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HIGH PRESSURE PHYSICS AND CHEMISTRY I N  GIANT PLANETS AND THEIR 

SATELLITES + 

D .  J . Stevenson 

Division of Geoloyicul und Plamtary Sciences, Cali fornia I n s t i t u t e  of  
Technology, Pasadena, CA 91125, U.S. A .  

Resume - Les couches profondes  de  J u p i t e r ,  Sa tu rne ,  Uranus, Neptune a i n s i  
que l e u r s  s a t e l l i t e s  s o n t  Q t u d i e s .  Des r e s u l t a t s  impor t an t s  concernant  l a  
Physique d e  l a  Mat iere  Condensee s o n t  exposes .  La d i s c u s s i o n  p o r t e  s u r t o u t  
s u r  H2, H-lie, H -H 0, H2-CH 

2 2 4,  NH3, e t  CH4.5.75H 0. La P l a n e t o l o g i e  bene f i -  
c i e r a  des  dCveloppements , p r e s e n t s  e t  f u t u r s  , t i e o r i q u e s  e t  expdrimentaux. 

Abs t rac t  - The deep i n t e r i o r s  o f  J u p i t e r ,  Sa tu rn ,  Uranus, Neptune, and t h e i r  
s a t e l l i t e s  a r e  discussed.  The important  i s s u e s  r e l e v a n t  t o  t h e  phys ics  o f  
condensed mat ter  a r e  i d e n t i f i e d .  The d i scuss ion  emphasizes Hz, H-He, H - 
H20. Hz-CHI. WH3. and CH4.5.15H20. P resen t  and f u t u r e  theory  and experiment 
are o f  g r e a t  b e n e f i t  t o  p lane ta ry  sc ience .  

The l a s t  decade has  s e e n  dramat ic  developments i n  our  unders tanding o f  
p lane t s ,  p r i m a r i l y  because o f  t h e  d a t a  r e tu rned  by deep space missions.  For 
example, t h e  Voyager miss ion c o n s i s t s  o f  two s p a c e c r a f t  which f l e w  p a s t  both 
J u p i t e r  and Saturn;  one o f  t h o s e  s p a c e c r a f t  w i l l  be  t h e  first man-made o b j e c t  t o  
v i s i t  Uranus, i n  e a r l y  1986. One o f  t h e  u l t i m a t e  g o a l s  o f  t h i s  e x p l o r a t i o n  e f f o r t  
is t o  e l u c i d a t e  t h e  o r i g i n  and composition o f  t h e  s o l a r  system. Th i s  r e q u i r e s  both 
s p a c e c r a f t  d a t a  and a knowledge o f  t h e  p r o p e r t i e s  o f  r e l e v a n t  m a t e r i a l s  a t  t h e  
thermodynamic cond i t ions  encountered w i t h i n  t h e  p l a n e t s  and t h e i r  s a t e l l i t e s .  The 
high p ressu re  physics  community is providing a n  e s s e n t i a l  s e r v i c e  t o  p lane ta ry  
sc ience  i n  t h i s  a rea .  My g o a l  i n  t h i s  b r i e f  summary review is t o  o u t l i n e  t h e  
p resen t  s t a t e  o f  a f f a i r s  and i d e n t i f y  t h e  a r e a s  where p resen t  and f u t u r e  experiment 
o r  theory  can provide s u b s t a n t i a l  advances. 

A d e t a i l e d  determinat ion o f  t h e  i n t e r n a l  p r o p e r t i e s  o f  p l a n e t s  can never be  
achieved except  by d i r e c t  sampling. The i n t e r p r e t a t i o n  o f  p l a n e t a r y  i n t e r i o r s  must 
r e l y  heav i ly  on "models" which s impl i fy ,  by jud ic ious  choice  o f  assumptions,  t h e  
complex n a t u r e  o f  r e a l  p l ane t s .  For our  p resen t  d i scuss ion ,  t h e  two most important  
assumptions deserving f u r t h e r  d i scuss ion  a r e  those  concerning composition and t h e  
i n t e r n a l  d i s t r i b u t i o n  o f  c o n s t i t u e n t s .  (Other assumptions,  such  a s  h y d r o s t a t i c  
equi l ibr ium,  are c r u c i a l  t o  t h e  models bu t  a r e  o f  wel l -es tabl ished v a l i d i t y  and 
mer i t  l e s s  concern.) 

