
umn densities of about 6 x 10'' cmp2 and 
3.6 x lC1' cmp' are obtained for assumed 
neutral atmosphere scale heights of 20 and 
120 km, respectively. Even the larger col- 
umn densitv. if reduced bv the factor of 5 , . 
corresponding to additioial electron im- 
uact ionization, brines the rewired col- 

b 

umn density below the value set by Hall e t  
al. (6) .  It should also be pointed out that 
these column densities do lead to an op- 
tical depth of less than unity, which was 
assumed at the beginning of this discus- 
sion. It is now appropriate to address the 
validity of the assumution of chemical 
equi1ib;ium condition's. The chemical 
time constant near the surface (-50C s), 
given the observed scale height, is signlf- 
icantlv smaller than the diffusive time 
constant (-1C4 s); thus, the assumpt~on is 
a good one. 

L- 

The near-surface atmospheric densities 
and temueratures that were found to be 
consistent with the ionospheric observa- 
tions, namely a number density of -lo8 
cmp3 and a temperature of -34C to 6C0 K, 
correspond to a surface pressure of O.C1 
nbar. This value is comparable to about the 
limit set by the Voyager UV spectrometer 
for Ganymede (1 6) ,  but no comparable lim- 
its are available for Euroua. 

A very unlikely scenario would lead to 
a density requirement that is significantly 
lower than any discussed here so far. This 
is the case of an atmosphere that consists 
solely of atomic hydrogen or oxygen, with 
no molecular species being present. The 
required atmospheric density is very differ- 
ent in this case, because the loss of atomic 
ions by either radiative recombination, 
corresponding to a lifetime of about lo7  s, 
or diffusion to the surface, with a lifetime 
of about 1C6 s, are both very slow process- 
es. In this scenario, transport processes 
related to Europa's interaction with Jupi- 
ter's magnetosphere are likely to be most 
important. 

Finally, it should be pointed out that the 
external magnetospheric thermal plasma 
and magnetic pressures on Europa's iono- 
sphere are about 2 X l C p S  and 2 X l C p '  
N m 2 , respectively. Even if the electron 

and ion temperatures are allowed to be four 
times greater than the neutral gas tempera- 
ture, the peak ionospheric thermal plasma 
pressure, calculated with the measured peak 
electron density, is still significantly less 
than the external one. This means that the 
ionosphere \trill be strongly magnetized and 
coupled to the magnetosphere. 
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Experimental Simulations of Sulfide Formation 
in the Solar Nebula 

Dante S. Lauretta," Katharina Lodders, Bruce Fegley Jr. 

Sulfurization of meteoritic metal in H,S-H, gas produced three different sulfides: mo- 
nosulfide solid solution [(Fe,Ni), $1, pentlandite [(Fe,Ni),p,S,], and a phosphorus-rich 
sulfide. The composition of the remnant metal was unchanged. These results are contrary 
to theoretical predictions that sulfide formation in the solar nebula produced troilite (FeS) 
and enriched the remaining metal in nickel. The experimental sulfides are chemically and 
morphologically similar to sulfide grains in the matrix of the Alais (class CI) carbonaceous 
chondrite, suggesting that these meteoritic sulfides may be condensates from the solar 
nebula. 

chondrites are the most primitive mete- 
orites and lnav contain condensates that 
could serve as probes of the solar nebula 
environment. Unfortunately, even the 
most primitive meteorites experienced 
some degree of secondary processing- 
such as aqueous alteration, thermal meta- 
morphism, or impact shock-that trans- 
formed nebular condensates into second- 
ary phases. Therefore, criteria to distin- 
guish pristine nebular condensates from 
secondary alteration products in chon- 
drites are required. Experimental simula- 
tions of the gas-solid reactions that formed 
nebular minerals are one method to deter- 
mine such criteria. 
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and Planetar,! Sciences, Campus Box 11 69, Washington 
Unversty, One Brookings Dr~ve, St. Louis, MO 63130- 
4899, USA. 
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Sulfide minerals are ubiquitous in 
chondrites. The most common sulfides in 
carbonaceous chondrites are pyrrhotite 
(Fe, -,S) and pentlandite [(Fe,Ni),p,S,] 
( 1 ) .  Stoichiometric pyrrhotite is troilite 
(FeS), and Ni-bearing pyrrhotites are 
members of the monosulfide solid solution 
[mss, (Fe,Ni)lp,S]. In addition, P-bearing 
sulfides were recently found in CM chon- 
drites ( 2 ,  3) .  Because the characteristics of 
nebular sulfides were poorly understood, 
we experimentally simulated their forma- 
tion in the solar nebula to determine the 
resulting mineralogy, morphology, and 
composition (4) .  By characterizing nebu- 
lar sulfides in this manner, we can deter- 
mine which, if any, of the sulfides in , , 
carbonaceous chondrites are unaltered 
nebular condensates. 

