
HIGH PRESSURE COSMOCHEMISTRY OF MAJOR PLANETARY INTERIORS: LABORATORY 
STUDIES OF THE WATER-RICH REGION OF THE SYSTEM AMMONIA-WATER 
Malcolm Nicol, Mary Johnson, Steven Boone, and Hyunchee Cynn 
Department of Chemistry and Biochemistry 
Univers i ty  of Ca l i fo rn i a ,  Los Angeles, CA 90024 

Models of t h e  major p l a n e t s  and t h e i r  s a t e l l i t e s  make simple, r a t h e r  
a r b i t r a r y  assumptions concerning deep i n t e r i o r s ,  "Rock" co res  o r  "ice" 
(water-ammonia-methane) l a y e r s  a r e  o f t e n  invoked without  cons ider ing  
thermodynamic consis tency.  The behavior of "gas-ice" mixtures  a t  very high 
pressures ,  however, i s  poorly understood. When t h i s  p r o j e c t  began, few 
measurements  e x i s t e d  on  b i n a r y  o r  m u l t  icomponent  g a s - i c e  s y s t e m s  a t  
p ressures  of t h e  o rde r  of 1 GPa. We s e t  ou t ,  t h e r e f o r e ,  t o  determine some 
r e l e v a n t  p r e s s u r e - t e m p e r a t u r e - c o m p o s i t i o n  (P-T-X) r e g i o n s  o f  t h e  
hydrogen ( ~ 2 )  - helium (He) - water  (H20) - ammonia ( ~ ~ 3 1  - methane ( c H ~ )  
phase diagram, These experiments,  and t h e o r e t i c a l  modeling of t h e  r e l evan t  
phases,  a r e  needed t o  i n t e r p r e t  ice-gas systems of p l ane t a ry  i n t e r e s t .  

Our f i r s t  goal  was t o  show t h a t  t h e  d a t a  needed t o  c h a r a c t e r i z e  
compositions and s t r u c t u r e s  of a multi-phase, multi-component system a t  
very high p re s su res  can be obtained wi th  reasonable prec is ion .  We began 
wi th  water-r ich s o l u t i o n s  of ammonia f o r  s e v e r a l  reasons. These mixtures  
a r e  r e l evan t  t o  p lane tary  i n t e r i o r s  and a r e  r e l a t i v e l y  easy t o  prepare.  A 
few p a r t s  of t h e  r e l evan t  P-T-X space had been determined. These include:  
t h e  P-T s u r f a c e s  of pure water  [ see ,  f o r  example, Mishima and Endo ,19801 
a n d  p u r e  ammonia [ M i l l s  e t  a l e ,  1 9 8 2 1  a n d  t h e  T-X s u r f a c e  o f  
ammonia-water a t  atmospheric p re s su re  [ ~ o l l e t  and Vu i l l a rd ,  19561 which 
inc ludes  two water-r ich compounds ammonia d ihydra t e  ( N I Z ~ ~ ~ H ~ O )  and ammonia 
hydra te  (NH3*H20). The d ihydra te  i s  t h e  ammonia-bearing phase most l i k e l y  
t o  occur  near  t h e  s u r f a c e s  of i c y  p l ane t s .  Recent models [Lunine and 
Stevenson, personal  communication] suggest  t h a t  both d ihydra t e  and hydra t e  
a r e  important i n  t h e  evolu t ion  of t h e  i n t e r i o r  and s u r f a c e s  of t h e  i cy  
s a t e l l i t e s ,  The work was begun by M s .  Andrea Koumvakalis and D r .  Mary 
Johnson [Johnson e t  a l . ,  19851 and i s  being continued by M r .  Steven Boone 
and Mr. Hyunchee Cynn. 

Even f o r  t h i s  r e l a t i v e l y  simple system, many experimental problems 
had t o  be overcome. The s t r u c t u r e s  of some of t h e  s o l i d s  a r e  v e r y  
d i f f e r e n t  from t h e  s t r u c t u r e  of t h e  l i qu id .  These s o l i d s  a r e  d i f f i c u l t  t o  
grow, and l i q u i d  o r  a g l a s sy  s o l i d  o f t en  p e r s i s t s  metas tab ly  a t  condi t ions  
where  c r y s t a l s  s h o u l d  form. I c e  V I  and  ammonia d i h y d r a t e  a r e  v e r y  
troublesome. Despi te  many a t tempts  t o  overcome t h i s  m e t a s t a b i l i t y ,  it  i s  
not c l e a r  t h a t  equi l ibr ium boundaries have been e s t a b l i s h e d  among t h e s e  
phases and t h e  l i qu id .  A l l  of t h e  phases a l s o  a r e  c o l o r l e s s ;  and t h e  
s t r u c t u r e s  and v i b r a t i o n a l  s p e c t r a  of many of t h e  phases a r e  not known. 
Thus, we learned t o  i d e n t i f y  phases by shapes and b i re f r ingence .  These 
observa t ions  do not  i d e n t i f y  phases unambiguously; however, they he lp  us 
us t o  determine how t o  grow au then t i c  samples of pure phases. 