The bulk compositions o f  g i a n t  p l a n e t s  and t h e i r  s a t e l l i t e s  a r e  assumed t o  
be r e l a t e d  t o  Gosmio abundances ( o r ,  a lmost  equ iva len t ly ,  t h e  pr imordia l  compo- 
s i t i o n  of t h e  sun) .  The r e l a t i o n s h i p  is no t  a n  i d e n t i t y  s i n c e  p l a n e t a r y  compo- 
s i t i o n  is a l s o  determined by r e l a t i v e  v o l a t i l i t y  (1.e. which c o n s t i t u e n t s  can 
condense under t h e  thermodynamic c o n d i t i o n s  encountered dur ing  p l a n e t a r y  fo r -  
mation).  It is convenient t o  subdivide t h e  c o n s t i t u e n t s  i n t o  three c l a s s e s  of 
ma te r i a l s :  gases .  ices, and rock. 'Oases' mean p r imar i ly  hydrogen and helium, 
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which comprise 0.92 and 0.08 (approximate y )  number f r a c t i o n  o f  a cosmic mixture .  
A l l  o t h e r  e lements  combined comprise -lo-' number f r a c t i o n .  Although t h e s e  
e lements  a r e  overwhelmingly most abundant,  t hey  are a l s o  the most v o l a t i l e  and can 
on ly  be  inco rpora t ed  i n t o  a p l a n e t  i n  gaseous  form. High v o l a t i l i t y  and high 
molecular  v e l o c i t y  (implying e a s e  o f  escape)  p reven t s  t h e s e  c o n s t i t u e n t s  from being 
s i g n i f i c a n t  components on  bod ies  $ Earth  i n  s i z e .  Not s u r p r i s i n g l y ,  however, 
hydrogen and helium are t h e  main c o n s t i t u e n t s  o f  J u p i t e r  and Saturn .  The " ices"  
mean H20,  CH4. NH3, and p o s s i b l y  CO, C02, N2; m a t e r i a l s  which form from 0, C, and 
N; r e s p e c t i v e l y  t h e  t h i r d ,  f o u r t h ,  and s i x t h  most abundant e lements  i n  t h e  
Universe. (The f i f t h  most abundant element is Ne and is a very  minor component o f  
' gases ' ) .  The "ices" a r e  capab le  o f  condensat ion ( a s  s o l i d s )  i n  t h e  o u t e r  s o l a r  
system, t o  varying degrees  depending on d i s t a n c e  from t h e  Sun. Water i c e  appears  
t o  predominate a t  J u p i t e r ;  t h e  o t h e r  i c e s  a r e  p r e s e n t  ( b u t  i n  u n c e r t a i n  amounts) i n  
more d i s t a n t  bodies.  The p l a n e t s  Uranus and Neptune a r e  predominantly i c y .  The 
t h i r d  c l a s s  o f  m a t e r i a l  is "rockw' ,  e s s e n t i a l l y  eve ry th ing  o t h e r  than  * 'gases"  
and "ices." The primary c o n s t i t u e n t s  o f  "rock1'  a r e  those  found i n  t h e  Ear th :  
magnesium s i l i c a t e s  and i r o n  (both  a s  meta l  and bound up i n  s i l i c a t e s  o r  ox ides ) .  