We formed an experimental metal-sul- 
fide assemblage by heating a piece of the 
Canyon Diablo iron meteorite for 3C days 
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at 340°C in 50 parts per million (ppm) of 
H,S in H,. The morphology of this sample 
(Fig. 1) is typical of sulfides formed by the 
corrosion of Fe-based alloys (5, 6). Small 
grains of Ni- and P-rich sulfide form a 
thin, porous layer above the remnant met- 
al. The outer sulfide laver is com~osed of 
crystals formed from compact grains of mss 
uniformly orientated along their crystallo- 
graphic a axes. Pentlandite inclusions are 
dispersed throughout the outer layer. The 
Ni content of the outer sulfide layer in- 
creases from its bottom edge toward its 
top. Despite the variation in the Ni con- 
centration of the sulfide layer, the bulk 
Fe/Ni ratio in the remaining metal is sim- 
ilar to that in the newly formed sulfide at 
all temperatures studied (285", 340°, and 
370°C). In contrast, condensation calcu- 
lations predict the formation of Ni-free 
troilite in the solar nebula (5, 7) through 
the reaction (8) 

kamacite ( a )  + H2S (g) = kamacite ( a )  

+ taenite (y) + FeS + H2 (g) (1) 

Metallurgical studies of binary-alloy corro- 
sion show that thermodynamics and diffu- 
sion-controlled kinetics influence the cat- 
ion distribution between metal and sulfide 
(9). These relationships are illustrated by a 
diffusion path that traces the compositional 
variation of a metal-sulfide assemblage on a 
ternary phase diagram. The diffusion path 
(10) for an experimental metal-sulfide as- 
semblage (Fig. 2) was determined with an 
electron microprobe traverse starting at the 
unreacted metal core, proceeding through 
the sulfide layer, and ending at the sulfuriz- 
ing atmosphere. 

The system starts out as a solar compo- 

Psntlamlite 
rnss 

t Metal 

Fig. 1. An optical reflected light image of an 
experimental sample reacted at 340°C in 50 
ppm of H2S in H2 for 30 days. The remnant metal 
core (white) is at the bottom. The black material 
is epoxy-filled void space. The sulfide layer is 
composed of three phases: a P-rich sulfide (in- 
ner fine-grained layer), the monosulfide solid so- 
lution (dark gray phase in outer layer), and pent- 
landite (light gray phase in outer layer). Scale 
bar = 32 wm. 

sition alloy (point a: 94 weight % Fe, 6 
weight % Ni). The sulfide in equilibrium 
with this alloy is troilite containing very 
little Ni (-0.06 weight %) (1 1). Thus, 
troilite is the first sulfide to form. Transfer 
of Fe atoms from the metal to the sulfide 
enriches the metal in Ni, and the Ni 
composition of the FeNi alloy at the in- 
terface increases toward point b (58 
weight % Fe, 42 weight % Ni) (1 2). Thus, 
sulfurization of FeNi metal is predicted to 
produce a thin region of Ni-enriched met- 
al. The width of this region is controlled 
by the diffusion rate of Fe and Ni in the 
metal and remains constant throughout 
the course of the reaction (9). The 
amount of Ni soluble in sulfide increases 
in proportion to the Ni content of the 
metal at the interface. The sulfide in equi- 
librium with the Ni-rich metal (point b) 
at 370°C contains -1 weight % Ni (point 
c)  and has an Fe/Ni ratio less than that of 
the initial metal (1 1). T o  form this Ni- 
bearing sulfide, Fe and Ni atoms diffuse 
through the sulfide layer to the sulfide-gas 
interface. In the sulfide, Ni diffuses faster 
than Fe, creating a Ni concentration gra- 
dient (between points c and d )  (13). As a 
result, the outer portion of the sulfide 
layer has higher concentrations of Ni than 
the starting metal. However, the bulk 
Fe/Ni ratio is similar in the metal and 
sulfide. The rate of cation diffusion in the 

