
of layers of ejecta from impact craters, which are, in turn, reworked and mixed by micrometeorite 
bombardment. The 2.4-meter section at this site has undergone reworking and mixing for about 
500 million years. 

Soil mechanics analyses (from penetrometer tests, core sampling, and trenching performed by 
the astronauts; from photographs; and from other data) for the Apollo 15 site indicate the fol- 
lowing: 

a. Soil densities range from 1.36 to 2.15 grams per cubic centimeter. 

b. No evidence of deep-seated slope failures is apparent, although surficial downslope 
movement of soil has occurred and the soil on steep slopes along the Apennine Front is in a near- 
failure condition. 

3.2.5 Geology of the Apollo 16 Landing Site 

The Apollo 16 lunar module landed at the western edge of the Descartes Mountains approxi- 
mately 50 kilometers west of the Kant Plateau, part of the highest topographic surface on the 
near side of the moon. The Apollo 16 mission accomplished the first landing in the central lunar 
highlands, and the crew successfully explored and sampled a kind of terrain not previously visited. 
The landing site was selected as an area characteristic of both terra plains and rugged hilly and 
furrowed terra. 
were of probable volcanic origin. 
canic rocks or landforms existed at the landing site but rather that the area is underlain by a 
wide variety of impact-generated breccias (ref. 3-11). 

The consensus of premission photogeologic interpretation was that both units 
However, surface observations indicated that few or no vol- 

Ray materials derived from North Ray and South Ray Craters (fig. 3-10)* are the two most ap- 
parent sources of surface debris on the Cayley Plains. 
to mantle much of the surface of Stone Mountain near sampling stations 4 and 5 (fig. 3-10), so 
that uncertainty still exists as to whether Descartes materials were, in fact, sampled. Size 
distribution studies of fragments on the lunar surface suggest that the ejecta units of these 
two craters differ in character. 
blanket, which suggests that the North Ray impact may have excavated more friable material, that 
the length of time since the cratering event has been sufficient for subsequent impacts to de- 
stroy the smaller blocks, or both. 
but the only surface differences observed are that the brightest areas have larger block sizes 
and a greater abundance of blocks. 
tics that distinguish them from adjacent South Ray ejecta; they are, more or less, free of coarser 
rock fragments. 
abundance and in relative abundance of the coarser sizes. 

Ejecta from South Ray Crater also appear 

Rock fragments are much less abundant in the North Ray ejecta 

South Ray ejecta, as mapped, include bright and dark areas, 

The mapped interray areas have no lunar surface characteris- 

Both ray and interray areas show a progressive northward decrease in total rock 

The regolith present on the ejecta blanket of North Ray Crater is only a few centimeters 
thick. 
meters thick. 
depths of 1 to 2 centimeters in m s t  of the traverse area. 

Where ejecta blankets or ray deposits are not identifiable, the regolith 1s 10 to 15 
The surface of the regolith is medium gray, but high-albedo soils are present at 

The net weight of returned samples was approximately 94 kilograms. Of the total sample 
weight, almost 75 percent consists of rock fragments larger than 1 centimeter in diameter, nearly 
20 percent consists of soil or residue fines, and the remainder consists of core and drive tube 
samples. 
mostly homogeneous crystalline rocks; rocks composed substantially of glass; and fragmental rocks 
(brecclas). 
25 rocks classified as crystalline, 7 appear to be igneous. 
been shattered and deformed to some extent, the predefonnation textures are substantially intact. 
The two largest samples returned are coarse-grained nonvesicular rocks composed largely of pla- 
gioclase. 
shock-deformed. Three are fine-grained, highly feldspathic rocks with crystal-lined vugs. Eight- 
een crystalline rocks appear to be metaclastic rocks with generally smell proportions of lithic 
debris; these are hard, angular rocks characterized by fine-grained sugary textures. Five sam- 
plea largely composed of glass were returned. 

The Apollo 16 rocks may be divided into three broad groups: fine- to coarse-grained, 

The proportion of fragmental rocks in the returned samples exceeds 75 percent. Of 
Although all the igneous rocks have 

These,rocks resemble an Apollo 15 anorthosite sample but are probably more severely 

Tuo of these are spheres, one hollow and one solid. 

*Designations of lunar features shown in figure 3-10 are infornal. 