When models o f  p l a n e t s  are cons t ruc ted ,  i t  is usua l  t o  t r e a t  t h e s e  t h r e e  
m a t e r i a l  c l a s s e s  a s  t h e  primary bu i ld ing  b locks  and t o  assume (wi th  minor v a r i -  
a t i o n s )  t h a t  t h e  r e l a t i v e  e l emen ta l  abundances w i t h i n  a m a t e r i a l  c l a s s  a r e  equa l  t o  
t h e  cosmic abundanoea. For example, the C:O ra t io  might be k e p t  f i x e d  b u t  t h e  H:O 
r a t i o  might be a n  a d j u s t a b l e  parameter.  It is important  t o  unders tand t h a t  t h i s  
procedure  is an  g s s u m ~ t i o n .  We do no t  unders tand enough about  t h e  e a r l y  s o l a r  
system, o r  t h e  dynamics and phase mixing o f  p l a n e t a r y  i n t e r i o r s  t o  a s s e s s  wi th  
conf idence t h e  v a l i d i t y  o f  t h i s  approach. Never theless ,  it y i e l d s  r e s u l t s  con- 
s i s t e n t  wi th  obse rvab le  p r o p e r t i e s .  An obvious  c o r o l l a r y  o f  t h i s  approach is t h a t  
p l a n e t s  and perhaps  s a t e l l i t e s  a r e  layered.  i n  accordance wi th  t h e  r e l a t i v e  den- 
sities o f  t h e  t h r e e  c o n s t i t u e n t  o l a s s e s :  rock  c o r e ,  i c e  l a y e r ,  g a s  envelope. 
Although t h i s  g i v e s  t h e  lowest  (1.e. most nega t ive )  g r a v i t a t i o n a l  energy,  i t  is n o t  
n e c e s s a r i l y  t h e  p r e f e r r e d  thermodynamic s t a t e  if t h e  l a y e r s  are m i s c i b l e  (e.g. i f  
t h e  " i c e * '  can mix f u l l y  wi th  t h e  "gas"). It is i n  t h i s  a r e a ,  i n  p a r t i c u l a r ,  
t h a t  ou r  knowledge is most l i m i t e d  and where f u t u r e  experiment and theory  w i l l  h e l p  
immense1 y . 

It is no t  p o s s i b l e  t o  d e s c r i b e  t h e  c o n s t r u c t i o n  o f  p l a n e t a r y  models here .  
The i n t e r e s t e d  r e a d e r  w i l l  f i n d  a b r i e f  review 111 o r  more d e t a i l e d  d i s c u s s i o n s  
[2,3,41 elsewhere.  For ou r  p r e s e n t  purpose,  i t  is most u s e f u l  t o  list t h e  thermo- 
dynamic c o n d i t i o n s  encountered: 

Large S a t e l l i t e s  
Mercury, Mars 
Ear th ,  Venus 
Uranus, Neptune 
S a t u r n  
J u p i t e r  

Table  I 

Thermodynamic Condi t ions  i n  P l a n e t s  and S a t e l l i t e s  

'center Tcenter  (K) 

Pressu res  a r e  obta ined from s o l u t i o n  o f  t h e  equa t ion  o f  h y d r o s t a t i c  e q u i l i b r i u m  
wi th  g i v e n  assumpt ions  f o r  t h e  c o n s t i t u e n t s  and t h e i r  l a y e r i n g .  Temperatures are 



obta ined from knowledge o f  t h e  i n t e r n a l  hea t  f low (measured f o r  Ear th ,  J u p i t e r ,  
Sa tu rn ,  and Neptune; i n f e r r e d  f o r  t h e  o t h e r s )  and t h e o r i e s  o f  convect ion ( s i n c e  all  
p l a n e t s  and s a t e l l i t e s  e l i m i n a t e  h e a t  p r i m a r i l y  by convect ion - r e g a r d l e s s  o f  
whether they  a r e  s o l i d  o r  f l u i d ) .  We w i l l  now d i s c u s s  b r i e f l y  each  body ( o r  c l a s s  
of  body) i n  t h e  o u t e r  s o l a r  system, i n  o r d e r  o f  dec reas ing  mass. 

