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Hydrogen abundances have been determined fo r  g r a i n  s i z e  separates o f  f i v e  
l u n a r  so i l s  and one so i l  b r e c c i a .  More than  80 pe rcen t  o f  t h e  hydrogen i n  
l u n a r  so i l s  i s  found i n  the sub-45 m ic ron  g r a i n  s i z e  f r a c t i o n .  Abundances o f  
hydrogen i n  b u l k  l u n a r  so i l s  and so i l s  from t h e  A p o l l o  17 deep d r i l l  co re  a r e  
d i r e c t l y  c o r r e l a t e d  t o  the  I s /FeO m a t u r i t y  parameter.  
r a t i o  f o r  soi ls from t h e  deep d r i l l  c o r e  was 8.5.  

The average 1H/4He atom 

With a commitment t o  the  Space S t a t i o n  and t h e  i n c r e a s i n g  i n t e r e s t  i n  a 
p o t e n t i a l  Lunar Base, t h e r e  i s  a need t o  f i n d  an e x t r a t e r r e s t r i a l  source o f  
hydrogen f o r  consumables and p r o p e l l a n t s  which m igh t  be a v a i l a b l e  a t  a reduced 
c o s t .  I n  o r d e r  t o  know i f  usab le  q u a n t i t i e s  o f  hydrogen a r e  p r e s e n t  i n  the  
near -ea r th  r e g i o n  o f  space ( i . e .  on t h e  moon) a s tudy o f  hydrogen abundances 
and d i s t r i b u t i o n s  i n  l u n a r  m a t e r i a l s  has been undertaken. An unders tand ing  o f  
t h e  p o t e n t i a l  sources o f  hydrogen on t h e  l u n a r  su r face  must be o b t a i n e d .  I f  
such sources of  hydrogen can be i d e n t i f i e d ,  f u t u r e  space a c t i v i t i e s  w i l l  be 
enhanced by hav ing  another  source o f  consumables and p r o p e l l a n t s  a v a i l a b l e  for  
use. The e x t r e m e  c o s t s  o f  t r a n s p o r t i n g  hydrogen from e a r t h  would be reduced 
i f  s u f f i c i e n t  q u a n t i t i e s  o f  hydrogen were a v a i l a b l e  i n  t h e  near -ea r th  r e g i o n  
o f  space. 

Hydrogen i s  t h e  m o s t  abundant e l e m e n t  i n  t h e  cosmos. The sun i s  con- 
s t a n t l y  b u r n i n g  hydrogen and hydrogen i s  b e i n g  l o s t  from t h e  sun. 
hydrogen i s  s t reaming away from t h e  sun i n  t h e  form o f  t h e  s o l a r  wind. 
gen i s  t h e  most abundant element i n  t h e  s o l a r  wind. 
s u r f a c e  has been i r r a d i a t e d  by t h e  s o l a r  wind. From t h e  d e t a i l e d  s t u d i e s  o f  
l u n a r  m a t e r i a l s ,  i t  has been shown t h a t  s e l e c t e d  v o l a t i l e  elements p r e s e n t  i n  
t h e  s o l a r  wind ( i . e .  H, He, C, N, Ne, A r ,  e t c . )  a r e  e n r i c h e d  on t h e  su r faces  o f  
exposed m a t e r i a l s .  The longer  t h e  su r faces  o f  t h e  samples a r e  exposed t o  t h e  
s o l a r  wind t h e  g r e a t e r  t h e  amounts o f  s o l a r  wind species t rapped  i n  t h e  l u n a r  
m a t e r i  a1 s. 

I n  a d d i t i o n ,  

I t  i s  known t h a t  t h e  l u n a r  
Hydro- 

I n  o r d e r  to  understand t h e  hydrogen abundances and d i s t r i b u t i o n s  i n  l u n a r  
m a t e r i a l s  we have been making hydrogen measurements i n  a wide v a r i e t y  o f  s o i l s ,  
g r a i n  s i z e  separates,  b r e c c i a s ,  igneous rocks  a l o n g  w i t h  samples from t h e  deep 
d r i l l  cores. A m i c r o a n a l y s i s  techn ique  u t i l i z i n g  he l i um i o n i z a t i o n  equipped 
gas chromatography was employed f o r  measur ing hydrogen r e l e a s e d  by p y r o l y s i s  
f r o m  m i l l i g r a m  q u a n t i t i e s  o f  so i l s  ( C a r r  e t  a l . ,  1988). Our s t u d i e s  have shown 
t h a t  e s s e n t i a l l y  100 pe rcen t  r e c o v e r y  of t h e  implanted s o l a r  wind hydrogen can 
be o b t a i n e d  by h e a t i n g  t h e  so i l  samples a t  900 "C .  