sulfide is most rapid along the a axis of the 
hexagonal unit cell (14); thus, cation 
transport is most rapid in crystals with 
their a axes perpendicular to the metal 
surface, and these crystals quickly outgrow 
other sulfide crystals. This preferred direc- 
tion of growth results in a uniform orien- 
tation of the outer crystals. Eventually, the 
Ni concentration at the outer edge of the 
sulfide exceeds the solubility limit, and 
pentlandite crystals exsolve from the mss 
layer (points d and e). It is also possible 
that pentlandite exsolves from the mss as 
it cools in the solar nebula; this occurs 
when metal is sulfurized above 610°C, 
where pentlandite is unstable (1 5). Such a 
sulfide would still be a product of a gas- 
solid reaction in the solar nebula. 

The sulfide formation process also influ- 
ences the overall layer morphology. The 
outward diffusion of Fe and Ni causes the 
metal surface to retreat from the metal- 
sulfide interface. The increase in molar vol- 
ume associated with sulfide formation im- 
poses stresses that force the sulfide layer to 
deform plastically into the newly created 
void and reestablish contact with the metal 
surface. The sulfide layer fractures when its 
plastic deformation limit is reached, allow- 
ing gas to penetrate directly to the metal 
surface and form a second, inner sulfide 
layer. 

In our experiments, we did not observe 

Fig. 2. A cartoon of a sulfide layer (left) and the Fe-rich portion of the Fe-Ni-S isothermal ternary 
phase diagram at 400°C (right) (15). The reaction path proposed by Kerridge et a/. (1 7) is shown as 
the white line on the phase diagram. Their predicted final assemblage is a kamacite (a)-taenite (y) 
metal core surrounded by a rim of troilite (FeS). The direction of the electron microprobe traverse 
across the experimental assemblage is indicated by the red arrows on the cartoon. The black blebs 
indicate the porous inner layer, and the yellow blebs symbolize pentlandite grains in the outer layer. 
The shading corresponds to chemical variations in the assemblage similar to the shading on the 
ternary diagram. The results of the traverse are plotted as green dots on the phase diagram. The red 
curves connecting the microprobe data trace the diffusion path followed during the sulfurization 
reaction. The dashed line b-c indicates equilibrium between metal (point b) and sulfide (point c) 
compositions at the interface and represents no spatial extent. A Ni- and P-rich phase ultimately 
consumes the Ni-rich metal indicated by point b. The final experimental assemblage contains a 
kamacite core surrounded by sulfide rims composed of P-rich sulfides, the monosulfide solid solution 
(mss), h d  pentlandite. 
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t he  Ni-rich metal (point  b )  predicted t o  
fornl c i~~ri i lg  binary-alloy sulfurization ( 9 ) .  
Instead, nre fouilLl intner sulfiLie layers en-  
r i che~ i  in  N i  and  P ( 1  6 ) .  Because rve used 
P-bearing FeNi alloys, t h e  enrichnletlt of 
N i  in  the  metal was accompanieil by a n  
enrichment in P. El-entually, t he  N I  anci P 
cotlcetltrations a t  the  metal-sulfide inter- 
face reached a lel-el where the  observed 
Ni-rich, P-bearing sulfide phase became 
stable. Diffusion of N i  and P in the  inner 
layer created a second concentration gra- 
dient with both N i  a ~ l d  P decreasiilo am. \ ;  u 

from the  metal. T h e  formation of t h e  in- 
ner sulfliie laver consumeci the  Ni-rich 
metal. Thus,  tllere was n o  increase in the  
N i  content  of the  metal resulting from 
sulfurization. 

T h e  assemblage resulting from sulfu- 
riration of meteoritic metal was a ltama- 
cite core surrouncied hy a fine-grained, 
porous, Ni-  and  P-rich iilner sulfide layer 
and a blockv, uniformlv oriented, outer 
nlss layer with pentlandite inc l~~s ions .  T h e  
metal and  sulfide layers were typically sep- 
arated iron1 each other by large gaps. 
These gaps allonred the  sulfide layers to  
easi1~- detach from the  metal ciuring colli- 
sions in  the  solar nehula. Thus,  the  metal 
atlei t he  tn.o types of sulfide layers are 
likely t o  he dispersed throughout the  ma- 
trices of primitive meteorites. 