J u p i t e r  is arguably  t h e  b e s t  understood p l a n e t  i n  o u r  s o l a r  system 
( inc lud ing  Ear th ) .  A l l  known p r o p e r t i e s  a r e  c o n s i s t e n t  w i th  a body t h a t  c o n s i s t s  
o f  -95% cosmic abundance mixture  (by mass),  w i th  t h e  remaining -5% (i.e. ten-twenty 
Ea r th  masses) i n  t h e  form o f  a dense (probably  rock)  core .  O f  t h e  cosmic envelope, 
roughly 70% is a m e t a l l i c  hydrogen-helium-minor c o n s t i t u e n t  mixture .  The outermost  
30% is a molecular  hydrogen-helium-minor c o n s t i t u e n t  mixture .  The amount o f  i c e  
might be i n  excess  o f  cosmic abundance s i n c e  d i r e c t  obse rva t ions  o f  t h e  atmosphere 
i n d i c a t e  a f a c t o r  of two enhancement o f  methane. The temperature  w i t h i n  J u p i t e r  is 
high enough t h a t  no first o r d e r  phase t r a n s i t i o n s  ( o t h e r  than  c loud condensat ion o f  
minor c o n s t i t u e n t s )  a r e  encountered a t  P $ 1 Mbar, and it is u n c l e a r  whether 
molecular -> m e t a l l i c  hydrogen is a first o rde r  t r a n s i t i o n  o r  i m m i s c i b i l i t y  o f  
helium occur  a t  still g r e a t e r  dep ths  ( t h e s e  i s s u e s  a r e  d i scussed  f u r t h e r  below). 

S a t u r n  is s u p e r f i c i a l l y  r a t h e r  s i m i l a r  t o  J u p i t e r ,  b u t  w i th  some impor t an t  
d i f f e r e n c e s .  It has  a h ighe r  mass f r a c t i o n  (-209b) i n  t h e  form o f  dense ( rock?)  
c o r e  and I R  d a t a  s u g g e s t s  t h a t  it has  a helium d e p l e t i o n  (by - f a c t o r  o f  two 
r e l a t i v e  t o  cosmic) i n  t h e  o u t e r  envelope. S a t u r n ' s  lower mass a l s o  means t h a t  a 
much sma l l e r  f r a c t i o n  (-one t h i r d )  o f  its mass is a m e t a l l i c  hydrogen-dominated 
mixture.  The helium d e p l e t i o n  sugges t s  l i m i t e d  s o l u b i l i t y  o f  helium i n  hydrogen 
(discussed f u r t h e r  below). 

Uranus and Neptune are much less we l l  understood bu t  a r e  c l e a r l y  very  d i f -  
f e r e n t  from J u p i t e r  and Sa tu rn .  A c o n s i s t e n t  model h a s  a rock c o r e  of  s e v e r a l  
Ea r th  masses surrounded by a water- r ich  l a y e r  which extends  p a r t  way o r  a l l  t h e  way 
t o  a n  atmosphere t h a t  is known t o  be hydrogen-dominated. It is n o t  known whether 
t h e r e  is a n  ab rup t  o r  g r a d u a l  t r a n s i t i o n  from water-dominated cond i t ions ,  a l though 
i t  i s  argued below t h a t  an  ab rup t  ("ocean" -> atmosphere) t r a n s i t i o n  is n o t  
r equ i red .  I n  any even t ,  t h e  i c e  component o f  t h e s e  p l a n e t s  is t y p i c a l l y  - h a l f  t h e  
t o t a l  mass, but  wi th  a l a r g e  u n c e r t a i n t y .  

a s a t e l l i t e s  range from 10 and Europa (rock-dominated), through Ganymede 
and C a l l i s t o  (water  i c e  and rock)  t o  T i t a n  and T r i t o n  ( u n c e r t a i n  composition bu t  
p o s s i b l y  l i k e  Ganymede wi th  a n  a d d i t i o n  o f  a t  l e a s t  some more v o l a t i l e  i c e s ,  
e s p e c i a l l y  CH4).  I n  t h e  more i ce - r i ch  s a t e l l i t e s ,  t h e  s t r u c t u r e  is  u s u a l l y  
bel ieved t o  be a rock-rich c o r e  surrounded by a n  i c e  l a y e r  t h a t  is p a r t i a l l y  o r  
e n t i r e l y  s o l i d  C51. The temperature  (1300 K) anc! p r e s s u r e  ( s e w  t e n s  o f  k i l o b a r s )  
encountered i n  t h i s  i c e  r e q u i r e  d e t a i l e d  c o n s i d e r a t i o n  o f  t h e  water  i c e ,  NH3-H20 
and CHI-H 0 phase diagrams, some a s p e c t s  o f  which a r e  d i scussed  f u r t h e r  below. 
T i t a n  is be l i eved  t o  have a hydrocarbon ocean 161 and T r i t o n  may have l i q u i d  N2 on  
its s u r f a c e  [71. 