Hydrogen abundances measured (Tab le  1 )  i n  f i v e  b u l k  so i l s  range from 26 t o  
54 pgH/g ( w i t h i n  t h e  p r e v i o u s l y  r e p o r t e d  by DesMarais e t  a l . ,  19741, t h e  l o w e s t  
abundance found b e i n g  t h a t  o f  t h e  submature so i l  71501. The hydrogen abundances 
c a l c u l a t e d  from t h e  mass f r a c t i o n s  a r e  i n  e x c e l l e n t  agreement w i t h  t h o s e ' f o u n d  
e x p e r i m e n t a l l y  f o r  t h e  b u l k  samples. 
o v e r  80 pe rcen t  o f  t h e  hydrogen i s  found  i n  t h e  sub-45 m ic ron  s i z e  f r a c t i o n .  
A p o l l o  15 so i l  b r e c c i a  15086 was d i saggrega ted  by f reeze- thaw and u l t r a s o n i c  
i n t o  i t s  d i f f e r e n t  s i z e  f r a c t i o n s .  Mass balance c a l c u l a t i o n s  for  t h e  hydrogen 
c o n t e n t  o f  t h e  b r e c c i a  w e r e  i n  good agreement w i t h  the  e x p e r i m e n t a l l y  d e t e r -  
mined va lue  fo r  t h e  b u l k  sample (58 and 60 pgH/g r e s p e c t i v e l y ) .  
t h e  so i l  b r e c c i a  95 pe rcen t  o f  t h e  hydrogen i s  i n  t h e  sub-45 m ic ron  f r a c t i o n .  
A comparison o f  t h e  I s / F e O  ( a  m a t u r i t y  i n d i c a t o r )  and hydrogen abundance va lue  

For t h e  f i v e  so i l s  s t u d i e d  i n  d e t a i l ,  

I n  t h e  case o f  
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for 15086 w i t h  lunar  so i l s  shows t h a t  the s o i l  b recc ia  l i e s  o f f  the expected 
t rend.  The so i l  b recc ia  has been enr iched i n  i t s  hydrogen contents as compared 
to  lunar  so i l s  o f  s i m i l a r  m a t u r i t y .  

I n  o rder  to  show t h a t  lunar  hydrogen abundances are r e l a t e d  to  s o i l  matu- 
r i t y  and exposure h i s t o r i e s  and n o t  a f u n c t i o n  o f  depth w i t h i n  the  lunar  
surface, we have analyzed so i l  samples f rom the Apo l l o  17 deep d r i l l  core 
(70002-70009) (Gibson e t  a l . ,  1988). The core was taken about 400 m e t e r s  
southeast o f  Camelot Cra ter  and was the deepest s o i l  column (295 cm) re tu rned 
from the moon. 
so i l  m a t u r i t i e s .  The c o r r e l a t i o n  between hydrogen abundance det-trmlned i n  t h i s  
study and so i l  m a t u r i t y  as measured by the I s / F e O  index i s  s t r i k i n g  (F igure  1 ) .  
One o f  the d i s t i n c t i v e  fea tures  o f  the core i s  the immature zone between 20 and 
60 cm. A s  expected, we found very low hydrogen concentrat ions i n  t h i s  zone. 
Proceeding down the  core, s o i l s  became more mature, and l a r g e r  hydrogen abun- 
d a x e s  were found. Both o f  these r e s u l t s  a re  expected from the  g r a i n  s i z e  d i s -  
t r i b u t i o n s  i n  the core (Langevin and Nagle, 1980). The sec t i on  o f  the core 
"e re  hydrogen i s  depleted (bottom of 70009 through 70008) consis ted o f  coarse- 
gra ined b a s a l t i c  m a t e r i a l .  
g r a i n  s izes .  The l a r g e s t  hydrogen abundances were found i n  the  middle o f  70006 
lown t o  the middle o f  70005. These enrichments a re  associated w i t h  the f ' n e r -  
gra ined m a t e r i a l s  which have had a longer  sur face exposure. 