Kerridge e t  al. (17)  used t h e  low-tern- 
perature Fe-Ni-S phase diagram to  predict 
t h e  path  of reaction 1 under solar nebula 
conditions.  They assumeil tha t  sulfuri-a- 
t ion proceeds as a linear adciition of S to  
Fe-Ni metal. T h e  reaction path  (Fig. 2 )  
starts a t  t he  composition of a solar FeKi 
alloy (94 nreigllt % Fe, 6 \\eight 90 N i ) ,  
moves directly toward the  S apex, anci 
stops a t  t h e  point corresponding to  t h e  
solar ab~ltldance of Fe, N i ,  and S (74 
~veigllt  90 Fe, 1 weight 90 N i ,  2 2  weight O:o 
S) (18, 19)  in  the  a-y-FeS field. Thus,  
Kerridge e t  nl .  ( 1  7 )  predict that  sulfilrira- 
t ion of a n  FeNi alloy prociuces a troilite 
rim arounci a ltamacite-taenite metal core. 
Ho~vever ,  t he  assumption of a linear reac- 
t ion ~ a t h  cioes not  talte into account re- 
action kinetics, such as '  diffusion in the  
sulfide layer or  in the  nletal alloy. 

Measurements of "%e excesses in  CI 
chondrite sulficles suggest a solar nehula 
origin (20) .  Kerridge e t  al.  (17) performed 
chenlical and isotopic analyses of sulfiiies 
from the  Orgueil, Ivuna, anci Alais CI 
chondrites. T h e  donlinaiit sulflLle phase in  
all three C I  chondrites is mss c o n t a i n ~ n g  
2.72 to  1.32 \\eight % Ni.  In  addition, 
some of the  Alais sulfiLies have inch~sions  
of pentlanclite containing -31 \\eight 90 
Ni.  Kerrlilge z t  n l .  ( 1  7 )  conch~cied tha t  the  

Alais sulficies could not  be nebular prod- 
ucts formed under equilibrium conditions, 
based o n  their i~nterpretatioil of the  theo- 
retical reaction path  for FeNi alloy sulfu- 
riration. Our  experiments provicie a better 
means of cietermining the  colllposition 
anci lnorphology of sulfides fornled by gas- 
solid reaction in the  nebula. T h e  compo- 
sition and morphology of the  Alais sulfides 
are sinlilar to  those in  our esperimeiltal 
samples, implying that  they may be nebu- 
lar condensates. 

Nazarov e t  a l .  ( 2 )  perfornled a survey of 
sulfiLle ~llinerals in Mighei ( C h i )  and 
fo~111d pyrrhotite and pentlanciite to  be the  
dominant sulfide phases. They  also found 
several P-rich accessory sulficie phases. 
Further investigations revealed that  these 
P-rich phases are ubiquitous in C h i  chon-  
drites (3) .  T h e  origin of the  P-hearing 
sulfides has no t  beell determined. Current  
petrographic evicience is ambiguous, sug- 
gesting either condetlsation in  the  solar 
nebula ( 2 )  or fornlation during aqueous 
alteration (3) .  T h e  chonciritic P-rich sul- 
fides are chemically and morphologically 
similar to  the  inner sulficie layers of our 
experiments, pointing to  a nebular origin 
116).  , , 

T h e  occurrence of sulficie phases with 
olci ""Xe ages in  primitive chondrites that  
have colnpositioils ailed morphologies sim- 
ilar to  those produced in  our condensation 
experilnetlts suggests that  they may he 
conciensates from the  solar nebula. It  is 
unclear whether these phases can be pro- 
duced by aqueous alteration o n  the  mete- 
orite parent body. Pentla~lciite fornled by 
aqueous alteration or terrestrial weather- 
i ~ l g  of troilite would occur along the  edges 
of the  altereci sulfide grain. Such second- 
ary alteration products are recognized in  
meteorites (21) .  Seconciary alteration 
should no t  prociuce petltlatldite inclusions 
within lnss grains. Sulfides with this mor- 
pl~ology most likely forlned by sulf~~riza-  
t ion of FeNi alloys and are good candi- 
dates for nebular products. Esper i~nental  
analogs of metal-sulficie assemblages re- 
sulting from aqueous alteration are neecied 
to  resolve these issues. 
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