IWORTANT CONDENSED MATTER PROBLEMS 

We t u r n  from t h e s e  g e n e r a l i t i e s  about  p l a n e t s  t o  a c o n s i d e r a t i o n  o f  t h e  
m a t e r i a l  p r o p e r t i e s  r e q u i r e d  f o r  a n  improved unders tanding o f  p l a n e t a r y  i n t e r i o r s .  
The fo l lowing  Table i d e n t i f i e s  t h e  impor t an t  pu re  c o n s t i t u e n t s  and mixtures ;  t h e  
subsequent d i s c u s s i o n  summarizes t h e  c u r r e n t  s t a t e  o f  knowledge and i d e n t i f i e s  t h e  
work needed f o r  f u r t h e r  progress .  



C8-100 JOURNAL DE PHYSIQUE 

Table I1 

Planetary Mater ials  and Problems 

Material  Thermodynamic Conditions Problem 

H-He P - few mar, T - lo4 K 

H20 100 kbar 5 P 5 Mbar, T 5000 K 

H2-H20 same condit ions 

H2-CH4 same condit ions 
H2-CH4-C0 same condit ions 

NH <-> N2, H2 P 2 10 kbar. T - 1000 K + 
~ o % l e  gases same 

dianociat ion,  e l e c t r i c a l  
conduct ivi ty  
s o l u b i l i t y ,  volume of mixing 
nature of bonding ( i o n i c ? ) ,  
decomposition?, e l e c t r i c a l  
conduct ivi ty  
s o l u b i l i t y ,  ion iza t ion ,  
d i ssoc ia t ion ,  conduct ivi ty  
s o l u b i l i t y ,  d i s soc ia t ion  
d i ssoc ia t ion ,  s o l u b i l i t y ,  
c l a t h r a t e s ,  chemistry? 
d i ssoc ia t ion  
s o l u b i l i t y  i n  metals,  
p a r t i t i o n i n g  between phases, 
xenology 

This t a b l e  is not exhaustive and tends t o  emphasize binary endmembers of  t h e  
r e a l  multicomponent system. The emphasis is on the  major cons t i tuen ts ,  except f o r  
t h e  en t ry  on noble gases which has been included because these  minor cons t i tuen ts  
may be important t r a c e r s  of i n t e r n a l  processes and ( i n  t h e  p a r t i c u l a r  case of  
xenon) may even have chemistry. 

Molecular Hvdroaen. The behavior of H2, e spec ia l ly  a t  P 2 0.5 Mbar, is f a r  
from well understood. Simple models f o r  d i ssoc ia t ion  and e l e c t r o n i c  e x c i t a t i o n  
suggest a s u b s t a n t i a l  change i n  t h e  s p e c i f i c  heat  and Gruneisen 7 ,  which may have a 
dramatic e f f e c t  on t h e  dynamics and evolut ion of  J u p i t e r  and Saturn. Perhaps t h e  
most i n t e r e s t i n g  re levan t  experiment o r  theory f o r  H2 concerns t h e  value of  t h e  
band gap energy between valence and conduction l e v e l s  a s  a funct ion of  pressure,  
s i n c e  t h i s  a f f e c t s  est imates  of both thermodynamic and t ranspor t  p roper t i es ,  
espec ia l ly  e l e c t r i c a l  conductivity. The l a t t e r  is important,  s ince  recent  magneto- 
hydrodynamic ca lcu la t ions  [81 suggest t h a t  t h e  observed wind p r o f i l e s  i n  t h e  atmos- 
pheres o f  J u p i t e r  and Saturn may be p a r t l y  de t  rmlned by t h e  e l e c t r i c a l  conduc- 
t i v i t y  of  H2 i n  t h e  region where p' - 0.2 ..om-' and T - 5000 K .  Exis t ing band 
s t r u c t u r e  ca lcu la t ions  [91 i n d i c a t e  t h a t  t h e  band gap i n  H2 decreases t o  zero a t  P - 1 Mbar (presumably a precursor t o  the  H2 -> monatomic meta l l i c  hydrogen tran- 
s i t i o n ) .  Direct  confirmation of t h i s  behavior (e.g. o p t i c a l  r e f l e c t i v i t y  s tud ies )  
or i n d i r e c t  evidence o f  t h i s  behavior (e.g., e l e c t r i c a l  conduct ivi ty  a t  high T)  
would be highly des i rab le .  