The Is/FeO p r o f i l e  for the e n t i r e  core shows a wide range o f  

Gas concentrat ions are u s u a l l y  lower i n  l a r g e r  

i t  i s  impor tan t  t o  know the H/He r a t i o  i n  lunar  m a t e r i a l s  i n  o rder  t o  
underz'2nd the  so la r  abundances along w i t h  o b t a i n i n g  in format ion about the 
p o t e n t i a l  abundances o f  he l ium i f  use o f  the 3He i s  ever t o  be u t i l i z e d  i n  
fus ion processes associated w i t h  space a c t i v i t i e s .  
sured hydrogen and hel ium abundances on n ine samples from the Apo l l o  17 deep 
2 i - i l l  core.  They found unusual ly  h igh  H/He  r a t i o s  for  the  samples. I t  i s  
be l ieved tha, the hydrogen abundances repor ted  by them represent  a component 
of  t e r r e s t r i a l  water contaminat ion.  Using our h drogen abundances and the 
hel ium values o f  Stonner e t  a l . ,  the average lH/XHe r a t i o  f o r  the Apo l l o  17 
deep d r i l l  core was found t o  be 8.5. This i s  i n  the expected range o f  7 t o  
10 for  the s o l a r  wind 1H/4He atom r a t i o .  

Stoenner e t  a l .  (1974) mea- 

3ur  hydrogen abundance s tud ies  have prov ided Impor tant  base l ine  informa- 
t i o n  f o r  engineer ing models undergoing study a t  the present  t i m e .  From our  
s tud ies i t  appears t h a t  there  i s  s u f f i c i e n t  hydrogen present  i n  se lected lunar  
ma te r ia l s  which cou ld  be recovered t o  support  f u t u r e  space a c t i v i t i e s .  I t  i s  
wel l  known t h a t  hydrogen can be ex t rac ted  f rom lunar  s o i l s  by heatlrng between 
400" an3 800 "C. 
heat ing  w i t h  so la r  m i r r o r s  and c o l l e c t i n g  the re leased hydrogen. I n  order  to  
have an understanding o f  the magnitude o r  s i z e  o f  the hydrogen recovery proc- 
ess r e w i r e d  t o  recover s u f f i c i e n t  hydrogen for soace opera t ions ,  we are 
reminded t h a t  the Space Shu t t l e  requ i res  around 102,000 kg hydrogen f o r  l i f t- 
o f f  f rom i t s  launch pad on ear th .  E x t r a c t i o n  o f  hydrogen f rom a mature lunar  
s o i l  t y p i c a l  o f  some o f  those present  a t  the Apo l l o  1 1  o r  17 s i t e s  would 
r e q u i r e  process ing a q u a n t i t y  o f  so i l  equal t o  t h a t  found from an area the s i z e  
o f  28 f o o t b a l l  f i e l d s  mined t o  a depth o f  10 f e e t .  
operat ions found on the ear th ,  such min ing opera t ions  are  considered q u i t e  
smal l .  

Recovery o f  hydrogen f rom r e g o l i t h  ma te r ia l s  would i nvo l ve  

I n  comparison to  min ing 

Current  base l ine  models f o r  the lunar  base are r e q u i r i n g  the produc t ion  
o f  1000 m e t r i c  tons o f  oxygen per  year .  from t h i s  requirement i t  follows t h a t  
around 117 m e t r i c  tons per year o f  hydrogen would be requ i red  f o r  the produc- 
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t i o n  of wate r .  G e r i s c h  (1988) has r e c e n t l y  examined t h e  equipment requ i remen ts  
f o r  a l u n a r  s t r i p  m i n i n g  system. To s u p p o r t  t h e  r e c o v e r y  o f  117 m e t r i c  t ons  o f  
hydrogen p e r  y e a r ,  i t  has been shown t h a t  t h e  t h r e e  drum s l u s h e r  t y p e  o f  m i n i n g  
equipment c o u l d  meet t h e  p r o d u c t i o n  r e q u i r e m e n t s .  The d e l i v e r y  we igh ts  o f  such 
equipment t o  t h e  l u n a r  sur face  would be around 30,000 k i l o g r a m s .  These we igh ts  
a r e  c o m p a t i b l e  w i t h  s h u t t l e  p a y l o a d  c a p a b i l i t i e s .  G e r i s c h  (1988) moted t h a t  
t h e  t h r e e  drum cable-way sc raper -bucke t  or s l u s h e r  m i n i n g  system c o u l d  be a 
v i a b l e  system f o r  l u n a r  m i n i n g  o p e r a t i o n s .  Such a system c o u l d  mine t h e  rego- 
l i t h  m a t e r i a l s  r e q u i r e d  for hydrogen p r o d u c t i o n  on  t h e  l u n a r  s u r f a c e .  The 
a b i l i t y  t o  o b t a i n  hydrogen from t h e  l u n a r  r e g o l i t h  would a s s i s t  i n  l o w e r i n g  
t h e  o p e r a t i n g  c o s t s  o f  any l u n a r  base. 
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NO. 14-09-0070-1228 

mutual consultation to specific research and development tasks i n  the i n d i -  

cated areas of science and technology. 