A manuscript submitted t o  t h e  Journal of Geophysical Besearch during 
August 1986 desc r ibes  D r .  Johnson's s t u d i e s  of t h e  phase diagram of 



(NI13),(H20)1-x a t  p ressures  t o  5 GPa, temperatures  from 240 t o  370 K, and 
ammonla compositions t o  502, P a r t i c u l a r l y  c a r e f u l  s t u d i e s  were made near  
5 ,  10, 15,  20, 25, 30, and 34% i n  a n  e f f o r t  t o  r e s o l v e q u e s t i o n s  about 
m e t a s t a b i l i t y  of t h e  l i q u i d  and poss ib l e  d i f f e r e n c e s  between v i s u a l  work 
i n  t h e  d i amond-ce l l  and  t h e r m o p h y s i c a l  measurements  i n  a l a r g e  
p is ton-cyl inder  apparatus .  D r  Johnson showed t h a t  me l t i ng  a t  20% MI3 and 
h igher  compositions i s  complex; t h e  composition of t h e  high-temperature 
s o l i d  phase v a r i e s  wi th  both temperature and time; and t h e  phase diagram 
can be reasonably we l l  cons t ra ined  by t h e s e  da t a ,  Other r e s u l t s  ob ta ined  
from D r .  Johnson's work a r e :  

1. A t  25O C and lower temperatures ,  f i v e  w e l l  cha rac t e r i zed  and 
w e l l  behaved phases were observed, inc luding:  l i q u i d ;  i c e  V I ;  i c e  
V I I ;  a n  ammonia hydra te ;  and a n  ammonia d ihydra te .  

2. A t  3.45 GPa, d ihydra t e  r e c o n s t i t u t e s  i n t o  myrmekitic in te rgrowths  
of I c e  V I I  w i t h  a h igher - re l ie f  phase which seems t o  be i s o t r o p i c .  
The high-pressure phase was shown t o  have a composition nea r  
NH3*H20e The t r a n s i t i o n  i s  e i t h e r  independent of temperature o r  
has  a nega t ive  P-T slope. Hydrate p lus  I c e  V I I  remains s t a b l e  a t  
room temperature t o  14.7 GPa, Whether t h e  low-temperature and 
high-pressure hydra tes  a r e  equiva len t  must s t i l l  be examined. 

3. To t h e  l i m i t s  of p r e c i s i o n  of t h i s  study, none of t h e  boundaries 
between s o l i d  phases of water  i c e  a r e  s h i f t e d  by t h e  presence of 
ammonia, a l though mel t ing  i s , suppres sed  i n  t h e  expected manner. 

4. A t  room temperature,  t h e  I c e  VI-dihydrate-liquid e u t e c t i c  i s  a t  17 
atom percent  ammonia and 1.58 GPa. The e u t e c t i c  curve a s  a whole 
may be f i t  by t h e  equat ions:  T = 174 + 1.125 P - 0.0229 p2 ( r  = 
0.83) and X = 13.35 + 0.0252 P ( r  = 0.96). 5. The d ihydra te - l iqu id  
f i e l d  h a s  a n  unusua l ly - shaped  r e g i o n  of s t a b i l i t y .  D i h y d r a t e  
becomes v e r y  p rominen t  i n  t h e  h i g h  p r e s s u r e  reg ieme.  A t  room 
temperature,  d ihydra t e  m e l t s  a t  0.88 GPa. 

M r o  S t e v e n  Boone i s  e x t e n d i n g  t h e  v i s u a l  s t u d i e s  sys t em i n  t h e  
diamond-anvil high p re s su re  c e l l s ,  e s p e c i a l l y  nea r  33% NH3. 