Hvdronen-Helium Mixtures. I n  the molecular regime, an accurate  equation of 
s t a t e  f o r  HZ-He would provide a determination of the  H2-He i n t e r a c t i o n  p o t e n t i a l ,  
e s s e n t i a l  f o r  construct ing equations of s t a t e  f o r  planetary i n t e r i o r s .  Currently, 
t h i s  p o t e n t i a l  is estimated by t h e o r e t i c a l  arguments alone. However, t h e  most 
important problem concerns t h e  s o l u b i l i t y  of helium i n  m e t a l l i c  hydrogen. Although 
t h i s  system is well understood i n  t h e  i n f i n i t e  pressure l i m i t  [I01 and moderately 
well understood i n  t h e  low e lec t ron  densi ty l i m i t  C111, t h e  phase diagram is l e a s t  
well understood i n  p rec i se ly  the  pressure range of most i n t e r e s t  (-1 t o  10 Mbars). 
An appropriate  t h e o r e t i c a l  ca lcu la t ion  would involve evaluat ion of the  "immersion 
energy": t h e  energy cos t  o f  i n s e r t i n g  a helium atom i n  t h e  e lec t ron  gas  



a p p r o p r i a t e  t o  m e t a l l i c  hydrogen. A Wigner-Seitz o r  dens i ty - func t iona l  approach 
would be  appropr i a t e .  

Water. A t  high p res su re  (P  - 0.2-0.6 Mbar), H20 appea r s  t o  e i t h e r  i o n i z e  a s  
H~O+OH-  i f  t h e  temperature  is high (T 2 1500 K) [12,131 o r  ~ p o l y m e r i z ~  ( i . e .  
hydrogen bond is no longe r  d i s t i n g u i s h a b l e  from a covalent  bond) i f  t h e  temperature  
is low (T - 300 K) 1141. It is c l e a r  t h a t  t h e  range of p o s s i b l e  behavior  is l a r g e ;  
f u r t h e r  unders tanding o f  t h i s  is e s s e n t i a l .  Water should  e v e n t u a l l y  m e t a l l i z e  and 
might even decompose o r  d i s p r o p o r t i o n a t e  a t  s u f f i c i e n t l y  h igh p res su re .  None of 
t h e s e  p o s s i b i l i t i e s  h a s  been analyzed y e t .  One p o s s i b l e  measurement o f  i n t e r e s t  
would be t h e  o p t i c a l  band gap. Th i s  would provide  in fo rma t ion  on e l e c t r i c a l  con- 
d u c t i v i t y  (even though t h e  s m a l l e s t  band gap may he  i n d i r e c t )  and may a i d  d e t e r -  
minat ion o f  t h e  m e t a l l i z a t i o n  p res su re ;  both ve ry  important  f o r  improved o f  Uranus 
and Neptune and t h e i r  probable  magnetic f i e l d s .  

Water-Hvdronen. Recent low p r e s s u r e  (P ,( 3 kbar)  measurements 1151 i n d i c a t e  
t h a t  wa te r  and hydrogen mix i n  a l l  p ropor t ions  f o r  T 2 650 K .  It is n o t  known 
whether t h i s  behavior  extends  t o  ve ry  h igh  p res su res .  I f  i t  does ,  t hen  models f o r  
t h e  deep atmosphere o f  Uranus [I61 sugges t  a water  c loud base a t  P - 1 t o  2 kbar ,  
below which a uniform HZ-H20 mixture  (50-75s H20 by ex tends  t o  i n d e f i n i t e  
depths .  An i n t e r e s t i n g  consequence o f  t h i s  water- r ich ,  hydrogen-poor environment 
is t h e  f i n i t e  equ i l ib r ium abundance o f  N2 ( a t  t h e  expense o f  NH3) and CO ( a t  t h e  
expense o f  CH4 and H20), u n l i k e  t h e  deep atmospheres o f  J u p i t e r  and Sa tu rn  where 
CH4 and NH3 a r e  the  overwhelmingly p r e f e r r e d  forms o f  carbon and n i t rogen ,  respec- 
t i v e l y .  I n  any event.  it is very important  t o  unders tand t h e  H20-H2 phase diagram 
t o  extreme p res su res .  It is p o s s i b l e ,  f o r  example, t h a t  t h i s  mixture  is analogous 
t o  metal-ammonia ( o r  a l k a l i  me ta l - a lka l i  h a l i d e )  mix tu res  a t  extreme p res su re?  A 
m e t a l l i c  s t a t e  such a s  t h i s  may e x i s t  a t  a p res su re  s u b s t a n t i a l l y  l e s s  than  t h a t  
needed t o  m e t a l l i z e  pure  water .  A s  a s i d e  i s s u e ,  it would a l s o  be o f  i n t e r e s t  t o  
know t h e  s o l u b i l i t y  o f  He i n  H20 s i n c e  t h e  system o f  i n t e r e s t  is, i n  r e a l i t y .  
approximated a s  t h e  t e r n a r y  mixture  HZ-He-H20. 