ment o f  

Johnson 

mutual 

I 

I 

INTERAGENCY AGREEMENT 

BETWEEN THE 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

JOHNSON SPACE CENTER 

AND THE 

DEPARTMENT OF THE INTERIOR 

BUREAU OF MINES 

ARTICLE I -- PURPOSE 

The purpose of  t h i s  Agreement between the  Bureau o f  Mines (BOM) of the Depart- 

the Inter ior  and the National Aeronautics and Space Administration, 

Space Center (JSC),  i s  to define the research and development areas of 

n te res t ,  and to  provide opportunity for  cooperative programs i n  space 

shing pennanent lunar bases, as  authorized by Section 

o f  June 30, 1983, as  amended (31 USC §1535), and Sec- 

o f  the National Aeronautics and Space Act o f  1985, as 

exploration and establ 

601 of  the Economy Act 

t i o n  203(C) ( 5 )  and (6 

amended (42 USC 02473). 

The Agreement will insure f u l l  and  effect ive use o f  the capabili t ies and  ex- 

per t i se  o f  DOI/BOM and NASA/JSC to identify, plan, execute, and monitor space 
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ART1 C L E  I I -- PROGRAM COORD I1;L.T I 

DOI/BOM and  NASA/JSC shall implement a regularly sched3i;ed exchange of plan- 

ning a n d  development of information related t o  areas of DOI/BOM involvement i n  

space exploration and  u t i l i za t ion .  These exchanges can be i n  terms of written 

or verbal communications, m u t u a l  visi ts ,  or  through j o i n t  c m i t t e e  meetings. 

Each agency will designate a key person to  ac t  as a l i a i s o n  for  t h i s  inter- 

agency cooperative e f fo r t .  

ARTICLE 111 --NASA/JSC CONTRIBUTION 

A. NASA/JSC will provide the necessary information on the p a s t  accomplish- 

ments, current a c t i v i t i e s ,  and future plans on the lunar base and plane- 

tary exploration programs as related t o  DOI/BOM involvement. 

will a l so  provide, as necessary, l u n a r  and planetary samples and environ- 

mental data for  fur ther  DOI/BOM and  NASA/JSC cooperative investigations. 

In addition, NASA/JSC will also provide d a t a  on l u n a r  and planetary sam- 

ples  f o r  fur ther  property and fragmentation studies. 

WA/JSC 

B. Extraterrestr ia l  samples of NASA/JSC a r e  n o t  comi t ted  by t h i s  Agreement. 

Normal NASA/JSC procedures wi l l  be followed for  access t o  samples i n -  

c l u d i n g  technical reviews of proposed work and specif ic  security plans for  

safeguarding samples. 

best  samples for  specific studies. 

NASA/JSC w i l l  collaborate w i t h  DOI/BOM to identify 
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I -  - -  

A R T I C L E  I V  -- D O I / B O M  CONTRIBUTIOt i  

Based on t h e  i n p u t  from MSAIJSC, D O I / B O M  will  provide technical support f o r  

both inhouse and  contract  research and development related t o  rock and  rego- 

l i t h  sampling,  m i n i n g ,  mineral ex t rac t ion ,  and property determination. Based 

on i n p u t  frcm NASA/JSC, D O I / B O M ,  will  provide technical support f o r  research 

and development a c t i v i t i e s  re la ted  t o  rock and regol i th  sampling and property 

determination, m i n i n g ,  mineral extract ion and processing. T h i s  will  cover 

areas  v i t a l  f o r  es tabl ishing manned l u n a r  o r  planetary bases. The support 

will  c o n s i s t  o f  consultation i n  areas o f  DOI/BOM expert ise  and o f  some t e s t i n g  

t o  charac te r ize  the e x t r a t e r r e s t r i a l  material samples. DOI/BOM will a l s o  par- 

t i c i p a t e  i n  the  d e s i g n  and development o f  equ ipmen t  or methods t o  be used i n  

lunar  o r  planetary environment f o r  either sample col lect ion or excavation i n -  

cluding rock fragmentation, and mineral ex t rac t ion  and processing. 