M r .  Hyunchee Cynn used t h e  d a t a  obta ined  by D r .  Johnson t o  grow s i n g l e  
c r y s t a l s  of ammonia d ihydra t e  a t  room temperature and has begun t o  determine 
t h e i r  s t r u c t u r e s  by x-ray d i f f r a c t i o n .  P r e l i m i n a r y  d a t a  s u g g e s t  t h a t  
d i h y d r a t e  h a s  a monocl in ic -B s t r u c t u r e ,  The l a t t i c e  c o n s t a n t s  were :  
a = 709.80 pm, b = 568.86 pm, c = 886.64 pm, a = 90.008O, B = 109.5450, and 
Y = 90.401°. While t h e  d i f f r a c t i o n  work cont inues,  M r .  Cynn a l s o  has grown 
s i n g l e  c r y s t a l s  of d ihydra t e  f o r  Raman and i n f r a r e d  spectroscopy. 

D r s .  Johnson and Nicol  a r e  involved i n  two o t h e r  p r o j e c t s  of p l a n e t a r y  
i n t e r e s t .  (1) Chemical  r e a c t i o n s  d u r i n g  shock  compres s ion  of s i m p l e  
molecules a r e  being followed by spectroscopy i n  o r d e r  t o  eva lua t e  how t h e  
r e a c t i o n s  a f f e c t  t h e  i n t e r p r e t a t i o n  of equat ion  of s t a t e  d a t a  obta ined  by 
shock methods. ( 2 )  Temperature and x-ray d i f f r a c t i o n  measurements a r e  being 



made on r e s i s t i v e l y  hea t ing  wi re s  i n  diamond-anvil c e l l s  i n  o rde r  t o  o b t a i n  
phase and s t r u c t u r a l  d a t a  r e l evan t  t o  i n t e r i o r s  of t e r r e s t r i a l  p lane ts .  

Shock compression d a t a  a r e  t h e  o t h e r  major source of equat ions of s t a t e  
f o r  H-C-N-0 compounds a t  p re s su re s  and temperatures  i n s i d e  p lane ts .  However, 
many compounds undergo chemical r e a c t  i ons  dur ing  shock compression. The 
products  and k i n e t i c s  of t h e s e  r e a c t i o n s  a r e  not understood, and t h e  e f f e c t s  
of t h e  r e a c t i o n s  have not  been f u l l y  considered i n  reducing shock wave d a t a  
t o  e q u a t i o n s  of  s t a t e .  With benzene  a s  a p r o t o t y p e ,  we u s e  m o l e c u l a r  
emission s p e c t r a  t o  d e t e c t  products  of t h e s e  shock r e a c t i o n s  a t  p re s su re s  
between 20 and 65 GPa and temperatures  between 2000 and 5000 ~ . [ ~ o h n s o n  e t  
a l . ,  19861 The s p e c t r a  show many bands of C2 and o t h e r  small  molecules. 
Recent experiments wi th  doubly-shocked m a t e r i a l  suggest  t h a t  k i n e t i c s  of 
t h e  post-shock r e a c t i o n s  can be followed. 

Another shock wave p r o j e c t  involves  a " syn the t i c  Uranus", a s o l u t i o n  
of iso-propanol, ammonia, and water  w i th  C:N:O compositions of cosmic 
abundance, I n  a d d i t i o n  t o  t h e  spectroscopy,  shock equat ions  of s t a t e  and 
e l e c t r i c a l  c o n d u c t i v i t i e s  of  t h i s  " p l a n e t "  a r e  b e i n g  measured .  O t h e r  
s t a r t i n g  mixtures  a l s o  w i l l  be s tud ied  i n  o rde r  t o  determine whether t h e  
r e s u l t s  depend s t rong ly  upon t h e  i n i t i a l  chemical spec ies .  

Drs.  B o e h l e r ,  Johnson ,  and  Nico l  a l s o  d e v e l o p e d  t e c h n i q u e s  f o r  
measuring t h e  temperatuers  of r e s i s t i ve ly -hea t ed  i r o n  and o t h e r  meta ls  i n  
gasketed diamond-anvil ce l l s . [Boehler  e t  a l e ,  19861 D r .  Boehler has  app l i ed  
t h e s e  techniques t o  de te rmina t ion  of t h e  phase diagram of i r o n  and, wi th  
c o l l a b o r a t o r s  f rom P a r i s  QI, Par i s -Nord ,  R i s o ,  a n d  HASYLAB, t h e y  a r e  
ob ta in ing  high-pressure,  high-temperature x-ray d i f f r a c t i o n  d a t a  f o r  a lpha,  
gamma, and e p s i l o n  i r o n  t h a t  a r e  needed t o  understand t h e  n a t u r e  of t h e  
Earth's core. 
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