Methane-Hydrone~, There is c l e a r  evidence t h a t  many hydrocarbons decompose 
( o r  c o l l a p s e )  upon shock compression, probably i n t o  g r a p h i t e  and hydrogen 117,181. 
It is  very important  t o  e s t a b l i s h  t h e  range o f  temperature  and C:H r a t i o s  f o r  which 
t h i s  decomposition can occur .  It is e q u a l l y  important  t o  e s t a b l i s h  whether a n  
a c t u a l  phase s e p a r a t i o n  occur s  ( implying p o s s i b l e  format ion o f  a diamond o r  l i q u i d  
m e t a l l i c  ( 1 )  carbon l a y e r  i n  Uranus and Neptune) o r  whether a c o l l a p s e d  b u t  i n t i -  
mately mixed C-H s t r u c t u r e  r e s u l t s .  Hugoniot d a t a  a l o n e  a r e  i n s u f f i c i e n t  t o  answer 
t h i s  ques t ion .  Diamond c e l l  work, perhaps  a t  e l eva ted  temperatures ,  would seem 
most appropr i a t e .  i n i t i a l l y  on pure  methane o r  some o t h e r  ( s a t u r a t e d )  hydrocarbon. 
There is a l r e a d y  evidence t h a t  unsa tu ra t ed  bonds do no t  p e r s i s t  a t  h igh  p res su re  
1191. 

Methane-Water. Pure methane ice does  n o t  condense under s o l a r  nebula  con- 
d i t i o n s  u n t i l  T ,( 20 K and i t  is q u e s t i o n a b l e  whether t h e s e  very  co ld  c o n d i t i o n s  
were eve r  achieved. However, t h e  n e a r l y  s t o i c h i o m e t r i c  c l a t h r a t e  hydra t e  
(CH4'5.75H20, i f  a l l  cage s i t e s  a r e  f i l l e d )  forms more r e a d i l y  ( a t  T - 40 K i n  t h e  
s o l a r  nebula,  perhaps a t  T - 80-100 K i n  t h e  nebulae  surrounding proto-giant  
p l a n e t s ) .  Remarkably l i t t l e  is known about  c l a t h r a t e  compounds a t  high p res su re .  
excep t  f o r  t h e  t e t r a h y d r o f u r a n  c l a t h r a t e  1201, probably  a poor ana log  f o r  t h e  CH4 
c l a t h r a t e  because o f  its d i f f e r e n t  s t r u c t u r e .  A r e c e n t ,  d e t a i l e d  s t a t i s t i c a l  
mechanical t r ea tmen t  o f  c l a t h r a t e s  1211 p r e d i c t s  t h a t  t h e  methane c l a t h r a t e  decom- 
poses  a t  P - 12 t o  14 kba r  a t  a l l  T 1 3 0 0  K i n t o  i c e  V I  and s o l i d  CH4. (At h igher  
T, i t  decomposes a t  lower P.) Th i s  may have profound i m p l i c a t i o n s  f o r  t h e  thermal 
h i s t a r y  o f  T i t a n ,  perhaps o f f e r i n g  a n  exp lana t ion  f o r  t h e  o r i g i n  o f  CH from which 
t h e  p resen t  e thane-r ich  ocean is d e r i v e d  [5,61. A h igh p r i o r i t y  exper4ment. 
probably a c c e s s i b l e  even wi th  p i s t o n  appa ra tus ,  is t h e  s t a b i l i t y  o f  methane 
c l a t h r a t e  under p res su re .  
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A t  higher T and P, it is of  i n t e r e s t  t o  know the  mixing proper t i es  and 
chemical e q u i l i b r i a  of  the  CH4-H20 system. What a r e  the  equi l ibr ium abundances of  
CO, H2, ... ? Is phase separa t ion  possible  i n  the  deep i n t e r i o r ,  where water 
ion izes  but CH4 remains neu t ra l?  