ARTICLE V -- FUNDING 

A. Nothing i n  t h i s  Agreement shall  be construed t o  imply any commitment of 

MSA/JSC's o r  DOI/BOM's funds o r  appropriations t o  each other.  

d i t i o n ,  each par ty ' s  resource commitment t o  t h i s  Agreement is subject  t o  

a v a i l a b i l i t y  of appropriated funds. 

In ad-  

B. For special  requested projects  o r  tasks involving the comnitment of f u n d s ,  

t h e  i n i t i a t i n g  party Will Process the appropriate  procurement and f u n d i n g  

document. 

ORIGINAL PAGE IS 
OF POOR QUALIP/ 
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ARTICLE V I  -- DURATION, MODIFICATION, AND TERMINATION 

T h i s  Agreement shall become e f f e c t i v e  upon t h e  l a s t  s i g n a t u r e  hereto,  and w i l l  

remain i n  e f f e c t  f o r  3 years ,  o r  u n t i l  such t i m e  as i t  i s  t e r m i n a t e d  upon 90 

days ' w r i t t e n  n o t i c e  o f  e i t h e r  p a r t y .  

s a i d  Agreement may be t e r m i n a t e d  a t  any t ime.  

However , upon mutual  w r i t t e n  agreement, 

FOR: DEPARTMENT OF THE INTERIOR 
A 

' D i r e c t o r  
Bureau of Mines 

FOR: NATIONAL AERONAUTICS AND 
SPACE ADMINISTRATION 

Acting Erec tor  
Lyndon 6. Johnson Space Center  
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United States Department of the Interior 

BURE.AL' O F  Jl1SV.S 
2401 E S I'REFI'. Si\'. 

\!':\SHISC;'I'( IS. I).(: .  2024 I 

June 20, 1986 

Mr. Jesse W. Moore 
Director 
Lyndon B. Johnson Space Center 
Houston, Texas 77058 

Dear Mr. Moore: 

The research staffs of our organizations have established mutual research 
interests resulting in the signing of Interagency Agreement No. 
14-09-007-1228. We, in the general area of space exploration and 
utilization, consider this as an extension of our previous cooperative 
research in the Apollo program. At that tine. working with James J. 
Gangler from NASA Headquarters, the Bureau participated in the basic 
research on lunar resource utilization as a nember of the Working Group 
on Extraterrestrial Resources. As early as 1962. this group was 
developing techniques for reducing the dependence of lunar and planetary 
exploration on terrestrial supplies. I am pleased to see that cooperation 
is being reestablished and see great potential for benefits for both our 
agencies. 

The ratified Agreement requires that each agency designate a key person to 
act as liaison for this interagency cooperative effort. The liaison 
functions in the Bureau of Mines will be under the direction of the Deputy 
Director, David S. Brown. 

The technical management aspects will be handled by the Assistant 
Director--Mining Research, Dr. David R. Forshey, and his staff in 
Washington, D.C. The lead Center for this research will be the Twin 
Cities Research Center (TCRC), Minneapolis, Minnesota, under the direction 
of the Research Director, Dr. Lewis V. Wade. The cooperative effort was 
initiated by Egons R. Podnieks. Senior Staff Scientist at TCRC, and he 
will continue to provide the coordination and liaison within the scope of 
the Agreement. 

Sincerely, 

Director 
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3He on the Moon 

Issues: 

1. What is the range of measured 3He concentrations? 

2. How does 3He abundance vary from place to place on the moon? 

3. Why is 3He correlated with titanium? 

4. How does 3He vary with depth in the lunar regolith and what is the 
depth of the lunar regolith containing significant 3He? 

5. How can we predict 3He abundances in a lunar region without having 
samples? 

6. is  it possible that regions of ancient regolith have higher 3He 
concentrations? 

7. Is it possible that some lunar process have concentrated 3He in some 
regions or "ore bodies"? 

8. Is it practical to mine enough 3He to provide a significant product? 

9. What are the power requirements of the mining system? 

10. What is the weight of the mining system? 

11. Should the mined material be sized before extraction? 

12. Should the mined material be mineral concentrated or beneficiated? 

13. What is the best way to liberate the 3He? 

14. What is the best way to collect and store the 3He? 

15. What is the power requirements of the system which extracts the 
3He? 

16. How much does this system weigh? 

17. What are the economics of the overall scheme? 

18. What are the political and legal ramifications? 
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