Nitrogen. A t  high pressure and temperature, it is known t h a t  NH3 is a good 
i o n i c  conductor [131, presumably because of  t h e  formation of N H ~ N H ;  pa i r s .  How- 
ever ,  i t  may a l s o  be possible  t o  form a f i n i t e  amount of N a process which is 
known t o  occur a t  low pressures  i n  shock tubes. This may g i  of importance f o r  the  
o r i g i n  of molecular ni t rogen i n  T i tan  and possibly Tri ton.  The important point  t o  
s t r e s s  is t h a t  d e s p i t e  the  very high abundance of  hydrogen i n  the  ou te r  system, i t  
is poss ib le  t o  encounter condit ions i n  which small but s i g n i f i c a n t  amounts of  N2 
a r e  produced and preserved. High pressure and temperature processes a r e  a l i k e l y  
example. The recen t ly  detected anomalous behavior o f  N2 under shock compression 
[221, suggesting d i ssoc ia t ion  o r  even meta l l i za t ion ,  r a i s e s  i n t e r e s t i n g  questions 
about the  behavior of  N-H mixtures a t  megabar pressures. 

Noble Oases. These a r e  included here because noble gases a r e  o f t e n  u s  d a s  f t r a c e r s  of processes i n  planetary i n t e r i o r s .  For example, t h e  outgassing of He 
from Earth is  sometimes used a s  an ind ica tor  of  a "primordial rese rvo i r"  of  
mater ial .  An i n t e r e s t i n g  quest ion f o r  t h e  noble gases concerns the  behavior of  
xenon. This element is  more chemically r e a c t i v e  than t h e  o ther  noble gases and is 
believed t o  undergo an insulator-metal t r a n s i t i o n  a t  P - 1 '3  Mbar [231. It is a l s o  
"depleted" i n  the Ear th ' s  atmosphere, i n  t h e  sense t h a t  XeIKr ( f o r  example) is 
l e s s  on Earth than i n  meteorites. The cause of  t h i s  is  unknown but may be r e l a t e d  
t o  t h e  high pressure p roper t i es  of  Xe. It is i n t e r e s t i n g  t o  speculate  whether 
analogous anomalies w i l l  a r i s e  when the  Gali leo probe (containing a mass spectrom- 
e t e r )  e n t e r s  J u p i t e r ' s  atmosphere i n  the l a t e  1980's and measures t h e  noble gas  
abundances . 

CONCLUDING COMMENTS 

The emerging perspect ive of  planetary i n t e r i o r s  suggests  complexity and 
chemistry of a v a r i e t y  seldom suspected a decade ago. The l i g h t  molecular 
mate r ia l s  which predominate i n  the  outer  system exhib i t  a s t a r t l i n g  r ichness  of 
behaviors which a r e  becoming increasingly evident from shock compression and 
diamond a n v i l  c e l l  experiments. I n  some respec t s ,  extreme pressure c rea tes  
s impl ic i ty  (e.g. everything eventual ly meta l l i zes )  but planetary condit ions include 
a f a r  more complicated intermediate  regime where d i ssoc ia t ion ,  phase separat ion,  
and semiconduction a r e  possible ,  probably l i k e l y .  The exc i t ing  prospect o f  
r e l a t i n g  ex te rna l  observations t o  condit ions deep within t h e  planet  ( t h e  ou te r  
planet  analog of  petrology) l eads  one t o  hope t h a t  t h e  high pressure physics 
community continue t o  be aware of the  important app l ica t ions  of  t h e i r  work t o  
planets .  
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